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Figure 3. Transactivation assays of R84X and V75| LHX4 using POUTFI(PITT) andaGSU reporter. A and B: COS7 cells were cotransfected
with the pRL-CMV internal control vector, indicated amount (nanograms) of the effector plasmids, and the POUTF1(A) oraGSU (B) reporter. The data
are the mean * s.e.m. of at least three independent experiments performed in triplicate transfections. The white, black, red, and blue bars indicate
the data of the empty expression vectors, expression vectors with wild type (WT) LHX4, expression vectors with R84X LHX4, and V75! LHX4,
respectively. R84X LHX4 exhibited markedly reduced transactivation, whereas V75I LHX4 retained partial activity. The two mutants did not exhibit any
dominant negative effect. The data are mean * SEM of at least three independent experiments performed in triplicate transfections. C and D: GH3
cells were cotransfected with the pRL-CMV internal control vector, indicated amount (nanograms) of the effector plasmids, and the POUTF1{(C)

oraGSU (D) reporter.
doi:10.1371/journal.pone.0046008.g003

central nervous system abnormalities were visualized. The patient
responded well to GH replacement.

Functional studies

Both in COS7 and GH3 cells, wild type LHX4 stimulated
transcription of the POUIFI andaGSU reporters in a dose-
dependent manner. R84X LHX4 had markedly reduced transac-
tivation, whereas V751 LHX4 retained partial activity (FIG. 3A-
D). The two mutants had no dominant negative effect. Western
blot analysis showed that the expression of V751 LHX4 was
comparable to that of the wild type, whereas R84X LHX4 was not
detected (FIG. 4A). The V751 LHX4 mutant localized to the
nucleus (FIG. 4B). WT LHX4 showed specific binding to the
elements, which were competed by excess amount of (200 times)
cold competitors. The V751 LHX4, which has an intact HD,
bound with similar or slightly high efficiency to the WT LHX4
(FIG. 4C).
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Discussion

In the present study, our mutation prevalence data (three
mutation carriers in a total of 91 CH patients: 3.3%) is comparable
with earlier report of Graaff e al. (1.2%) [4] or Dateki ez al (1.4%)
{5]. This study enrolled CH patients that fulfilled two definite
inclusion criteria: 1) severe GH deficiency (GH peak < 3 ng/ml)
confirmed by hypoglycemic provocation tests, which included
IGHD and MPHD, and 2) anterior pituitary hypoplasia based on
brain MRI. The subjects included in the two previous reports were
diagnosed with MPHD and the reports of Dateki ¢t al. did not
describe any specific inclusion criteria. As PROPI common
mutations (149delGA and 296delGA) are rare in Japan, our
prevalence data were lower than that of Reynaud et al. [6]. These
previous studies did not include screening for SOX2, SOX3, 0TX2
and GLI? (although the study by Dateki et al. included SOX3 and
OTX?2), thus this study serves as the first report to include these
genes. Despite extending the range of our genetic screening, our
results imply the rarity of pathological abnormalities in the
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Figure 4. Functional characterization of two mutant LHX4. A,
Protein expression level of myc-tagged WT and two LHX4 mutants was
assessed by western blot using a monoclonal anti-myc antibody. The
expression of V75| LHX4 was comparable to that of WT, whereas R84X
LHX4 was not detected. Tubulin was used as a control. B, Subcellular
localization analysis. For subcellular localization analyses, we visualized
and photographed COS7 cells transfected with GFP-tagged LHX4 using
a Leica TCS-SP5 laser scanning confocal microscope, after mounting the
cells in Vectashield-DAP! solution. The WT and V75| LHX4 are iocalized
to the nucleus. C, EMSA experiments. WT LHX4 showed specific binding
to the elements, which was competed by excess amount of (200 times)
cold competitors. The V751 LHX4, which has an intact HD, bound with
similar or slightly high efficiency to the WT LHX4.

doi:10.137 1/journal.pone.0046008.9004

currently known genes responsible for CH. Further studies are
required to understand the pathogenesis of CH.
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To date, eight families carrying a LHX4 mutation have been
reported [5,13-17]. We identified two novel mutations in LHX4
(c.249-1G>A, p.V75I). Although both mutations were associated
with impaired transactivation of POUIF! andaGSU without
dominant-negative effects, indicating haploinsufficiency, the
mechanism behind the loss of function resulting from these two
mutations seems to be different. We did not detect R84X LHX4
on western blotting, indicating that the protein expression is
markedly reduced due to the protein’s instability. On the other
hand, western blotting, visualization of subcellular localization,
and DNA binding test revealed no significant difference between
the wild type and V751 LHX4 variant. Val7b is a highly
conserved amino acid located in the LD (FIG. 1C), which is
important for protein-protein interaction, suggesting that substi-
tution of Val75 to lle results in defective interactions with
transcriptional cofactors.

A striking finding of our report is that the propositus, who
carried the ¢.249-1G>A LHX4 mutation, exhibited a gradual
loss of ACTH. Although late onset ACTH deficiency is well
known in CH patients with PROP! mutations [18-20] and
LHXS3 [21], our study showed, for the first time, that a gradual
loss of ACTH should be a point of concern among CH patients
with LHX4 mutations. Thus, this study suggests careful follow-up
monitoring of the hypothalamic-pituitary-adrenal function in
CH patients with LHX4 mutations even if AGTH deficiency is
not apparent at first evaluation. The patient’s elder brother and
sister were of normal adult height and had normal baseline
hormonal levels. Even though this report is not the first
description of the wide phenotypic spectrum in LHX4 mutation
carriers [13-17], it is noteworthy that LHX4 mutation carriers
can clinically and endocrinologically present as normal, even
though the mutation is nonfunctional. The phenotypical
variation documented in this study for patients with MPHD
with mutations in LHX?, including dissimilarity within probands
from the same pedigree, is likely partly due to the impact of other
genes that are important but have not been recognized in
pituitary development.

In summary, we found that only 3.3% of Japanese patients had
mutation. LHX4 mutation carriers exhibit wide phenotypic
variability and can present as normal clinically and endocrinolo-
gically, even though they had a nonfunctional mutation. Gradual
loss of ACTH should be monitored in CH patients with LHX4
mutations.
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