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Abstract

Gitelman syndrome (GS) is an autosomal recessive disorder characterized by alkalosis, hypoka-
lemia, and hypomagnesemia. Although hundreds of genetic variants associated with GS have
been reported, many of them are categorized as of uncertain significance in ClinVar. Here, we
describe a pediatric GS patient from a three-generation family whose mother and maternal
grandmother were asymptomatic. The proband was a 16-year-old Japanese girl with muscle
weakness and continuous hypokalemic metabolic alkalosis. The patient, her mother, and her
maternal grandmother were compound heterozygous for, and each expressing a different
combination of, previously reported SLC72A3 variants in GS patients. The mother and the
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maternal grandmother had no symptoms related to GS, and blood gas tests showed that the
blood potassium levels and venous pH were within normal limits; however, the venous blood
HCOs- levels were slightly elevated. The phenotypic effect of missense mutations is difficult to
evaluate, and accumulation of genotypic data with accurate phenotyping, including those of
"healthy” and "asymptomatic” individuals in various ethnic populations, will improve the ge-

netic diagnosis of GS. © 2020 The Author(s)
Published by S. Karger AG, Basel

Introduction

Gitelman syndrome (GS) is an autosomal recessive disorder caused by pathogenic muta-
tions of the Solute Carrier Family 12 Member 3 (SLC12A3) gene [1, 2], with a prevalence of 1-
10 per 40,000 [1]; its symptoms are metabolic alkalosis, hypokalemia, hypomagnesemia, and
elevated plasma renin and aldosterone. SLC12A3 encodes the thiazide-sensitive sodium-chlo-
ride cotransporter expressed in the renal distal convoluted tubules [3] and works to transport
electrolytes to control their concentration. It is sometimes difficult to differentiate GS from
other salt-losing nephropathies by using only clinical and laboratory data; therefore, genetic
testing of SLC12A3 is recommended for individuals with clinically suspected GS [1]. Recently,
the increasing availability of next-generation sequencing (NGS) for genetic testing allows us
to find many variants in genes of interest, and the classification of variants may change with
accumulation of population-based genetic data and functional studies: some variants that
were previously classified as pathogenic were reclassified as benign [4], whilst others of pre-
viously unknown significance were confirmed as pathogenic. Here, we present a mutation
analysis of SLC12A3 in a three-generation Japanese family including a child with GS.

Case Report

The family tree of the GS patient is shown in Figure 1a. The proband was a 16-year-old
Japanese girl with muscle weakness and continuous hypokalemia and alkalosis. This condition
had first been noticed when she was 10 years old. Biochemical analysis revealed hypokalemia
(2.8 mmol/L); elevated plasma renin activity (40 ng/mL/h at bed rest; normal range, 0.5-2.0)
and aldosterone (76.5 ng/mL in the early morning at rest; normal range, 3.6-24.0); and de-
creased urinary excretion of calcium (0.009 g/day; normal range, 0.1-0.3). The blood pressure
was not elevated (93/48 mm Hg). Renal ultrasound revealed normal kidneys, and the blood
urea nitrogen (BUN) and creatinine values were within normal range (11.9 and 0.56 mg/dL,
respectively). On the basis of the clinical symptoms and laboratory results, GS was suspected.
To determine the causative mutations, NGS screening was carried out by using SPEEDI-KID
[5] on the patient and her family members - her asymptomatic mother (aged 41 years) and
asymptomatic maternal grandmother (aged 72 years) - and subsequently validated by Sanger
sequencing using the primer pairs 5'-GCTTCACCATCAGCACACTG-3" and 5'-GAGGAAGGAGTG-
CAGGTCAG-3' for rs371443644 (NM_000339.3:c.179C>T, NP_000330.3:p.Thr60Met), 5'-
GCAGCTCTGGCCTAGAAAGA-3" and 5'-GCACCTGGCTTCTTGTAGATG-3" for rs79351185
(NM_000339.3:c.1706C>T, NP_000330.3:p.Ala569Val) and rs139329616 (NM_000339.3:
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¢.1732G>A, NP_000330.3:p.Val578Met), and 5'-CTCACCCTCCTCATTCCCTA-3' and 5'-
GACAATCTCAGTGCCCACCT-3' for rs185927948 (NM_000339.3:¢.2573T>A, NP_000330.3:
p.Leu858His). In haplotype analysis for rs79351185 (p.Ala569Val) and rs139329616
(p-Val578Met), TA cloning of the PCR product was performed with the grandmother’s DNA
using the primers 5'-GCAGCTCTGGCCTAGAAAGA-3' and 5'-GCACCTGGCTTCTTGTAGATG-3'.
The PCR product was cloned into T-vector pMD20 using a Mighty TA-Cloning Kit (TaKaRa Bio
Inc., Shiga, Japan) according to the manufacturer’s instructions. Colonies were subjected to
PCR amplification, and direct sequencing using the PCR product was performed. This study
was approved by the institutional review boards of the University of Tsukuba (H30-57) and
Tokyo Medical and Dental University (G2000-80), and written informed consent for publica-
tion was obtained from all the participants.

Four single-nucleotide variants in SLC12A3 that have been previously reported in GS pa-
tients were detected: rs371443644, rs79351185, rs139329616, and rs185927948 (Fig. 1b).
TA cloning of the PCR products revealed that the Val allele of p.Ala569Val and the Met allele
of p.Val578Met were located on different chromosomes; thus, the patient’s maternal grand-
mother was compound heterozygous for the two variants p.Ala569Val and p.Val578Met (Fig.
2). Her asymptomatic mother carried the Met allele of p.Val578Met, so we considered that the
mother inherited the Met allele of p.Val578Met from her maternal side and the His allele of
p.Leu858His from her paternal side, therefore making her compound heterozygous for the
two variants p.Val578Met and p.Leu858His. Because the patient’s mother did not possess the
Met allele of p.Thr60Met, we considered that the patient was almost certainly compound het-
erozygous for p.Thr60Met and p.Leu858His. The patient father’'s DNA was unavailable and
therefore could not be genotyped.

The mother and maternal grandmother had no symptoms related to GS, and neither hy-
pertension nor other abnormal findings suspicious for GS were pointed out in a regular med-
ical checkup. Blood gas analysis showed that the blood potassium levels and venous pH were
within normal limits (4.0 and 4.2 mmol/L for blood potassium and 7.407 and 7.358 for venous
pH, respectively; Table 1); however, the venous blood HCO3- levels were elevated (29.6 and
28.9 mmol/L, respectively; Table 1).

Discussion

GS is an autosomal recessive disorder, and genetic testing of SLC12A3 is useful to differ-
entiate GS from other salt-losing nephropathies.

p.Thr60Met was categorized in ClinVar as a pathogenic variant and p.Leu858His as hav-
ing conflicting interpretations (pathogenic and uncertain significance) [6]. Both a functional
study using a mammalian cell expression system and a familial study with GS supported the
pathogenicity of p.Leu858His [7, 8], and the genotyping results of the GS family in the present
study also support p.Leu858His as a pathogenic variant for GS.

p-Val578Met was reported to have an allele frequency of 0.62% in the Japanese general
population [9] and was categorized as of unknown significance in ClinVar [6]. Previously, a
patient with GS was reported who possessed the same genotype as the mother of the present
case [10]. Although the mother showed features against a diagnosis of GS (i.e., absence of
hypokalemia without renal failure) [1] and did not have GS-related symptoms such as muscle
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cramps and weakness, she did show an elevated level of HCO3- (Table 1). p.Ala569Val was
reported to have an allele frequency of 0.46% in the Japanese general population [9] and is
also categorized as of unknown significance in ClinVar [6]. Individuals carrying the same gen-
otype as the grandmother of the present case have also been reported [11], but the grand-
mother of the present case also showed features against a diagnosis of GS, except for the level
of HCO3- (Table 1).

Fujimura etal. [11] investigated the SLC12A3 mutations, clinical symptoms, and diagnos-
tic opportunities of 185 Japanese GS patients. The allele frequencies of 4 variants in the gen-
eral Japanese population (n = 3,552) [9] and those in the 185 GS patients [11] are shown in
Table 2. Although not directly comparable, the difference in the allele frequencies of the vari-
ants found in the current patient (p.Thr60Met and p.Leu858His) between the general Japa-
nese population and Japanese GS patients was much greater than that found only in the grand-
mother and the mother (p.Ala569Val and p.Val578Met).

In the study of Fujimura et al. [11], more than half of the diagnostic opportunity for GS
was a chance blood test for diagnostic purposes other than for GS. Our data indicate that some
suspected pathogenic variants such as p.Ala569Val and p.Val578Met may not be sufficient to
cause phenotypic changes related to GS (i.e., hypokalemia). The blood HCO3- levels of the
mother and the grandmother and the pCO; level of the grandmother were elevated (Table 1).
Whilst the serum potassium level is included in many routine blood tests, the blood gas levels
are not. Therefore, GS is not suspected if there is no abnormality in the blood potassium levels.
No respiratory symptoms or respiratory diseases had been noticed in the mother or the
grandmother, and it is possible that respiratory compensation or compensation of channels
in the kidney worked to adjust the blood pH level. Also, the possibility cannot be denied that
modifier genes are involved in the onset of GS or that phenotypic changes caused by the sus-
pected pathogenic variants would be apparent later in life.

NGS is an effective technology to detect pathogenic variants, especially in Mendelian dis-
eases, and is now widely used for the diagnosis of diseases of unknown etiology. The accumu-
lation of more NGS data leads to increased numbers of variants of unknown significance, and
many of those variants are very rare and sometimes unique to each individual [12]. Recently,
carrier frequencies of 11 recessive newborn screening diseases were estimated using Japa-
nese whole genome reference panels, and the actual carrier frequencies of some diseases were
found to depart from the calculated carrier frequencies based on the disease incidence rates
[13]. This departure may be due to inaccurate estimation of the functional effect of variants or
to inaccurate diagnosis [13]. Accumulation of genotype data with accurate phenotyping, in-
cluding those of “healthy” or “asymptomatic” individuals in various ethnic populations, will
improve the genetic diagnosis for GS patients.
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Fig. 1. a Family tree of our pediatric patient with Gitelman syndrome. b DNA sequence chromatograms of
the grandmother (I-1, top), heterozygous for p.Ala569Val (rs79351185) and p.Val578Met
(rs139329616); the mother (II-3, middle), heterozygous for p.Val578Met (rs139329616) and
p.Leu858His (rs185927948); and the patient (III-3, bottom), heterozygous for p.Thr60Met
(rs371443644) and p.Leu858His (rs185927948).
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Fig. 2. TA cloning of PCR products and sequence chromatograms using DNA of the grandmother (I-1, in
Fig. 1a), heterozygous for p.Ala569Val (rs79351185) and p.Val578Met (rs139329616). The red and blue
circles indicate the positions of the p.Ala569Val (c.1706C>T) and p.Val578Met (c.1732G>A) variant sites,

respectively.

Table 1. Clinical laboratory data of the family with Gitelman syndrome

Test Patient Mother Grandmother Ref. range
Blood gas (vein) Ref. range (artery) Comparison of venous blood
gases to arterial values (ap-
proximately)a
pH 7.463 7.407 7.358 7.35-7.45 0.03-0.04 pH units lower
pCOz, mm Hg 41.8 48.0 52.8 35-45 3-8 mm Hg higher
HCO3-, mmol/L 295 29.6 289 22-26 1-2 mEq/L higher
Blood electrolytes
Na*, mmol/L 133 142 142 139-146
Cl, mmol/L 92 106 106 96-108
K*, mmol/L 2.8 4.0 42 3.5-5.0
Ca**, mmol/L 1.08 1.30 1.30 1.15-1.30
aTheodore [14].
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Table 2. Allele frequency of the SLC12A3 variants found in the family with Gitelman syndrome

Japanese, % Japanese GS patients, %
(n=7,1042) (n=370Y)
rs371443644 (p.Thy60Met) 0.03 2.97
rs79351185 (p.Ala569Val) 0.46 0.81
rs139329616 (p.Val578Met) 0.62 1.08
rs185927948 (p.Leu858His) 1.24 24.3

aThe allele frequencies of the variants in the Japanese population were from those of the Japanese Multi
Omics Reference Panel (3.5KJPNv2), Tohoku University (https://jmorp.megabank.tohoku.ac.jp) [13]. P The
allele frequencies of the variants in the Japanese GS patients were from the study by Fujimura etal. [11].
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