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Mutations in the WNK4 gene cause pseudohypoaldosteronism
type Il (PHAII), an autosomal-dominant disorder of hyperkalemia
and hypertension. The target molecules of this putative kinase and
the molecular mechanisms by which the mutations cause the
phenotypes are currently unknown. Although recent reports found
that expression of WNK4 in Xenopus oocytes causes inhibition of
the thiazide-sensitive NaCl cotransporter and the renal K channel
ROMK, there may be additional targets of WNK4. For example, an
increase in paracellular chloride permeability has been postulated
to be a mediator of PHAIl pathogenesis, a possibility supported by
the localization of WNK4 at tight junctions in vivo. To determine
the validity of this hypothesis, we measured transepithelial Na and
Cl permeability in Madin-Darby canine kidney Il cells stably ex-
pressing wild-type or a pathogenic mutant of WNK4. We found
that transepithelial paracellular ClI permeability was increased in
cells expressing a disease-causing mutant WNK4 (D564A) but that
Na permeability was decreased slightly. Furthermore, WNK4
bound and phosphorylated claudins 1-4, major tight-junction
membrane proteins known to be involved in the regulation of
paracellular ion permeability. The increases in phosphorylation of
claudins were greater in cells expressing the mutant WNK4 than in
cells expressing wild-type protein. These results clearly indicate
that the pathogenic WNK4 mutant possesses a gain-of-function
activity and that the claudins may be important molecular targets
of WNK4 kinase. The increased paracellular “chloride shunt”
caused by the mutant WNK4 could be the pathogenic mechanism
of PHAIL

seudohypoaldosteronism type II (PHAII) [OMIM (online

Mendelian inheritance in man) database no. 145260] is a rare
Mendelian form of hypertension. Recently, mutations in two
homologous protein kinase genes, WNKI and WNK4, were
linked to PHAII by positional cloning (1). Determination of the
pathogenesis of rare Mendelian forms of high blood pressure
may provide important clues to the pathways underlying more
common hypertension, termed ‘“essential” hypertension, and
may help identify new therapeutic targets. PHAII-causing mu-
tations in the WNKI gene are large deletions in the first intron
that appear to increase WNKI1 expression. On the other hand,
mutations in the WNK+4 gene are missense mutations that cluster
within a span of four amino acids distal to the first putative coil
domain (1). However, the consequence of these missense mu-
tations for WNK4 function is poorly understood.

WNKI1 and WNK4 are expressed in the distal nephron,
suggesting that both kinases are involved in a previously unrec-
ognized signaling pathway that regulates NaCl resorption in the
distal nephron. However, the upstream regulators and the
downstream molecular targets of these kinases are currently
unknown. Based on clinical observations, two hypotheses have
been proposed to explain the pathogenesis of PHAII. First, the
mutations may cause an increase in distal nephron chloride
permeability, also known as a “chloride shunt” (2). This in-
creased chloride permeability would increase Na resorption and
depolarize the transepithelial voltage, leading to hypertension
and hyperkalemia, respectively. The second possibility is that the
mutations increase the activity of the Na-dependent Cl cotrans-
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porter (TSC). This possibility is supported by the fact that
PHAII can be treated with thiazide diuretics (3).

Recently, inhibition of TSC activity by wild-type WNK4, but
not by the disease-causing mutant, was demonstrated in Xenopus
oocytes (4, 5). Very recently, inhibition of the surface expression
of ROMK channel by wild-type WNK4 was also reported.
Interestingly, the disease-causing mutant further inhibited the
surface expression of ROMK (6). However, these functional
assays were performed only in Xenopus oocytes, and, to our
knowledge, there have not been reports on the substrates of
WNK4. TSC and ROMK are localized in the apical plasma
membranes of distal nephron segments (7-9), whereas WNK4 is
present in the tight-junction complexes in the cortical collecting
ducts as well as in DCT (1). This finding suggests that there may
be other molecular targets of WNK4, possibly including tight-
junction proteins.

In this study, we first examined whether the expression of the
wild-type or the disease-causing mutant WNK4 affects transep-
ithelial paracellular ion permeability. To this end, we generated
stable Madin-Darby canine kidney II (MDCK II) cell lines
expressing the wild-type and one of the human disease-causing
mutants (D564A) of WNK4 by using a tetracycline-inducible
system. We found that transepithelial paracellular Cl perme-
ability was increased in cells expressing the mutant WNK4.
Accordingly, we searched for the downstream molecular target
of WNK4 in tight-junction proteins.

Materials and Methods

Generation of WNK4-Expressing Cell Lines. Human WNK4 cDNA
was isolated by RT-PCR using human kidney mRNA as a
template. The cDNA was cloned into the pTRE2-hyg vector
(Clontech) and a C-terminal hemagglutinin (HA) tag was added.
We also generated a WNK4 construct with an N-terminal
Flag-tag. The disease-causing mutation (D564A) was introduced
with the QuikChange site-directed mutagenesis kit (Stratagene).
Stable cell lines were isolated by using Tet-off MDCK II cells
(Clontech) as a host cell line with selection by using hygromycin
B (200 pg/ml). Cell lines were screened by immunoblotting. Rat
anti-HA mAb (9Y10) (Roche Diagnostics) and mouse M2 mAb
or rabbit anti-Flag Ab (Sigma) were used to detect HA-tagged
and Flag-tagged proteins, respectively. Endogenous claudins and
occludin were detected with specific Abs (Zymed).

Measurement of Paracellular Na and Cl Permeability. Cells were
seeded into a Millicell-HA filter (12-mm diameter; Millipore).
When the cells were confluent, expression of transgenes was
induced for 4 days by the removal of doxycycline. Tracer-flux
experiments were performed in a solution containing 150 mM
NaCl, 5 mM KCI, 2 mM CaCl,, 1.5 mM MgCl,, and 10 mM
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Hepes-NaOH (pH 7.4). We added 1 nCi/ml (1 Ci = 37 GBq)
2Na or 5 uCi/ml 3°Cl to the medium on one side of the
membrane, and the appearance of radioactivity in the medium
on the other side was measured at various times. The compo-
sition of medium on both sides of the membrane was identical.
When 3°Cl was used, cold NaCl was added to the medium on the
other side of the membrane because the concentration of NaCl
in 3°Cl tracer was high (=~1.6 M). We measured 2*Na and 3°Cl
activity with a gamma counter and a liquid scintillation counter,
respectively. Permeabilities for 22Na and 3°Cl were calculated by
using the following equation: Jo; = Cc X Pc X A, where J¢ is
transepithelial CI flux (mol/s), C¢ is concentration (mol/liter),
A is surface area (cm?), and P is permeability. Statistical
comparison of multiple groups was assessed by ANOVA. Chlo-
ride permeabilities in the WNK4 expressing cells between un-
induced and induced states were compared by using a paired ¢
test. Error bars are represent mean = SEM. Statistical signifi-
cance was defined at p < 0.05.

Phosphorylation of Claudins. Mammalian expression vectors (3X
Flag CMV14; Sigma) encoding Flag-tagged claudins and occlu-
din were generated by RT-PCR. Both wild-type and mutant
WNK4 expression vectors and claudin expression vectors were
cotransfected into COS7 and MDCK II cells with Lipofectamine
2000 (Invitrogen). At 24 h after transfection, cells were incu-
bated for 2 h in phosphate-free DMEM with 0.5% BSA and 10
mM Hepes (pH 7.4). The cells were incubated further for 2 h in
the same medium containing [3?P]P; (1 mCi/ml). After incuba-
tion, the cells were washed with phosphate-free DMEM, har-
vested, and lysed for 1 h on ice in 150 mM NaCl/15 mM
Tris'HCL, /25 mM NaF/1 mM Na3;VO, (pH 8.0). Proteins were
immunoprecipitated with anti-Flag M2 Ab. Western blot anal-
yses of the immunoprecipitates were performed also by using an
anti-Flag polyclonal Ab to confirm the expression of claudins. To
detect the phosphorylation of endogenous claudins, immuno-
precipitation of claudins in the WNK4-expressing MDCK I cells
was performed by using anti-claudin 1 and 4 Abs (Zymed).
Immunoprecipitated proteins were separated by SDS/
PAGE, and phosphorylated proteins were visualized by
autoradiography.

For in vitro kinase assays, a GST-fusion protein containing the
kinase domain of WNK4 was generated by subcloning the
Sall-Mst1 fragment of WNK4 into pGEX6P-1 (Amersham
Biosciences). The cytoplasmic region of claudin 4 was also gen-
erated as a GST-fusion protein for uses as a substrate of WNK4.
Protein kinase reactions were carried out at 30°C for 15 min
in kinase buffer (10 mM Tris, pH 7.4/150 mM NaCl/10 mM
MgCl,/0.5 mM DTT). Reaction mixtures were resolved by
SDS/PAGE, and phosphorylated proteins were visualized
by autoradiography.

Coimmunoprecipitation of WNK4 and Claudins. HA-tagged WNK4
and Flag-tagged claudins expressed in COS7 and MDCK II cells
were immunoprecipitated with anti-Flag M2 Ab, and coprecipi-
tation was examined by Western blotting with an anti-HA Ab.
The interaction of HA-WNK4 and endogenous tight-junction
proteins in the WNK4-expressing MDCK 1I cells was examined
by immunoprecipitation by using an anti-HA Ab, followed by
Western blotting using Abs to tight-junction proteins (Zymed).

Results

WNK4 Increases Paracellular Cl Permeability in MDCK Cells. We
generated stable MDCKII cell lines expressing the wild-type and
one of the human disease-causing mutants (D564A) of WNK4 by
using a tetracycline-inducible system. We measured the trans-
epithelial paracellular 2Na and 3°Cl permeability of these cells
grown on a permeable support. Before measuring the Na and CI
permeability, expression of the wild-type and the mutant WNK4

Yamauchi et al.

a MDCK W28 W3l M18 M19

- + -+ - + - + Dox
WNK4 = . et . -
b WNK4 occludin

Wild-type WNK4

Mutant WNK4

Fig. 1. Generation of wild-type and mutant WNK4-expressing MDCK Il cell
lines. (a) Expression of wild-type and mutant WNK4 in MDCK Il cells. HA-
tagged WNK4 proteins were detected by using an anti-HA (9Y10) Ab. Expres-
sion of WNK4 was induced by removal of doxycycline from the medium for 4
days. W28 and W31 are wild-type WNK4-expressing cell lines, and M18 and
M19 are mutant WNK4-expressing cell lines. (b) Immunofluorescence of wild-
type and mutant WNK4 expressed in isolated stable cell lines. Cells were grown
on a permeable support, and the expression of WNK4 was induced for 4 days.
WNK4 was detected by using an anti-HA Ab in conjunction with an Alexa
546-conjugated anti-rat IgG Ab. Cells were stained for occludin by using an
anti-occludin Ab (Zymed) in conjunction with an Alexa 488-conjugated anti-
rabbit 1IgG Ab.

were confirmed by Western blot analysis and immunofluores-
cence microscopy. As shown in Fig. 1a, stable cell lines express-
ing the wild-type and the mutant WNK4 were isolated. In all cell
lines, some expression, even in the presence of doxycycline, was
observed. Accordingly, we performed the initial experiments in
induced cells (doxycycline-negative). Intracellular localization of
the wild-type and the mutant WNK4 colocalized with the
tight-junction protein occludin but did not appear to be different
between the two cell lines (Fig. 1). This localization of WNK4
in tight junctions is consistent with the reported (1) association
of wild-type WNK4 with tight junctions in vivo. Flag-tagged
WNK4 and HA-tagged WNK4 did not show the difference in
terms of their cellular localization (data not shown).

We isolated several transformants after transfection with the
empty vector, as well as the wild-type and mutant WNK4
cDNAs. We chose the four cell lines with the highest expression
of the transgenes. Each cell line was cultured on a permeable
support and was grown to confluence. Expression of WNK4 was
induced for 4 days by removal of doxycycline from the medium.
Transepithelial Na and Cl permeability were determined by
assessing transepithelial ?Na and 3°Cl flux across the epithelium.
In these assays, the medium composition on both sides of the
membrane was identical. Radioisotope was added to the basal
side of the membrane, and the appearance of radioisotope in the
apical medium was measured over time. Our preliminary exper-
iments revealed that Na and Cl flux was linear for 45 min.
Therefore, we adopted 30 min as an incubation time for subse-
quent experiments. The calculated basal to apical permeability
was identical to the apical to basal permeability. Addition of 1
mM ouabain/0.1 mM bumetanide/0.1 mM amiloride/0.1 mM
hydrochlorothiazide/1 mM 4,4'-diisothiocyanatostilbene-2,2'-
disulfonic acid/1 mM 4-acetamido-4’-isothiocyanatostilbene-
2,2'-disulfonic acid had no effect on Na or CI flux. In addition,
Na and Cl fluxes measured in this assay appeared not to saturate
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Fig. 2. Transepithelial 22Na (a) and 3°Cl (b) permeability in MDCKII cells

expressing wild-type and mutant WNK4. Each bar represents experiments
using at least three cell lines. The numbers of assays are given in parentheses.
At least three assays were performed with each cell line.

as a function of NaCl concentration up to 200 mM. These results
(see Figs. 6 and 7, which are published as supporting information
on the PNAS web site) suggest that our measurements represent
paracellular Na and Cl permeability of the epithelium. Our
permeability calculations [P (Na) = 25.8 + 0.9 cm/s (mean =
SEM, n = 7), P (Cl) = 2.0 = 0.3 cm/s (mean = SEM, n = 11)
in the host cells] also agreed with calculations made previously
by using other methods (10). These calculated permeabilities
suggest that our simplified assay is valid for measuring transep-
ithelial Na and Cl permeability.

As shown in Fig. 2a, Na permeability was not changed by the
expression of the wild-type WNK4 compared with the vector
transfection. However, the mutant WNK4 causes a statistically
significant decrease in Na permeability (p < 0.05). The CI
permeability in the wild-type WNK4-expressing cell lines tended
to be increased over the control (empty-vector transfectants),
but the difference was not statistically significant. In the two
wild-type WNK4-transfected cell lines that showed the least
leaky WNK4 expression in the presence of doxycycline, chloride
permeabilities under induced and noninduced conditions were
not statistically different. On the other hand, the mutant WNK4
caused an apparent increase in Cl permeability (p < 0.01) over
the control and also over the wild type (p < 0.01). This increase
of chloride permeability was not due to a general increase of
permeability of the epithelia because Na permeability was
reduced. To further confirm that the increase in chloride per-
meability in the mutant WNK4-expressing cells correlated with
the expression of the mutant WNK4, we chose the two mutant
WNKH4-transfected cell lines that showed the least leaky WNK4
expression. In those cells, chloride permeability under the
induced and noninduced conditions was 5.8 = 0.4 and 2.8 * 0.2
(X107¢ cm/s), respectively, which were statistically significant
(mean = SEM, n = 6, p < 0.01).

Effect of WNK4 Expression on Cellular Localization of Tight-Junction
Proteins. We suspected that WNK4 expression enhanced Cl
permeability by modifying proteins in the tight junction. We first
performed immunofluoresence and Western blot analyses of
tight-junction proteins to determine whether there was any
difference in expression or localization. Fig. 3a shows the
immunofluorescence staining for several claudins and occludin.
The localization of these proteins in the tight junctions did not
appear to be affected by wild-type or mutant WNK4 expression.
Because the recruitment of some proteins to the tight junctions,
including occludin, claudins, and ZO-1, are regulated by various
signals (11), we examined their distribution in the Triton X-100-
soluble (cytosol) and -insoluble (cytoskeleton and tight junc-
tions) cellular fractions by Western blotting. As shown in Fig. 3b,
the distribution of the claudins into Triton X-100-insoluble
fraction was not significantly altered by the expression of wild-
type or mutant WNK4, although two of four wild-type WNK4—
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Fig. 3. Tight-junction proteins in WNK4-expressing cells. (a) Immunofluo-
rescence of tight-junction proteins in the WNK4-expresing cells. Stable WNK4-
expressing cell lines were grown on a permeable support. Cells were immu-
nostained with anti-claudin 1-4 Abs or with an anti-occludin Ab. (b)
Expression of claudins and occludin in Triton X-100-soluble and -insoluble
fractions in WNK4-expressing cells. WNK4 expression was induced for 4 days,
and cells were harvested in a buffer containing 1% Triton X-100. The Triton
X-100-soluble and -insoluble fractions were resolved by SDS/PAGE, and the
expression of claudins and occludin were determined by Western blot analysis.

expressing cell lines displayed decreased claudin 2 expression. A
similar reduction in claudin 2 expression was reported (12) in
cells overexpressing claudin 8, although that was thought to be
an artifact of overexpression. We, therefore, concluded that the
increased Cl permeability in WNK4-expressing cells was not
caused by changes in the recruitment of tight-junction proteins.

Increased Phosphorylation of Claudins Induced by WNK4 Overexpres-
sion. We next investigated whether the change in ClI permeability
was associated with modification of the tight-junction proteins
(i.e., phosphorylation). Because commercially available Abs for
claudins are not always effective for immunoprecipitation, we
initially examined the phosphorylation of Flag-tagged claudins.
We first used COS7 cells to obtain consistent expression of
exogenous claudins. Fig. 4a shows that all claudins tested (clau-
din 1-4) were phosphorylated in cells expressing WNK4. Cells
expressing mutant WNK4 contained a higher level of phosphor-
ylated claudin than cells expressing wild-type WNK4. Occludin,
an endogenously phosphorylated tight-junction protein, was not
phosphorylated further in cells expressing either the wild-type or
the mutant WNK4. Less phosphorylation of claudins by the
wild-type WNK4 than the mutant, and the lack of further
phosphorylation of occludin by WNK4 suggested that the phos-
phorylation of claudins by the mutant WNK4 was not due to an
artifact of overexpression. The same results were obtained in
MDCK II cells (Fig. 4b). To further confirm these results, we also
checked the phosphorylation of endogenous claudins in the
WNK4-expressing MDCK cells. As shown in Fig. 4c, endogenous
claudin 1 and claudin 4 were apparently phosphorylated in the
mutant-expressing MDCK II cells, identifying a putative molec-
ular target for this protein kinase. We also examined the level of
WNK4 phosphorylation because WNKI1 is known to autophos-
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Fig.4. Phosphorylation of claudins by WNK4. (a) Phosphorylation of Flag-tagged claudins by WNK4 in COS7 cells. COS7 cells were transfected with HA-tagged
WNK4 and Flag-tagged claudins or occuludin. Claudin 4 delC lacks the entire C-terminal cytosolic region of claudin4. Cells were labeled with [32P]P; (1 mCi/ml),
and proteins were immunoprecipitated with an anti-Flag Ab (M2). The immunoprecipitated Flag-claudins were separated by SDS/PAGE, electrophoretically
transferred to nitrocellulose, and analyzed by Western blotting with an anti-Flag polyclonal Ab. After detecting the immunoprecipitated claudins, claudin
phosphorylation was detected by autoradiography of the nitrocellulose membrane. (b) Phosphorylation of Flag-tagged claudins in the WNK4-expressing MDCK
Il cells. MDCK 1 cells stably expressing HA-tagged WNK4 were transfected with Flag-tagged claudin 2 and 3. Phosphorylated claudin 2 and 3 were detected, as
described in a. (c) Phosphorylation of endogenous claudins in the mutant WNK4-expressing MDCK 1l cells. The WNK4-expressing cells were labeled with [32P]P;,
and the endogenous claudins were immunoprecipitated by using anti-claudin 1 and 4 Abs (Zymed). Phosphorylation of claudins was visualized by autoradiog-
raphy. (d) Phosphorylation of wild-type and mutant WNK4. MDCK Il cells were transfected with HA-tagged wild-type and mutant WNK4. Cells were labeled with
[32P]P;, and WNK4 proteins were immunoprecipitated with an anti-HA Ab. Immunoprecipitated proteins were resolved on SDS/PAGE, electrophoretically
transferred to nitrocellulose, and analyzed by Western blotting with an anti-HA Ab. WNK4 phosphorylation was detected by autoradiography. (e) /n vitro kinase
assay with GST-WNK4. GST-WNK4 (kinase domain) and GST-claudin 4 (C-terminal cytoplasmic domain) were incubated at 37°C for 15 min in kinase buffer, and
the phosphorylation of GST-claudin 4 was visualized by SDS/PAGE, followed by autoradiography.

phorylate (13, 14). As shown in Fig. 4d, there was an equal level
of phosphorylation on wild-type and mutant WNK4. Finally, to
verify that claudins were direct substrates for WNK4, we per-
formed an in vitro kinase assay by using recombinant GST-fusion
proteins of the kinase domain of WNK4 and the cytoplasmic
domain of claudin 4. As shown in Fig. 4e, WNK4 directly
phosphorylated the cytoplasmic domain of claudin 4.

Protein-Protein Interaction of WNK4 and Claudins. Our results
clearly show that WNK4, especially the mutant WNK4, can
phosphorylate claudins. Moreover, it appears that the mutant
WNK4 has an enhanced ability to phosphorylate these proteins.
To investigate this possibility further, we first examined whether
WNK4 associates with the claudins. As expected from the
phosphorylation study, claudins and WNK4 coimmunoprecipi-
tated (Fig. 5a). The mutant WNK4 showed a much higher
association with claudins than the wild-type WNK4. Because our
analyses of WNK4 phosphorylation suggested that the wild-type
and mutant proteins possess the same level of autophosphory-
lation (Fig. 4d) and, therefore, the same kinase activities, it
appears that the enhanced phosphorylation of claudins by
mutant WNK4 is due to the increased claudin~-WNK4 associa-
tion. Interaction of the mutant WNK4 with the endogenous
claudin 1 and 4 but not with ZO-1 and occludin was confirmed
in the mutant-expressing MDCK 1I cells (Fig. 5b).

In our phosphorylation studies (Fig. 4a), we found that
deletion of the entire cytoplasmic C terminus of claudin 4
eliminated its phosphorylation, suggesting that the C terminus is
the site of phosphorylation and/or binding by WNK4. Fig. 5¢
confirms that this C-terminal deletion mutant lost its ability to
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bind to the mutant WNK4, but that the addition of the C-
terminal YV, a sequence highly conserved in all claudins (a
binding site to PDZ domains of ZO-1, 2, and 3) (15), restored
binding to the mutant WNK4. This finding indicates that the YV
sequence is necessary for claudin binding and explains the fact
that the mutant WNK4 binds all of the claudins tested. Phos-
phorylation of this mutant was not restored by the addition of
YV motif (data not shown), suggesting that phosphorylation
sites were present within the cytosolic C terminus.

Discussion

Two findings are presented in this article. First, we identified
claudins as molecular targets of the protein kinase WNK4,
especially the disease-causing mutant WNK4. Second, we show
that paracellular ion permeability is regulated by the mutant
WNKH4. This study characterizes WNK4 expressed in polarized
epithelial cells, and both data are quite consistent with the in vivo
localization of WNK4 and the chloride shunt hypothesis in
PHAIL

A growing body of evidence, including genetic (16) and cell
biological (10, 12, 17-20) data, has suggested that paracellular
transepithelial transport is important in vectorial ion and solute
transport across the epithelia. Thus, it appears that, like chan-
nels, paracellular transport possesses selectivity for ions and
solutes. Although several lines of evidence have suggested that
claudins are the major determinants of paracellular ion selec-
tivity (10, 12, 17-20), their phosphorylation has not, to our
knowledge, been demonstrated. Our data showed a good cor-
relation between increased chloride permeability and claudin
phosphorylation induced by the mutant WNK4, suggesting that
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Fig.5. Analysis of WNK4-claudin interaction. (a) Coimmunoprecipitation of
WNK4 and claudins. COS7 cells were transfected with HA-tagged WNK4 and
Flag-tagged claudins. Proteins were immunoprecipitated with an anti-Flag
M2 Ab, and the immunoprecipitates were analyzed by Western blot analysis
by using anti-HA Ab. (b) Coimmunoprecipitation of WNK4 and endogenous
tight-junction proteins. Proteins from MDCK Il cells stably expressing the
wild-type and mutant HA-WNK4 were immunoprecipitated with anti-HA Ab,
and the immunoprecipitates were analyzed by Western blot analysis by using
Abs to claudin 1, claudin 4, ZO-1, and occludin. (c) Binding of claudin 4 and its
mutants by mutant WNK4. Claudin 4 binding was assessed by coimmunopre-
cipitation in lysates from MDCK Il cells as described in a. Mutants examined
include delC (the claudin 4 mutant lacking the entire C terminal cytoplasmic
region) and del C plus YV (the del C mutant with Y and V added to the C
terminus). Addition of YV residues restored the binding to WNK4.

the two phenomena are related causally. However, whether the
phosphorylation of claudins causes an increase in the chloride
permeability directly remains to be determined. A mutagenesis
study showed that the extracellular domain of claudin controls
paracellular charge selectivity and resistance (10). However, it is
not clear now whether the phosphorylation of the cytoplasmic
domain affects chloride permeability. Currently, there is no good
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system, to our knowledge, for assaying the function of exog-
enously expressed claudins in mammalian cells because of the
presence of numerous endogenous claudins. We can only spec-
ulate that the phosphorylation by WNK4 affects the conforma-
tion of claudins, increasing Cl ion pore permeability or affecting
their interaction with intracellular regulators, such as cytoskel-
etal proteins.

We found in this study that the disease-causing mutation in
WNKH4 has a gain-of-function effect, causing increased chloride
permeability and hyperphosphorylation of claudins. This finding
provides a good explanation for the autosomal-dominant nature
of inheritance in PHAII. Very recently, Kahle et al. (6) reported
the inhibition of surface expression of the renal K* channel
ROMK by coexpression of wild-type WNK4 in Xenopus oocytes.
Interestingly, a disease-causing mutation in WNK4 that relieves
TSC inhibition (4, 5) markedly increases inhibition of ROMK.
This difference in the action of the mutant WNK4 on TSC and
ROMK indicates that WNK4 functions as a multifunctional
regulator of diverse ion transporters. Identification of functions
of WNK4 in this study further supports this notion. However,
how this mutation increases WNK4 activity is not clear, as in the
case of ROMK inhibition. In terms of claudin phosphorylation,
one possible explanation for the enhanced effect of the mutant
is change in the binding to claudins. In fact, Xu et al. (14) recently
reported the presence of an autoinhibitory domain in WNKI1
that resides near the coil domain. Interestingly, PHAII-causing
mutations are concentrated near the putative autoinhibitory
domain of WNK4. Therefore, it is possible that the disease-
causing mutations in WNK4 somehow affect its interaction with
its negative regulators including its own domains, releasing the
active site, and allowing enhanced binding to claudins. Although
we show that YV motif of claudins is important for the inter-
action with WNK4, further work will be required to define the
whole mechanisms of their interaction.

In this article, we identified the claudins as targets of WNK4
kinase and showed that the disease-causing mutant WNK4
expression increases paracellular chloride permeability without
increasing sodium permeability. A similar phenomenon may
occur in the collecting ducts of PHAII patients. Therefore,
increased chloride shunt caused by a gain-of-function activity of
mutant WNK4 may underlie or contribute to the pathogenesis of
PAHIL
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