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elongation (one family) of the coded proteins (Table 3). In
a family with a 32,787 nucleotides deletion (the exact
deletion size was determined in Daniel Bichet’s lab in
Montreal), two affected brothers showed complete NDI.
Their mother and sister were asymptomatic heterozygous
carriers of the mutation. In another family having a large
deletion (4,586 nucleotides), a boy was affected with
complete NDI and his mother was a heterozygous carrier.
A 1-nucleotide deletion was observed in a complete NDI
boy, and his mother was a heterozygous carrier of the
mutation. In two families having 2-nucleotide or
14-nucleotide deletion mutations, the index patients were
females who were diagnosed as having complete NDI after
stimulation tests.

Three novel small (1-2 nucleotides) frame-shift inser-
tion mutations were found in three families in which the
index patients were males with complete NDI. All of these
mutations are expected to introduce a premature stop
codon, and the mutations were conserved within the
families (Table 3).

Frequency of symptomatic carriers of AVPR2
mutations

Carriers of disease-causing mutations of AVPR2 (females
having heterozygous mutations) sometimes manifest NDI
symptoms [22, 23]; however, it is unknown how often this
event occurs. In our present study, in 52 NDI families with
AVPR2 mutations, at least one female member (usually a
mother of an affected boy) were genetically analyzed and
found to have the disease-causing allele. In a total of 64 such
female subjects, 16 (25 %) had symptoms of polyuria and
polydipsia, while 43 (67 %) were asymptomatic. Among the
16 symptomatic female subjects, 4 were diagnosed as having
complete NDI, and 3 were the probands in each family. The
types of mutations identified in these symptomatic carriers
were: missense mutations (8), deletion mutations (6), non-
sense mutation (1), and insertion mutation (1), indicating that
this event occurs in any type of mutation.

The mechanism for the appearance of NDI symptoms in
female carriers is explained by an extremely skewed
inactivation of the normal allele of the X chromosome [24];
the frequency of this event was estimated to be very rare
[9]. However, a recent study by Sato et al. [25] showed that
a moderately skewed inactivation of the normal allele is
enough to cause NDI symptoms. This result implies that
symptomatic female carriers occur more often than previ-
ously thought. Our data are consistent with this specula-
tion, and show that one fourth of carriers of AVPR2
disease-causing mutations present NDI symptoms. Thus,
female patients with NDI symptoms require a careful
examination, and gene mutation analysis for AVPR2
should be considered if other causes are unlikely.

AQP2 mutations causing NDI

Nine AQP2 mutations were identified in 9 NDI families
(Table 4). The results from 3 of these families were pre-
viously reported [[2]. These three families had monoallelic
frame-shift deletion mutations (1-10 nucleotides) in the
C-terminus of AQP2 (different mutations in each family),
and showed an autosomal dominant inheritance with a
slightly milder form of NDI [12]. The remaining six fam-
ilies were newly analyzed in the present study, and 6
different NDI-causing mutations were found (Table 4).
These mutations consisted of 3 missense mutations and 3
deletion mutations (1-2 nucleotides deletions); 3 of them
were novel mutations, and other three were recurrences of
previously known mutations. Two missense mutations and
one deletion mutation showed a recessive inheritance
mode, while one missense mutation and two small deletion
mutations manifested a dominant inheritance mode.

The family trees and results of mutation analysis of
newly analyzed families are summarized in Fig. 1. In
family 1, two missense mutations (A19V and G29S) were
compound heterozygous in a male NDI patient and mani-
fested by vasopressin-unresponsive polyuria (§—10 L/day).
The patient’s parents were asymptomatic. The father
carried a novel A19V mutation, while the mother had a
G29S mutation, which was previously reported to be
causative [26]. In family 2, the G29S mutation (the same
one found in family 1) was homozygous in the proband,

Table 4 Disease-causing AQP2 mutations

Nucleotide change ~ Amino Inheritance  References
acid mode
change

Newly analyzed
Missense mutations

c.56C>T A19V Recessive New

c.85G>A G29S Recessive  Sahakitrungruang
et al. [26]

c.761G>A R254Q Dominant Savelkoul et al.
[28]

Deletion mutations

c.127_128delCA FS/105X Recessive Tajima et al. [27]

¢.750delG FS/334X Dominant New

¢.775delC FS/334X Dominant New

Previously analyzed
Deletion mutations

¢.721delG FS/334X Dominant Kuwahara et al.
[12]

¢.763-772del FS/331X Dominant Kuwahara et al.
[12]

c.812-818del FS/332X Dominant Kuwahara et al.

[12]
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Family 1 Family 2

INCY; 6298 NA G298
Al9V G298 G298 G298 G298
Family 3 Family 4 %

R254Q
127_128 delCA 127_128 delCA j
R254Q R254Q
Family 5 Family 6
NA NA
775delG
750delG NA

NA : gene analysis not available
X, showing NDI symptoms

Fig. 1 AOP2 mutations newly found in Japanese NDI families. Six
different AQP2 mutations were found in six Japanese NDI families.
NA gene analysis not available. *Showing NDI symptoms

and his healthy mother and brother were heterozygous for
the mutation. The patient exhibited polyuria (urine volume
was 10-15 L/day), and the urine osmolality did not
respond to vasopressin (maximum urine osmolality was
about 100 mOsm/L). The appearance of NDI symptoms
only when the mutations are compound heterozygous or
homozygous strongly indicates that these two missense
mutations are disease causative.

In family 3, a homozygous 2-nucleotide deletion muta-
tion (c.127_128delCA) was found in a neonatal boy who
exhibited polyuria and dehydration. His urine osmolality
did not respond to vasopressin (< 150 mOsm/L). The
resultant frame shift predicts new amino acids starting at
codon 43, with a premature stop at codon 105. The same
mutation was found in an unrelated Japanese family and
has been reported by others [27].

In family 4, a monoallelic R254Q mutation was found in
two siblings and their father. The father and paternal

@ Springer

relatives had NDI symptoms, but have not been clinically
examined. The siblings (a 1-year-old boy and a 3-year-old
girl) showed similar clinical characteristics of polyuria and
polydipsia starting 4-6 months after birth, and slight
responsiveness of urine osmolality to vasopressin (maxi-
mum urine osmolality was about 500 mOsm/L after
vasopressin administration). Consistent with these obser-
vation, this mutation (R254Q) was recently reported as an
NDI causative mutation with dominant inheritance [28].
Another missense mutation on this residue, R254L, was
also reported to cause a similar NDI phenotype [29]. In the
heterologous expression studies, the R254Q-AQP2 protein
was impaired in its AVP-elicited phosphorylation of
Ser256, which is a key step for AQP2 trafficking to the
apical membrane [28]. The dominant inheritance can be
explained by hetero-oligomerization of wild-type/mutant
AQP2 proteins and dominant-negative effect of mutant
protein on wild-type protein [7].

In a female patient of family 5, a novel heterozygous
1-nucleotide deletion mutation (750delG) was found. The
patient’s sister and father were symptomatic. Her urine
osmolality did not respond to vasopressin. This mutation
causes a frame shift, with a new amino acids sequence
starting from Val251 and ending at codon 334 in the
C-terminal of AQP2. In Family 6, a 2-year-old girl was
found to have a novel heterozygous 1-nucleotide deletion
mutation (775delC) that causes frame shift with a new
C-terminus starting at Leu259. The parents did not show
NDI symptoms and did not carry the mutation, which
indicated that the mutation occurred de novo. The girl
showed polyuria and polydipsia and NDI was diagnosed by
water deprivation and vasopressin administration tests.
These identified two deletion mutations cause frame shifts
from Val251 and Leu259 and a new C-terminal tail ending
at codon 334 (Table 4). We previously reported three small
deletion mutations in the C-terminus that cause similar
frame shifts and show dominant inheritance [12] (Table 4).
These frame-shift mutations share the loss of the last tail of
the AQP2 protein, the site where PDZ proteins and ubig-
uitines interact, and the presence of extended C-terminal
tails that contain missorting signals. As a result of these
effects, these mutant AQP2 proteins making tetramers with
wild-type proteins are incorrectly translocated to the
basolateral membrane instead of the apical membrane
[20, 30, 31]. This missorting is confirmed in knockin
mice harboring a human C-terminal deletion mutation
(c.763-772del) [32]. It is interesting that these deletion
mutations are observed more often that missense mutations
in Japanese patients, which is different from the frequen-
cies in a total global summary [3, 20].

We could not detect mutations in the two genes in seven
families (9 %, Table 1). It is said that causative gene
mutations cannot be found in approximately 5 % of all
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congenital NDI patients [4]. Possibilities such as the
presence of mutations in the promoter regions of the
AVPR2 or AQP2 genes are a likely explanation [4]. Our
mutational analysis does not usually cover the promoter
regions; thus, this possibility remains to be examined. To
date, no genes other than AVPR2 and AQP2 have been
attributed to NDI. However, it is possible that mutations in
the genes encoding signaling cascade molecules connect-
ing these two key membrane proteins cause NDI. Progress
in gene mutational analysis methods such as whole-exome
sequencing will address this possibility.
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Mutations in the WNK1 and WNK4 genes result in an inherited hypertensive disease, pseudohypoaldos-
teronism type Il (PHAII). Recently, the KLHL3 and Cullin3 genes were also identified as responsible genes
for PHAIIL Although we have reported that WNK4 is a substrate for the KLHL3-Cullin3 E3 ligase complex,
it is not clear whether all of the WNK isoforms are regulated only by KLHL3. To explore the interaction of
WNKs and other Kelch-like proteins, we focused on KLHL2 (Mayven), a human homolog of Drosophila Kel-
ch that shares the highest similarity with KLHL3. We found that KLHL2, as well as KLHL3, was co-immu-
noprecipitated with all four WNK isoforms. The direct interaction of KLHL2 with WNKs was confirmed on
fluorescence correlation spectroscopy. Co-expression of KLHL2 and Cullin3 decreased the abundance of
WNK1, WNK3 and WNK4 within HEK293T cells, and a significant increase of WNK4 ubiquitination by
KLHL2 and Cullin3 was observed both in HEK293T cells and in an in vitro ubiquitination assay. These

results suggest that KLHL2-Cullin3 also functions as an E3-ligase for WNK isoforms within the body.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Mutations in the with-no-lysine kinase 1 (WNK1) and WNK4
genes are responsible for pseudohypoaldosteronism type II (PHAII)
[1], which is characterized by hypertension, hyperkalemia, and
metabolic acidosis [2]. Numerous studies have been performed to
clarify the molecular pathogenesis of PHAII [3]. We have found that
increased phosphorylation of oxidative stress-responsive kinase 1
(OSR1) and STE20/SPS1-related proline/alanine-rich kinase (SPAK),
which are substrates of WNK kinases, results in the activation of
the Na-Cl cotransporter (NCC) in vivo [4-G]. The analysis of
WNK4~/~ mice was concordant with our hypothesis that WNK4 ki-
nase is a major regulator of NCC phosphorylation in kidney [7].

In 2011, additional genes responsible for PHAII (KLHL3 and Cul-
lin3) were identified [8,9]. KLHL3 is a member of the BTB-Kelch
protein family, which includes components of the Cullin-RING E3
ubiquitin ligases and a substrate adaptor for ubiquitination [10-
12]. Recently, we reported that KLHL3 interacted with Cullin3
and WNK4, induced WNK4 ubiquitination, and reduced WNK4
protein abundance. We also revealed the pathophysiological role
of PHAII-causing mutations of the WNK4, KLHL3 and Cullin3 genes
[13]. Namely, the mutations caused impaired ubiquitination and a
subsequent increase of WNK4 in the kidney, which activate the
WNK-0SR1/SPAK-NCC signal cascade and cause PHAII [13]. Two
independent reports have supported our findings [14,15]. In

* Corresponding author. Address: 1-5-45 Yushima, Bunkyo, Tokyo 113-8519,
Japan. Fax: +81 3 5803 5215.
E-mail address: suchida.kid@tmd.ac.jp (S. Uchida).

0006-291X/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.06.104

addition to WNK4, Alessi’'s group reported that WNK1 interacts
with the KLHL3-Cullin3 complex in vitro [16]. This data is quite
reasonable since we identified that the domain within WNK4
responsible for the binding to KLHL3 is an acidic domain that is
highly conserved among WNK kinases [13]. Therefore, it would
be possible that WNK2 and WNK3 could also be targets of
KLHL3-Cullin3 E3 ligase. However, WNK isoforms are widely ex-
pressed in various cell types within the body, whereas KLHL3
expression might be relatively limited in specific cell types. In this
respect, we hypothesized that there may be other ubiquitin ligases
for WNK kinases. Here, we focused on KLHL2 (Mayven), another
human homolog of Drosophila Kelch, since the Kelch domain
(WNK-binding domain) of KLHL2 is highly similar (86% identity)
to that of KLHL3. Initially, KLHL2 was identified as an actin-binding
protein predominantly expressed in brain [17]. Later, it was found
that KLHL2 formed a complex with Cullin3 and bound to and in-
creased the ubiquitination of neuronal pentraxin with chromo do-
main (NPCD), suggesting its role as E3 ubiquitin ligase [18]. In the
present study, we report that KLHL2 binds to WNKs at their acidic
domain and functions as an E3 ubiquitin ligase for WNK kinases.

2. Materials and methods
2.1. Plasmids
Expression plasmids for 3XxFLAG-tagged human WNK1, WNK4,

Cullin3, Halo-tagged human WNK4 and KLHL3 have been de-
scribed previously [13,19,20]. The ¢cDNA encoding Halo-tagged
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human WNK1, WNK2, WNK3 and GAPDH in pFN21A vector were
purchased from Promega. Human KLHL2 cDNA was isolated by re-
verse transcription-polymerase chain reaction using human brain
mRNA from human total RNA master panel II (Clontech) as a tem-
plate. Sequence of the amplification primers employed is as fol-
lows: KLHL2 sense, 5'-ATC GAT CGA TAT GGA GAC GCC GCC GCT
GCC-3’; KLHL2 antisense, 5-CCG GCG CGC CGT TTA AAC TCA TAA
TGG TIT ATC AAT AAC-3'. The cDNA was cloned into pFN21A vec-
tor (Promega). HA4-tagged ubiquitin expression vector was kindly
provided by T. Ohta (St. Marianna University, School of Medicine).

2.2. Reverse transcription polymerase chain reaction

RNAs from human total RNA master panel II (Clontech) were re-
verse-transcribed by using Omniscript RT kit (QIAGEN). The target
cDNAs were amplified by PCR, which was performed by using
primers described below. The primers for GAPDH were purchased
from Roche Diagnostics. Sequence of the amplification primers em-
ployed is as follows: KLHL2 sense, 5'-TAA TAC CGA AAA ACA CTG
CC-3’; KLHL2 antisense, 5'-TTC TAA CTC TCT TTG CTC GG-3’; KLHL3
sense, 5'-TGA CAA GAA CCA GAG GAC GA-3'; KLHL3 antisense, 5'-
AAC TGA GAC TGC AGG AAG-3'.

2.3. Cell culture and transfections

HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) fetal bovine serum
(FBS), 2 mM t-glutamine, 100 U/ml penicillin, and 0.1 mg/ml strep-
tomycin at 37 °C in a humidified 5% CO, incubator. HEK293T cells
(3 x 10° cells/6-cm dish) were transfected by the indicated
amount of plasmid DNA with Lipofectamine 2000 reagent
(Invitrogen).

2.4. Immunoprecipitation

HEK293T cells transfected with the indicated amount of DNA
were lysed in a buffer (50 mM Tris-HCl (pH 7.5), 150 mM Nadl,
1% Nonidet P-40, 1 mM sodium orthovanadate, 50 mM sodium
fluoride, and protease inhibitor cocktail) for 30 min at 4 °C. When
the cells were transfected with the HA-ubiquitin expression plas-
mid, the cells were treated with 1 uM epoxomicin (specific and
irreversible proteasome inhibitor; Peptide Institute, Osaka, Japan)
for 3 h before harvesting. After centrifugation at 12,000xg for
15 min, the protein concentration of the supernatants was mea-
sured and equal amounts of the supernatants were used for immu-
noprecipitation with anti-FLAG M2 beads (Sigma-Aldrich) for 1 h
at 4 °C. Thereafter, the precipitants were washed with the lysis buf-
fer and the immunoprecipitates were eluted in SDS sample buffer
after boiling for 5 min. To detect ubiquitination of WNK4 in dena-
tured samples, the cells transfected with various plasmids were
lysed in 2% SDS buffer (2% SDS, 150 mM NacCl, 10 mM Tris-HCl,
pH 8.0, 2 mM sodium orthovanadate, 50 mM sodium fluoride, 1x
protease inhibitors) and boiled for 10 min followed by sonication.
Before immunoprecipitation, the lysates were diluted 1:10 in a
dilution buffer (10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM
EDTA, 1% Triton X-100), incubated at 4 °C for 1 h with rotation,
and centrifuged at 12,000xg for 15 min.

2.5. Immunoblotting

Cells transfected with the indicated amount of plasmid DNA
were lysed in lysis buffer [50 mM Tris-HCl, pH 7.5, 150 mM Nadl,
1% Nonidet P-40, 1 mM sodium orthovanadate, 50 mM sodium
fluoride, and protease inhibitor cocktail (Roche Diagnostics)] for
30 min at 4°C. After centrifugation at 12,000xg for 15 min, the
supernatants were boiled with SDS sample-buffer (Cosmo Bio,

Inc.) and subjected to SDS-PAGE. Blots were probed with the fol-
lowing primary antibodies: anti-FLAG (Sigma-Aldrich), anti-Halo
(Promega), anti-HA (Merck Millipore), anti-T7 (Merck Millipore)
and anti-actin (Cytoskelton) antibodies. Alkaline-phosphatase-
conjugated anti-IgG antibodies (Promega, Madison, WI) and West-
ernBlue (Promega) were used to detect the signals.

2.6. In vitro ubiquitination assay

GST-WNK4(490-626) in pGEX6p-1 vector was described previ-
ously [13]. Recombinant GST-fusion WNK4 protein was expressed
in BL21 Eschericia coli cells and purified by using glutathione se-
pharose beads. KLHL2 or KLHL3 complexes were immunoprecipi-
tated from the lysates of HEK293T cells transiently expressing
FLAG-KLHL2 or FLAG-KLHL3. Then, the complexes were incubated
in a 20 pl volume of 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 puri-
fied 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 human ubiquitin (Boston Bio-
chem). The reaction was terminated by addition of SDS-PAGE sam-
ple 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.

2.7. Fluorescence correlation spectroscopy

Fluorescent TAMRA-labeled WNK1, 2, 3 and WNK4 peptides
covering the PHAIl mutation sites were prepared (Hokkaido Sys-
tem Science Co., Ltd., Hokkaido, Japan). Kelch-repeats of human
KLHL2 or KLHL3 were cloned into pGEX6P-1 vector. Recombinant
GST-fusion KLHL proteins were expressed in BL21 E. coli cells and
purified by using glutathione sepharose beads. The TAMRA-labeled
WNK peptides were incubated at room temperature for 30 min
with different concentrations of GST-KLHL proteins (0-2 pM) in
1x PBS with 0.05% Tween 20 reaction buffer and the fluorescence
correlation spectroscopy (FCS) measurements of single-molecule
fluorescence were performed using the FluoroPoint-light analytical
system (Olympus, Tokyo, Japan) [21]. The assay was performed in a
384-well plate. All experiments were performed in 10s of data
acquisition time and the measurements were repeated five times
per sample. The amino acid sequence of TAMRA-WNKs is as
follows: WNK1, TAMRA-SVSTQVEPEEPEADQHQQLQYQQPSISVLS
(30aa); WNK2, TAMRA-GQPGPPEPEEPEADQHLLPPTLPTSATSLA
(30 aa); WNK3, TAMRA-AQQTGAECEETEVDQHVRQQLLQRKPQQHC
(30aa); WNK4, TAMRA-PSVFPPEPEEPEADQHQPFLFRHASYSSTT
(30 aa). Acidic domains of each WNK isoform are underlined.

2.8. Statistics

Statistical significance was evaluated by ANOVA test with mul-
tiple comparisons using Tukey’s correction. The results with p val-
ues <0.05 were considered statistically significant. Data are
presented as mean + SEM.

3. Results
3.1. Expression pattern of KLHL2 and KLHL3 in human organs

To examine the distribution of KLHL2 and KLHL3 expression, we
performed RT-PCR of KLHL2 and KLHL3 cDNA in human organs
(Fig. 1). cDNA from the indicated human tissues was used as a tem-
plate for PCR by using primers specific for KLHL2, KLHL3 and GAP-
DH mRNA. KLHL2 as well as KLHL3 was expressed differently in
various human organs.
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3.2. Overexpressed KLHL2 interacts with WNK kinases

We first confirmed the interaction of KLHL2 and Cullin3 by co-
immunoprecipitation (Fig. 2A) as previously reported [18]. To
investigate whether KLHL2 interacts with WNK kinases in mam-
malian cells, we then performed co-immunoprecipitation assays
of full-length KLHL2 and KLHL3 with WNK kinases. Because the
expression level of Halo-tagged WNK1 was low, we used FLAG-
tagged WNK1 in co-immunoprecipitation assays (Fig. 2B). Other
WNKs were Halo-tagged (Fig. 2C). We found that KLHL3 could
interact with WNK2 and WNK3 as well as WNK1 and WNK4 and
that KLHL2 could also interact with all WNK kinases. As in the case
with KLHL3, KLHL2 was not co-immunoprecipitated with other
components of the WNIK-OSR1/SPAK-NCC signal cascade, i.e.,
OSR1, SPAK, and NCC (Fig. S1).

To investigate whether the conserved acidic domains of WNKs
could be the common binding sites for KLHL2 and KLHL3, we
prepared TAMRA-labeled WNK peptides covering each acidic mo-
tif (Fig. 2D), and the binding to the Kelch-repeat of KLHL2 or
KLHL3 proteins was assayed in vitro as we described previously
[13]. As shown in Fig. 2D, the diffusion time of TAMRA-labeled
peptide became slower as the concentration of GST-KLHLs in-
creased, indicating that all WNK peptides could bind to both
GST-KLHL2 and GST-KLHL3. GST alone did not affect the
diffusion time. It is notable that the WNK3 peptide showed the
slowest diffusion time both with KLHL2 and KLHL3. The amino
acid sequence of the WNK3 acidic motif (ECEETEVDQH) was
different from those of other WNK kinases (EPEEPEADQH)
(Fig. 2D), which might be responsible for the difference in
diffusion times.

3.3. KLHI2 regulated the abundance of WNK kinases

To determine the effect of KLHL2 on WNK kinases, we overex-
pressed KLHL2 or KLHL3 plus Cullin3 along with WNK kinases in
HEK293T cells. As shown in Fig. 3, co-expression of KLHL2 or
KLHL3 with Cullin3 decreased the levels of WNK1, WNK3, and
WNK4 proteins as compared to the expression of Cullin3 alone.
In contrast to WNKI1, 3, and 4, the effect of KLHL2 on WNK2 was
not clear, even after repeating the experiments more than three
times.

KLHL2

; 200
KLHL3 300
GAPDH 300

uelq
Hesy
pun)
JBAI
Kouppy
SILEN

aiejdws) oN

Fig. 1. Expression of KLHL2 and KLHL3 mRNAs in human organs. Complementary
DNAs from the indicated human organs were used as a template for PCR using
primers specific for KLHL2, KLHL3 and GAPDH mRNA. The expression patterns of
KLHL2 and KLHL3 are different.

3.4. KLHL2 increases the ubiquitination of WNK4

To investigate whether KLHL2 ubiquitinates WNK kinases, we
first performed an in vitro ubiquitination assay. FLAG-tagged
KLHL2 or KLHL3 expressed in HEK293T cells was immunoprecipi-
tated with M2-agarose and mixed with recombinant E1, E2, ubiq-
uitin, and WNK4 protein (residues 490-626). We did not
overexpress Cullin3, since we knew from the preliminary experi-
ments that there was a sufficient amount of endogenous Cullin3
in HEK293T cells to perform this assay (data not shown). We con-
firmed that KLHL2 directly ubiquitinated WNK4 protein (residues
490-626) (Fig. 4A) as KLHL3 did in our previous study. We also
confirmed WNK4 ubiquitination in vivo by immunoprecipitation
under a denaturing condition. As shown in the ubiquitin (HA)
immunoblot (Fig. 4B), the ubiquitination signals appeared as a
smeared band over the apparent molecular size of WNK4
(200 kDa). This ubiquitination was increased by co-expression of
KLHL2 or KLHL3, although the immunoprecipitated WNK4 was de-
creased by co-expression. These results clearly indicate that KLHL2
functions as an E3 ubiquitin ligase of WNK4.

4. Discussion

In the present study, we reported the interaction between
KLHL2 and WNK kinases that induced the ubiquitination of WNK
protein, leading to a reduced level of WNK protein in cells. KLHL2
was initially identified as an actin-binding protein highly ex-
pressed in the brain [17], and it was implicated in oligodendrocyte
process outgrowth as well as transcriptional regulation of growth-
promoting factors in breast cancer cells [22-24]. However, several
members of the Kelch-like protein family have been recently de-
scribed as components of multi-protein complexes known as Cul-
1lin-RING E3 ubiquitin ligases (CRLs) [10,11,25]. CRLs are involved
in the identification and targeting of proteins for ubiquitination.
Kelch-like proteins function as substrate adapters, recruiting pro-
teins destined for ubiquitination into the CRL complex. In line with
this notion, neuronal pentraxin with chromo domain (NPCD) was
reported to bind to KLHL2, and its ubiquitination was increased
by KLHL2 co-expression [18]. However, no direct evidence showing
that KLHL2 is an E3 ligase has been demonstrated.

We observed a highly similar function of KLHL2 to that of KLHL3
as an E3 ubiquitin ligase to WNK kinases. KLHL2 is the closest
homolog of KLHL3 among the KLHL proteins, and it is also the clos-
est homolog of drosophila Kelch (63% identity). The Kelch repeats
among these three proteins are highly conserved. The four B-
strands found in each Kelch repeat are named ‘a’ to ‘d’. It is surpris-
ing that not only all of the mutated residues reported in PHAII pa-
tients [8,9] are conserved between these three Kelch-like proteins,
but also that KLHL2 shares almost perfect identity (98% identity)
with KLHL3 when focused on its ‘b-c’ loops and ‘d-a’ loops, in
which most of the PHAIl-causing KLHL3 mutations cluster {8,9].
This high identity between KLHL2 and KLHL3 is not seen between
KLHL3 and other Kelch-like proteins [26]. The function of each loop
of the KLHL3 Kelch repeat has not been evaluated yet, but consid-
ering that the ‘d-a’ loops and ‘b-c’ loops of Keap1 form the top face
of the B-propeller and that this face is the substrate (Nrf2)-binding
pocket {27], the extensive shared identity in these domains be-
tween KLHL2 and KLHL3 may support the identity of substrate
specificity between KLHL2 and KLHL3.

This study clearly shows that not only WNK1 and WNK4 but all
WNK kinases could be regulated by KLHL3. In addition, KLHL2
could regulate all WNKs as well. In the case of WNK4, the dysreg-
ulation of WNK4 degradation significantly affected the down-
stream signaling and caused PHAIL In this respect, the regulation
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Fig. 2. KLHL2 interacted with Cullin3 and WNK kinases. (A) FLAG-tagged Cullin3 was co-immunoprecipitated with Halo-tagged KLHL2 as well as KLHL3 in HEK293T cells. (B)
Halo-tagged KLHL2 and KLHL3 were co-immunoprecipitated with FLAG-tagged WNK1. (C) FLAG-tagged KLHL2 and KLHL3 were co-immunoprecipitated with Halo-tagged
WNK2, WNK3 and WNK4. (D) Diffusion time of a single-molecule TAMRA-labeled peptide corresponding to the acidic domain of wild-type WNK kinases was measured by
fluorescence correlation spectroscopy. The diffusion time of each peptide was significantly (p < 0.05) increased with KLHL2-GST at 0.21 uM or higher and KLHL3-GST at
0.14 puM or higher, but not with GST alone. These data indicate the direct binding of the Kelch-repeat of KLHL2 and KLHL3 to the acidic domain of WNK kinases.
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Fig. 3. KLHL2 regulated WNK kinase abundance. (A) FLAG-tagged WNK1 and FLAG-tagged Cullin3 were co-expressed with Halo-tagged KLHL2 or KLHL3. Co-expression of
KLHL2 as well as KLHL3 decreased the abundance of WNK1. (B) Halo-tagged WNK kinases and FLAG-tagged Cullin3 were co-expressed with Halo-tagged GAPDH, KLHL2 or
KLHL3. The cellular WNK3 and WNI(4 abundance were decreased by co-expression of KLHL2 or KLHL3. The WNK2 was not affected by the co-expression. (C) Densitometric

analysis of the results of (A) and (B). *p < 0.05 compared with control.
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Fig. 4. KLHL2 increased WNK4 ubiquitination. (A) In vitro ubiquitination assay of WNK4. WNK4 (490-626) (50 kDa) was incubated with ubiquitin, E1 and E2 (UbcH5a/
UBE2D1) with or without KLHL2-Cullin3 or KLHL3-Cullin3 complex. KLHL2 as well as KLHL3 significantly ubiquitinated WNK4 (490-626) in vitro. (B) WNK4 was expressed
with HA-ubiquitin and KLHL2 or KLHL3, and immunoprecipitated under a denaturing condition. As shown in the ubiquitin (HA) immunoblot, the ubiquitination signals were
observed as a smeared band over the apparent molecular size of WNK4 (200 kDa). The ubiquitination of WNK4 was increased by co-expression of KLHL2 or KLHL3.

of other WNKs by KLHL2 and/or KLHL3 may be involved in certain
pathophysiological conditions in extrarenal tissues.

In summary, we have identified the function of KLHL2 as an E3
ubiquitin ligase for WNK kinases. Different combinations of KLHL2
and KLHL3 with WNKs could regulate WNK kinase signaling in dif-
ferent kinds of cells.
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SUMMARY

Mutations in WNK kinases cause the human hyper-
tensive disease pseudohypoaldosteronism type I
(PHAI), but the regulatory mechanisms of the WNK
kinases are not well understood. Mutations in
kelch-like 3 (KLHL3) and Cullin3 were also recently
identified as causing PHAIl. Therefore, new insights
into the mechanisms of human hypertension can be
gained by determining how these components
interact and how they are involved in the pathogen-
esis of PHAII. Here, we found that KLHLS3 interacted
with Cullin3 and WNK4, induced WNK4 ubiquitina-
tion, and reduced the WNK4 protein level. The
reduced interaction of KLHL3 and WNK4 by PHAII-
causing mutations in either protein reduced the ubiqg-
uitination of WNK4, resulting in an increased level of
WNK4 protein. Transgenic mice overexpressing
WNK4 showed PHAII phenotypes, and WNK4 protein
was indeed increased in Wnk4”°¢"A"* PHAIl model
mice. Thus, WNK4 is a target for KLHL3-mediated
ubiquitination, and the impaired ubiquitination of
WNK4 is a common mechanism of human hereditary
hypertension.

INTRODUCTION

Hypertension is one of the biggest health problems in the indus-
trialized world because it damages critical organs. Studies of
monogenic hypertensive diseases, such as Liddle syndrome
(Shimkets et al., 1994) and pseudohypoaldosteronism type I
(PHAII) (Achard et al., 2001), have provided new insight into the
mechanisms of blood pressure regulation in humans. Liddle
syndrome is caused by mutations in the epithelial sodium
channel (ENaC) that increase the amount of ENaC in the apical
membranes of collecting ducts in the kidney through the
impairment of ENaC ubiquitination, thereby increasing sodium
reabsorption (Rossier and Schild, 2008). PHAII is another auto-
somal-dominant hereditary hypertensive disease that is charac-
terized by hyperkalemia and metabolic acidosis (Gordon, 1986),
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and genes encoding the WNK kinases (WNK1 and WNK4) were
identified in 2001 as responsible (Wilson et al., 2001). However,
the pathogenesis of PHAIl was totally unknown when the WNK
genes were identified. Since then, numerous in vitro and in vivo
studies have been performed for clarifying the molecular patho-
genesis of PHAIl (Bergaya et al., 2011; Lalioti et al., 2006; Liu
et al,, 2011; McCormick and Ellison, 2011; Yang et al., 2003).
We generated a mouse model of PHAII carrying the same muta-
tion as patients with PHAIl (Wnk4P%874%* knockin mouse) (Yang
et al., 2007) and discovered that the constitutive activation of
a novel signal cascade, consisting of WNK kinases, OSR1 and
SPAK kinases, and the Na-Cl cotransporter (NCC), is the major
pathogenic mechanism of PHAIl (Chiga et al., 2008, 2011).
However, the molecular pathogenesis of how the missense
mutation of WNK4 activates the cascade remains to be clarified.

Recently, two new genes (KLHL3 and Cullin3) were also iden-
tified as being associated with PHAII (Boyden et al., 2012; Louis-
Dit-Picard et al., 2012). However, how these genes are involved
in PHAII is unknown. Determining how these responsible genes
(WNK, KLHL3, and Cullin3) are orchestrated and how patho-
genic mutations in these genes cause a common hypertensive
disease will contribute to the understanding of the molecular
pathogenesis of human hypertension and also to the identifica-
tion of new targets for antihypertensive drugs.

The purpose of the present study was to determine the path-
ogenic role of PHAll-causing mutations in the WNK4, KLHLS,
and Cullin3 genes. We found that WNK4 kinase is a substrate
of KLHL3-Cullin3-targeted ubiquitination and that the PHAII-
causing mutations of WNK4 and KLHL3 resulted in impaired
WNK4 ubiquitination. The resultant increase in the WNK4 level
was confirmed in Wnk4P%674+ PHAIl model mice; this increase
constitutively activates the WNK-OSR1/SPAK-NCC signal
cascade and causes PHAIl. Data from WNK4 transgenic mice
were consistent with this idea.

RESULTS

KLHLS Interacted with and Regulated the Abundance

of WNK4 Kinase Protein

We have reported that the activation of the WNK-OSR1/SPAK-
NCC signal cascade is the major pathogenic mechanism of
PHAIl caused by a WNK4 mutation (Yang et al., 2007), and
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Figure 1. KLHL3 Was Coimmunoprecipitated with Cullin3 and WNK4

(A) FLAG-tagged Cullin3 (CUL3) was coimmunoprecipitated with Halo-tagged KLHL3 in HEK293T cells. IB, immunoblot; IP, immunoprecipitation.

(B) T7-tagged WNK4, OSR1, SPAK, and NCC were coexpressed with Halo-tagged KLHL3 in HEK293T cells and immunoprecipitated with T7 antibody. KLHL3
was coimmunoprecipitated only with WNK4. The asterisks indicate T7-tagged proteins.

(C) WNK4 was coimmunoprecipitated with endogenous Cullin3 in HEK293T cells in the presence of KLHL3 coexpression. Results similar to those shown in (A),

(B), and (C) were obtained in three separate experiments.

mutations in the KLHL3 and Cullin3 genes were also reported
as causing the same PHAIl phenotypes (Boyden et al., 2012;
Louis-Dit-Picard et al, 2012). These data suggest that
KLHL3 and Cullin3 may somehow interact with the compo-
nents of the WNK-OSR1/SPAK-NCC signal cascade. Because
KLHL. proteins function as substrate adaptors in Cullin3-based
E3 ligase (Cirak et al., 2010; Kigoshi et al., 2011; Lee et al.,
2010; Lin et al., 2011), we first confirmed a complex formation
of KLHL3 and Cullin3 via coimmunoprecipitation (Figure 1A).
We then investigated whether KLHL3 interacted with the
components of the WNK-OSR1/SPAK-NCC signal cascade.
To verify this, we performed coimmunoprecipitation assays
of KLHL3 with WNK4, OSR1, SPAK, and NCC. As shown in
Figure 1B, KLHL3 was coimmunoprecipitated with WNK4,
but not with OSR1, SPAK, or NCC. The interaction of Cullin3
with WNK4 was also confirmed through coimmunoprecipita-
tion when KLHL3 was overexpressed (Figure 1C), consistent
with the previously reported role of KLHL proteins as substrate
adaptors in the Cullin3-based ubiquitin E3 ligase (Cirak et al,,
2010; Kigoshi et al., 2011; Lee et al., 2010; Lin et al., 2011).
We tried to demonstrate coimmunoprecipitation of endoge-
nous WNK4 and KLHL3 in kidney tissue and in cultured cells.
However, this was not successful due to the relatively low
level of expression of WNK4 in cultured cells and the lack of
KLHL3 antibodies adequate for immunoprecipitation. The
finding that WNK4 might be readily degraded by the bind-
ing to KLHL3 within cells as shown below also made the
detection of coimmunoprecipitation difficult, especially in
kidney samples.

To clarify the functional role of KLHL3 on WNK4, we overex-
pressed KLHL3 along with WNK4. As shown in Figure 2A,
KLHL3 overexpression dramatically decreased WNK4 protein
expression, even when overexpressed by a strong cytomegalo-
virus (CMV) promoter. The expression level of bacterial alkaline
phosphatase (BAP) driven by the same promoter was not
affected by KLHL3 coexpression. OSR1, SPAK, and NCC

expression levels were also not affected by KLHL3 coexpres-
sion (Figure 2B), supporting the results from the coimmunopre-
cipitation. To confirm the effect of KLHL3 on WNK4, we
evaluated this effect on the endogenous WNK4 in mpkDCT
cells, a mouse distal-tubule-derived cell line (Duong Van Huyen
et al, 2001) (Figure 2C). Wild-type KLHL3 significantly
decreased the endogenous WNK4 protein level. Conversely,
KLHL3 knockdown significantly increased the WNK4 protein
level (Figure 2D). Although these effects of KLHL3 expression
on WNK4 were observed without Cullin3 overexpression, we
further tested the effect of Cullin3 overexpression on WNK4 in
human embryonic kidney 293T (HEK293T) cells. As shown in
Figure 2E, coexpression of Cullin3 with KLHL3 further
decreased the WNK4 protein level compared with the expres-
sion of KLHL3 alone. Cullin3 alone did not affect WNK4 abun-
dance. These data suggested that the KLHL3-Cullin3 complex
might be a strong regulator of the WNK4 protein abundance
within cells. Although we tried to measure the half-life of
WNK4 in the presence of KLHL3 and Cullin3, the robust
decrease of WNK4 by KLHL3 and Cullin3 made the measure-
ment extremely difficult. The difference could be highly signifi-
cant based on the steady-state levels of transiently expressed
WNK4, as shown in Figures 2A and 2B.

Next, we evaluated how a PHAIl-causing mutation (R528H) of
KLHL3 and Cullin3 affected the abundance of WNK4. When the
expression levels of wild-type and mutant KLHL3 were similar,
the R528H mutant was less able to reduce the endogenous
protein level of WNK4 as compared to wild-type KLHL3
(Figure 2C). The PHAll-causing mutations of the Cullin3 gene
were reported to cause skipping of exon 9, which codes the
segment (57 residues from 403-459) linking the BTB-binding
and RING-binding domains of Cullin3 (Boyden et al., 2012). To
investigate the pathogenic effect of the mutant Cullin3, we
prepared Cullin3 lacking this segment. As shown in Figure 2E,
the mutant Cullin3 was also less able to reduce WNK4 as
compared to wild-type Cullin3.
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Figure 2. Effect of Wild-Type and PHAl-Causing Muiant KLHL3 and Cullin3 Expression on Cellular WNK4 Abundance

(A) When coexpressed with KLHL3, the abundance of WNK4 protein within HEK293T cells expressed by CMV promoter (p3xFLAG-CMV-10 vector, Sigma-
Aldrich) was dramatically decreased, whereas the abundance of BAP expressed by the same expression vector was not affected by KLHL3 coexpression.
(B) The reduction of WNK4 by KLHL3 coexpression was confirmed in another expression system of WNK4 (pRK5 vector), and OSR1, SPAK, and NCC levels were
not affected by KLHL3 coexpression. Resuits similar to those shown in (A) and (B) were obtained in three separate experiments.

(C) Effect of wild-type and a PHAIl-causing mutant (R528H) KLHL3 expression on the cellular abundance of WNK4. Endogenous WNK4 level in mpkDCT cells was
decreased by wild-type KLHL3 expression. However, a similar level of the mutant KLHL3 expression failed to reduce WNK4 (*p < 0.05, compared with the WNK4
levels without KLHL3 coexpression [left lane] and with the mutant KLHL3 coexpression [right lane]; n = 3; mean + SEM).

(D) Effect of the endogenous KLHL3 knockdown in mpkDCT cells on WNK4 expression. The protein levels of WNK4 were higher in KLHL3-knocked-down cells
than in control cells. siRNA, small interfering RNA.

(E) Effect of wild-type and a PHAII-causing mutant Culflin3 expression on the cellular abundance of WNK4. Although the expression of Cullin3 alone did not affect
WNKA4 protein level, Cullin3 expression with KLHL3 dramatically reduced WNK4 protein. The mutant Cullin3 lacking the portion corresponding to exon 9 was less
able to reduce WNK4 protein. The existence of two bands in the immunoblot of Cullin3 was reported previously (McEvoy et al., 2007). Similar results were

obtained in three separate experiments.

PHAN-Causing Muiations of WHNK4 and KLHL3 Affecied
the Interaction of WHK4 and KLHL3 and the
Ubigquitination of WNK4

To investigate the mechanism(s) by which KLHL3 regulates the
WNK4 protein level, we examined the ubiquitination of wild-
type and PHAIll-causing WNK4 with or without wild-type and
mutant KLHL3. In this assay, we did not overexpress Cullin3,
but used endogenous Cullin3 in HEK 293T cells (Figure 1C)
because the overexpression of Cullin3 with KLHL3 robustly
decreased WNK4 protein abundance (Figure 2E) under our
experimental conditions, even in the presence of proteasome
inhibitors, which made it difficult to recover WNK4 for immuno-
precipitation. After coexpression of FLAG-tagged WNK4, Halo-
tagged KLHL3, and hemagglutinin (HA)-tagged ubiquitin in
HEK293T cells, the cells were treated with 1 uM epoxomicin,

860 Cell Reports 3, 858-868, March 28, 2013 ©2013 The Authors

and WNK4 was immunoprecipitated with FLAG antibody. First,
we evaluated whether KLHL3 expression increased WNK4
ubiquitination. For the exclusion of ubiquitination signals from
other proteins coimmunoprecipitated with WNK4, the immuno-
precipitation was performed under a denaturing condition (Fig-
ure 3A). As previously shown in Figures 2A and 2B, when we
expressed the wild-type KLHL3, the level of coexpressed wild-
type WNK4 decreased significantly, even in the presence of
a potent proteasome inhibitor (see WNK4 immunoblots of
lysates and immunoprecipitated products in Figures 3A and
3C). As shown in the ubiquitin (HA) immunoblot (Figure 3A), the
ubiquitination signals were observed as a smear band of over
200 kDa, which is the apparent molecular size of WNK4 (arrow).
This data strongly suggested that WNK4 itself was indeed ubig-
uitinated, given that the immunoprecipitation was performed
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under a denaturing condition. This ubiquitination was apparently
increased by KLHL3 coexpression when the ubiquitination
signals were corrected by the immunoprecipitated WNK4 abun-
dance. To make the difference clear without correction, we
adjusted the loading amount of the immunoprecipitated product
to have the same amount of immunoprecipitated WNK4 in each
lane in Figure 3A. A significant increase of WNK4 ubiquitination
by KLHL3 was observed.

To further confirm that WNK4 was directly ubiquitinated by the
KLHL3-Cullin3 complex, we performed an in vitro ubiquitination
assay. Because the preparation of whole WNK4 protein was not
successful, we prepared a portion of human WNK4 protein (resi-
dues from 490 to 626) containing the PHAIl mutation sites as
a GST fusion protein with a C-terminal His tag (50 kDa). As show-
n in the right panels of Figure 3A, we could confirm that the
KLHL3-Cullin3 complex was able to directly ubiquitinate WNK4
(490-626).

Second, we tested the effect of the R528H KLHL3 mutation on
WNK4 binding and ubiquitination. As already shown in Figure 2C,
coexpression of wild-type KLHL3 significantly reduced WNK4
expression as compared with the mutant KLHL3 (Figure 3B,
upper three panels). We observed a significant decrease in
WNK4 ubiquitination by the mutant KLHL3 and also the
decreased interaction of WNK4 with the mutant KLHL3 (Fig-
ure 3B, lower three panels).

We also tested the effect of PHAIl-causing mutations of WNK4
on WNK4-KLHL3 interaction and WNK4 ubiquitination. As
shown in Figure 3A, wild-type KLHL3 decreased WNK4.
However, this decrease mediated by KLHL3 was blunted in all
three PHAl-causing WNK4 mutants (Figure 3C, upper WNK4
panels): In the lower panels of Figure 3C, we showed the immno-
blots of coimunoprecitated KLHL3 and ubiquitinated WNK4 after
the loading adjustment as shown in Figures 3A and 3B. At the
same time, we measured the signals before the loading adjust-
ment and corrected the levels of WNK4 abundance as shown
in Figure 3D. In either analysis, we could observe that the
WNK4 mutants appeared to show less interaction with wild-
type KLHL3 and less ubiquitination compared with wild-type
WNKA4. An in vitro ubiquitination assay using the wild-type and
the mutant (D564A) WNK4 also supported this data (Figure S1).

The above data suggested that the acidic domain of WNK
kinases (Figure 4), where PHAIl mutants were clustered in
WNK4, might be involved in the interaction with KLHL3. To
investigate this hypothesis and to clarify whether the interaction
of WNK4 and KLHL3 was direct, we measured the binding of
TAMRA-labeled WNK4 peptide covering the acidic motif to
the whole KLHL3 protein as a GST fusion protein in vitro. We
used fluorescence correlation spectroscopy (FCS) to measure
the diffusion time of the fluorescent peptide (FluoroPoint-Light,
Olympus, Tokyo) (Kuroki et al., 2007), in the presence of
different concentrations of GST-KLHL3. As shown in Figure 4,
the diffusion time of TAMRA-labeled peptide became slower
as the concentration of GST-KLHLS increased, indicating that
the WNK4 peptide bound to GST- KLHL3. GST alone did not
affect the diffusion time, and the introduction of a PHAIl-causing
mutation (D564A) abolished the decrease in diffusion time by
GST-KLHL3, clearly indicating that KLHL3 directly binds
to WNK4.

WHNEK4 Protein Level Increased in the PHAI Model Mouse
(Wnk4gP%%"4*) Kidney

To determine whether the mechanism clarified in the cell culture
studies was in fact working in the in vivo kidney, we re-evaluated
our PHAIl model mice carrying the D561A WNK4 mutation,
which is equivalent to the human D564A mutation.

By using a recently generated WNK4 antibody that recognizes
the amino terminus of WNK4 (Ohno et al., 2011), we found that
the WNK4 protein level was significantly increased in the
Wnk4P58"4+ mouse kidney (Figure 5A), which we missed in our
initial report (Yang et al., 2007). The specificity of this WNK4 anti-
body was rigorously verified (Ohno et al., 2011) and also recently
confirmed by using WNK4 knockout mice (Figure S2). Further-
more, the Wnk4P35'4/P56TA  homozygous mouse showed
a more increased WNK4 protein level, suggesting that the muta-
tion may have a substantial effect in the regulation of the WNK4
protein level in vivo. We confirmed that the WNK4 messenger
RNA (mRNA) level was not increased in the Wnk4P5674/D5614
homozygous mouse kidney (Figure 5B), indicating that the
increase in the WNK4 protein level was not caused by transcrip-
tional activation.

increased Expression of WNK4 in the Kidney Induced
the Activation of the WNK-OSR1/SPAK-MCC Signal
Cascade

To confirm whether the increased WNK4 protein level activates
OSR1/SPAK-NCC signaling in the kidney, we generated bacte-
rial artificial chromosome (BAC)-transgenic (TG) mice harboring
multiple copies of the wild-type WINK4 gene, as previously re-
ported (Lalioti et al., 2006). As shown in Figure 6A, we presented
the results of two representative transgenic lines; one had a low
copy number of the transgene (two copies) and the other had
a high copy number (thirty copies). WNK4 protein levels in the
kidneys of low copy number (LC) and high copy number (HC)
TG mice were increased 1.7 + 0.1 (mean + SEM)-fold in LC-TG
mice and 9.1 £ 0.2-fold in HC-TG mice (n = 5), compared with
those of wild-type mice. The phosphorylation of OSR1, SPAK,
and NCC in the kidney (Figure 6A) clearly increased as the
WNK4 protein levels increased in the TG mice. Immunofluores-
cence of phosphorylated NCC and WNK4 also clearly showed
the overexpression of WNK4 and the increased phosphorylation
of NCC in the distal convoluted tubules (Figure S3), confirming
the activation of WNK-OSR1/SPAK-NCC signaling in the TG
mice. Nighttime systolic, diastolic, and mean blood pressure
and daytime diastolic blood pressure were significantly
increased as the WNK4 protein levels increased in the TG mice
(Figure 6B). The blood pressure in these TG mice was also
comparable to that of Wnk4P%"4"* knockin mice measured by
the same telemetry system (wild-type versus Wnk4Po81A%+
knockin: 118.3 + 0.77 versus 125.1 + 0.90, mean +SEM, n = 4,
p < 0.05). The LC-TG and HC-TG mice also showed hyperkale-
mia and metabolic acidosis (Table 1) like Wnk4P%®"4* knockin
mice, and these phenotypes were more severe in HC-TG than
LC-TG mice. We also investigated the phosphorylation status
of NCC in two additional lines of transgene: one with no increase
in WNK4 protein with two copies of the transgene, suggesting
that the copy number of the transgene did not assure overex-
pression of the gene product, and the other with a robust
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Figure 3. Effect of KLHL3 on the Ubiguitination of Wild-Type and PHAll-Causing Mutant WNK4

(A) Left panels: KLHL3 coexpression significantly induced the ubiquitination of wild-type WNK4. WNK4 was immunoprecipitated under a denaturing condition,
and ubiquitinated WNK4 was observed as a smear band over 200 kDa, which is the apparent molecular size of WNK4 (arrow). Coexpression of wild-type KLHL3
significantly reduced the wild-type WNK4 level, even in the presence of 1 uM epoxomicin. Accordingly, in the lower panels, we reloaded the immunoprecipitated
WNK4 samples to have equal amounts of immunoprecipitated WNK4 in each lane to demonstrate the difference in ubiquitination in each lane more clearly. We
confirmed in the preliminary experiments that the data after loading adjustment faithfully reflected the data corrected by the immunoprecipitated WNK4
abundance before adjustment.

Right panels: In vitro ubiquitination assay of WNK4. WNK4 (490-626; 50 kDa) was incubated with ubiquitin, E1, and E2 (UbcH5a/UBE2D1) with or without the
Cullin3-KLHL3 complex. Cullin3-KLHL3 significantly ubiquitinated WNK4 (490-626) in vitro. Similar results were obtained in three separate experiments.

(legend continued on next page)
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Figure 4. Direct Binding of KLHLS3 to the Acidic Motif of Wild-Type
WHK4

The diffusion time of a single-molecule TAMRA-Iabeled peptide corresponding
to the acidic domain of wild-type WNK4 was measured by FCS. The addition of
GST-KLHL3, not of GST only, dose-dependently increased the diffusion
time, indicating the direct binding of KLHL3 to the acidic domain of WNK4 (Ky =
0.20 uM). The diffusion time of a TAMRA-labeled peptide carrying a PHAII-

DISCUSSION

We previously demonstrated the activation of the WNK-OSR1/
SPAK-NCC phosphorylation cascade in the mouse model of
PHAIl, Wnk4P%7A% knockin mice (Yang et al., 2007), by devel-

causing mutation (D564A) was not affected by the addition of GST-KLHL3. The
results are presented as means + SEM (n = 5). N.D., not determined.

increase in WNK4 protein with twenty copies of the transgene.
The increased phosphorylation of NCC was only observed in
the line with WNK4 overexpression (Figure S4). These results
clearly indicate that the activation of the WNK-OSR1/SPAK-
NCC cascade and the induction of PHAIll phenotypes were
dependent on the increased WNK4 protein levels in the in vivo
kidney.

oping phosphospecific antibodies for residues of the amino-
terminal domain of NCC (Chiga et al., 2008; Yang et al., 2007).
Then, we and others clarified that this signal cascade was impor-
tant in blood pressure regulation under certain pathophysiolog-
ical conditions other than PHAIl (Hoorn et al., 2011; Komers
et al.,, 2012; San-Cristobal et al., 2009; Sohara et al., 2011).
Thus, there is wide agreement (Gamba, 2012) that the phosphor-
ylation status of NCC governed by WNK-OSR1/SPAK signaling
reflects NCC activity in vivo. Given that PHAI is a thiazide-sensi-
tive disease, we speculated that KLHL3 and Cullin3 mutations

(B) Effect of wild-type and a PHAIll-causing mutant KLHL3 expression on WNK4-KLHL3 binding and WNK4 ubiquitination. Upper panels: as shown in Figure 2C,
wild-type KLHL3 reduced the coexpressed WNK4 protein level more significantly than did the mutant KLHL3, even in the presence of 1 pM epoxomicin.
Accordingly, asin Figure 3A, the immunoprecipitated WNK4 samples were reloaded for equal amounts of immunoprecipitated WNK4 in each lane (lower panels).
The binding of WNK4 to mutant KLHL3 and WNK4 ubiquitination by the mutant KLHL3 were significantly impaired. The immunoprecipitation was performed
under a nondenaturing condition for assessing the binding to KLHL3 in the same experiments. Similar results were obtained in three separate experiments.
(C) Effect of PHAIll-causing mutations of WNK4 on WNK4-KLHL3 binding and WNK4 ubiquitination. As shown in Figure 3A, coexpression of wild-type KLHL3
significantly reduced the wild-type WNK4 level, even in the presence of 1 uM epoxomicin. However, this decrease was blunted in PHAll-causing WNK4 mutations
(see WNK4 immunoblots of lysates or immunoprecipitates in the upper panels). All three PHAIl-causing WNK4 mutants showed less ubiquitination and less
binding to KLHL3 (see quantification of blots in D).

(D) Quantification of the results showing the comparison of WNK4 ubiquitination and WNK4 binding to KLHL3 among wild-type and PHAIll-causing WNK4
mutants. Upper graph, immunoprecipitated WNK4 abundance; middle graph, coimmunoprecipitated KLHL3 corrected by WNK4 abundance; lower graph,
WNK4 ubiquitination corrected by WNK4 abundance. WNK4 ubiquitination was evaluated by separate sets of immunoprecipitation experiments under
a denaturing condition. Data before loading adjustment were used for quantification. (#p < 0.05 compared with wild-type [WT]-WNK4 without KLHL3; *p < 0.05
compared with WT-WNK4 with KLHL3; n = 3; mean + SEM).

See also Figure S1.
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Figure 6. Generation and Analysis of WNK4 TG Mice

(A) Status of the WNK-OSR1/SPAK-NCG phosphorylation cascade in the
WNK4 TG mice (T, g(Wnk4WT)). WNK4 protein levels in the kidneys of LC (two
copies) and HC (thirty copies) TG mice were increased 1.7 + 0.1-and 9.1 + 0.2-
fold, respectively (*p < 0.05, n = 5, mean = SEM). NCC phosphorylation in
these mice was significantly increased, compared with that of wild-type mice
(p < 0.05, n=5, mean + SEM). The phosphorylation of SPAK in LC-TG and HC-
TG mice and that of OSR1 in HC-TG mice was also significantly increased
compared to that of wild-type mice (p < 0.05, n =5, mean = SEM). The total and
phosphorylated OSR1, SPAK, and NCC in HC-TG mice were significantly
increased compared with those in LC-TG mice (p < 0.05, n = 5, mean + SEM).
(B) Nighttime systolic, diastolic, and mean blood pressure (BP) and daytime
diastolic blood pressure were significantly increased as the WNK4 protein
levels increased in the Tg(Wnk4WT) mice. Values were collected over 7
consecutive days (daytime: from 8:00 until 20:00; nighttime: from 20:00 until
8:00). *p < 0.05 versus WT; tp < 0.05 versus LC; WT h=5; LC-TGn=5; HC-TG
n =4; mean = SEM.

See also Figures S3 and S4.

would also activate the WNK-OSR1/SPAK-NCC phosphoryla-
tion cascade. Gamba’s group also recently clarified that the
major WNK kinase regulating NCC phosphorylation in the kidney
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Table 1. Blood Biochemistries of WT and LC- and HC-Tg{Wnk4"™)
Mice

WT Mice LC (n=16) HC (n = 16)
(n=16) TgWnk4™"T) Mice Tg(Wnk4"™) Mice
Na (mmol/l) 145403  147.0+ 0.3 147.4 £ 0.5
K (mmol/l) - 42:01  51%01* 5.5+ 0.1 o
C (mmol/l) 110.3+03  111.9+0.3" 112.8 + 0.5
HCO3™ (mmol/l)  24.4 + 0.3 215+ 0.4* 21.1+0.3"
pH (venous) 7.302 + 0.023 7.245 + 0.003*  7.220 £ 0.004**'f

Values are the mean = SEM. *, p < 0.05; **, p < 0.01 versus wild-type (WT)
(one-way ANOVA followed by Tukey’s post hoc test). |, p < 0.05; ',
p < 0.01 versus low copy number (one-way ANOVA followed by Tukey’s
test). Low copy number (LC) and high copy number (HC) Tg(Wnk4")
mice showed hyperkalemia and metabolic acidosis.

is WNK4 (Castafieda-Bueno et al., 2012). Accordingly, we first
performed coimmunoprecipitation assays of KLHL3 with the
components of the WNK4-OSR1/SPAK-NCC cascade because
KLHL proteins have been recently identified as substrate adap-
tors in the Cullin3-based ubiquitin E3 ligase (Cirak et al., 2010;
Kigoshi et al., 2011; Lee et al., 2010; Lin et al., 2011).

We found that KLHL3 showed a clear interaction only with
WNK4 among the components of the cascade. The direct
binding of WNK4 to KLHL3 at the acidic motif was also
confirmed in this study. In addition to the interaction, we showed
that KLHL3 coexpression dramatically reduced both overex-
pressed and endogenous WNK4, indicating that KLHL3 is
a strong regulator of WNK4 protein abundance within cells.
Such an effect was reduced in the PHAIl-causing mutations of
WNK4 and KLHL3, resulting in a common consequence: the
increase in WNK4 protein abundance. We also confirmed that
the interaction of KLHL3 with WNK4 induced the ubiquitination
of WNK4 in HEK293T cells and in in vitro ubiquitination assay.
The reduced interaction of KLHL3 with WNK4 by PHAIl-causing
mutations in either protein also reduced the ubiquitination of
WNK4, and the PHAIl-causing mutant Cullin3 was less able to
reduce WNK4 protein abundance. Although we cannot exclude
the possibility that KLHL3 may have targets other than WNK4,
these resuits strongly suggest that WNK4 protein abundance
within cells is regulated by KLHL3-Cullin3-mediated ubiquitina-
tion of WNK4 and that the major common molecular mechanism
of PHAIl is the impaired ubiquitination of WNK4.

Because the in vitro data could explain the molecular patho-
genesis of PHAIl caused by three different kinds of molecules,
i.e., WNK4, KLHL3, and Cullin3, we verified this idea in vivo.
Previously, WNK4 was shown to be able to phosphorylate and
activate OSR1 and SPAK, as well as WNK1, in vitro (Moriguchi
et al.,, 2005), and Ahlstrom and Yu (2009) reported in HEK293
cells that the intrinsic kinase activity of PHAIl-causing mutant
WNK4 was not different from that of wild-type WNK4. Given
that the recent data on WNK4 knockout mice (Castafieda-Bueno
et al., 2012) clearly indicate that WNK4 is the major WNK kinase
in the kidney, we think it is reasonable to infer that the increased
WNK4 abundance in the kidney, as we observed in the
Wnk4P%'* mice, could activate the cascade and was the
cause of PHAII. To further prove this idea, we generated wild-
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type WNK4-TG mice as previously reported (Lalioti et al., 2006).
We evaluated several lines of TG mice with different levels of
WNK4 protein overexpression, and we think that WNK4 TG
mice could mimic Wnk4P%%'* knockin mice. We clearly
showed that the WNK-OSR1/SPAK-NCC cascade and the
PHAII phenotypes were induced according to the increases in
wild-type WNK4 protein overexpression. This WNK4-dependent
expression of phenotypes strongly suggests that these pheno-
types were not caused by a nonspecific effect of the transgene.
Several studies, mainly performed in Xenopus oocytes and in
cultured cells, have shown that WNK4 behaves as a negative
regulator of NCC (Wilson et al., 2003; Yang et al., 2003). This
negative effect was shown to be a kinase-activity-independent
function of WNK4 (Yang et al., 2005), suggesting that the
kinase-activity-dependent positive and -activity-independent
negative effects of WNK4 might act on NCC concomitantly
and that the net effect might differ in different experimental situ-
ations. In fact, the WNK4-TG mouse with the wild-type WNK4
gene generated by Lalioti et al. (2006) was reported to show Gi-
telman-syndrome-like phenotypes rather than those of PHAII,
which is contrary to our TG data in this study. No data regarding
the status of the WNK-OSR1/SPAK-NCC cascade and WNK4
protein level in their TG mice have been reported (Lalioti et al.,
2006). In addition, it was not clear whether the negative effect
of wild-type WNK4 on NCC was dependent on WNK4 protein
levels, because only a single line of TG mice was reported.
Therefore, the reason for the discrepancy between our WNK4
TG study and Lalioti’s study is not clear. It is possible that the
level of WNK4 protein in their TG mice might be less than those
in our WNK4 TG mice and PHAIl models (about 2-fold
increases); they mentioned that only a 50% increase in WNK4
mRNA expression was observed in their TG mice. The net effect
of WNK4 on NCC might be expressed as a negative effect under
such conditions. Our previous study using the triple knockin
mice of WNK4, OSR1, and SPAK suggested that the contribu-
tion of this negative effect of WNK4 on NCC might be minimal
in the kidney, at least under PHAII conditions (Chiga et al.,
2011). Our TG data in this study also clearly indicate that the
increase in WNK4 protein at the PHAIl level or higher brought
about a positive net effect on NCC.

Because NCC phosphorylation in the kidney is highly depen-
dent on WNK4 (Castafeda-Bueno et al., 2012; Oi et al., 2012;
Susa et al., 2012), we focused on WNK4 in this study. However,
WNK kinases other than WNK4 may also be regulated by the
KLHL3-Cullin3 complex. The amino acid sequence of the
KLHL3 binding site in WNK4 is highly conserved in other WNK
kinases (Figure 4), and we could observe that WNK1 protein,
as well as WNK4 protein, was decreased by overexpression
and increased by knockdown of KLHL3 (Figure S5). In this
respect, WNK1 as well as WNK4 may be increased in the kidneys
of patients with PHAII carrying the KLHL3 and Cullin3 mutations,
thereby contributing to the activation of OSR1/SPAK-NCC
signaling and to more severe PHAII phenotypes via Cuilin3 and
KLHL3 than those via WNK1 and WNK4 (Boyden et al., 2012).
Because the PHAIll-causing mutations of WNK7 are the large
deletions of intron 1, which reportedly increases WNK7 tran-
scription (Wilson et al., 2001), the mechanism clarified in this
study may not be directly related to the pathogenesis of PHAI!

by the WNK7 mutations. However, we may consider PHAIl as
a disease caused by increased WNK kinase abundance either
by the dysregulation of transcription or by the ubiquitination of
WNK kinases.

In summary, our study identified that WNK4 is a substrate of
KLHL3-Cullin3-mediated ubiquitination and that the impaired
ubiquitination of WNK4 is a common mechanism of PHAIl by
WNK4, KLHL3, and Cullin3 PHAII-causing mutations. Additional
studies may be necessary to confirm this pathogenic mecha-
nism in vivo by generating KLHL3 and Culfin3 knockin mice
carrying PHAII mutations.

EXPERIMENTAL PROCEDURES

Plasmids

Expression plasmids for 3x FLAG-tagged human WNK4 and 3xFLAG-tagged
D564A human WNK4 have been described previously (Yamauchi et al., 2004).
E562K and Q565E mutations were also introduced by using a QuikChange
Site-Directed Mutagenesis Kit (Stratagene). The complementary DNA
(cDNA) encoding Halo-tagged human KLHL3 in pFN21A vector (HT-KLHL3)
was purchased from Promega, and a disease-causing mutation (R528H)
was introduced. Human Culfin3 cDNA was isolated by RT-PCR using human
prostate mRNA as a template, and the cDNA was cloned into 3xXFLAG-
CMV10 vector (Sigma-Aldrich). T7-tagged OSR1, T7-tagged SPAK, and
T7-tagged NCC expression plasmids in pRK5 vector were kindly provided
by T. Moriguchi and H. Shibuya (Moriguchi et al., 2005). T7-tagged human
WNK4 construct was also generated by introducing the T7 epitope by PCR.
HA,-tagged ubiquitin expression vector was kindly provided by T. Ohta (St.
Marianna University School of Medicine).

Cell Culture and Transfections

HEK293T cells were cultured in Dulbecco’s madified Eagle’s medium supple-
mented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, 100 U/mi
penicillin, and 0.1 mg/ml streptomycin at 37°C in a humidified 5% CO5 incu-
bator. The mpkDCT cell line kindly provided by A. Vandewalle was cultured
in a defined medium as described previously (Duong Van Huyen et al,
2001). HEK293T cells and mpkDCT cells (3 x 10° cells per 6 cm dish) were
transfected by the indicated amount of plasmid DNA with Lipofectamine
2000 reagent (Invitrogen). For each transfection, 4~8 ug of expression vectors
were used, and the total amount of plasmid DNA was adjusted by adding
empty vectors. In preliminary experiments, FLAG-tagged BAP (Figure 2A)
was used for evaluating the transfection efficiency of transient expression of
FLAG-tagged WNK4.

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 cock-
tail) for 30 min at 4°C. When the cells were transfected with the HA-ubiquitin
expression plasmid, the celis were treated with 1 uM epoxomicin (specific
and irreversible proteasome inhibitor; Peptide Institute, Osaka, Japan) for
3 hr before harvesting. After centrifugation at 12,000 x g for 15 min, the protein
concentration of the supernatants was measured, and equal amounts of the
supernatants were used for immunoprecipitation with anti-FLAG M2 beads
(Sigma-Aldrich) or anti-T7 beads (Merck Millipore) for 2 hr at 4°C. Thereafter,
the precipitants were washed with the lysis buffer and the immunoprecipitates
were eluted in SDS sample buffer after boiling for 5 min. To detect ubiquitina-
tion of WNK4 in denatured samples, the cells transfected with various plas-
mids were lysed in 2% SDS buffer (2% SDS, 150 mM NaCl, 10 mM Tris-HCI
[pH 8.0}, 2 mM sodium orthovanadate, 50 mM sodium fluoride, and 1x
protease inhibitors) and boiled for 10 min, followed by sonication. Before
immunoprecipitation, the lysates were diluted 1:10 in a dilution buffer
(10 mM Tris-HCI [pH 8.0], 150 mM NaCl, 2 mM EDTA, and 1% Triton X-100),
incubated at 4°C for 1 hr with rotation, and centrifuged at 12,000 x g for
15 min.
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immunoblotiing

Whole homogenates of mouse kidney without the nuclear fraction (600 x g)
or the crude membrane fraction (17,000 x g) were subjected to semiquanti-
tative immunoblotting, as described previously (Yang et al, 2007). Cells
transfected with the indicated amount of plasmid DNA were lysed in lysis
buffer (60 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 1 mM
sodium orthovanadate, 50 mM sodium fluoride, and protease inhibitor cock-
tail [Roche Diagnostics]) for 30 min at 4°C. After centrifugation at 12,000 x g
for 15 min, the supernatants were boiled with SDS sample buffer (Cosmo
Bio USA) and subjected to SDS-PAGE. Blots were probed with the following
primary antibodies: anti-total NCC (Ohno et al., 2011), anti-phosphorylated
NCC (pSer71) (Yang et al., 2007), anti-WNK4 (Ohno et al., 2011; Ohta
et al, 2009), anti-total OSR1 (M9; Abnova), anti-phosphorylated OSR1
(Ohta et al., 2009), anti-total SPAK (Cell Signaling Technology), anti-phos-
phorylated SPAK (Yang et al., 2010), anti-GAPDH (Santa Cruz Biotech-
nology), anti-actin (Cytoskeleton), anti-HA (Merck Millipore), anti-KLHL3
(Abcam), anti-Cullin3 (Abcam), anti-FLAG (Sigma-Aldrich), anti-Halo (Prom-
ega), and anti-T7 (Merck Millipore). Specificities of anti-pNCC, pOSR1, and
PSPAK were rigorously determined in our previous reports (Chiga et al.,
2008; Ohta et al.,, 2009; Yang et al.,, 2007, 2010). Alkaline-phosphatase-
conjugated immunoglobulin G antibodies (Promega) were used as
secondary antibodies for immunoblotting. The intensity of the bands was
analyzed and quantified by using ImageJ software (National Institutes of
Health).

in Vitro Ubiguitination Assay

cDNA encoding human WNK4 (490~-626) with a C-terminal His-tag was ampli-
fied by PCR and cloned into pGEX6p-1 vector. Recombinant GST fusion
WNK4 protein was expressed in BL21 E. coli cells and purified by using
glutathione sepharose beads. KLHL3-Cullin3 complexes were immunoprecip-
itated from the lysates of HEK293T cells transiently expressing FLAG-Cullin3
and Halo-KLHL3. Then, the complexes were incubated in 20 pl of reaction
buffer (50 mM Tris-HCI [pH 7.4], 2.5 mM MgCI2, 0.5 mM DTT, and 2 mM
ATP) for 2 hr at 30°C with purified GST-WNK4-His (5 pg), 100 ng recombinant
human E1 (Boston Biochem), 500 ng recombinant human UbcH5a/UBE2D1
(Boston Biochem), and 2.5 ug recombinant human ubiquitin (Boston
Biochem). The reaction was terminated by the addition of SDS-PAGE sample
buffer, followed by boiling for 5 min. The reaction mixtures were then subjected
fo immunoblot analyses with ubiquitin (Cell Signaling Technology) or His
(Abcam) antibodies.

Quantitative RT-PCR

6.1441mmBoth kidneys were removed, immediately frozen in dry ice, and
fragmented and homogenized in TRIzol Reagent (Invitrogen). lsolated
total RNA was reverse-transcribed by using Omniscript reverse tran-
scriptase (QIAGEN), and quantitative real-time PCR analysis was performed
in triplicate by using SYBR Green | (Roche Applied Science) on LightCycler
2.0 (Roche). Amplification primers for WNK4 were the same as reported previ-
ously (O'Reilly et al., 2008), and the primers for GAPDH were purchased from
Roche Diagnostics. WNK4 mRNA levels were corrected by GAPDH mRNA
levels.

Fluorescence Correlation Specivoscopy

Fluorescent TAMRA-labeled WNK4 peptides covering the PHAIl mutation
sites were prepared (Hokkaido System Science, Hokkaido, Japan). The
sequence details of the peptides are shown in Figure 4. Human full-length
KLHL3 was cloned into pGEX6P-1 vector. Recombinant GST fusion KLHL3
protein was expressed in BL21 E. coli cells and purified by using glutathione
sepharose beads. The TAMRA-labeled WNK4 peptides were incubated at
room temperature for 30 min with different concentrations of GST-KLHL3
(0-2 uM) in 1 x PBS with 0.05% Tween 20 reaction buffer, and the FCS
measurements of single-molecule fluorescence were performed using the
FluoroPoint-Light analytical system (Olympus) (Kuroki et al., 2007). The assay
was performed in a 384-well plate. All experiments were performed in 10 s of
data-acquisition time, and the measurements were repeated five times per
sample.
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Production of Wnk4 BAC TG Mice

The BAC clone bMQ428009, which contains the mouse genomic Wnk4
locus, was used. For Southern blot analysis and PCR genotyping, a new
Spel site was created in intron 6 of the Wnk4 genomic locus. The BAC modi-
fication was performed as previously described (Warming et al., 2005). Purified
BAC DNA was then digested with Swal, and the desired 36.8 kb fragment was
isolated after fractionation via inverted pulse field gel electrophoresis, as re-
ported previously (Lalioti et al., 2008). The purified fragment was injected
into one-cell embryos of C57BL/6J mice. The copy number of the transgene
was estimated by Southern blotting and quantitative PCR. The Animal Care
and Use Committee of Tokyo Medical and Dental University approved this
experiment (01200388).

Blood Pressure Measurements

We measured blood pressure by using a radiotelemetric method (Mills et al.,
2000) in which a blood pressure transducer (Data Sciences International, St.
Paul, MN, USA) was inserted into the left carotid artery. Seven days after trans-
plantation, each mouse was housed individually in a standard cage on
areceiver under a 12 hr light-dark cycle. Systolic and diastolic blood pressure,
heart rate, and activity were recorded every minute via radiotelemetry. Mice
showed alternating periods of high activity (20:00-8:00) and low activity
(8:00~20:00). For each mouse, we measured blood pressure values for more
than 5 consecutive days and calculated the mean + SEM of all values during
both the high- and low-activity periods.

Blood Data Analyses

Blood for electrolyte analyses was obtained as described previously (Yang
et al.,, 2007). Electrolyte levels were determined with an i-STAT analyzer
(Fuso Pharmaceutical Industries, Osaka, Japan).

Statistical Analysis

Comparisons between the two groups were performed with unpaired t tests.
ANOVA with Tukey’s post hoc test was used to evaluate statistical significance
in the comparison among muitiple groups. p values <0.05 were considered
statistically significant. Data are presented as the mean + SEM.
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