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considerably. While AD-PHA1 shows a gradual clinical
improvement with advancing age, usually allowing the
cessation of salt supplementation during infancy,
AR-PHAL1 persists into adulthood, and no improvement is
typically seen with time [1, 2]. Here, we report a patient
with AR-PHA1 who demonstrated an improvement of
clinical severity, leading to the cessation of salt supple-
mentation. To clarify the mechanism behind this phe-
nomenon, we assessed the segmental sodium-reabsorption
ability of the patient and compared it to that of an
AD-PHALI patient. In addition, quantification of the levels
of thiazide-sensitive Nat*—Cl™ cotransporter (NCC) pro-
tein in their urine samples was also performed.

Patient reports
Patient with AR-PHAL1 (patient 1)

This patient, who is currently 20 years old, is a compound
heterozygote with a documented mutation in the ENaC
y-subunit (YENaC) gene (1627delG and 1570-1G — A),
and a case report that outlined his situation until 7 years
of age was previously produced [3]. In brief, he collapsed
at 7 days of age with marked hyponatremia (116 mEqg/L)
and hyperkalemia (8.6 mEq/L). Findings of a raised
plasma aldosterone level and an adequate cortisol
response led to the diagnosis of PHA1. Despite heavy salt
supplementation (up to 6 g a day), he repeatedly experi-
enced salt-wasting episodes during his childhood and
needed frequent hospitalization. With advancing age,
however, he experienced fewer episodes of salt depletion
or hospitalization. At age 11, salt supplementation was
stopped. He is now 157.9 cm tall (—2.2 SD for a Japanese
male) and is working as a factory worker. During the last
8 years, he has been hospitalized for salt wasting only
once, and has received intravenous therapy as an outpa-
tient only thrice. His latest laboratory data were as fol-
lows: serum Na 131 mEg/L, K 5.5 mEg/L, plasma
aldosterone 15,000 pg/mL (normal range for correspond-
ing age: 15.6-398).

Patient with AD-PHALI (patient 2)

This patient has a heterozygous NR3C2 gene mutation
(LL924P), as reported previously (patient -2 of our
previous report [4]). Briefly, he was hospitalized for poor
weight gain at the age of 7 days. His low sodium level
(132 mEq/L) and elevated plasma aldosterone suggested
PHAIL. He was treated with salt supplementation (1.5 g a
day) until 11 months of age. Thereafter, he experienced no
salt wasting episodes despite the absence of maintenance
therapy. He is now 19 years old and attending college. His
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latest laboratory data were as follows: serum Na 139 mEq/
L, K 4.1 mEq/L, plasma aldosterone 440 pg/mL.

Methods
Measurement of segmental tubular reabsorption

According to the method described by Bartoli and
Romano [5], the amount of sodium reabsorption in the
distal nephron (including the distal convoluted tubule,
connecting segment, and collecting duct) was estimated
under maximal water diuretic conditions in both PHAl
patients. After overnight fasting, each subject was
instructed to drink 20 mL/kg of water over 30 min.
Simultaneously, the intravenous infusion of half normal
saline was started at a rate of 1,000 mL/h/1.73 m? After
3 h, when the achievement of maximum water diuresis
was ascertained by a urine osmolarity of less than
50 mOsm/L, furosemide 1 mg/kg was injected intrave-
nously, while the infusion rate of half normal saline was
raised to 1,500 mL/h/1.73 m% During this period, blood
sampling was carried out every 20 min via an indwelling
catheter inserted in the contralateral antecubital vein.
Urine samples were also collected between each blood
sampling by spontaneous voiding. The patients were
instructed not to interrupt voiding but to excrete urine
completely, in order to avoid bladder catheterization.

Osmolarity (Uosm and Posm, respectively) and creati-
nine concentration (Ucr and Per, respectively) were mea-
sured in every urine and plasma sample by the in-house
laboratory. Free water clearance (Cy,o) was defined as the
difference between urine volume (V) and osmolar clear-
ance (Cosm) [Cy,o = V — Cosm]. Then, the Cy,o after
furosemide infusion (fCy,o) was considered to reflect the
amount of sodium reabsorption generated by the distal
nephron (Cy,0-pt). The amount of sodium reabsorption
generated by the loop of Henle (Cy,0-_11) Was estimated by
the difference between the osmolar clearance during
maximal diuresis and that following furosemide infusion -
[Cy,0-m. = fCosm — Cosm.]

Detection of the NCC protein in urine

According to the methods described by Pisitkun et al. [6] and
Zhou et al. [7], immunoblotting of the NCC protein in urine
samples was performed in the two patients, as well as in age-
and sex-matched normal controls, as described below.

The isolation of urinary proteins in the exosome fraction

All the steps mentioned below were performed at 4°C.
Immediately after urine collection, one protease inhibitor
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cocktail tablet (Complete®: Roche Diagnostics, Mannheim,
Germany) was added per 50 mL of urine to avoid prote-
olysis, and urine samples were centrifuged at 1,500 g for
10 min. The supernatant was centrifuged using a HITACHI
himac CR21 (Hitachi Koki Co., Ltd, Tokyo, Japan) at
17,000x g for 15 min to remove whole cells, large mem-
brane fragments, and debris. Then, the supernatant was
centrifuged with a HITACHI himac CP100a ultracentri-
fuge (Hitachi Koki Co., Ltd) at 200,000xg for 1 h. After
removal of the supernatant, the pellets were suspended in
25 pL isolation solution consisting of 10 mM triethanola-
mine and 250 mM sucrose (pH 7.6). The suspension was
then added to an equal volume of 2x sample buffer
[50 mM Tris-HCI (pH 6.8), 10% glycerol, 2% SDS, and
bromophenol blue]. These samples were heated at 90°C for
5 min and then stored at —80°C until use. It is now rec-
ognized that this fraction of urine is largely made up of
excreted exosomes [6].

Gel electrophoresis and immunoblotting

Ten microliters of each urine sample were subjected to SDS-
PAGE with 4-20% polyacrylamide slab gels (e-PAGEL®,
ATTO Corporation, Tokyo, Japan). The electric transfer
onto a polyvinylidene difluoride membrane was carried out
with a semidry blotting apparatus (Bio-Rad Laboratories,
Bio-Rad Japan, Tokyo) at 15 V for 30 min at room tem-
perature using buffer containing three kinds of solutions
(A: 300 mM Tris/S% methanol, B: 25 mM Tris/5% metha-
nol, C: 25 mM Tris/6-amino capronic acid/5% methanol).
After being blocked with 5% milk in 20 mM Tris-HCl buffer
(pH 7.5) containing 150 mM NaCl for 1 h, the membranes
were probed with antibodies: polyclonal antibodies to NCC
and the Nat-K*-Cl~ cotransporter (NKCC2) dissolved
1/200 in Can Get Signal (TOYOBO Co. Ltd., Tokyo, Japan)
were used for 1 h at room temperature. Horseradish perox-
idase: HRP-conjugated, goat anti-rabbit IgG (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) dissolved
1/10,000 in Can Get Signal was used for 1 h at room tem-
perature. The antibody—antigen reaction procedure was
performed using the SuperSignal West Pico Chemilumi-
nescent Substrate (Pierce, Thermo Fisher Scientific K.K.,
Yokohama, Japan). The density of the 164 kDa band, which
corresponded to NCC, was quantified by densitometry
(Quantity One software, Bio-Rad Laboratories), and then the
densities were corrected for both creatinine concentration
and the NKCC2 densities in the urine sample.

Informed consent to participate in the above studies was
obtained from both the patients and their parents. The study
protocols were approved by the institutional review board
of Kanagawa Children’s Medical Center, and the study was
carried out according to the principles of the Declaration of
Helsinki.

Results

The results of the segmental tubular function analysis are
shown in Table 1. Cy,o_pr (free water clearance by the
distal nephron, indicating sodium reabsorption by the distal
nephron) was decreased in both PHA1 patients, which is
consistent with impaired sodium reabsorption at the distal
nephron, downstream from the loop of Henle. The value,
however, was almost identical in both patients, despite
their different genetic etiologies. In addition, PD (proximal
delivery), the flow escaping proximal reabsorption, was
decreased in both patients compared with appropriate ref-
erence values.

Figure | shows immunoblotting of the NCC protein in
urine samples performed on two separate occasions. In
both experiments, patient 1 showed the highest concen-
tration of NCC, which was expressed as density per cre-
atinine, with significant statistical differences between the
mean value in patient 1 and those of seven controls
(P < 0.01, unpaired ¢ test). When expressed as NCC den-
sity per NKCC2 density, the highest value was also found
in patient 1 (4.25), compared with the mean value of the
normal controls (0.99).

Discussion

Clinical improvement in AD-PHAL is a well-recognized
phenomenon [1, 2], although the reason for it is not yet
fully understood. Patient 1 may be the first example of
clinical improvement in a molecularly proven AR-PHAI,
because he has been free from salt supplementation without
clinical deterioration since 11 years of age. To elucidate
the mechanism behind this phenomenon, we concentrated
on the differences in the expression sites of ENaC and MR
in the distal nephron. Whereas ENaC is expressed along the
entire collecting duct (CD) and connecting tubule (CNT),
the MR is also present in the distal convoluted tubule

Table 1 Resuits of maximal water diuresis data in AR- and AD-
PHA1 patients

14 Ca0o  Cwo-mn Cuo-pr PD

Patient 1 (AR-PHA1) 8.4 6.22 12.8 2.48 17.4
Patient 2 (AD-PHAL) 11.6  8.49 13.9 2.98 20.0

Reference 181 13£1 1741 941 3141

AR-FHAI, autosomal recessive form of psendohypoaldosteronism
type 1; AD-PHAI, autosomal dominant form of pseudohypoaldoste-
ronism type 1; V, urine flow rate; Cy,o, free water clearance excreted;
Ch,0-nL, free water formed by Henle's loop; Cu,o-p1, free water
formed by the distal nephron; PD, proximal delivery. Each figure is
expressed as milliliters per minute per 100 mL of GFR (mL/min/
dLGFR). For details, see the “Methods” section of the text. The
reference values were taken from [5]
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Fig. 1 Results of NCC immunoblotting in urine samples from
AR- and AD-PHAI patients and age- and sex- matched normal
controls conducted on two separate occasions, The upper panel shows
the electrophoresis patterns. PI, patient 1; P2, patient 2; CI-C7,
control samples. In the lower panel, quantitative data obtained from a
densitometer (corrected for creatinine) is shown. Note that each result
is expressed as the ratio to that of patient 1, which was set to 100

(DCT), in which NCC is also expressed. In addition, it has
also been demonstrated that the expression of NCC is
upregulated by aldosterone [8]. Therefore, we hypothesized
that, in patient 1, increased expression of NCC under
aldosterone hypersecretion may compensate for defective
ENaC function.

Segmental tubular functional analysis under maximal
water diuresis [5] showed that the sodium reabsorption
from the distal nephron (deduced from the Cy,o_pr data)
was almost identical in the AR- and AD-PHA1 patients.
This result seems discordant with the clinical severity of
these patients, especially during infancy: patient 1
(AR-PHAL1) suffered from repetitive salt-wasting episodes,
whereas patient 2 (AD-PHA1) showed a less severe course.
Rather, this finding supports our hypothesis that increased
NCC expression compensated for the lack of ENaC sodium
reabsorption in the distal nephron in patient 1.

Since the direct demonstration of NCC abundance is
difficult in human studies, we performed immunoblotting
of the NCC protein using urine samples. In rats, it has been
shown that the urinary levels of tubular sodium transporters
closely reflect their abundance in the kidney [9]. As data
from human samples are scarce, our data need further
investigation. However, the increased NCC level in patient
1, irrespective of the denominator used (creatinine or
NKCC2 density), seems consistent with our hypothesis.

The compensatory hyperfunction of NCC is not
surprising, since it has been demonstrated that NCC
abundance is upregulated under sodium restriction and/or
aldosterone infusion in the rat kidney [9]. In addition, the
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expression of NHE3 (type 3 Na/H exchanger) in the
proximal tubule is known to increase under long-term acid
loading in rats [10]. Furthermore, the up-regulation of
ENaC has also been demonstrated in rats [11]. Although
the mechanisms behind such compensatory pathways have
not been fully elucidated, it has been speculated that
aldosterone upregulates NCC not by transcriptional regu-
lation, but by effects on translation or protein half-life [12].

In this context, the decreased PD (proximal delivery: the
flow escaping proximal reabsorption) observed in both
PHA1 patients was interesting. A decreased PD indicates
that a lower amount of urine is arriving at the distal
nephron. It may be the case that NHE3 or other sodium
channels in proximal tubules also compensate for sodium
reabsorption. An alternative explanation is that it reflects
tubuloglomerular feedback, the process by which the kid-
ney regulates glomerular filtration in response to altered
tubular flow.

It seems reasonable to suggest that NCC upregulation
also occurs in other AR-PHAL1 patients. However, severe
salt wasting is not ameliorated in most AR-PHA1 patients,
Accordingly, mechanism(s) other than NCC hyperfunction
may have ameliorated the salt wasting seen in patient 1.
First, the presence of an intact ENaC « subunit (¢ENaC)
may play a role. ENaC is made up of three homologous
subunits (o, B, and 9), which probably have a stoichiometry
of 1:1:1 [13-15]. Of these, «ENaC plays a central role in
channel function, whereas residual activity can be mea-
sured in the absence of § or y subunits [13]. Recent studies
have suggested that channels with alternative stoichiometry
(such as o, ay, or aff channels) can function at the cell
membrane, albeit with substantially lower activity com-
pared to the native affy channel [15, 16]. Thus, the activity
of ENaC that does not contain the y subunit may have
partly contributed to the amelioration of the clinical
severity seen in patient 1. In contrast, this mechanism will
not work in AR-PHAL cases involving «ENaC deficiency,
which correspond to about two-thirds of the hitherto
reported AR-PHALI cases [1, 2]. A second possibility is that
the yENaC in patient 1 retained some residual channel
activity. In fact, a case that demonstrated a mild clinical
manifestation (onset at 19 days of age) due to a G37S
PENaC mutation causing an estimated channel activity of
40% has been reported [17]. The validity of this hypothesis
in patient 1 must be subjected to further study because no
expression study evaluating mutated channel function has
been carried out. However, we think that this scenario is
unlikely because both mutations abolish yENaC trans-
membrane domain 2 and lead to the complete loss of its
function.

Finally, because the urinary NCC level in patient 2 was
not different from that of the controls, the clinical
improvement in AD-PHA1 does not seem to be related to
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NCC upregulation. This further indicates that aldosterone
can upregulate NCC only via MR.

In conclusion, we observed an amelioration of clinical
severity in an AR-PHA1 patient due to yYENaC mutations.
An increased number of NCC may have been responsible,
at least in part, for this phenomenon.
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Context: Although recent studies have suggested a positive role of OTX2 in pituitary as well as
ocular development and function, detailed pituitary phenotypesin OTX2 mutations and OTX2
target genes for pituitary function other than HESX7 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 GNRHT promoter as well as the HESX1, POUTF1, 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. 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 GNRHT as well
as HESX1 and POUTF1. (J Clin Endocrinol Metab 95: 756-764, 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, PROPI1, and SOX3 (1, 2). Whereas mu-
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tations of some genes (e.g. POU1F1) 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-
maone 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, 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 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 a/.
(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)
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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 POU1F, 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 cotresponding 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 (htep://www.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 (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
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A E1E2 E3 E4 E5 by inserting the corresponding sequence into pGL3
O7X2 gONA —{H o -3 basic. The GNRH1 promoter sequence was based
T SWSPA e on thereport of Kelley et al. (15). Transfections were
cDNA performed in triplicate within a single experiment,
i A = | and the experiment was repeated three times.
pAT2sX86 | [ pKrarsx103| | p.c1sex |

B Case 1 Case 2 Case 3 Case 4 PCR-based expression analysis of OTX2
‘;‘:(2;4—{5)33%;' 0‘214*2;71;382‘5)%;?“% 0[;52?5;; ‘;53?8’; Human ¢DNA samples were purchased from
- T T reraermrrag] CLONTECH (Palo, Alto, CA) except for leukocyte
S;f:énce . a3l and skin fibroblast cDNA samples that were pre-
pared with Superscript 11l reverse transcriptase (In-
ﬁ;’:’;g"gﬁale R vitrogen). PCR amplification was performed for the
c¢DNA samples (0.5 ng), using the primers hybrid-
‘_Sn‘:ﬁ;:“’l“a}"l‘;e o izing to exon 3 and 4 of OTX2 and those hybridizing
oo ixl to exons 2/3 and 4/5 (boundaries) of GAPDH used

FIG. 1. Sequence analysis in cases 1—4. A, The structure of OTX2 (the isoform-b)

as an internal control.

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-ES) and the untranslated
regions, respectively. OTX2 encodes the HD (a blue region), the SIWSPA conserved

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

Results

(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 yellow. The mutant and

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

detected by avidin conjugated to fluorescein isothiocyanate. To
indicate an exrent of a microdeletion, oligoarray compararive
genomic hybridization (CGH) was carried out with 1x244K
human genome array (catalog no. G4411B; Agilent Technol-
ogies, Palo Alto, CA), according to the manufacturer’s pro-
tocol, Finally, to characterize a microdeletion, long PCR was
performed with primer pairs flanking the deleted region, and
a long PCR product was subjected to direct sequencing using
serial sequence primers. The deletion size and the junction
structure were determined by comparing the obtained se-
quences with the reference sequences at the National Center
for Biotechnology Information Database (NC_000014.7; Be-
thesda, MD), and the presence or absence of repeat sequences
around the breakpoints was examined with Repeatmasker
(hetp://'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 POU1F1 promoter
sequences; and the luciferase reporter vectors containing the
IRBP, HESX1, and POU1FI promoter sequences (8). We fur-
ther created expression vectors and fluorescent vectors contain-
ing mutant OTX2 c¢cDNAs 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
GNRHI1 promoter sequence and a luciferase reporter vector con-
taining the GNRH1 promoter sequence (—1349 to —1132 bp)

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.K74£sX103) 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 ter-
mination at the 86th codon (c.214_217delGCACinsCA,
p.A72£sX86) in case 2; and a nonsense mutation at exon §
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 patient 2 (¢.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
indicated that frameshift mutations in cases 1 and 2 were
absent 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 control
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 2 and 3). Furthermore, the two frameshift muta-
tions 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, Oligoarray CGH analysis and direct
sequencing of the deletion junction. The deletion is 2,860,561 bp in
physical size (shaded in gray) and is associated with an addition of a
931-bp segment (highlighted in yellow). The normal sequences
flanking the microdeletion are indicated with dashed underlines.

5, indicating that the frameshift mutations as well as the
nonsense mutation had the property to escape NMD (Sup-
plemental Fig. 1).

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 bpin 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 sequenceidentical with thatinaregion 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.K74£sX103), 9.7 kDa (p.A72{sX86), 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.A72fsX86; 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 MT3-0OTX2 proteins localize to the
nucleus. By contrast, the GFP-fused MT1-0OTX2 and MT2-0TX2
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
MT3-0TX2 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 sp. The black, blue, red, and green bars indicate the
data of the empty expression vectors (0.6 ug), expression vectors with
WT OTX2 ¢DNA (0.6 ug), expression vectors with MT1-MT3 OTX2
CDNAs (0.6 ), and the mixture of expression vectors with WT (0.3
1g) and those with MT1-MT3 OTX2 ¢DNAs (0.3 ng), 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£sX103-0OTX2 and p.A72fsX86-OTX2 proteins.

Subcellular localization analysis showed that the
p.G188X-OTX2 proteinlocalized to the nucleus as did the
wild-type OTX2 protein, whereas the p.K74£sX103-
OTX2and p.A72{sX86-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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magnetic resonance imaging examinations.
In addition, case 1 had right retractile testis.
Patient 1 with p.T178S had CPHD but with-
out ocular anomalies, and patient 2 with
p.A245V had bilateral optic nerve hypopla-
sia and short stature.

s ____ [V

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 lacking the eight amino acids. B, 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 GNRHI promoter,
whereas the p.K74fsX103-OTX2 and p.A72{sX86-
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. 2).

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 obviousin 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 5 had IGHD, and case 3 had CPHD
(Table 2); furthermore, cases 1, 3, and 5 had pituitary
hypoplasia (PH) and/or ectopic posterior pituitary
(EPP) (Supplemental Fig. 3). Case 3 showed no pubertal
development at 15 yr of age (Tanner pubic hair stage 2
inJapanese boys: 12.5 = 0.9 yr) (16). Cases 2 and 4 had
no discernible pituitary dysfunction and did not receive

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 in 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 5 has removed 16 additional genes (Ensembl Ge-
nome Browser, http://www.ensembl.org/), the clinical
phenotype of case § 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 GNRH1 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-
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TABLE 2. Blood hormone values in cases 1-5 with heterozygous OTX2 mutations

Patient Case 1 Case 2 Case 3 Case 4 Case 5
Sex (age at examination) Male (2 yr) Female (1yr) Male (14 yr) Male (10 yr) Male (2 yr)
Stimulus (dose) Basal Peak Basal Peak Basal Peak Basal Peak Basal Peak
GH (ng/mi) Insulin (0.1 U/kg)® 1.98 4.0° 3.3% N.E. 0.8° 1.3° 12.1%  N.E, 0.5¢ 9.0°
Arginine (0.5 g/kg) 1.1 7.0°
t-dopa (10 mg/kg) 1.5°  3.8° 03 1.0°
LH (mIU/ml) GnRH (100 pg/m?) 0.1 1.7 0.1 N.E. 239 45 0.4 N.E. 0.1 3.1
FSH (miU/ml) GnRH (100 pg/m?) 1.0 6.2 3.7 N.E. 1.3 6.3 1.1 N.E. 1.5 9.9
TSH (uU/ml) TRH (10 ng/kg) 4.2 23.8 1.1 N.E. 0.2 1.9 1.1 N.E. 5.2 19.5
Prolactin (ng/ml)  TRH (10 ng/kg) 17.9 34.5 N.E. N.E. 55 8.3 9.1 N.E. 10.43 88.8
ACTH (pg/mi) Insulin (0.1 U/kg) 31 195 N.E. N.E. 24 N.E NE 4 222
Cortisol (ug/d)?  Insulin (0.1 Ukg)  12.7 9.4 NE 194 N.E.  NE 254 392
IGF- (ng/ml) 8 65 N.E. 5 214 N.E. 48
Testosterone (ng/dl) N.E. N.E. N.E. 45 <5 N.E. N.E.
Free T, (ng/dl) 1.32 1.17 N.E. 0.87 1.15 N.E 1.17
Free T5 (pg/ml) 2.91 3.24 N.E 1.94 392 NE 4.54

The conversion factor to the Sl unit: GH, 1.0 (ug/liter); LH, 1.0 (iU/liter); FSH, 1.0 (IU/liter); TSH, 1.0 (miUfliter); prolactin, 1.0 (ug /liter); ACTH, 0.22
(pmolfliter); cortisol, 27.59 (nmol/iiter); IGF-I, 0.131 {(nmol/liter); testosterone, 0.035 (nmol/iiter); free T,, 12.87 (pmol/iter); and free T, 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 in 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
a wide phenotypic spectrum including CPHD, IGHD, and
apparently normal phenotype and often cause PH and
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EPP, whereas homozygous HESX1 mutations usually
lead to CPHD as well as PH and EPP (2); 2) heterozy-
gous loss-of-function mutations of POUIFI usually
permitapparently normal pituitary phenotype, whereas
homozygous loss-of-function mutations and heterozy-
gous dominant-negative mutations usually result in
GH, TSH, and prolactin deficiencies and often cause PH
but not EPP (2); and 3) heterozygous GNRHI frame-
shift mutation are free from discernible phenotype,
whereas homozygous GNRHT mutations result in iso-
lated hypogonadotropic hypogonadism with no abnor-
mal pituitary structure (26). Collectively, overall pituitary
phenotype may primarily be ascribed to reduced HESX1
expression, although reduced POU1F1 and GNRH1 ex-
pressions would also play a certain 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.
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Summary

Objective Gitelman’s syndrome, recognized as a variant of
Bartter’s syndrome, is characterized by hypokalaemic metabolic
alkalosis in combination with hypomagnesaemia and hypocalciuria.
Overlapping biochemical features in Gitelman’s syndrome and
Bartter’s syndrome has been observed. Here, we investigated the
clinical, biochemical, and genetic characteristics of five, chronic,
nonhypertensive and hypokalaemic Japanese patients.

Methods Serum and urinary electrolytes, plasma renin activity
and plasma aldosterone concentration were measured in five
patients (four males and one female) with hypokalaemia. Renal
clearance tests were performed and distal fractional chloride
reabsorption calculated. Finally, mutational analysis of the thia-
zide-sensitive Na-Cl co-transporter gene was performed.

Results Symptoms in patients varied from mild (muscle weak-
ness and numbness) to severe (tetany and foot paralysis), All
patients were normotensive or hypotensive, and all had hypokala-
emia, hypocalciuria, and hyperreninaemic hyperaldosteronism.
However, two male patients had normomagnesaemia, while the
remainder was hypomagnesaemic. Renal clearance tests showed
that the administration of furosemide decreased distal fractional
chloride reabsorption, while thiazide ingestion failed to decrease it.
Genetic analysis identified six thiazide-sensitive Na-Cl co-trans-
porter gene mutations, including two novel ones. Therefore, on the
basis of the confirmatory renal clearance tests and mutational
analysis, a diagnosis of Gitelman’s syndrome was made in these
patients.

Conclusions Two of the five patients diagnosed with Gitelman’s
syndrome were normomagnesaemic, which is uncommon in this
syndrome. Our study indicates that renal clearance tests and muta-
tion analysis can play an important role in diagnosing Gitelman’s
syndrome more precisely.
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Introduction

Gitelman’s syndrome (GS), recognized as a variant of Bartter’s
syndrome (BS), is characterized by hypokalaemic metabolic alkalo-
sis in combination with hypomagnesaemia and hypocalciuria.’
Patients with GS are usually diagnosed in adulthood during routine
investigation, generally presenting with mild symptoms including
cramps and fatigue, although some suffer from severe symptoms
such as tetany, paralysis and rhabdomyolysis.” GS is frequently
associated with inactivating mutations in the thiazide-sensitive
Na-Cl cotransporter (TSC) gene,” also referred to as SLC1243, and
to date, more than 100 distinct TSC gene mutations have been
identified in GS.* Frequently, assessments of urinary calcium excre-
tion and serum levels of magnesium are used to biochemically
differentiate between GS and BS.> Although patients with GS and
BS in general have normal serum calcium levels, those with BS typi-
cally have normal or increased urinary calcium excretion, whereas
GS is characterized by hypocalciuria.” Moreaver, 60-70% of BS
patients have normomagnesaemia, whereas most patients with GS
have hypomagnesaemia.™® However, overlapping of biochemical
parameters between patients with GS and BS has been observed,”
In the present study, we investigated the clinical, biochemical,
and genetic characteristics of five chronic nonhypertensive and
hypokalaemic Japanese patients. Six TSC gene mutations, includ-
ing two novel mutations, were identified. Two male patients with
hypokalaemia and mutations in TSC were normomagnesaemic.
Our results provide evidence of the importance of using renal clear-
ance tests and mutation analysis to diagnose GS more precisely.

Methods

Patients

This study included five patients (four males and one female) with
hypokalaemia from Hokkaido University Hospital, Sapporo Shakai

© 2010 Blackwell Publishing Ltd



Hoken General Hospital, Sapporo City Hospital, Takikawa City
Hospital in Hokkaido, and Yokohama City University Hospital in
Yokohama, Japan. The details of two males and one female
(patients 1, 2 and 3) were described previously.”™*! All five patients
were on normal diets and not taking either regular medications or
supplements that could affect serum electrolytes. Serum and
urinary electrolytes, plasma renin activity (PRA) and plasma aldo-
sterone concentration (PAC) were measured by standard labora-
tory techniques. Four of the five patients underwent renal clearance
tests as described below. Genetic analysis was made following the
approval of the institutional review board and written informed
consent by the patients.

Renal clearance tests

Renal clearance tests were performed according to a previously
described protocol.'? Briefly, the patients ingested water (20 mi/kg
body weight) after an overnight fast then received an intravenous
infusion of 045% saline. Once the urinary flow reached a rate of
10 ml/min, either furosemide (20 mg intravenously) or hydrochlo-
rothiazide (100 mg orally) was administered. Clearance was calcu-
lated as follows: osmolar clearance (Cosm) = Uosm X V/Posm,
where V is the urine volume; the maximal free water clearance
{CH,0) = V — Cosm; chloride clearance (CCl) = UCl x V/PC};
and distal fractional chloride reabsorption (DFCR) is defined as
CH,0/(CH,0 + CCh.

Mutational analysis

Genomic DNA was isolated and purified from whole blood and
oligonucleotide primers were used to gemerate PCR products
from all 26 exons of the TSC gene as described in a previous
report.”* Amplified products were subjected to direct sequencing.
AmpliTag-Gold (PE Applied Biosystems, Foster City, CA, USA)
and its standard buffer were used in all reactions. PCRs were
carried out under the following conditions: initial denaturation
at 95 °C for 7 min, followed by 30 cycles at 94 °C for 1 min,
65 °C for 1 min, and 72 °C for 1 min. PCR products were puri-
fied by low melting agarose gel electrophoresis and subjected to
automated sequencing according to the manufacturer’s protocol
(PE Applied Biosystems, Model 373A DNA sequencer, Foster
City, UA, USA).

Table 1. Clinical features of patients

Gitelman’s syndrome presenting with normomagnesaemia 273

Results

Clinical features

Four males and one female, ranging in age from 18 to 56 years,
were included in the study (Table 1). The patients were asymptom-
atic throughout infancy with no history of renal stones or nephro-
calcinosis. Their symptoms at presentation varied from mild
(muscle weakness and numbness) to severe (tetany and foot paraly-
sis). One male (patient 4) was asymptomatic and hypokalaemia
was identified by a routine medical examination. All patients were
normotensive (patients 1 and 5) or rather hypotensive (patients 2,
3 and 4) for their age and gender (Table 1).

Biochemical data

Patient biochemical data are summarized in Table 2. All had hypo-
kalaemia (K" 1-7 to 3-5 mmol/], reference range 36-5-4), and their
renal function as assessed by serum creatinine was normal (data
not shown). Urine calcium to creatinine ratios were depressed
(u-Ca®*/Cr 0:002 to 0:115), and PRA and PAC were elevated (PRA
1'1 to 5'6 ngfl's, reference range 0°1-0-8; PAC 555 to 788 pmol/l,
reference range 83—164). These data are consistent with a clinical
diagnosis of GS.>** However, two male patients (patients 4 and 5)
were normomagnesaemic (Mg“ 07 and 09 mmol/]l, reference
range 0'7-1-1), which is pathognomonic for BS rather than GS,
whereas the others (patients 1, 2 and 3) were hypomagnesaemic
(Mg** 0-2 to 0:5 mmol/l).

Clearance tests

Since the clinical features and electrolyte imbalances indicated by
the biochemical studies were attributable to GS, a renal clearance
test using furasemide or thiazide was carried out in four of the
patients (patients 1, 3, 4 and 5). In one patient (patient 2), a renal
clearance test could not be carried out because it was difficult to
obtain her cooperation due to her mental retardation. The DFCR
results are shown in Table 3. In all four patients, administration of
furosemide decreased DFCR, while thiazide ingestion failed to
decrease DFCR. These results indicate that the thick ascending limb
of Henle’s loop, which is targeted by furosemide, is functionally
intact, and that the function of the thiazide-sensitive distal

Blood pressure

Patient Gender Age (years) mmHg Reference range Manifestations

1 Male 18 128/78 (113 £13/66 £ 9) Muscle weakness, tetany

2 Female 56 110/70 (131 £ 19/80 % 11) Headache, foot paralysis

3 Male 52 118/72 (136 + 19/85 £ 11) Sleeplessness, tinnitus

4 Male 39 106/60 (123 £13/78 £ 11) No symptom

5 Male 27 110/82 (120 £ 14/74 £ 11) Muscle weakness, numbness

Reference ranges show age and gender-specific means * SD.

© 2010 Blackwell Publishing Ltd, Clinical Endocrinology, 72, 272-276
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Table2. (a) Biochemical data of patients — circulating biochemical features. (b) Biochemical data of patients — urinary biochemical features

Na* K* ar Mg PRA PAC pH HCO;~
Patient {(mmol/l) {mmol/l) (mmol/l) (mmol/l) (ng/l's) (pmol/l) (mmol/})
(@)
1 142 35 99 02 111 555 742 255
2 140 17 90 05 56 583 759 416
3 143 2:6 90 05 42 685 745 323
4 139 29 97 09 39 788 7-44 317
5 141 31 97 07 4:4 755 7-46 289
Reference range 136-147 3-6-54 98-109 07-1-1 0-1-0-8 83-164 735745 23~28
u-Na* u-K* u-Cl” u-Ca’* u-Ca®*/Cr
Patient (mmol/day) (mmol/day) (mmol/day) (mmol/day) (mmol/mmol)
(b}
1 81-0 431 735 0-04 0-002
2 988 224 1235 045 0115
3 1676 771 1743 1-45 0110
4 67°5 627 943 126 0:000
5 1350 63-2 1650 0-87 0-003

PRA, plasma renin activity; PAC, plasma aldosterone concentration.
u-Ca™*/Cr, molar ratio of urinary calcium to creatinine.

Table 3. Distal fractional chloride reabsorption tests

Table 4. Thiazide sensitive co-transporter (TSC) mutations

Furosemide
Thiazide administration administration
Patient Pre (%) Post (%) Pre (%) Post (%)
1 852 757 777 194
2 ND ND ND ND
3 722 726 706 226
4 865 714 849 169
5 610 58-2 608 42'5

ND, not determined.

convoluted tubule is impaired. A clinical diagnosis of GS was made
on the basis of clinical features, laboratory data and renal clearance
tests in these four patients.

Mutational analysis of the TSC gene

To evaluate the potential of genetic tests to diagnose GS more pre-
cisely, mutational analysis of the TSC gene was carried out to sup-
plement the clinical observations. All 26 exons of TSC were
amplified from patient genomic DNA by PCR, then directly
sequenced in their entirety. Six different mutations, including three
novel mutations, were identified (Table 4). Patient 1 is heterozy-
gous for a C to A nucleotide transversion at nucleotide position
545 in exon 4, causing a predicted Thr to Lys substitution at codon
180. No other mutations were identified on either allele were in this
individual. Patient 2, who did not undergo a renal clearance test
study, is homozygous for a T for C transition at nucleotide position
1930 in exon 15, resulting in a predicted Arg to Cys missense
mutation at codon 642. On the basis of this previously reported

Patient Location Mutation

1 Exon 4 Thr180Lys (Heterozygosity)

2 Exon 15 Arg642Cys (Homozygosity)

3 Exon 1 clA>T (Homozygosity)

4 Exon 22/25 Leu858His/Ser976Phe
(Compound heterozygosity)

5 Exon 22/25 Leu858His/Arg964Gln

(Compound heterozygosity)

mutation,'® a diagnosis of GS was confirmed in patient 2, Patient 3
is homozygous for a T to A transversion in the initial codon of exon
1 {c1A>T), resulting in a predicted missense mutation. Patients 4
and 5 are both compound heterozygotes for three different muta-
tions. A T to A transversion at nucleotide position 2579 in exon 22
is common to both patients, and causes a predicted Leu to His
substitution at codon 858. Patient 4 is also heterozygous for a C to
T transition at nucleotide position 2933 in exon 25, resulting in a
predicted substitution of Ser for Phe at codon 976, Finally, patient
5 is also heterozygous for a G to A transition at nucleotide position
2897 in exon 25, which is predicted to substitute Arg for Glu at
codon 964. None of the two mutations (Leu858His and Ser976Phe)
identified in patients 4 and 5 have been previously described. Direct
sequencing did not identify these mutations in any of 25 unrelated
healthy subjects.

Discussion

Once vomiting, diuretic and laxative abuse are excluded from the
differential diagnosis of a nonhypertensive patient presenting with
hypokalaemia, rare conditions such as renal tubular acidosis, BS or

© 2010 Blackwell Publishing Ltd, Clinical Endocrinology, 72, 272-276



GS need to be considered. BS and GS have many clinical features in
common, such as hypokalaemic alkalosis, salt wasting, and normo-
tension or hypotension despite elevated levels of plasma renin and
aldosterone.'® The overlapping physiological features and phenotypic
variability of these disorders has resulted in confusion regarding
their classification. Clinically, the two have been distinguished
based on serum magnesium and urinary calcium findings,™® with
GS denoting the subset characterized by hypomagnesaemia and
hypocalcinria. An additional subset, namely patients with BS who
present neonatally and typically have nephrocalcinosis, has been
recognized.'” Patients with BS typically present before the age of six
with severe symptoms such as dehydration and growth retardation.
In contrast, patients with GS typically present in early adulthood
and with predominantly neuromuscular symptoms. Some of these
patients experience severe fatigue that interferes with daily activi-
ties, whereas others never complain of tiredness.'® According to
Bettinelli er al.,>'* clinical criteria diagnostic of Gitelman’s
syndrome are hypomagnesaemia, hypokalaemia, and hypocalciuria.
In our study, three cases (patients 1, 2, and 3) met these criteria,
however two male patients (patient 4 and 5) were normomagnesaemic.

Normomagnesaemia has been reported in some patients with
GS due to TSC mutations.'”** Although the causes of normomag-
nesaemia in patients with TSC mutations have remained elusive, a
recent study by Lin ef al.** has shed some light on the issue. They
reported two families with molecularly proven GS, in which male
patients had normal serum magnesium. Remarkably, female GS
patients within these families, who carried the same TSC mutations
as the male patients, had hypomagnesaemia. Although this study
was small, the authors concluded that gender may affect clinical
parameters in GS. In our study, the two normomagnesaemic
patients were also male. These data substantiate the possibility that
gender may play an important role in the regulation of both TSC
and the transient-receptor potential channel subfamily M, member
6 (TRPM6). TRPMSG is a magnesium-permeable channel localized
along the apical membrane of the distal convoluted tubule, to
which active magnesium reabsorption is restricted.”® Nijenhuis
et al®® concluded that reduced TRPMS6 expression and the result-
ing defect in active magnesium reabsorption in the distal convo-
luted tubule may represent a general mechanism in the
pathogenesis of hypomagnesaemia that accompanies GS. In studies
in rats, TSC expression in the distal convoluted tubule is subject to
control by sex hormones, leading to alterations in renal excretion
of electrocytes.”” TRPM6 has also been shown to be regulated by
oestrogens in rats.”® Nevertheless, other factors regulating the func-
tion of the TSC and TRPMG6 channels should be investigated as
possible explanations for the clinical variability of GS.

In the four male patients in the current study, renal clearance
tests showed that while the furosemide-sensitive segment of the
thick ascending limb of the loop of Henle was functionally intact,
the thiazide-sensitive segment of the distal convoluted tubule was
not, indicating a specific defect in TSC function. Although some
reports have shown that mutations in the kidney-specific basola-
teral chloride channel (CLCNKB) gene could cause a mixed
diagnosis of GS and BS,”>*® mutation of TSC was preferentially
expected on the basis of renal clearance test. We confirmed GS by
identification of TSC gene mutations in these patients.

© 2010 Blackwell Publishing Ltd, Clinical Endocrinology, 72, 272-276
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To date, more than 100 different TSC gene mutations,
including missense, nonsense, frameshift, deletion, insertion and
splice site mutations have been identified in patients with GS.*
These mutations are distributed throughout the coding sequence
of TSC, but occur most frequently in the intracellular domains
of the protein.*® Missense mutations are the most common
reported abnormality, and we identified six such mutations in
our GS patients. Among these mutations, four of the six were
localized in the intracellular cytoplasmic carboxyl terminus. The
mutations identified in patients 1 and 2 are common mutations
in Japanese GS patients,'™*> Although TSC in patient 2 had a
homozygous missense mutation (Arg642Lys), patient 1 had a
heterozygous missense mutation (Thr180Lys). We speculate that
patient 1 may have an unidentified gene abnormality on the
allele in addition to the Thr180Lys mutation.” The functional
consequence of the mutation in patient 3 is unknown, however
it may be speculated that this mutation might change amino
acid residues due to alternative initiation of translation at a sec-
ond, in-frame ATG present 53 codons downstream, potentially
impairing the function of the TSC protein.!! Patients 4 and 5
were compound heterozygous for two different mutations on
both TSC alleles, which is the most common inheritance pattern
in GS patients.”>*® Although Leu858His and Ser976Phe, which
were identified in the two patients, have not been previously
described, these are novel mutations but not single nucleotide
polymorphisms (SNP’s) considering the direct sequencing
results of unrelated healthy subjects, Because renal TSC in these
patients was deficient as indicated by the results of the renal
clearance test, these mutations may affect TSC function,
although functional studies would be required to state this
definitively. Although these patients were uncommon in having
normomagnesaemia, evidence suggests that this condition is
associated not with these TSC mutations but with other factors
such as gender, as described above,

In summary, we investigated the clinical, biochemical and
genetic characteristics of five chronic nonhypertensive and hypoka-
laemic Japanese patients. Two out of five patients diagnosed as GS
were normomagnesaemic, which is uncommon in GS. For more
precise diagnosis of GS, we suggest that renal clearance tests and
mutational analysis be carried out routinely.
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