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Mutations of the renal-specific chloride channel
(CLCN5) gene, which is located on chromosome
Xpll.22, are associated with hypercalciuric nephro-
lithiasis (kidney stones) in the Northern European and
Japanese populations. CLCN5 encodes a 746 amino
acid channel (CLC-5) that has [12 transmembrane
domains, and heterologous expression of wild-type
CLC-5 in Xenopus oocytes has yielded outwardly
rectifying chloride currents that were markedly reduced

or abolished by these mutations. In order to assess
further the structural and functional relationships of this
recently cloned chloride channel, additional CLCN5
mutations have been identified in five unrelated families
with this disorder. Three of these mutations were
missense (G57V, G512R and E527D), one was a
nonsense (R648Stop) and one was an insertion (30:H
insertion). In addition, two of the mutations (30:H
insertion and E527D) were demonstrated tobe  de novo,
and the G57V and E527D mutations were identified in
families of Afro-American and Indian origin,
respectively. The G57V and 30:H insertion mutations
represent the first CLCN5 mutations to be identified in
the N-terminus region, and the R648Stop mutation,
which has been observed previously in an unrelated
family, suggests that this codon may be particularly
prone to mutations. Heterologous expression of the
mutations resulted in a marked reduction or abolition of
the chloride currents, thereby establishing their
functional importance. These results help to elucidate

further the structure—function relationships of this renal
chloride channel.

INTRODUCTION

Four disorders of hereditary hypercalciuric nephrolithiasis (kidney
stones), that have been referred to as Dent's disease, X-linked
recessive nephrolithiasis (XRN), X-linked recessive hypo-
phosphataemic rickets (XLRH) and the idiopathic low molecular
weight proteinuria of Japanese children (JILP), have been reported
to be due to mutations of the X-linked renal-specific chloride
channel CLCN5(1-8). All of these four diseases have features in
common, and they represent renal tubular disorders that are
characterised by low molecular weight proteinuria, hypercalciuria,
nephrocalcinosis, nephrolithiasis and renal failure. In addition,
other renal proximal tubular defects, which include aminoaciduria,
phosphaturia, glycosuria, kaliureseis, uricosuria and an acquired
impairment of urinary acidification, may also ocdur3,5,6).
However, there are differences between these disorders; for
example, rickets has been a particular feature of Dent’s disease and
XLRH, but not XRN and JILP, and severe renal failure has been
a feature of Dent’s disease and XRN (1-6). Dent’s disease, XRN
and XLRH were mapped to Xp11.224,5), and a miodeletion

in one patient with Dent’s disease facilitated the isolation and
characterisation of a renal chloride channel ggh€N5(2,9,10).

DNA sequence analysis detected differ€hCN5 mutations in
patients with the four hypercalciuric nephrolithiasis disorders,
thereby establishing its causal role in these diseases (7,8). The
common genetic aetiology offLCN5 mutations and the
phenotypic similarities between all these syndromes indicates that
they are variants of one disorder, which we propose to refer to as
Dent’s disease.
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Figure 1. Schematic representation of tAleCN5mutations within the framework of the predicted topology of CLC-5 (7), which consists of 746 amino acids (9,10).
The correct topology of the CLC-5 putative transmembrane domains (D1-D12) is based upon a model (7,11) illustrated ifttaedmsensus phosphorylation

and glycosylation sites are indicated by asterisks and branch sites, respectively. The five mutations (30:Hins, G57V,23b1aR] R548X) detected by the
present studyd are indicated together with those previously reported (7,8) in families with Dent's Biska&HC, JILPY and XRN. Of the total 20
disease-associat&@ CN5genetic abnormalities, four (20%) have been identified in D11, which is encoded by exons 9 and 10, and the W279X andgR648X mut
have been observed twice in unrelated families.

The humarCLCN5gene has a 2238 bp coding sequence, whicRESULTS
consists of 12 exons that span 25-30 kb of genomic DNA, and

encodes a 746 amino acid protein (9, TYCNSbelongs to the  Fjve families with Dent's disease (Table 1) were identified from
family of mammalian voltage-gated chloride channel genege UK, USA, Italy (15) and thentlian subcontinent (Table 2),
(CLCN1-CLCN7 and CLCKa and CLCKRh respectively) that  and 22 members (nine affected males, seven affected females,
have [112 transmembrane domail8,11,12) Fig. 1). These two unaffected males and four unaffected females) were studied.
chloride channels have an important role in the control ofyNA sequence analysis of the entire 2238 bp coding region of the
membrane excitability, transepithelial transport and possibly cettl CN5 gene from one affected member of each of the five
volume (1L,13). Hetenlogous expression of wild-ty@ CN5in  families revealed the presence of five different mutations
Xenopusocytes has revealed that the channel, CLC-5, condugtiable 2) which consisted of three missense (G57V, G512R and
chloride currents that are outwardly rectifying andE527D), one nonsense (R648X) and one in-frame insertion at
time-independent, and similar expression of disease-associatg@on 30 (30:Hins). The G57V mutation resulted froma G to T
CLC-5 mutants demonstrated markedly reduced or absewénsversion (GC- GTC), the G512R mutation resulted from
currents (7,8,14). However, a cortada between the mutations, a G to C transversionGGT - CGT), the E527D mutation
their in vitro functional consequences and the phenotypi¢Fig. 2) resulted from an A to T transversion (&A GAT), the
variations could not be established. We have pursued furthR648X mutation from a C to T transiticBGA - TGA) and the
investigations to define the structural and functional relationshipa-frame insertion (30:H) resulted from an insertion of ACC at
of this novel renal chloride channel and its role in hypercalciuricodons 30 and 31 (Fig. 3). The G57V, G512R, E527D and R648X
nephrolithiasis, by characterising additioBaICN5mutationsin  mutations resulted in alterationsvdéd, Hphl, Sal8Al andTad
patients with familial and non-familial forms of this disorder. restriction enzyme sites, respectively, that facilitated their
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confirmation (Fig. 2). Interestingly, the R648KGA -~ TGA)  distribution within D11, respectively (Table 2). The effects upon
mutation has been observed previou§ly in an unrelated CLC-5 function of such nonsense and missense mutations, which
(confirmed by microsatellite polymorphism analysis, data nohave been previously asses$&), are likely to be a loss of
shown) British family with Dent’s disease, and this may represeffinction. The effects of the missense mutation E527D, in which
a possible mutational hot-spot (Fig. 1). The ACC in-framehere is a minor change involving a loss of a methyl group from
insertion (30:H) was not associated with an alteration in the glutamate (E) to convert it to an aspartate (D) (Fig. 1), are
restriction enzyme site, and this mutation was confirmed bgifficult to predict, although it is important to note that E527 is
sequence-specific oligonucleotide (SSO) hybridisation analys@e of the most conserved amino acids and is present in all the
(Fig. 3). The G57V, G512R and R648X mutations wereknown CLCs, including those from plants, ye&scherichia
demonstrated to co-segregate with the disease in each of famileedi, cyanobacteria, fish and mammald,(13). Similarly, the
8/95, 13.3/95 and 3/95, respectively (Table 2). However, the 30iHsertion of the positively charged histidine (H) at codon 30 in the
insertional and E527D mutations were demonstrated todeise N-terminus region, amidst the peptide sequence between codons
novo (Figs 2 and 3), and interestingly the E527D mutation wa4 and 34 (REKSRDRDRHR) that is already rich in the
found to co-segregate with the disease in subsequent generatigusitively charged amino acids arginine (R) and histidine (H), is
The absence of each of these five DNA sequence abnormaliteso difficult to predict; interestingly, this sequence also has
in 110 alleles from 69 unrelated normal individuals (28 males, 4dositively and negatively charged amino acids in alternating
females) established that these abnormalities were mutations guusitions and if these were arranged f@eated sheet with one
not functionally neutral polymorphisms which would beside positive and the other negative, then insertion of any extra
expected to occur in >1% of the population. amino acid would result in a disruption of the charge distribution
The two missense mutations, G57V and G512R, and th{@able 2). The functional effects of the missense and insertion
nonsense mutation R648X predict structurally significanCLC-5 mutants were therefore assessed by heterologous
alterations to CLC-5 and are thus likely to be of importance in thexpression inXenopusoocytes and measurements of chloride
aetiology of the disease. The nonsense mutation R648X predictgrents as previously describ@g8). The reslts demonstrated
a truncated CLC-5 channel that lacks the 100 amino acids fratinat the insertional (30H) and missense (G57V) mutations
the C-terminal loop (Fig. 1), and the missense mutations G57iviarkedly reduced the chloride channel&30 and 50% of the
and G512R predict a disruption of the helix in the firstwild-type CLC-5 respectively, whilst the missense mutations
transmembrane domain, D1, and a disruption of the chargg12R and E527D abolished the chloride currents (Fig. 4).

Table 1. Clinical and biochemical abnormalities in nine patients from five families with Dent's disease

Family2
2/95 8/95 13.3/95 7.3/95 3/95
Individual I1.1P I1.1P 1.2 I.1P I.1P 1.1 1.2 I.1P 1.2
Age (years) at diagnosis 2 5 4 3 19 4 3 3 0.5
Sex M M M M M F F M M
Urinary abnormalities
Low molecular weight proteinuria + + + + + - + + +
Hypercalciuria + + + + - + + + +
Renal failuré - - - + ++ - - + +
Ricket$ - - - - + - - + +
Nephrocalcinosf - + + + + - - ¥ +
+ = present, — = absent.

&amily designation is shown, and each individual is indicated by a generation (I, Il or Ill) and sibship number (1 o2 Zn@Fg)indicates the proband.
bRenal failure: + = moderate (<97 ml/min/1.73rfref. 8); ++ = end stage, requiring dialysis and transplantation.

CRickets detected by raised serum alkaline phosphatase activity or radiologically.

dNephrocalcinosis detected by ultrasonography or radiology.

Table 2. CLCN5mutations detected in families with Dent’s disease

Family Base change Codon/amino Restriction enzyme Predicted effect

(origin) acid change change/SSO

2/95 ACC in-frame 30:H insertion SSO Disruption of charge
(British/Caucasian) insertion distribution?

8/95 GC-GTC Gly57Val Msp Disruption of helix in D1
(USA, African)

13.3/95 GGT-CGT Gly512Arg Hphl Disruption of charge
(USA, Caucasian) distribution within D11
7.3/95 GAA - GAT Glu527Asp SaBAl ?

(Indian)

3/95 CGA-TGA Arg648Stop Tad Loss of 100 amino acids

(Italian)

from cytoplasmic domain
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A to T transversion (Glu527Asp)

- Amino acid Met Phe Glu Leu
Asp
Wild Type (WT) A
ATG TTT GA CTG
Mutant (m) T
Sau3Ai
ii. Family 7.3/95

M1 N2z N3 N4

WT— el — 330bp
uh — 218bp
m— — 111bp
il
WT 330bp
m 219bp | 111bp

Sau3Al

Figure 2. Detection ofde novomissense mutation in exon 10 in family 7.3/95, affected with Dent’s disease, by restriction enzyme analysis. DNA segse&nce anal
of individual 1.1, who was of Indian origin, revealed an A to T transversion at codon 527 (panel i), thus altering tpe {WiFysequence, G encoding a glutamate
(E), to the mutant (m) sequence, TGancoding an aspartate (D). This missense mutation (E527D) also resulted in the gaiBAf aestriction enzyme site (/GATC).
PCR amplification an@alBA1 digestion (panel ii) would result in two products of 219 and 111 bp from the mutant sequence but only one producfrofi3gtebp
normal sequence, as is illustrated in the restriction map in panel iii. Co-segregation of this E527D mutation with thesldeasmstrated in individual 11.1 and his
affected daughters (lll.1 and 11.2), panel ii. However, the E527D mutation was absent in the consanguineous parentgbflifbiditidreby demonstrating ttle
novonature of the mutation. In addition, the absence of this E527D mutation in 110 alleles from 69 (28 males, 41 females)ividualal iN—N4 shown (panel
ii), indicates that it is not a common DNA sequence polymorphism. Individuals are represented as: unaffected male (oped feyuake)open circle); affected with
low molecular weight proteinuria (filled upper right quadrant); hypercalciuria (filled lower right quadrant); nephrocaeidaséphrolithiasis (filled lower left
quadrant); and end stage renal failure (filled upper left quadrant). The standard size marker (S) in the form of the iskbdadded. Similar restriction enzyme
analysis was used to confirm and demonstrate the mutations G57V, R648X and G512R (Fig. 1) of families 8/95, 13.3/95ake 2)9feEpectively.

DISCUSSION Gunther and Jentsch, unpublished) are strongly outwardly

: . . . rectifying and can be detected only in a very positive, seemingly
Our results, which have identified five mutations of GH&CN5 unphysiological voltage range. These observations led us to

gene in five additional families with Dent’s disease, expand thg eculate (7,14) that to fufan in the physiological range

spectrum of such mutations (Fig. 1) that are associated with t C-5 mav require another as vet unknown subunit or reaulato
renal tubulopathy. In addition, our results are the first tg yreq y 9 ry

demonstrate the occurrencedefnovdCLCN5mutations (Figs 2 mecha?lsry: t_hali_(\j/vas abﬁenlt_||n our e>c<jpres't3|0trk11 SYS}?”.‘tS tpUt was
and 3) and their inheritance in a subsequent generation (Fig. Bj¢S€NMN SIUIN KIGNEY CEIIS. However, despite (nese imitations,

Furthermore, our findings reveal tHat CN5mutations are not OUr Presentand previous studiés) clearly demonstrate that the
confined to any specific population but that they may occur iff€NopUsoocyte expression system is useful for assessing the
individuals of Northern European, Japanese, indian or Afrdunctional consequences GLCNS mutations. Indeed, all the
American origin (Table 2). ThRELCN5mutations of our present CLCNS mutations either markedly reduced or abolished the
and previous report,8) reveal that the mutans are scattered chloride currents (Fig. 4), which represent CLC-5 currents
through the different regions of CLC-5 (Fig. 1), and a correlatiogXpressed in the plasma membrane. These currents may be
between the mutations and the severity of the phenotypes cotgfluced by several possible mechanisms, which include a
not be established (8). decrease in the steady-state levels of the protein, a diminished
In order to assess the effect of mutations on CLC-5 funiction trafficking to the plasma membrane, a reduced open probability
vitro, we measured macroscopic currentsXanopusoocytes of the channel or a reduction in single channel conductance.
expressing these mutants. The currents elicited by wild-tygdowever, immunoprecipitation of mutant CLC-5 proteins
CLC-5 in Xenopusoocytes (and also in transfected CHO cellssynthesized inXenopusoocytes revealed no differences in
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ACC insertion in frame (30 His) UA
i 1.75 4
Arg Asp Amg His  Armg
Amino acid Arg Asp T i
His Army Asp A His Am 1.50
Coden 28 29 30 o= 3B{ M 3B -
WiTpe(WT) | GG GAT AGG CAC CGA g 125
Mutant {m) AC CGG GAT AGG CAC CGA @ ’
®
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Figure 3. Insertional mutation in exon 2 of ti@.CN5gene in family 2/95 WT 30Hins G57V G512R £627D water
affected with Dent’s disease. DNA sequence analysis of individual II.1 revealed n= 35 21 21 18 20 20
an in-frame ACC insertion involving codon 30 (panel i), thus altering the
wild-type (WT) sequence CGG, which encodes an arginine (R) to the mutant
sequence CAC, which encodes a histidine (H). The codon numbering in panelFigure 4. Electrophysiological analysis Benopusocytes expressing human
i refers to that of the mutant (m) sequence. The mutation (30:H insertion) waswild-type (WT) CLC-5 and the CLC-5 mutants 30:Hins , G57V, G512R and
in-frame and resulted in a mutant 747, instead of the WT 746, amino acid E527D. The averaged (meanSEM, n = number of oocytes) whole cell
CLC-5 channel, in which the mutant R31 to N747 corresponded to the R30 tocurrents at +80 mV iXenopusoocytes injected with the WT CLC-5 (1.%0
N746 (Fig. 1) sequence of the WT channel. This insertional mutation was 0.12pA) and the CLC-5 mutants 30:H ins (0.60.06uA), G57V (0.92+
confirmed and demonstrated to bdeanovomutation by SSO hybridisation 0.12pA), G512R (0.26 0.03pA), E527D (0.24t 0.03pA) and water control
analysis (panel ii). Thus, the unaffected parents (1.1 and 1.2) were found to have(0.27+ 0.03pA) are shown. The WT CLC-5 demonstrated a strongly outwardly
only the WT sequence, as was the unaffected brother (11.2). In addition, therectifying current that was abolished by the G512R and E527D mutations. The
absence of this insertional mutation in 110 alleles from 69 (28 males, 41 G512R mutation occurs in the highly conserved (>95% identity between
females) normal individuals, NNz shown (panel ii), indicates thatitis nota  CLC-3, CLC-4 and CLC-5) region of the putative D11 (Fig. 1), and the E527D
common DNA sequence polymorphism. The pedigree symbols indicating the mutation involves a residue that is conserved in all the CLCs (11,13). However,
phenotype of each individual are as described in Figure 2. the 30:H ins and G57V mutations which are located in the less conserved
(>65% identity between CLC-3, CLC-4 and CLC-5) amino-terminus region did
not abolish the Clcurrents but did markedly reduce them to 5219% and
34.3+ 5%, respectively, when compared with the wild-type.
steady-state expression (data not shown), and we have not yet

been able to measure single CLC-5 channels, which may be due. has b rted: thi b din the h |
to a low single channel conductance as observed with other leﬁg'or; ar?l .eden rﬁpo el , tis was ohfse;]rvE In the homo ogoCus
channels (16), or to ekale any of the other possibilities. Despite MuScle chloride channel CLC-1 in which the mutation R105
these limitations, it is of importance to note that the decrease fffS_associated with myotonid 7). The His insdion, at

the observed surface currents, which may be the consequenc ¥ton 30, disrupts a peculiar mofif of alternating positively and

altered protein stability, defective targeting or a loss of chann@fagatively charged rt_asidue; that are conservgd in CLC-3, CLC.:'A'
functionp proper, is rt()allated to the gpred?cted disease-causi d CLC-5, thereby indicating the functional importance of this

character of thes€LCN5 mutations. Thus, the nonsense' gion. Thus, our mutational analysisQifCN5disease-related

mutation (R648X), which leads to a C-terminal truncation of th@bno.rmalltles. has helped to reveal potentially important
protein, leads to a loss of CLC-5 function as shown previous nctional regions of this renal chloride channel.

(7). The two missense mutations (G57V and G512R) affect

amino acids which are likely to be structurally important. ThdMATERIALS AND METHODS

G512R mutation (Fig.. 1), Which.is Iocated.in. a pu.tativ%atients and families

transmembrane domain, resulted in currents indistinguishable

from negative controls, although the G57V mutation, at th&@he families of five probands (Table 1), who suffered from
cytoplasmic beginning of domain D1, resulted in a 50% reductiomultiple proximal renal tubular defects in association with
in the currents (Fig. 4), indicating that it was better tolerated. Theephrocalcinosis, nephrolithiasis and renal failure, were investi-
profound effects of the disease-causing conservative mutatiaqgated after obtaining informed consent. The proximal tubular
E527D, which lead to a total loss of function in the electroabnormalities included: a low molecular weight proteinuria, which
physiological assay, are surprising at first sight. However, thisonsisted of 32 microglobulin (hormal <0.05 mg/mmol
glutamate is one of the most conserved residues in CLC proteicrgatinine),a1 microglobulin (normal <0.7 mg/mmol creatinine)
and is found at equivalent positions in plants, ydaspliand and retinol-binding protein (normal <0.02 mg/mmol creatinine)
cyanobacteria (11,13). The inenal mutation, (30:H ins) (Fig. (1); an increased urinary excretion of calcium (calcium:creatinine
3), which involved the cytoplasmic amino-terminal region ofratio >0.71 mmol/mmol), phosphate, potassium, glucose, urate and
CLC-5, is of particular interest in understanding theamino acids; and an acquired impairment of urinary acidification
structure—function relationships of CLC proteins, as to date onfil—3,5,15). ¥nous blood samples were obtained from 16 affected
one other disease-associated missense mutation involving thisd six unaffected members of the five families, which were from
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different populations (Table 2), and used for mutational analysis ¢6.J.S.); and the North Atlantic Treaty Organisation (NATO)
the CLCN5gene (7,8). Collaborative Research Grant number CRG950114 (S.J.S. and
R.V.T.). SHS Pearce was an MRC Training Fellow.

DNA analysis

Leukocyte DNA was extracted and used w&hCN5specific

primers for PCR amplification utilising conditions previously

described (7,8). The PCRyglucts were gel purified and the DNA REFERENCES
sequence determined Bgq polymerase cycle sequencing using
fluorochrome-labelled di-deoxy terminators, and resolved on
semi-automated detection system (ABI 373A sequence, Applied proximal renal tubular syndrome with low-molecular-weight proteinuria,
Biosystems) (7,8,18,19). In a&tidn, DNA sequence hypercalciuria, nephrocalcinosis, metabolic bone disease, progressive renal
abnormalities were confirmed either by restriction endonuclease failure and a marked male predominai@eJ. Med.87, 473-493.

analysis of genomic PCR products obtained by the use of thé rg e M0ed P aenil iotase, . renal Fanconi syncrome i
appropriate p”me_rs, Or, by SSO ,hyb”dlsatlon anab?s.ﬂ;8,19); . nephroc’alcinosis and kidney stones, ,is associated with a microdeletion
for the SSO hybridisation analysis, the wild-type oligonucleotide  ijnyolving DXS255 and maps to Xp11.22um. Mol. Gene2, 2129-2134.
(19mer) was TCTCGAGACCGGGATAGGC and the mutant 3. Frymoyer, P.A., Scheinman, S.J., Dunham, P.B., Jones, D.B., Hueber, D.B.
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analysis atDXS988 and at D11S533 and Southern blot

hybridisation analysis were performed as described previousl

(2,20).

Functional expression inXenopusoocytes

After engineering aNcd site at the initiator methionine, a cDNA 7

encoding human CLC-5 was inserted into Wexl site of the
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