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Fig 3. Electrochromatograms for the three family members
The PTPN11 mutation (Thr468Pro, 1403AfiC) was detected in genomic DNA from the leukocytes of
the three patients.
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48 Fig 4. Histological examination of the biopsy specimen from the face of the second brother
49 Top: Histological examination of a pigmented macule demonstrated slightly elongated rete ridges
50 and epidermal hypermelanosis using Hematoxirin-Eosin staining. Scale bar = 200 pm. Bottom:

Higher magnification of the section revealed a hyperpigmented basal layer, incresed numbers of
melanocytes without nest formation, and melanophages in the papillary dermis. Masson-fontana
52 ammoniac silver staining. Scale bar = 100 pm.
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ORIGINAL ARTICLE

Endocrine Care

Heterozygous Orthodenticle Homeobox 2 Mutations
Are Associated with Variable Pituitary Phenotype

Sumito Dateki, Kitaro Kosaka, Kosei Hasegawa, Hiroyuki Tanaka,
Noriyuki Azuma, Susumu Yokoya, Koji Muroya, Masanori Adachi,
Toshihiro Tajima, Katsuaki Motomura, Eiichi Kinoshita, Hiroyuki Moriuchi,
Naoko Sato, Maki Fukami, and Tsutomu Ogata

Department of Endocrinology and Metabolism (S.D., N.S., M.F., T.0.), National Research Institute for
Child Health and Development, and Division of Ophthalmology (N.A.) and Department of Medical
Subspecialties (S.Y.), National Children’s Medical Center, Tokyo 157-8535, Japan; Department of
Pediatrics (5.D., K.M., E.K., H.M.), Nagasaki University Graduate School of Biomedical Sciences, Nagasaki
852-8501, Japan; Department of Pediatrics (K.K.), Kyoto Prefectural University of Medicine, Graduate
School of Medical Science, Kyoto 602-8566, Japan; Department of Pediatrics (K.H., H.T.), Okayama
University Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences, Okayama 700-8558,
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 OTX2 in pituitary as well as
ocular development and function, detailed pituitary phenotypes in OTX2 mutations and OTX2
target genes for pituitary function other than HESX1 and POU1F1 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 involving OTX2 in case 5. Clinical
studies revealed isolated GH deficiency in cases 1 and 5; combined pituitary hormone 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 anomalies in cases 1-5. The wild-type Orthodenticle ho-
meobox 2 (OTX2) protein transactivated the GNRH T promoter as well as the HESX1, POU1F1, and
IRBP (interstitial retinoid-binding protein) promoters, whereas the p.K74fsX103-OTX2 and
p.A72fsX86-0TX2 proteins had no transactivation functions and the p.G188X-OTX2 protein had
reduced (~50%) transactivation functions for the four promoters, with no dominant-negative
effect. cONA 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 GNRH1 as well
as HESX1 and POUT1F1. {J Clin Endocrinol Metab 95: 0000-0000, 2010)

ituitary development and function depends on the spa-
P 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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tations of some genes {e.g. POUIF1) result in a relatively
characteristic pattern of pituitary hormone deficiency,
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, multiplex ligation-dependent probe amplification; NMD, nonsense mediated
mRNA decay; OTX2, orthadenticle homeobox 2; PH, pituitary hypoplasia; SOD, septooptic
dysplasia; TD, transactivation domain.

jcem.endojournals.org 1
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2 Dateki et al. Pituitary Phenotype in OTX2 Mutations

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 homeodomain (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 function. 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 sp) (six with anophthalmia and/or mi-
crophthalmia and CPHD, five with anophthalmia and/or mi-
crophthalmia and IGHD, three with septooptic dysplasia (SOD)

J Clin Endocrinol Metab, February 2010, 95(2):0000-0000

and CPHD, and two with SOD and IGHD) (group 1); 2) 12
patients with ocular anomalies whose pituitary functions were
not investigated (one with bilateral microphthalmia and short
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 ocular anomalies (five with IGHD and 61
patients with CPHD) (group 3). No demonstrable mutation was
identified for HESX1 in patients with SOD, GH1 and HESX1 in
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 S1, 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 corresponding PCR products were
subcloned with TOPO TA cloning kit (Invitrogen, Carlsbad,
CA), and normal and mutant 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://fwww.fruitfly.org/seq_tools/splice.html) for the
prediction of splice sites. We also analyzed whether identified
mutations could 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 from intron 2 to exon 5)
together with an RP11-56612 BAC probe used as an internal
control. The probe for 2 was labeled with digoxigenin and
detected by rhodapirfe antidigoxigenin, and the control probe

was labeled wighrbiotin and detected by avidin conjugated to flu-

AQ:A

probe (14q11.2; Invitrogen, Carlsbad, CA)".

Please change the words for "an RP11-56612 BAC
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A P E1E2 E3 E4 E5 GNRH1 promoter sequence was based on the report
d ot o L] L S of Kelley et al. (15). Transfections were performed in
’ SINSPA Friplicate within a single experiment, and the exper-
cONA [ HO BB iment was repeated three times.
LY L3
o
4. 7 " : ™ . .
pA7ISXBE | pR7HSXI03 P G18ax PCR-based expression analysis of OTX2
B Case 1 Case 2 Case 3 Case 4 Human ¢DNA samples were purchased from
£ 221 ZSGCQI c2id 217()(3IGCA§3|nsCA < 562G>T © 562G>T CLONTECH (Palo, Alto, CA) except for leukocyte
p K741sX103 p AT2ISX86 p G 188X p G188X o
SEFTeRTITIIID TeeTewe | [maerTITen) [oaesier]  and skin fibroblast cDNA samples that were pre-
2‘.'((,’.(,}‘,,‘(.(, , Iy . pared with Superscript I reverse transcriptase {In-
sequence NI A s 1 . e .
SOOI <2 o o i e o o B e s ===  vitrogen). PCR amplxﬁcanop was perfgrmed for the
narmal atele ] . cDNA samples (0.5 ng), using the primers hybrid-
—— e izing to exon 3 and 4 of OTX2 and those hybridizing
i‘:";::";‘;r . to exons 2/3 and 4/5 (boundaries) of GAPDH used
as an internal control.

FIG. 1. Sequence analysis in cases 1-4. A, The structure of OTX2 (the isoform-b)
and the position of the mutations identified. The black and white boxes on genomic
DNA (gDNA) denote the coding regions on exons 1-5 (E1-E5) and the untranslated

regions, respectively. OTX2 encodes the HD (a blue region), the SIWSPA conserved

Results

motif (an orange region), and the two tandem tail motifs (green triangles). The TD

(a gray triangle) is assigned to the C-terminal side; deletion of each tail motif
reduces the transactivation function, and that of a region distal to the SIWSPA motif
further reduces the transactivation function. In addition, another TD may also reside
in the 5* side of the HD (17). The three mutations identified in this study are shown.
B, Electrochromatograms showing the mutations in cases 1-4. Shown are the direct
sequences and subcloned normal and mutant sequences. The deleted sequences are
shaded in gray, and the inserted sequence is highlighted in yeffow. The mutant and

the corresponding wild-type nucleotides are indicated by red asterisks.

orescein isothiocyanate. To indicate an extent of a microde-
letion, oligoarray comparative genomic hybridization (CGH)
was carried out with 1X244K human genome array (catalog
no. G4411B; Agilent Technologies, Palo Alto, CA), according
to the manufacturer’s protocol. Finally, to characterize a mi-
crodeletion, long PCR was performed with primer pairs flank-
ing the deleted region, and a long PCR product was subjected
to direct sequencing using serial sequence primers. The dele-
tion size and the junction structure were determined by com-
paring the obtained sequences with the reference sequences at
the National Center for Biotechnology Information Database
(NC_000014.7; Bethesda, MD), and the presence or absence
of repeat sequences around the breakpoints was examined
with Repeatmasker (http://www.repeatmasker.org).

Functional studies

Western blot analysis, subcellular localization analysis, DNA
binding analysis, and transactivation analysis were performed by
the previously reported methods (8) {for details, see supplemen-
tal methods). In this study, we used the previously reported ex-
pression vector and fluorescent vector containing the wild-type
OTX2 cDNA; the probes with the wild-type and mutated OTX2
binding sites within the IRBP, HESX1, and POUI1F1 promoter
sequences; and the luciferase reporter vectors containing the
IRBP, HESX1, and POU1F1 promoter sequences (8). We fur-
ther created expression vectors and fluorescent vectors contain-
ing mutant OTX2 c¢DNAs by site-directed mutagenesis using
Prime STAR mutagenesis basal kit {Takara, Otsu, Japan), and
constructed a 30-bp probe with wild-type (TAATCT) and mu-
tated (TGGGCT) putative OTX2 binding site within the
GNRH1 promoter sequence and a luciferase reporter vector con-
taining the GNRH1 promoter sequence (—1349 to ~1132 bp)
by inserting the corresponding sequence into pGL3 basic. The

Identification of mutations and
substitutions

Three novel heterozygous OTX2 mutations
were identified in four cases, i.e. a 16-bp de-
letion at exon 4 that is predicted to cause a
frameshift at the 74th codon for lysine and
resultant termination at the 103rd codon
(c.221_236del16, p.K74fsX103) in case 1; a
4-bp deletion and a 2-bp insertion at exon 4 that is
predicted to cause a frame shift at the 72nd codon for
alanine and resultant termination at the 86th codon
(c.214_217delGCACinsCA, p.A72fsX86) in case 2;and a
nonsense mutation at exon 5 that is predicted to cause
a substitution of the 188th glycine with stop codon
(.562G>T, p.G188X) in two unrelated cases (3 and 4;
Fig. 1). In addition, heterozygous missense substitutions
were identified in patient 1 (c.532A>T, p.T178S) and pa-
tient 2 {c.734C>T, p.A245V). Cases 1 and 3 were from
group 1, cases 2 and 4 and patient 2 were from group 2,
and patient 1 was from group 3. Parental analysis indi-
cated that frameshift mutations in cases 1 and 2 were ab-
sent from the parents (de novo mutations), whereas the
missense substitution of patient 2 was inherited from phe-
notypically normal father. The parents of cases 3 and 4
and patient 1 refused molecular studies. All the mutations
and the missense substitutions were absent from 100 con-
trol subjects.

Prediction of the occurrence of aberrant splicing
and NMD

The two frameshift mutations and the nonsense muta-
tion were predicted to influence neither exonic splice en-
hancers nor splice donor and acceptor sites (supplemental
Tables S2 and S3). Furthermore, the two frameshift mu-
tations were predicted to produce the premature termina-
tion codons on the mRNA transcribed from the last exon
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FIG. 2. Deletion analysis in case 5. A, MLPA analysis. The red asterisk
indicates peaks for the OTX2 exon 4, and the black arrows indicate
control peaks. The red peaks indicate the internal size markers.
Deletion of the MLPA probe binding site is indicated by the reduced
peak height. B, FISH analysis. The probe for OTX2 detects only a single
red signal (an arrow), whereas the RP11-56612 BAC probe identifies
two green signals (arrowheads). C, Oli y CGH analysis and direct
sequencing of the deletion jungtiert. The deletion is 2,860,561 bp in
physical size (shaded in and is associated with an addition of a
tghlighted in yellow). The normal sequences
icrodeletion are indicated with dashed underlines.

Please change RP11-56612 for RP11-56612. |
5, indicating that the frameshift mutations as well as the
nonsense mutation had the property to escape NMD (sup-
plemental Fig. S1).

Identification of a microdeletion

A heterozygous microdeletion affecting OTX2 was in-
dicated by MLPA and confirmed by FISH in case 5 of
group 1 (Fig. 2, A and B). Oligoarray CGH delineated an
approximately 2.9-Mb deletion, and sequencing of the
fusion point showed that the microdeletion was
2,860,561 bp in physical size (56,006,531-58,867,091 bp
on the NC_000014.7) and was associated with an addi-
tion of a complex 931-bp segment consisting of the fol-
lowing structures (cen — tel): 2 bp (TA) insertion — 895
bp sequence identical with thatin a region just centromeric
to the microdeletion (55,911, 347-55, 912,241 bp) — 1
bp (C) insertion — 33-bp sequence identical with that
within the deleted region (58, 749, 74458, 749, 776 bp)
(Fig. 2C). Repeat sequences were absent around the break
points. This microdeletion was not detected in DNA from
the parents.

Functional studies of the wild-type and mutant
OTX2 proteins

Western blot analysis detected wild-type OTX2 pro-
tein of 31.6 kDa and mutant OTX2 proteins of 11.5
kDa (p.K74fsX103), 9.7 kDa (p.A72fsX86), and 15.4
kDa (p.G188X) (Fig. 3A). The molecular masses were as
predicted from the mutations. The band intensity was
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FIG. 3. Functional studies. A, Western blot analysis. Both WT and
MT1-MT3 OTX2 proteins are detected with different molecular masses
(arrows). WT, Wild type; MT1, p.K74fsX103; MT2, p.A72{sX86; and
MT3, p.G188X. B, Subcellular localization analysis. Whereas green
fluorescent protein (GFP) alone is diffusely distributed throughout the
cell, the GFP-fused WT-OTX2 and MT3-OTX2 proteins localize to the
nucleus. By contrast, the GFP-fused MT1-OTX2 and MT2-OTX2
proteins are incapable of localizing to the nucleus. C, DNA binding
analysis using the wild-type (WT) and mutated (MT) probes derived
from the promoters of IRBP, HESX1, POU1F1, and GNRH1. The
symbols (+) and (—) indicate the presence and absence of the
corresponding probes, respectively. Both WT and MT3 OTX2 proteins
bind to the WT but not the MT probes. For the probe derived from the
IRBP promoter, two shifted bands are found for both WT-OTX2 and
MT3-OTX2 proteins as reported previously (17). S, Shifted bands; F,
free probes. D, Transactivation analysis, using the promoter sequences
of IPBP, HESX1, POU1F1, and GNRH1. The results are expressed using
the mean and so. The black, blue, red, and green bars indicate the
data of the empty expression vectors (0.6 pg), expression vectors with
WT OTX2 cDNA (0.6 ng), expression vectors with MT1-MT3 OTX2
cDNAs (0.6 1g), and the mixture of expression vectors with WT (0.3
1.g) and those with MT1-MT3 OTX2 cDNAs (0.3 png), respectively; thus,
the same amount of expression vectors has been used for each assay.

comparable between the wild-type OTX2 protein and
the p.G188X-OTX2 protein and was faint for the
p.K74£sX103-OTX2 and p.A72fsX86-OTX2 proteins.

Subcellular localization analysis showed that the
p.G188X-OTX2 protein localized to the nucleus as did the
wild-type OTX2 protein, whereas the p.K74fsX103-
OTX2and p.A72fsX86-OTX2 proteins were incapable of
localizing to the nucleus (Fig. 3B). The results were con-
sistent with those of the Western blot analysis because
nuclear extracts were used for the Western blotting, with
some probable contamination of cytoplasm.

DNA binding analysis revealed that the p.G188X-
OTX2 protein with nuclear localizing capacity bound to
the wild-type OTX2 binding sites within the four promot-
ers examined, including the GNRH1 promoter, but not to
the mutated OTX2 binding sites (Fig. 3C). The band shift
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FIG. 4. PCR-based human ¢DNA library screening for OTX2 (35 cycles).

A, Schematic representation of the OTX2 isoform-a (NM_21728.2) and isoform-b
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receive magnetic resonance imaging exami-

nations. In addition, case 1 had right retrac-

tile testis. Patient 1 with p.T178S had CPHD

but without ocular anomalies, and patient 2
with p.A245V had bilateral optic nerve hy-

isolorm-a .

wotorm:  poplasia and short stature.

. ____ [

Discussion

(NM_172337.1). Because of the two alternative splice acceptor sites at the boundary

between intron 3 and exon 4, isoform-a carries eight amino acids (shown in gray} in
the vicinity of the HD, whereas isoform-b is facking the eight amino acids. 8, PCR
amplification data. OTX2 is clearly expressed in the pituitary and hypothalamus, with
isoform-b being the major product. GAPDH has been used as an internal control.

F, Fetus; A, adult.

was more obvious for the wild-type OTX2 protein than
for the p.G188X-OTX2 protein, consistent with the dif-
ference in the molecular masses.

Transactivation analysis showed that the wild-type
OTX2 protein had transactivation activities for the four
promoters examined including the GNRH1 promoter,
whereas the p.K74fsX103-OTX2 and p.A72fsX86-
OTX2 proteins had virtually no transactivation function,
and the p.G188X-OTX2 protein had reduced (~50%)
transactivation activities {Fig. 3D). The three mutant
OTX2 proteins had no dominant-negative effects. In ad-
dition, the two missense p.A245V-OTX2 and p.T178S-
OTX2 proteins had apparently normal transactivation ac-
tivities with no dominant-negative effect (supplemental
Fig. S2).

PCR-based expression analysis of OTX2

OTX2 expression was identified in the pituitary and
the hypothalamus as well as in the brain and the thalamus
but not detected in the spinal cord, kidney, leukocytes, and
skin fibroblasts (Fig. 4). The isoform-b lacking the eight
amino acids was predominantly expressed.

Clinical findings in OTX2 mutation-positive
patients

Clinical data are summarized in Table 1 (left part). An-
ophthalmia and/or microphthalmia was present in cases
1-5. Developmental delay was obvious in cases 1 and 3-5,
whereas it was obscure in case 2 because of the young age.
Prenatal growth was normally preserved in cases 1-5,
whereas postnatal growth was compromised in cases 1, 3,
and 5. Cases 1 and S had IGHD, and case 3 had CPHD
(Table 2); furthermore, cases 1, 3, and § had pituitary
hypoplasia (PH) and/or ectopic posterior pituitary
(EPP) (supplemental Fig. $3). Case 3 showed no puber-
tal development at 15 yr of age (Tanner pubic hair stage
2 in Japanese boys: 12.5 = 0.9 yr) (16). Cases 2 and 4
had no discernible pituitary dysfunction and did not

We identified two frameshift mutations in
cases 1 and 2 and a nonsense mutation in un-
related cases 3 and 4. Furthermore, it was pre-
dicted that these mutations neither affected
splice patterns nor underwent NMD, although
direct analysis using mRNA was impossible due to lack of
detectable OTX2 expression in already collected leuko-
cytes as well as skin fibroblasts, which might be available
from cases 1-4. Thus, these mutations are predicted to
produce aberrant OTX2 proteins iz vivo that were used in
the in vitro functional studies. In this context, the func-
tional studies indicated that the two frameshift mutations
were amorphic and the nonsense mutation was hypomor-
phic. The results are consistent with the previous notion
that the HD not only has DNA binding capacity but also
retains at least a part of nuclear localization signal on its
C-terminal portion and the TD primarily resides in the
C-terminal region (17) (Fig. 1A). Whereas the two mis-
sense substitutions were absent in 100 control subjects,
they would be rare normal variations rather than patho-
logical mutations because of the normal transactivation
activities with no dominant-negative effect.

We also detected a heterozygous microdeletion involv-
ing OTX2 in case 5 that was not mediated by repeat se-
quences. This implies the importance of the examination
of a microdeletion. Indeed, such a cryptic microdeletion
has been identified in multiple genes with the development
of MLPA that can serve as a screening method in the de-
tection of microdeletions (18). Whereas the microdeletion
of case § has removed 16 additional genes (Ensembl Ge-
nome Browser, http://www.ensembl.org/), the clinical
phenotype of case S is explainable by OTX2 haploinsuf-
ficiency alone. Thus, hemizygosity for the 16 genes would
not have a major clinical effect, if any.

Furthermore, the present study revealed two find-
ings. First, OTX2 was expressed in the hypothalamus
and had a transactivation function for the GNRH1 pro-
moter. This implies that GNRHT1 essential for the hy-
pothalamic GnRH secretion is also a target gene of
OTX2, as has been demonstrated in the mouse (15).
Second, the short isoform-b was predominantly identi-
fied in the OTX2 expression-positive tissues. This sug-

— 109 —



F1-4 | Art: 09-1334 [ Input-ss |

(s)

20 | 4/Color Figure

1] 11/24/09 | 9

[ baltt/zeg-jcem/zeg-jcem/2eg00210/2e97042-10z | xppws | S

J Clin Endocrinol Metab, February 2010, 95(2):0000~0000

Pituitary Phenotype in OTX2 Mutations

Dateki et al.

6

uswIeas) Ho a10jaq abe Jo JA ¢ 18, Juawiean HO 31043q abe 4o JA 01 18, Juswileal) HD 21042q abe 4o syluow ¢ 1A Z3e (8 pue /£ 5358
J0 sluased ayy) (87) spiepuels Yimoib ueduawy 3yl Aq 1o (siusied 119yl pue g pue 9—| sased) (£7) spiepuels yimoib asaueder paydiew-xas pue -abe ayy Aq passasse , (01) 7 18 ewife} pue (6) je 13
Hozoeiq Aq pauiodal 1yl WOI) JUBIBLIP St 6—/ SISED Uj SUORBINW 3y} JO uondidsap ayl ‘snyl | + uoisod Palousp S aNPISaL BUILOIYIBW Joleiul 3y3 Buipodus D1V dyl jO v 3yl pue (L LEEZLLTINN

"OU UOISSEIIR NUBGUID) O-LI0J0S| ZX[O UBWNY 3Y1 LD Paseq aie saquinu ursioud pue wNAd 3yl ¢ (0L) 7€ 10 ewile ‘6 9sed !(6) /e 39 40zZdelq ‘g pue [ Sased !(g) /e s 131eq '9 3sed .
by lundejoud Y4 ‘pauIWexs 10U "IN [PaquIsap
J0U “@'N ‘eiweyiydoniu ‘O ‘eiweylydour ‘Ov ‘eaebau Jueutuop ‘NQ [uonDuUNy JO 50| ‘407 ‘Buibewl sDueLIOSaL onaubew ‘YN BdUBIBWINDID peay [eIuoioUdIdI0 D40 [8403S as 'Sas

change the position of (kg) for the right side of "Present weic

=
S
B
(o]
Q.
g
o
@
£
(9]
[y
o
uoljewIo)ew (y) snsa1 o
ueiyd alejed 431D 2iNnz18s ajoesiay Sain1esy JaylQ =
+ - + - - IN + IN + dd3 2
+ + + - + ‘I'N + IN + eisejdodAy Aseyiniig o
sbuipul [9IN a
HS4 "H1 HSd ‘H1 HS4 "H1 HSd 'H1 ssuoulioy =
HLDV 'HSL'HO  ‘HLDV ‘HSL'HD  'HLDV 'HSL'HO HO HO ON "T¥d 'HSL HD ON HO as_aa%mwﬂz °
> g
"aO'N {(£'0+) 891 (8°0~) 851 (90-)SSL  (ZZ+)0LL  Wl+)s9l (5 L+) 991 (1-)1sL  (91=)0sL Aeu:r_m_.mf_mm%ym_z 3
> Q.
"a'N (8'L+) 88l (€0+)8LL (ox)oLL  (E'L-)E9L  (£L0—-) /91 (TL+)8LL (S0-)89L  (6'1—)09l Asu:;gmﬁmwzmm 2
glle
AT Ty "a'N ‘aN {61—) 9v "IN ‘IN IN TN ‘IN Esﬁm&ﬁ%& m o
=1]lwm
[« B
Asz=) Lol ‘a'N ‘a'N 9z=) 1ol Wwi-)e6 (@Ll—-)T€r SrT-)89l ¥o-)eg8 H97-)68 Egmfmmw&mlm
w
AE5-) 818 "a'N ‘a'N (£€-)0s8 (WT—)L'8L (G1—-)80EL SL¥=)0OVLL OF)TEL HE€E~)69L (WD) IYbIRY Jasdlg 3
Jain|iej ymoib o
+ + + + + - + - + _Smcﬁoﬁl
"a'N ‘a’N "aN (90+) L€ WL-)SLE (L0-)sTE AN (L0+) vE {Lo-)sze aomzeuvuu.m%w_m
(TL+) Ve an ‘a'N (Zo+)9Le (1'0-)96C (S0+)€ETE  (S1+)T9€ (9o+)zze (S0-)LLT av_vzm_mm%m_m
(zo+)S6v "a'N "N (90+)0s  (S0-)6'Ly  (0F) 6V (50+) 05 (om)esy (TI-)S9P Aeuvﬁm%%mwm
2 H
- aN aN - - - - — - ymmolb [eleuaid
+ aN anN + + + + ulensdun + Aejop |eruawdojanag
ov an anN ov ov O O OW OW 337
ov an an ov OW OW oW OW ov by
uojlewlOfjew JeindQ
407 919n85 NQ NQ 401 243135 WIsqY 401 PN 407 PN 407218095 407 249N3S uoouny
8/1xsj9glsd sszend SGZZN'D  9gLXsjSELS d uasqy X8g1od x8g81o'd  9gxsizLy'd  €0LXSpLNd ula10.d
uonaep YOSUIDVID
1Dsuigoy S0P ™ D<YYL9D O<YYPL9D  DSUIEDF COvD duabajoym  1<9HZ9S 1<D79SD PPLLT VLT 1PP9ET LT CM__W%M_\,_
[+ At}
3e 9lews4 S[eiN ajewad 3. ET] ET=IRY 3|euia4 9jeN X3S
9 vl 9 £ Z oL Si l £ (4) abe jussayd
6 ase) g ase) 1 3se) g ase) G ase)  ased € ase) 7 ase) L 3se)

<SIIPN1S SNOIABI

Apns juasaid

suonenw zx/ O snobAzoisiay yum syuaned ul sbuipuly |edwup jo Ailewwns "L 3189v1

— 110 —




[ balt1/zeg-jcem/zeg-jcem/zeg00210/zeg7042-10z | xppws | S=1 [ 11/24/09 | 9:20 | 4/Color Figure(s): F1-4 [ Art: 09-1334 | Input-ss |

J Clin Endocrinol Metab, February 2010, 95(2):0000-0000

jcem.endojournals.org 7

/——-|Please change the position of (ng/di) for the right side of "Testosterone". |

TABLE 2. Blood hormone valu;(s in cases 1-5 with heterozygous OTX2 mutations

Patient Case 1 Case 2 Case 3 Case 4 Case 5
Sex (age at examinatioft) Male (2 yr) Female (1 yr) Male (14 yr) Male (10 yr) Male (2 yr)
Stimuluf (dose) Basal Peak Basal Peak Basal Peak Basal Peak Basal Peak
GH {ng/ml) Insulin (¢.1 U/kg)® 1.9°  4.0° 33° NE 0.8° 1.3° 12.1° NE 0.5  9.0°
ininé (0.5 g/kg) 1.1 7.0°
-dopd (10 mg/kg) 15> 3.8° 0.3%  1.0°
LH (miU/ml) GnRA (100 ug/m?) 0.1 1.7 0.1 N.E. 239 45 0.4 N.E. 0.1 3.
FSH (miU/ml) GnfH (100 ;Lg/mz) 1.0 6.2 3.7 N.E. 1.39 6.3 1.1 NL.E. 1.5 99
TSH (U/mi) 10 ug/kg) 42 238 1.1 N.E. 02 1.9 11 NE 52 195
Prolactin {(ng/ml)  TRH (10 ug/kg) 17.9 34.5 N.E N.E. 5.5 8.3 9.1 N.E. 10.43 888
ACTH (pg/ml) nsulin (0.1 U/kg) 31 195 N.E. N.E. 24 N.E. N.E. 41 222
Cortisol (ug/d)? /Insulin (0.1 Ukg) 127 94  NE 194 N.E.  NE 254 392
IGF- (ng/ml) 8 65 N.E. 5 214 N.E. 48
Testosterone N.E. N.E. N.E. 45 <5 N.E N.E.
(ng/di)
Free T, (ng/dl) 1.32 1.17 N.E 0.87 1.15 N.E. 1.17
Free T4 (pg/mi) 2.91 3.24 N.E 1.94 3.92 N.E. 4.54

The conversion factor to the Sl unit: GH, 1.0 (ug/liter); LH, 1.0 ({U/liter); FSH, 1.0 ({U/liter); TSH, 1.0 (miUiter); prolactin, 1.0 (ug Aiter); ACTH, 0.22
{pmolfliter); cortisol, 27.59 (nmolfiter); IGF-I, 0.131 (nmoliter); testosterone, 0.035 (nmolfiter); free T,, 12.87 (pmolfiter); and free T3, 1.54 (pmol/
liter). Hormone values have been evaluated by the age- and sex-matched Japanese reference data (29, 30); low hormone data are boldfaced.
Blood sampling during the provocation tests: 0, 30, 60, 90, and 120 min. N.E., Not examined.

2 Sufficient hypoglycemic stimulations were obtained during all the insulin provocation tests; ® GH was measured using the recombinant GH
standard, and the peak GH values of 6 and 3 ng/ml are used as the cutoff values for partial and severe GH deficiency, respectively; < GH was
measured by the classic RIA, and the peak GH values of 10 and 5 ng/ml were used as the cutoff values for partial and severe GH deficiency;

9 Obtained at 0800-0900 h.

gests that the biological functions of OTX2 are primar-
ily contributed by the short isoform-b.

Clinical features of cases 1-5 are summarized in Table
1, together with those of the previously reported OTX2
mutation-positive patients examined for detailed pituitary
function. Here four patients with cytogenetically recog-
nizable deletions involving OTX2 are not included (19—
22) because the deletions appear to have removed a large
number of genes including BMP4 and/or SIX6 (Fig. 2B)
that can be relevant to pituitary development and/or func-
tion (1, 23).

Several points are noteworthy for the clinical findings.
First, although cases 1-5 in this study had anophthalmia
and/or microphthalmia, ocular phenotype has not been
described in cases 7 and 8 identified by OTX2 mutation
analysis in 50 patients with hypopituitarism (9). Whereas
no description of a phenotype would not necessarily in-
dicate the lack of the phenotype, OTX2 mutations may
specifically affect pituitary function at least in several pa-
tients. This would not be unexpected because several
OTX2 mutation-positive patients are free from ocular
anomalies (6).

Second, pituitary phenotype is variable and indepen-
dent of the i1 vitro function data. This would be explained
by the notion that haploinsufficiency of developmental
genes is usually associated with a wide range of penetrance
and expressivity depending on other genetic and environ-
mental factors (24), although the actual underlying factors
remain to be identified. In this regard, because direct

mRNA analysis was not performed, it might be possible
that the mutations have not produced the predicted aber-
rant protein and, consequently, in vitro function data do
not necessarily reflect the in vivo functions. Even if this is
the case, the quite different pituitary phenotype between
cases 3 and 4 with the same mutation would argue for the
notion that pituitary phenotype is independent of the re-
sidual OTX2 function.

Third, cases 1, 3, 5, and 6 -9 with pituitary dysfunction
have IGHD or CPHD involving GH, and show the com-
bination of preserved prenatal growth and compromised
postnatal growth characteristic of GH deficiency (25).
This suggests that GH is the most vulnerable pituitary
hormone in OTX2 mutations. Consistent with this, pre-
viously reported patients with ocular anomalies and
OTX2 mutations also frequently exhibit short stature (6,
8). Thus, pituitary function studies are recommended in
patients with ocular anomalies and postnatal short stature
to allow for appropriate hormone therapies including GH
treatment for short stature, cortisol supplementation at a
stress period, T, supplementation to protect the develop-
mental deterioration, and sex steroid supplementation to
induce secondary sexual characteristics. Furthermore,
OTX2 mutation analysis is also recommended in such
patients.

Lastly, PH and/or EPP is present in patients with IGHD
and CPHD, except for case 6 with IGHD. In this regard,
the following findings are noteworthy: 1) heterozygous
loss-of-function mutations of HESX1 are associated with
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a wide phenotypic spectrum including CPHD, IGHD, and
apparently normal phenotype and often cause PH and
EPP, whereas homozygous HESX 1 mutations usually lead
to CPHD as well as PH and EPP (2); 2) heterozygous loss-
of-function mutations of POU1F1 usually permit appar-
ently normal pituitary phenotype, whereas homozygous
loss-of-function mutations and heterozygous dominant-
negative mutations usually result in GH, TSH, and pro-
lactin deficiencies and often cause PH but not EPP (2);
and 3) heterozygous GNRH1 frameshift mutation are
free from discernible phenotype, whereas homozygous
GNRH1 mutations result in isolated hypogonadotropic
hypogonadism with no abnormal pituitary structure (26).
Collectively, overall pituitary phenotype may primarily be
ascribed to reduced HESX 1 expression, although reduced
POU1F1 and GNRHT1 expressions would also play a cer-
tain role, and there may be other target genes of OTX2.
In summary, the results imply that OTX2 mutations are
associated with variable pituitary phenotype, with no gen-
otype-phenotype correlations, and that OTX2 can trans-
activate GNRH1 as well as HESX1 and POU1F1. Further
studies will serve to clarify the role of OTX2 in the pitu-
itary development and function.
insert new words:Instability of the human
genome: mutation and DNA repair. In:
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Abstract

Background Deficiency of 4-aminobutyrate aminotransfer-
ase (GABA-T) is a rare disorder of GABA catabolism, with
only a single sibship reported. We report on a third case, a
Japanese female infant with severe psychomotor retardation
and recurrent episodic lethargy with intractable seizures,
with the diagnosis facilitated by proton magnetic resonance
(MR) spectroscopy ('H-MRS).

Methods Neuroimaging was performed at the first episode
of lethargy. For 'H-MRS, locations were placed in the
semioval center and the basal ganglia. Quantification of
metabolite concentrations were derived using the LCModel.
We confirmed the diagnosis subsequently by enzyme and
molecular studies, which involved direct DNA sequence
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analysis and the development of a novel multiplex ligation-
dependent probe amplification test.

Results 'H-MRS analysis revealed an elevated GABA
concentration in the basal ganglia (2.9 mmol/l). Based on
the results of quantitative 'H-MRS and clinical findings,
GABA-T deficiency was suspected and confirmed in
cultured lymphoblasts. Molecular studies of the GABA-T
gene revealed compound heterozygosity for a deletion of
one exon and a missense mutation, 275G>A, which was not
detected in 210 control chromosomes.

Conclusions Qur results suggest that excessive prenatal
GABA exposure in the central nervous system (CNS) was
responsible for the clinical manifestations of GABA
transaminase deficiency. Our findings suggest the dual
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nature of GABA as an excitatory molecule carly in life,
followed by a functional switch to an inhibitory species
later in development. Furthermore, quantitative 'H-MRS
appears 10 be a useful, noninvasive tool for detecting inborn
errors of GABA metabolism in the CNS.

Abbreviations

GABA-T  Gammma aminobutyric acid transaminase
'H-MRS  Proton magnetic resonance spectroscopy
CNS Central nervous system

SSADH  Succinic semialdehyde dehydrogenase
GHB 4-hydroxybutyrate

EEG Electroencephalogram

CSF Cercbrospinal fluid

DWI Diffusion-weighted image

Glx Glutamine/glutamate complex

Introduction

Disorders of gamma aminobutyric acid (GABA) metabolism
arc rare and manifest prominent neurological sequelae; 4-
aminobutyrate aminotransferase (y-aminobutyrate: GABA
transaminase, or GABA-T; OMIM 137150) deficiency is
characterized by severe psychomotor retardation, hypotonia,
hyperreflexia, seizures, high-pitched cry, and growth accel-
eration, associated with early infantile death in two siblings
(once family) (Jaecken et al 1984; Jakobs et al 1993). Succinic
semialdehyde dehydrogenase (SSADH) deficiency [or 4-
hydroxybutyric (GHB) aciduria] is the most prevalent of the
GABA degradation disorders and one in which pharmaco-
logically active GHB, as well as GABA, accumulate in
patient body {luids (Jakobs et al 1993; Pearl et al 2007).
Homocarnosinosis (homocarnosine is the GABA:L-histidine

Fig. | Iniual computed tomography (CT) and magnetic resonance
imaging (MR1) findings at 8 months. Baseline CT (a), T!-weighted
(b). T2-weighted (c), diffusion-weighted (d) axial MRI images, and
apparent diffusion coeflicients (ADC) map (e) at the leve] of the basal
ganglia, and diffusion-weighted hmages (DWI) of the semioval center
(). CT (2) shows no particular abnormality, whereas T1-weighted (h)
and T2-weighted (¢) images suggest delayed myelination. Subcortical

@ Springer

high white-matter signal on the Tl-weighted image was not observed.
and Jow signal on the T2-weighted image was limited to the posterior
portion of the internal capsules and spleniwm of the corpus callosum.
DWL(d, ) shows widespread high signals in the internal and exteral
capsules and many parts of the subcortical white matter, with
restricted diffusion (e)
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conjugate) is very rare (lwo cases) and may represent an
allelic form of carnosinase deficiency(Pearl et al 2007).
Considering the inhibitory nature of GABA activity in the
central nervous system (CNS), the paradoxical neurological
phenomenon associated with seizures in cases of GABA
excess is of interest. In this study, we detected elevated
GABA in a patient by proton magnetic resonance spectros-
copy ('H-MRS) using the LCModel to quantify the spectra
automatically. This method has potential application to
neurological disorders such as GABA-T deficiency.

Case report

The patient was a Japanese female infant, born full term
with normal delivery. She was the second child of healthy

parents. There was no consanguinity or family history of
neurological disorders. A 6-year-old sister was normal.
Farly infancy was unremarkable. At 7 months, she was
evaluated for psychomotor retardation, hypotonia, bilateral
intermittent esotropia, hyperreflexia, and positive Babinski
reflex. There was no dysmorphy. At age 8 months, she was
admitted with decreased consciousness 48 h after an acute
febrile illness. Respiratory distress developed that required
mechanical ventilation. Steroid pulse therapy was initiated
for a suspected acute encephalopathy of unknown etiology.
Segmental myoclonic jerks occurred and were difficult (o
control, but consciousness returned. Electroencephalogra-
phy (EEG) revealed diffuse slow spike and wave discharges
with 1- to 2-s periods of suppression. Phenobarbital,
clonazepam, valproate, and midazolam could not complete-
ly control seizures. Limb motor conduction velocities were
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Fig. 2 LCModel outputs of in vivo proton magnetic resonance (MR)
spectra from the basal ganglia (volume, 10- 17.5 ml; TE/TR, 2030/
S000 ms; number of excitauons 6). Bold lines indicate 1.CModel
fiwing, and shin lines indicate the original spectra. Patient with gamma
aminobutyric acid transaminase (GABA-T) deficiency (8 months) (a).
a control individual (7 months) () Bold lines in the upper row are the
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fiting curves of total spectra including all metabolites, and those in
the lower row are fitting curves for GABA. The estimated absolute
concentrations of GABA in patient and control are 2.9 and 0.8 mmol/l,
respectively. Normal GABA spectrum exhibits a quintet (*CH,) at
1.89 ppm, a triplet (*CHa) at 2.28 ppm. and a multiplet resembling a
triplet CCHa) at 3.01 ppm(Govindaraju et al 2000)
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