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Abstract
MAMLDI {mastermind-like domain containing 1), previously
known as CXorf6 (chromosome X open reading frame 6), has
been shown to be a causative gene for hypospadias. This is
primarily based on the identification of nonsense mutations
(E124X, Q197X, and R653X), which undergo nonsense-medi-
ated mRNA decay, in patients with penoscrotal hypospadias.
Subsequent studies have shown that (1) the mouse homolog
is transiently expressed in fetal Sertoli and Leydig cells
around the critical period of sex development; (2) transient
knockdown of Mamid] results in significantly reduced tes-
tosterone production in murine Leydig tumor cells; (3)
MAMLD1 protein shares homology to mastermind-like 2
(MAML2) protein that functions as a co-activater in canoni-
cal Notch signaling; (4) MAMLD1 localizes to the nuclear
bodies and transactivates the promoter activity of a non-ca-
nonical Notch target gene hairy/enhancer of split 3 (Hes3),
rather than the canenical Notch target genes such as Hes!
and Hes5, without demonstrable DNA-binding capacity, and
(5) MAMLD? is regulated by stereidogenic factor 1. These
findings suggest that the MAMLDT mutations cause hypo-
spadias primarily because of compromised testosterone
production around the critical period of sex development,
and provide useful information for the molecular network
involved in fetal testosterone production.

Copyright © 2009 S. Karger AG, Basel

Introduction

Hypospadias is defined by the urethral opening on the
ventral side of the penis, and is classified into mild glan-
dular or penile type and severe penoscrotal er perineal
type {1]. It is a mild form of 46,XY disorders of sex devel-
opment (DSD), and affects ~0.5% of male newborns [2].
Hypospadias is primarily caused by compromised an-
drogen effects, and appears as an isolated anomaly or in
association with other genital anomalies such as micro-
penis and cryptorchidism. To date, while mutation anal-
yses have been performed for multiple genes involved in
androgen effects such as SRD5A2 for 5a-redeuctase and
AR for androgen receptor, pathologic mutations have
been identified only in a very small portion of patients [2].
This would be consistent with hypospadias being a high-
ly heterogeneous conditien subject to multiple genetic
and environmental factors. Indeed, several candidate
genes such as ATF3, FKBP52, FGFR2, FGF8, FGF10, and
BMP?7 have been identified, and multiple susceptibility
factors for hypospadias have been found in several genes
such as ESR1, ESR2, and SRD5A2 [3-7].

We have recently shown that CXorf6 (chromosome X
open reading frame 6) is a novel gene for hypospadias [8],
and coined a new gene symbol MAMLDI (mastermind-
like domain containing 1) on the basis of its characteristic
protein structure [9]. Here, we review the current knowl-
edge about MAMLDI.
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Cloning of a Candidate Gene for 46,XY DSD

A gene for 46,XY DSD has been postulated around
MTMI for myotubular myopathy on Xq28, on the basis
of the finding that genital development is normal in pa-
tients with intragenic MTMI mutations, and invariably
abnormal in 6 patients with microdeletions involving
MTM]1 [10-13). The 6 patients consist of 3 sporadic and 3
familial cases, and 5 of them have glandular, penile, or
penoscrotal hypospadias and the remaining 1 patient ex-
hibits ambiguous genitalia [10-12]. These findings sug-
gest that a gene for 46,XY DSD, especially that for hypo-
spadias, resides in the vicinity of MTM1, and that loss or
disruption of the gene results in the development 0f 46,XY
DSD as consequence of a contiguous gene deletion syn-
drome.

In 1997, Laporte et al. [14] identified MAMLDI (named
CXorf6 at that time) from a 430-kb region deleted in 2
sporadic cases with myotubular myopathy and 46,XY
DSD [12]. MAMLDI comprises at least 7 exons, and har-
bors an open reading frame on exons 3-6 that is predict-
ed to produce 2 proteins of 701 and 660 amino acids as a
result of in-frame alternative splicing with and without
exon 4. Furthermore, subsequent studies have shown loss
of MAMLDI in all patients with myetubular myopathy
and 46,XY DSD (fig. 1), and no other candidate gene for
46,XY DSD has been identified within the commenly de-
leted region. These findings imply that MAMLDI is an
excellent candidate gene for 46,XY DSD, especially hypo-
spadias.

246 Horm Res 2009;71:245~252

MAMLD1 Mutations in Hypospadiac Patients

We performed direct sequencing for the coding exons
3-6 and their flanking splice sites of MAMLDI in 166
patients with various types of DSD or abnormal external
genitalia. They consisted of 117 Japanese patients (113
sporadic cases and 4 probands of familial cases), 45 Eu-
ropean patients (39 sporadic cases and 6 probands of fa-
milial cases), and 4 Chinese patients (4 probands of fa-
milial cases). The 117 Japanese patients comprised: 19
cases with gonadal dysgenesis (10 with complete type and
9 with incomplete type) with no demonstrable mutation
in the known or candidate sex development genes SRY,
DMRT]I, SF1, and LHX9 [2]; 2 cases with 46,XY DSD of
unknown cause; 56 cases with hypospadias (16 with glan-
dular type, 16 with penile type, 20 with penoscrotal type,
and 4 with perineal type), and 40 cases with isolated
cryptorchidism (33 with unilateral inguinal or abdomi-
nal type and 7 with bilateral inguinal type). All the Japa-
nese patients had a normal male karyotype and lacked
extragenital features except for short stature in 6 cases,
mental retardation in 3 cases, and multiple congenital
anomalies in 2 cases. Thus, most patients exhibited ab-
normal external genitalia as the sole recognizable abnor-
mality. The 49 European and Chinese patients had vari-
ous types of abnormal genitalia, ranging from hypo-
spadias to feminized genitalia (detailed phenotypes are
unknown).

Consequently, 3 nonsense mutations were identified
in Japanese patients with hypospadias: E124X in mater-
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Fig. 2, Molecular findings in patients with nonsense mutations.
a, b adapted from Fukami ct al. {8, 9). a The pedigrees and elec-
trochromatograms of Japancse patients with nonsense mutations
(A-C). The black squares indicate the patients with 46,XY DSD
and the mutant MAMLDI, and the circles with dots represent mo-
lecularly confirmed carrier females. The asterisks in the chro-
matograms indicate the mutant and the corresponding wild-type
nucleotides. NE = Not examined. b Schematic representation of
the R653X mutation in case 4 and the fusion gene between
MAMLD] and MTMR]. The black and the white squares in

nally related half brothers from family A (cases 1 and 2);
Q197X in a patient from family B (case 3), and R653X in -
a patient from family C (case 4; fig. 2a) [3]. The mothers
of families A and C were heterozygous for the mutations,
although the mother of family B was not studied. In ad-

MAMLDI and Hypospadias

MAMLDI indicate the translated and untranslated regions, re-
spectively. ¢ The NMD analysis. The black and gray boxes repre-
sent the coding regions, and the open boxes denote the untrans-
lated regions. The positions of the mutations and variations are
shown.. RT-PCR for the twe regions (RT-PCR-1 and 2) has pro-
duced no bands after 30 cycles and very faint bands after 40 cycles
in cases 1-4. In case 4, no band is seen witheut an NMD inhibiter
cycloheximide (CHX), whereas a clear band is delineated with
CHX treatment.

dition to the 3 nonsense mutations, we also found 3 ap-
parently non-patholegic variants: P286S and Q507R that
were not co-segregated with the 46,XY DSD in affected
families, and a previously reported polymorphism N589S
(rs2073043) [3].
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Table 1. Clinical findings of the 4 Japanese cases with MAMLDI nonsense mutations

Case 1 Case 2 Case 3 Case 4
Genital findings
Gestational age, weeks 39 40 40 41
Birth length, cm 51.0 (+1.0 SD) 49.5 (+0.2 SD) 50.5 (+0.7 SD) 47.5 (0.7 SD)
Birth weight, kg 361 (+1.58D) 3.40 (+1.0 SD) 3.21(+0.5SD) 2.94 (-0.2 SD)
Age at exam 4 months 1 month 2 years 1 month
Clinical diagnosis Hypospadias with chordee Hypospadias with chordeec ~ Hypospadias with chordee ~ Hypospadias with chordee
Urethral meatus Penoscrotal junction Penoscrotal junction Penoscrotal junction Penoscrotal junction
Age at urethroplasty, years 2.5 39 6.0 and 6.6 1.9
Penile length, cm 2.5(-1.58D) 25(-1.58D) 2.0(-3.4SD) 12 (-3.58D)
Testis size, ml 1-2 (B) (WNR) 1-2 (B) (WNR) 1(B) (WNR) 1-2 (B) (WNR)
Testis position Inguinal (B) Scrotal Scrotal Retractile (B)
Age at orchidopexy, years 6.3 - - 1.9
Scrotal appearance Bifid and hypoplastic Bifid Bifid Bifid
Wolffian structures Normal on MRI Normal on MRI NE NE
Miillerian structures Absent on MRI Absent on MRI NE NE
Renal structures Normal on MRI Normal on MRI Normal on ultrasounds NE
Serum hormone values
Age at exam 4 months 1 month 2 years 3 months
LH, IU/1 1.2 (0.1-4.7) 3.1(0.1-4.7) 0.2 (<0.2-3.1) NE
FSH, 1U/] 1.5 (0.4-5.7) 2.2 (0.4-5.7) 1.6 (0.2-5.2) NE
Testosterone, nmol/l 1.4 (0.1-12.0)—*9.0 (7.0-15.0)® 9.0 (4.0-14.0) 0.1(0.1-1.0) 9.4 (4.0-14.0)
DHT, nmol/l 0.8 (0.2-4.5)—*3.7° 1.2 (0.2-4.5) NE NE
Age at exam, years:months  2:05 2:05 4:00 6:03
LH, IU/l 0.2 (<0.2-3.1)—>3.5 (1.4-6.0)" 0.2 (<0.2-3.1) <0.2(<0.2-1.2) 0.2 (<0.2-1.4)
FSH, 1U/1 <0.2 (0.2-5.2)—1.5 (2.3-6.9)® 0.8 (0.2-5.2) 1.6 (0.7-3.0) 1.2 (0.3-4.0)
Testosterone, nmol/] <0.3 (0.1-1.0)—10.1 (7.0-15.0)* 0.7 (0.1-1.0) <0.3 (<0.5) 0.3 (<0.5)
DHT, nmol/l 0.07 (0.05-2.0)—>2.84*" <0.15 (0.05-2.0) NE NE

SD = Standard deviation; NE = not examined; B = bilateral; MRI = magnetic resonance imaging; WNR = within the normal range (1-2 ml before
puberty); ND = not determined; LH = luteinizing hormone; FSH = follicle-stimulating hormone; DHT = dihydrotestosterone.

Assessments of body sizes (length, height, weight, and head circumference), penile length, testis size, and menarchial age are based on the Japanese
reference data. The hormone values in parentheses represent the age- and sex-matched normal range in the Japancse; the reference data for serum hor-
mones are based on the literature.

* After a human chorionic gonadotropin stimulation (3,000 IU/m?/dose i.m. for 3 consecutive days; blood sampling on day 4).

b Peak values during a gonadotropin-releasing hormone test (100 pg/m? bolus i.v.; blood sampling at 0, 30, 60, 90, and 120 min).

A-lI-1

A-lI-2

Fig. 3. External genital findings of cases 1 and 2.

Nonsense-Mediated mRNA Decay

When the 3 nonsense mutations were identified, one
problem was that hypospadias in case 4 with R653X on
exon 5 may be inconsistent with apparently normal geni-
tal development in a previously reported boy with a mi-
crodeletion involving MTMI that resulted in the genera-
tion of a fusion gene between exons 1-4 of MAMLDI and
exons 3-16 of MTMRI (locus order: MAMLDI-MTM]I-
MTMR1I), because the coding exons 3 and 4 are preserved
in both case 4 and the boy with the fusion gene [15]
(fig. 2b). However, in contrast to the positive expression
of the fusion gene [15], the 3 nonsense mutations are pre-
dicted to cause nonsense-mediated mRNA decay (NMD)
because of their positions [16]. Consistent with this, RT-
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Fig. 4. In situ hybridization analysis of the
murine Mamld]. a Expression patterns in
the fetal testes at E12.5 and E14.5. The blue
signals are derived from in situ hybridiza-
tion for Mamldl, and the brown signals
from immunohistochemical staining with
Sf-1 (Ad4bp) antibodies. m = Mesoneph-
ros; G = germ cell; S = Sertoli cell; L = Ley-
dig cell. The scale bars in the low and high
power fields represent 200 and 20 p.m, re-
spectively. Adapted from Fukami et al. [8].
b Expression patterns in the fetal adrenal
(upper part) and external genitalia (lower
part) of male mouse at E12.5. m = Meso-
nephros; g = gonad; ad = adrenal; GT =
genital tubercle (the region between two
arrows). MAMLDI is not expressed in the
adrenal, and weakly and diffusely ex-
pressed in the external genitalia as in oth-

E125

E145

er non-genital skin tissues.

PCR from leukocytes indicated drastically reduced tran-
scripts in cases 1-4 (fig. 2¢) [3, 4]. Furthermore, the NMD
was prevented by the NMD inhibitor cycloheximide, pro-
viding further support for the occurrence of NMD in the
3 nonsense mutations. The occurrence of NMD was also
demonstrated in the carrier mothers [4]. Thus, although
the NMD has not been confirmed in the testicular tissue,
the results explain the apparent discordance in the geni-
tal development between case 4 and the boy described by
Tsai et al. [15), and indicate that the 3 nonsense mutations
including R653X are pathologic mutations.

Phenotypes in Mutation-Positive Patients

Cases 1-4 had penoscrotal hypospadias with chordee
as the conspicuous genital phenotype, in association with
other genital phenotypes (fig. 3, table 1). Pituitary-go-
nadal serum hormone values remained within the nor-
mal range, including the human chorionic gonadotropin
(hCG)-stimulated testosterone value in case 1 at 2 years
and 5 months of age, and the basal testosterone values in
case 2 at 1 month of age and in case 4 at 3 months of age
when serum testosterone is physiologically elevated.
Thus, the diagnosis of idiopathic hypospadias was ini-
tially made in cases 1-4.

MAMLDI and Hypospadias

In situ Hybridization Analysis for Mouse Mam/d1

In situ hybridization analysis for mouse Mamldl
showed a cell type-specific expression pattern [3]. Name-
ly, Mamld]1 is specifically and transiently expressed in
Sertoli and Leydig cells around the critical period of sex
development (E12.5-E14.5; fig. 4a). This expression pat-
tern has been confirmed by double staining with anti-
bodies for Ad4bp/Sf-1 that serves as a marker for Sertoli
and Leydig cells [17-19]. In extragonadal tissues at E12.5,
Mamld] expression was absent in the adrenals and weak-
ly and diffusely identified in the external genital region
including the genital tubercle at a level similar to that de-
tected in the neighboring extragenital tissues (fig. 4b).
Mamld]1 was also clearly expressed in the miillerian ducts,
forebrain, somite, neural tube, and pancreas. By contrast,
Mamldl expression was absent in the postnatal testes.
These data imply that nonsense mutations of MAMLDI
cause hypospadias primarily because of transient testicu-
lar dysfunction and resultant compromised testosterone
production around the critical period of sex develop-
ment, and explain why postnatal endocrine data were
normal in cases 1-4.

Horm Res 2009;71:245-252 249
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Fig. 5. Effects of siRNA on testosterone production in the mouse
Leydig tumor (MLT) cells. Adapted from Fukami et al. [9]. Rela-
tive mouse CXorf6 and Sf-1 mRNA levels have been reduced
to 25-30% in the MLT cells after 48 h of incubation with two
siRNAs. NC = Negative control transfected with non-targeting
RNA. a Testostcrone concentration in the medium after 48 h of
incubation with siRNAs. b Testosterone concentration in the me-
dium after 1 h of incubation with hCG using the MLT cells cul-
tured with siRNA for 48 h,

Function of Mamld1 in Testosterone Production

We performed knockdown analysis with siRNAs for
Mamld] using mouse Leydig tumor cells that retain the
capability of testosterone production and the responsive-
ness to hCG stimulation [4]. When the mRNA level of
endogenous Mamldl was severely reduced in the mouse
Leydig tumor cells (25-30%), testosterone production
was decreased to 50-60% after 48 h of incubation and
1 h after hCG stimulation (fig. 5). However, the testoster-
one reduction was much milder than that caused by
siRNAs for Sf-1 (fig. 5; our unpublished ebservation). The
results were confirmed with 2 different siRNAs. This im-
plies that MAMLDI is invelved in testosterone biesyn-
thesis. Furthermore, since testosterone production would
probably be attenuated rather than abolished in the ab-
sence of MAMLD], this is consistent with the hypospa-
dias phenotype in the affected patients [2].

Sf-1 Controls Mamid1

Mouse Mamld! is co-expressed with Ad4bp/Sf-1, and
SF-1isknown to regulate the transcription of a vast array
of genes involved in sex development by binding to spe-
cific DNA sequences [17-19}. This implies that Mamld]

250 Horm Res 2009;71:245-252

is also controlled by Sf-1. Consistent with this notion, hu-
man MAMLDI harbors a putative SF-1-binding sequence
‘CCAAGGTCA at intron 2 upstream of the coding re-
gion [4]. This binding site also resides at intron 1 up-
stream of the coding region of the mouse Mamld1. Fur-
thermore, we performed DNA binding and luciferase as-
says, showing that SF-1 protein binds te the putative
target sequence and exerts a transactivation function [4).
These findings argue for the possibility that Mamld1 ex-
pression is regulated by Sf-1.

Functional Studies of MAMLD1 Protein

We found that MAMLDI! protein has a unique
structure with homology to that of mastermind like 2
(MAML2) protein (fig. 6a) [4]. A unique amino acid se-
quence, which we designate mastermind-like (MAML)
motif, was inferred from sequence alignment with
MAML1, MAML2, and MAML3 proteins. The MAML
motif was well conserved among MAMLD! orthologs
identified in frogs, birds, and mammals. In addition, glu-
tamine-rich, proline-rich, and serine-rich domains were
identified in MAMLDLI.

MAML2 is a non-DNA-binding transcriptional co-
activator in Notch signaling that plays an important role
in cell differentiation in multiple tissues by exerting ei-
ther inductive or inhibiting effects according to the con-
text of the cells [20-22]. Upon ligand-receptor interac-
tion, the Notch intracellular domain (N-ICD) is translo-
cated from the cell surface to the nucleus and interacts
with a DNA-binding transcription factor, recombination
signal binding protein-] (RBP-]), to activate target genes
like hairy/enhancer of split 1 (Hes1) and Hes5 [23). In this
canonical Notch signaling process, MAML?2 forms a ter-
nary complex with N-ICD and RBP-] at nuclear bodies,
enhancing the transcription of the Notch target genes
[20, 21, 24-26]. In addition to such canonical Notch target
genes, recent studies have shown that Hes3 can be in-
duced by stimulation with a Notch ligand, via a STAT3
(signal transducer and activator of transcription 3)-me-
diated pathway [27]. This finding, together with lack of
Hes3 induction by N-ICD [22], implies that Hes3 repre-
sents a target gene of a non-canonical Notch signaling,

Thus, we first examined whether MAMLDI localizes
to the nuclear bodies, as observed for MAML2 [4]. Since
PCR-based human cDNA library screening has revealed
that the exon 4-positive splice variant is more strongly
expressed than the exon 4-negative splice variant (AExon
4) [3], functional studies were performed primarily with
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Fig. 6. Functional studies of the wild-type MAMLDI protein.
Adapted from Fukami et al. [9]. a Protein structure analysis. The
structure of human CXorf6 (MAMLDI1) and MAML2 proteins.
The identified domains are shown, together with the positions of
the three nonsense mutations. b Subcellular localization analysis,
showing co-localization of the wild-type MAMLDI1 and MAML2

the exon 4-positive splice variant (thereafter, this variant
is simply described as MAMLDI). MAMLDI was distrib-
uted in a speckled pattern and co-localized with the
MAML2 protein (fig. 6b). Furthermore, while the E124X
and Q197X fusion proteins resided in the nucleus, they
were incapable of localizing to the nuclear bodies. The
R653X and apparently non-pathologic missense proteins
showed a punctate pattern, and co-localized with the
wild-type MAMLDI.

Next, we studied whether MAMLDI has a transacti-
vation function for Notch targets using luciferase report-
er assays [4]. Although MAMLDI was incapable of en-
hancing the promoter activities of the canonical Notch
target genes Hesl and Hes5 with the RBP-J-binding site
[22], MAMLDI transactivated the promoter activity of
the non-canonical Notch target gene Hes3 without the
RBP-J-binding site (fig. 6¢c) [28]. These results argue that
MAMLDI exerts its transactivation activity independent

MAMLDI and Hypospadias

in the nuclear bodies. ¢ Transactivation functions for the pro-
moter of Hes3. + = Presence of expression vectors with cDNAs for
MAMLDI, MAML2, N1-ICD (Notch 1 intracellular domain), and
N2-ICD (Notch 2 intracellular domain); - = presence of expres-
sion vector only (cmpty).

of RBP-J-binding sites. Thus, while it was predicted that
MAMLDI protein has a DNA-binding capacity, after ex-
tensive analysis, no evidence has been obtained for a pos-
itive DNA binding of MAMLDI [4].

Furthermore, the E124X and Q197X proteins had no
transactivation function, whereas the R653X protein as
well as the 3 variant (P286S, Q507R, and N589S) proteins
retained a nearly normal transactivating activity [4]. In
addition, the transactivation function was significantly
reduced in the L103P protein (an artificially constructed
variant affecting the MAML motif) and normal in the
AExon 4 [4]. These findings suggest that the E124X and
Q197X proteins have no transactivation function, consis-
tent with the inability of localizing to the nuclear bodies.
However, the R653X protein, when it is artificially pro-
duced, has a normal transactivating activity, although
R653X as well as E124X and Q197X have been demon-
strated to undergo NMD in vivo [3, 4].
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Conclusions

MAMLDI is a causative gene for hypospadias, and
possibly other forms of 46,XY DSD. It appears to play a
supportive role in the testosterone production around the

calizes to the nuclear bodies and has a transactivation
function for Hes3 at least in vitro. Further studies includ-

critical period of sex development. MAMLDI protein lo-
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Diabetes Mellitus in a Japanese Girl with HDR Syndrome

and GATAS3 Mutation
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Abstract. We report on a Japanese girl with HDR (hypoparathyroidism, sensorincural deafness, and renal dysplasia)
syndrome who developed diabetes mellitus (DM) at three years of age (blood glucose 713 mg/dL, HbA, 8.0%) in the
absence of anti-glutamic acid decarboxylase autoantibodies. Mutation analysis revealed a de novo heterozygous two base
pair deletion at exon 6 of the GATA3 gene (c.1200_1201delCA; p.H400£5X506). GATA3 expression was identified by PCR
amplification for human pancreas cDNA, and mouse Gata3 was weekly but unequivocally expressed in pancreatic  cells.
The results, in conjunction with the previous findings indicating the critical role of GA743 in lymphocyte function, suggest
that GATA3 haploinsufficiency may affect the function of B cells and/or lymphocytes, leading to the development of DM
in relatively exceptional patients with high susceptibility to DM.

Key words: Diabetes mellitus, Expression, GAT43, HDR syndrome

HDR (hypoparathyroidism, sensorineural deafness,
and renal dysplasia) syndrome is an autosomal domi-
nant disorder first reported by Bilous et al. [1]. This
condition is primarily caused by haploinsufficiency
of GATA3 on chromosome 10p15, aithough a GATA3
mutation has not been identified in several patients
with HDR syndrome-compatible clinical features [2,
3]). GATA3 consists of six exons, and encodes a tran-
scription factor with two transactivation domains and
two zinc finger domains [2]. GATA3 is expressed in
the developing parathyroid glands, inner ears, and kid-
neys, together with thymus and central nervous system
[4, 5]. While several non-triad features such as pylor-
ic stenosis, ventricular septal defect, polycystic ovary,
abnormal Miillerian duct structures, and hemimegal-
encephaly have been described in several patients with
GATA3 mutations [3, 6-8], there is no report docu-
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menting diabetes mellitus (DM) in this condition.

Here, we report a patient with DM and a GATA3
mutation, and discuss a potential relationship between
DM and a GATA43 mutation.

Case Report

This Japanese girl was born at 37 weeks of gestation
after an uncomplicated pregnancy and delivery. At
birth, her length was 43.0 cm (2.4 SD) and her weight
1.74 kg (-3.1 SD). The non-consanguineous parents
and the younger brother were clinically normal.

At 3 months of age, she was admitted to Osaka City
Medical Center because of frequent vomiting and ir-
ritability. Routine laboratory tests revealed hypocal-
cemia (7.8 mg/dL) (age- and sex-matched Japanese
reference value, 9.8-11.6 mg/dL) and hyperphos-
phatemia (8.3 mg/dL) (5.1-7.1 mg/dL), and subse-
quent biochemical studies showed parathyroid hor-
mone (PTH) deficiency (intact PTH, below S pg/mL)
(10-50 pg/mL). Thus, 1a-(OH) vitamin D therapy
was started, successfully normalizing serum calcium
and phosphate values. At 12 months of age, since she
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responded poorly to sounds, auditory brainstem re-
sponse was performed, indicating severe sensorineural
deafness with hearing levels being 80 dB for the right
ear and 100 dB for the left ear (normal range, below 25
dB). Thus, hearing aids were utilized in her daily life.

At 3 years of age, she showed polydipsia, polyuria,
and weight loss, and was diagnosed as having DM be-
cause of elevated blood glucose (713 mg/dL) (70-110
mg/dL) and HbA,, (8.0%) (4.3-5.8%). Serum insulin
was 8.0 pU/mL (1.7-10.4uU/mL) and C-peptide 1.1
ng/mL (0.6-1.8 ng/mL). She was immediately placed
on insulin therapy (~0.7 U/kg/day). Urine C-peptide
gradually decreased and became undetectable at eight
years of age; at that time, she required insulin thera-
py of 1.08 U/kg/day. Anti-glutamic acid decarboxy-
lase autoantibodies (anti-GAD Abs) were negative
throughout the clinical course. At nine years of age,
she was found to have elevated blood urea nitrogen
(61.3 mg/dL) (7.5-19.3 mg/dL) and creatinine (2.0
mg/dL) (0.4-0.8 mg/dL) at the time of periodical fol-
low-up examinations for DM. Thus, renal echography
and scatigraphy were performed, showing right renal
aplasia and left renal hypoplasia. Other abdominal
visceral organs including the pancreas exhibited ap-
parently normal structures on the ultrasound examina-
tions. Chromosome analysis revealed a 46,XX karyo-
type in all the 50 lymphocytes examined. On the basis
of the above findings, she was diagnosed as having
HDR syndrome and DM. At present, she is 12 years
old, and shows short stature (—4.5 SD) and some pu-
bertal development (breast, Tanner stage 2). Current
insulin dosage is 1.17 U/kg/day, and her DM has been
well controlled with HbAlc value being maintained
around 6.0%.

Methods

Mutation analysis of GATA3

This study was approved by the Institutional
Review Board Committee at National Center for Child
Health and Development. After obtaining informed
consent, leukocyte genomic DNA samples of the pa-
tient and the parents were PCR-amplified for the cod-
ing exons 2~6 and their splice sites, and the PCR prod-
ucts were subjected to direct sequencing from both
directions on a CEQ 8000 autosequencer (Beckman
Coulter, Fullerton, CA). The primer sequences and
the PCR conditions were as described previously [2, 3].
To confirm a heterozygous mutation, the correspond-

ing PCR products were subcloned with a TOPO TA
Cloning Kit (Invitrogen, Carlsbad, CA), and normal
and mutant alleles were sequenced separately.

PCR amplification of human pancreas cDNA
Human pancreas cDNA was purchased from
Clontech (Mountain View, CA), as well as fetal kidney
cDNA utilized as a positive control. PCR amplifica-
tion was performed with 0.5 ng of cDNA samples, us-
ing the forward primer for exon 5 (5-GAATGCCA-
ATGGGGACCCTGT-3") and the reverse primer for
exon 6 (5’-TTCATGCCTTACAGCTACCCAGA-3).

In situ hybridization (ISH) analysis for the mouse
pancreas

Fifteen-week-old female BDF1 mice (Clea Japan,
Tokyo) were anesthetized with sodium pentobarbi-
tal and fixed by cardiac perfusion with Mildform10N
(Wako Pure Chemical Industries, Osaka). Pancreatic
tissues were dissected and fixed with the same fixative
for 48 hours at room temperature. The tissues were
embedded in paraffin, and serial tissue sections were
prepared at S um thickness. ISH analysis was per-
formed with BlueMap Kit and Discovery automatic
staining modules (Ventana Medical Systems, Tucson,
AZ) according to manufacturer’s instructions. cDNAs
of mouse /ns-1 (an insulin-like peptide orthologous to
human insulin) (nt 653-1117, GenBank accession no.
X04725) and Gata3 (nt 1566-2002, GenBank acces-
sion no. NM_008091) were amplified by reverse tran-
scription PCR and subcloned into pCR4Blunt-TOPO
(Invitrogen). Sense and antisense digoxigenin-labeled
RNA probes were synthesized using T7 or T3 RNA
polymerase in the presence of digoxigenin-labeled
dUTP following the manufacturer’s protocol (Roche
Molecular Biochemicals, Indianapolis, IN).

Results

Mutation analysis of GATA3

This patient had a heterozygous two base pair de-
letion at exon 6 (c.1200 _1201delCA) of GATA3 that
is predicted to cause a frameshift at the 400th codon
for the histidine and resultant termination at the 506th
codon (p.H400fsX506) (Fig. 1). This mutation was
absent from the parents.

PCR amplification of human pancreas cDNA
PCR products of 690 bp long were identified in fe-
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tal kidney after 25 cycles and in pancreas after 40 cy-
cles (Fig. 2A). This indicated relatively weak GATA3
expression in the pancreas.

ISH analysis for the mouse pancreas

Anti-sense probes for Gata3 detected weak but de-
finitive signals in cells with strong Ins-1 expression
(Fig. 2B). This showed specific Gata3 expression in
the mouse pancreatic § cells.

Discussion

This patient had the triad of the HDR syndrome and
a heterozygous mutation of GATA3. This is consis-
tent with the previous data indicating that GATA3 mu-
tations are usually identified in patients with two or
three of the HDR triad features [9, 10].

The salient feature of this patient is the development
of DM. This may be co-incidental, because DM has
not been identified in patients with GAT43 mutations.
However, human GATA3 was identified in the human
pancreas cDNA sample, and mouse Gata3 was weekly
but unequivocally expressed in pancreatic § cells. In
addition, GATA3 is known to play an important role in
lymphocyte development and function [11, 12]. Thus,
GATA3 haploinsufficiency may affect the function of B
cells and/or lymphocytes, leading to the development
of DM in relatively exceptional patients with high sus-
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Fig. 2. Expression analyses of GATA3/Gata3.

©.1200_1201delCA
p.H400fsX506
4 TA1 TA2 ZF1 ZF2
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Direct
sequencing

Subcloned
normal allele

Subcloned
mutant allele

Fig. 1. Mutation analysis of GATA3.

Upper diagram: The genomic structure of GATA3.
The black and white boxes denote the coding and the
untranslated regions, respectively. TA1 and TA2 denote
two transactivation domains, and ZF1 and ZF2 represent
two zinc finger domains.

Lower diagram: The electrochromatograms delineate the
¢.1200_1201delCA (p.H400fsX506) mutation at exon 6.
This mutation has been indicated by the direct sequencing,
and confirmed by the subsequently performed sequencing
of the subcloned normal and mutant alleles.

ceptibility to DM because of other genetic and envi-
ronmental factors. In this regard, the absence of anti-
GAD Abs may argue for possible B cell, rather than
lymphocyte, dysfunction [13].

A. PCR-amplification using human cDNA samples. GATA3 expression is identified after 25 cycles in the fetal kidney, and after

40 cycles in the pancreas.

B. ISH analysis using the mouse pancreas. The antisense probe for Gata3 detects weak but positive signals in the cells with
strong expression of Ins-1 (B cells). No signals have been identified by the sense probes.
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The frameshift mutation resided on the last cod-
ing exon 6. Since the position of the mutation sat-
isfies the condition for the escape from nonsense
mediated mRNA decay [14], it is possible that an ab-
errant GATA3 protein is produced, leading to the de-
velopment of DM due to a dominant negative effect.
However, this possibility is unlikely, because previ-
ously reported patients with nonsense or frameshift
mutations on exon 6 are free from DM [3, 10].

In summary, we observed a patient with a GATA43

mutation and DM. Further studies will clarify wheth-
er GATA3 mutations can be a risk factor for the devel-
opment of DM.
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Introduction

Isolated hypogonadotroplc hypo
genetically heterogeneous con
tuitary hormone deficiency (1]

belongs to a G-protein-coupled recept
paloglu et al. [2] and Guran et al. [3] als
tional studies using an intracellular cal
successfully revealing markedly attenua
the TAC3 and TACR3 mutant proteins. Thes
vide the first evidence of genetic defects in TA
signaling being involved in an autosomal recessive fa
of IHH. )
However, there is no other report of TAC3 or TACR3
mutations, and further studies are necessaryto define the
underlying factor(s) for IHH and clinical findings in
TAC3 or TACR3 mutations. Here, we report a female with
IHH and TACR3 mutations, and discuss the primary
cause for IHH and the clinical phenotypes of the patient
and her heterozygous parents.

Methods

Mutation Analysis

This study was approved by the Institutienal Review Board
Committees at the National Center for Child Health and Devel-
opment and Keio University School of Medicine. After obtaining
written informed consent, leukocyte genomic DNA samples from
57 Japanese cases with IHH (38 with 46,XY and 19 with 46,XX)
were PCR-amplified with the previously reported primers {2}, and
subjected to direct sequencing on a CEQ 8000 autesequencer
(Beckman Coulter, Fullerton, Calif,, USA). To confirm a hetero-
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zygous mutation, the corresponding PCR products were sub-
cloned with a TOPO TA Cloning Kit (Invitrogen, Carlsbad, Calif.,
USA), and the two alleles were sequenced separately.

Prediction of Aberrant Splicing and Nonsense-Mediated

mRNA Decay

We utilized the splice site prediction program at the Berkeley
Drosophila Genome Project (http://www.fruitfly.org/seq_tools/
splice.html) to predict aberrant splicing. On the basis of the previ-
ous report [5], we also analyzed whether identified mutations
could be subject te nonsense-mediated mRNA decay (NMD) that
functions as an mRNA surveillance mechanism to prevent the
formation of aberrant proteins.

PCR-Based cDNA Screening for TACR3

Human cDNA samples from control subjects were prepared
by RT-PCR or purchased from Clontech (Palo Alto, Calif., USA).
PCR amplification was performed for TACR3 with primers for
exon 1 (5-TTGTGAACCTGGCTTTCTCC-3') and exon 3 (5'-
GGATTTCTCCTCCCCAGAGA-3'), as well as for GAPDH uti-
lized as an internal control with primers for the boundary of
exons 2/3 (5-TCGGAGTCAACGGATTTGGTCG-3') and the
boundary of exons 4/5 (5'-TTGGAGGGATCTCGCTCCTG-3").

\nalysis identified two heterozygous muta-
in a female patient, i.e, a nonsense muta-
T’ splice denor site of intron 1

conser g
fig. LA, 65 The father was heterozygous for
and the mother was heterozygous for IVS1+1delG.

- No-demonstrable mutation was detected for TAC3 in this

patlent
cases

"TACR3 in the remaining 56

' Predzctzon of Aberrant Spltcmg and NMD
he IVSl+1delG mutatxon* was predlcted to add a

codon Thus, both IVSl+1delG _
conditions for the occurrence of N MD.

PCR Based cDNA Screemng for TACR3 LR

TACRS3 expression was clearly 1dent1f1ed in the hypo-
thalamus and the pituitary as well as in the whole brain,
the ovary, the placenta, and the fetal kidney, but not de-
tected in the testis and leukocytes (fig. 2).
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7.

on its very proximal 5' region.

Case Report

This Japanese female patient was born as the sole child to nen-
consanguineous parents at 42 weeks of gestation after an uncom-
plicated pregnancy and delivery. Her postnatal growth and devel-
opment were normal until pubertal age. At 19 years of age, she was
seen at a local elinic because of primary amenorrhea. She exhib-
ited poor pubertal development (breast, Tanner stage 1; pubic
hair, stage 2), with low basal genadotrepin and estradiol values
(table I). Thus, she reccived cyclic estrogen and progesterone
therapy, and showed periodic withdrawal bleeding. She showed
markedly high educational achievement at a university.

At 24 years of age, she was referred to us for further investiga-
tions. She measured 163 cm (+0.7 SD) and weighed 48.5 kg (0.6
SD). Her breast de ent was at Tanner stage 3-4, and her
pubic hair at stage-4. Magnetic resonance imaging delineated nor-
mal pituitary structure. Basal blood hermone values measured at
4 weeks after discontinuation of the hormone replacement thera-
py were consistent with IHH (table 1). Furthermore, while an ini-
tial standard GnRH test showed a poor gonadotropin response,
the second-time GnRH test performed after GrRH priming (100

TACR3 Mutation and
Hypogonadotropism
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gonadotropm responses (table‘ )
- The 58-ycar old mother had che at 14.6 years of age (the

'9.75-14.75 years). Subse-

er age) and mtelhgemce

. Y
w1th normal stature (150 cm, -0.5SD fo
The 59-year-old father was clinically nermal with normal stature
(168 cm, +0.9 SD for his age) and intelligence. Allegedly, he had
an age-appropriate pubertal development and started shaving at
16 years of age.
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Table 1. Endocrine data of the mutation-positive Japanese female

GnRH?? . )
. GnRH (after priming)** 03 64
 GnRH (after priming)®* 22 96

 Rerencoralies.
 basal i peak: -
1.1-4.5
2.0-6.0
11-82

1.1-4.5 2.0-9.2
1.1-4.5 2.0-9.25
2.0-6.0 4.5-12.0°
11-82
2.4-18.7
0.30-4.50
<0.1-16.0
7-56
0.1-7.4

lus iv. after pr

B Spinal cord

Fig. 2. PCR-based human cDNA screening for TACR3. GAPDH =
Glyceraldehyde-3-phosphate dehydrogenase.

Discussion

This patient had compound heterozygous mutations
of TACR3. In this regard, both IVS1+1delG and Y145X
were predicted as a pathologic mutation missing most of
the transmembrane domains. Furthermeore, although

ermore, the results of the 57 cases suggest
TAC3 and TACR3 mutations in IHH (none

5 Referéhc pe ak valuesin a ere are no reference data after GnRH priming,

patxent itis notable that gonadotropin respons-
Jation were ameliorated after GnRH

‘[6] Furthermore, rodent

-proteins are clearly ex-
at regulates pulsanle

mRNA was not studied because of absent TACR3 expres- The heterozygous mother ex}ublted several clinical
sion in available leukocytes, both Y145X and IVS1+1delG  features suggestive of mild IHH [11]. While such mani-
were predicted to undergo NMD. Thus, the results pro- festations are apparently absent from the previously re-
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ported females heterozygous for TACR3 missense muta-
tions (G93D, P353S, and H148L) [2, 3], this may be due to
the residual activity being by the missense muta-
tiens but net by.the’ :-donor ‘Site mutation of the

In this study, it appears worthwhil
TACR3 was clearly expressed in the oV

References

Achermann ]C, Hughies, TA: ! isorders
development; in Kronenberg HM; }
M, Polonsky KS, Larsen PR {eds): Wil
Textbook of Endocrinology, ed 117
phia, Saunders, 2008, pp 783-848.
2 Topaloglu AK, Reimann F, Guclu M, Yalin
AS, Kotan LD, Porter KM, Serin A, Mungan
NO, Cook JR, Ozbek MN, Imamoglu S, Aka-
lin NS, Yuksel B, O'Rahilly S, Semple RK:
TAC3 and TACR3 mutations in familial hy-
pogonadotropic hypogonadism reveal a key
role for neurokinin B in the central centrol
of reproduction. Nat Genet 2009;41:354~
358.

Guran T, Telhurst G, Bereket A, Rocha N,
Porter K, Turan S, Gribble FM, Kotan LD,
AkcayT, AtayZ, Canan H, Serin A, O'Rahilly
S, Reimann F, Semple RK, Topaloglu AK:
Hypogonadotropic hypogonadism due to 2
novel missense mutation in the first extra-
cellular loop of the neurokinin B receptor. J
Clin Endecrinel Metab 2009;94:3633-3639.
4 Almeida TA, Rojo ], Nieto PM, Pinto FM,
Hernandez M, Martin JD, Candenas ML:
Tachykinins and tachykinin receptors:
structure ard activity relationships. Curr
Med Chem 2004;11:2645-2681.

—

w

1766.

TACR3 Mutation and
Hypogonadotropism

HRES313.indd 5

Caraty A, Apancxo SA: Kas
stlmulates gonadotropm-

ep ]
Proc Natl Acad Sci USA 005;102:1761-

in the development of the corpus luteum has been sug-
gested [13]. Thus, TACR3 mutations may also have ex-
erted a direct impact on the ovarian function in this pa-
tient, independent of gonadetropin deficiency. In addi-
tion, the gonadal expression pattern of TACR3 may be
relevant to the phenotypic difference between the moth-
er and father.

In summary, the present study suggests a probable hy-
pothalamic dysfunction in patients with biallelic TACR3
mutations and heterozygous manifestation in females,
together with the rarity of TAC3 and TACR3 mutations
in patients with IHH. Further studies will help to clarify
the clinical and molecular characteristics in TACR3 mu-
tations.

Kuzmlak HA, Maquat LE: Applying non- 9 Rance NE: Menopause and the human hypo-
di

thalamus: evidence for the role of kisspeptin/
neurokinin B neurons in the regulation of
estrogen negative feedback. Peptides 2009;
30:111-122.

n of the neurokmm i 10 Rometo AM, Krajewski SJ, Voytko ML,
an and rat hypethalamn 3
. port2000;11:3127-3131.
.7 Kr; Jewskx SJ, Anderson MJ, I
"~ Chen KJ, Urbanski HF, Rance N
' __-logxc evidence that neurokinip:
N gonadotropm -releasing ho

Rance NE: Hypertrophy and increased kiss-
peptin gene expression in the hypothalamic
infundibular nucleus of pestmenopausal
women and ovariectemized monkeys. | Clin
Endocrinol Metab 2007;92:2744-2750.

11 Bulun SE, Adashi EY: The physiology and
pathology of the female repreductive axis; in
Kronenberg HM, Melmed M, Polonsky KS,
Larsen PR (eds): Williams Textbook of En-
docrinology, ed 11. Philadelphia, Saunders.

2008, pp 541-614.

'Goh HH, Ratnam SS: The LH surge in hu-

: s'mechamsm and sex difference. Gy-

inol 1988;2:165-182.

't G, Geyer M, Uckermann O,

nel-Borowski K: Coexpression

phages: Regul Pept 2005;125:125-133.

Horm Res 313 5

07.01.2010 09:38:23



ORIGINAL ARTICLE
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Heterozygous Orthodenticle Homeobox 2 Mutations
Are Associated with Variable Pituitary Phenotype
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Child Health and Development, and Division of Ophthalmology (N.A.) and Department of Medical
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School of Medical Science, Kyoto 602-8566, Japan; Department of Pediatrics (K.H., H.T.), Okayama
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Japan; Division of Endocrinology and Metabolism (K.M., M.A.), Kanagawa Children’s Medical Center,
Yokohama 232-8555, Japan; and Department of Pediatrics (T.T.), Hokkaido University School of
Medicine, Sapporo 060-8638, Japan

Context: Although recent studies have suggested a positive role of OTXZ2 in pituitary as well as
ocular development and function, detailed pituitary phenotypes in OTX2 mutations and OTX2
target genes for pituitary function other than HESX7 and POUTF! remain to be determined.

Objective: We aimed to examine such unresolved issues.
Subjects: We studied 94 Japanese patients with various ocular or pituitary abnormalities.

Results: We identified heterozygous p.K74fsX103 in case 1, p.A72fsX86 in case 2, p.G188X in two
unrelated cases (3 and 4), and a 2,860,561-bp microdeletion invelving OTX2 im case 5. Clinical
studies revealed isolated GH deficiency in cases 1 and 5; combined pituitary hormoene deficiency in
case 3; abnormal pituitary structures in cases 1, 3, and 5; and apparently normal pituitary function
in cases 2 and 4, together with ocular anemalies in cases 1-5. The wild-type Orthodenticle ho-
meobox 2 (OTX2) protein transactivated the GNRHT promoter as well as the HESX1, POUTF1, and
IRBP (interstitial retinoid-binding protein) promoters, whereas the p.K74fsX103-0TX2 and
p.A72fsXB6-OTX2 proteins had ne transactivation functions and the p.G188X-OTX2 protein had
reduced (~50%) transactivation functions for the four promoters, with no dominant-negative
effect. cDNA screening identified positive OTX2 expression in the hypothalamus.

Conclusions: The results imply that OTX2 mutations are associated with variable pituitary pheno-
type, with no genotype-phenotype correlations, and that OTX2 can transactivate GNRH1T as well
as HESXT1 and POUTF1. (J Clin Endocrinol Metab 95: 756764, 2010)

tations of some genes (e.g. POU1F1) result in a relatively

Pi-tu-ita:ry development and function depends on the spa-
characteristic pattern of pituitary hormome deficiency,

tially and temporally controlled expression of mul-

tiple transcription factor genes such as POU1F1, HESX1,
LHX3, LHX4, PROP1, and SOX3 (1, 2). Whereas mu-
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those of other genes (e.g. HESX1) are associated with a
wide range of pituitary phenotype including combined pi-

Abbreviations: CGH, Comparative genomic hybridization; CPHD, combined pituitary hor-
mone deficiency; EPP, ectopic posterior pituitary; FISH, fluorescence in situ hybridization;
HD, homeodomain; IGHD, isolated GH deficiency; IRBP, interstitial retinoid-binding pro-
tein; MLPA, muitiplex ligation-dependent probe amplification; NMD, nonsense mediated
MRNA decay; OTX2, orthodenticle homeobox 2; PH, pituitary hypoplasia; SOD, septooptic
dysplasia; TD, transactivation domain.
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tuitary hormone deficiency (CPHD), isolated GH defi-
ciency (IGHD), and apparently normal phenotype. How-
ever, because mutations of these genes account for a
relatively minor portion of patients with congenital hy-
popituitarism (2, 3), multiple genes would remain to be
identified in congenital hypopituitarism.

Orthodenticle homeobox 2 (OTX2) is a transcription
factor gene primarily involved in ocular development (4).
It encodes a paired type homeodemain (HD) and a trans-
activation domain (TD) and produces two functionally
similar splice variants, isoform-a (GenBank accession no.
NM_21728.2) and isoform-b (NM_172337.1) with and
without eight amino acids because of alternative splice
acceptor sites at the boundary of intron 3 and exon 4 (5).
To date, at least 10 pathological heterozygous OTX2 mu-
tations have been identified in patients with ocular mal-
formations such as anophthalmia and/or microphthalmia
(6, 7). Ocular phenotype is highly variable, ranging from
anophthalmia to nearly normal eye development, even in
patients from the same family. Furthermore, most patients
also exhibit brain anomaly, seizure, and/or developmental
delay.

Recent studies have indicated that OTX2 is also in-
volved in pituitary development and functien. Dateki et al,
(8) showed that OTX2 is expressed in the pituitary and has
a transactivation function for the promoters of POU1F1
and HESX1 as well as the promoter of IRBP (interstitial
retinoid-binding protein) involved in ocular function and
that a frameshift OTX2 mutation identified in a patient
with bilateral anophthalmia and partial IGHD barely re-
tained the transactivation activities. Subsequently a mis-
sense OTX2 mutation with a dominant-negative effect
and a frameshift OTX2 mutation with loss-of-function
effect were identified in CPHD patients with and without
ocular malformation (9, 10).

However, detailed pituitary phenotypes in OTX2 mu-
tation-positive patients as well as other possible OTX2
target genes for pituitary development and function re-
main to be determined. Here we report five new patients
with OTX2 mutations and summarize clinical findings in
OTX2 mutation-positive patients. We also show that
OTX2 is expressed in the hypothalamus and has a trans-
activation function for the promoter of GNRH1.

Patients and Methods

Patients

We studied 94 Japanese patients consisting of: 1) 16 patients
with ocular anomalies and pituitary dysfunctions accompanied
by short stature (<—2 sb) (six with anophthalmia and/er mi-
crophthalmia and CPHD, five with anophthalmia and/or mi-
crophthalmia and IGHD, three with septooptic dysplasia (SOD)
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and CPHD, and two with SOD and IGHD) (greup 1); 2) 12
patients with ocular anomalies whose pitnitary functions were
not investigated (one with bilateral microphthalmia and shert
stature, one with bilateral optic nerve hypoplasia and short stat-
ure, and 10 with anophthalmia and/or microphthalmia and nor-
mal stature) (group 2); and 3) 66 patients with pituitary dys-
functions but without ecular anomalies (five with IGHD and 61
patients with CPHD) (group 3). No demonstrable mutation was
identified for HESX1 in patients with SOD, GHI and HESX1in
patients with IGHD, and POUIF, HESX1, LHX3, LHX4,
PROP1, and SOX3 in patients with various types of CPHD (2).
All the patients had normal karyotype.

Primers and probes

The primers and probes used in this study are shown in
Supplemental Table 1, published as supplemental data on The
Endocrine Society’s Journals Online web site at http://
jcem.endojournals.org.

Sequence analysis of OTX2

This study was approved by the Institutional Review Board
Committee at National Center for Child Health and Devel-
opment. After obtaining written informed consent, the coding
exons 3-5 and their flanking splice sites were PCR amplified
using leukocyte genomic DNA samples of all 94 patients and
were subjected to direct sequencing on a CEQ 8000 autose-
quencer (Beckman Coulter, Fullerton, CA). To confirm a het-
erozygous mutation, the correspending PCR products were
subcloned with TOPO TA cloning kit (Invitrogen, Carlsbad,
CA), and normal and mautant alleles were sequenced
separately.

Prediction of the occurrence of aberrant splicing
and nonsense mediated mRNA decay (NMD)

To examine whether identified mutations could cause aber-
rant splicing by creating or disrupting exonic splicing enhancers
and/or splice sites (11, 12), we performed in silico analyses with
the ESE finder release 3.0 (http://rulai.cshl.edu/cgi-bin/tools/
ESE3/esefinder.cgi) for the prediction of exonic splice enhancers
and with the program at the Berkeley Drosophila Genome
Project (http://www.fruitfly.org/seq_tools/splice.html) for the
prediction of splice sites. We also analyzed whether identified
mutations counld be subject to NMD on the basis of the previous
report (12, 13).

Deletion analysis

Multiplex ligation-dependent probe amplification (MLPA)
was performed for OTX2 intragenic mutation-negative patients
as a screening of a possible microdeletion affecting OTX2. This
procedure was performed according to the manufacturer’s in-
structions (14), using probes designed specifically for OTX2
exon 4 together with a commercially available MLPA probe mix
(P236) (MRC-Holland, Amsterdam, The Netherlands) used as
internal controls. To confirm a microdeletion, fluorescence in
situ hybridization (FISH) was performed with a long PCR prod-
uct for OTX2 (a 6096 bp segment frem intron 2 to exen 5)
together with an RP11-56612 BAC probe (14q11.2; Invitrogen,
Carlsbad, CA) used as an internal control. The probe for OTX2
was labeled with digoxigenin and detected by rhodamine anti-
digoxigenin, and the control probe was labeled with biotin and




