
Methods
Genetic mapping and positional cloning

Heterozygous female ®sh (AB/EK) carrying the foggy mutation were crossed with wild-
type male ®sh from a Tu genetic background. F2 progeny were identi®ed and separated
into wild-type, heterozygous and mutant pools of 40 individuals. DNA from these ®sh was
used for AFLP analysis (see Supplementary Information). We used polymerase chain
reaction (PCR) primers corresponding to the two most closely linked AFLP markers to
screen BAC (Genome Systems) and yeast arti®cial chromosome (Research Genetics)
libraries and to initiate chromosomal walk. Individual BACs were then injected at a
concentration of 40±60 ng ml-1 into 1±2-cell stage zebra®sh embryos derived from foggy
heterozygous mating. BAC B108J11, which rescued the foggy mutant phenotype, was
digested with EcoR1, random-primed with p32, and used to screen a 33-h embryonic
zebra®sh cDNA library. Full-length cDNAs were cloned into the vector containing b-actin
promoter, injected at a concentration of 15±30 ng ml-1 into embryos, and assayed for
rescue. To identify the foggy mutation, we used gene-speci®c primers to amplify genomic
DNA from pools of (,5) foggy mutant and wild-type sibling embryos. PCR products were
directly sequenced using automated cycle sequencers (ABI). cDNAs from mutant and
wild-type sibling embryos were synthesized by PCR with reverse transcription (RT-PCR)
and sequenced. We used site-directed mutagenesis to introduce the single nucleotide
change T to A using reagents from Stratagene.

Transcription assays

A NdeI site was created at the 59-end of the zSpt5 open reading frame by PCR mutagenesis.
The NdeI (partial)/ NotI fragment containing the full-length, wild-type or mutant foggy
was inserted into NdeI±BamHI sites of pET-14b (Novagen), yielding pET-zSpt5 wild-type
and pET-zSpt5 mutant. Lysates were prepared from a transformed Escherichia coli BL21
(DE3) strain. His6±zSpt5 proteins were puri®ed from the supernatants by Ni-af®nity
chromatography, separated by SDS±polyacrylamide gel electrophoresis (SDS±PAGE) and
recovered from gel slices. Indicated amounts of recombinant hSpt4 and hSpt5, wild-type
or mutant foggy were added back to HeLa nuclear extract (2 ml) that was immunodepleted
by hSpt4&5 monoclonal antibody. We used pTF3-6C2AT (25 ng) or pSLG402 (125 ng) as a
template. To test for stimulatory activity, we used a pSLG402 vector containing a
promoter-proximal 85-nucleotide and a promoter-distal 377-nucleotide G-free cassette.
The resulting G-free mRNA regions are resistant to RNase T1 digestion, whereas the G-
rich linker region is RNase T1 sensitive. After RNase T1 digestion, the two cassettes can be
isolated and separated by gel electrophoresis. The molar ratio of the distal cassette, which
represents transcription elongation events, to the proximal transcription cassette, which
re¯ects an initiation event, measures the elongation ef®ciency. The low NTP concentra-
tions were 30 mM ATP, 30 mM GTP, 300 mM CTP and 2.5 mM UTP.
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Dent's disease is an X-linked disorder associated with the urinary
loss of low-molecular-weight proteins, phosphate and calcium,
which often leads to kidney stones1,2. It is caused by mutations3 in
ClC-5, a renal chloride channel4,5 that is expressed in endosomes
of the proximal tubule6,7. Here we show that disruption of the
mouse clcn5 gene causes proteinuria by strongly reducing apical
proximal tubular endocytosis. Both receptor-mediated and ¯uid-
phase endocytosis are affected, and the internalization of the
apical transporters NaPi-2 and NHE3 is slowed. At steady state,
however, both proteins are redistributed from the plasma mem-
brane to intracellular vesicles. This may be caused by an increased
stimulation of luminal parathyroid hormone (PTH) receptors
owing to the observed decreased tubular endocytosis of PTH. The
rise in luminal PTH concentration should also stimulate the
hydroxylation of 25(OH) vitamin D3 to the active hormone.
However, this is counteracted by a urinary loss of the precursor
25(OH) vitamin D3. The balance between these opposing effects,
both of which are secondary to the defect in proximal tubular
endocytosis, probably determines whether there will be hyper-
calciuria and kidney stones.

We disrupted the clcn5 gene by replacing genomic segments
encoding the functionally important stretch between transmem-
brane domains D2 and D58,9 by a lacZ/neomycin cassette (Fig. 1a).
This led to a loss of a normal ClC-5 messenger RNA in clcn5 - mice
(Fig. 1b). Western blots using an amino-terminal ClC-5 antibody6

indicated that the predicted fusion protein may be unstable (Fig. 1c).

© 2000 Macmillan Magazines Ltd



letters to nature

370 NATURE | VOL 408 | 16 NOVEMBER 2000 | www.nature.com

Male clcn5-/Y, female clcn5-/- and female clcn5+/- animals grew
normally and were fertile. clcn5- mice did not have kidney stones
or nephrocalcinosis even after one year. No changes in kidney
morphology and histology were detected. When compared to
wild-type (WT) mice, clcn5- mice produced slightly more urine,
which was slightly acidic. clcn5- mice had no hypercalciuria, but

urinary phosphate excretion was increased by about 50% (see Table
in Supplementary Information). clcn5- mice displayed low-mo-
lecular-weight proteinuria. Vitamin D binding protein and retinol
binding protein, which is lost into the urine of patients with
Dent's disease2, were highly elevated in the urine of clcn5-mice
(Fig. S1 in Supplementary Information). Neither proteinuria nor

Figure 1 Generation of clcn5- mice. a, Diagram of the targeting vector. Parts of exon 5,

exon 6 and the intervening intron are replaced by a lacZ/neomycin cassette. A diptheria

toxin-a gene (DTA) was fused to select against random integration. b, Northern analysis

of kidney mRNA from clcn5+/Y and clcn5-/Y mice. A probe corresponding to exon 6 detects

ClC-5 mRNA only in WT mice. c, Western analysis of membranes from various tissues,

using the PEP5A1 N-terminal ClC-5 antibody6. Together with immunocytochemical

results (Figs 2 and 3), it also con®rms the lack of cross-reactivity against the related ClC-3

and ClC-4 proteins.

Figure 2 Proximal tubular endocytosis with various clcn5 genotypes. a, 125I b2-

microglobulin excreted into the urine (left) and retained in kidney (right). Autoradiographs

of kidney sections of WT (b) and clcn5- (c) mice ®xed 7 min after injection. d±f, Uptake of

CY5-labelled b-lactoglobulin (blue; 7-min uptake) into PT cells of clcn5+ (d) clcn5- (e),

and clcn5+/- (f) animals. The tubule shown in f is stained for ClC-5 (red) in g. Cells with

reduced endocytosis (between arrows) (f) lack ClC-5 (g). h, Uptake of horseradish

peroxidase (HRP) in a clcn5+/- female. Cells with reduced endocytosis probably lack

ClC-5, because HRP internalization was drastically lower in clcn5- mice (data not shown).

i, Uptake of FITC-dextran (green) in a clcn5+/- female. ClC-5 protein in the same tubules is

shown in j. Bars indicate 10 mm, except for b and c (1 mm). Genotypes are indicated in

the lower left corner.
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phosphaturia were found in a recent mouse model in which the
ClC-5 protein, but surprisingly not its mRNA, was moderately
reduced using the transgenic expression of a ribozyme10.

Low-molecular-weight proteins pass the glomerular ®lter and are
normally reabsorbed and degraded by the proximal tubule (PT). By
following the fate of labelled proteins that were injected into the
bloodstream, we examined whether the proteinuria of clcn5- mice is
due to defective tubular endocytosis. Iodinated b2-microglobulin, a
protein whose urinary concentration is drastically increased in
Dent's disease1,2,11, was lost into the urine of clcn5- mice in much
larger quantities than in WT mice (Fig. 2a). This difference in
excretion was mirrored by the amount retained within the kidneys.
Autoradiography of kidney sections showed that radioactivity had
accumulated in the cortex (largely consisting of PTs) of WT kidneys
(Fig. 2b), but that it was found in deeper (probably pelvic) regions
of clcn5- kidneys (Fig. 2c). This indicates a defect in protein uptake
by PT cells.

We injected ¯uorescently labelled lactoglobulin and ®xed the
kidneys after seven minutes. WT animals had accumulated substan-
tial amounts of the protein in vesicles below the brush border of PT
cells (Fig. 2d). By contrast, clcn5- tubules had taken up much less
protein (Fig. 2e). ClC-5 is encoded on the X-chromosome and is
subjected to random X-chromosomal inactivation in females. clcn5+/-

females are chimaeras, in which cell patches either express or lack
ClC-5 protein (Fig. 2g). In chimaeric animals, cells lacking ClC-5 take
up much less protein than neighbouring WT cells (Fig. 2f), showing
that ClC-5 in¯uences endocytosis in a cell-autonomous manner.
ClC-5 disruption also inhibited the endocytosis of horseradish
peroxidase (Fig. 2h) and of FITC-dextran, a non-proteinaceous
marker for ¯uid phase endocytosis (Fig. 2i and j). We also deter-
mined total uptake of FITC-dextran into WT and clcn5- kidneys by
measuring the ¯uorescence of kidney extracts. The elimination of
ClC-5 led to a roughly 70% reduction in dextran uptake.

Proximal tubular cells use megalin as an apical receptor to

endocytose a broad range of luminal proteins12. These include b2-
microglobulin13, vitamin D binding protein14 and retinol binding
protein15. ClC-5 expression partially overlapped with megalin in the
apical pole of PT cells. The amount of megalin was signi®cantly
reduced in cells lacking ClC-5 (Fig. 3a±c), which was con®rmed by
western analysis (Fig. 3i). ClC-5 co-localizes with the proton pump
in the subapical region of the PT and in a-intercalated cells of the
distal nephron6,16. In contrast to megalin, clcn5 disruption did not
signi®cantly affect the expression of the H+-ATPase in either cell
type (Fig. S2 in Supplementary Information).

Several transport proteins in the brush border of PTs are regulated
by endocytosis. This includes the Na+-phosphate cotransporter
NaPi-2 (accounting for more than 70% of brush border phosphate
transport17) and the apical Na+/H+ exchanger NHE3 (involved in
reabsorption of Na+, HCO-

3 and ¯uid). Both proteins are partially
present in endocytotic compartments18±20 and are removed from
the plasma membrane in response to PTH18,21,22. The NaPi-2
transporter is then degraded in lysosomes. When mice were kept
on normal diet, NaPi-2 antibodies23 stained intensely the brush
border of WT PT cells (Fig. 3d). Some subapical vesicles were
labelled as well. The staining in clcn5- animals was less intense and
the protein showed a different subcellular localization (Fig. 3e and
f). The brush border was labelled in the early S1 segment (Fig. 3f),
but NaPi-2 resided predominantly in subapical vesicles in most
other parts of the PT (Fig. 3e). This was unexpected, because a
defect in NaPi-2 endocytosis should instead entail an increased
presence in the plasma membrane. In chimaeric clcn5+/- females, the
brush border was stained as intensely as in the WT, irrespective of
the expression of ClC-5 (Fig. 3g and h). Thus, the effect of clcn5
disruption on steady-state NaPi-2 localization is not cell-autono-
mous. Western analysis con®rmed that the amount of NaPi-2
protein was reduced in clcn5-, but not in clcn5+/- animals (Fig. 3i).

These results indicate that a defective regulation of NaPi-2 plasma
membrane localization may cause hyperphosphaturia in clcn5- mice

Figure 3 Effect of ClC-5 disruption on transporters and receptors in mice kept on standard

diet. A proximal tubule (PT) from a clcn5+/- female stained for megalin (green) (a) or for

ClC-5 (red) (b). The overlay is shown in c. d±h, NaPi-2 (red) in clcn5+ (d), clcn5- (e, f),

and clcn5+/- tubules (g, h). In all parts (S1±S3) of the PT of clcn5� (d) or clcn5+/- (g, h)

mice, NaPi-2 shows predominant plasma membrane staining. In h, endocytosed protein

(blue) marks ClC-5 expressing cells. Arrows indicate cells with reduced endocytosis. In

clcn5- tubules (e, f), NaPi-2 staining intensity is reduced. NaPi-2 predominantly localizes

to vesicles (e) but is also in the plasma membrane of S1 segments (f, arrowheads) close to

glomerula (asterisk). i, Western analysis of kidney membranes from clcn5+, clcn5+/- and

clcn5- animals using antibodies against NaPi-2 (top) and megalin (bottom). Similar results

were obtained in four experiments. Bars indicate 10 mm. Genotype is indicated at lower

left.
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and in Dent's disease1,24. Depriving mice of dietary Pi enhances
plasma membrane expression of NaPi-2 (ref. 18). Also in clcn5-

mice, this procedure led to a brush-border expression of NaPi-2,
which was now similar to the WT (Fig. 4a and b). When Pi-deprived
animals were injected with PTH and analysed after 15 minutes,
NaPi-2 was internalized in all PTsegments of the WT (Fig. 4c and e),
but not of clcn5- (Fig. 4d and f) animals. Experiments on clcn5+/- mice
showed that this effect is cell-autonomous (not shown). Thirty
minutes after PTH injection, NaPi-2 began to appear in intracellular
vesicles of clcn5- tubules but was still predominantly apical (Fig. 4f),
whereas it was signi®cantly internalized after one hour (Fig. 4g and h).

The slowed, but otherwise apparently intact, regulation of NaPi-2
by PTH, together with the fact that the changed NaPi-2 localization
in clcn5- mice under standard diet is not cell-autonomous, suggests
that altered PTH levels underlie the vesicular localization of NaPi-2
in knockout mice. Serum PTH was only slightly increased in clcn5-

mice (see table in Supplementary Information). On the other hand,
PTH is also present in the glomerular ®ltrate. PT cells express PTH
receptors at both their basolateral and apical membranes25, and
apical PTH receptors are functional26. Furthermore, PTH binds to
megalin and is endocytosed and degraded in the PT27. This suggests
that the defective endocytosis in clcn5- mice and the associated
downregulation of megalin (Fig. 3a and c) lead to a progressive
increase in luminal PTH levels from the early S1 to late S3 segments.
The increased stimulation of luminal PTH receptors will enhance
the internalization of NaPi-2 (ref. 26). If this hypothesis is correct,
NaPi-2 internalization should not be increased in early S1 segments,

because PTH levels have not yet risen immediately after ®ltration.
This was indeed observed (Fig. 3f), and contrasts with the uniform
internalization of NaPi-2 that is expected for a systemic increase in
PTH. This hypothesis additionally predicts an increased urinary loss
of PTH. While there is a fourfold increase in urinary PTH in mice
lacking megalin27, the less severe defect in megalin-mediated endo-
cytosis in clcn5- mice increased urinary PTH by about 1.7-fold
(Supplementary Information). Thus, the phosphaturia in clcn5-

animals may be a consequence of a reduced endocytosis of ®ltered
PTH.

The resulting increase in luminal PTH gives rise to two other
predictions. First, the activation of PTH receptors should stimulate
the conversion of 25(OH) vitamin D3 to the active metabolite
1,25(OH)2-D3 in the PT. The urinary loss of Pi may also increase
1,25(OH)2-D3, as found with the 50% reduction of NaPi-2 gene
dosage in Npt2+/- mice17. On the other hand, the reduced endocy-
tosis of vitamin D (VitD) bound to its binding protein leads to a
urinary loss of VitD (Supplementary Information) and decreases
the availability of the precursor 25(OH) vitamin D3 within PT cells.
Megalin knockout mice, in which receptor-mediated endocytosis of
VitD binding protein is totally abolished, display a severe vitamin D
de®ciency14. In clcn5- mice, serum levels of 25(OH)-D3 and
1,25(OH)2-D3 were reduced about threefold and twofold, respec-
tively (Supplementary Information). Because 1,25(OH)2-D3 directly
inhibits PTH secretion, this may underlie the slight increase in
serum PTH. This contrasts with the slightly elevated levels of
1,25(OH)2-D3 and slightly decreased PTH concentrations found
in many, but not all, patients with Dent's disease1,2,24. This difference
might be explained by a delicate balance between the opposing
effects of the increased stimulation of luminal PTH receptors and
the decreased availability of 25(OH) VitD3, both of which result
from reduced apical endocytosis. Depending on species, genetic and
nutritional factors, this might lead to either an increase or a decrease
in 1,25(OH)2-D3 concentration. Because 1,25(OH)2-D3 stimulates
the intestinal absorption of Ca2+ and Pi, its increase may result in
hypercalciuria and kidney stones in Dent's disease. Because this is an
indirect consequence of the defect in endocytosis, the complexity of
the interposed hormonal regulation may explain the lack of
nephrocalcinosis in our mouse model and the variable clinical
picture of CLCN5 mutations in humans, where proteinuria and
phosphaturia are sometimes the only symptoms11,24.

Second, the apical stimulation of PTH receptors should also
promote the steady-state internalization of NHE3 in PTs of clcn5-

mice kept on normal diet. This is indeed true (Fig. 5a and b).
Chimaeric females showed that this effect is not cell-autonomous

Figure 4 Regulation of NaPi-2 traf®cking. a, b, NaPi-2 in PTs of phosphate-deprived WT

and clcn5- mice, respectively. c±e, NaPi-2 staining of PTs of phosphate-deprived animals

that received PTH for 15 min. c, e, clcn5+; d, clcn5- mice. e, An S1 segment leaving the

glomerulus (asterisk). Arrowheads indicate that PTH-induced NaPi-2 internalization

occurs also in this segment (a control for the differential localization in clcn5- mice on

standard diet (Fig. 3e and f)). f, NaPi-2 in clcn5- mice 30 min after PTH. g, h, NaPi-2 1 h

after PTH administration to phosphate-deprived clcn5+ (g) or clcn5- (h) mice. Bars

indicate 10 mm.

Figure 5 Regulation of NHE3 localization. NHE3 staining (green) of PTs from a WT (a) and a

clcn5- (b) mouse kept on standard diet. c, d, NHE3 in a phosphate-deprived clcn5+ (c) and

clcn5- (d) mouse. e, f , NHE3-stained tubules of a phosphate-deprived WT and clcn5-

mouse, respectively, 15 min after injection of PTH. Bars indicate 10 mm. Genotype

indicated at lower left.
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(not shown), and Pi deprivation led to an apical expression of NHE3
also in knockout mice (Fig. 5c and d). PTH stimulation of Pi-
deprived mice revealed a slower rate of NHE3 internalization in cells
lacking ClC-5 (Fig. 5e and f). This also shows that the proposed
endosomal acidi®cation by NHE3 (refs 20 and 28) cannot com-
pensate for the loss of ClC-5. Because NHE3 is an important
determinant of salt and ¯uid transport in the PT29, the decreased
surface expression of NHE3 may contribute to the slightly increased
urinary volume of ClC-5 knockout mice.

Thus ClC-5 is crucial for ef®cient endocytosis in the proximal
tubule. ClC-5 is the ®rst intracellular chloride channel for which a
role in vesicle traf®cking is now ®rmly established. It is very likely
that it provides an electrical shunt for the electrogenic proton
pump, thereby allowing the ef®cient luminal acidi®cation that is
required for the proper function of the endocytotic pathway6. In
preliminary experiments, we have indeed found that endosomes
puri®ed from clcn5- kidneys acidify at slower rates than WT
endosomes (N.P. et al., unpublished work). However, we cannot
exclude that ClC-5 disruption impairs endocytosis by a mechanism
that is unrelated to a change in vesicular pH. ClC-5 disruption
causes a dramatic slowing, but not complete elimination, of
receptor-mediated endocytosis, ¯uid-phase endocytosis, and the
endocytotic retrieval of plasma membrane transporters. On the
other hand, it does not play this role in every tissue. We could not
detect a signi®cant defect in endocytosis of asialofetuin in the liver
(data not shown), an organ that expresses low levels of ClC-5 (ref. 5
and Fig. 1c). This indicates that other chloride channels perform
similar roles in other tissues. Our mouse model strongly suggests
that alterations in hormones involved in Ca2+ homeostasis, and
hyperphosphaturia and hypercalciuria, are indirect effects of defec-
tive apical endocytosis of PTH and 25(OH)-D3; this may explain
how a defect in a Cl--channel could lead to kidney stones. M

Methods
Generation of clcn5-mice

Genomic clcn5 clones were isolated from a mouse l FixII 129/Sv library (Stratagene) and
used to create the targeting vector shown in Fig. 1a. The linearized vector was electro-
porated into MPI2 129/Sv mouse embryonic stem cells. Cells from a correctly targeted
clone were injected into C57BL/6J blastocysts that were implanted into foster mothers.
Chimaeric males were bred with C57BL/6J females and subsequently crossed into a
C57BL/6J background.

In vivo endocytosis and immunocytochemistry

Bovine b-lactoglobulin (Sigma) was labelled with CY5 using a kit (Amersham), and
human b2-microglobulin (Sigma) with 125I using Iodogen (Pierce). Labelled proteins,
horseradish peroxidase, or FITC-dextran in PBS were infused into the vena cava of
anesthetized mice. At the desired time, the kidneys were ®xed by perfusion (through the
left heart) with 4% paraformaldehyde or periodate lysine paraformaldehyde in phosphate
buffered saline (PBS). Tissue samples were embedded in paraf®n, and processed as
described6. Primary antibodies were the rabbit PEP5A1 anti-ClC-5 antibody6, a rabbit
antibody against NaPi-2 (ref. 23), the mouse monoclonal 1H2 against megalin30, mouse
monoclonals against NHE3 (Chemicon), and monoclonal and polyclonal antibodies
against the V-type H+-ATPase (gifts from S. Gluck and D. Stone). Horseradish peroxidase
was revealed using diaminobenzidine, and primary antibodies were detected with
secondary antibodies labelled with Alexa 488 or 546 dyes (Molecular Probes). Sections
were examined by laser scanning confocal microscopy (Leica).

Membrane traf®cking of NaPi-2

For phosphate depletion, mice were kept on a diet having less than 0.04% phosphate
(SSNIFF, Soest) for six days. To determine the acute effects of PTH, 20 mg rat PTH (Bachem)
were injected into the vena cava of anesthetized mice together with CY5-labelled lacto-
globulin as a control, and kidneys were ®xed as described above. For one-hour experiments,
mice were ®rst injected intraperitoneally (i.p.) with 80 mg of PTH, followed after 30 min by
an intravenous (i.v.) dose of 20 mg, and kidneys were ®xed after a further 30 min.

Serum and urinary analysis

Blood was drawn from the retro-orbital sinus under light ether anaesthesia. Mice were
kept in metabolic cages for urine collection. Creatinine, glucose and salts were determined
in the department for clinical chemistry. Serum and urinary PTH, serum 1,25(OH)2-D3,
and calcitonin were determined using radioimmunoassays (Immundiagnostik, Nichols
Institute Diagnostica and Immutopics). Urinary samples were directly analysed by SDS-
polyacrylamide gel electrophoresis (SDS±PAGE), followed by silver staining or western

blotting using polyclonal antibodies against retinol binding protein (from B. Blaner) or
vitamin D binding protein (Dako).
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