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Pathogenesis of Dent’s disease and related syndromes of disorder in 10% to 45% of patients [2, 3] and is most
X-linked nephrolithiasis. Renal stone disease, which affects commonly associated with hypercalciuria [4]. The inheri-
12% of males and 5% of females by the seventh decade, occurs tance of nephrolithiasis and hypercalciuria has been es-as an inherited disorder in 45% of patients and is most com-

tablished to be either autosomal dominant or X-linked inmonly associated with hypercalciuria. The biochemical basis
some families [3–9]. The biochemical basis for hereditaryfor hereditary nephrolithiasis and hypercalciuria is unknown,

and this has therefore been investigated by a “positional clon- nephrolithiasis and hypercalciuria is unknown, and this
ing” approach. As a first step in this approach, the chromosomal has therefore been investigated by a “positional cloning”
locations of two disorders referred to as Dent’s disease and

approach [10]. The first step in this approach is repre-X-linked recessive nephrolithiasis (XRN) were determined.
sented by determining the chromosomal locations of he-These two disorders, which represent unusual forms of the

renal Fanconi syndrome, are characterized by a low molecular reditary nephrolithiasis disorders, and then isolating the
weight proteinuria, hypercalciuria, nephrocalcinosis, nephroli- genes from the critical region. This approach has defined
thiasis and renal failure. An X-linked inheritance for XRN was the molecular basis for four diseases of hereditary neph-established by studies of a North American kindred, and a

rolithiasis: Dent’s disease, X-linked recessive nephroli-similar inheritance for Dent’s disease was indicated by the
thiasis (XRN), X-linked recessive hypophosphatemicobservation of a greater disease severity in males and an ab-

sence of male-to-male transmission in five British families. rickets (XLRH), and the idiopathic low molecular weight
X-linked polymorphic genetic markers were used in linkage proteinuria of Japanese children (JILMWP) [7, 8, 11–14].
studies of these families, and the genes causing Dent’s disease

The positional cloning studies resulted in the identifica-and XRN were mapped to Xp11. In addition, in one family
tion of a voltage-gated chloride channel, CLCN5, genewith Dent’s disease, a microdeletion involving the DNA probe

M27b was identified. This microdeletion was further character- [15]; the progress in these studies will be reviewed.
ized by using yeast artificial chromosomes (YACs) and its size
was estimated to be 515 Kb. A search for renal-expressed genes
from this region identified a novel gene encoding a chloride DENT’S DISEASE AND RELATED SYNDROMES
channel (CLCN5) with similarities to a family of voltage-gated

Four disorders of hereditary hypercalciuric nephroli-chloride channels. Molecular genetic studies of CLCN5 demon-
thiasis (kidney stones), referred to as Dent’s diseasestrated that mutations, which resulted in a functional loss, were

associated with Dent’s disease and XRN. In addition, such [8, 9], XRN [5, 13], XLRH [7], and JILMWP [14], have
CLCN5 mutations that would result in a functional loss have been reported to be due to mutations of the X-linked
also been demonstrated in Japanese children with idiopathic renal specific voltage-gated chloride channel, CLCN5,low molecular weight proteinuria, hypercalciuria and nephro-

gene (Table 1) [11, 12, 16–19]. All four of these diseasescalcinosis, and an Italian kindred with X-linked recessive hypo-
have features in common, and they represent renal tubu-phosphatemic rickets (XLRH) and hypercalciuria. Thus, four

hereditary disorders of nephrolithiasis are due to mutations of lar disorders that are characterized by low molecular
the novel chloride channel, CLCN5. weight proteinuria (LMWP), hypercalciuria, nephrocal-

cinosis, nephrolithiasis and renal failure. In addition,
other renal proximal tubular defects, which include ami-

Renal stone disease (nephrolithiasis and nephrocal- noaciduria, phosphaturia, glycosuria, kaliuresis, uricosu-
cinosis), which affects 12% of males and 5% of females ria and an acquired impairment of urinary acidification,
by the age of 70 years [1, 2], occurs as an inherited may also occur [5, 7, 9, 14]. However, there are differ-

ences between these disorders. For example, rickets has
been a particular feature of Dent’s disease and XLRH,Key words: chloride channel gene, hypercalciuria, low molecular

weight proteinuria, kidney stones. but not XRN or JILMWP, and severe renal failure has
been a feature of Dent’s disease and XRN [5, 7–9, 13, 2000 by the International Society of Nephrology
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Table 1. Mammalian voltage-gated chloride channel (CLC) genes and disease associations

Chloride Chromosomal
channel location Function Tissue distribution Disease association

CLC-1 7q35 Voltage stabilization Skeletal muscle Thomsen’s myotonia, Becker
myotonia, Arrested Devel-
opment of Righting (ADR)
in mouse

CLC-2 3q26-3q28 Cell volume regulation Ubiquitous —
CLC-3 4 ? Multiple —
CLC-4 Xp22.3 ? Muscle, brain, heart —
CLC-5 Xp11.22 Endosomal chloride Kidney (predominantly) Dent’s disease

transport (nephrolithiasis)
CLC-6 1p36 ? Multiple (e.g. brain, —

testes, muscle, kidney)
CLC-7 16p13 ? Multiple (e.g. brain, —

testes, muscle, kidney)
CLC-Ka 1p36 Concentration Kidney Nephrogenic diabetes insipidus

gradient in counter- in mouse
current mechanism

CLC-Kb 1p36 Chloride Kidney Bartter’s syndrome
reabsorption?

Fig. 1. Segregation of Dent’s disease with a microdeletion detected by M27b. Probe M27b, which defines the locus DXS255 and has been localized
to Xp11.22, hybridizes to EcoR1 fragments in the range of 3 to 7 kb in normal individuals, and heterozygosity in females exceeds 90%. Hybridization
of the Southern blot (lower panel) from family 12/89 with probe M27b demonstrated an absence of signals in all the affected males (II.3, II.7,
III.3, III.7 and IV.2) and only one fragment indicating hemizoygosity was detected in the affected females (II.2, II.6, II.9, II.12 and III.2). A control
hybridization of this Southern blot with the probe L1.28, which defines the locus DXS7, yielded signals from all the lanes and demonstrated the
presence of DNA in each lane. Thus, a microdeletion involving M27b is associated with Dent’s disease in family 12/89, and this maps Dent’s
disease to Xp11.22. (Reproduced with permission from Pook et al, Human Molecular Genetics 2:2129–2134, 1993) [8].
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Fig. 2. Deletion mapping in a male patient with Dent’s disease. The DXS255 (M27b) locus was deleted in the patient (II.3, family 12/89, Fig. 1)
with Dent’s disease and a yeast artificial chromosome (YAC) containing DXS255 was isolated. The YAC was 185 kb in size and the telomeric
sequence, L(F1001), which was approximately 50 kb from DXS255, was present, while the centromeric sequence, L(6129), was absent. By using
the centromeric YAC sequence, additional YACs were isolated and their terminal sequences similarly mapped with respect to the deletion. A
YAC contig was established and the size of the microdeletion was revealed to be approximately 515 kb. Use of the 185 kb YAC as a hybridization
probe to screen a renal cDNA library helped to isolate a novel gene, clone RL.3, which encoded a renal chloride channel CLC-5 (Fig. 3).
(Reproduced with permission from Thakker, Acta Nova Leopoldina 302:23–33, 1997 [43]).

14]. Dent’s disease, XRN and XLRH were mapped to amino-butyric acid (GABAA) receptors [25, 26]; (2) the
cystic fibrosis transmembrane conductance regulatorXp11.22 [7, 8, 13], and a microdeletion in one patient
(CFTR) Cl-channel [27]; and (3) the CLCs. The glycinewith Dent’s disease (Fig. 1) facilitated the isolation and
and GABAA receptors, which probably have four trans-characterization (Fig. 2) of a renal chloride channel gene,
membrane domains and may function as pentamers, con-CLCN5 [8, 20, 21]. DNA sequence analyzes have de-
duct chloride ions and are mainly involved in neuronaltected different CLCN5 mutations (Fig. 3), which consist
inhibition. The CFTR, which is a member of the super-of nonsense, missense, splice site, insertional and dele-
family of adenosine 59-triphosphate (ATP)-binding cas-tional mutations, in patients with these four hypercalci-
sette (ABC) transporters and has 12 putative transmem-uric nephrolithiasis disorders [11, 12, 16–19], together
brane domains arranged in two separate blocks withwith another form of a hereditary renal tubular acidosis
two cyclic nucleotide binding domains and a regulatory[22], thereby establishing its causal role in these dis-
region, functions as a cyclic AMP (cAMP)-regulatedeases [23, 24]. Heterologous expression of the wild-type
chloride channel. The CLCs, which are structurally unre-CLCN5 gene or its mutants in Xenopus oocytes also
lated to the other ion channels and form the only knowndemonstrated that the wild-type channel, CLC-5, con-
large family (Table 1) of Cl2 channels, consist of about 12ducted outwardly directed chloride (Cl2) currents that
transmembrane domains [11, 20, 21, 28, 29]. The correctwere either abolished or markedly reduced by the muta-
number and topology of these domains is being estab-tions [11, 12, 16]. The common genetic etiology of
lished, but domain 3 is likely to be a transmembraneCLCN5 mutations and the phenotypic similarities be-
domain [30], and recent studies of domain 4 using cyste-tween all of these syndromes indicated that they were
ine-scanning mutagenesis indicate that domain 4, whichvariants of one disorder, and it has been proposed to
contains a conserved motif that is essential for anionrefer to them collectively as Dent’s disease [12, 16].
selectivity, is likely to be involved in pore formation [31].
The first member, designated CLC-0, was cloned in 1990

VOLTAGE-GATED CHLORIDE CHANNEL from the electric organ of Torpedo marmorata [27], and
(CLC) GENE FAMILY nine different CLCs (CLC-1 to CLC-7, and CLC-Ka

The CLCs represent the most recently discovered of and CLC-Kb; encoded, respectively, by genes CLCN1
the three structurally defined classes of chloride channels to CLCN7, and CLCNKa and CLCNKb) have been
[15]: (1) the extracellular ligand-gated (ELG) receptor identified in mammals [19, 28, 31]. Heterologous expres-

sion in Xenopus oocytes has revealed that the chloridechloride channels, for example, the glycine and gamma-
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channels CLC-0, CLC-1, CLC-2 and CLC-5 conduct a loss of CLC-5 function in the proximal tubule may
chloride currents that are outwardly rectifying and time- lead to a decrease in chloride re-absorption which in
dependent, and with a conductivity sequence that prefers turn results in decreased calcium re-absorption [23, 40].
chloride to iodide [11, 12, 28–34]. These chloride chan- However, this does not explain the abnormal excretion
nels are important for the control of membrane excitabil- of low molecular weight proteins, which are specifically
ity, transepithelial transport and possibly regulation of absorbed in the proximal tubule by endocytosis and
cell volume [29]. CLCs are known to function as transported in an acidic vacuolar-lysosomal system [23,
multimeric complexes, and recent studies have revealed 41]. A loss of chloride channel function in this system
that CLC-0 is a homodimer with two largely independent would prevent the dissipation of the charge that is gener-
pores [33, 34]. The CLC genes are expressed in a variety ated by the electrogenic H12ATPase pump for the pro-
of tissues (Table 1), and only CLCN1, CLCN5 and vision of the acidic environment. However, these possi-
CLCNKb have to date been reported to have disease bilities needed to be explored, and the identification of
associated mutations in humans [15]. Thus, mutations of the specific segments of the human nephron that express
CLCN1 are associated with the myotonia disorders of CLCN5 represented an important step in this pathway
Thomsen and Becker [35–37], mutations of CLCN5 are towards further understanding the role and function of
associated with the hereditary nephrolithiasis disorders CLC-5 in the etiology of hypercalciuria and renal stones.
of Dent’s disease [11, 12, 15], and mutations of CLCNKb These studies, which have detected the expression of
are associated with a form of Bartter’s syndrome [15, 38]. CLC-5 by immunostaining, have revealed that CLC-5
Recent studies of a mouse knockout model for CLCNK1, expression occurs at multiple sites in the human nephron
which is the murine homologue for the human CLCNKa, [42]. Immunohistochemistry studies have revealed that
have demonstrated the occurrence of a form of nephro- CLC-5 expression in the human nephron occurs in the
genic diabetes insipidus (NDI) [39]. This results from a epithelial cells lining the proximal tubules, the medullary
defect in the renal urinary concentrating mechanism and thick ascending limbs of Henle’s loop, and intercalated
reveals an important role for CLCNK1 in the counter-

cells of the collecting ducts. Furthermore, studies of sub-
current multiplication system of the inner medulla [39].

cellular human kidney fractions indicated that CLC-5 isThe human equivalent of this murine model for NDI
likely to be located in recycling endosomes, and thatremains to be identified.
these may form part of the receptor-mediated endocytic
pathway that reabsorbs low molecular weight proteins

ROLE OF CLC-5 IN THE NEPHRON and albumin. Thus, CLC-5 dysfunction in the proximal
tubule may result in low-molecular-weight proteinuriaThe positional cloning [7, 8, 13, 20] and mutational
together with features of the Fanconi syndrome, andanalysis [11, 12, 16] of Dent’s disease and its phenotypic
CLC-5 dysfunction in the thick ascending limb of Henle,variants indicated that CLCN5 encodes a chloride chan-
which is the major site of calcium reabsorption, maynel, CLC-5, whose functional loss results in a generalized
result in hypercalciuria [42].proximal tubular defect, that is, Fanconi syndrome,

which is associated with the hypercalciuria and nephroli-
thiasis of Dent’s disease [23]. However, the mechanisms
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Fig. 3. Schematic representation of a predicted topology of CLC-5. The mutations associated with Dent’s disease, and its phenotypic variants are
illustrated using the reported model [11] for CLC-5 topology. Every 50th amino acid of the 746-amino acid CLC-5 protein and the consensus
phosphorylation (asterisk) and glycosylation (branch) sites at codons 349, 350 and 408, respectively, are indicated. The CLC-5 mutations are shown
with the amino acid highlighted in black and the codon and substituted amino acid shown alongside. Arrows 1 and 2 delineate the amino acids
predicted to be deleted by donor splice site mutations, and arrows 1 to 3 delineate those deleted in a Dent’s disease family with a 2-kb intragenic
deletion. The correct topology for the CLC channels is unknown and the predicted topology of the CLC-5 putative transmembrane domains (D1-
D13) and is based upon a model [11] (inset) that places D4 extracellularly, and in which the hydrophobic core of the D9-D12 region crosses the
membrane three or five times and contains a hydrophilic region (codons 481–502), the precise location of which remains unknown. More recent
studies indicated that D4 is likely to be involved in pore formation [31]. More than 40 CLCN5 mutations have been reported in patients with
Dent’s disease and its phenotypic variants. Such CLCN5 mutations have been demonstrated, by heterologous expression in Xenopus oocytes, to
result in a functional loss of the channel CLC-5 [11, 12, 16].
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