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difference in clinical features.®!"'2 Two reasons for this similar-
ity in terms of clinical features could be suggested. First, the
mosaic ratio might be different in each organ. Because aberrant
methylation was generally partial, it would occur after fertiliza-
tion, and the patients would be mosaic. A high mosaic ratio
would be a critical factor in the emergence of a distinct phe-
notype in BWS patients with monolocus methylation defects.
Second, the imprinted locus at 11p15 might be epidominant
over other imprinted loci because all MMD patients were clini-
cally diagnosed as BWS.

Regarding the causative factor(s) for MMD, we could not
find any pathological variation in any aberrantly methylated
DMR, including KvDMR1, suggesting that cis-acting variations
of each specific DMR itself were not involved in the genesis of
MMDs. On the other hand, the involvement of trans-acting fac-
tors has been advocated in other reports because mutations of
ZFP57 (which are required for the postfertilization maintenance
of maternal and paternal methylation imprinting at multiple
loci) have been found in transient neonatal diabetes mellitus
type 1 patients with multilocus hypomethylation.*? Mutations
of NLRP2 were also identified in a BWS patient with KvDMR1-
LOM and MEST-LOM in a family with complex consanguinity
and in a Silver-Russell syndrome patient with multilocus hypo-
methylation.'>®® In addition, TRIM28, NLRP7, KHDC3L, and
DNMTS3L have been considered to be candidate trans-acting
factors. However, no mutations in any of these candidates or
other genes, such as DNMT1, DNMT3A, and DNMT3B, were
found in our BWS patients with MMDs, as determined by
exome sequencing (K. Sasaki and K. Hata, personal commu-
nication). Recently, Lorthongpanich et al.* reported that the
absence of maternal Trim28 until zygotic gene activation at the
two-cell late stage caused mosaicism of MMDs randomly, sug-
gesting that insufficient expression of the candidate gene(s) at
very early embryogenesis is an important event in the genera-
tion of MMDs in human imprinted diseases. Whole-genome
sequencing and whole-genome bisulfite sequencing, including
the regulatory regions of the candidate genes, and transcrip-
tome analysis in early embryogenesis would be useful to iden-
tify the cause(s) of MMDs.

In our HISDMR-GOM patients, we also found GOM of
IGF2-DMRO and IGF2-DMR2 to be associated with GOM of
HI19DMR and HI1%promoter DMR, in agreement with previous
reports.?>*% Two patients showed simultaneous GOM at both
IGF2-DMRs. Because Igf2-DMRs were established at the post-
implantation stage under the control of HISDMR in mice,”
GOM of IGF2-DMRs in BWS is likely to occur at the same stage.
Although the function of IGF2-DMRO is still unknown, methyl-
ated Igf2-DMR2 plays a role in transcription initiation of Igf2 in
mice.*® GOM of the DMRs might change the high-order chro-
matin structure of the maternal allele and increase the expression
of IGF2 in cooperation with HISDMR-GOM in BWS patients.

In conclusion, our comprehensive and quantitative methyla-
tion analysis of multiple imprinted DMRs revealed several new
findings: (i) matDMRs, probably gametic maternally meth-
ylated DMRs, are more susceptible to aberrant methylation
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during the preimplantation stage, when KvDMRI-LOM occurs;
(ii) aberrant methylation indeed alters imprinted gene expres-
sion; and (iii) cis-acting pathological variations of each DMR
are not involved in the MMDs analyzed. Moreover, our study
confirmed the simultaneous aberrant hypermethylation of
IGF2-DMRO and/or -DMR2 with isolated HI9DMR-GOM.
These findings may help us to understand the molecular mech-
anisms and pathophysiological features of MMDs.

SUPPLEMENTARY MATERIAL
Supplementary material is linked in the online version of the paper
at http://www.nature.com/gim.
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diagnosed as having waardenburg syndrome due to a sox10

mutation

Yoko Izumi * Ikuma Musha * Erina Suzuki * Manami Iso -

Tomoko Jinno * Reiko Horikawa + Shin Amemiya *
Tsutomu Ogata - Maki Fukami - Akira Ohtake

Received: 6 June 2014/ Accepted: 19 September 2014
© Springer Science+Business Media New York 2014

Introduction

Hypogonadotropic hypogonadism (HH) is a clinically and
genetically heterogeneous condition that can be associated
with several additional clinical features such as anosmia,
cleft palate, and hearing loss [1]. HH with anosmia is referred
to as Kallmann syndrome (KS). More than 20 genes are
known to underlie HH and/or KS, although mutations in
these genes account for only a minor portion of the etiology
of HH/KS [1-4]. In 2013, Pingault et al. identified SOX10
mutations in seven patients with KS [5]. Furthermore,
Pingault et al. found that genetic knockout of SoxI0 dis-
rupted migration of GnRH cells in murine fetuses [5]. Sub-
sequently, Vaaralahti et al. identified an additional KS
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patient with a SOX70 mutation [6]. These results indicate that
SOXI10 mutations constitute rare genetic causes of KS.
Currently, SOX10 is known as one of the causative genes of
Waardenburg syndrome (WS), a rare genetic disorder char-
acterized by hearing loss and hypopigmentation in the skin,
hair, and eye [7]. Indeed, hearing impairment with or without
gray/white hair was found in most of the KS cases reported
by Pingault et al. and Vaaralahti et al. [5, 6]. However,
detailed clinical assessment of the SOX 10 mutation-positive
patients and functional assays of the SOX/0 mutants remain
fragmentary. Thus, genetic links between HH/KS and WS
have not been fully established. Here, we performed
molecular and clinical analyses of a previously reported
patient with WS due to a frameshift mutation in SOX10.

Patient

The patient was first described in 2008 as an infant with
WS-type 2 (WS without dystopia canthorum) [8]. Shortly
after birth, she presented with hypopigmented irides and a
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piece of white forelock. Dystopia canthorum, broad nasal
root, limb anomaly, and Hirschsprung disease were absent.
Ophthalmologic examinations revealed bilateral ocular
albinism with hypopigmented fundus and hypochromic
iris. Auditory brainstem response indicated bilateral sen-
sorineural decafness. The patient underwent cochlear
implantation at 2.6 years of age. Direct sequence analysis
of WS causative genes (SOX10, PAX3, MITF and SNAI2)
identified a heterozygous mutation in SOX/0 (¢.506delC,
p.P169fsX117) and excluded mutations in the other genes
[8]. Until nine years of age, her growth followed the —1.0
standard deviation (SD) growth curve of Japanese female
population. Thereafter, the SD scores for height and height
velocity gradually decreased.

At 12.9 years of age, she revisited our clinic because of
delayed puberty. Physical examination revealed mild short
stature (—2.1 SD) and a lack of pubertal signs (breast and
pubic hair, Tanner stage 1) (Figure S1). A smell test using
intravenous injection of combined vitamins (Alinamin,
Takeda Pharmaceutical Co. Ltd., Japan) [9] induced no
response. Other standard smell tests such as UPSIT were
not performed. Her bone age was delayed (~ 11 years of
age). Endocrine studies revealed a low level of estradiol
(E»), together with apparently normal gonadotropin levels
at the baseline and after GnRH stimulation (Table 1). The
blood values of other hormones were grossly normal;
whereas the TSH response to TRH was blunted, normal
levels of thyroid hormones suggested preserved thyroid
function [10, 11]. Low E; levels and normal gonadotropin
levels were also observed in examinations performed at
13.8 and 14.1 years of age (Table 1). Brain magnetic res-
onance imaging (MRI) was not performed, because her
cochlear implants contained magnetic components. From
14.1 years of age, she received E, supplementation ther-
apy, which successfully induced breast budding and
improved height growth (Figure S1). To confirm the
genetic basis of HH in this patient, we performed further
molecular analyses.

Methods

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and
Development and performed after obtaining informed
consent. Mutation screening was carried out for the coding
regions of 20 causative genes for HH/KS: CHD7, FGFS,
FGFRI, FSHB, GNRHI, GNRHR, HS6STI1, KALI, KISS1,
KISSIR, LEP, LEPR, LHB, NELF, PROK2, PROKR2,
SEMA3A, TAC3, TACR3, and WDRI1 [2, 4]. Nucleotide
alterations were determined by the Haloplex system (Agi-
lent Technologies, Palo Alto, CA, USA) on a MiSeq
sequencer (Illumina, San Diego, CA, USA). Genome-wide
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copy-number analysis was performed by oligoarray-based
comparative genomic hybridization using an array-based
catalog CGH (4 x 180 k format, catalog number G4449A;
Agilent Technologies).

In vitro reporter assays for the SOX/0 mutation were
carried out by a previously reported method with slight
modifications [12, 13]. An expression vector for wildtype
SOX10 was purchased from Kazusa DNA Research Insti-
tute (Kisarazu, Chiba, Japan). An expression vector for the
mutant SOX/0 was generated by site-directed mutagenesis.
A luciferase reporter vector containing the MITF promoter
sequence (—2253 to +97 bp) and an expression vector for
PAX3 [12, 13] were kindly provided by Dr. Bondurand and
Professor Goossens. Transient transfection was performed
using HEK293 cells seeded in 24-well plates (1.0 x 10°
cells/well) and Lipofectamine 2000 Reagent (Life tech-
nologies, Carlsbad, CA, USA), with the expression vectors
(20 ng/well or 40 ng/well), the luciferase reporter vector
(10 ng/well), and a pCMV-PRL internal control vector
(5 ng/well; Promega, Madison, WI, USA). As controls
for the expression vectors, an empty counterpart vector
(HaloTag vector, Promega) was transfected. At 48 h after
transfection, the cells were harvested and subjected to
luciferase analysis using the dual luciferase reporter assay
system and GloMax Luminometer (Promega). Luciferase
assays were also performed with co-expression of a PAX3
expression vector (20 ng/well). These experiments were
carried out in triplicate within a single experiment and the
experiment was repeated four times. Statistical significance
was determined by the ¢ test.

To predict the pathogenicity of the SOX/0 mutation, we
performed direct sequencing of SOXI0 for the samples
obtained from the clinically normal parents of the patient.
In this experiment, we used previously described primers

[8].

Results

Mutation screening excluded mutations in other HH/KS-
associated genes. Comparative genomic hybridization
analysis detected no pathogenic copy-number alterations.
The mutant SOX10 protein barely transactivated the MITF
promoter and exerted no dominant-negative effect on
wildtype SOX10 (Figure S2). The SOX10 mutation was not
detected in the parental samples.

Discussion
Herein, we report a female patient who developed HH.

Although standard smell tests and brain MRI were not
performed for the patient, the lack of response to
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Table 1 Endocrine data of the patient

Hormone Stimulus (dosage) Patient Reference values®
Baseline Peak Baseline Peak

At 12.9 years of age
LH (mIU/ml) GnRH (100 p.lg)b 1.0 11.8 0.4-4.1 8.5-15.5
FSH (m1U/ml) GnRH (100 pg)® 2.6 13.2 4.8-10.4 8.3-20.0
Estradiol (pg/ml) <10 <10-144
GH (ng/ml) Insulin (3 U)® 3.74 4.83° 0.3-33.1 >6.0
GH (ng/ml) Arginine (18 g)* 42 9.7 0.3-33.1 >6.0
Prolactin (ng/ml) TRH (350 ug)® 252 43.1 1.2-13.2 2.4-52.8
TSH (uIU/ml) TRH (350 pg)® 1.64 5.08 0.32-4.0 10-35
ACTH (pg/ml) Insulin (3 U)® 55.8 88.4 5.2-38.8 10.4-116.4
Cortisol (ug/dl) Insulin (3 U)® 252 29.8 3.0-12.0 6.0-36.0
IGF-1 (ng/ml) 205 206-731
Free T5 (pg/ml) 3.94 2.43-4.48
Free Ty (ng/dl) 1.05 0.98-1.90

At 13.8 years of age
LH (mIU/ml) GnRH (100 pg)® 1.0 12.3 0.2-2.1 1.7-5.0
FSH (mIU/ml) GnRH (100 ug)® 2.6 11.6 0.6-34 1.4-11.5
Estradiol (pg/ml) ) <10 12-162

At 14.1 years of age
LH (mlIU/ml) GnRH (100 pg)® 0.6 10.0 0.2-2.1 1.7-5.0
FSH (mIU/ml) GnRH (100 pug)® 2.5 10.5 0.6-3.4 1.4-11.5
Estradiol (pg/ml) hMG (150 U)° <10 430 13-174 300-1000

The conversion factors to the SI unit: LH, 1.0 (IU/liter); FSH, 1.0 (IU/liter); GH, 1.0 (ug/liter); prolactin, 43.48 (pmol/liter); TSH, 1.0 (mIU/liter);
ACTH, 0.22 (pmol/liter); cortisol, 27.59 (nmol/liter), estradiol, 3.671 (pmol/liter); free T3, 1.536 (pmol/liter); free T4, 0.1287 (pmol/liter)

Hormone values below the reference range are boldfaced
* Reference values in age-matched Japanese females [10, 11]

b GnRH, insulin, and TRH i.v.; blood sampling at 0, 30, 60, 90, and 120 min

¢ Low GH may be due to insufficient hypoglycemic stimulation
4 Arginine i.v.; blood sampling at 0, 30, 60, 90, and 120 min
¢ hMG i.m. for 4 consecutive days; blood sampling on days 1 and 4

intravenous injection of combined vitamins indicated
impaired olfactory function. In infancy, the patient was
diagnosed as having WS due to a SOXI0 mutation [8]. In
the present study, we performed further molecular analysis
of the patient and excluded mutations in other HH/KS-
associated genes and copy-number alterations in the gen-
ome. Furthermore, we confirmed that the SOX10 mutation
is not shared by the clinically normal parents and that the
mutant SOX10 has impaired transactivating activity for the
MITF promoter. These results indicate that the phenotype
of this patient results from the SOX/0 mutation. However,
we cannot exclude the possibility that the patient has an
additional mutation in a hitherto unknown HH/KS-causa-
tive gene, because several unidentified genes seem to
underlie HH/KS [2-4]. To date, hypogonadism is known as
a relatively rare complication in patients with WS due to
SOX10 mutation/deletion [14]. Furthermore, hearing loss
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was observed in most of the previously reported patients
with KS and SOXI0 mutations [5, 6], although hypopig-
mentation in the eye or skin were not described in these
individuals. Our data, together with the previous findings,
indicate that SOXI0 mutations can lead to various devel-
opmental defects including an overlapping phenotype of
HH/KS and WS. Therefore, thorough clinical evaluations
including hormonal assessment should be performed for
WS patients with SOX10 mutations, because subnormal
gonadotropin secretion may account for a certain fraction
of such patients.

It is worth mentioning that our patient showed normal
gonadotropin responses to GnRH stimulation and a normal
estrogen response to human menopausal gonadotropin
stimulation. Thus, hypothalamic dysfunction appears to be
the primary lesion of this patient. These results are con-
sistent with the previously proposed notion that SOX10

@ Springer
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plays a critical role in the development of hypothalamic
neurons [5]. SOX10 mutations are likely to cause gonado-
tropin deficiency as a sole hormonal defect, because the
levels of blood hormones except for E, remained grossly
normal in our patient.

The results of in vitro assays suggest that SOX70 muta-
tions lead to the disease phenotype by haploinsufficiency
rather than by dominant-negative effects. The broad phe-
notypic variation of SOX/0 mutation-positive patients can
be explained by the notion that haploinsufficiency of
developmental genes is usually associated with a wide range
of penetrance and expressivity [15].

In conclusion, the present study provides evidence
that SOX/0 haploinsufficiency underlies a continuum of
developmental defects that includes both HH and WS.
Hypothalamic dysfunction appears to be the major hor-
monal defect resulting from SOX/0 mutations. Further
studies will clarify the prevalence and clinical character-
istics of SOX10 abnormalities.
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Silver—Russell syndrome without body asymmetry in
three patients with duplications of maternally derived
chromosome 11p15 involving CDKNIC

Shinichi Nakashima!, Fumiko Kato!, Tomoki Kosho?, Keisuke Nagasaki’, Toru Kikuchi%, Masayo Kagami®,

Maki Fukami® and Tsutomu Ogata!

We report duplications of maternally derived chromosome 11p15 involving CDKN1C encoding a negative regulator for cell
proliferation in three Japanese patients (cases 1 and 2 from family A and case 3 from family B) with Silver-Russell syndrome
(SRS) phenotype lacking hemihypotrophy. Chromosome analysis showed 46,XX,der(16)t(11;16)(p15.3;q24.3)mat in case 1, 46,
XY,der(16)t(11;16)(p15.3;q24.3)mat in case 2 and a de novo 46,XX,der(17)t(11;17)(p15.4;q25.3) in case 3. Genomewide
oligonucleotide-based array comparative genomic hybridization, microsatellite analysis, pyrosequencing-based methylation
analysis and direct sequence analysis revealed the presence of maternally derived extra copies of the distal chromosome 11p
involving the wild-type CDKNIC (a ~7.98 Mb region in cases 1 and 2 and a ~4.43 Mb region in case 3). The results, in
conjunction with the previous findings in patients with similar duplications encompassing CDKNIC and in those with intragenic
mutations of CDKNIC, imply that duplications of CDKNIC, as well as relatively mild gain-of-function mutations of CDKNI1C lead

to SRS subtype that usually lack hemihypotrophy.

Journal of Human Genetics (2014) 00, 1-5. doi:10.1038/jhg.2014.100

INTRODUCTION

Silver-Russell syndrome (SRS) is a congenital developmental disorder
characterized by pre- and postnatal growth failure, relative macro-
cephaly, hemihypotrophy and fifth-finger clinodactyly.! Recent studies
have shown that epimutation (hypomethylation) of the paternally
derived H19-differentially methylated region (DMR) at the imprinting
control region 1 (ICR1) on chromosome 11pl5.5 and maternal
uniparental disomy 7 account for ~45 and ~5% of SRS patients,
respectively.! Thus, underlying (epi)genetic factors still remain to be
clarified in a substantial fraction of SRS patients, although several rare
(epi)genetic aberrations have been identified in a small fraction of SRS
patients.!

CDKNIC (cyclin-dependent kinase inhibitor 1C) is a maternally
expressed gene that resides at the ICR2 just proximal to the ICR1.2
CDKNIC encodes a negative regulator for cell proliferation and,
consistent with this, loss-of-function mutations of CDKNIC cause
Beckwith-Wiedemann syndrome associated with overgrowth.>?
Furthermore, recent studies have shown that gain-of-function muta-
tions of CDKNIC result in IMAGe syndrome (IMAGeS) characterized
by intrauterine growth restriction, metaphyseal dysplasia, adrenal
hypoplasia congenita and male genital abnormalities,”> whereas less
severe gain-of-function mutations of CDKNIC have been identified in

a large family with maternally inherited SRS.* Thus, it has been
suggested that relatively severe and mild CDKNIC gain-of-function
effects lead to IMAGeS and SRS, respectively.®® Notably, IMAGeS
patients satisfy the diagnostic criteria for SRS proposed by Nechine
et al>® and IMAGeS and SRS patients with CDKNIC mutations
invariably lack hemihypotrophy characteristic of SRS.4~®

Here, we report three patients with SRS and duplications of
maternally derived chromosome 11pl15.5 involving CDKNIC. The
results, in conjunction with previous findings, imply that duplications
of CDKNIC, as well as relatively mild gain-of-function mutations of
CDKNIC lead to SRS subtype that usually lack hemihypotrophy.

CASE REPORTS

Patients

We studied three Japanese patients (cases 1-3) from two families
(Figure 1). Cases 1-3 satisfied the SRS diagnostic criteria proposed by
Netchine et al., although they lacked hemihypotrophy (Table 1, see its
footnote for Netchine SRS criteria). Oligohydramnios characteristic of
SRS was also noticed during the pregnancies of cases 2 and 3. They
exhibited no IMAGeS-like phenotypes such as radiologically discern-
ible skeletal dysplasia, an episode suggestive of adrenal dysfunction or
undermasculinized genitalia in male case 2.
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Figure 1 The pedigrees of families A and B and a photograph of case 3. In family A, cases 1 and 2 have an unbalanced translocation involving the distal
part of chromosome 11p, the mothers of cases 1 and 2, as well as the brother of case 1 have a balanced translocation involving the distal part of
chromosome 11p and the remaining subjects have a normal karyotype. In family B, case 3 has an unbalanced translocation involving the distal part of
chromosome 11p and the parents have a normal karyotype. Case 3 exhibits SRS-compatible phenotypes such as prominent forehead, triangular face with
relative macrocephaly and micrognathia, ear anomalies and short and curved fifth fingers, but is free from hemihypotrophy.

Table 1 Clinical features of cases 1-3 and reported cases with duplications of maternally derived chromosome 11p15 involving CDKN1C

Case 1 Case 2 Case 3
family A family A family B Reported cases
female male female (n=16)11-19
SRS phenotype
Mandatory criteria for SRS
BL and/or BW< -2 SDS + + + 16/16
Scoring system criteria for SRS
Relative macrocephaly at birth? Unknown + + 11/11
PH<-2 SDS at >2 years + Unknown + 14/14
Prominent forehead + + + 8/9
Body asymmetry - - ~ 115
Feeding difficulties + - Unknown 6/6
Other findings
Gestational age (weeks) 39 32 32 22-38
Oligohydramnios Unknown + + Unknown
BL, cm (SDS) 38.0 (-4.9) 34.0 (-3.3) 32.0 (-3.9) N.D.b
BW, kg (SDS) 1.3 (-56.3) 0.87 (-3.6) 0.82 (-3.7) N.D.b
BOFC, cm (SDS) 29.5 (-2.7) 28.3 (-0.6) 27 (-1.2) N.D.P
Present age (years:months) 14:00 1:03 3:03 1-31
PH, cm (SDS) 130.7 (-4.7) 60.8 (-6.4) 70.7 (-6.7) N.D.b
PW, kg (SDS) 37.5(-1.2) 4.8 (-5.3) 6.8 (-4.0) N.D.P
BMI, kgm~2 (SDS) 22.0 (0.7) 13.1 (-2.8) 13.6 (-1.5) N.D.P
POFC, cm (SDS) Unknown 45.0 (-0.5) 48.5 (-0.1) N.D.P
Relative macrocephaly at present® Unknown + + 14/15
Triangular face - + + 12/16
Ear anomalies - - + 8/11
Irregular teeth Unknown + + 1/2
Clinodactyly + + + 10/11
Brachydactyly + + ~ 4/5
Simian crease + + - 1/2
Muscular hypotonia Unknown + + 4/7
Developmental/speech delay + + + 11/15
IMAGe syndrome phenotype
IUGR + + + 16/16
Metaphyseal dysplasia - - - Not described
Adrenal hypoplasia - -d —-e Not described
Genital abnormality Female - Female Not described

The diagnosis of Silver-Russell syndrome is made when a patient is positive for the mandatory criteria and at least three of the five scoring system criteria (Netchine et al.5)

Abbreviations: BL, birth length; BMI, body mass index; BOFC, birth occipitofrontal circumference; BW, birth weight; IMAGe, intrauterine growth restriction, metaphyseal dysplasia, adrenal
hypoplasia congenita and male genital abnormalities; IUGR, intrauterine growth retardation; N.D., not determined; PH, present height; POFC, present occipitofrontal circumference; PW, present
weight; SDS, standard deviation score.

For reported cases, the denominators indicate the number of patients examined for the presence or absence of each feature, and the numerators represent the number of patients assessed to be
positive for that feature.

Birth and present body sizes were assessed by the gestational/postnatal age- and sex-matched Japanese reference data from the Ministry of Health, Labor and Welfare and from the Ministry of
Education, Science, Sports and Culture.

2BL or BW (SDS)—BOFC (SDS)<-1.5.

ON.D. because of various ethnicities of affected individuals and descriptions of height assessment (percentile and SDS).

¢PH or PW (SDS)—POFC (SDS)<-1.5.

9A rapid adrenocorticotropin stimulation test (0.25 mgm~2 bolus i.v.; blood sampling at 0 and 60 min) showed a sufficient cortisol response (14.2 —26.2 ugdi—1) (reference range >20pgdi-1).
€A growth hormone releasing peptide 2 stimulation test (2 pg kg~! bolus i.v.; blood sampling at 0, 15, 30, 45 and 60 min) yielded a sufficient cortisol response (18.4 — 25.5 ugdl~1).
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e IGF2 KCNQ1OT1
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H19-DMR KvDMR1
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H19-DMR KvDMR1
at ~00 OOC
PyR1—=> SP1€-PyF1 PyF2—>SP <PyR2
Mat -2
(CG1 — CG4) (CG5 — CG10)
Case 1 Case 2 Case 3 Controls (n=50)

P F M P F M P F M Median (Range)
CG1 30 41 53 34 52 55 29 44 44 45 (36 ~55)
CG2 31 42 54 37 54 55 28 43 44 46 (36 ~57)
CG3 33 45 56 38 57 60 31 47 46 50(39~64)
CG4 33 44 55 39 56 57 31 48 46 48 (37 ~60)
CG5 72 56 56 72 56 57 68 56 57 58 (49~ 66)
CG6 78 59 59 73 59 60 71 61 58 61(52~68)
CG7 67 52 50 66 50 52 61 50 49 48 (41~ 54)
CG8 69 55 53 68 53 55 63 52 52 48 (42~ 55)
CG9 78 60 61 75 63 61 72 63 59 67 (55~72)
CG10 74 63 57 79 60 59 77 63 64 64(55~71)

Figure 2 Representative molecular findings. (a) Array comparative genomic hybridization analysis. The black, red and green dots represent signals indicative
of the normal, increased (log2 signal ratio>+0.5) and decreased (log2 signal ratio< —0.8) copy numbers, respectively. The log2 signal ratios of +0.5 and
—1.0 indicate the presence of three copies and a single copy of the corresponding regions, respectively. The red and the green rectangles represent
increased and decreased copy number regions, respectively. The yellow rectangles denote the regions encompassing the ICR1 and the ICR2. (b)
Microsatellite analysis for D11S4088 proximal to the KvDMR1. Unequal amplification of the heterozygous peaks in each subject is consistent with short
products being more easily amplified than long products and comparison of area under curves of the 212 bp and the 234 bp alleles between case 3 and the
mother indicates the presence of two 212 bp alleles and a single 234 bp allele in case 3. This implies that the maternal 212 and 234 bp alleles and the
paternal 212 bp allele have been transmitted to case 3. (c) Pyrosequencing-based methylation analysis of the HI9-DMR at the ICR1 and the KvDMR1 at the
ICR2, using bisulfite-treated genomic DNA. The cytosine residues at the CpG dinucleotides within the H19-DMR is methylated after paternal transmission
(filled circles) and unmethylated after maternal transmission (open circles), whereas those within the KvDMR1 is unmethylated after paternal transmission
(open circles) and methylated after maternal transmission (filled circles). Paternally and maternally expressed genes are shown in blue and red, respectively.
For the HI9-DMR, a segment encompassing 21 CpG dinucleotides was PCR amplified with PyF1 and PyR1 primers and a sequence primer (SP1) was
hybridized to a single-stranded PCR product. Subsequently, the MIs were obtained for four CpG dinucleotides (CG1-CG4) (indicated with a yellow rectangle).
The blue rectangle indicates the CTCF binding site 6. The CpG dinucleotide between CG1 and CG2 was not examined, because it constitutes a C/T SNP
(indicated with gray circles). The KvDMR1 was similarly examined using PyF2 and PyR2 primers and SP2 and the Mis were obtained for CG5-CG10. The
Mls are summarized in the bottom table. F, father; and M, mother; P, patient.

w
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Cytogenetic and molecular studies

This study was approved by the Institute Review Board Committee at
Hamamatsu University School of Medicine and was performed using
peripheral leukocyte samples and primers shown in Supplementary
Table S1 after obtaining written informed consent. The methods for
molecular studies were as reported previously.” We also obtained
written informed consent to publish the facial photograph of case 3
from the parents.

Chromosome analysis showed 46,XX,der(16)t(11;16)(p15.3;q24.3)
mat in case 1, 46,XY,der(16)t(11;16)(p15.3;q24.3)mat in case 2
and a de novo 46,XX, der(17)t(11;17)(p15.4;q25.3) in case 3
(Figure 1). Then, genomewide oligonucleotide-based array
comparative genomic hybridization was carried out using a catalog
human array (2400 K format, ID G4448A) (Agilent Technologies),
revealing the presence of three copies of the distal parts of chromo-
some 11p involving the ICR1 and the ICR2 in cases 1-3 (a ~7.98 Mb
region in cases 1 and 2 and a ~ 4.43 Mb region in case 3) (Figure 2a).
No discernible deletion was identified on the distal chromosome 16¢
in cases 1 and 2, indicating the position of the chromosome 16q
breakpoint at the very telomeric portion, whereas a ~ 200 kb deletion
was detected in the telomeric portion of chromosome 17q in case 3.
There was no other copy number alteration that was not registered in
the Database of Genomic Variants (http://dgv.tcag.ca/dgv/app/home).
Microsatellite analysis was carried out for four loci on the duplicated
chromosome 11p, showing the presence of two alleles of maternal
origin and a single allele of paternal origin in cases 1-3 (Figure 2b and
Supplementary Table S2). Subsequently, pyrosequencing-based
methylation analysis was performed for four CpG dinucleotides
(CG1-CG4) within the HI9-DMR and six CpG dinucleotides
(CG5-CG10) within the KvDMRI1 using bisulfite-treated leukocyte
genomic DNA samples and methylation index (MI, the ratio of
methylated clones) was obtained for each of CGI-CG10 using
PyroMark Q24 (Qiagen) (Figure 2¢). In cases 1-3, the MIs for
CG1-CG4 were mildly decreased or around the lower limit
of the normal range and those for CG5-CG10 were mildly increased
or around the upper limit of the normal range. Direct sequence
analysis showed no discernible mutation on the CDKNIC coding
region.

DISCUSSION

Cases 1-3 had SRS without hemihypotrophy (body asymmetry) in the
presence of maternally derived extra copies of the distal chromosome
11p involving the ICRI and the ICR2. This implies that the SRS
phenotype lacking hemihypotrophy in cases 1-3 is primarily caused by
two copies of maternally expressed genes on the two ICRs. In this
regard, of duplicated maternally expressed genes, CDKNIC functions
as a negative growth regulator® and CDKNIC gain-of-function
mutations have been identified in SRS and IMAGeS,>*5 whereas
neither H19 nor KCNQI appears to have a positive role in growth
regulation. Indeed, HI9 is regarded as a possible tumor suppressor
gene’ and KCNQI encoding a voltage-gated potassium channel is
involved in cardiac arrhythmias.!® Thus, it is likely that SRS phenotype
lacking hemihypotrophy in cases 1-3 is primarily caused by the
presence of two functional copies of the wild-type CDKNIC. It should
be pointed out, however, that although the der(16)t(11;16)(p15.3;
q24.3) chromosome in cases 1 and 2 had no discernible chromosome
16q deletion, the der(17)t(11;17)(p15.4;q25.3) chromosome in
case 3 was missing the ~200kb telomeric 17q region that harbors
several genes. In addition, there are multiple nonimprinted genes
on the duplicated chromosome 11p15 regions. Thus, altered dosage
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of such genes may have exerted a certain effect on growth patterns of
cases 1-3.

An extra copy of maternally derived chromosome 11p15 involving
CDKNIC has been identified in 16 patients (Table 1) (for detailed
clinical features of each case, see Supplementary Table $3).!"-17
Notably, although they frequently show SRS-like phenotype, hemi-
hypotrophy (body asymmetry) has been found only in a single case!?
and none of them exhibit IMAGeS-like skeletal, adrenal or genital
manifestation. This provides further support for the notion that two
copies of maternally derived CDKNIC, as well as mild gain-of-
function mutations of CDKNIC usually lead to SRS subtype lacking
hemihypotrophy.
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Mutation spectrum and phenotypic variation in nine
patients with SOX2 abnormalities

Junichi Suzuki'?, Noriyuki Azuma®, Sumito Dateki’*, Shun Soneda!, Koji Muroya®, Yukiyo Yamamoto®,
Reiko Saito®, Shinichiro Sano!, Toshiro Nagai’, Hiroshi Wada®, Akira Endo’, Tatsuhiko Urakami?,

Tsutomu Ogata"!? and Maki Fukami'

Multiple mutations in SOX2 have been identified in patients with ocular anomalies and/or pituitary dysfunction. Here, we
identified SOX2 abnormalities in nine patients. The molecular defects included one missense, one nonsense and four frameshift
mutations, and three submicroscopic deletions involving SOX2. Three of the six mutations and all deletions were hitherto
unreported. The breakpoints determined in one deletion were located within Alu repeats and accompanied by an overlap of

11 bp. Three of the six mutations encoded SOX2 proteins that lacked in vitro transactivation activity for the HESX1 promoter,
whereas the remaining three generated proteins with ~15-~20% of transactivation activity. All cases manifested ocular
anomalies of various severities, together with several complications including arachnoid cyst and hamartoma. There was no
apparent correlation between the residual activity and clinical severity. The results indicate that molecular defects in SOX2 are
highly variable and include Alu repeat-mediated genomic rearrangements. Our data provide further evidence for wide phenotypic
variation of SOX2 abnormalities and the lack of genotype—phenotype correlation in patients carrying SOX2 lesions.

Journal of Human Genetics (2014) 59, 353-356; doi:10.1038/jhg.2014.34; published online 8 May 2014

Keywords: anophthalmia; deletion; genotype-phenotype correlation; microphthalmia; mutation; SOX2

SOX2 (NP_003097.1) has a critical role in the development of the eye,
pituitary and central nervous system through transactivation of
multiple genes including HESX1.' Haploinsufficiency of SOX2
(NM_003106.3) leads to anophthalmia/microphthalmia and
pituitary dysfunction, in addition to various neuronal defects such
as mental retardation, brain malformation and hearing loss.>”
Although >80 patients with SOX2 abnormalities have been
reported to date,™!! current understanding of mutation spectrum
and phenotypic determinants of this condition remains fragmentary.
In fact, in vitro functional assays have been performed only for a small
number of mutations.>! =13 Furthermore, whereas Kelberman et al.!>
found no obvious genotype-phenotype correlation, Schneider et al.'*
reported that patients with missense mutations had milder ocular
phenotypes than those with nonsense or frameshift mutations.
Here, we identified SOX2 abnormalities in nine patients (cases
1-9). This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and Development
and performed after obtaining written informed consent. Molecular
defects in cases 1-9 were identified through sequencing and copy
number analyses of SOX2 for 37 patients with ocular anomalies and

15 patients with pitaitary  dysfunction and normal eyes
(Supplementary Table S1). Mutations in the coding region were
examined by direct sequencing, and copy number abnormalities were
analyzed by multiplex ligation-dependent amplification and array
comparative genomic hybridization. Detailed methods are provided
in Supplementary Table S2. Cases 1-6 carried heterozygous intragenic
mutations, whereas cases 7-9 had heterozygous submicroscopic
deletions involving SOX2. Cases 1-9 invariably manifested develop-
mental defects of eyes, in addition to multiple complications
including arachnoid cyst and hamartoma (Table 1 and
Supplementary Table S3). The ocular phenotypes included unilateral
and bilateral microphthalmia, bilateral coloboma and bilateral
anophthalmia. The SOX2 mutations in cases 1-6 consisted of three
previously reported mutations (c.70_89del20, ¢.70_86dell7 and
¢.480C>G) and three novel mutations (c.235T>C, c.244_245delTT
and ¢.402delC) (Figure la). None of the six mutations have been
registered as polymorphisms in the single-nucleotide polymorphism
database (dbSNP, http://www.ncbi.nlm.nih.gov/). In vitro reporter
assays using a vector containing the HESX! promoter indicated that
¢.235T>C, ¢.402delC and c¢.480C>G encoded proteins with ~ 15—
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~20% transactivation activity, whereas the remaining three generated
proteins that lacked the activity (Figure 1b). Of the six mutations,
€.70_89del20, ¢.70_86dell7 and c.244_245delTT affected the possible
nuclear localization signals predicted from mouse data, and therefore
seemed to disturb the intracellular localization of the SOX2 protein
(Figure 1a).!> Furthermore, it remained possible that mRNAs of the
nonsense and frameshift mutations undergo early degradation in vivo.
The deletions in cases 7-9 affected ~1.0 to ~2.5Mb genomic
regions at 3q26-27 including SOX2. These deletions overlapped
with, but were not identical to, previously reported deletions
(Figure 2)%7-212-1416 Sequences at the fusion junction were
characterized in case 7, showing that the two breakpoints resided
within Alu repeats and shared an overlap of 11bp (Figure 2).
Several matters are noteworthy. First, molecular lesions in cases 1-9
were heterogeneous and included six point mutations and three
submicroscopic deletions. These data support a broad mutation
spectrtum of SOX2 abnormalities.®® Notably, we identified
submicroscopic deletions involving SOX2 in three cases. As
multiple microdeletions at 3q26-27 have been reported in patients
with ocular anomalies (Figure 2),%7-%12-1416 it is possible that the
genomic region around SOX2 represents a hotspot for chromosomal
rearrangements. In this regard, it is noteworthy that the sequence at
the fusion junction in case 7 is consistent with non-allelic
homologous recombination that occurs between two homologous
sequences or replication-based errors that are usually associated with
microhomology at the fusion junction,!” Furthermore, the two
breakpoints of this deletion resided within Alu repeats, which
facilitate both recombination- and replication-mediated errors,!®1°
These data imply that Alu repeats may have a role in the high
frequency of deletions at 3q26-27. Second, cases 1-9 manifested
several complications in addition to ocular abnormalities.
Importantly, seven cases manifested brain anomalies including
arachnoid cyst and hamartoma. In this regard, Alatzoglou et all’
recently described pituitary tumors in two patients with SOX2
haploinsufficiency. Thus, SOX2 abnormalities seem to be associated
with various types of developmental defects and tumors in the brain.
Third, SOX2 lesions were identified in 9 of 37 patients with ocular
abnormalities, but were absent from 15 patients with pituitary
dysfunction and normal eyes. The results are consistent with the
previous reports that SOX2 abnormalities account for 10~20% of the
etiology of anophthalmia/microphthalmia and rarely result in pitui-
tary dysfunction without eye abnormalities.#>3%!1 These data can be
explained by assuming that, during development, the eye is highly
sensitive to reduced activity of SOX2. Nevertheless, as gonadotropin
deficiency was observed in all of our mutation-positive cases, SOX2
appears to be indispensable for the function of the hypothalamus—
pituitary axis. Lastly, no apparent genotype—phenotype correlation
was found in our patient cohort. Although ocular phenotypes were
relatively mild in cases 1 and 6 with hypomorphic mutations and
obviously severe in cases 3 and 4 with amorphic mutations, bilateral
anophthalmia was also observed in case 2 with a hypomorphic
mutation and mild coloboma with normal visual activity was seen in
case 9 with SOX2 deletion. Similarly, the occurrence of pituitary
dysfunction, mental retardation and short stature was not associated
with the mutation types. The lack of correlation between residual
activity and phenotypic severity is consistent with the previously
proposed notion that haploinsufficiency of developmental genes is
usually associated with a wide range of penetrance and expressivity.2?
Collectively, the present study argues for a broad spectrum of SOX2
lesions and indicates for the first time that Alu repeat-mediated
genomic rearrangements at 3q26-27 account for a part of the etiology

Case 9

19 Years
Male

Gene deletion
Deletion
De novo
Null
Retinal fold
Optic disc
coloboma
Yes

LGA
Normal
None

LH, FSH
NE

Case 8

1 Year

Male

Gene deletion
Deletion

NE

Null

AO

AO

Yes

Normal

Yes

None

LH, FSH, GH
Pituitary
hypoplasia

Ectopic posterior

Gene deletion
lobe

Deletion

NE
Null
LH, FSH,GH

Case 7
12 Years
Female
severe MO
severe MO
Yes
Normal
Yes
Seizure

Case 6
1 Year
Female
p.G135fsX153
Father mosaic
Hypomorphic
MO
MO
Yes
Normal
Yes
None

E
White matter signal
abnormality

€.244_245delTT c.402delC

p.L82fsX94

Case 5

7 Years
Female
De novo
Amorphic
severe MO
severe MO
Yes
Normal
Yes

Hemi-
hypertrophy
NE
Normal

p.N24fsX89

19 Years
NE

Female
LH, FSH, GH

Case 4
Amorphic
AO

AO

No

Normal
Yes

None
Pituitary
hypoplasia

p.N24fsX88

€.70_89del202 ¢.70_86dell7®
De novo

Case 3

1 Year
Female
Amorphic
AO

AO

No
Normal
Yes

None

NE
Hamartoma

c.480C>G
p.Y160X

NE
Hypomorphic
Unknown
Normal
Unknown
None
Dandy-Walker
syndrome

13 Days
NE

Case 2
Male
AO

AQ

Case 1
3 Months
Male
¢.235T>C
p.W79R
NE
Hypomorphic
MO
Normal
No
Normal
Yes
Esophageal
atresia

, FSH
Arachnoid cyst

SOX2 mutation (CDNA)

SOX2 mutation (protein)
Parental origin of the mutation/
deletion

In vitro transactivating activity
Ocular abnormality (right)
Qcular abnormality (left)
Developmental delay

Prenatal growth

Postnatal growth failure

Other complication

Pituitary hormone deficiency
Brain MRI findings

Abbreviations: AQ, anophthalmia; FSH, follicle-stimulating hormone; GH, growth hormone; LGA, large for gestational age; LH, luteinizing hormone; MO, microphthalmia, MR!, magnetic resonance imaging; NE, not examined.

Table 1 Molecular and clinical findings of cases 1-9
2delAACTCCACCGCGGCGGCGGC.
bdelAACTCCACCGCGGCGGC.

Age at examination
Molecular findings

Sex
Clinical findings
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Figure 1 The position and /n vitro function of SOX2 mutations identified in the present study. (a) Chromatograms of the mutations. Subcloned wild-type
(WT) and mutant (MT) sequences are shown. Deleted nucleotides are shaded in gray and mutated nuclectides are indicated by asterisks. The yellow boxes
indicate the position of two putative nuclear localization signals (NLSs) predicted from mouse data.!5 (b) /n vitro reporter assay using a luciferase vector
containing the HESXI promoter. The results are expressed as the mean+ 1 s.d. Asterisks indicate the statistical significance of the results (P<0.05).
The relative fold activation of ¢.70_89del20, ¢.70_86dell7 and c.244_245delTT was similar to that of the empty vector (empty). The relative percentages
of fold activation of ¢.235T>C, ¢.402delC and ¢.480C >G to that of the WT SOX2 were 13.8%, 15.4% and, 18.4%, respectively.
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Figure 2 Submicroscopic deletions identified in the present and previous studies. Upper panel: genomic structure of the 3q26-27 region and the position
of previously reported deletions. The position of SOX2 is indicated by a red box and the deletions are depicted by black bars. Genomic positions of the
genes and deletions refer to NCBI database (http://www.ncbi.nim.nih.gov/). Cen, centromere; tel, telomere. Lower panel: comparative genomic hybridization
analysis of cases 7-9 from the present study and the sequence at the fusion junction in case 7. The black, red and green dots denote signals indicative of
the normal, increased (> +0.5) and decreased (< —1.0) copy numbers, respectively. Estimated sizes and positions of the heterozygous deletions are
shown.
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of SOX2 haploinsufficiency. Our data provide further evidence for the
wide phenotypic variation and the lack of genotype—phenotype
correlation in patients with SOX2 abnormalities.
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A Novel Mutation in SOX2 Causes
Hypogonadotropic Hypogonadism
with Mild Ocular Malformation
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Established Facts

« Heterozygous SOX2 mutations have been reported to cause isolated hypogonadotropic hypogonadism
(HH) in addition to ocular and brain abnormalities.

« The most common ocular phenotype associated with SOX2 mutations is a severe bilateral eye defect
such as anophthalmia or severe microphthalmia.

Novel Insights

«  We report a novel missense SOX2 (Y110C) mutation in an HH patient with mild ocular malformation,
unilateral retinal detachment.

+ The findings in this patient emphasize the importance of testing for SOX2 mutations in HH individu-
als with mild ocular defects, such as retinal detachment, in the absence of anophthalmia or severe mi-
crophthalmia.

«  We used a next-generation sequencing strategy to analyze 122 genes associated with congenital endo-

crine disorders. This approach is new in HH; it has never been reported to our knowledge.

Key Words
SOX2 - Hypogonadotropic hypogonadism - HMG domain -
Targeted next-generation sequencing

Abstract

Background: Heterozygous SOX2 mutations have been re-
ported to cause isolated hypogonadotropic hypogonadism
(HH) in addition to ocular and brain abnormalities. Objec-

tive: We report a novel missense SOX2 (Y110C) mutation in
an HH patient with mild ocular malformation. Patients: The
20-year-old male was referred because of typical signs of
complete hypogonadism, with small intrascrotal testes
(2 ml), no pubic hair (P1), and a micropenis. Hormone assays
revealed very low plasma testosterone levels and very low
levels of plasma gonadotropin. He was found to have retinal
detachment in his right eye and surgery was performed at
the age of 14 years. Results: Using a next-generation se-
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quencing strategy, we identified a novel heterozygous SOX2
mutation, ¢.329A>G (p.Y110C). Y110C SOX2 had reduced
transactivation and no dominant negative effect. Subcellu-
lar localization revealed no significant difference between
wild-type and mutant SOX2. EMSA experiments showed that
the Y110C SOX2 abrogated DNA-binding ability. Conclu-
sion: The Y110C mutation affects a critical residue in the
SOX2 protein. This study extends our understanding of the
phenotypic features, molecular mechanism, and develop-
mental course associated with mutations in SOX2. When
multiple genes need to be analyzed for mutations simulta-
neously, targeted sequence analysis of interesting genomic
regions is an attractive approach. ©2014 5. Karger AG, Basel

Introduction

Hypogonadotropic hypogonadism (HH) is a geneti-
cally heterogeneous condition, defined by absent or in-
complete sexual maturation secondary to gonadotropin
deficiency. Several genes have been linked to the patho-
genesis of HH, including KALI, FGFR1, FGF8, PROK2,
PROKR2, CHD7, GNRHR, GNRHI, KISSIR, KISSI,
TAC3, TACR3, and SOX2 [1-8].

Heterozygous mutations in SOX2 were first reported
in patients with bilateral anophthalmia or severe mi-
crophthalmia who had additional abnormalities, includ-
ing developmental delays, learning difficulties, esopha-
geal atresia, and genital abnormalities [9-11]. Subse-
quently, SOX2 mutations were also shown to be
associated with anterior pituitary hypoplasia, HH, and
variable growth hormone deficiency in association with
other manifestations, including hippocampal abnormali-
ties, defects of the corpus callosum, hypothalamic ham-
artoma, and sensorineural hearing loss [7, 8]. To date,
more than 40 mutations in SOX2 have been described
[12]. The majority of these are truncating mutations such
as nonsense or frameshift mutations, and only 10 mis-
sense mutations have been reported.

Here, we report an HH patient with mild ocular phe-
notypes carrying a novel missense mutation in SOX2
(Y110C). Through molecular analyses, we showed that
substitution of a conserved, critical amino acid near the
DNA-binding high-mobility group (HMG) domain of
SOX2 abrogated DNA-binding and pituitary gene
(HESX1) activation. This study extends our understand-
ing of the phenotypic features, molecular mechanism,
and developmental course associated with mutations in
the SOX2 gene.

Horm Res Paediatr 2014;81:133-138
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Table 1. Endocrinological findings (baseline) in the propositus

male: 41369

IGF-1, ng/ml 307

TSH, uU/ml 242 0.3-3.50

Free T4, ng/dl 1.15 1.09-2.55

Free T3, pg/ml 3.82 3.23-5.11

LH, mIU/ml 0.1 male: 2.2-8.4
FSH, mIU/ml 0.31 male: 1.8-12
Testosterone, ng/ml 0.38 male: 2.01-7.50

The conversion factors to the SI units are as follows: IGF-I
0.131 (nmol/), TSH 1.0 (mIU/)), free T4 12.87 (pmol/l), free T3
1.54 (pmol/1), LH 1.0 (IU/1), FSH 1.0 (IU/1), and testosterone 0.035
(nmol/l).

Materials and Methods

Case Report

The propositus was a 23-year-old Japanese man born at
41 weeks of gestation after an uncomplicated pregnancy and de-
livery. The parents were nonconsanguineous and phenotypically
normal. He had one younger sister who had no relevant clinical
problems. His birth weight was 3,250 g (+0.6 SD), and length was
49.0 cm (0.0 SD). He had horizontal nystagmus and bilateral
cryptorchidism, which were diagnosed in the first months of life.
No anophthalmia or microphthalmia was recorded. His gross
motor development was almost normal. At the age of 3 years, he
presented with generalized seizures, which have been well con-
trolled with sodium valproate. At the age of 14 years, he was found
to have retinal detachment in his right eye and surgery was per-
formed.

He was referred at the age of 20 years due to the typical signs
of complete hypogonadism, with small intrascrotal testes (2 ml),
no pubic hair (P1), and a micropenis. Hormone assays revealed
very low plasma levels of testosterone and gonadotropin
(table 1). Brain MRI showed a normal pituitary and olfactory
bulb and no other abnormalities. He had a normal sense of smell.
His karyotype was 46,XY. His height and weight were 174.4 cm
(+0.7 SD) and 63.9 kg (+0.2 SD), respectively. The visual acuity
of both his right and left eyes was 0.01 without glasses and 0.6
with glasses.

Mutation Screening

After obtaining informed consent, and with the approval of the
Institutional Review Board of Keio University School of Medicine,
genomic DNA was extracted from peripheral blood leucocytes of
the propositus and his parents. We sequenced 13 genes implicated
in HH, including CHD?7, FGFR1, FGF8, GNRHI1, GNRHR, KALl,
KISS1, KISS1R, PROK2, PROKR2, TAC3, TACR3, and SOX2 using
the MiSeq instrument (Tllumina Inc., San Diego, Calif., USA) ac-
cording to the SureSelect protocol (Agilent Technologies, Santa
Clara, Calif., USA). In brief, 3 pg of genomic DNA were used for
the SureSelect capture methods. Exons of 122 genes known to be
associated with congenital endocrine disorders (including 13 HH-
related genes) were identified in the University of California Santa
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Cruz table browser (http://genome.ucsc.edu/). In total, we target-
ed 1,321 regions comprising 246,158 bp using SureSelect. DNA
obtained from the SureSelect solution-based sequence capture was
subjected to MiSeq sequencing according to the manufacturer’s
protocol. Base calling, read filtering, and demultiplexing were per-
formed with the standard Illumina processing pipeline. We used
BWA 0.6.1 and SAMtools 0.1.18 for alignment and variant detec-
tion against the human reference genome (NCBI build 37; hgl9)
with the default settings. Local realignment, quality score recali-
bration and variant calling were performed by GATK 2.3.9 with
the default settings. We used ANNOVAR for annotation of called
variants.

Crystal Structure Modeling

The crystal structure of the SOX2 HMG domain (protein data
bank ID 1GTO; http://www.rcsb.org/pdb/) was used as a reference
wild-type (WT) structure for modeling the structure of Y110C
SOX2 using the PyMOL Molecular Graphics System (http://www.

pymol.org).

Functional Studies

To generate SOX2 expression vectors, SOX2 cDNA was cloned
into pCMV-myc (Clontech, Palo Alto, Calif., USA). For subcellu-
lar localization analyses, we purchased a Halo-tagged clone vector
(Kazusa DNA Research Institute, Chiba, Japan) containing human
SOX2 cDNA. We introduced the Y110C mutation by site-directed
mutagenesis using the PrimeSTAR Mutagenesis Basal Kit (TaKa-
Ra, Otsu, Japan). A luciferase reporter vector was constructed by
inserting the HESX1 promoter sequence (-405 to +267 bp) into a
pGL4.24 [luc2P/minP] vector (Promega, Madison, Wisc., USA). A
transactivation assay was performed in HeLa cells using a dual-
luciferase reporter assay system (Promega). For subcellular local-
ization analyses, we visualized Hela cells transfected with Halo-
tagged SOX2 and TMRDirect™ ligands (Promega), according to
the manufacturer’s instructions. We photographed the cells using
a Leica TCS-SP5 laser scanning confocal microscope (Leica, Exton,
Pa., USA). The sequences of the biotin-labeled double-stranded
oligonucleotide used as probe in the EMSA experiment was 5'-
CAAACAAATAAACAATTAACTC -3 [13]. Five micrograms of
nuclear protein extraction was incubated at room temperature in
a 20-ul binding reaction mixture containing a 20-fmol probe,
50 mM KCl, 5 mm MgCl,, 2.5% glycerol, 0.05% NP-40, and 1 pg
poly(dI-dC) for 20 min. For competition experiments, a large ex-
cess (200x) of unlabeled competitor oligonucleotides was included
in the binding reactions. The protein-DNA complexes were sub-
ject to gel electrophoresis and transferred to a nylon membrane.
The biotin-labeled probe was detected with the Lightshift Chemi-
luminescent EMSA Kit (Pierce).

Results

Mutation Screening

We identified a novel heterozygous SOX2 mutation,
€.329A>G (p.Y110C), the only gene among 13 HH-relat-
ed genes where unknown variants were identified. We
used Sanger sequencing of PCR products from genomic
DNA to confirm the SOX2 variant (fig. 1a). Y110 is im-
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mediately N-terminal to the DNA-binding HMG do-
main, which is highly conserved among SOX proteins
and is critical for binding to both interacting proteins and
target DNA sequences. Y110 is a highly evolutionarily
conserved amino acid (fig. 1b), and this mutation was not
detected in 150 healthy Japanese controls. No sequence
variation was found in CHD7, FGFRI, FGF8, GNRH]1,
GNRHR, KALI, KISS1, KISSIR, PROK2, PROKR2, TAC3,
and TACR3. Parental analysis was refused.

Crystal Structural Modeling
Y110C SOX2 was predicted to lose a residue-DNA
contact (fig. 1c).

Functional Studies

In Hella cells, WT SOX2 stimulated transcription of
the HESX1 reporter in a dose-dependent manner. Y110C
SOX2 had reduced transactivation, and had no dominant
negative effect (fig. 2a). Subcellular localization revealed
no significant difference between WT and mutant SOX2
(fig. 2b), indicating that nuclear targeting was not affected
by the mutation. WT SOX2 specifically bound to the
DNA and this binding was competed by an excess (200x)
of cold competitors. In contrast, Y110C SOX2 had abro-
gated DNA-binding ability (fig. 2¢).

Discussion

We characterized a novel mutant (Y110C) ofthe SOX2
transcription factor that is associated with HH and a mild
ocular phenotype. The Y110C SOX2 protein had abro-
gated DNA-binding affinity and decreased transcription
activity compared to WT SOX2 with no dominant nega-
tive effect. The partial transcription activity suggests that
the Y110C mutation is a hypomorphic mutation that re-
tains residual activity. The most common ocular pheno-
type associated with SOX2 mutations is a severe bilateral
eye defect such as anophthalmia or severe microphthal-
mia. If an eye is present, it may be associated with ocular
features, including sclerocornea. Our patient showed
only unilateral retinal detachment. This mild phenotype
was likely due to residual SOX2 activity. The findings in
this patient emphasize the importance of testing for SOX2
mutations in HH individuals with mild ocular defects,
such as retinal detachment, in the absence of anophthal-
mia or severe microphthalmia.

To date, more than 40 mutations in SOX2 have been
described. Most of the mutations cause premature termi-
nation codons as a result of nonsense or frameshift muta-
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Fig. 1. Identification of sequence variation of SOX2. a Partial se-
quence of PCR product and schematic diagrams of the SOX2 pro-
tein. The chromatogram represents a heterozygous substitution of
cysteine (TGC) in place of tyrosine (TAC) at codon 110. The arrow
indicates the mutated nucleotide. Tyrosine 110 is located immedi-
ately 3’ of the HMG domain. The reported 10 missense mutations
are summarized. b Homology study showed tyrosine at codon 110

tions; only 10 missense mutations have been reported.
Among these 10 missense mutations, only 3 (R74P, L75Q,
and L97P) have been confirmed as pathogenetic by func-
tional assays [7, 10, 14]. All 3 mutations are located in the
HMG domain and cause anophthalmia or severe mi-
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is highly conserved through species in SOX2, SOX1, and SOX3.
¢ Modeled structure of the Y110C in comparison with the WT
structure (upper panels). Modeling of the mutant was performed
using a built-in mutagenesis function of the PyMOL Molecular
Graphics System. Crystal structural modeling showed Y110C
SOX2 was predicted to lose a residue-DNA contact (yellow arrow).

crophthalmia. Therefore, Y110C is the only amino acid
change located outside of the HMG domain that has been
shown to be pathogenetic in functional assays.

Recently, Mihelec et al. [15] reported a 4-generation
family with marked ocular phenotypic variability harbor-
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Fig.2.Functional characterization of Y110CSOX2.a Transactivation
assays of Y110C SOX2 using HESX I reporter Hela cells were cotrans-
fected with the pRL-CMV internal control vector, indicated amount
(nanograms) of the effector plasmids, and the HESX1 reporter. WT
SOX2 stimulated transcription of the HESX1I reporter in a dose-de-
pendent manner. Y110C SOX2 exhibited reduced transactivation
and had no dominant negative effect. The data are given as means +
SEM of at least 3 independent experiments performed in triplicate

ing a D123G SOX2 mutation. These multigenerational
patients suggested that there had been no fertility prob-
lems in the carriers of the D123G SOX2 mutation. D123G
is located immediately C-terminal to the HMG domain,
which was described as a partner-factor interaction re-
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transfections. b Subcellular localization analysis. For subcellular lo-
calization analyses, we visualized and photographed Hela cells trans-
fected with Halo-tagged SOX2 using a Leica TCS-SP5 laser scanning
confocal microscope, after mounting the cells ina Vectashield-DAPI
solution. The WT and Y110C SOX2 are localized to the nucleus. ¢
EMSA experiments. WT SOX2 showed specific binding to the ele-
ments, which was competed by an excess amountof (200x) cold com-
petitors. The Y110C SOX2 showed abrogated DN A-binding ability.

gion by Mihelec et al. [15]. SOX transcription factors ex-
ert tissue-specific effects in concert with tissue-specific
partner factors. In the lens, SOX2 interacts with the lens-
specific factor SEF3, and this interaction is dependent on
the partner-factor interaction region [16]. Y110 is also

Color version available online
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