consecutive days) revealed ameliorated gonadotropin re-
sponses (LH0.3-6.41U/l; FSH 2.2-9.6 1U/). The mother exhib-
ited several features suggestive of mild IHH, whereas the fa-
ther showed an apparently normal phenotype. Results: She
had a paternally derived nonsense mutation at exon 1
(Y145X) and a maternally inherited single nucleotide (G) de-
letion from the conserved ‘GT' splice donor site of intron 1
(IVS1+1delG). Conclusions: The results suggest hypothalam-
ic dysfunction as the primary cause for IHH in patients with
bialielic TACR3 mutations and clinical manifestation in het-
erozygous females, together with the rarity of TAC3 and
TACR3 mutations in patients with IHH.

Copyright © 2010 S. Karger AG, Basel

Introduction

Isolated hypogonadotropic hypogonadism (IHH) is a
genetically heterogeneous condition that lacks other pi-
tuitary hormone deficiency [1]. Recently, Topaloglu et al.
[2] and Guran et al. [3] have reported homozygous TAC3
or TACR3 missense mutations in 11 patients with IHH
from 5 Turkish or Kurdish families. TAC3 belongs to an
evolutionally conserved neuropeptide family, and TACR3
belongs to a G-protein-coupled receptor family [4]. To-
palogluetal. [2] and Guran etal. [3] also performed func-
tional studies using an intracellular calcium flux system,
successfully revealing markedly attenuated activities of
the TAC3 and TACR3 mutant proteins. These data pro-
vide the first evidence of genetic defects in TAC3/TACR3
signaling being involved in an autosomal recessive form
of IHH.

However, there is no other report of TAC3 or TACR3
mutations, and further studies are necessary to 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 Institutional 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 autosequencer
(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 to 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").

Results

Mutation Analysis

Mutation analysis identified two heterozygous muta-
tions of TACR3 in a female patient, i.e. a nonsense muta-
tion at exon 1 (Y145X) and a single nucleotide (G) dele-
tion from the conserved ‘GT’ splice donor site of intron 1
(IVS1+1delG; fig. 1A, B). The father was heterozygous for
Y145X, and the mother was heterozygous for IVS1+1delG.
No demonstrable mutation was detected for TAC3 in this
patient and for TAC3 and TACR3 in the remaining 56
cases.

Prediction of Aberrant Splicing and NMD

The IVS1+1delG mutation was predicted to add a
1,153-bp intronic sequence to exon 1 and to cause aber-
rant splice formation between the added sequence and
the normal splice acceptor site of exon 2 (fig. 1C). Fur-
thermore, because of the presence of a stop codon on the
added intronic sequence, the IVS1+1delG mutation was
predicted to cause a premature termination at the 210th
codon. Thus, both IVS1+1delG and Y145X satisfied the
conditions for the occurrence of NMD.

PCR-Based cDNA Screening for TACR3

TACR3 expression was clearly identified 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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Case Report

This Japanese female patient was born as the sole child to non-
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 clinic because of primary amenorrhea. She exhib-
ited poor pubertal development (breast, Tanner stage 1; pubic
hair, stage 2), with low basal gonadotropin and estradiol values
(table 1). Thus, she received 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 development was at Tanner stage 3-4, and her
pubic hair at stage 4. Magnetic resonance imaging delineated nor-
mal pituitary structure. Basal blood hormone 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 GnRH priming (100

TACR3 Mutation and
Hypogonadotropism

pg i.m. for 5 consecutive days) revealed obviously ameliorated
gonadotropin responses (table 1).

The 58-year-old mother had menarche at 14.6 years of age (the
menarchial age of Japanese females is 9.75-14.75 years). Subse-
quently, she had regular but long (~45 days) menstrual cycles
with occasionally slight intermenstrual bleeding. She had no
signs of androgen excess such as hirsutism. She married at 25
years of age, and failed to conceive for 3 years despite an ordinary
conjugal life. Basal body temperature records indicated frequent,
though not invariable, occurrence of monophasic cycles. Thus,
she was treated with chlomiphene citrate by a local medical doc-
tor, and became pregnant at the second cycle of this therapy. Poly-
cystic ovary was excluded by repeatedly performed ultrasound
studies during pregnancy. Her menses became irregular from
~45 years of age and ceased at 56 years of age (the menopausal
age of Japanese females is 45-56 years). She was otherwise healthy
with normal stature (150 cm, 0.5 SD for her age) and intelligence.
The 59-year-old father was clinically normal 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

Hormone Stimulus Patient Reference values'
basal  peak basal peak

Examinations at 19 years of age

LH, mIU/ml 0.4 1.1-4.5

FSH, mIU/ml 1.7 2.0-6.0

Estradiol, pg/ml <4.0 11-82
Examinations at 24 years of age

LH, mIU/ml GnRH?>? <02 0.6 1.1-4.5 2.0-9.2

LH, mIU/ml GnRH (after priming)* 4 0.3 6.4 1.1-45 2.0-9.2°

FSH, mIU/ml GnRH (after priming)* 4 2.2 9.6 2.0-6.0 4.5-12.0°

Estradiol, pg/ml 15 11-82

Prolactin, ng/ml 12.6 24-18.7

TSH, mIU/I 0.75 0.30-4.50

GH, ng/ml 83 <0.1-10.0

ACTH, pg/ml 8.0 7-56

AMH, ng/ml 34 0.1-7.4

! Reference values in age-matched Japanese females.

2 Hormone replacement therapy was discontinued for 4 weeks before GnRH tests.

3 GnRH 100-pg bolus i.v. and blood sampling at 0, 30, 60, 90, and 120 min; FSH was not measured.
4 GnRH 100-pg bolus i.v. after priming with GnRH 100 wg i.m. for 5 consecutive days.

> Reference peak values in a standard GnRH test; there are no reference data after GnRH priming.
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Fig. 2. PCR-based human cDNA screening for TACR3. GAPDH =
Glyceraldehyde-3-phosphate dehydrogenase.

I

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. Furthermore, although
mRNA was not studied because of absent TACR3 expres-
sion in available leukocytes, both Y145X and IVS1+1delG
were predicted to undergo NMD. Thus, the results pro-
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vide further support for TACR3 mutations being involved
in IHH. Furthermore, the results of the 57 cases suggest
the rarity of TAC3 and TACR3 mutations in IHH (none
for TAC3 and 1.8% for TACR3).

In this patient, it is notable that gonadotropin respons-
es to GnRH stimulation were ameliorated after GnRH
priming. This may suggest that the primary lesion for
IHH resides in the hypothalamus rather than in the pitu-
itary. Indeed, TACR3 protein is strongly expressed in the
human hypothalamus (fig. 2) [6]. Furthermore, rodent
Tacr3, Kisslr (Gpr54), and Gnrhl proteins are clearly ex-
pressed in the median eminence that regulates pulsatile
GnRH secretion [7, 8], and human TAC3, KISS1, and
ESR1 proteins are co-expressed in the infundibular nu-
cleus that modulates estrogen feedback for gonadotropin
secretion [9, 10]. In addition, hypertrophy of TAC3-posi-
tive neurons and increased TAC3 expression have been
observed in the hypothalamus of postmenopausal fe-
males with hypoestrinism [9]. These data suggest that a
molecular network involving TAC3/TACR3, KISS1/
KISSIR, and estrogen/ESR1 may underlie the regulation
of GnRH secretion in the hypothalamus.

The heterozygous mother exhibited several clinical
features suggestive of mild IHH [11]. While such mani-
festations are apparently absent from the previously re-

Fukami/Maruyama/Dateki/Sato/
Yoshimura/Ogata



ported females heterozygous for TACR3 missense muta-
tions (G93D, P353S, and H148L) (2, 3], this may be due to
the residual activity being retained by the missense muta-
tions but not by the splice donor site mutation of the
mother, or to the ethnic difference. Similarly, while the
heterozygous father of this patient apparently lacked dis-
cernible clinical features, this may be due to sex dimor-
phism that GnRH secretion remains fairly constant in
males and shows dynamic change with menstrual cycles
in females {11, 12].

In this study, it appears worthwhile to point out that
TACR3 was clearly expressed in the ovary, but not in the
testis. Although the role of TACR3 in ovarian tissue has
not been well studied, a possible involvement of TACR3

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 gonadotropin 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.
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Context: Mutations of multiple transcription factor genes involved in pituitary development have
beenidentified in a minor portion of patients with combined pituitary hormone deficiency (CPHD).
However, copy number aberrations involving such genes have been poorly investigated in patients
with CPHD.

Obijective: We aimed to report the results of mutation and gene copy number analyses in patients
with CPHD.

Subjects and Methods: Seventy-one Japanese patients with CPHD were examined for mutations
and gene copy number aberrations affecting POUTF1, PROP1, HESX1, LHX3, LHX4, and SOX3 by
PCR-direct sequencing and multiplex ligation-dependent probe amplification. When a deletion
was indicated, it was further studied by fluorescence in situ hybridization, oligoarray comparative
genomic hybridization, and serial sequencing for long PCR products encompassing the deletion
junction.

Results: We identified a de novo heterozygous 522,009-bp deletion involving LHX4 in a patient
with CPHD (GH, TSH, PRL, LH, and FSH deficiencies), anterior pituitary hypoplasia, ectopic posterior
pituitary, and underdeveloped sella turcica. We also identified five novel heterozygous missense
substitutions (p.V2011and p.H387Pin LHX4, p.T63M and p.A322T in LHX3, and p.V53Lin SOX3) that
were assessed as rare variants by sequencing analyses for control subjects and available parents and
by functional studies and in silico analyses.

Conclusions: The results imply the rarity of abnormalities affecting the six genes in patients with
CPHD and the significance of the gene copy number analysis in such patients. (J Clin Endocrinol
Metab 95: 4043-4047, 2010)
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ituitary development and function depends on spa-
P tially and temporally controlled expression of mul-
tiple transcription factor genes such as POU1F1, PROPI,
HESX1, LHX3, LHX4,50X3,and OTX2 (1-3). Muta-
tions of these genes are usually associated with combined
pituitary hormone deficiency (CPHD), although they
sometimes lead to isolated GH deficiency {1-3). However,
mutations of these genes have been found only in a minor
portion of patients with CPHD (2-6). Thus, although
multiple genes would remain to be identified in CPHD, a
certain fraction of mutations may have been overlooked in
these known genes. In this regard, because previous stud-
ies have primarily been performed with PCR-direct se-
quencing for coding exons (4-6), gene copy number ab-
errations (deletions and duplications) affecting such
genes, as well as pathological mutations in noncoding re-
gions, may remain undetected in patients with CPHD.
Indeed, microdeletions of PROP1 and LHX3 and micro-
duplications of SOX3 have been identified in a few pa-
tients with CPHD (7-9). Thus, we performed sequence
and gene copy number analyses for six pituitary transcrip-
tion factor genes in Japanese patients with CPHD.

Patients and Methods

Patients

We studied 71 Japanese patients with various types of CPHD
(39 males and 32 females; age 1-43 yr). In all the patients, OTX2
mutations and gene copy number aberrations have been ex-
cluded previously (3).

Primers and probes

The primers and probes used are summarized in Supplemen-
tal Table 1 (published on The Endocrine Society’s Journals On-
line web site at hrtp://jcem.endojournals.org).

Sequence analysis

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and Devel-
opment. After obtaining written informed consent, leukocyte
genomic DNA samples of the 71 patients were amplified by PCR
for the all coding exons and their flanking splice sites of
POUIF1, PROP1, HESX1, LHX3, LHX4, and SOX3. Subse-
quently, the PCR products were subjected to direct sequencing
on a CEQ 8000 autosequencer (Beckman Coulter, Fullerton,
CA). To confirm a heterozygous substitution, the corresponding
PCR products were subcloned with a TOPO TA cloning kit (In-
vitrogen, Carlsbad, CA}, and normal and mutant alleles were
sequenced separately. The GenBank sequence data at NCBI
(http://www.ncbi.nlm.nih.gov/genbank) were used as refer-
ences. For controls, DNA samples of 100 Japanese healthy adults
were used with permission.

Functional studies
Functional studies were performed for an LHX4 missense
variant (for details, see Supplemental Methods). In brief, we con-
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structed expression vectors containing wild-type and variant
LHX4 cDNAs and a luciferase reporter vector containing the
POUI1F1 promoter sequence with an LHX4-binding site (10).
Subsequently, transactivation analysis was performed with dual-
luciferase reporter assay system (Promega, Madison, WI) using
COS1 cells.

In silico analyses

The conservation status of substituted wild-type amino acid res-
idues was investigated using the UniGene data at NCBI. The pos-
sibility that identified substitutions could cause aberrant splicing
was examined by ESE finder release 3.0 for the prediction of exonic
splice enhancers (ESEs) (http:/rulai.cshl.edu/cgi-bin/tools/ESE3/
esefinder.cgi) (11) and by the program at Berkeley Drosophila Ge-
nome Project for the prediction of splice donor and accepter sites
(http:/www.fruitfly.org/seq_tools/splice.html) (12).

Gene copy number analysis

Muitlplex ligation-dependent probe amplification (MLPA)
(13) was performed as a screening of a possible gene copy num-
ber alteration (deletion and duplication) in all 71 pautients, using
a commercially available MLPA probe mix (P236) (MRC-Hol-
land, Amsterdam, The Netherlands) for all coding exons of
POU1F1, PROP1, HESX1, LHX3, and LHX4, together with
originally designed probes for SOX3. The procedure was as de-
scribed in the manufacturer’s instructions. To confirm a deletion,
fluorescence in situ hybridization (FISH) was performed with a
long PCR product. To indicate an extent of a deletion, oligoarray
comparative genomic hybridization (CGH) was carried out with
1x244K Human Genome Array (catalog no. G4411B; Agilent
Technologies, Santa Clara, CA), according to the manufacturer’s
protocol. Finally, to characterize a deletion, long PCR was per-
formed with primer pairs flanking the deleted region, and the
PCR product was subjected to direct sequencing using serial se-
quence primers. The deletion size and the junction structure were
determined by comparing the obtained sequences with the ref-
erence sequences at NCBI Database (NC_000014.7), and addi-
tional deleted genes were examined with Ensembl Database
(http://www.ensembl.org/). The presence or absence of repeat
sequences around the breakpoints was examined with Repeat-
masker (htep://www.repeatmasker.org).

Results

Identification of five missense variants

We identified five novel heterozygous missense sub-
stitutions, i.e. p.T63M (c.188C—T) and p.A322T
(c.964G—A) in LHX3 (GenBank accession number
NM_178138), p.V201l (c.601G—A) and p.H387P
(c.1160A—C) in LHX4 (NM_033343), and p.VS3L
(c.157G—C) in SOX3 (NM_005634). These substitu-
tions were found in different patients. No other mutations
or novel substitutions were identified in the six genes ex-
amined. In the 100 control subjects, LHX4-p.H387P was
detected in four subjects and SOX3-p.V53L in three sub-
jects, whereas LHX3-p.T63M, LHX3-p.A322T, and
LHX4-p.V2011 were absent. Furthermore, sequencing of
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FIG. 1. Gene copy number analysis. Panel A, MLPA and FISH analyses. The black and white
boxes on genomic DNA (gDNA) denote the coding regions on exons 1-6 (E1-E6) and the
untranslated regions, respectively. The sites examined by MLPA probes (A-F) are indicated by
arrows, and the region identified by the 5305-bp FISH probe is shown by a thick horizontal
line. In MLPA analysis, the peaks for the sites A-F are reduced in the patient. The red peaks
indicate the internal size markers. In FISH analysis, the red signal is derived from the probe for
LHX4, and the green signals are derived from chromosome 1 centromere control probe
(Cytocell, Cambridge, UK) used as an internal control. The probe for LHX4 is labeled with
digoxigenin and detected by rhodamine antidigoxigenin, and the control probe is labeled
with biotin and detected by avidin conjugated to fluorescein isothiocyanate. Panel B,
Oligoarray CGH analysis and direct sequencing of the deletion junction. The deletion is
522,009 bp in physical size (shaded in gray) and is associated with an addition of an 8-bp
segment of unknown origin (highlighted in yellow). The normal sequences flanking the
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goarray CGH and sequencing of the fu-
sion point showed that the deletion was
522,009 bp in physical size and was as-
sociated with an addition of an 8-bp
segment of unknown origin (Fig. 1B).
There were no repeat sequences around
the deletion breakpoints. The deletion
also affected CEP350, QSOX1, and
ACBD6. This microdeletion was ab-
sent from the parents.

Patient with the microdeletion
This Japanese female patient was
born at 40 wk gestation after an uncom-
plicated pregnancy and delivery. At
birth, her length was 48.0 cm (—0.2 sp),
her weight 2.59 kg (—1.0 sp), and her
head circumference 33 cm (—0.1 sp).
She had transient respiratory distress
and hypoglycemia in the early neonatal
period. Furthermore, biochemical stud-
ies for prolonged jaundice indicated
central hypothyroidism at 1 month of
age (Table 1). Thus, she was placed on
thyroid hormone replacement therapy.
At 1 yr 6 months of age, she was re-
ferred to us because of severe short stat-
ure. Her height was 64.5 cm (—5.1 sp),
and her weight was 6.2 kg (—2.8 sp).

microdeletion are indicated with dashed underlines.

parental samples revealed LHX3-p.T63M and LHX3-
p-A322T in the phenotypically normal mother and father,
respectively; parental analysis was refused for LHX4-
p.V2011, LHX4-p.H387P, and SOX3-p.VS3L. Thus,
four missense variants except for LHX4-p.V201I were
found in healthy controls or parents. For LHX4-p.V2011,
functional studies showed a normal transactivation func-
tion for the POU1F1 promoter, with no dominant-nega-
tive effect (Supplemental Fig. 1). In silico analyses indi-
cated that the V201 and the H387 residues in LHX4 and
the A322 residue in LHX3 were well conserved, whereas
the T63 in LHX3 and the V53 in SOX3 were poorly con-
served (Supplemental Table 2). Furthermore, it was pre-
dicted that LHX4-V2011 and LHX4-H387P were un-
likely to influence ESEs, whereas LHX3-T63M and
LHX3-A322T might affect ESEs (Supplemental Table 3).
None of the missense variants were predicted to influence
splice sites (Supplemental Table 4).

Identification of a microdeletion involving LHX4
A heterozygous deletion involving LHX4 was indi-
cated by MLPA and confirmed by FISH (Fig. 1A). Oli-

Endocrine studies at that time revealed
severe GH and prolactin deficiencies
(Table 1). Her karyotype was 46,XX in all 50 lymphocytes
examined. Recombinant human GH therapy (0.175 mg/
kg-wk) was started at 1 yr 8 months of age, showing a
remarkable effect. Brain magnetic resonance imaging at 5
yr of age delineated anterior pituitary hypoplasia with a
small cystic lesion, ectopic posterior pituitary, and under-
developed sella turcica (Supplemental Fig. 2). At 11 yr of
age, a GnRH test was performed due to lack of pubertal
signs, revealing gonadotropin deficiencies (Table 1). Thus,
sex steroid replacement therapy was started at 13 yr of age.
She had no episode of adrenal insufficiency, with normal
blood ACTH and cortisol values at yearly examinations.
A CRH stimulation test at 17 yr of age also showed an ap-
parently normal hypothalamic-pituitary-adrenal (HPA)
function (Table 1). On the last examination at 17 yr old, she
measured 148.7 cm (—1.8 sp), weighed 45.6 kg (—0.9 sp),
and manifested full pubertal development. She had no de-
velopmental retardation.
The nonconsanguineous parents and the three brothers
were clinically normal. The father was 164 cm (—1.2 sp)
tall, and the mother was 155 cm (—0.6 sp) tall.
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TABLE 1. Blood hormone values of the patient with LHX4 deletion
1.5yr 1M yr 17 yr
Stimulus (dosage) 1 month, basal Basal Peak Basal Peak Basal Peak
H (ng/ml) GHRH (1 mg/kg) 0.2 1.2
Arginine (0.5 g/kg) 0.1 0.2
-Dopa (10 mag/kg) 0.1 0.1
LH (miu/ml) GnRH (100 mg/m?) <0.5 03 0.8
FSH (mlIu/ml) GnRH (100 mg/m?) 0.5 1.3 1.6
TSH {mU/ml) TRH (10 mg/kg) 35 2.3° 3.9°
Prolactin (ng/ml) TRH (10 mg/kg) <1.0 <1.0
ACTH (pg/ml)® CRH (2 mg/kag) 24.6 26.4 26.1 118.7
Cortisol (ug/dh® CRH (2 mg/kg) 17.5 10.6 15.7 37.82
IGF-1 (ng/ml) 9
Free T, (ng/dl) 0.6 1.1°
Estradiol (pg/ml) <15

The conversion factors to the Sl unit are as follows: GH 1.0 (ug/iter), LH 1.0 (IU/liter), FSH 1.0 (UAiter), TSH 1.0 (miU/iter), prolactin 1.0 {ug/liter),
ACTH 0.22 {(pmol/liter), cortisol 27.59 (nmol/liter), IGF-1 0.131 (nmol/liter), free T, 12.87 (pmol/hiter), and estradiol 3.671 (pmol/liter). Hormone
values have been evaluated by the age- and sex-matched Japanese reference data; low hormone data are in bo/d. Blood sampling during the

provocation tests were done at 0, 30, 60, 90, and 120 min
2 Examined under T, supplementation therapy.
© Obtained at 0800 h.

Discussion

We performed sequence and gene copy number analyses
for all coding exons of six previously known genes in 71
patients with CPHD, although noncoding regions were
not examined. Consequently, we could identify only a sin-
gle patient with a heterozygous microdeletion involving
LHX4. This indicates the rarity of abnormalities affecting
the six genes in patients with CPHD and, at the same time,
the significance of the gene copy number analysis in such
patients. In this regard, because gene copy number aber-
rations have been found for multiple genes including mi-
crodeletions of PROP1 and LHX 3 and microduplications
of SOX3 (7-9,14,15), this implies that gene copy number
aberrations should be screened in genetic diagnosis.
Several matters are noteworthy for the clinical and mo-
lecular findings of the patient with the microdeletion in-
volving . HX4. First, the HPA function was preserved nor-
mally at 17 yr of age. However, ACTH deficiency has
often been identified in the previously reported patients
with heterozygous intragenic loss-of-function mutations
of LHX4 (Supplemental Table 5), and the HPA function
often deteriorates with age in patients with CPHD (2).
Thus, careful follow-up is necessary for the HPA function
of this patient. Second, the microdeletion has affected
three additional genes. In this context, the pituitary phe-
notype of this patient remains within the clinical spectrum
of patients with . HX4 mutations (Supplemental Table 5),
and there was no discernible extrapituitary phenotype.
Thus, hemizygosity for the three genes would not have a
major clinical effect, if any. Third, the deletion break-
points resided on nonrepeat sequences, and the fusion
point was associated with an addition of an 8-bp segment

of unknown origin. This indicates that the deletion has
been produced by nonhomologous end joining, i.e. an ab-
errant breakage and re-union between nonhomologous
sequences (16).

We also identified five novel heterozygous missense
substitutions. In this regard, the data obtained from se-
quencing analysis in control subjects and available par-
ents, functional studies, and in silico analyses argue
against the five missense substitutions being a disease-
causing pathological mutation, although the possibility
that they might function as a susceptibility factor for the
development of CPHD remains tenable. In particular,
LHX4-p.V2011, which was absent from 100 control sub-
jects and affected the well-conserved V201 residue, may
have been erroneously regarded as a pathological muta-
tion, unless additional studies were performed. Indeed,
LHX4-p.V2011 exerted no predictable effect on the splic-
ing partern and had a normal transactivation activity in
the used system, although transactivation function may be
variable depending on the used promoters and cells (17).
Such rare variants with an apparently normal function
have also been reported previously (3, 18). Thus, whereas
in vitro experimental data and in silico prediction data
may not precisely reflect iz vivo functions, it is recom-
mended to perform such studies for novel substitutions,
especially missense substitutions.

In summary, the results imply the rarity of pathological
abnormalities in the previously known genes in patients with
CPHD and the significance of the gene copy number analysis
in such patients. Thus, the causes of CPHD remain elusive in
most patients, and additional studies are required to clarify
the underlying factors for the development of CPHD.
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