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Figure 1. KLHL2 and not KLHL3 is expressed in mouse aorta and MOVAS cells. (A)

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

We recently identified WNK3-SPAK-
Na/K/Cl cotransporter isoform 1 (NKCC1)
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.!3 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 WNKI1.13 Although we have clarified
that WNK3 is necessary for SPAK-NKCC1
activation by Angll using WNK3 knockout
mice, little is known about how Angll 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 AnglI rapidly decreased KLHL2 protein
abundance, thereby causing the increase in
WNK3 and its downstream activation. In-
terestingly, the rapid decrease in KLHL2 by
AnglI was mediated by autophagy-mediated
degradation of KLHL2, which could beanovel
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.5
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 PHAIIL To date, we have identified several
upstream regulators for WNK kinases, including hormonal fac-
tors, such as aldosterone, angiotensin II (Angll), insulin, and
vasopressin.’~1! 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
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KLHL2 and Not KLHL3 Is Expressed in
the Mouse Aorta and Mouse Vascular
Smooth Muscle Cells

We have reported that KLHL?2 is the closest
homolog to KLHL3 among >40 members of
the KLHL proteins and that KLHL2 could
interact with all WNK kinases, including
WNK3.6 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.6 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
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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—
NKCC1 phosphorylation cascade by Angll in arteries is important
for the maintenance of BP in cases of salt depletion.1> 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
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Figure 3. Angll rapidly decreases KLHL2 and increases WNK3-
SPAK-NKCC1 phosphorylation cascade in MOVAS cells. (A) Rep-
resentative immunoblots 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 Angll 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 Angll regulated WNK3 and
KLHL2 protein levels in a reciprocal manner.

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

To investigate whether the regulation of WNK3 and KLHL?2 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 mRINA 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 Angll-induced activation of SPAK-NKCC1 sig-
naling in the aorta was totally dependent on WNK3,1? we also
investigated the involvement of WNK1 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
WNKI1 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 Angll infusion (Supplemen-
tal Figure 2B). However, the AnglI-induced phosphorylation of
SPAK and NKCC1 was diminished in WNK3 knockdown
MOVAS cells but not WNK1 knockdown cells (Supplemental
Figure 3), confirming the dominant role of WNK3 in
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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.

Angll-induced SPAK-NKCCI 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, KLHL2 overexpression decreased WNK3 protein levels
and the phosphorylation of SPAK and NKCC1; however, Cul3
overexpression alone did not affect them. The inactivation of the
WNK3-SPAK-NKCC1 cascade was more evident in both
KLHL2- 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 involvernent of Cul3 in WNK3 degradation.
Interestingly, KLHL2 protein was also increased by Cul3
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KLHL2 induced by AnglI was very rapid and
occurred within minutes. Taken together,
these data clearly indicate that the decrease
in KLHL2 by Angll may be mediated by the
activation of KLHL?2 degradation.

To confirm this hypothesis and identify the

degradation mechanism, we performed the

WNK3 experiments using protein degradation inhib-
itors. As shown in Figure 8, B and C and Sup-
PSPAK plemental Figure 4, chloroquine, an autophagy
inhibitor, inhibited the decrease in KLHL2 by
pNKGE1 Angll treatment. In addition, other types of
. autophagy inhibitors (bafilomycin A; and
actin 3-MA) showed similar effects. However,
epoxomicin, a potent proteasome inhibitor,
B WNK3 PSPAK NKCCH did not inhibit the decrease in KLHL2 by AnglI
(Figure 8, D and E). These results indicate that
—— = ——tt the KLHL2 decrease induced by Angll was
(fold)  __n.3 " (Fold) %—; (fold) LS. caused by the activated degradation of
ﬁ 1-? e % 12 T L ; 1.2 KLHL2 through autophagy.
2 £ g
> 08 50'3 > 08 Selective Autophagy Mediated by
g 06 2 | p62 Degrades KLHL2 on Angll
5 04 504 E 04 ~ )
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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.
AnglI 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, AnglI decreased KLHL2 protein bya 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 WNK3in
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: ese—eee, 2015

novel regulator of the antioxidant response.1®
Recently, there have been some reports show-
ing that Keapl is degraded by selective au-
tophagy mediated by sequestosomel/p62.1718
The experiments using protein degrada-
tion inhibitors strongly suggested that the
KLHL2 degradation by Angll 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 Angll 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 AngllI signaling pathway in
vascular smooth muscle cells for the control of vascular tone
and BP. We had previously found that dietary salt intake and
Angll regulate the WNK3-SPAK-NKCCI phosphorylation

Angli-KLHL2-WNK3 Signaling 5
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in MOVAS; this indicated that AnglI-induced
WNK3 signaling was mediated by the rapid
regulatory decrease in the KLHL2 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.?! There have been some reports that
showed the link between Angll 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 - -
Angli - +

0
Cul3KD - - +
Angli - + - +

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 Angll(-) and Angll{+) con-
ditions, suggesting the involvement of Cul3 in WNK3 degradation. Angll could still
decrease KLHLZ2 in Cul3 KD MOVAS cells, suggesting a Cul3-independent degrada-

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

cascade in MOVAS cells.}? However, how Angll regulated this
cascade remains unclear. We have now shown that Angll in-
voked p62-mediated selective autophagic degradation of
KLHL2 acting as E3 ligase with Cul3 for WNK3 and that the
reduction of KLHL? 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/
WNK4.4-6:19,20 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 Angll-induced WNK3 protein increase in
MOVAS was surprisingly rapid, which was accompanied by the
samerapid 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, AnglI elicited reactive oxygen
species, which increased LC3-II and beclin-1
and induced autophagosomes.?* Recently, in
vascular smooth muscle cells, Angll also in-
creased the autophagy levels through the ac-
tivation of the AT1 receptor.?* However, all of
these reports showed that AnglI could induce
butk 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 AnglI 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%

J Am Soc Nephrol 26: eee—eee, 2015
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Figure 8. KLHL2 is degraded by the autophagy mechanism in MOVAS cells. (A) KLHL2
mRNA levels in Angli-treated MOVAS cells were analyzed by quantitative RT-PCR.
KLHL2 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 Angll
and infused Angll at a dose of 25 ug/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 ¢DNA clone was purchased from Origene. Mouse
KLHL2 and KLHL3 cDNA was cloned into 3XFLAG-CMV10 vector
(Sigma-Aldrich).

J Am Soc Nephrol 26: eee—see, 2015
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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 Omniscript 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.!22> 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)
o 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 ul
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/HCl (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 12,000 Xg 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,?¢ 200 nM bafilomycin A, for 24 hours,?” or 5 mM 3-MA
for 24 hours before Angll treatment.?S 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,

Angll-KLHL2-WNK3 Signaling 7
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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 p62 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

AT1R ATIR

.

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 WNKI1 or WNK3 (siTRIO library; Origene)
with Lipofectamine RNAIMAX (Invitrogen). The oligonucleotide se-
quences of siRNAs were as follows: mouse WNK1 siTRIO SR423399A,
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,
gaaggaauguuuagggauaTT; 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.12?8 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

ion
by autophagy

WNKa3 degradation
by proteasome
system

» \
V' /  KLHL2 degradat

Increase of WNK3 and
activation of SPAK-NKCC1
ignaling

Biotechnology), anti-KLHL3 antibody (Protein-
tech), sheep anti-WNK3 antibody ($346C),230
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-WNK1 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

vasoconstriction

vascular smooth muscle cell

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.

8 Journal of the American Society of Nephrology

- determined by densitometry with Image]J 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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