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Methods
Case report

A 6-year-old previously healthy Japanese girl was admitted
to our hospital because of positivity for proteinuria and
microscopic hematuria that had been determined in a routine
school medical examination. On admission, the patient was
excessively alert, agitated, and anxious; her pulse rate was
150/min and blood pressure was 130/80 mmHg. A physical
examination revealed a diffusely enlarged thyroid. Thyroid
function tests revealed hyperthyroidism: the fiee-thyroxine
level was 4.98 ng/dL (normal range 0.95-1.74 ng/dL;
64.1 pmol/L), free-triiodothyronine was 13.4 pg/mL (2.13—
4.07 pg/mL; 20.6 pmol/L), and thyroid-stimulating hormone
(TSH) was below 0.003 pU/mL (0.34-3.88 pU/mL;
0.003 mU/L). Serum anti-thyroglobulin was positive at a
low titer (1:100x4, normal up to 100) , but anti-microsomal
(= antithyroid peroxidase antibody, anti-TPO) antibody was
moderately positive (1:100x4%, normal up to 100). The
TSH-receptor antibody was positive at 84% (up to £10%),
and thyroid-stimulating antibody (TSAb) was 898% (up to
180%). We therefore diagnosed her as having Graves’ dis-
ease and started medication with thiamazole. Her thyroid
function rapidly normalized, but her microscopic hematuria
(30—50 red blood cells per high-power field) and proteinuria
[urinary protein to creatinine ratio, 4.32 g/g (489 g/mol)]
continued. One month after the initial evaluation, she
underwent a renal biopsy. Her clinical course is shown in
Fig. 1. Her anti-nuclear antibody was negative, and serum
circulating immune complexes were negative based on
testing by multiple methods [fixed Clg-enzyme-linked

Fig. 1 Clinical course of the pres-
ent patient suffering from mem-

immunosorbent assay (ELISA) and monoclonal rheumatoid
factor (RF)-enzyme immunoassay (EIA)].

Light microscopy examination showed focal mesangial
proliferation without thickening of the glomerular capillary
walls or spike formation. However, granular IgG, Clq, and
C3 deposition was detected along the glomerular capillary
wall by a routine direct immunofluorescence method using
fluorescein-isothiocyanate (FITC)-labeled antibodies
against human IgG, IgA, IgM, Clq, C4, C3, and fibrinogen
(Cappel, Aurora, OH). Electron microscopy examination
revealed electron-dense deposits in the subepithelial spaces
(Fig. 2). These findings are consistent with stage I MN.

Following renal biopsy, we treated the patient with the
angiotensin-converting enzyme inhibitor (ACEI) lisinopril
to reduce her proteinuria. Three months after the initiation
of lisinopril therapy, her proteinuria was resolved.

Immunofluorescence study for TPO and thyroglobulin

The concomitant occurrence of thyroid and renal lesions in
this case led us to suspect that thyroid-associated antigen-
antibody complexes may have been responsible for the
renal involvement. To investigate the relationship between
the membranous nephropathy and Graves® disease, we
stained frozen sections from a renal biopsy specimen for
TPO and thyroglobulin using the immunofluorescence
technique. Serial sections were incubated with monoclonal
antibody against human TPO (TPO47; BioCytex, Mar-
seille, France; not diluted) and with FITC-labeled mono-
clonal antibody against human thyroglobulin (B34.1;
Abcam, Cambridge, UK; not diluted), washed, and then
stained with FITC-labeled goat anti-mouse IgG (Cappel,
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Fig. 2 Electron micrograph of a glomerulus from the patient. There
are electron-dense deposits located in the subepithelial and intra-
membranous spaces. Original magnification 3000%

Aurora, OH; diluted to 1:10) for TPO. Sections from
human thyroid gland were used as positive controls. The
primary antibodies were omitted in the negative controls.
Sections from a renal biopsy tissue showing minor
glomerular abnormality were stained by the same procedure
to serve as histological negative controls.

Results

The presence of TPO antigen was demonstrated as a
granular pattern in glomeruli from the patient, corre-
sponding to the granular deposits of IgG (Fig. 3a,b), while
thyroglobulin was not detected (Fig. 3c). The secondary
antibody alone produced a negative stain of TPO in the
patient. There was no stain in sections from a renal biopsy
tissue showing minor glomerular abnormality as the
negative control using the same methods. Sections from
human thyroid gland showed a positive stain for thyro-
globulin using the same methods. We therefore concluded
that the MN in this case had very likely been caused by
immune complexes related to TPO.

Discussion

Renal involvement in thyroid diseases is a relatively rare
event. However, two conditions have been recognized. One
is anti-neutrophil cytoplasmic antibody (ANCA)-positive
crescentic glomerulonephritis as a complication of treat-
ment with propylthiouracil [4, 5]. The other is MN
associated with autoimmune thyroid diseases, such as
Hashimoto’s and Graves’ diseases, in which a considerable
proportion of patients have thyroid-associated antigens,
such as thyroglobulin and TPO [6-15]. In the latter
condition, the development of MN may be associated with
administration of '*'I [8, 14].

Since the presumed cause of MN is the deposition of
immune complexes [1], the co-occurrence of Graves’
disease and MN led us to suspect that immune complexes
involving thyroid-associated antigen—antibodies were re-
sponsible for MN in this situation. The release of thyroid-
associated antigens, such as thyroglobulin, from the thyroid
may ultimately lead to MN [6—15]. It is believed that *'I
therapy may cause MN as a result of antigens released from
the ablated thyroid tissue [8,14].

In 1969, Weigle and Nakamura first reported the
production of autoimmune thyroiditis and nephritis in
rabbits immunized with thyroglobulin [16]. In 1976, the
first clinical case of MN related to autoimmune thyroiditis
(Hashimoto’s thyroiditis) was reported by O’Regan et al.
[6]. To our knowledge, there have been only seven English-
language reports of MN associated with Graves’ disease
(total 11 cases) [8—11, 13—15]. Immunofluorescence studies
of thyroglobulin were carried out in five of the 11 cases [8,
9, 11, 13, 14], and deposits of thyroglobulin were proven in
only four [8, 9, 11, 13].

In the present case, deposits of thyroglobulin were not
proven, but the presence of deposits of TPO along the
glomerular capillary walls was confirmed. Although there
have been a few reports of MN associated with Hashimo-

Fig. 3 Immunofluorescent glomerular staining for IgG (a), thyroid-
peroxidase (b), and thyroglobulin (e). Serial sections were stained
using fluorescein-isothiocyanate (FITC)-labeled antibodies against
human IgG (a), monoclonal antibody against human thyroid-peroxi-
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dase (b), and FITC-labeled monoclonal antibody against human
thyroglobulin (¢). FITC-labeled goat anti-mouse IgG was used as a
secondary antibody for thyroid-peroxidase. Original magnification
400%
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to’s disease showing positive staining for both thyroglob-
ulin and TPO in the kidney [6, 7, 12], no previous studies
of MN with Graves’ disease have examined both thyro-
globulin and TPO in the kidney. The case we present here is
the first to have been reported in which both thyroglobulin
and TPO were examined in the kidney, and it is also the
first reported case of MN associated with autoimmune
thyroid disease in which deposits of only TPO, and not
thyroglobulin, were confirmed by immunohistochemistry.
The positive immunofluorescent glomerular staining for
TPO corresponding to granular deposits of IgG supports the
contention that TPO antigen—antibody immune complexes
were the cause of MN in this case. In our patient, serum
anti-thyroglobulin was positive at a low titer (1:100 x 4,
normal up to 100), but anti-microsomal (= anti-TPO)
antibody was moderately positive (1:100x4%, normal up to
100). These titers are consistent with the findings from the
immunofluorescence microscopy examination for TPO and
thyroglobulin in the kidney. We performed the immunoflu-
orescence stainings for IgG and TPO on the serial sections;
however, a better approach may be to localize IgG and TPO
on a section by confocal microscopy. However, stainings
using complete serial sections are still a powerful tool.

With regard to the negative staining using anti-thyro-
globulin antibody shown in Fig. 3c, we have to consider at
least three different situations: (1) as we presume here, the
observed result indicates the absence (or undetectable
levels) of thyroglobulin in glomeruli; (2) the lack of staining
simply represents a technical difficulty with this antibody
(however, this is not likely since our use of human thyroid
tissue as a positive control ensured that the antibody worked
well under the staining conditions we used); (3) thyroglob-
ulin is indeed present within glomerular immune deposits,
but the epitope recognized by the antibody used here is
masked or otherwise unavailable for binding. Thyroglobulin
in deposits may be completely hidden by antibodies in
immune complexes. Although the use of another antibody
for thyroglobulin or an elution step to remove some of the
bound antibodies may resolve this condition, unfortunately,
the limitation in the amount of tissue available from the
patient for testing did not allow us to confirm it. Therefore,
the third condition remains unclear.

The molecular weights of thyroglobulin and TPO are
approximately 660 and 100 kDa, respectively. The differ-
ence in molecular weights may influence the deposition and
formation of the immune complex. In addition to size,
charge and/or other physicochemical properties of TPO
may facilitate its deposition in a subepithelial location.

We believe that treatment with thiamazole indirectly led
to decreased circulating TSAb and TSH-receptor antibody,
which in turn led to decreased stimulation of TPO
synthesis/secretion and finally decreased the autoantibody
(anti-TPO antibody = anti-microsomal antibody) level in
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our patient. Such a chain of events could have led to a
reduction in the deposition of the immune complex in the
kidney. In fact, during the clinical course of our patient,
changes in TSAb/TSH-receptor antibody were concomitant
with those of TPO (Fig. 1). The use of thiamazole may
have been effective for the treatment of not only Graves’
disease but also MN in this specific setting.
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Abstract Type I Bartter syndrome (BS), an inherited
salt-losing tubulopathy, is caused by mutations of the
SLCI2AI gene. While several intronic nucleotide changes
in this gene have been detected, transcriptional analysis had
not been conducted because mRNA analysis is possible
only when renal biopsy specimens can be obtained or occa-
sionally when mRNA is expressed in the leukocytes. This
report concerns a type I BS patient due to compound hetero-
zygosity for the SLCI2A1 gene. Genomic DNA sequencing
disclosed the presence of two novel heterozygous
mutations of ¢.724 + 4A > G in intron 5 and ¢.2095delG in
intron 16, but it remains to be determined whether the
former would be likely to influence the transcription. In this
report, we conducted both in vivo assay of RT-PCR analy-
sis using RNA extracted from the proband’s urinary sedi-
ments and in vitro functional splicing study by minigene
construction, and obtained evidence that this intronic
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mutation leads to complete exon 5 skipping. To the best of
our knowledge, this is the first study to use non-invasive
methods for both an in vivo assay and an in vitro functional
splicing assay of inherited kidney disease. These analytical
assays could be adapted for all inherited kidney diseases.

Introduction

Inherited salt-losing tubulopathies with secondary hyper-
aldosteronisms, known as Bartter syndromes (BS) are auto-
somal recessive inherited disorders characterized by
hypokalemic metabolic alkalosis accompanied by normal
or low blood pressure despite hyperreninemia and hyperal-
dosteronemia. Recent genetic studies have found that these
diseases are caused by mutations in one of the four genes,
which lead, either directly or indirectly, to transporter or
channel loss-of-function and are classified as type I-IV BS
(OMIM 601678, 241200, 607364, and 602522, respec-
tively) (Simon et al. 1996a, b; Simon et al. 1997; Birkenhager
et al. 2001).

Patients with type I BS are characterized by impaired
renal concentrating capacity and by hypercalciuria, result-
ing in the clinical characteristics of polyhydramnios and
nephrocalcinosis. Type I BS usually arises during the ante-
natal to neonatal period, and is caused by mutations of the
SLCI2AI gene that encodes the Na—K-2Cl cotransporter
(NKCC2) (Simon et al. 1996).

To date, more than 30 different mutations of the
SLCI2A1 gene including intronic mutations outside the
splice consensus sequence have been identified throughout
the gene (Simon et al. 1996; Vargas-Poussou et al. 1998;
Brochard et al. 2009). However, most of the studies to date
have performed mutational analysis of the SLCI2A1 gene
by using genomic DNA obtained from peripheral blood
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leukocytes because kidney biopsy is rarely needed for these
patients and the SLC/2A ] mRNA is not expressed in leuko-
cytes. Although nucleotide changes in the intronic sequence
have been reported, the exact nucleotide pathogenic mecha-
nism has not been identified.

In the study reported here we performed an in vivo assay
of RT-PCR analysis using mRNA extracted from urinary
sediments and an in vitro functional splicing study using
minigene construction in a Japanese female patient with
type 1 BS. These splicing examination assays have the
potential to be used for all inherited kidney diseases with
intronic mutations.

Methods
Patient

The patient was a 7-year-old Japanese female with polyhy-
dramnios who was the second of two siblings of healthy,
non-consanguineous parents. Her elder sister also had poly-
hydramnios, was born prematurely and died with severe
infection, but details including laboratory data were not avail-
able. The patient was born at 33 weeks’ gestation complicated
by polyhydramnios, and her birth weight was 1,830 g. She
showed failure to thrive since 3 months after birth, milk vom-
iting was frequently seen with common cold and when she
was 2 years old, she developed upper tract infection and
showed severe dehydration, so she was referred to our hospi-
tal. At that time she showed hypokalemia (2.1 mEq/l) which
continued after recovery. She was therefore suspected of hav-
ing BS and a biochemical examination was conducted to
establish a clinical diagnosis. At physical examination, her
height was 85 cm (—2.1 SD). Her potassium level was low
(2.1 mEg/) and she had persistent metabolic alkalosis (pH
7.51). In spite of normal blood pressure, plasma renin activity
(160 ng per ml per h; reference value: 0.5-2.0) and serum
aldosterone (360 ng/dl; reference value: 56.9-150) levels
were high, while serum magnesium (2.5 mg/dl; reference
value: 1.7-2.5) level was normal. These findings led to a diag-
nosis of antenatal BS and treatment with potassium supply
and spironolacton was started. At present she is 7 years old
and 120.5 cm (—0.4SD) tall. She shows normal renal function
(blood urea nitrogen: 6.7 mg/dl; Cr: 0.23 mg/dl) and high
urine calcium excretion (urinary Ca/Cr: 0.63 mg/mg; refer-
ence value: 0.1-0.3). An abdominal sonographic study
revealed bilateral medullary nephrocalcinosis.

Mutation analysis
After obtaining informed consent from the proband’s par-
ents, we performed genetic analysis of the SLCI2AI gene

in this family.
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Isolation of DNA

DNA was isolated from peripheral blood samples in this
family with standard phenol—chloroform extraction meth-
ods. Twenty-six primer pairs were generated to amplify all
26 exons including their exon-intron boundaries of the
SLCI2A1 gene. Polymerase chain reaction (PCR) and the
direct sequence method were used to determine the DNA
sequence with an automated DNA sequencer (model 310;
Applied Biosystems, Foster City, CA).

Extraction of total RNA

Total RNA was extracted from urine sediments, which
were obtained by centrifugation at 1,500 rpm for 10 min
from 100 mL of early morning urine. Microscopic exami-
nation of these sediments confirmed that there were suffi-
cient renal tubular epithelial cells. RNA was isolated with
the Isogen Kit (Nippon Gene Co., Toyama, Japan), and
then reverse-transcribed into cDNA by using random hexa-
mers and the Superscript IH Kit (Invitrogen, Carlsbad, CA).
¢DNA was amplified by means of nested PCR with forward
primers located in exon 3, and the reverse primer comple-
mentary to exon 7 (exon 3 first forward: CTGAAC
ATCTGGGGAGTCATG; second forward: CTCCTGGAT
TGTTGGAGAAGCTG; exon 7, first reverse: AGTTCCA
ATGAAGAAGTTTGC; second reverse: GAAGAATGAC
CAGAAGAATGACQC). After 40 cycles of amplification,
PCR products were separated on 2% agarose. In addition,
PCR products were sequenced with a DNA sequencer
(Perkin-Elmer-ABI, Foster City, CA). We used mRNA
extracted from a healthy volunteer blood sample and urine
to obtain normal control leukocyte and urinary sediments
mRNA and the Human Kidney cDNA Library (Invitrogen)
to obtain normal control kidney cDNA.

In vitro splicing assay

In our in vitro splicing experiments, hybrid minigene con-
structs were created by inserting a test sequence consisting of
exon 5 and its flanking introns into the multicloning site
within an intervening intron between two exons (exon A and
B) of the minigene construct (H492) built in the pcDNA 3.0
mammalian expression vector (Invitrogen) (Fig. l1a) (Thi
Tran et al. 2005; Tran et al. 2006). Each test sequence was
obtained to amplify control sample and the proband’s geno-
mic DNA by PCR using primers that corresponded to introns
4 and 5, and included Nhel and BamHI restriction enzyme
recognition sites, respectively (InSF-Nhe: 5'-CGCGCTAGC
CCAAGAAGGGCTAAGTTATTCACTG-3" and InSR-
Bam: 5'-CGCGGATCCTGCGAGAACCTGGACTCAAA-
3"). The amplified products were digested with Nhel and
BamHI (New England Biochem, UK), and inserted into the
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Fig. 1 Hybrid minigene tests Nhe !

Bam Hi
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in an in vitro splicing assay,

l—-—H Exon5 I-—H B

a Schema of hybrid minigene
construct A minigene (H492)
was constructed to encode two
cassette exons (A and B) and an
intervening sequence containing
a multicloning site. The mini-
gene contained a cytomegalovi-
rus (CMV) enhancer—promoter
and a bovine growth hormone
gene (BGH) polyadenylation
signal (black boxes) for com-
plete synthesis of mRNA. The
primers used in the RT-PCR
assay are represented by arrows.
b, ¢ RT-PCR amplified products
of hybrid minigene transcripts.
As shown in the gel file, a com-
paratively large band (329 bp)
was present in the WT construct
both in HeLa and HEK?293 cells.
In contrast, in the patient only a
relatively small band (189 bp)
was detected in both cell lines,
which corresponds to skipping
of exon 5 b. The PCR product
containing the entire exon 5
sequence between cassette exons

CMV
pretomor

Hela

Wild type  Mutation

BGH

Poiy A site

HEK293

Wild type  Mutation

A and B was obtained from the
minigene encoding the wild-type
exon 5 since some of the product
without exon 5 was present

(c top). On the other hand, no
product containing exon S could
be obtained from the hybrid
minigene containing exon 5 with
the intronic mutation (¢ bottom)

Wiy

i

i

s

TTAAAAGAAAAAGTCAAT/GTGGGGCCTACTATCTT

TTAAAAGAAAAAGTCAAT/AGGGTGTTAATGCAG

minigene that had been digested with the same restriction
enzymes. In this way, we constructed both wild-type and
mutant hybrid minigenes that carried exon 5 with wild-type
or mutated (c.724 + 4A > G) flanking introns, respectively.
After their sequences had been confirmed, these hybrid
minigenes were transfected into HeLLa cells derived from cer-
vical cancer cells and HEK293 cells derived from human
embryonic kidney cells for splicing assays as described else-
where (Thi Tran et al. 2005; Tran et al. 2006). Cells were
harvested 24 h after the transfection and total RNA was
extracted with the Isogen Kit. Five micrograms of total RNA
was subjected to reverse transcription using random hexamer
primers and the PCR was performed by using a forward
primer corresponding to a segment of upstream exon A and a
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reverse primer complementary to a segment of the down-
stream exon B as previously described (Fig. 1) (Thi Tran
et al. 2005). PCR products were analyzed by means of elec-
trophoresis on an 8% polyacrylamide gel and with direct
sequencing.

Results
Mutation analysis
Direct sequencing of the PCR-amplified products disclosed

two novel mutations, one base substitution at the 4th base
of intron 5 (¢.724 + 4A > G) and one base deletion in exon
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16 (¢c.2095delG) (Fig. 2). The same analyses of the parents’
samples disclosed that the substitution was located on the
maternal allele and the deletion on the paternal allele,
which meant that the patient possessed the compound
heterozygote of these two mutations. The substitution was
not detected in 100 healthy control samples. It was there-
fore hypothesized that exon 5 from the maternal allele
might have been skipped in the transcript. Exon 5 consists
of 140 bp and when skipped in the transcript, will lead to
the creation of premature stop codon in exon 6 (Fig. 3). The
latter one base deletion mutation will also create premature
stop codon in exon 16 immediately after the deletion muta-
tion (Fig. 2).

Exonb I Intron5

il lu

J ‘l“ 4§ VI &
GTAGATCTTCTTAAG gtaattaaaagcettttetttt
gtagttaaaagcttttctttt

€.2095delG
B
I

UMW N

AAGACCTGCTCTCCTGGACATAACTCACGCCTTTACCA
ACATAACTCACGCCTTTACCAA
T X

Fig. 2 Nucleotide changes in the SLC12A1 gene. a A heterozygous
single-base substitution of A to G in intron 5 (¢.724 +4 A > G) was
detected in the maternal allele. b A heterozygous 1-bp deletion at
nucleotide 2095 located in exon 16 (¢.2095 del G) was detected in the
paternal allele

Fig. 3 Transcript abnormality
in the SLC12A1 gene. Electro-
phoresis and the direct sequenc-
ing results of cDNA after PCR.
The control leukocyte sample
shows no band a, the control
kidney b and urine sediments

¢ samples show only one normal
band, whereas the sample
extracted from urinary sedi-
ments of the patient d show two
bands, one the same size as the
control sample and the other
show an exon 5 skipped sequence
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To confirm the inactivation of the splice-donor site,
mRNA extracted from urinary sediments was used to
amplify a fragment of exons 3-7 by means of reverse-tran-
scription PCR (RT-PCR) with a pair of primers recognizing
both exon 3 and 7. PCR products from the patient’s sample
showed two bands: one the same size as the control, and the
other shorter (Fig. 3). Sequencing of the shorter product
disclosed complete absence of the exon 5 sequences since
exon 4 was directly joined to exon 6. This shorter band was
not amplified in the normal kidney and urinary sediments.
The RT-PCR results using mRNA extracted from leuko-
cytes showed no bands, indicating that the leukocytes did
not express mRNA of the SLC12A1 gene.

In vitro splicing assay

Either the wild-type exon 5 or exon 5 with intronic muta-
tion together with the flanking intron sequenceswas
inserted into the preconstructed minigene to create hybrid
minigenes, and their transcripts were analyzed by RT-PCR
amplification. The PCR product containing the entire exon
5 sequence between the cassette exons A and B was
obtained from the minigene encoding the wild-type exon 5
since a certain quantity of the product without exon 5 was
present (Fig. 1b, ¢). On the other hand, the product contain-
ing exon 5 could not be obtained from the hybrid minigene
containing exon 5 with the intronic mutation. A larger
product corresponding to the product containing exon 5 and
a smaller product without exon 5 were detected between
exons A and B (Fig. 1b, ¢). The results indicated that the
mutation-created disruption of the splicing donor site
appeared in both the HeLa cells and HEK293 cells of this
hybrid minigene. This confirmed that the ¢.724 +4A > G
mutation alone is responsible for the aberrant splicing.

Discussion

To date, about 30 different mutations of the SLCI2A1 gene
have been identified throughout the gene in patients with

Exon4 l Exon5

/ ACGGGTTTGTTCGTGGAG/GTGGGGCCTACTATCTT

Exon4 ‘ Exon6

AACGGGTTTGTTCGTGGAG/GAGAGTGATTCGATGATG
G E X
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type I BS. These mutations include missense, nonsense,
deletion, insertion, and splicing site mutations as well as
intronic mutations outside the splice consensus sequence
(Simon et al. 1996; Vargas-Poussou et al. 1998; Brochard
etal. 2009). However, the biological effect of missense
mutations or intronic alterations outside the splice consen-
sus site is often difficult to assess without further functional
analysis. For missense mutations, biophysiological func-
tional analysis is usually performed to determine whether
the mutation is disease associated. On the other hand, to
identify intronic mutations resulting in aberrant splicing is
difficult because target tissues other than peripheral blood
leukocytes are not always available for the mRNA analysis.
Furthermore, alternative splicing is frequently observed in
truncation and when exon skipping is observed, it is diffi-
cult to determine whether it is a disease-causing splicing
abnormality. Therefore, functional splicing study is needed
for the intronic mutations.

In the study reported here, a novel compound hetero-
zygous mutation of ¢.724 + 4A > G and ¢.2095delG of the
SLCI2A1 gene was identified in a Japanese girl diagnosed
with antenatal BS. However, it was not clear whether the
former was a mutation that could be the pathogenic for type
I BS. In fact, this intronic mutation was not detected in 100
healthy control samples and the Shapiro’s splicing proba-
bility scores for the splice donor site of intron 5 were there-
fore calculated (Shapiro and Senapathy 1987). The scores
for the intron 5 splice donor site were 0.86 for the wild type
and 0.74 for the mutant, leading to a strong suspicion that
the splicing donor site was disrupted with this mutation.
For this reason, we conducted in vivo and in vitro splicing
assays to resolve this problem.

First, we performed the in vivo splicing analysis using
urinary sediments. It is important to identify transcript
abnormalities in every target organ, and only when tran-
scripts were expressed in the blood leukocytes, could we
conduct our investigation at the transcript level using the
leukocytes instead. However, the transcripts of the
SLCI2A1 gene were not expressed in blood leukocytes
(Fig. 3). Renal biopsy specimens can be used as a source
for mRNA analysis in inherited kidney diseases, but renal
biopsy is invasive and not always needed for some kidney
diseases including BS. Urinary sediments, on the other
hand, contain cells derived from the kidney, and genetic
analysis using those cells constitutes an entirely non-inva-
sive, simple method for the diagnosis of inherited kidney
diseases. Igarashi et al. were the first to identify transcript
abnormalities by extracting mRNA from urinary sediment
cells of patients with Dent disease (Igarashi et al. 2000).
Following up on this result, we used this analytical method
for two inherited kidney diseases, Gitelman syndrome and
Alport syndrome, and both analyses were successful (Ilida
et al. 2008; Kaito et al. 2007; Krol et al. 2008). However,
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since in these three diseases (Dent disease, Gitelman syn-
drome and Alport syndrome) the mRNA of the causative
genes is also expressed in the leukocytes a transcriptional
study using leukocytes could be used as an alternative. The
mRNA of the SLC12A1 gene was not detected in the leuko-
cytes demonstrating that this in vivo assay is quite useful
for all inherited kidney diseases to determine the presence
of abnormal transcripts in target organ cells.

Second, we performed in vitro splicing analysis by using
a hybrid minigene which clearly showed the intronic muta-
tion disrupt splice donor site. This finding indicated that the
¢. 724 + 4A > G mutation was likely to be the pathogenic
mutation for type I BS. In vitro splicing assays have been
conducted for several diseases to identify the splicing
abnormalities derived from intronic and sometimes exonic
mutations (Thi Tran etal. 2005; Tran et al. 2006; Take-
shima et al. 1995; Tran et al. 2007). For inherited kidney
diseases, Bergmann et al. conducted a splicing analysis to
confirm whether the PKHD/ ¢.53-3C > A in intron 2 muta-
tion leads to exon 3 skipping in the transcripts (Bergmann
et al. 2006). They used this analysis because they could not
get mRNA from kidney specimens and proved that this
mutation was disease causing. In our study, however, we
obtained the same proof both in vivo and in vitro by using
urinary sediments and minigene construction, thus confirm-
ing the both methods are sufficiently reliable.

The results of our in vitro splicing assay of the minigene
encoding the wild-type exon 5 unfortunately showed a cer-
tain quantity of the product without exon 5 in both Hela
and HEK293 cell lines. We confirmed that the transcripts
with exon 5 skipped were negative in normal kidney and
normal urine sediments cDNA, which means exon 5 was
not alternatively spliced in the normal transcripts. To
explore the effect of the exonic splicing silencers (ESS) on
exon 5 (Wang et al. 2004), the web-based resources known
as ACESCAN2 (ACESCAN2 Web Server, http://
genes.mit.edu/acescan2/index.html) were used to identify
putative ESS and it became clear that there are 12 candidate
sequences for ESS in exon 5. It is speculated that these
sequences caused exon skipping in this in vitro assay.
Another consideration is that, although previous reports
using the same minigene construction showed clear results
(Thi Tran et al. 2005; Tran et al. 2006; Takeshima et al.
1995; Tran et al. 2007), this assay has limited splicing abil-
ity, which sometimes leads to incomplete results as
reported here.

According to the parents, the patient’s elder sister who
was prematurely born under condition of polyhydramnios
died as an infant because of severe infection. Although no
medical record could be obtained, we speculate she
probably died not from severe infection and septic shock
but from hypovolemic shock due to the same inherited
tubulopathy.
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QOur in vivo and in vitro assays clearly proved the
¢.724 + 4A > G mutation is the pathogenic mutation for
type I BS. To the best of our knowledge, this is the first
study to demonstrate the efficacy of the non-invasive in
vivo and in vitro functional splicing assays for Bartter syn-
drome. These analytical assays have the potential to be
adapted to all inherited kidney diseases where patients’
genetic tests show the presence of intronic mutations that
are strongly suspected of being pathogenic.
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Abstract Mast cell-derived chymase is an angiotensin II-
forming enzyme that appears to be involved in tubulointer-
stitial fibrosis in the kidneys. Previous studies have shown
that the level of chymase increases in grafted kidneys after
rejection and in adult patients with diabetic nephropathy.
However, the significance of chymase in children with
renal diseases has not been investigated. Using immuno-
histochemistry, we have investigated chymase expression in
biopsy samples of renal tissue from 104 children with
kidney diseases, including rapidly progressive crescentic
glomerulonephritis (n=3), diabetic nephropathy (n=2),
allografted kidney (n=3), membranoproliferative glomeru-
lonephritis (r=6), immunoglobulin A nephropathy (n=33)
and Henoch—Schénlein purpura nephritis (n=23). Increased
numbers of chymase-positive mast cells were observed in
the renal cortex of all three patients with crescentic
glomerulonephritis (mean 26.0/mm?%; range 19.3-36.8/
mm?). Chymase-positive cells were also observed in the
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renal biopsy of an allografted kidney and in those from
children with diabetic nephropathy. The mean number of
chymase-positive cells in renal tissue samples characterized
by each renal disease was significantly correlated with the
mean intensity of the interstitial fibrosis in that same tissue
sample (Spearman’s rank correlation test p=0.0013; rank
correlation coefficient 0.84). These findings suggest that
mast cell-derived chymase plays an important role in
Juvenile crescentic glomerulonephritis.

Keywords Angiotensin Il -

Diabetic nephropathy - Allografted kidney -
Immunohistochemistry - Immunoglobulin A nephropathy -
Interstitial fibrosis - Rapidly progressive glomerulonephritis

Introduction

Mast cell (MC)-derived chymase is one of the serine
proteases present in the secretory granules of MCs. It is an
angiotensin II (ATII)-forming enzyme, similar to angioten-
sin converting enzyme (ACE). Chymase has no enzymatic
activity under normal physiological conditions, but it is
activated immediately after release into the extracellular
matrix. Unlike ACE, the effects of chymase are limited to
specific tissues. It has been suggested that chymase plays
an important role in the progression of tubulointerstitial
fibrosis via ATII. Recent studies have shown that chymase
expression increases in rejected kidney grafts and in the
kidneys of adults with diabetic nephropathy and immuno-
globulin A nephropathy (IgAN) [1-4]. To date, however,
the significance of chymase in children with renal diseases
is still unclear.
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Methods
Patients

Biopsy samples of renal tissue from 104 pediatric patients
with renal diseases were examined (Table 1). The mean
patient age+ standard deviation (SD) was 10.6+4.9 years,
and there was an equal distribution of sexes (52:52) in the
patient cohort. Each renal specimen was subjected to
routine histological examination, and the intensity of
interstitial fibrosis was graded semiquantitatively based on
the Banff classification of renal allograft pathology (from
ci0 to ci3) [5]. A summary of three patients with crescentic
glomerulonephritis showing rapidly progressive glomerulo-
nephritis (RPGN) clinically is shown in Table 2. The
estimated glomerular filtration rates (eGFRs) at renal
biopsy by Schwartz’s formula were 22.0, 8.8 and 7.6 ml/
min per 1.73 m® body surface area (BSA). All of the
patients with other renal diseases, except for those with
allografted kidneys, showed normal eGFR (>90 ml/min per
1.73 m? BSA). Of the patients with allografted kidneys, two

underwent protocol biopsies (1 and 3 years after renal
transplantation, respectively) and one underwent an event
biopsy. Their eGFRs were 85.9 (1 year), 75.3 (3 years) and
11.6 (event) ml/min per 1.73 m* BSA, respectively. With
IgAN, the extent of mesangial proliferation (focal or
diffuse) was defined based on World Health Organization
criteria [6]. Henoch—Schénlein purpura nephritis (HSPN)
was graded using the International Study of Kidney Disease
of Children’s (ISKDC) grade [7]. Each patient’s family
gave informed consent for the renal biopsy and studies.

Immunohistochemical staining

Samples of biopsied kidney were snap-frozen and stored
at —80°C until use, at which time they were then cut into 4-
um-thick sections using a cryostat and subjected to
immunohistochemical staining. The sections were fixed in
Carnoy’s fixative before staining for chymase, which
involved incubation with anti-human chymase monoclonal
antibody (diluted 1:500; Chemicon International, Temecula,
CA) for 1 h at room temperature. After washing, the

Table 1 Mast cell chymase expression in kidney tissues from children with various renal diseases

Diagnosis Number of  Mean intensity of interstitial  Number of patients showing Mean number of chymase-
patients fibrosis™ ® (range) chymase-positive cells (%) positive cells®/mm? (range)
Crescentic 3 3.0 3-3) 3 (100.0%) 26.0 (19.3-36.8)
glomerulonephritis
Diabetic nephropathy 2 0.5 (0-1) 1 (50.0%) 2.6 (0-5.1)
Allografted kidney 3 0.7 (-1 1 (33.3%) 2.2 (0-6.5)
Protocol biopsy 2 0.5 (1-D 0 (0.0%) 0.0 (0-0)
Event biopsy 1 0.0 1 (100.0%) 6.5
Membranoproliferative 6 0.2 (0-1) 2 (33.3%) 0.5 (0-2.4)
glomerulonephritis
Immunoglobulin A 33 0.3 (0-2) 6 (18.2%) 0.6 (0-7.0)
nephropathy
Focal mesangial 22 0.1 (0-1) 4 (18.2%) 0.4 (0-2.4)
proliferation
Diffuse mesangial 11 0.6 (0-2) 2 (18.2%) 0.9 (0-7.0)
proliferation
Focal segmental 6 1.2 (1-2) 1 (16.7%) 0.3 (0-1.9)
glomerulosclerosis
Henoch—Schénlein 23 0.3 (0-2) 2 (8.7%) 0.3 (0-6.2)
purpura nephritis
Crescent < 50% 16 0.1 (0-1) 2 (12.4%) 0.4 (0-6.2)
Crescent > 50% 7 0.7 (0-2) 0 (0.0%) 0.0 (0-0)
Minimal-change 22 0.0 (0-0) 1 (4.6%) 0.1 (0-1.1)
nephrotic syndrome
Membranous 3 0.0 (0-0) 0 (0.0%) 0.0 (0-0)
glomerulonephritis
Alport’s syndrome 2 0.0 (0-0) 0 (0.0%) 0.0 (0-0)
Lupus nephritis, Class i 0.0 0 (0.0%) 0.0
V-G (A)

2The intensity of interstitial fibrosis was graded semiquantitatively using the Banff classification of renal allograft pathology (from ci0 to ci3) [5]
®Spearman’s rank correlation test showed that the p value and rank correlation coefficient were 0.0013 and 0.84 between them
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Table 2 Crescentic glomerulonephritis showing rapidly progressive glomerulonephritis syndrome
Case Sex of Ageat Duration from eGFR by Schwartz’s ANCA  Anti- Circulating  Interstitial Number of
number patient biopsy detection to formula at biopsy (mV/ GBM immune fibrosis® chymase-
(years) Dbiopsy (days) min per 1.73 m?) antibody  complex positive cells
(/mm?)
1 M 8 11 22.0 MPO+ - - 3+ 36.8
PR3-
2 F 6 20 8.8 MPO+ N/D - 3+ 218
PR3~
3 M 10 11 7.6 MPO- - - 3+ 193
PR3-

eGFR Estimated glomerular filtration rate; ANCA anti-neutrophil cytoplasmic antibody; PR3 proteinase-3; MPO myeloperoxidase; GBM

glomerular basement membrane; N/D not determined

*The intensity of interstitial fibrosis was graded semiquantitatively on a scale from 0 to 3+: none, 0; slight, 1+; moderate, 2-+; and intense, 3+

sections were incubated with a secondary antibody conju-
gated to a peroxidase-labeled polymer using the Envision+
system (Dako Cytomation, Glostrup, Denmark). These
samples were visualized with 3,3'-diaminobenzidine tetra-
hydrochloride and counterstained with hematoxylin. A
double staining procedure using rabbit anti-human CD117
(c-kit) antibody (diluted to 1:400; Dako Cytomation) was
performed to confirm that the chymase-positive cells were
MCs. For negative control staining, we used the vehicle or
the secondary antibody alone.

Counting of chymase-positive cells

All chymase-positive cells in the whole area of each section
were counted, and the area of each section was measured
using Image J ver. 1.37 software (National Institutes of
Health, Bethesda, MD). This was performed blind, without
knowledge of the clinical and pathological findings. The
number of positively stained cells in each section was
expressed as the absolute number of positive cells per
square millimeter.

Statistical analyses

Spearman’s rank correlation test was used to examine the
association between the mean intensity of interstitial
fibrosis and the mean number of chymase-positive cells of
each renal disease.

Results

The number of patients examined, the mean intensity of
interstitial fibrosis, the number and ratio of patients
showing chymase-positive cells and the mean number of
chymase-positive cells per square millimeter are shown in
Table 1. Chymase expression was observed only in the
interstitium.
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Chymase expression was detected in the tissue samples
of all three patients with crescentic glomerulonephritis. A
representative micrograph showing chymase expression in
renal tissue from a patient with crescentic glomerulone-
phritis is shown in Fig. 1. The mean number of chymase-
positive cells in the renal cortex of these patients was 26.0/
mm? (range 19.3-36.8). The renal specimens from all of the
children with crescentic glomerulonephritis showed intense
interstitial fibrosis.

The mean numbers of chymase-positive cells were 5.1
and 6.5/mm?, respectively, in those patients with diabetic
nephropathy and with allografted kidneys showing positive
chymase expression (one patient each). The renal specimen
from the patient with diabetic nephropathy with chymase-
positive cells showed slight interstitial fibrosis, while that
without chymase-positive cells showed no interstitial

Fig. 1 A representative micrograph showing chymase expression in
renal tissue from a patient with crescentic glomerulonephritis. drrow-
heads Chymase-positive cells
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fibrosis. The patient with an allografted kidney showing
positive chymase expression underwent an event renal
biopsy, which demonstrated acute tubule necrosis.

In tissue samples obtained from patients with membrano-
proliferative glomerulonephritis, the maximum number of
chymase-positive cells was 2.4/mm?. In those from patients
with IgAN, there was no difference in the chymase-positive
cell ratio between focal and diffuse mesangial proliferation.
The maximum numbers of chymase-positive cells were 2.4
and 7.0/mm’ in renal tissue samples showing focal and
diffuse mesangial proliferation, respectively.

One patient of the six children with focal segmental
glomerulosclerosis (16.7%) and one of the 22 with
minimal-change nephrotic syndrome (4.6%) showed chy-
mase positive cells.

Among the 23 HSPN patients, two showed chymase-
positive cells. There was no association between ISKDC
grade and chymase-positive cell ratio in HSPN.

The mean number of chymase-positive cells in tissue
samples characterized by each renal disease was signifi-
cantly correlated with the mean intensity of the interstitial
fibrosis in that same tissue sample (Spearman’s rank
correlation test p=0.0013; rank correlation coefficient
0.84).

Discussion

The aim of this study was to clarify the involvement of
MC-derived chymase in children with renal diseases. To
our knowledge, this is the first report to describe chymase
expression in children with renal diseases. We found a
significantly increased number of chymase-positive MCs in
all three patients with crescentic glomerulonephritis show-
ing RPGN clinically. The accumulation of chymase-
positive cells in the interstitium appeared to be correlated
with the loss of renal function, and it was correlated with
tubulointerstitial damage characterized by intense fibrosis.
These findings suggest that chymase plays an important
role in crescentic glomerulonephritis; as such, they are in
agreement with the results of Téth et al., who suggested the
potential involvement of MCs in fibroproliferative change
in the renal interstitium of adult patients with RPGN {[8].

Mast cells contain large amounts of the serine proteases
tryptase and chymase. Although both tryptase- and chymase-
positive cells are present in the normal kidney, their overall
number is very low. It has been reported that the number of
chymase-positive cells in normal kidney is 0.58::0.38/mm’
[1]. We focused on chymase in our study, even though the
number of tryptase-positive cells is reportedly double that of
cells positive for chymase [1] because of the ATTI-generating
property of that latter serine protease.
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It has also been reported that the number of chymase-
positive cells in rejected kidneys is positively correlated
with the degree of fibrosis [1]. In our study, an event
biopsy of one allografted kidney with acute tubule
necrosis and no rejection showed an increased number of
chymase-positive cells (6.5/mm?). This finding suggests
that chymase may play a role in acute tubule necrosis of
allografted kidneys.

Huang et al. reported a markedly increased chymase
expression associated with severe pathological changes in
the kidneys of patients with diabetic nephropathy [3]. With
the exception of mild tubulointerstitial fibrosis, no such
findings were evident in our patients with diabetic
nephropathy. The reason for this difference is unclear, but
disease severity may have been partly responsible.

Studies in adult patients with IgAN suggest that MC-
derived chymase plays a role in the progression of IgAN [4,
9]. However, in our population of children with IgAN, the
findings suggest that chymase does not play a major role,
perhaps because of a difference in disease progression level
between children and adults. Interestingly, glomerular
hypercellularity in the mesangial area is more prominent
in children than in adults, while, in contrast, glomerular
matrix expansion, crescent formation and interstitial dam-
age are more severe in adults than in children [10]. These
histological differences may be related to chymase expres-
sion patterns.

It is unknown whether chymase plays a disease-specific
role in crescentic glomerulonephritis. In most of the
children with renal diseases in our series, renal biopsy
specimens did not show fibrosis. This may be the main
reason why the numbers of chymase-positive cells were not
so high in most of the diseased tissue samples we studied.

Although an increase of chymase is usually interpreted
as a sign of pathological involvement, recent data have
suggested that it can restore kidney homeostasis [11]. It has
been reported that chymase regulates the activities of pro-
matrix metalloprotease (MMP)-2 and -9 [12].

It has been demonstrated that at least 40% of angiotensin
I can be converted to ATII by a pathway other than ACE in
the normal kidney [13]. Although the effect of chymase
inhibitors in renal diseases has not yet been investigated,
they may have potency as renoprotective agents.

In conclusion, the findings of our study suggest that MC-
derived chymase plays a pivotal role in disease progression
in children with crescentic glomerulonephritis showing
RPGN. However, the number of patients we investigated
was very small, and additional analysis will be required to
establish the role of chymase in children with kidney
diseases.
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A Deep Intronic Mutation in the SLCI2A3 Gene Leads to
Gitelman Syndrome
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ABSTRACT: Many mutations have been detected in the SLCIZA3
gene of Gitelman syndrome (GS, OMIM 263800) patients. In previ-
ous studies, only one mutant allele was detected in ~20 to 41% of
patients with GS; however, the exact reason for the nonidentification
has not been established. In this study, we used RT-PCR using
mRNA to investigate for the first time transcript abnormalities caused
by deep intronic mutation. Direct sequencing analysis of leukocyte
DNA identified one base insertion in exon 6 (¢.818_819insG), but no
mutation was detected in another allele. We analyzed RNA extracted
from leukocytes and urine sediments and detected unknown sequence
containing 238bp between exons 13 and 14. The genomic DNA
analysis of intron 13 revealed a single-base substitution (c.1670-
191C>T) that creates a new donor splice site within the intron
resulting in the inclusion of a novel cryptic exon in mRNA. This is
the first report of creation of a splice site by a deep intronic
single-nucleotide change in GS and the first report to detect the onset
mechanism in a patient with GS and missing mutation in one allele. This
molecular onset mechanism may partly explain the poor success rate of
mutation detection in both alleles of patients with GS. (Pediatr Res 66:
590-593, 2009)

Gitelman syndrome (GS, OMIM 263800) is an autosomal
recessive renal disorder characterized by hypokalemia,
hypomagnesemia, metabolic alkalosis, and hypocalciuria (1).
Mild weakness, cramps, and general fatigue are clinically
observable, but they are often so slight that patients with GS
are not diagnosed until late childhood or even adulthood;
however, a reduced health quality of life for patients with GS,
compared with a control group, has been referred (2). Simon
et al. (3) demonstrated that mutations in the SLCI2A3 gene
encoding the thiazide-sensitive sodium-chloride cotransporter
(NCCT) are responsible for GS. This gene, which is located in
chromosome 16 and comprises 26 exons, is a 1021-amino acid
protein with 12 predicted transmembrane domains. The lack
of a functional NCCT leads to a decrease in sodium and
chloride reabsorption in the distal convoluted tubule and an
increase in solute delivery to the collecting duct. These
changes result in blood volume reduction, activation of the
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renin-angiotensin-aldosterone system, and increased secretion
of potassium and hydrogen ions into the collecting duct.

To date, >100 different mutations throughout the SLCI2A3
gene have been identified in patients with GS, but only one
mutant allele was detected in ~20 to 41% of patients with GS
(3-7). However, the exact reason for the nonidentification has
not been established.

This report concerns a patient with GS and only one
mutation in the exons and exon-intron boundaries. However,
we succeeded in detecting a deep intronic mutation that
creates a new donor splice site resulting in the inclusion of a
novel cryptic exon in mRNA. This novel disease onset mech-
anism may partly explain the poor success rate of mutation
detection in both alleles in patients with GS and how single-
base changes deep within introns can cause GS.

PATIENTS AND METHODS

Case report. The subject of this study was a 12-y-old girl who was suffering
from paralysis, muscle stiffness, and pain. When she was referred to our hospital,
a blood examination disclosed that her serum potassium level was low. No
medicine, such as diuretics or laxatives, had been prescribed previously. On
admission, she was 145-cm tall (—2.5 SD), weighed 46 kg, her biood pressure
was 102/62 mm Hg, and physical examination findings were normal. Laboratory
results showed that serum potassium was low (1.9 mEq/L; normal: 3.5-4.7
mEq/L), whereas plasma renin activity (20 pg mL~' h™'; normal: 0.2-3.9 ng
mL~! h™!) and aldosterone concentration (297 pg/mL; normal: 29.9-159
pg/mL) were elevated. Serum magnesium (1.4-1.6 mg/dL; normal: 1.7-2.5
mg/dL), and urinary calcium (urine calcium/creatinine: 0.02) and chloride
excretion (FeCl 0.88%; normal: 1.6-3.2%) were also low. Her parents were
nonconsanguineous.

This study was approved by the Institutional Review Board of Kobe
University Graduate School of Medicine and consent for this study was
obtained from the patient’s parents.

Genetic analyses. Genomic DNA was isolated from peripheral blood
leukocytes of the patient as well as from normal control subjects with the
Qiagen kit (Qiagen Inc., Chatsworth, CA), according to the manufacturer’s
instructions. Primer pairs for the SLCI2A3 gene and the CLCNKB gene were
generated following previous reports (8,9). Polymerase chain reaction (PCR)
was performed and the resultant products were analyzed, including every
intron-exon boundary, by direct sequencing with a DNA sequencer (Perkin-
Elmer-AB]I, Foster City, CA). Multiplex ligation-dependent probe amplifica-
tion (MLPA) was also conducted by means of the SALSA P136-Gitelman
MLPA assay (MRC-Holland, Amsterdam, The Netherlands) and following
the manufacturer’s instructions.

Total RNA was extracted from blood leukocytes and urine sediments. The
urine sediments were obtained by centrifugation at 1500 X g for 10 min from

Abbreviations: GS, Gitelman syndrome; MLPA, multiplex ligation-depen-
dent probe amplification
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100 mL of early morning urine. Microscopic examination of these sediments
confirmed that they contained sufficient renal tubular epithelial cells having
large round nucleus surrounded by a large granular cytoplasm which is larger
than granulocytes (10). RNA was isolated with the aid of Isogen Kit (Nippon
Gene Co., Toyama, Japan) and was then reverse-transcribed onto cDNA by
using random hexamers and the Superscript 111 kit (Invitrogen). cDNA was
amplified by means of nested PCR using primer pairs. The primer sequences
of exons 13 to 15 were as follows: exonl3, first forward: GTACCCACT-
GATCGGCTTCT; second forward: TTCCTCTGCTCCTATGCC; exon 15,
first reverse: TCCTCGGCAATGACATCC; second reverse: GGGCGG-
TAGTTCTTGATGT. After 40 cycles of amplification, PCR products were
separated on 2% agarose and sequenced with a DNA sequencer (Perkin-
Elmer-ABI, Foster City, CA). For sequencing, amplified products were
separated by electrophoresis, and the RT-PCR products were purified. The
purified products were subcloned into pT7 vector (Novagen, Inc., Madison,
WI), and the inserted products were sequenced. Normal control kidney cDNA
was obtained from the Human Kidney ¢DNA Library (Invitrogen). Normal
control blood leukocytes and urinary sediments samples were obtained from
a healthy control to extract total RNA.

RESULTS

Direct sequencing of the PCR-amplified products disclosed
a novel heterozygous single-base insertion of G between
nucleotides 818 and 819 in exon 6. This mutation was also
seen in the father’s genomic DNA (Fig. 1A). Because the
second abnormality ‘'was not detectable, we conducted an
MLPA analysis using the MLPA kit for GS. However, no
large heterozygous deletion was detected with this ap-
proach, either. Next, we performed a complete transcript

sequence analysis using mRNA extracted from leukocytes.
In addition to the normal band in the fragment of exons 13
to 15, an abnormal band was detected in the RT-PCR
products from the patient’s sample, which showed two
bands, one the same size as the control and the other larger
(Fig. 2). After subcloning of the two bands, sequencing was
conducted, and the larger product disclosed a normal se-
quence containing a 238-bp insertion between exons 13 and
14, which are part of intron 13 (Figs. 1B and 3). This
insertion was not detected in ¢cDNA from a normal blood
leukocytes, kidney, and urinary sediments (Fig. 2). To shed
light on the mechanism involved in this intronic sequence
exonization, we sequenced this part of intron 13 and iden-
tified the ¢.1670-191C>T heterozygous base substitution
at the position immediately after the insertion sequence and
created a novel splicing donor site for cryptic exon result-
ing in the 238-bp insertion in the mRNA (Fig. 4). This
mutation was found in the genomic DNA of both the patient
and the mother (Fig. 1C), whereas not detected in 100
normal control samples (200 chromosomes), Moreover, no
mutations were detected in the CLCNKB gene. It was thus
demonstrated that this patient possessed a compound het-
erozygous mutation of ¢.818_819insG and c.1670-
191C>T and the GS phenotype. Both mutations will lead to

Figure 1. Nucleotide changes in the
SLCI2A3 gene. A, A heterozygous 1-bp
insertion between nucleotides 818 and 819
located in exon 6 (c.818_819insG) was

detected in the paternal allele. B, Frag-
ments of the sequence after subcloning of
the sense strand of cDNA from the patient.
The larger product (upper figure) contain-

A C C.1670-191G>T
Cryptic Exon I ‘1/
Widtype GCTGGCCATCTCCCTGGCTGGCATGGAGT ATGCCAGCCAAAGCAGGCGTGTGATTTGCGCE
Mutation GCTGGGCCATCTCCCTGGCTGGCATGGAG ATGCCAGCCAAAGCAGGTGTGTGATTTGCCCO
A
B
Exon13 Cryptic Exon Exoni4
< > <
BOERACT SR CT RO CIACUTTTITYACAT AG /T €00 TEEAMTGU CAGT CAAABCAGEG TAREAG AL ST TORTFCLR R
Exon13 Exon14

< e >

POCCAACT (BCCY BGET BB ABACCE T CITT 005

Mt

> ing 238-bp cryptic exon sequence and the
smaller product (lower figure) showed the
normal sequence. C, A heterozygous sin-
gle-base substitution of C to T in intron 13
(c.1670-191C>T) was detected in the ma-
ternal allele.

/I Exon13 lCryptic Exon I Exon14

\A] Exon13 | Exont4 |

Figure 2. A transcript abnormality in the SLCI2A3 gene. Electrophoresis of ¢cDNA after PCR. A, Normal control leukocytes. B, Normal control kidney. C,
Normal control urinary sediments. D, Patient’s leukocytes. E, Patient’s urinary sediments. F, The mother’s leukocytes. For PCR, the forward primer located in
exon 13 and the reverse primer located in exon 15 was used. Control samples clearly show a single band, whereas the samples extracted from leukocytes of the
patient and the mother and urinary sediments of the patient show two bands, one the same size as the control sample and the other a larger one containing the

cryptic exon sequence.
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GAAGGTTGAGACTGACTGAGCCTTGGTGGLCTGTCTGGGGTCCCCCACCCTGGGAAGGAGGG
TGCCAAGCCAGTCCTTGGCAGAGTTGCCCAACAGGCTGTCCTCTCTCTCCCTGGGTCCCCGAAG
CTGAGCTCAACACCATAGCCCCCATCATTTCCAACTTCTTCCTCTGCTCCTATGCCCTCATCAACT
TCAGCTGCTTCCACGCCTCCATCACCAACTCGCCTGGTAAGCAAA -~/ /--mo-
GATGGTCTCGATCTCCTGACCTCATGATCCGCCCGCCTCAGCCTCCCAAAGTGCTGGGATTACA
GTTGTGCCTGGCTGAGGAAGACTTTTTCTAACCAGCTCCAAATTGCCATTGTCTTTTACTAGGCC
ACCTTTTACATAGATCCCAATGTGTATGATGGCCCTGGAGTTGCACCATGAGGCAGCTGTCACT
AGTGGCAGCCCTGGCCTGACCTGCTGGTGGGGAGCCAGGCAGAATCATGTCCTTCCCCCTCCA
TCTCACCCCCTTGGCACCATGGGAGCTGGTGCTGTIGCTGACATGGGATGTCCTGTGGCTGTAT
TIGGCCAGAGCTGGATGCTCCTGGTGAAATGCCAGCCAAAGCAGGCGTGTGATTTGCCCCAGA
GCCTGTAGACCCAGCCCAGGAGGCAGGGTGGGTGGTGCTCATGGCTGGTGGGTACAGGLTGG
GACCCCGGCTCTGGGCACTGCTGGCATTACTGCCAGGCCCTGCCCAGCAGCTCTGGCCTAGAA
AGAGGCTCGACTGCCAGGCATGCCCACTGACTGGTGCCCTTGGCCCAGGGTGGAGACCTTCAT
TCCAATACTACAACAAGTGGGCGGCGCTGTTTGGGGCTATCATCTCCGTGGTCATCATGTTCCT
CCTCACCTGGTGGGCGGCCCTCATCGCCATIGGCGTGGTGCTCTTCCTCCTGCTCTATGTCATCT

NOZU ET AL.

Figure 3. Normal sequence surrounding
intron 13. The cryptic exon sequence was
derived from intron 13, which is posi-

Exon13 (102bp) ; !
tioned between AG and GC in normal

Intron13A (1076bp) genomic DNA.

Cryptic Exon (283bp)

Intron13B (192bp)

Exont4 (156bp)

ACAAGAAGCCAGGTGCGCATCTCAGCTGCGGGGCCTCGGCCCTCCTCCCCCAGGGTAGCCATG

CAGGCGGCCCTGCCCTCCGCCCCAGTTGGAGGGCCCTGAGTCCGGLTCTGTGLT

Figure 4. The schema of the intronic mu-
tation resulting in the new splicing donor
site for the cryptic exon.

l EXON 13 E

EXON 14

PATIENT ttactagGCCACCTTTTACATAGATCCC...GAAATGCCAGCCAAAGCAGgtgtgtga
CONTROL ttactagGCCACCTTTTACATAGATCCC...GAAATGCCAGCCAAAGCAGgcgtgtga

create premature stop codons in exon 7 and in cryptic exon,
respectively.

DISCUSSION

We identified two heterozygous mutations, c.818_819insG
in the paternal allele and ¢.1670-191C>T in the maternal
allele, in the genomic DNA from the leukocytes of a typical
patient with GS, and we hypothesized that these compound
heterozygous mutations of SLCI2A3 had caused GS in our
patient. The latter mutation was confirmed to result in a
splicing abnormality containing a cryptic exon in the tran-
scripts. Amplification of SLC12A3 mRNA extracted from the
patient’s leukocytes and urinary sediments, and the mother’s
leukocytes showed the same result for both extracts.

To date, >100 different mutations of the SLCI2A3 gene
have been identified in the entire gene in patients with GS.
These mutations are located all through the coding sequence
of the SLCI2A3 gene, but most of them are found in the
intracellular domains of the protein and missense mutations
are the most frequently reported abnormalities. In previous
studies, only one mutant allele was detected in 20 to 41% of
patients with GS (3-7). There are many possible explanations
for the nonidentification of the mutation in the second allele,
for example, human error, direct sequencing missing major
heterozygous mutations including rearrangements such as du-
plications, inversions, efc., and the possible presence of mu-
tations in gene-regulating fragments such as promoter or
enhancer segments. It has also been hypothesized that there
may be a concurrent heterozygous mutation in a gene other
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than the SLCI2A3 gene, particularly in the CLCNKB gene for
type III Bartter syndrome (6). However, the exact reason for
the nonidentification has not been established.

Because neither MLPA that was a recently established
technique for detection of copy number variations nor
CLCNKB gene analysis for detection of the modifier gene
existence succeeded, we conducted RT-PCR analysis for
detection of the deep intronic mutations, which were previ-
ously identified in other genes (11-13). As expected, we
succeeded in detecting a deep intronic mutation that creates a
new donor splice site resulting in the inclusion of a novel
cryptic exon in mRNA. This molecular mechanism of intronic
mutation may partly explain the poor success rate for detec-
tion of mutations in both alleles in patients with GS and
demonstrates that single-base changes deep within introns can
cause GS. Although, in GS, an intronic single-base substitu-
tion that leads to create cryptic splicing site has been reported,
this patient showed intron 3 splicing acceptor consensus site
mutation and resulted in the activation of a nearby cryptic
splice site in. intron 3 (14). This mutation can be easily
detected by the analysis of exon-intron boundaries and our
patient possessed a deep intronic mutation that is impossible
to detect by genomic DNA analysis for detecting mutations in
exons or exon-intron boundaries.

Igarashi et al. (15) were the first to identify transcript
abnormalities by extracting mRNA from urinary sediment
cells of patients with Dent disease. This method proved to be
very useful for analyzing mRNA expression in renal tubular or
glomerular cells in various kidney diseases. Renal biopsy
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specimens constitute one source of material for analyzing
mRNA in inherited kidney diseases, but renal biopsy is inva-
sive and not needed for certain kidney diseases. Urinary
sediments, on the other hand, contain cells derived from the
kidney, and genetic analysis using those cells constitutes an
entirely noninvasive, simple method for the diagnosis of
inherited kidney diseases (10,16,17). Therefore, we conducted
RT-PCR using urinary sediment cells to determine the pres-
ence of transcript abnormalities in the target organ cells.

This patient showed relatively severe symptoms including
short stature, paralysis, muscle stiffness, and pain from her
younger age. Recent report clearly showed that patients with
GS and truncated mutations including out of frame splicing
variants in at least one allele tend to show severe symptoms
(18). Our patient also possessed truncated mutations caused by
one base insertion and deep intronic mutation. These muta-
tions may explain her severe symptoms.

To summarize, we investigated transcript abnormalities in a
patient with GS caused by deep intronic mutation. This is the
first report of GS associated with creation of a splice acceptor
site by a deep intronic single-nucleotide change leading to the
inclusion of extra exon structures, and this mutation could
only have been detected via mRNA analysis. We identified a
novel intronic mutation that may partly explain the poor
success rate of mutation detection in both alleles in patients
with GS and demonstrated that single-base changes deep
within introns can cause GS.
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Abstract Several studies have suggested that T cell-
producing permeability factors might lead to proteinuria in
minimal change nephrotic syndrome (MCNS). However, it is
still unclear whether T-cell abnormalities cause MCNS.
Immune dysregulation, polyendocrinopathy, enteropathy, X-
linked (IPEX) syndrome is a rare disorder of the immune
regulation system, which leads to severe autoimmune phe-
nomena including autoimmune enteropathy, atopic dermatitis
with high levels of serum immunoglobulin E (IgE), type 1
diabetes mellitus (T1DM), and severe infection such as sepsis,
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which frequently result in death within the first 2 years of life.
This disease is caused by mutations in the FOXP3 gene that
result in the defective development of regulatory T (Treg)
cells. This report describes a S5-year-old boy with IPEX
syndrome with a 3 bp deletion in the FOXP3 gene (c.748-
750delAAG, p.250K.del) and a paucity of CD4" CD25"
FOXP3™ T cells. The boy’s condition was complicated by
MCNS in addition to many IPEX-related manifestations,
such as atopic dermatitis, TIDM, enteropathy, sepsis and
hemolytic anemia. This is the first report of IPEX syndrome
complicated by MCNS, and our findings imply that Treg cell
dysfunction may be crucial for the development of MCNS.

Keywords Immune dysregulation, polyendocrinopathy,
enteropathy, X-linked (IPEX) syndrome - Minimal change
nephrotic syndrome - FOXP3 - Regulatory T cell

Introduction

In 1974 Shalhoub [1] proposed the hypothesis that “lipoid
nephrosis”, now known as minimal change nephrotic
syndrome (MCNS), is a disorder of T cell function resulting
in the production of a circulating lymphokine toxin (later
termed a vascular permeability factor) because of limited
humoral immunity and immune effectors in glomeruli,
remission associated with measles infection or with cortico-
steroids and cyclophosphamide treatment, and simultaneous
occurrence of Hodgkin’s disease or thymoma. However, this
interesting hypothesis has not yet been definitively validated.

Immune dysregulation, polyendocrinopathy, enteropathy,
X-linked (IPEX) syndrome is a rare disorder of the immune
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regulation system, which results in multiple autoimmune
disorders and is characterized by X-linked recessive
inheritance [2]. Children with IPEX syndrome develop
severe autoimmune phenomena, including autoimmune
enteropathy, atopic dermatitis with high levels of serum
immunoglobulin E (IgE), type 1 diabetes mellitus (T1DM),
and severe infection such as sepsis, which frequently result
in death within the first 2 years of life. IPEX is caused by
mutations in the FOXP3 gene that result in the defective
development of CD4" CD25" regulatory T (Treg) cells
which constitute an important T cell subset involved in
immune homeostasis and protection against autoimmunity
[3]. The disease gene, FOXP3, was identified in 2001, and
several mutations within this gene have been detected in
patients with IPEX syndrome [4].

This report described a 5-year-old boy with IPEX
syndrome associated with MCNS, as well as atopic
dermatitis, TIDM, enteropathy, sepsis, hemolytic anemia
and high serum IgE level. This is the first report of IPEX
syndrome associated with MCNS.

Materials and methods
Case report

A S-year old Japanese boy was in good health until
2 months of age, when he developed atopic dermatitis and
milk allergy. At 4 months of age he presented with
polyposia and polyuria, and he was diagnosed with
T1DM. When he was 1 year old, he developed nephrotic
syndrome, which was steroid-sensitive but also frequent-
relapsing nephrotic syndrome. He was therefore treated
with cyclosporine and remained in remission during
treatment. He underwent renal biopsy 2 years after the start
of the cyclosporine regimen, and light microscopy showed
minor glomerular abnormalities without tubulointerstitial
lesions including chronic cyclosporine nephrotoxicity
(Fig. 1). Immunofluorescence microscopy showed all
negative findings (IgG, IgA, IgM, Clq, C3, C4 and fibrin).
Thus, he was diagnosed with MCNS without chronic
cyclosporine nephrotoxicity. Cyclosporine treatment was
therefore continued. When he was 5 years old he started
vomiting after contracting varicella chicken pox, from
which he recovered, but without regression in vomiting.
When cyclosporine was discontinued, his vomiting soon
worsened, and he developed recurrent sepsis caused by
Acinetobacter baumannii and failure to thrive. At that time,
he was referred to Kobe University Hospital.

On admission, his body mass index was only 12, indicating
malnutrition. His hemoglobin level was 7.8 g/dl, and the result
of a direct Coombs test was positive, suggesting autoimmune
hemolytic anemia. His renal function was normal, but the IgE
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Fig. 1 Renal biopsy findings. a Periodic acid-Schiff (PAS) staining
%200; b PAS staining x400. The renal biopsy specimen obtained
2 years after cyclosporine treatment showed minor glomerular
abnormalities without tubulointerstitial lesions, including chronic
cyclosporine nephrotoxicity

level was very high (1,141 IU/ml). He had hyperglycemia
(glucose 373 mg/dl), but normal thyroid function. Treatment
with multiple antibiotics resulted in gradual recovery from
sepsis. However, he still was suffering from vomiting and
failure to thrive. Although his mother, father and sisters were
healthy, his mother’s two brothers had died at the age of 1 year
due to sepsis. On the basis of his symptoms and family history,
we suspected that he was suffering from IPEX syndrome.
We therefore carried out genetic and flow cytometric
analysis of FOXP3 and started therapy with high doses of
methylprednisolone and cyclosporine. Soon afterwards, his
appetite recovered and the vomiting disappeared. He
underwent repeat renal biopsy, and he was diagnosed with
MCNS again.

Informed consent for genetic and flow cytometric
analysis of FOXP3 was obtained from the patient’s parents.



