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can play a pivotal role in the regulation of
vascular tonus.”~10 Moreover, WNK signal-

ing is positively controlled by aldosterone, 150
angiotensin II, and insulin, which may con- 1%)
tribute to hypertension in patients with hy- 50
peraldosteronism and hyperinsulinemia.!!-15

Therefore, drugs that inhibit this signal cas-  SPAK [T233E]
cade are expected to treat hypertension 21(‘)‘)25&1

through dual actions (i.e., NaCl diuresis and
vasodilation), and may be particularly effec-
tive in patients with hyperaldosteronism or
hyperinsulinemia. In this study, we focused
on the SPAK kinase because SPAK knockout
mice were not fatal and displayed hypo-
tension with low NCC and NKCC1 phos-
phorylation in mouse kidney and aorta,
respectively.1®17 The purposes of this
study were to develop a new high-throughput screening sys-
tem using ELISA and to discover novel SPAK inhibitors from
libraries of small-molecule compounds and existing drugs.

RESULTS

Development of an ELISA System for the Detection of
SPAK-Regulated NKCC2 Phosphorylation
To find novel inhibitors of the SPAK kinase, we developed anew
screening system using ELISA. Previous studies have shown that
SPAK possessed very low kinase activity in vitro, which
hampered a high-throughput screening of the inhibitors.!® In
this study, we adopted a combination strategy that included the
recombinant SPAK [T233E] protein, in which the T-loop Thr
residue phosphorylated by WNK isoforms was mutated to Glu
to mimic phosphorylation, and the Mouse protein 25«
(MO25a) to detect the SPAK-regulated phosphorylation more
sensitively.18-20 MO25¢ is an enhancer of SPAK kinase. We
used a fragment of human NKCC2 (residues 1-174) including
SPAK phosphorylation sites as a substrate for SPAK because
NKCC2 phosphorylation has been known to be the most de-
tectable during in vitro experiments.'8 They were all prepared as
glutathione S-transferase (GST) fusion proteins and purified.
First, to determine whether the kinase reaction functions
properly in vitro, the GST-NKCC2 phosphorylation reaction
was confirmed by the immunoblotting of three different anti-
phospho-NKCC2 antibodies. As shown in Figure 1, the most
dramatic increase in ATP-dependent NKCC2 phosphoryla-
tion was observed in the presence of GST-MO25«. Next, we
tested the utility of these anti-phospho-NKCC2 antibodies in
the ELISA system. First, the ELISA plates were coated with
5 pmol of GST-NKCC2 [1-174] per well. After this, the kinase
reaction was induced on the ELISA plate using GST-SPAK
[T233E] with GST-MO25« in the presence of ATP. Finally,
the phosphorylation of GST-NKCC2 was detected with each
anti-phospho-NKCC2 antibody. As shown in Figure 2, two of
the three anti-phospho-NKCC2 antibodies, pT2 and pNKCC2
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Figure 1. Confirmation of the in vitro phosphorylation reaction of GST-NKCC2 using
three different anti-phospho-NKCC2 antibodies. GST-NKCC2 is incubated with GST-
SPAK [T233E] in the absence or presence of MO25a. Subsequently, the GST-NKCC2
phosphorylation reaction is confirmed by the immunoblotting by using three different
anti-phospho-NKCC2  antibodies: anti-pNKCC2 (pT2), pNKCC2 (pThr100), and
pNKCC2 (pThr100/105)[pNCC (pThr50/55)]. The most dramatic increase in ATP-
dependent NKCC2 phosphorylation is observed in the presence of GST-MO25a.

(pThr100/105), succeeded in detecting NKCC2 phosphorylation.
Finally, we adopted the anti-phospho-NKCC2 (pThr100/105)
antibody as a primary antibody. To determine the dose-dependent
kinetics, we incubated 0.5 pmol of GST-SPAK [T233E] in the
presence of different concentrations of substrate, GST-NKCC2,
and ATP. In vitro GST-NKCC2 phosphorylation increased accord-
ing to the amount of coated GST-NKCC2 (Supplemental Figure
1A) and ATP concentrations (Supplemental Figure 1B). On the
basis of these results, we determined that the optimum amounts of
GST-NKCC2 and ATP were 5 pmol/well and 0.1 mM, respectively,
in this screening.

ELISA Screening of a Small-Molecule Compound
Library for SPAK Inhibitors

We applied this newly developed indirect ELISA system for
screening approximately 20,000 small-molecule compounds
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Figure 2. Kinase assay and detection of phosphorylated NKCC2
in the ELISA system. GST-NKCC2 [1-174] is coated to each well of
the ELISA plate and incubated with GST-SPAK [T233E] in the
presence of GST-MO25a. Anti-p-NKCC2 (pT2) and p-NKCC2
(pThr100/105) [p-NCC (pTh50/55)] antibodies succeed in detecting
NKCC2 phosphorylation. Anti-p-NKCC2 (pThr100) antibody is not
appropriate for ELISA, because a nonspecific blue color change
also develops in negative control wells.
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Figure 3. Representative figure of primary screening of SPAK inhibitors in the newly developed ELISA system. Each compound is added
in the kinase reaction at a final concentration of 50 uM. As a positive control indicating nonphosphorylation of NKCC2, ATP-free kinase
buffer is used. A kinase reaction without any compounds is used as a negative control for screening. The arbitrary cut-off value of ODg2g
is set to 0.2. The compound shown as a white bar is regarded as a positive compound having a strong inhibitory effect on SPAK-

regulated NKCC2 phosphorylation.

owned by the Tokyo Medical and Dental University Chemical
Biology Screening Center. We actually performed the screen-
ing by adding each compound at 50 uM into the kinase
reaction buffer and obtained the signals at 620 nm. Represen-

into GST-SPAK—-immobilized flow cells. As shown in Figure
4C, 15-14279 directly bound to SPAK in a concentration-
dependent manner. When a simple 1:1 binding model was
fitted, the equilibrium constant KD was 7.0E-6 (M).

tative results of the initial screening are
shown in Figure 3. As a result of the initial
screening of 21,727 compounds, we found
757 positive compounds. In the secondary
assay of these positive compounds, the inhib-
itory effects were almost the same as those
observed in the primary assay (reproduc-
ibility was >80%), indicating that our sys-
tem was solid (Supplemental Figure 2).
Subsequently, we carefully narrowed
down the candidates by gradually decreasing
the final concentrations of the compounds
(50-10 uM, data not shown). Finally, we dis-
covered Stock 1S-14279 (1S-14279; PubChem
CID 01676700) that showed the highest
SPAK inhibitory effect. Figure 4A shows the
chemical structure of 1S-14279. The median
inhibitory concentration (ICsq) value of 1S-
14279 for SPAK was 0.26 uM (Figure 4B).

Surface Plasmon Resonance Analyses
of the Binding Interactions between
1S-14279 and SPAK Kinase

With our ELISA screening system, it was
unclear whether 1S-14279 directly in-
teracts with SPAK. To determine the in-
teraction of 1S-14279 and SPAK, we
performed a binding assay using the Bia-
core system. Gradient concentrations
(1.6-12.5 uM) of 1S-14279 were injected
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Figure 4. A hit compound obtained from the small-molecule compound library.
{A) Chemical structure and substance name of a hit compound. (B) Confirmation of the
inhibitory effect of 15-14279 in the ELISA system. 15-14279 is added at various con-
centrations (0.005-50 uM). The ICsq value of 15-14279 is 0.26 uM (n=3, mean=SEM).
(C) Surface plasmon resonance analysis of 15-14279 binding to SPAK [T233E]. 15-14279
is applied at the indicated concentrations. Nonspecific binding to the reference cell is
subtracted from each sensorgram to obtain the specific-binding responses. 15-14279
interacts with SPAK in a concentration-dependent manner. RU, resonance unit.
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Figure 5. Effect of increasing concentrations of staurosporine and 15-14279 on SPAK ac-
tivity at different ATP concentrations in the ELISA system. (A and B) Kinetic data determined
for staurosporine (A) and 15-14279 (B). ATP concentrations in the reaction mixture vary from
0.01 to 2 mM. 15-14279 and staurosporine are added at various concentrations (from 0.01 to
50 and from 1E-4 to 100 uM, respectively). Data points are the average of three determi-
nations, and the error bars are =SEM. The inner panels show ICsq values, determined for
each ATP concentrations. [Csg results are 0.05, 0.27, and 1.6 uM for staurosporine at 0.01,
0.1, and 2 mM ATP, respectively. ICsy values of 15-14279 are not affected by ATP con-
centration (0.21, 0.13, and 0.26 uM at 0.01, 0.1, and 2 mM ATP, respectively).
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Inhibitory Effect of 15-14279 on

SPAK Activity Was Independent of
ATP Concentrations

Next, we clarified whether the kinase in-
hibitory effect of 1S-14279 was due to the
competition for ATP bound to SPAK because
many kinase inhibitors were ATP competi-
tive. To clarify this issue, we tested the in-
hibitory effect of 15-14279 and staurosporine
(a nonspecific kinase inhibitor) at different
ATP concentrations. Staurosporine interacts
with up to 253 human protein kinases with
high affinity and inhibits SPAK activity.21:22
As shown in Figure 5A, the ICs, values of
staurosporine as an ATP-competitive inhibi-
tor varied 30-fold (0.05 uM and 1.5 uM at
0.01 mM and 2 mM ATP, respectively). By
contrast, the ICsq values of 15-14279 did not
alter with the ATP concentration tested
(0.21 uM and 0.26 uM at 0.01 mM and
2 mM ATP, respectively) (Figure 5B). These
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Figure 6. A hit compound obtained from a library of existing drugs. (A) Chemical
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structure of Closantel and its comparison with

15-14279. (B) Confirmation of inhibitory effects of Closantel in the ELISA system. The compound is added at various concentrations
(0.005-100 uM). The ICsq value of Closantel is 0.77 uM (n=3, mean=SEM). (C) Inhibitory effect of increasing concentrations of
Closantel on SPAK activity at different ATP concentrations. Closantel is added at various concentrations (0.01-50 uM). Data points are
the average of three determinations, and error bars are =SEM. The inner panel shows ICsq values determined for each ATP con-
centrations. ICsg values for Closantel are not affected by ATP concentration (0.65, 0.77, and 0.81 uM at 0.01, 0.1, and 2 mM ATP,
respectively). (D) Surface plasmon resonance analysis of Closantel binding to SPAK [T233E]. Closantel is applied at the indicated
concentrations. Nonspecific binding to the reference cell is subtracted from each sensorgram to obtain the specific-binding responses.
Closantel interacts with SPAK in a concentration-dependent manner. RU, resonance unit.
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Figure 7. RapidKinaseTM48 panel test of 15-14279 and Closantel. The percent in-
hibition of kinase activity is tested at 1.0E-05 M. Mean percent inhibition data are an
average of duplicate measurements. AurA, Aurora A kinase; PIM2, Proviral Integrations
of Moloney virus 2 kinase.

results clearly suggested that 15-14279 acts as a non-ATP-
competitive inhibitor for SPAK because the inhibitory effect
was independent of ATP concentration.??
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Closantel directly bound to SPAK and
showed relatively faster binding and disso-
ciation than 1S-14279.

SPAK Specificity of 15-14279 and
Closantel

To investigate the specificity of these com-
pounds as kinase inhibitors, we conducted a
profiling study in the RapidKinase48 panel.
The compounds were tested at a final
concentration of 1.0E-5 (M), and the kinase
profiling revealed that they worked on a few
serine/threonine kinases such as Aurora A
kinase and Proviral Integration of Moloney
virus 2 kinase, although the inhibition did
not exceed 80% (Figure 7). Although SPAK
kinase was not included in this panel, our
ELISA assay showed an ICsq of Closantel
and 1S-14279 for SPAK in the range of
1.0E-7 (M), suggesting that both com-
pounds have a potential to behave as specific
SPAK inhibitors at lower concentrations.

15-14279 and Closantel Showed
Inhibitory Effects on Hypotonicity-
Induced WNK-SPAK-NCC/NKCC
Signaling in Mouse Renal Distal
Tubule-Derived Cells and Vascular
Smooth Muscle Cells

To test whether these compounds possess
an in vivo inhibitory effect against SPAK,
we used mouse renal distal tubule—derived
(mpkDCT) cells and mouse vascular
smooth muscle (MOVAS) cells, which en-

dogenously express NCC and NKCCI1, and performed cell-
based inhibitory assays.®2* We used 30-minute hypotonic
shock (170 mOsm/g H,O) to activate WNK-SPAK-NCC/NKCC

signaling.?> Both 1S-14279 and Closantel demonstrated a

Drug Repositioning Strategy to Identify Existing Drugs
That Inhibit SPAK Kinase Activity

We further screened a library of 840 existing drugs prepared by
our coauthors at Keio University to more efficiently identify
clinically applicable SPAK inhibitors. We found that Closantel
(N-[5-chloor-4-[(4-chloorfenyl)-cyanomethyl]-2-methylfenyl]-
2-hydroxy-3,5-di-joodbenzamide), an anthelmintic drug, ef-
ficiently inhibited SPAK-regulated NKCC2 phosphorylation
in vitro. Figure 6A shows the chemical structure of Closantel,
which is similar in structure to 15-14279. Figure 6B shows
the results of the concentration-dependent inhibitory effect
of Closantel on ELISA. The ICsy value of Closantel was
0.77 uM. Furthermore, we tested the inhibitory effect of
Closantel with different ATP concentrations. There was little
change in the ICsq values (0.65 uM and 0.81 uM at 0.01 mM
and 2 mM ATP, respectively, Figure 6C); this behavior was
also similar to that of 15-14279. In the Biacore systems,
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dose-dependent inhibitory effect of phosphorylation of endog-
enous NCC (pThr53) in mpkDCT cells (Figures 8A and 9A)
and of NKCC1 (pThr206) in MOVAS cells (Figures 8B and 9B).
To exclude the possibility that the decrease in phosphorylation
was due to nonspecific effects, we evaluated the effect of these
compounds on phospho-p38 MAPK expression, which is an
isolated phosphorylation event from WNK-SPAK signaling.26
As shown in Figures 8 and 9, even with the high concentration
of these compounds, the phosphorylation of p38 expression
was not reduced but was slightly increased. These data support
the specificity of the inhibitory effect of 1S-14279 and Closantel
on SPAK activity.

Acute Effects of 15-14279 and Closantel in Mice

To define whether these compounds are effective in animals, we
examined NCC and NKCC2 phosphorylation in the kidney and
NKCC1 phosphorylation in the aorta of mice intraperitoneally

SPAK Inhibitors 5
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Figure 8. Inhibitory effect of 15-14279 on WNK-SPAK-NCC/NKCC1 signaling in
mpkDCT and MOVAS cells. (A) The left panel shows the inhibitory effect of 15-14279 in
mpkDCT cells. The phosphorylation of NCC in mpkDCT cells is drastically and dose-
dependently reduced by 15-14279 (1.6-25 uM). The right panel shows quantification of
the results of the blots (n=4, mean*SEM). (B) The left panel shows the inhibitory effect of
15-14279 in MOVAS cells. The phosphorylation of NKCC1 is drastically and dose-
dependently reduced by 15-14279 (1.6-25 uM). The right panel shows quantification of
the results of the blots (n=4, mean+SEM). *P<0.05; **P<0.01. Cont/ctrl, control.

injected with 20 mg/kg of 1S-14279 or Closantel. As shown in
Figures 10A and 11A, markedly reduced NCC phosphorylation
(pSer71) with total NCC reduction was observed in the kidneys
after 30 minutes of drug administration. On the other hand,
NKCC2 phosphorylation (pThr96), which was mainly regulated
by OSR1 but not SPAK,?7 was not affected. To exclude the non-
specific effects of the compounds, we also evaluated the effect of
these compounds on phospho-p38 MAPK expression, as men-
tioned in the cell-based inhibitory assay. Even with the admin-
istration of these compounds, the expression of phospho-p38
was not reduced and was slightly increased, similar to that ob-
served in the cell-based study. Similarly, NKCCI phosphoryla-
tion (pThr206) at the SPAK phosphorylation site was reduced in
the aorta. We also followed the time course of the inhibitory
effect after a single injection of 15-14279 and Closantel. After
30 minutes of injection, the level of phosphorylated NCC rapidly
decreased; however, it entirely recovered after 120 minutes (Sup-
plemental Figure 3). The SPAK inhibitory effects of 15-14279
and Closantel were short acting and reversible. We then chose
Closantel for BP measurement because preliminary experiments
revealed that mice typically died after repeated injection of
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15-14279, and Closantel showed no lethal
effects. As shown in Figure 12, the acute in-
jection of Closantel induced marked hypo-
tension from baseline, which was greatest
immediately after injection. The heart rate
also decreased just after the hypotensive re-
action and recovered earlier than the BP.

Effect of Chronic Closantel Treatment
in Mice

Next, we examined the effect of chronic treat-
ment with oral Closantel. C57BL/6 mice were
fed the mouse chow containing Closantel at a
dosage of 300 mg/kg per day. Mice appeared to
be healthy during the Closantel treatment. As
shown in Figure 13, by day 7 of treatment,
NCC and NKCC2 phosphorylation were
markedly decreased in the kidneys, and
NKCC1 phosphorylation was reduced in the
aorta. However, BP was not decreased by
Closantel, and we observed no significant dif-
ferences in serum and urine electrolytes be-
tween the Closantel and control groups
(Supplemental Figure 4, Supplemental Table 1).

DISCUSSION

We previously reported that the constitutive
activation of the WNK-OSR1/SPAK-NCC
signal cascade is the major pathogenic
mechanism of PHAII.?8-3% The increased
level of NCC phosphorylation induces
excessive NaCl reabsorption and causes

salt-sensitive hypertension. WNK-OSR1/SPAK kinase also
phosphorylates and activates NKCC1 in vascular smooth mus-
cle cells and leads to vasoconstriction.”"10 Furthermore, we
revealed that this cascade was activated not only in PHAII
but also in hyperinsulinemic conditions and could also cause
salt-sensitive hypertension.!3 Therefore, drugs that inhibit this
signal cascade could become new antihypertensive drugs that
have dual effects as a diuretic and vasodilator and could be
particularly beneficial for patients with hyperinsulinemia (e.g.,
metabolic syndrome and obesity). However, directly inhibit-
ing WNK kinases could have a risk of unexpected adverse
reactions because homozygous WNKI and OSR1 knockout
mice are embryonically lethal. On the other hand, it was pre-
viously reported that SPAK knockout mice were not fatal and
displayed hypotension with low NCC and NKCC1 phosphor-
ylation in the kidney and aorta, respectively.'%17 Thus, the
SPAK kinase may become a prime target for drug development
with the inhibition this signal cascade.

In this study, we sought to develop a new screening system
using ELISA that could demonstrate SPAK-regulated phos-
phorylation in vitro. As a result of our screening, we discovered

J Am Soc Nephro! 26: ese—eee, 2014
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Figure 9. Inhibitory effect of Closantel on WNK-SPAK-NCC/NKCC1signaling in
mpkDCT and MOVAS cells. (A) The left panel shows the inhibitory effect of Closantel in
mpkDCT cells. The phosphorylation of NCC in mpkDCT cells is drastically and dose-
dependently reduced by Closantel (1.6-25 uM). The right panel shows quantification
of the results of the blots (n=4, mean=SEM). (B) The left panel shows the inhibitory effect
of Closantel in MOVAS cells. The phosphorylation of NKCC1 is drastically and dose-
dependently reduced by Closantel (1.6-25 uM). The right panel shows quantification of
the results of the blots (=4, mean®SEM). *P<0.05; **P<0.01. Cont/ctrl, control.

two hit compounds: 15-14279 from a small-molecule com-
pound library and Closantel from a library of existing drugs.
Surprisingly, these two compounds had quite similar consti-
tutions and both possessed strong SPAK inhibitory effects not
only in vitro but also in cultured cell lines and in mice.
Closantel is widely used as an antiparasitic agent in livestock
either parenterally or orally at a single dose of 5-10 mg/kg.
Some observations in humans for the treatment of liver fluke
disease have been reported (E. Bernardiner, unpublished
data). In recent years, the so-called drug repositioning strat-
egy, in which an existing drug currently used for a specific
disease is applied to another disease, has gained increasing
attention from both academia and industry.>! An advantage
of this strategy is that existing drugs have already passed
several stages of clinical development, which could reduce
the development risk and costs. In this study, we identified a
novel function of Closantel, which appeared to be less toxic
than 1S-14279 because mice tolerated chronic treatment with
Closantel, but not with 1S-14279. Closantel is a salicylanilide
derivative that acts as an uncoupler of the oxidative phosphor-
ylation in the cell mitochondria, which disturbs ATP produc-
tion. However, in our study, another salicylanilide, oxyclozanide,
had no SPAK inhibitory effect (data not shown). The compound

J Am Soc Nephrol 26: eee—see, 2014
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structure of Closantel was quite important in
the exertion of inhibitory actions on SPAK
and the constitutional similarity of
18-14279; Closantel may give us clues to
the synthesis of compounds that have higher
efficacy and less toxicity through further
structural three-dimensional analysis.

It is noteworthy that both Closantel and
15-14279 acted as non-ATP-competitive
SPAK inhibitors. Most protein kinase inhib-
itors show an ATP-competitive type of ki-
nase inhibition, which makes it difficult to
determine high specificity because the hu-
man kinome is composed of >500 protein
kinases that share a high degree of identity in
the ATP binding pocket. Moreover, ATP-
competitive inhibitors must compete with
high intracellular ATP levels, leading to a dis-
crepancy between ICsq values measured dur-
ing an in vitro study versus those measured
during an in vivo study.3? Thus, the ATP in-
tensiveness of Closantel and 15-14279 would
be a clear advantage in generating highly spe-
cific inhibitors for SPAK.

In this study, we demonstrated that acute
and chronic Closantel administration suc-
cessfully decreased the expression of both
phospho-NCC in the kidney and phospho-
NKCCI in the aorta. Similar results were
observed in our previous studies with SPAK
knockout mice.!” After acute Closantel ad-
ministration, the BP decreased very rap-
idly, suggesting that at least in the acute phase, the vasorelaxing
effect of SPAK inhibition might be dominant over its natri-
uretic effect. Although heart rate also decreased, whether this
resulted from specific SPAK inhibition and contributed to the
decrease in BP requires further investigation. The involvement
of SPAK in regulating intracellular Na” and Cl" in cardiomyo-
cytes has been reported,33-34 and an unidentified role of SPAK
in the heart could be clarified by the discovery of SPAK inhib-
itors. Unfortunately, the natriuretic action of acute Closantel
treatment could not be confirmed because we could not re-
producibly collect urine samples in the short experimental
period (the duration of activity of Closantel was too short to
exert a diuretic effect; Supplemental Figure 3). In addition, we
observed no significant increases in sodium excretion under
chronic Closantel administration, although this may not be
surprising given that SPAK knockout mice showed no such
increase.!” Experiments using larger animals and ureteric can-
nulation are necessary for detailed analysis of Closantel on
kidney functions. Furthermore, hypertensive models are
needed to assess the antihypertensive effect of Closantel,
which may not have an effect on baseline BP like other anti-
hypertensive drugs. Nevertheless, this study could clearly dem-
onstrate that chronic Closantel treatment could inhibit SPAK.
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125 25
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Figure 10. Inhibitory effect of 15-14279 on WNK-SPAK-NCC/NKCC1 signaling in mouse
kidney and aorta. (A) Representative immunoblots of total- and p-NCC, NKCC2, and p38
of the kidney at 30 minutes after infusion of 15-14279. The NCC phosphorylation is
drastically reduced by 15-14279. No significant increases in pNKCC2 and p-p38 levels are
observed. The lower panel shows quantification of the results of the blots (n=4,
mean=SEM). (B) Representative immunoblots of total- and p-NKCC1 of the aorta at
30 minutes after infusion of 15-14279. The expression of p-NKCC1 is markedly reduced.
No significant difference in total NKCC1 abundance. The lower panel shows quantifi-
cation of the results of the blots (n=4, mean+SEM). *P<0.05; **P<0.01. Ctrl, control.

Furthermore, OSR1 could also be inhibited by chronic Closantel
treatment based on the observation that NKCC2 phosphoryla-
tion, which is mainly regulated by OSR1,17 was decreased. This is
plausible given that SPAK and OSR1 share high homology in
their catalytic and regulatory domains.”

In conclusion, we found two hit compounds that inhibit
SPAK kinase both in vitro and in vivo. Further pharmacologic
modification of these compounds and their in vivo validation
in other animal species and disease models could lead to the
development of a novel antihypertensive drug.

introduced using the QuickChange Site-Directed
Mutagenesis Kit (Agilent Technologies Inc., Santa
Clara, CA) and cloned into the pGEX6p bacterial
expression vector (GE Healthcare UK Ltd.). To
clone human NKCC2 [1-174], RT-PCR was car-
ried out using human kidney mRNA as a tem-
plate, and the resulting PCR product was cloned
into the pGEX6p bacterial expression vector.
MO25a cDNA was generated by RT-PCR using
mouse kidney mRNA as a template, and cloned
into the pGEX6p expression vector.

Expression of GST-Tagged Fusion

Proteins in Escherichia coli
All recombinant GST fusion proteins were trans-

formed into BL21 E. coli cells. One-liter cultures of
the transformed E. coli were grown at 37°C in
2-YT broth containing 100 g/ml ampicillin until
the absorbance value at 600 nm reached 0.5.
Isopropyl-D-galactosidase (0.2 mM) was then
added to induce protein expression, and the cells
were cultured for an additional 16 hours at 28°C.
The cells were then collected by centrifugation at
4°C, lysed by sonication in 40 ml of ice-cold 1X
PBS buffer containing Complete Protease Inhib-
itors (Roche Diagnostics), and incubated with 1%
Triton X-100 and 0.5% salcosyl. The GST-tagged
proteins were purified from the lysates using
1.2 ml of glutathione-Sepharose beads and eluted
in an elution buffer containing 83 mM Tris-HC],
150 mM KOH, and 30 mM glutathione.?¢

Antibodies and Immunoblotting

Analyses
Quantitative immunoblotting was performed as

previously described.* Blots were probed with
the following primary antibodies: anti-total

NCC,* anti-phosphorylated NCC (pThr53 and pSer71 in mouse
NCC),!! anti-total NKCC1 (T4) (Hybridoma Bank, University of
Iowa, Jowa City, IA), anti-phosphorylated NKCCI1 (pThr206 in mouse
NKCC1),%” anti-total NKCC2 (Alpha Diagnostic, San Antonio, TX),
anti-phosphorylated NKCC2 (pThr100 in human NKCC2),%¢ anti-
phosphorylated NKCC2 (termed pT2 antibody; kindly provided by
K. Mutig),*” anti-phosphorylated p38, anti-total p38 (Cell Signaling
Technology, Danvers, MA), and anti-actin (Cytoskeleton, Denver,
CO). Rabbit antiserum against phosphorylated NCC [residues 49-64
of mouse NCC phosphorylated at Thr53/58; Cys+LYMR(pT)FGYN

(pT)IDVVPA] was generated and affinity purified. This antibody could
be used to detect the phosphorylation of human NKCC2 at residues

CONCISE METHODS

Thr100/105, which are equivalent to Thr55/60 in human NCC and

Thr53/58 in mouse NCC. Alkaline phosphatase—conjugated anti-IgG

Molecular Cloning and Plasmid Construction
The pRK5 expression plasmid containing T7-tagged whole SPAK

was kindly provided by T. Moriguchiand H. Shibuya (Tokyo Medical and
Dental University). The active SPAK [T233E] mutation!® was

8 Journal of the American Society of Nephrology

antibodies (Promega, Madison, WI) were used as secondary antibodies
and Western Blue (Promega) was used as a substrate for signal detec-
tion. The intensity of the bands was analyzed and quantified using
Image] software (National Institutes of Health, Bethesda, MD).

J Am Soc Nephrol 26: ess-eee, 2014
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10 mM MgCl,, 0.1 mM ATP, 0.5 pmol of GST-
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SPAK [T233E], and 5 pmol of GST-MO25a.
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shaking, the plates were washed five times with
wash buffer (TBS-0.02% Tween 20) using a
Microplate Washer (ImmunoWash 1575; Bio-
Rad, Mississauga, ON, Canada). Subsequently,
100 ul of 1.5 pg/ml rabbit anti-pNKCC2 anti-
body (pThr100/105; NCC pThr55/60) was ap-
plied to each well for the pNKCC2 assay and
incubated overnight at 4°C. After washing,
100 pl of alkaline phosphatase—labeled anti-
rabbit secondary antibody was added to each
well and the plates were incubated for 1 hour at
37°C. After washing, 100 ul of BluePhos (KPL
Inc., Gaithersburg, MD) was applied to each
well, and the blue color developed was measured
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Figure 11. Inhibitory effect of Closantel on WNK-SPAK-NCC/NKCC1 signaling in mouse
kidney and aorta. (A) Representative immunoblots of total- and p-NCC, NKCC2 and p38
of the kidney at 30 minutes after infusion of Closantel. The NCC phosphorylation is
drastically reduced by Closantel. No significant increases in pNKCC2 and p-p38 levels are
observed. The lower panel shows quantification of the results of the blots (n=3,

Closantel
V by reading the absorbance at 620 nm in a micro-
plate reader (Spectrafluor; Tecan Japan Co., Ltd.,
Kanagawa, Japan). For chemical library screening,
each compound was added to the kinase reaction
at a final concentration of 50 wM. For inhibition
studies, increasing concentrations of each com-
pound were tested in triplicate. Curve fitting was
performed using ORIGINS.1 data analysis and
graphing software (OriginLab Co., Ltd., North-
ampton, MA), and data are presented as the

closantel

mean*SEM. Stock solutions of compounds, in
100% DMSQ, were diluted with water to a final
DMSO concentration of 1%. Controls without in-
hibitors were also incubated in the presence of 1%
DMSO.

mean=SEM). (B) Representative immunoblots of total- and p-NKCC1 of the aorta at 30

minutes after infusion of Closantel. The expression of p-NKCC1 is markedly reduced. No
significant difference in total NKCC1 abundance. The lower panel shows quantification
of the results of the blots (n=4, mean®=SEM). *P<0.05; **P<0.01. Ctrl, control.

In Vitro Kinase Assays
GST-NKCCI1 [1-174] protein (7 ug) purified from E. coli was incu-

bated with 1 ug of GST-SPAK [T233E] and 5 ug of GST-MO25a.
Kinase assay reactions were performed for 60 minutes at 30°C in a
25 ul of kinase reaction buffer (50 mM Tris-HCl [pH 7.5], 1 mM
dithiothreitol, 1 mM EGTA) containing 10 mM MgCl, and 0.1 mM
ATP as previously described.® The reactions were stopped by the
addition of SDS sample buffer (Cosmo Bio Inc., Tokyo, Japan) fol-
lowed by denaturation for 20 minutes at 60°C. The reaction products
were analyzed by SDS-PAGE.

Chemical Screening Using an Indirect ELISA System
GST-NKCC2 [1-174] (5 pmol/well) in a bicarbonate buffer (15 mM

Na,COs, 35 mM NaHCOs3) was applied to 96-well ELISA plates (Iwaki
& Co., Ltd., Tokyo, Japan) and incubated overnight at 4°C for immo-
bilization. After blocking with 1.5% (w/v) albumin in tris-buffered sa-
line (TBS)-0.02% Tween 20 for 30 minutes at room temperature, kinase
reactions were performed in 100 ul of kinase reaction buffer containing

J Am Soc Nephrol 26: ese—eee, 2014

Kinetic Binding Analyses Using a
Biacore Biosensor

The binding kinetics between SPAK and the
various compounds were analyzed using a
Biacore T100 system (GE Healthcare UK Ltd.). CMS5 sensor chips
were docked and GST-SPAK [T233E] wasinjected for 7 minutesata
flow rate of 10 ul/min over the surface after preactivation with a
mixture of 0.2 M 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride and 0.05 M sulfo-N-hydroxysuccinimide. After the in-
jection of GST-SPAK [T233E}, the surface was deactivated with 150 ul
of 1 M ethanolamine HCI (pH 8.5), giving an immobilization level for
GST-SPAK [T233E] of approximately 10,000 resonance units. To re-
duce nonspecific binding, we used a reference surface immobilized
with GST at 3000 resonance units. The TBS-based buffer (50 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 10 mM MgCl,, 0.05% surfactant-P)
with 5% DMSO was used as a running buffer to facilitate dissolution of
the compounds, and the temperature was set to 25°C. Analysis of the
interactions between the small-molecule compounds and GST-SPAK
[T233E] was carried out using a one-shot kinetic approach. For each
compound, a series of solutions of four different concentrations and a
blank sample for double referencing were injected for 60 seconds at a
flow rate of 90 ul/min. No regeneration was applied. The sensorgrams

SPAK Inhibitors
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Figure 12. Acute Closantel administration-induced hypotension in mice. The line
graphs represent the systolic arterial BP (black triangles; n=5) and heart rate (gray
diamonds; n=5) before and after vehicle (40% DMSO) and Closantel (20 mg/kg in 40%
DMSOQ) administration. The dashed vertical lines indicate the beginning of drug ad-
ministration. The shaded area represents the period under analysis. The bar graphs
show the average decrease in systolic arterial pressure during the 30- to 60-minute
postinjection period (*P<0.05; n=5, mean=SEM). Closantel induces a marked re-
duction in the BP, which appears to precede the decrease in the heart rate, and
persists longer. HR, heart rate; IP, intraperitoneal; Ab, antibody.

were processed and fitted to determine the dissociation constants using
Biacore T100 evaluation software.

Cell Culture and Inhibition Assay
The mpkDCT cell line kindly provided by A.

Vandewalle was cultured in a defined medium as
previously described.?® MOVAS cells were cul-
tured in DMEM supplemented with 10% (v/v)
FBS, 2 mM L-glutamine, 100 U/ml penicillin,
and 0.1 mg/ml streptomycin at 37°C in a hu-
midified 5% CO, incubator. mpkDCT and
MOVAS cells were cultured on six-well dishes.
Hypotonic stimulation was performed as previ-
ously reported.?® For the inhibition assay, cells
were exposed to each compound for 30 minutes
and then stimulated with a hypotonic low-
chloride medium for 30 minutes.?® Cells were
then lysed in 0.15 ml of ice-cold cell lysis buffer
(50 mM Tris-HCI [pH 7.5], 150 mM NaCl,
1 mM EGTA, 1 mM EDTA, 50 mM sodium fluo-
ride, 1 mM sodium orthovanadate, 1% Triton
X-100,0.27 M sucrose, 1 mM dithiothreitol) per
well. After centrifugation at 12,000 X g for 5 min-
utes at 4°C, the supernatants were denatured for
20 minutes at 60°C with SDS sample buffer and
subjected to SDS-PAGE.

Animal Studies
Female C57BL/6 mice (10 weeks old) were

obtained and received standard laboratory chow
and water. The Animal Care and Use Committee
of Tokyo Medical and Dental University approved
the experimental protocol. In an acute treatment
study, 15-14279 and Closantel were both admin-
istered intraperitoneally at a dose of 20 mg/kg in
40 pul of DMSQO; the control mice were adminis-
tered 40 ul of DMSO alone. The mice were
euthanized 30 minutes after injection. In the
chronic treatment study, C57BL/6 mice were fed
the mouse chow containing Closantel at a dosage
of 300 mg/kg per day. The kidney was removed
and rapidly homogenized in a 10-fold mass excess
of ice-cold 1% (w/v) Triton X-100 lysis buffer.
Whole homogenates without the nuclear fraction
(600X g) were collected and denatured at 60°C for
20 minutes as previously reported. The aorta was

rapidly isolated and frozen with liquid nitrogen. After being crushed by
sonication, aortas were added to 150 ul of lysis buffer as previously

reported,” and centrifuged at 6000Xg for 5 minutes at 4°C. A 120-ul

Kinase Profiling
Kinase profiling was conducted by PerkinElmer (Boston, MA) usinga

RapidKinase48 panel in duplicate wells. The compounds were tested
at a final concentration of 1.0E-5 (M). Each test compound was
incubated with each of the kinases and appropriate substrates
according to PerkinElmer standard operating procedures. After the
incubation period, the reaction products and remaining substrate
were measured. According to PerkinElmer guidelines, compounds
that show =50% inhibition are considered active.

10 Journal of the American Society of Nephrology

aliquot of the supernatant was denatured at 60°C for 20 minutes. The
total protein concentration was determined by the Bradford method
using BSA as a standard, and lysates were stored at —80°C. Quantitative
immunoblotting was performed as previously described.!? The relative
intensities of immunoblot bands were determined by densitometry us-
ing Image]J software.

The BP of the mice was measured using a radiotelemetric method in
which a BP transducer (Data Sciences International, St. Paul, MN) was
inserted into the left carotid artery. The mice were housed individually

J Am Soc Nephrol 26: eee—eee, 2014
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Kelch-Like Protein 2 Mediates Angiotensin II-With No
Lysine 3 Signaling in the Regulation of Vascular Tonus
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ABSTRACT

Recently, the kelch-like protein 3 (KLHL3)-Cullin3 complex was identified as an E3 ubiquitin ligase for with
no lysine (WNK) kinases, and the impaired ubiquitination of WNK4 causes pseudohypoaldosteronism type
Il (PHAIl), a hereditary hypertensive disease. However, the involvement of WNK kinase regulation by
ubiquitination in situations other than PHAII has not been identified. Previously, we identified the
WNK3-STE20/SPS1-related proline/alanine-rich kinase~Na/K/Cl cotransporter isoform 1 phosphoryla-
tion cascade in vascular smooth muscle cells and found that it constitutes an important mechanism of
vascular constriction by angiotensin I (Angll). In this study, we investigated the involvement of KLHL
proteins in Angll-induced WNK3 activation of vascular smooth muscle cells. In the mouse aorta and mouse
vascular smooth muscle (MOVAS) cells, KLHL3 was not expressed, but KLHL2, the closest homolog of
KLHL3, was expressed. Salt depletion and acute infusion of Angll decreased KLHL2 and increased WNK3
levels in the mouse aorta. Notably, the Angll-induced changes in KLHL2 and WNK3 expression occurred
within minutes in MOVAS cells. Results of KLHL2 overexpression and knockdown experiments in MOVAS
cells confirmed that KLHL2 is the major regulator of WNK3 protein abundance. The Angll-induced de-
crease in KLHL2 was not caused by decreased transcription but increased autophagy-mediated degrada-
tion. Furthermore, knockdown of sequestosome 1/p62 prevented the decrease in KLHL2, suggesting that
the mechanism of KLHL2 autophagy could be selective autophagy mediated by sequestosome 1/p62.
Thus, we identified a novel component of signal transduction in Angll-induced vascular contraction that
could be a promising drug target.

JAm Soc Nephrol 26: eee—eee, 2015. doi: 10.1681/ASN.2014070639

Recently, the kelch-like protein 3 (KLHL3) and
Cullin3 (Cul3) were identified as the genes re-
sponsible for a hereditary hypertensive disease—
pseudohypoaldosteronism type IT (PHAII).! Because
the with no lysine (WNK) kinases (WNK1 and
WNK4) had already been identified as the responsi-
ble genes for PHAII and the KLHL proteins were
known to serve as substrate adaptors of Cul3-based
E3 ubiquitin ligase,’> we speculated and recently
showed that KLHL3 functions as an E3 ligase with
Cul3 for WNK4 and that the impaired ubiquitination
of WNK4 and its subsequent increase within the cell
stimulates the downstream OSR1/STE20/SPS1-
related proline/alanine-rich kinase (SPAK)—NaCl co-
transporter signaling and causes PHAIL* In addition

J Am Soc Nephrol 26: eee—eee, 2015

to WNK4, WNKI1 and other WNK kinases (WNK2
and WNK3) have been identified as substrates of
KLHL3-Cul3 E3 ligase, because KLHL3 can bind to
all WNKs in a highly conserved domain (acidic do-
main).> Furthermore, we recently reported that
KLHL2 possesses a kelch repeat domain (WNK bind-
ing domain) highly similar to that of KLHL3 and that
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Figure 1. KLHL2 and not KLHL3 is expressed in mouse aorta and MOVAS cells. (A)

mediated by the ubiquitination of WNKs by
KLHL2 and/or KLHL3.

We recently identified WNK3-SPAK~
Na/K/Cl cotransporter isoform 1 (NKCCI)
signaling in mouse arteries, which plays an
important role in the regulation of vascular
smooth muscle cell contractions with Angll.12

Influx of CI™ through NKCC1 changes
membrane depolarization and leads to voltage-
gated Ca channel activation, which causes the
elevation of peripheral resistance.!® SPAK reg-
ulates NKCC1 activity by its phosphorylation
in its amino terminal domain,'* and SPAK is
regulated by the phosphorylation by WNK3 as
well as WNKI1.15 Although we have clarified
that WNK3 is necessary for SPAK-NKCC1
activation by Angll using WNK3 knockout
mice, little is known about how AnglI activates
WNK3-SPAK-NKCC1 signaling.

In this study, we identified that KLHL2 and
not KLHL3 was expressed in mouse aorta and
vascular smooth muscle cells. We also showed
that Angll rapidly decreased KLHL2 protein
abundance, thereby causing the increase in
WNK3 and its downstream activation. In-
terestingly, the rapid decrease in KLHL2 by
Angll was mediated by autophagy-mediated
degradation of KLHL2, which could be a novel
mechanism in KLHL and WNK regulations as
well as Angll-induced signal transduction.

RESULTS

Expression of KLHL2 and KLHL3 in the mouse aorta and MOVAS cells was investigated by

RT-PCR. KLHL2 was expressed in the mouse aorta and MOVAS cells, although KLHL3
mRNA was not detected. (B) Immunoblots of KLHL2 and KLHL3 in the mouse aorta and
MOVAS cells. 3XFLAG-tagged KLHL2 and KLHL3 that were overexpressed in MOVAS
cells were used as controls. The anti-KLHL2/KLHL3 antibody recognized both 3XFLAG-
tagged KLHL2 and KLHL3 and detected double bands around 65 kD in the aorta and
MOVAS cells. The anti-KLHL3 antibody recognized only 3XFLAG KLHL3 but detected no
band in the aorta and MOVAS cells. (C) Immunoblot with the anti-KLHL2/KLHL3 antibody
in KLHL2 knockdown MOVAS cells. The KLHL2 knockdown by siRNA decreased both

bands. GAPDH, glyceraldehyde-3-phosphate dehydrogenase

KLHL2-Cul3 also functions as an E3 ligase for all WNK kinases.
These data strongly suggest that any combination of KLHL2/KLHL3
with WNK1/WNK2/WNK3/WNK4 could occur in various types
of cells and that KLHL-mediated regulation of WNK kinase
abundance by ubiquitination could be involved in the mecha-
nisms of WNK kinase regulation under various pathophysiologic
conditions other than PHAIL To date, we have identified several
upstream regulators for WNK kinases, including hormonal fac-
tors, such as aldosterone, angiotensin II (Angll), insulin, and
vasopressin.”~11 However, the mechanisms of signal transduction
from these factors to WNK kinases have not necessarily been
clarified. We speculated that one of these regulations could be

2 Journal of the American Society of Nephrology

KLHL2 and Not KLHL3 Is Expressed in
the Mouse Aorta and Mouse Vascular
Smooth Muscle Cells

We have reported that KLHL2 is the closest
homolog to KLHL3 among >40 members of
the KLHL proteins and that KLHL2 could
interact with all WNK kinases, including
WNK3.¢ Furthermore, WNK3 showed the
highest binding affinity with KLHL2 and
KLHL3 among the WNK kinases, suggesting that WNK3 as
well as WNK4 could be regulated by KLHL2 or KLHL3 in its
signaling cascade.® To investigate the role of KLHL2 and KLHL3

"in WNK3 signaling in vascular smooth muscle cells, we first

examined whether KLHL2 and KLHL3 were expressed in the
mouse aorta and mouse vascular smooth muscle (MOVAS) cells
by RT-PCR. As shown in Figure 1A, KLHL2 was expressed in the
mouse aorta and MOVAS cells; however, KLHL3 mRNA was not
detected. In the immunoblots of aorta and MOVAS cells, the
anti-KLHL2/KLHL3 antibody detected double bands around
65 kD, whereas the KLHL3-specific antibody did not detect any
signal (Figure 1B). The KLHL2 knockdown by siRNA decreased

J Am Soc Nephrol 26: eee—see, 2015
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Figure 2. Dietary salt and acute Angll infusion decrease KLHL2
and increase WNK3 in mouse aorta. (A) Representative im-
munoblots and (B) densitometry analyses (n=6) of KLHL2 and
WNK3 in aortas from mice fed high-, normal-, and low-salt diets.
KLHL2 in mouse aorta was decreased by a low-salt diet and in-
creased by a high-salt diet. WNK3 in the mouse aorta was in-
creased by a low-salt diet and decreased by a high-salt diet. (C)
Representative immunoblots and (D) densitometry analyses (n=4)
of KLHL2 and WNK3 in aortas from mice at 30 minutes after Angll
infusion. Acute Angll infusion decreased KLHL2 and increased
WNK3. **P<0.01.

both bands detected by the anti-KLHL2/KLHL3 antibody (Figure
1C). On the basis of these data, we concluded that the double
bands detected by the anti-KLHL2/KLHL3 antibody in the
mouse aorta and MOVAS cells were KLHL2. The lower band
may be the major KLHL2 band that corresponds to cloned
KLHL2 cDNA because the overexpressed KLHL2 had a 3XFLAG
tag (Figure 1B). Although the nature of the upper band remains
to be determined, we can exclude the possibility of protein mod-
ifications by phosphorylation, glycosylation, and neddylation by
the experiments using phosphatase, glycosidase, and MLN4924
(data not shown). With these results, we focused on KLHL2 in
WNK3 regulation in the mouse aorta and MOVAS cells.

Salt Depletion and Acute Angll Infusion Decrease
KLHL2 and Increase WNK3 in the Mouse Aorta

We have reported that the regulation of the WNK3-SPAK—
NKCCT1 phosphorylation cascade by Angll in arteries is important
for the maintenance of BP in cases of salt depletion.’? However,
how AnglI regulated WNK3 remains unclear. Previously, we could
not detect WNK3 protein in the mouse aorta with any WNK3
antibodies that were available at that time. However, we have re-
cently improved the method of detecting the WNK3 protein in
tiny mouse aortic tissues (Supplemental Figure 1). As shown in

J Am Soc Nephrol 26: ese—eee, 2015
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Figure 3. Angll rapidly decreases KLHL2 and increases WNK3-
SPAK-NKCC1 phosphorylation cascade in MOVAS cells. (A) Rep-
resentative immunacblots and (B) densitometry analyses (n=5) of
KLHL2, WNK3, phosphorylated SPAK (pSPAK), and phosphorylated
NKCC1 (pNKCC1) in MOVAS cells treated by Angll. In 1 minute
after Angl! treatment, KLHL2 was decreased, and the WNK3-SPAK-
NKCC1 phosphorylation cascade was activated. After 10 minutes,
the tendency was more prominent. *P<0.05; **P<0.01.

Figure 2, A and B, a high-salt diet and a low-salt diet decreased and
increased WNK3 protein levels in mouse aortas, respectively. In
contrast, KLHL2 was increased and decreased by a high-salt diet
and a low-salt diet, respectively. As shown in Figure 2, Cand D, the
WNK3 protein level in the aortas of mice that were infused with
Angll was increased and that of KLHL2 was decreased. These
results indicate that salt intakes and AnglI regulated WNK3 and
KLHL2 protein levels in a reciprocal manner.

Angll Rapidly Regulates KLHL2 and WNKS3 Protein
Levels and SPAK-NKCC1 Phosphorylation Cascade in
MOVAS Cells

To investigate whether the regulation of WNK3 and KLHL2 by
Angll that was observed in the aorta was, indeed, involved in the
regulation of WNK3~SPAK-NKCC1 signaling, we performed
cell culture studies using MOVAS cells. As shown in Figure 3,
Angll rapidly decreased the KLHL2 protein levels in minutes,
and WNK3, phosphorylated SPAK, and phosphorylated NKCC1
levels were also increased concomitantly. RT-PCR (Figure 4)
revealed that both salt depletion in the mouse aorta and Angll

Angll-KLHL2-WNK3 Signaling 3
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Figure 4. WNK3 mRNA levels in mouse aortas and MOVAS cells
do not change with both salt intake and Angll. (A) WNK3 mRNA
levels in mouse aortas under high-, regular-, and low-salt diets
analyzed by quantitative RT-PCR. WNK3 mRNA levels in mouse
aortas did not change with salt intake (n=11). (B) WNK3 mRNA
levels of Angll-treated MOVAS cells were analyzed by quantita-
tive RT-PCR. WNK3 mRNA levels in MOVAS did not increase with
Angll treatment (n=3).

treatment in MOVAS cells did not affect WNK3 mRNA levels,
indicating that both regulatory increases in the WNK3 protein
were not caused by the increased transcription of WNK3. There-
fore, we then investigated the involvement of KLHL2 in the rapid
regulation of WNK3 protein levels by Angll.

Although we have previously shown using WNK3 knockout
mice that the AnglI-induced activation of SPAK-NKCCI sig-
naling in the aorta was totally dependent on WNK3,12 we also
investigated the involvement of WNKI1 and WNK4 in this
regulation. However, WNK4 mRNA and protein were not de-
tected in the mouse aorta and MOVAS cells (Supplemental
Figure 2A). Therefore, whether WNK4 undergoes similar regu-
lation by Angll remains to be determined. In contrast, the
WNKI protein was detected in the mouse aorta and MOVAS
cells, and similar to WNK3, it was decreased by a high-salt diet
and increased by a low-salt diet and AnglIl infusion (Supplemen-
tal Figure 2B). However, the AnglI-induced phosphorylation of
SPAK and NKCC1 was diminished in WNK3 knockdown
MOVAS cells but not WNKI knockdown cells (Supplemental
Figure 3), confirming the dominant role of WNK3 in

4 Journal of the American Society of Nephrology
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Figure 5. KLHL2 knockdown (KD) activates WNK3-SPAK-NKCC1
phosphorylation cascade in MOVAS cells. (A) Representative im-
munoblots and (B) densitometry analyses (n=14) of KLHL2, WNK3,
phosphorylated SPAK (pSPAK), and phosphorylated NKCC1
(PNKCC1) in KLHL2 KD MOVAS cells. KLHL2 KD increased WNK3
expression and phosphorylation of SPAK and NKCC1. **P<0.01.

control

Angll-induced SPAK-NKCC1 signaling in the aorta and vascu-
lar smooth muscle cells.

KLHL2 Regulates WNK3 Protein Levels in MOVAS Cells

To investigate whether the rapid regulation of WNK3 protein
abundance was caused by KLHL2, we performed knockdown and
overexpression experiments for KLHL2 in MOVAS cells. As shown
in Figure 5, WNK3 was increased in KLHL2 knockdown cells,
and the phosphorylation of SPAK and NKCC1 was also increased.
However, KLHL?2 overexpression decreased WNK3 protein levels
and the phosphorylation of SPAK and NKCCI; however, Cul3
overexpression alone did not affect them. The inactivation of the
WNK3-SPAK-NKCCI1 cascade was more evident in both
KLHIL2- and Cul3-overexpressing cells (Figure 6), suggesting
the importance of the complex formation of KLHL2-Cul3 as
an E3 ligase in WNK3 regulation.® Thus, we performed a Cul3
knockdown experiment. As shown in Figure 7, Cul3 knockdown
increased WNK3 protein under basal and AnglI-stimulated con-
ditions, showing the involvement of Cul3 in WNK3 degradation.
Interestingly, KLHL2 protein was also increased by Cul3

J Am Soc Nephrol 26: ese—eee, 2015
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Figure 6. KLHL2 overexpression downregulates the WNK3-SPAK-NKCC1 phosphory-
lation cascade in MOVAS cells. (A) Representative immunoblots and (B) densitometry
analyses (n=4) of KLHL2, WNK3, phosphorylated SPAK (pSPAK), and phosphorylated
NKCC1 (pNKCC1) in Cul3- and KLHL2-overexpressing MOVAS cells. KLHL2 overexpression
alone significantly decreased WNK3 expression and the phosphorylation of SPAK and
NKCC1, and the coexpression of KLHL2 with Cul3 further downregulated the signal cas-
cade; however, Cul3 overexpression alone did not affect the cascade. *P<<0.05; **P<0.01.

knockdown, suggesting that KLHL2 protein may be regulated by
Cul3-based E3 ligase as shown for KLHL3.> However, such an
increase of KLHL2 did not lead to a reduction in WNK3 protein
under the Cul3 knockdown condition, clearly suggesting that
Cul3 is necessary for KLHL2-mediated WNK3 degradation.
Angll could still decrease KLHL2 under the Cul3 knockdown con-
dition (Figure 7), suggesting that the increased degradation of
KLHL2 by Angll may be independent of Cul3.

Thus, Angll decreased KLHL2 protein by a Cul3-independent
mechanism, and the decreased KLHL2-Cul3 E3 ligase increased
WNK3 abundance, which activated the downstream SPAK-
NKCC1 signaling.

The Rapid Decrease in KLHL2 by Angll Is Caused by
Autophagy-Mediated Degradation

Because KLHL2 was identified as the major regulator of WNK3 in
MOVAS cells, we then investigated the mechanism of how the
KLHL2 level was rapidly decreased by Angll. KLHL2 mRNA
levels in MOVAS cells were not decreased with Angll treatment
(Figure 8A). Furthermore, as shown in Figure 3, the decrease in

J Am Soc Nephrol 26: eee-eee, 2015
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KLHL2 induced by Angll was very rapid and
occurred within minutes. Taken together,
these data clearly indicate that the decrease
in KLHL?2 by Angll may be mediated by the
activation of KLHL2 degradation.

To confirm this hypothesis and identify the
degradation mechanism, we performed the
experiments using protein degradation inhib-
itors. As shown in Figure 8, B and C and Sup-
plemental Figure 4, chloroquine, an autophagy
inhibitor, inhibited the decrease in KLHL2 by
AnglI treatment. In addition, other types of
autophagy inhibitors (bafilomycin A; and
3-MA) showed similar effects. However,
epoxomicin, a potent proteasome inhibitor,
did not inhibit the decrease in KLHL2 by AnglI
(Figure 8, D and E). These results indicate that
—_— the KLHL2 decrease induced by Angll was

a.s. caused by the activated degradation of
*x KLHL2 through autophagy.

pNKCC1

Xk
| —

Selective Autophagy Mediated by

p62 Degrades KLHL2 on Angll
Stimulation

Kelch-like ECH-associated protein 1 (Keapl), a
member of the KLHL family (KLHL19), forms
E3 ligase with Cul3 for NF E2-related factor 2, a
novel regulator of the antioxidant response.!6
Recently, there have been some reports show-
ing that Keapl is degraded by selective au-
tophagy mediated by sequestosomel/p62.17:18
The experiments using protein degrada-
tion inhibitors strongly suggested that the
KLHL2 degradation by AnglI was not me-
diated by the proteasome system but by
autophagy. Thus, we examined whether a mechanism similar
to p62-mediated Keapl degradation may be functioning on
Angll-induced KLHL2 degradation by autophagy. We per-
formed knockdown experiments of p62 in MOVAS cells. As
shown in Figure 9, compared with the control cells, KLHL2
was increased in the p62 knockdown cells. Furthermore, p62
knockdown inhibited the decrease in KLHL2 by AnglI stimula-
tion. In another vascular smooth muscle cell line (rat vascular
smooth muscle cells [SV40LT-SMC]), the same behavior was
confirmed (Supplemental Figure 5). From these results, it was
shown that the decrease in KLHL2 by AnglI was mediated by
selective autophagy facilitated by p62.

DISCUSSION

In this study, we uncovered a new Angll signaling pathway in
vascular smooth muscle cells for the control of vascular tone
and BP. We had previously found that dietary salt intake and
AngllI regulate the WNK3-SPAK-NKCC1 phosphorylation

Angll-KLHL2-WNK3 Signaling 5
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in MOVAS; this indicated that AngII-induced
'WNK3 signaling was mediated by the rapid
regulatory decrease in the KLHL?2 protein. In
signal transduction, the regulation of key
molecules by protein degradation may be a
good mechanism that can promptly adapt to
external stimuli, because there is no need for
transcription and translation. The mecha-
nism clarified in this study involves the
regulation of degradation of two molecules
(i.e., KLHL2 and WNK3).

Autophagy is initially identified as a cata-
bolic mechanism that protects against cellular
starvation through the degradation of cellular
components in lysosomes. In addition to
such a classic role, autophagy has been shown
to be involved in the regulation of numerous
biologic processes, including signal transduc-
tion.2! There have been some reports that
showed the link between AnglI and autophagy.
Pan et al.?? reported that Angll induced the
downregulation of microRNA-30, which in-
creased beclin-1 and induced excessive au-
tophagy in cardiac myocytes. In the podocytes

0
Cul3KD - -
Angll - +

0
Cul3KD - - + +
Angll - + - +

Figure 7. Cul3 knockdown (KD) increases WNK3 protein. (A) Representative im-
munoblots and (B) densitometry analyses (n=4) of Cul3, KLHL2, and WNK3 in Cul3 KD
MOVAS cells. Cul3 KD increased WNK3 protein in both Angli(—) and Angll(+) con-
ditions, suggesting the involvement of Cul3 in WNK3 degradation. Angll could still
decrease KLHL2 in Cul3 KD MOVAS cells, suggesting a Cul3-independent degrada-

tion mechanism of KLHL2 by Angll. **P<0.01.

cascade in MOVAS cells.12 However, how AnglI regulated this
cascade remains unclear. We have now shown that Angll in-
voked p62-mediated selective autophagic degradation of
KLHL?2 acting as E3 ligase with Cul3 for WNK3 and that the
reduction of KLHL2 led to the increase in WNK3 protein abun-
dance, which activated the downstream phosphorylation signal-
ing of SPAK-NKCCI (Figure 10).

KLHL2 and KLHL3 are known to be involved in the degradation
of WNKI/WNK2/WNK3/WNK4. Each of them forms a complex
with Cul3 and acts as E3 ligase on WNKI1I/WNK2/WNK3/
WNK4.4-619,20 The KLHL3~Cul3 complex acts as an E3 ubiquitin
ligase for WNK kinases, and KLHL3 mutations have been reported
to cause PHAII through the impaired ubiquitination of WNK4.4
However, the involvement of WNK kinase regulation by ubiquiti-
nation in the situation other than PHAII has not been identified.
This may be the first report that a KLHL protein is, indeed, involved
in the known physiologic regulation of the WNK signal cascade.

We showed that the AnglI-induced WNK3 protein increase in
MOVAS was surprisingly rapid, which was accompanied by the
same rapid decrease in KLHL2. Knockdown and overexpression of
KLHL2 were, indeed, able to regulate WNK3 protein abundance

6 Journal of the American Society of Nephrology

of the kidney, Angll elicited reactive oxygen
species, which increased LC3-II and beclin-1
and induced autophagosomes.?* Recently, in
vascular smooth muscle cells, AnglI also in-
creased the autophagy levels through the ac-
tivation of the AT receptor.24 However, all of
these reports showed that AnglI could induce
bulk autophagy but not selective autophagy
mediated by p62; p62 is known as a key pro-
tein that can induce selective autophagy. In
this study, it was first shown that KLHL2 was degraded by selective
autophagy mediated by p62. In this respect, although additional
information on how Angll regulated p62-mediated KLHL2 deg-
radation remains to be determined, this report may describe the
first selective autophagy mediated by Angll, which could be an
important switching mechanism of signal transduction.

In this study, we clarified how AnglI activated the WNK3—
SPAK-NKCC1 phosphorylation cascade in MOVAS cells. This
is the first demonstration that a KLHL protein physiologically
regulates the WNK signal cascade and that AnglI regulates its
downstream signaling by autophagy. Thus, our study identi-
fied a novel component of signal transduction in AnglI-
induced vascular smooth muscle cell contraction, which could
be a promising drug target for hypertension.

CONCISE METHODS

Dietary Salt and Drug Infusion Study Protocols
For experiments examining the effects of dietary salt intake, C57BL/6]

mice were fed a high-salt diet (4% NaCl [wt/wt]), normal diet (0.9%
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Figure 8. KLHL2 is degraded by the autophagy mechanism in MOVAS cells. (A) KLHL2
mRNA levels in Angll-treated MOVAS cells were analyzed by quantitative RT-PCR.
KLHLZ2 mRNA in MOVAS cells did not decrease with Angll treatment (n=14). (B)
Representative immunoblots and (C) densitometry analyses (n=6) of KLHL2 in MOVAS
cells treated with chloroquine, a lysosomal degradation inhibitor. Angll did not de-
crease KLHL2 when MOVAS cells were treated with chloroquine. (D) Representative
immunoblots and (E) densitometry analyses (n=6) of KLHL2 in MOVAS cells treated
with epoxomicin, a proteasome inhibitor. Angll decreased KLHL2 in MOVAS cells

treated with epoxomicin. **P<0.01.

NaCl [wt/wt]), or low-salt diet (0.01% NaCl [wt/wt]) for 1 week. All
foods were obtained from Oriental Yeast Co., Ltd.

For acute Angll infusion, we implanted the infusion tube into the
right external jugular vein 5 days before the administration of AnglI
and infused Angll at a dose of 25 pg/g intravenously. The mice were
then euthanized 30 minutes after Angll administration as reported
previously.8:12

Plasmids
Mouse KLHL2 cDNAwas isolated by RT-PCR using mouse kidney mRNA

from a C57BL/6] mouse. Sequences of the amplification primers used were
as follows: KLHL2 sense, 5’ -ATGGAGACGCCGCCACTGCCTCCCGC-3';
KLHL2 antisense, 5'-TCATAACGGTTTATCAATAACTGTGACC-3'.
The mouse KLHL3 cDNA clone was purchased from Origene. Mouse
KLHL2 and KLHL3 cDNA was cloned into 3XFLAG-CMV10 vector
(Sigma-Aldrich).
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RT-PCR
Total RNA from the mouse aorta, mouse kidney, and

MOVAS cells was extracted using TRIzol reagent
(Invitrogen). The total RNA was reverse transcribed
using Omuniscript RT (Qiagen). Sequences of RT-
PCR primers used were as follows: KLHL?2 sense,
5'-TTCTTAACCTCGGCATC-3'; KLHL2 anti-
sense, 5'-AACTCCTGTCTTACGTCCTT-3';
KLHL3 sense, 5'-GGACCAACACTTGGAAG-
CAG-3'; and KLHL3 antisense, 5'-AGTGCT-
CATGTTGGTGGG-3'. The WNK3 and WNK4
primers have been described previously.!>?> The
primers for GAPDH were purchased from
TAKARA BIO.

Cell Culture and Chemicals
We used the MOVAS cell line from mouse aorta

(CRL-2797; ATCC) and the SV40LT-SMC Clone
HEP-SA cell line from rat aorta (CRL-2018; ATCC)
xx asamodel of vascular smooth muscle cells. Both the
MOVAS cells and SV40LT-SMC cells were cultured
in DMEM supplemented with 10% (vol/vol) FBS,
2 mM L-glutamine, 100 units/ml penicillin, and
0.1 mg/ml streptomycin at 37°C in a humidified
5% CO, incubator. MOVAS cells that were cul-
tured in six-well dishes were lysed with 150 wl
ice-cold lysis buffer (50 mM Tris/HCI, pH 7.5,
150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 50 mM
sodium fluoride, 1 mM sodium orthovanadate,
1% Triton X-100, 0.27 M sucrose, 1 mM DTT,
and Complete protease inhibitor cocktail; Roche;
1 tablet per 50 ml). In the p62 knockdown experi-
ments, the cells were lysed with RIPA buffer con-
taining 0.25 mM Tris/HCI (pH 8.0), 0.38%
EGTA, 0.1 mM EDTA, 0.18% Na orthovanadate,
2.1% NaF, and Complete protease inhibitor cock-
tail (Roche; 1 tablet per 50 ml). After centrifuga-
tion at 12,000Xg for 5 minutes at 4°C, the super-
natants were denatured for 20 minutes at 60°C
with SDS sample buffer (Cosmo Bio) and subjected to SDS-PAGE.
For Angll stimulation experiments, the MOVAS cells were exposed to
5 uM Angll for 10 minutes. For the experiment using autophagy in-

+ - +

hibitors, the cells were incubated with 25 uM chloroquine for
24 hours,26 200 nM bafilomycin A; for 24 hours,?” or 5 mM 3-MA
for 24 hours before Angll treatment.?® As a proteasome inhibitor, we
used 1 uM epoxomicin for 4 hours.*

Transfection
The MOVAS cells were transfected by the indicated amount of plasmid

DNA with Lipofectamine 2000 reagent (Invitrogen). For the KLHL2
knockdown experiments, we used 50 nM cocktails of three duplexes of
siRNA for mouse KLHL2 (siTRIO Library; Origene) with Lipofectamine
RNAIMAX (Invitrogen). The oligonucleotide sequences of siRNAs were as
follows: mouse KLHL2 siTRIO SR417910A, agaauccugagaaacauugcccaCT;
SR417910B, cgagcaaagagaguucgaauaaaGG; and SR417910C,
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Figure 9. The decrease in KLHL2 by Angll is mediated by se-
lective autophagy mediated by p62. (A) Representative im-
munoblots and (B) densitometry analyses (n=4) of pé2 and KLHL2
in p62 knockdown (KD) MOVAS cells. p62 KD increased KLHL2
expression and inhibited the decrease in KLHL2 by Angll.
*P<0.01; **P<<0.05.

ccuuuaaagucaugaacgaacucAG. Experiments were performed at 48 hours
after siRNA transfection. For the p62 knockdown experiments, we used
25 nM cocktails of three duplexes of siRNA for mouse p62 (siTRIO library;
Origene) with Lipofectamine 2000 (Invitrogen). The oligonucleotide

Angll

AT1IR AT1R

sequences of siRNAs were as follows: mouse p62 siTRIO SR413467A,
ggcuccuacagaccaagaauuacGA; SR413467B, ggcuauguccuaugugaaagau-
gAC; and SR413467C, cgcaucuacauuaaagagaagaaGG. Experiments
were performed at 24 hours after siRNA transfection. For the WNK1
or WNK3 knockdown experiments, we used 50 nM cocktails of three
duplexes of siRNA for mouse WNK1 or WNK3 (siTRIO library; Origene)
with Lipofectamine RNAIMAX (Invitrogen). The oligonucleotide se-
quences of siRNAs were as follows: mouse WNK1 siTRIO SR423399A4,
agaagaggcugaaauguuaaaggGT; SR423399B, gccagagccuaauggaauua-
guaTT; and SR423399C, ccauucaaauaaaccaaacuugcTT and mouse
WNK3 siTRIO SR423205A, gcagaaguucuaauaguuugacgGG;
SR423205B, ggaccgcaaauuaacuaaagcugAG; and SR423205C, cgaauau-
caagcauguauaccaaGT. Experiments were performed at 24 hours
after siRNA transfection. For the Cul3 knockdown experiments, we
used 100 nM cocktails of three duplexes of siRNA for mouse Cul3
(Santa Cruz Biotechnology) with Lipofectamine 2000 (Invitrogen).
The oligonucleotide sequences of siRNAs were as follows: mouse
Cul3 sc-35131A sense, ccaagcacaugaagacuauTT; sc-35131B sense,
gaaggaauguuuagggaualT; and sc-35131C sense, gacagaaaguagau-
gaugaTT. Experiments were performed at 36 hours after siRNA
transfection. As a negative control, siTRIO negative control siRNA
(Origene) was used.

Immunoblotting
For the protein lysate of the mouse aorta, the thoracic aorta was

carefully isolated and immediately frozen with liquid nitrogen. After
being crushed with a mortar, the aorta was lysed with 150 ul lysis
buffer, as reported previously, followed by centrifugation at 6000Xg
at 4°C.1228 The supernatant (120 ul) was then

denatured at 60°C for 20 minutes.
The primary antibodies used in this study were
rabbit anti-KLHL2/KLHL3 antibody (Santa Cruz
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Biotechnology), anti-KLHL3 antibody (Protein-
tech), sheep anti-WNK3 antibody (S346C),2%30
rabbit antiphosphorylated SPAK antibody;> rabbit
antiphosphorylated NKCC1 (T206) antibody,>?
rabbit antiactin antibody (Cell Signaling Technol-
ogy), anti-T7 antibody (EMD Millipore), anti-Cul3
antibody (BETHYL), anti-WNKI1 antibody (A301-
516A; BETHYL), anti-WNK4 antibody, and rab-
bit anti-p62 antibody (Cell Signaling Technology).
Alkaline phosphatase-conjugated anti-IgG antibodies
(Promega) were used as secondary antibodies for
immunoblotting. WesternBlue (Promega) was

used for the development of immunoblots. The
relative intensities of the immunoblot bands were
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Figure 10. The mechanism of vasoconstriction mediated Angll-KLHL2-WNK3 sig-
naling. In vascular smooth muscle cells, WNK3 is degraded by KLHL2-CUL3-mediated
ubiquitination. With Angll stimulation, KLHL2 is degraded by selective autophagy by
p62, which leads to the activation of the WNK3-SPAK-NKCC1 phosphorylation cas-
cade and vasoconstriction. AT1R, angiotensin Il type-| receptor; P, phosphorylation.
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determined by densitometry with Image] software.

Statistical Analyses
Statistical significance was evaluated using an

unpaired t test. All data were expressed as
means*SEMs. When more than three groups
were compared, one-way ANOVA with Fischer’s
post hoc test was used. P values<<0.05 were con-
sidered to indicate statistical significance.
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