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ABSTRACT: Many mutations have been detected in the SLC12A3
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 (c.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 SLC12A3 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

renin-angiotensin-aldosterone system, and increased secretion
of potassium and hydrogen ions into the collecting duct.
To date, �100 different mutations throughout the SLC12A3

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 blood 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�1 h�1; normal: 0.2–3.9 ng
mL�1 h�1) 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 SLC12A3 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-ABI, 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 � g for 10 min fromReceived May 20, 2009; accepted July 1, 2009.
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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 III kit (Invitrogen). cDNA was
amplified by means of nested PCR using primer pairs. The primer sequences
of exons 13 to 15 were as follows: exon13, 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 cDNA 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 c.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 c.818_819insG and c.1670 –
191C�T and the GS phenotype. Both mutations will lead to

Figure 1. Nucleotide changes in the
SLC12A3 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-
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.

Figure 2. A transcript abnormality in the SLC12A3 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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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 c.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 SLC12A3 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 SLC12A3 gene

have been identified in the entire gene in patients with GS.
These mutations are located all through the coding sequence
of the SLC12A3 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, etc., 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

than the SLC12A3 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

Figure 3. Normal sequence surrounding
intron 13. The cryptic exon sequence was
derived from intron 13, which is posi-
tioned between AG and GC in normal
genomic DNA.

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