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Recently, we demonstrated that WNK4 is a substrate for KLHL3-Cullin3 (CUL3) E3 ubiquitin ligase com-
plexes and that impaired WNK4 ubiquitination is a common mechanism for pseudohypoaldosteronism
type II (PHAII) caused by WNK4, KLHL3, and CUL3 mutations. Among the various KLHL3 mutations that
cause PHAII, we demonstrated that the R528H mutation in the Kelch domain decreased the binding to
WNK4, thereby causing less ubiquitination and increased intracellular levels of WNK4. However, the
pathogenic mechanisms of PHAII caused by other KLHL3 mutants remain to be determined. In this study,
we examined the pathogenic effects of three PHAII-causing mutations in different KLHL3 domains; the
protein levels of these mutants significantly differed when they were transiently expressed in HEK293T
cells. In particular, S410L expression was low even with increased plasmid expression. The cycloheximide
chase assay revealed that an S410L mutation in the Kelch domain significantly decreased the intracellular
stability. Mutations in E85A in the BTB domain and C164F in the BACK domain decreased the binding to
CUL3, and S410L as well as R528H demonstrated less binding to WNK4. In vitro and in vivo assays
revealed that these mutants decreased the ubiquitination and increased the intracellular levels of
WNK4 compared with wild-type KLHL3. Therefore, the KLHL3 mutants causing PHAII investigated in this
study exhibited less ability to ubiquitinate WNK4 because of KLHL3’s low stability and/or decreased bind-
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ing to CUL3 or WNK4.
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1. Introduction

Pseudohypoaldosteronism type II (PHAII) is a hereditary disease
characterized by hypertension, hyperkalemia, and metabolic aci-
dosis [1]. Mutations in the with-no-lysine kinase 1 (WNK1) and
WNK4 genes are known to be responsible for PHAII [2]. Several
in vitro and in vivo studies have been performed to clarify the
molecular pathogenesis of PHAII [3,4]. We discovered a novel
phosphorylation signal cascade in the kidney that consisted of
WNK-oxidative stress-responsive kinase 1 (OSR1) and STE20/
SPS1-related proline/alkaline-rich kinase (SPAK)-NaCl cotrans-
porter (NCC) [5-8]. The constitutive activation of this cascade is
the pathogenic molecular mechanism for PHAII caused by WNK4.

In 2012, two new genes KLHL3 and Cullin3 (CUL3) were
reported as being responsible for PHAII [9,10]. KLHL3 is a member
of the BTB-BACK-Kelch family of proteins, some of which were
reported to function as substrate adapters in CUL3-based E3 ubiq-
uitin ligase complexes [11-13]. We have previously reported that
WNK4 is a target for ubiquitination by the KLHL3-CUL3 E3 ligase
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complex [14] and that the PHAII-causing mutations of WNK4 and
KLHL3 (i.e., D564A and R528H, respectively) impaired the binding
of WNK4 and KLHL3, thereby reducing WNK4 ubiquitination and
increasing the intracellular protein levels of WNK4. Although the
role of WNK4 in NCC regulation is controversial, our recent study
using WNK4 transgenic mice clearly indicated that increased
WNK4 expression activated the WNK-OSR1/SPAK-NCC cascade
and caused PHAII [14]. Taken together, these findings indicated
that PHAII was caused by impaired ubiquitination of WNK4. Two
recent reports have supported this conclusion [15,16]. Further-
more, it has been reported that the KLHL3-CUL3 E3 ligase complex
ubiquitinates WNK1 in vitro [17], and very recently, we demon-
strated that KLHL2, which possesses 84% amino acid identity with
KLHL3 in the Kelch domain, also acts with CUL3 as an E3 ubiquitin
ligase for WNK kinases [18]. Therefore, various combinations of
KLHL2 and KLHL3 with the four types of WNK kinases (WNK1-4)
may regulate the WNK signal cascades in different types of cells.
Because the above concept is based on the analysis of a single
mutant of KLHL3 and WNK4 that causes PHAII [14], we conducted
the current study to examine the pathogenic effects of other mu-
tants of KLHL3 and further establish the molecular pathogenesis
of PHAIL KLHL3 is composed of the BTB, BACK, and Kelch domains.
The R528H mutation, which we previously characterized, is located
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in the Kelch domain. Consistent with its role of substrate binding in
the Kelch domains, R528H revealed less binding to WNK4, thereby
causing less ubiquitination and increased intracellular protein lev-
els of WNK4 [14]. Therefore, we selected other mutants from dif-
ferent domains in this study (Fig. 1), namely E85A (BTB domain)
and C164F (BACK domain). Moreover, we focused on another mu-
tant in the Kelch domain, S410L, because it may have a novel path-
ogenic effect that is not observed with R528H.

2. Materials and methods
2.1. Plasmids

Expression plasmids for 3xFLAG-tagged human WNK4 have
been previously described [19]. The cDNA encoding Halo-tagged
human wild-type (WT)-KLHL3 (Halo-WT-KLHL3) in the pFN21A
vector was purchased from Promega. The disease-causing muta-
tions (E85A, C164F, S410L, and R528H) were introduced using a
QuickChange Site-directed Mutagenesis Kit (Stratagene). Human
CUL3 cDNA was isolated using the reverse transcription-poly-
merase chain reaction (RT-PCR) using human prostate mRNA as
a template and then cloned into the 3xFLAG-CMV10 vector (Sig-
ma-Aldrich). The HA4-tagged ubiquitin expression vector was
kindly provided by T. Ohta (School of Medicine, St. Marianna
University).

2.2. Cell culture and transfections

HEK293T cells were cultured at 37 °C in a humidified 5% CO,
atmosphere in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% (v/v) fetal bovine serum (FBS), 2 mM L-gluta-
mine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. HEK293T
cells (3 x 10° cells/6-cm dish or 1 x 10° cells/3.5-cm dish) were
transfected with the indicated amount of plasmid DNA using the
Lipofectamine 2000 reagent (Invitrogen).

2.3. Immunoprecipitation

HEK293T cells transfected with the indicated amount of DNA
were lysed in a buffer [50 mM Tris-HCI (pH 7.5), 150 mM NaCl,
1% Nonidet P-40, 1 mM sodium orthovanadate, 50 mM sodium
fluoride, and protease inhibitor cocktail] for 30 min at 4 °C. For
proteasome inhibition, HEK293T cells were treated with 1 uM
epoxomicin (Peptide Institute, Osaka, Japan) for 3 h before harvest-
ing. After centrifugation at 12,000xg for 15 min, the protein
concentration of the supernatants was measured, and equal
amounts were used for immunoprecipitation with anti-FLAG M2
beads (Sigma-Aldrich) or anti-Halo beads (Promega) for 2 h at
4 °C. Thereafter, the immunoprecipitates were washed with the
lysis buffer and eluted in SDS sample buffer after boiling for
5 min. To detect WNK4 ubiquitination in the denatured samples,
the cells transfected with various plasmids were lysed in 2% SDS
buffer [2% SDS, 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), 2 mM
sodium orthovanadate, 50 mM sodium fluoride, and 1x protease

E85A C164F S410L R528H

Fig. 1. Structure of human KLHL3 and PHAII mutations analyzed in this study.
KLHL3 is composed of BTB, BACK, and Kelch repeat domains. We selected four
PHAII-causing KLHL3 mutants for the purpose of evaluation in this study.

inhibitor cocktail] and then boiled for 10 min, followed by sonica-
tion. Before immunoprecipitation, the lysates were diluted at 1:10
in a dilution buffer [10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM
EDTA, and 1% Triton X-100], incubated at 4 °C for 1 h with rotation,
and centrifuged at 12,000xg for 15 min.

2.4. Antibodies

The blots were probed using the following primary antibodies:
anti-FLAG (Sigma-Aldrich), anti-Halo (Promega), anti-HA (Merck
Millipore), and anti-GAPDH (Cell Signaling Technology). Alkaline
phosphatase-conjugated anti-IgG antibodies (Promega) were used
as the secondary antibodies for immunoblotting, and the signals
were detected by the Western blue Stabilized Substrate for Alka-
line Phosphatase (Promega).

2.5. Cycloheximide chase assay

HEK293T cells (6 x 10° cells in 6-well plates) were transfected
using the Lipofectamine 2000 reagent with 1 pg of Halo-WT-
KLHL3, or 4 ng of either Halo-S410L or R528H-KLHL3. The cells
were then cultured for 24 h, followed by incubation with 100 pM
cycloheximide. After incubation for the indicated time periods,
the cells were washed with PBS and suspended in 50-pul lysis buf-
fer. Thereafter, the cleared lysate (10 pl) was subjected to immuno-
blot analyses with anti-Halo (Promega).

2.6. Fluorescence correlation spectroscopy (FCS)

Fluorescent TAMRA-labeled WNK4 peptides covering the PHAII
mutation sites were prepared (Hokkaido System Science Co., Ltd.,
Hokkaido, Japan). The sequences of these peptides have been pre-
viously reported [14]. Human full-length KLHL3 (wild-type and
mutants) was cloned into pGEX6P-1 vectors. The recombinant
GST-fusion KLHL3 protein expressed in the BL21 Escherichia coli
cells was purified using glutathione Sepharose beads. The TAM-
RA-labeled WNK4 peptides were incubated at room temperature
for 30 min with different concentrations of GST-KLHL3s (0-2 uM)
in 1x PBS containing 0.05% Tween 20 (reaction buffer). Further,
FCS was performed to measure single-molecule fluorescence using
the FluoroPoint-light analytical system (Olympus, Tokyo, Japan)
[14,18,20]. The assays were performed in 384-well plates, with
all the experiments including 10s of data acquisition. The measure-
ments were repeated five times per sample.

2.7. In vitro ubiquitination assay

c¢DNA encoding human WNK4 (490-626) with a C-terminal His-
tag was amplified by PCR and cloned into a pGEX6p-1 vector. Re-
combinant GST-fusion WNK4 protein expressed in BL21 E. coli cells
was purified using glutathione Sepharose beads. KLHL3-CUL3
complexes were immunoprecipitated from the lysates of HEK293T
cells transiently expressing Halo-KLHL3. We have previously re-
ported that CUL3 overexpression is not necessary for the in vitro
ubiquitination assay, because HEL293T cells contain abundant
endogenous CUL3 [18]. Thereafter, the complexes were incubated
in a 20-pl reaction buffer [50 mM Tris-HCl (pH 7.4), 2.5 mM MgCl,,
0.5 mM DTT, 2 mM ATP] for 2 h at 30 °C with purified GST-WNK4-
His (1 pg), 100 ng recombinant human E1 (Boston Biochem.),
500 ng recombinant human UbcH5a/UBE2D1 (Boston Biochem.),
and 2.5 pug recombinant HA-tagged human ubiquitin (Boston Bio-
chem.). The reaction was terminated by addition of SDS-PAGE
sample buffer, followed by boiling for 5 min. The reaction mixtures
were then subjected to immunoblot analyses with anti-Ub (Cell
Signaling Technology) or His (Abcam) antibodies.
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2.8. Statistical analysis

Comparisons between the two groups were performed using
the unpairedt-tests. Analysis of variance with the Tukey’s post
hoc test was used to evaluate the statistical significance of the
comparisons between multiple groups. P values <0.05 were
considered statistically significant. Data are presented as the
mean * S.E.M.

3. Results and discussion
3.1. Low expression levels of S410L and R528H in HEK293T cells

To analyze each mutant causing PHAII (Fig. 1), we transiently
expressed the Halo-tagged KLHL3 (wild-type and mutant) in
HEK293T cells. We observed that the expression levels of S410L
and R528H appeared to be lower compared with those in the
wild-type (WT) and other mutants (Fig. 2A). To confirm this
finding, we compared the expression levels of the wild-type and
the abovementioned two mutants using different amounts of
expression plasmids. As presented in Fig. 2B, the expression levels
of these mutants, particularly S410L, was considerably lower
compared with that in the wild-type. Because all the KLHL3
expression vectors were the same, we suspected that the missense
mutants may have degraded more rapidly in the cells, probably by
an endoplasmic reticulum quality control system.

3.2. Significantly decreased stability of S410L

To evaluate the mechanism responsible for the low expression
levels of S410L and R528H, we measured the stability of these mu-
tants using the cycloheximide chase assay. As presented in Fig. 2C,
S410L was degraded more rapidly than WT-KLHL3. The half-life of
S410L was about 6 h, whereas the protein levels of WT-KLHL3
were stable for at least 12 h after cycloheximide treatment.
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Contrary to our expectations, the stability of R528H was not
decreased compared with that of WT-KLHL3. These results suggest
that the pathogenic effects of the S410L mutation may be attribut-
able to the decreased intracellular expression levels resulting from
decreased stability. It is possible that the low R528H expression
may be attributable to its low translation efficiency, although this
remains to be established.

3.3. Impaired binding of the mutant KLHL3 to WNK4 or CUL3

Using immunoprecipitation, we previously demonstrated that
the R528H mutation in the Kelch domain decreased its binding
to the acidic domain of WNK4 [14]. The current study involved di-
rect measurements of the binding ability of various KLHL3 mu-
tants, including R528H, to WNK4. These measurements were
performed using our recently developed FCS method [14,18]. We
measured the diffusion time of the TAMRA-labeled WNK4 peptide
using FCS in the presence of different concentrations of GST-fusion
proteins of WT and the mutant KLHL3; the binding of KLHL3 to this
peptide was assessed by the increased diffusion time of the fluo-
rescent peptide [14,18]. In agreement with our previous study
[14], we demonstrated that WT-KLHL3 increased the diffusion
time of the TAMRA-labeled peptide (Fig. 3). However, S410L and
R528H had little effect on the diffusion time, similar to that ob-
served for GST alone. This indicated that both S410L and R528L de-
creased the ability to bind to WNK4. Therefore, S410L may have
two pathogenic roles in the cells, namely increased degradation
and decreased binding to WNK4. These changes may be related
to the more severe phenotype of patients with this mutation. For
example, Louis-Dit-Picard et al. [10] reported a 29-year-old male
patient with a heterozygous S410L mutation, who revealed a blood
pressure of 165/98 mm Hg and serum potassium levels of
6.7 mmol/L even under hydrochlorothiazide treatment.

We observed that the behavior of E85A (BTB domain mutant)
and C164F (BACK domain mutant) was similar to that of

C 0 4 8 12 (hr)

Halo v

Halo-WT-KLHL3
GAPDH
Halo

Halo-S410L-KLHL3
GAPDH
Halo

Halo-R528H-KLHL3
GAPDH | « -

(%)

—{—WT
—® =S410L

—A— R528H
*p<0.05vs. WT

0 " g (hr)
0 5 10 15

Fig. 2. Transient expression and stability assay of Halo-tagged KLHL3 mutants in the HEK239T cells. (A) We transfected HEK293T cells (1 x 10° cells/3.5-cm dish) with a
Halo-KLHL3-pFN21A vector (using 2 pg plasmid). The expression levels of S410L and R528H appeared to be lower compared with those for the other genes. (B) Wild-type,
S410L, and R528H KLHL3 were expressed in HEK293T cells (1 x 10° cells/3.5-cm dish) by different amounts of the expression plasmids. The expression of S410L and R528H
was lower compared with that of the wild-type KLHL3. (C) Cycloheximide chase assay of Halo-WT-KLHL3, Halo-S410L-KLHL3, and Halo-R528H-KLHL3. Halo-S410L-KLHL3
was degraded more rapidly compared with Halo-WT-KLHL3 and Halo-R528H-KLHL3. The half-life of Halo-S410L-KLHL3 was approximately 6 h.
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Fig. 3. FCS assay of the binding of KLHL3 and WNK4. The diffusion time of the
TAMRA-labeled WNK4 peptide containing the acidic motif (a binding domain to
KLHL3) was measured using FCS in the presence of different concentrations of GST
fusion proteins of the wild-type and the KLHL3 mutant. The WNK4 peptide bound
to the wild-type, E85A, and C164F GST-KLHL3. On the other hand, GST alone and
S410L and R528H did not affect the diffusion time, indicating that these mutants
could not bind to WNK4.

WT-KLHL3 in the FCS assay, indicating that these mutants main-
tained the ability to bind to WNK4. This result was not unexpected
because the BTB and BACK domains of KLHL proteins are both
thought to be involved in binding, not to the substrates (WNK ki-
nases) but to CUL3 [17,21,22]. As presented in Supplementary
Fig. 1, we confirmed the decreased binding of these mutants to
CUL3 using a coimmunoprecipitation experiment.

3.4. Decreased ability of KLHL3 mutants causing PHAII to ubiquitinate
WNK4 and to decrease the intracellular WNK4 protein levels

We previously reported that the expression of WT-KLHL3 sig-
nificantly decreased the coexpressed protein levels of WNK4, but
this effect of KLHL3 was impaired in a PHAII-causing R528H mu-
tant [14]. Wu et al. recently reported a similar effect in other mu-
tants associated with PHAII, including R528H and C164F, in
Xenopus oocytes [16]. As presented in Fig. 4A, coexpression of
PHAII-causing mutants revealed less ability to decrease the intra-
cellular WNK4 protein levels compared with that of WT-KLHL3.
Therefore, we performed in vitro and in vivo assays to evaluate
WNK4 ubiquitination using the KLHL3 mutants E85A, C164F, and
S410L. We have previously demonstrated that the GST-WNK4-
His protein (residue from 490 to 626 containing the binding do-
main to KLHL3) was directly ubiquitinated by the KLHL3-CUL3
complex in vitro and that the R528H mutation caused a significant
decrease in WNK4 ubiquitination [14]. Further, as presented in
Fig. 4B, the ability of the mutant KLHL3-CUL3 complexes (E85A,
C164F, and S410L) to ubiquitinate WNK4 was lesser compared
with that of the wild-type KLHL3. In addition, we performed an
in vivo ubiquitination assay to confirm this finding. Following the
coexpression of FLAG-tagged WNK4, Halo-tagged KLHL3, and hem-
agglutinin (HA)-tagged ubiquitin in HEK293T cells, the cells were
treated with 1 uM epoxomicin, and WNK4 immunoprecipitated
with the FLAG antibody. In order to exclude the ubiquitination sig-
nals from other proteins that coimmunoprecipitated with WNK4,
immunoprecipitation was performed under denaturing conditions.
The ubiquitination signals were observed as a smear band of over
approximately 200 kDa, which is the apparent molecular size of
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Fig. 4. Effect of the wild-type and mutant KLHL3 on the protein levels and
ubiquitination of WNK4. (A) T7-tagged WNK4 and FLAG-tagged CUL3 were
coexpressed with Halo-tagged KLHL3. Coexpression of the wild-type KLHL3 caused
a significant decrease in the abundance of WNK4, but the KLHL3 mutants were less
able to reduce WNK4. (B) In vitro ubiquitination assay of WNK4. As demonstrated in
our previous report (14, 18), the wild-type KLHL3 complex ubiquitinated the GST-
WNK4-His protein. However, the KLHL3 mutant failed to ubiquitinate WNK4 as
efficiently as wild-type KLHL3. (C) In vivo ubiquitination assay of WNK4. Wild-type
KLHL3 coexpression increased the WNK4 ubiquitination. However, the KLHL3
mutants were less able to ubiquitinate WNK4.

WNK4. As presented in Fig. 4C, WNK4 ubiquitination by these
KLHL3 mutants was lower compared with that by WT-KLHL3.
Following our publication that impaired WNK4 ubiquitination
was a common molecular mechanism in PHAII and was caused
by mutations in WNK4 (D564A), KLHL3 (R528H), and CUL3 (skip-
ping of exon 9), Shibata et al. analyzed the same R528H mutant
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and reported similar results [15]. In addition to R528H, Wu et al.
examined other PHAIl-causing mutants (A77E, C164F, Q309R,
and L387P) in Xenopus oocytes and confirmed that they were less
effective in decreasing the WNK4 protein levels compared with
WT-KLHL3 [16]. However, with the exception of R528H, the effect
of these mutations on WNK4 ubiquitination has not been investi-
gated. A more thorough investigation of these disease-causing mu-
tants of the KLHL3 gene is therefore necessary to establish the
pathogenesis of PHAIL Evidence to date indicates these mutations
are distributed in different functional domains of the KLHL3 pro-
tein and that KLHL proteins other than E3 ligase (e.g., actin-binding
protein) may have a pathogenic role in PHAII [10]. The current
study clearly demonstrated that each mutation associated with
PHAII led to the common consequence of decreased WNK4 ubiqui-
tination, with this effect being mediated through different molec-
ular mechanisms. The mutations in the BTB and BACK domains
affected the interaction with CUL3, whereas those in the Kelch do-
mains affected the binding to WNK4. In addition to the impaired
binding to WNK4 or CUL3, analysis of S410L in this study sug-
gested that some mutants may be unstable within the cells, which
would be expected to impair the functions of KLHL3. Therefore, the
data obtained in this study clearly establishes that impaired WNK4
ubiquitination by KLHL3 mutations causes PHAIIL Recently, we re-
ported that KLHL2, the KLHL protein member that is closest to
KLHL3, could also behave as an E3-ubiquitine ligase with CUL3
[18]. In addition, we observed that KLHL2 had the ability to bind
to all WNK kinases, although Ohta et al. reported that KLHL3 could
bind and ubiquitinate WNK1 [17]. In this regard, the regulation of
WNK kinases by KLHL2 and KLHL3 may occur in various types of
cells in the body and may be involved not only in the pathogenesis
of PHAII but also in other pathophysiological conditions.

In summary, we clarified the pathogenic mechanisms of PHAII-
causing mutations in different domains in KLHL3. Although the
molecular mechanisms were different, impaired WNK4 ubiquitina-
tion is a common consequence of these mutations.
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