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Abstract

:

Gitelman syndrome (GS) and Bartter syndrome (BS) type III are both rare, recessively inherited salt-losing tubulopathies caused by SLC12A3 and CLCNKB mutations, respectively. We described a 48-year-old male patient with fatigue, carpopedal spasm, arthralgia, hypokalemic alkalosis, mild renal dysfunction, hypomagnesemia, hypocalciuria, hyperuricemia, normotension, hyperreninemia and chondrocalcinosis in knees and Achilles tendons. His parents are first cousin. Genetic analysis revealed simultaneous homozygous mutations in SLC12A3 gene with c.248G>A, p.Arg83Gln and CLCNKB gene with c.1171T>C, p.Trp391Arg. The second younger brother of the proband harbored the same simultaneous mutations in SLC12A3 and CLCNKB and exhibited similar clinical features except normomagnesemia and bilateral kidney stones. The first younger brother of the proband harbored the same homozygous mutations in CLCNKB and exhibited clinical features of hypokalemia, normomagnesemia, hypercalciuria and hyperuricemia. Potassium chloride, spironolactone and potassium magnesium aspartate were prescribed to the proband to correct electrolytic disturbances. Benzbromarone and febuxostat were prescribed to correct hyperuricemia. The dose of potassium magnesium aspartate was subsequently increased to alleviate arthralgia resulting from calcium pyrophosphate deposition disease (CPPD). To the best of our knowledge, we are the first to report an exceptionally rare case in an inbred Chinese pedigree with simultaneous homozygous mutations in SLC12A3 and CLCNKB. GS and BS type III have significant intrafamilial phenotype heterogeneity. When arthralgia is developed in patients with GS and BS, gout and CPPD should both be considered.
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1. Introduction


Gitelman syndrome (GS) and Bartter syndrome (BS) type III are both rare, recessively inherited salt-losing tubulopathies (SLTs), characterized by hypokalemic metabolic alkalosis with low or normal blood pressure, despite secondary hyperreninemia and aldosteronism [1]. GS is caused by loss-of-function mutations in the SLC12A3 gene, encoding the thiazide-sensitive sodium-chloride cotransporter (NCC) apically expressed in epithelial cells of the distal convoluted tubule (DCT). BS type III is caused by loss-of-function mutations in the CLCNKB gene encoding the chloride channel ClC-Kb [1,2]. GS is a milder disease compared with BS, frequently associated with hypomagnesemia and hypocalciuria [3]. Considerable phenotypic variability of BS type III has been described, including hypomagnesemia and hypocalciuria, that is, Gitelman-like (GLS) phenotypes [4]. However, clinical and biological features alone are not sufficient to differentiate GS from BS type III [3]. In some patients with GS rather than BS, calcium pyrophosphate deposition disease (CPPD) develops, probably due to long-term and profound hypomagnesemia [5]. Arthritis resulting from CPPD could be easily misdiagnosed as gout [6]. Unlike patients with GS, hyperuricemia and acute gouty arthritis are commonly seen in patients with BS rather than GS [7] and, therefore, in SLT patients with coexisting hypomagnesemia and hyperuricemia-induced arthralgia it is very difficult to identify the exact causes of arthralgia. We describe an inbred family with coexisting hypomagnesemia and hyperuricemia caused by simultaneous homozygous mutations in SLC12A3 and CLCNKB gene. To the best of our knowledge, this is the first report on simultaneous homozygous mutations in SLC12A3 and CLCNKB gene.




2. Materials and Methods


2.1. Case Description


On May 28th, 2017, a 48-year-old male patient (II-2) was admitted to our hospital due to fatigue for 45 years and intermittent carpopedal spasm for 30 years. From the age of three years old he suffered from paroxysmal fatigue, salting craving, polydipsia and polyuria. Laboratory exams revealed hypokalemia, and he had been taking oral potassium chloride irregularly. No palpitation, constipation or physical and mental retardation was reported. Episodic carpopedal spasm developed at the age of 18 years. Intense pain, redness, warmth and swelling in the proximal interphalangeal (PIP) joint of the right index finger developed at the age of 36 years. Bilateral knees and heels were also involved later. The arthralgia was initially diagnosed as gout and was partially resolved following acetaminophen and benzbromarone administration. However, the arthralgia flared frequently. On physical examination, blood pressure was 128/75 mmHg. There was no joint deformity or tophus in any joint. Serum biochemistry revealed hypokalemia, hypomagnesemia, hyperuricemia and mildly renal dysfunction. Arterial blood analysis showed decompensated metabolic alkalosis. Urinary electrolytes analysis demonstrated renal potassium, magnesium wasting and hypocalciuria. Renin activity was elevated (Table 1). His parents are first cousins. II-2 has three younger brothers, none of whom has married. He had a son. The blood pressures of his family members were normal. I-1 (father) has mild hypokalemia with renal potassium wasting, gout, mild renal dysfunction and left kidney stone. I-2 (mother) has type 2 diabetes without any electrolytic disorders. II:-3 (the first younger brother) and -II-4 (the second younger brother) both have hypokalemia with renal potassium wasting and normomagnesemia. Besides, II-4 has mildly renal dysfunction, hypocalciuria, bilateral kidney stones, right kidney cyst and type 2 diabetes. From the age of six years, II-3 and II-4 have been suffering from paroxysmal fatigue, salting craving, polydipsia and polyuria. They have no palpitation, constipation, or physical and mental retardation. II-5 (the third younger brother) has hyperuricemia and bilateral kidney stones, but he did not present any electrolytic disorder. III-1 (son) has suffered from renal dysfunction for three years and gout involving the first metatarsophalangeal joint of the left foot for one year, but he does not have kidney stones or any electrolytic disorders.




2.2. Genetic Analysis


The study, in conformity with the Declaration of Helsinki, was approved by the ethics committee of the Second Affiliated Hospital, Zhejiang University School of Medicine. Written informed consents were obtained from all subjects. DNA was extracted from peripheral blood using a QIAamp DNA Blood Mini Kit (QIAGEN, Germany). The amplified DNA was captured with a Panel/Whole exome sequencing (WES) probe (MyGenostics, Beijing, China) following DNA Library Preparation. The panel applied in the proband (II-2) consisted of 62 known SLT related genes, including SLC12A1, KCNJ1, CLCNKA, CLCNKB, BSND, CaSR, HNF1B and SLC12A3. To identify the exonic deletions of HNF1B, capture copy-number variants (CapCNV) analysis was applied. WES, detecting all exon regions of over 20,000 genes, was applied in patient III:1. The enrichment libraries were sequenced on Illumina HiSeq X ten platform or paired-end read 150bp. After sequencing, bioinformatics analysis was used to select the potential pathogenic mutations. Variants were further annotated by ANNOVAR (http://annovar.openbioinformatics.org/en/latest/, (accessed on 13 January 2021)) and associated with multiple databases, including 1000 genome, ESP6500, dbSNP, EXAC, Inhouse (MyGenostics, Beijing, China), HGMD, and predicted by SIFT (http://sift.jcvi.org/, (accessed on 13 January 2021)), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/, (accessed on 13 January 2021)), Mutation Taster (http://www.mutationtaster.org/, (accessed on 13 January 2021)), GERP++ (http://mendel.stanford.edu/SidowLab/downloads/gerp/index.html, (accessed on 13 January 2021)). Filtered candidate variants were confirmed by Sanger sequencing. The coding exons that contain the detected mutations were amplified with Ex Taq DNA polymerase (Takara, Dalian, China). Purified polymerase chain reaction (PCR) samples were sequenced on an ABI 3730 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Sequence traces were analyzed using Mutation Surveyor (Softgenetics, PA, USA). The mutations of family members were confirmed by the same procedures. II-2 and II-4 harbored homozygous mutations (c.248G>A, p.Arg83Gln) in SLC12A3, I-1, I-2 and III-1 harbored heterozygous mutations (c.248G>A, p.Arg83Gln) in SLC12A3 (Figure 1). II-2, II-3 and II-4 harbored homozygous mutations (c.1171T>C, p.Trp391Arg) in CLCNKB. I-:1, I-2, II-5 and III-1 harbored heterozygous mutations (c.1171T>C, p.Trp391Arg) in CLCNKB (Figure 2). II-2 and II-4 harbored dual homozygous mutations in SLC12A3 and CLCNKB, and the diagnoses of GS and BS type III were, therefore, confirmed. II-3 harbors single homozygous mutations in CLCNKB, and the diagnosis of BS type III was thus identified. The variant of SLC12A3 (p.Arg83Gln) was predicted to be probably-damaging by PolyPhen-2, disease-causing by Mutation Taster, and damaging by SIFT. This variant has been reported by Vargas-Poussou, et al [8] (Table 2). The residue of 83 in NCC was highly conserved across species (Figure 3).The variant of CLCNKB(p.Trp391Arg) was predicted to be probably-damaging by PolyPhen-2, disease-causing by Mutation Taster and damaging by SIFT (Table 2). This variant only occurred in the East Asian subpopulation, the allele frequency of the variant in the East Asian subpopulation was 0.0005514 [9]. The residue of 391 in ClC-Kb was highly conserved across species (Figure 3). Pedigree of the family showed the clinical phenotype cosegregates with homozygous SLC12A3 and CLCNKB (Figure 4) mutations. However, no point mutations or intragenic exonic deletion of HNF1B were detected by CapCNV in all family members. WES failed to identify the causative gene mutation that was responsible for the early-onset gout and renal dysfunction of III-1.




2.3. Treatment and Follow Up


Potassium chloride (KCl) (2.0 g/day), spironolactone (40 mg/day) and potassium magnesium aspartate (8 tablets/day) were prescribed to II-2 to correct electrolytic disturbances. Benzbromarone (50 mg/day) was prescribed to correct hyperuricemia. On Sep 26th, 2019, serum chemistry analysis showed uric acid (UA) at 761 μmol/L, Creatinine (Cr) 145 μmol/L, K 2.9 mmol/L, and Mg 0.41 mmol/L. The arthralgia persisted. Febuxostat (50 mg/day) was, therefore, added to further lower UA. The arthritis in the PIP joint was completely resolved, and the arthralgia in bilateral knees and heels was slightly improved. X-rays of bilateral hands, shoulders, hips, knees and ankles revealed chondrocalcinosis (CC) in knees and Achilles tendons (Figure 5). The arthralgia in knees and heels was considered to be caused by CPPD resulting from hypomagnesemia. The dose of potassium magnesium aspartate was subsequently increased, and the remained arthralgia was gradually alleviated. On Apr 18th, 2020, the serum chemistry panel showed UA was 286 μmol/L, Cr 97 μmol/L, K 2.8 mmol/L, and Mg 0.63 mmol/L. KCl was prescribed to II-3 and II-4. Their fatigue subsequently improved, but they did not take KCl regularly. On Apr 18th, 2020, serum chemistry of II-3 showed UA 560 μmol/L, Cr 103 μmol/L, K 2.9 mmol/L, Mg 0.79 mmol/L. Serum chemistry of II-4 showed UA 580 μmol/L, Cr 150 μmol/L, K 1.8 mmol/L, Mg 0.79 mmol/L. Benzbromarone (50 mg/day) was administered to III-1 to correct hyperuricemia. On Apr 18th, 2020, serum chemistry of III-1 showed UA 397 μmol/L, Cr 105 μmol/L. The arthralgia was resolved.





3. Discussion


We described an exceptionally rare case in an inbred Chinese pedigree with simultaneous homozygous mutations in SLC12A3 and CLCNKB. II-2 and II-4 with simultaneous homozygous mutations in SLC12A3 and CLCNKB have phenotypes of mixed cBS and GS, and II-3 with one homozygous mutation in CLCNKB has phenotypes of cBS.



The ClC-Kb channel is expressed in the thick ascending limb (TAL), distal convoluted tubule (DCT) and collecting duct, where it transfers chloride (Cl−) ions to the basolateral side [2,10]. In some patients with BS type III, impaired ClC-Kb function in the TAL accounts for the Bartter phenotype, including hypercalciuria and isosthenuria, whereas impaired ClC-Kb function in the DCT accounts for the GLS phenotype, including hypocalciuria in other patients with BS type III [4]. The paracellular reabsorption of calcium in the TAL requires the electrochemical gradient created by NaCl transport in this tubule segment. Impaired ClC-Kb function in the TAL causes lower levels of Cl− exit, NaCl reabsorption through the Na-K-2Cl cotransport (NKCC2) and subsequently calcium reabsorption [2,4]. In patients with GS, impaired NCC function in the DCT results in hypocalciuria. Diminished Na reabsorption across the luminal membrane of the DCT cell caused by impaired NCC function in DCT, coupled with continued efflux of intracellular Cl− via basolateral Cl− channels, results in the cell to hyperpolarize. This, in turn, stimulates entry of calcium into the cell via luminal voltage-activated Ca2+ channels. In addition, the lowering of intracellular Na+ concentration facilitates Ca2+ exit via a basolateral Na+/Ca2+ exchanger [11] Defective basolateral Cl− exit in the DCT decreases NaCl reabsorption via the NCC, accounting for the GLS phenotype, including hypocalciuria in BS type III patients with impaired ClC-Kb function in the DCT [4].Accordingly, II-3 has isosthenuria and a significantly elevated uCa/Cr ratio, which both indicate the tubular location of the CLCNKB mutation was in the TAL instead of DCT. II-2 and II-4 have an additional SLC12A3 mutation besides the CLCNKB mutation. DCT is distal to TAL, and thus the increased urinary calcium resulted from CLCNKB mutation in the TAL is then reabsorbed in the DCT due to the SLC12A3 mutation. Finally, hypocalciuria is generated in II-2 and II-4. Accordingly, the GLS phenotypes of II-2 and II-4 are generated by the SLC12A3 mutation rather than the CLCNKB mutation.



To the best of our knowledge, no cases with simultaneous homozygous mutations in the SLC12A3 and CLCNKB genes have been previously reported. The first description of the simultaneous presence of SLC12A3 and CLCNKB gene mutations was the case of two siblings (brother and sister) whose first symptoms appeared in infancy and childhood, respectively. Their serum magnesium and urine calcium excretion rate fluctuated, ranging from normal to low, indicating they had inconsistent hypomagnesemia and hypocalcinuria. Mutation analysis identified the simultaneous presence of heterozygous and compound heterozygous mutations in the SLC12A3 and CLCNKB genes, respectively. They were diagnosed as cBS [12]. The mutation types of SLC12A3 and CLCNKB were frameshift and missense, respectively. The brother developed proteinuria and had growth retardation due to growth hormone deficiency. The sister also had growth retardation. They both had normal renal function. Another female patient was reported to have growth retardation with persistent hypokalemia, hypomagnesemia, hypocalciuria, hypochloremic alkalosis and elevated levels of plasma renin and aldosterone. Her younger brother, father and paternal grandmother all had histories of mild-to-low levels of plasma potassium, which were rectified by potassium-rich foods. Gene sequencing revealed this patient carried a paternally inherited heterozygous mutation in SLC12A3 and maternally inherited heterozygous variants in both CLCNKB and CLCNKA. Based on clinical phenotypes, genetic evidence of the pedigree and previous reported studies, this case of GS indicates a digenetic inheritance of SLC12A3 and CLCNKB that resulted in renal tubular dysfunction, perhaps due to a genetic double-hit mechanism. The putative pathogenicity of the CLCNKB p.L94I variant requires confirmation [13]. A 19-year-old male patient harbored a splice-site heterozygous mutation in SLC12A3 and a missense heterozygous mutation in CLCNKB. His phenotype was consistent with severe GS [14]. In conclusion, a digenetic inheritance of heterozygous SLC12A3 and CLCNKB mutations could cause SLT. I-1 also carried both heterozygous mutation in SLC12A3 and CLCNKB, which may explain his hypokalemia. However, I-2 and III-1, both of whom carried the same mutations as I-1, had no electronic disorders.



Both GS and Type III BS have significant intrafamilial phenotype heterogeneity [3,4] Zelikovic reported a large Bedouin pedigree with a common homozygous missense mutation in the CLCNKB gene and the concomitant presence in the kindred of GS and cBS phenotypes. These findings demonstrated intrafamilial heterogeneity [11]. For the present pedigree, while both I-2 and II-4 carry the same dual homozygous mutations in SLC12A3 and CLCNKB, II-2 had hypomagnesemia, gout and CPPD, whereas II-4 had normal magnesemia and kidney stones. Both of their phenotypes are consistent with mixed cBS and GS. It is hypothesized that variation in expression and/or function of any one of the channels or transporters participating in Cl− transport in the TAL and the DCT may modify variable degrees of impairment in ClC-Kb function, thereby influencing the disease phenotype. Such a modifying effect could occur at the cellular/regulatory level, whereby one or more transport mechanisms are recruited to compensate for impaired ClC-Kb function or, alternatively, may be determined at the level of modifier gene [11].



BS type III has a high phenotypic variability with clinical presentations ranging from very severe salt-losing nephropathy with marked hypokalemia to almost asymptomatic presentation [15]. The type of mutation may influence the clinical presentation of BS type III. For the mutations in CLCNKB, missense mutations were more frequent in patients with less severe phenotypes. On the contrary, severe mutations (large deletions, frameshift, nonsense and essential splicing) were more frequent in patients with earlier onset and severe phenotypes [4]. II-3 carries a homozygous missense mutation in CLCNKB and has a mild phenotype of cBS. Therefore, his phenotype is consistent with his type of mutation in CLCNKB. II-2 and II-4 carry dual homozygous mutations in SLC12A3 and CLCNKB. II-4 has renal dysfunction and very severe hypokalemia (serum K+ 1.8 mmol/L), which both indicate his phenotype is severe. II-2 has renal dysfunction, suffering from gout and CPPD. He has severe hypokalemia and moderate hypomagnesemia despite potassium and magnesium supplementation. Accordingly, his phenotype is also severe. The phenotypes of II-2 and II-4 are more severe than that of II-3 due to additional mutations in SLC12A3. GS is a milder disease compared with BS [4]. The type and position of mutation may influence the clinical presentation of GS. The mutations in SLC12A3 that were associated with a severe presentation were, at least, the combination for one allele of a missense mutation that resulted in a nonfunctional intracellular retained protein or, even more frequent, a missplicing that resulted in a short transcript [16]. The missense mutation in SLC12A3 that was identified here is located within the amino-terminal domain of NCC, which is not involved in defining affinity for ions and thiazides [17]. The central domain of NCC determines ion translocation and thiazide-binding specificity, which could provide a basis for the pathogenic role of these missense mutations [16,17]. Therefore, it is postulated that the mutation in SLC12A3 that was identified here results in mild dysfunction of NCC. Taken together, the simultaneous mutations in CLCNKB and SLC12A3 result in severe rather than very severe phenotypes, as patients take low dose of thiazide and loop diuretics rather than large dose of them.



In some patients with GS rather than BS, CPPD might develop due to long-term and profound hypomagnesemia [3]. CPPD may present with a variety of signs and symptoms, which may or may not be symptomatic. These include acute CPP crystal arthritis, an acute onset, and self-limiting synovitis with CPPD, previously known as “pseudogout” [5]. Therefore, arthritis resulting from CPPD is easily misdiagnosed as gout. Acute gouty arthritis is prevalent in patients with BS rather than GS [7]. As a result, it is difficult to identify the cause of arthralgia in patients with both BS and GS. II-2 had both hypomagnesemia and hyperuricemia. X-rays revealed the calcification of the Achilles tendons and knees, although the X-ray of hands was normal. UA lowering therapy only resolved arthralgia in the hands, but Mg supplementation resolved arthralgia in the ankles and knees. Hence, the arthralgia of the PIP joint of right index finger may have resulted from gout, whereas the arthralgia of ankles and knees resulted from CPPD. II-2 has both gout and CPPD, which indicates the phenotypes of mixed cBS and GS.




4. Conclusions


Simultaneous homozygous mutations in SLC12A3 and CLCNKB gene are exceptionally rare. Consanguineous marriage should be strictly discouraged. GS and BS type III have significant intrafamilial phenotype heterogeneity. Both gout and CPPD should be considered and differentiated if arthralgia is observed in patients with GS and BS.







Author Contributions


Conceptualization, F.W.; original draft preparation, L.M.; review and editing, F.W.; All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Key Research and Development  Program of Ningxia Hui Autonomous Region (2018BFG02010 to C.L.).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of The Second Affiliated Hospital, School of Medicine, Zhejiang University, protocol code: 2015-025 and date of approval: Jan 6th, 2016.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data sharing not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Nozu, K.; Iijima, K.; Kanda, K.; Nakanishi, K.; Yoshikawa, N.; Satomura, K.; Kaito, H.; Hashimura, Y.; Ninchoji, T.; Komatsu, H.; et al. The Pharmacological Characteristics of Molecular-Based Inherited Salt-Losing Tubulopathies. J. Clin. Endocrinol. Metab. 2010, 95, E511–E518. [Google Scholar] [CrossRef] [PubMed]

	



Hennings, J.C.; Andrini, O.; Picard, N.; Paulais, M.; Huebner, A.K.; Cayuqueo, I.K.; Bignon, Y.; Keck, M.; Cornière, N.; Böhm, D.; et al. The ClC-K2 Chloride Channel Is Critical for Salt Handling in the Distal Nephron. J. Am. Soc. Nephrol. 2017, 28, 209–217. [Google Scholar] [CrossRef]

	



Blanchard, A.; Bockenhauer, D.; Bolignano, D.; Calò, L.A.; Cosyns, E.; Devuyst, O.; Ellison, D.H.; Frankl, F.E.K.; Knoers, N.V.; Konrad, M.; et al. Gitelman syndrome: Consensus and guidance from a Kidney Disease: Improving Global Outcomes (KDIGO) Controversies Conference. Kidney Int. 2017, 91, 24–33. [Google Scholar] [CrossRef] [PubMed]

	



Seys, E.; Andrini, O.; Keck, M.; Mansour-Hendili, L.; Courand, P.-Y.; Simian, C.; Deschenes, G.; Kwon, T.; Bertholet-Thomas, A.; Bobrie, G.; et al. Clinical and Genetic Spectrum of Bartter Syndrome Type 3. J. Am. Soc. Nephrol. 2017, 28, 2540–2552. [Google Scholar] [CrossRef]

	



Zhang, W.; Doherty, M.; Bardini, T.; Barskova, V.; Guerne, P.-A.; Jansen, T.L.; Leeb, B.F.; Perez-Ruiz, F.; Pimentao, J.; Punzi, L.; et al. European League Against Rheumatism recommendations for calcium pyrophosphate deposition. Part I: Terminology and diagnosis. Ann. Rheum. Dis. 2011, 70, 563–570. [Google Scholar] [CrossRef]

	



Favero, M.; Calo, L.A.; Schiavon, F.; Punzi, L. Miscellaneous non-inflammatory musculoskeletal conditions. Bartter’s and Gitelman’s diseases. Best Pract. Res. Clin. Rheumatol. 2011, 25, 637–648. [Google Scholar] [CrossRef] [PubMed]

	



Meyer, W.J., 3rd; Gill, J.R., Jr.; Bartter, F.C. Gout as a complication of Bartter’s syndrome. A possible role for alkalosis in the decreased clearance of uric acid. Ann. Intern. Med. 1975, 83, 56–59. [Google Scholar] [CrossRef]

	



Vargas-Poussou, R.; Dahan, K.; Kahila, D.; Venisse, A.; Riveira-Munoz, E.; Debaix, H.; Grisart, B.; Bridoux, F.; Unwin, R.; Moulin, B.; et al. Spectrum of Mutations in Gitelman Syndrome. J. Am. Soc. Nephrol. 2011, 22, 693–703. [Google Scholar] [CrossRef] [PubMed]

	



Lek, M.; Karczewski, K.J.; Minikel, E.V.; Samocha, K.E.; Banks, E.; Fennell, T.; O’Donnell-Luria, A.H.; Ware, J.S.; Hill, A.J.; Cummings, B.B.; et al. Analysis of protein-coding genetic variation in 60,706 humans. Nature 2016, 536, 285–291. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, K.; Uchida, S.; Okamura, H.-O.; Marumo, F.; Sasaki, S. Human CLC-KB gene promoter drives the EGFP expression in the specific distal nephron segments and inner ear. J. Am. Soc. Nephrol. 2002, 13, 1992–1998. [Google Scholar] [CrossRef] [PubMed]

	



Zelikovic, I.; Szargel, R.; Hawash, A.; Labay, V.; Hatib, I.; Cohen, N.; Nakhoul, F. A novel mutation in the chloride channel gene, CLCNKB, as a cause of Gitelman and Bartter syndromes. Kidney Int. 2003, 63, 24–32. [Google Scholar] [CrossRef] [PubMed]

	



Bettinelli, A.; Borsa, N.; Syrén, M.-L.; Mattiello, C.; A Coviello, D.; Edefonti, A.; Giani, M.; Travi, M.; Tedeschi, S. Simultaneous Mutations in the CLCNKB and SLC12A3 Genes in Two Siblings with Phenotypic Heterogeneity in Classic Bartter Syndrome. Pediatr. Res. 2005, 58, 1269–1273. [Google Scholar] [CrossRef]

	



Kong, Y.; Xu, K.; Yuan, K.; Zhu, J.; Gu, W.; Liang, L.; Wang, C. Digenetic inheritance of SLC12A3 and CLCNKB genes in a Chinese girl with Gitelman syndrome. BMC Pediatr. 2019, 19, 114. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.W.; Lee, J.; Heo, N.J.; Cheong, H.I.; Han, J.S. Mutations in SLC12A3 and CLCNKB and Their Correlation with Clinical Phenotype in Patients with Gitelman and Gitelman-like Syndrome. J. Korean Med Sci. 2016, 31, 47–54. [Google Scholar] [CrossRef] [PubMed]

	



Konrad, M.; Vollmer, M.; Lemmink, H.H.; Heuvel, L.P.V.D.; Jeck, N.; Vargas-Poussou, R.; Lakings, A.; Ruf, R.; Deschênes, G.; Antignac, C.; et al. Mutations in the chloride channel gene CLCNKB as a cause of classic Bartter syndrome. J. Am. Soc. Nephrol. 2000, 11, 1449–1459. [Google Scholar] [PubMed]

	



Riveira-Munoz, E.; Chang, Q.; Godefroid, N.; Hoenderop, J.G.; Bindels, R.J.; Dahan, K.; Devuyst, O. Transcriptional and Functional Analyses ofSLC12A3Mutations: New Clues for the Pathogenesis of Gitelman Syndrome. J. Am. Soc. Nephrol. 2007, 18, 1271–1283. [Google Scholar] [CrossRef] [PubMed]

	



Moreno, E.; Cristóbal, P.S.; Rivera, M.; Vázquez, N.; Bobadilla, N.A.; Gamba, G. Affinity-defining domains in the Na-Cl cotransporter: A different location for Cl− and thiazide binding. J. Biol. Chem. 2006, 281, 17266–17275. [Google Scholar] [CrossRef] [PubMed]








[image: Genes 12 00369 g001 550] 





Figure 1. Sequence analyses of the SLC12A3 gene and the identified SLC12A3 mutations. (A) A homozygous mutation (red arrow) (c.248G>A, p.Arg83Gln)in SLC12A3 was identified in the proband and II-2,II-4, (B) A heterozygous mutation (red arrow) (c.248G>A, p.Arg83Gln) in SLC12A3 was identified in I-1,I-2,III-1. 
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Figure 2. Sequence analyses of the CLCNKB gene and the identified CLCNKB mutations. (A) A homozygous mutation red arrow) (c.1171T>C, p.Trp391Arg) in CLCNKB was identified in the index patient and II-3, II-4. (B) A heterozygous mutation (red arrow) (c.1171T>C, p.Trp391Arg) in CLCNKB was identified in t I-1, I-2, II-5, III-1. 
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Figure 3. Phylogenetic conservation analysis. The amino acid residues altered by the corresponding variants studied here were highlighted. The phylogenetic conservation analysis revealed that the residues of 83 in NCC (A) and 391 in ClC-Kb (B) were both highly conserved across species. 
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Figure 4. Pedigree of the family shows that the clinical phenotype cosegregates with simultaneous homozygous mutations in SLC12A3 and CLCNKB. The arrow indicates the index patient (II-2). Males and females are indicated by squares and circles, respectively. 
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Figure 5. X-ray of joints. (A) Anteroposterior projections of the patient’s knees. Extensive chondrocalcinosis of the fibrocartilage of the medial and lateral menisci (arrows) is present. (B) Lateral projections of the ankles. Calcification of the Achilles tendons is present. 
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Table 1. Characteristics of the pedigree.
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	Subject
	I-1
	I-2
	II-2
	II-3
	II-4
	II-5
	III-1
	Reference Range





	Age (year)
	69
	69
	48
	46
	44
	42
	25
	



	Sex
	Male
	Female
	Male
	Male
	Male
	Male
	Male
	



	Serum biochemisty
	
	
	
	
	
	
	
	



	Cr (μmol/L)
	115
	77
	99
	92
	129
	93
	117
	62~115



	UAa (μmol/L)
	605
	288
	998
	433
	324
	458
	582
	150~420



	Na (mmol/L)
	142
	140
	138
	140
	133
	139
	140
	137~147



	Cl (mmol/L)
	101
	100
	93
	99
	88
	102
	101
	99~110



	K (mmol/L)
	3.4
	3.9
	2.6
	3.0
	2.4
	4.1
	4.2
	3.5~5.3



	Mg (mmol/L)
	0.99
	0.92
	0.53
	0.95
	0.79
	0.96
	0.91
	0.66~1.07



	Ca (mmol/L)
	2.26
	2.38
	2.15
	2.13
	2.33
	2.19
	2.33
	2.0~2.50



	eGFR b (mL/min/1.73 m2)
	56.02
	67.87
	77.27
	85.63
	57.71
	86.92
	74.21
	>90



	Urine analysis
	
	
	
	
	
	
	
	



	Specific gravity
	1.015
	1.010
	1.010
	1.010
	1.010
	1.020
	1.015
	1.003~1.030



	pH
	5.5
	5.50
	7
	6.5
	7.5
	5.5
	5.5
	4.5~8.0



	Red blood cell (cells/μL)
	111
	0
	4
	1
	1
	8
	3
	0~15



	Protein
	0
	0
	0
	0
	0
	0
	0
	Negative



	24-h urine
	
	
	
	
	
	
	
	



	Urine volume (mL/24 h)
	1450
	750
	3500
	1600
	1800
	1700
	1200
	



	K (mmol/24 h)
	32.77
	23.1
	47.6
	47.84
	73.98
	17.85
	24.84
	



	Ca (mmol/24 h)
	
	
	0.7
	8.192
	1.26
	
	
	



	Spot Ca/Cr ratio (mmol/mmol)
	0.23
	0.56
	0.01
	0.63
	0.05
	0.34
	0.04
	



	Plasma

Renin activity (upright) (ng/mL/h)
	
	
	15.95
	3.37
	7.18
	
	
	0.93~6.56



	Plasma Aldosterone (upright) (pg/mL)
	
	
	37.36
	215.38
	526.67
	
	
	65.0~296.0



	Arterial blood gas
	
	
	
	
	
	
	
	



	pH
	
	
	7.49
	7.41
	7.47
	
	
	7.35~7.45



	PaO2 (mmHg)
	
	
	74
	105
	104
	
	
	80~100



	PaCO2 (mmHg)
	
	
	37
	36.8
	40.8
	
	
	35~45



	HCO3- (mmol/L)
	
	
	27.9
	22.8
	29.6
	
	
	21~28



	BE c (mmol/L)
	
	
	4.9
	−1.1
	5.9
	
	
	+3~−3



	Ultrasound of urinary tract
	Left kidney stone
	Normal
	Normal
	Normal
	Bilateral kidney stones and right cyst
	Bilateral kidney stones
	Normal
	







The labels in header of Table 1 follow the rules in drawing the pedigree tree. The ancient Roman numerals denote the generation of the pedigree and the Arabic numerals denote the subject in each generation. a: UA: uric acid. b: eGFR:estimated glomerular filtration rate, c: BE: base excess.
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Table 2. In silico prediction of the damaging effect of the two variants.






Table 2. In silico prediction of the damaging effect of the two variants.





	
Gene

	
Exon

	
Transcript

	
Nucleotide Mutations

	
Amino Acid Variants

	
Variant Type

	
PolyPhen-2

	
Mutation Taster

	
SIFT

	
GERP






	
SLC12A3

	
1

	
NM_000085.5

	
c.248G>A

	
p.Arg83Gln

	
missense

	
1

(probably-damaging)

	
1

(disease-causing)

	
0

(damaging)

	
5.42

(conserved)




	
CLCNKB

	
12

	
NM_000339.3

	
c.1171T>C

	
p.Trp391Arg

	
missense

	
0.999

(probably-damaging)

	
1

(disease-causing)

	
0

(damaging)

	
4.59

(conserved)




	
SIFT: Sorting Intolerant From Tolerant, GERP: Gnomic Evolutionary Rate Profiling
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