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Hypertension contributes to the global burden of cardiovascular
disease. Increased dietary K+ reduces blood pressure; however, the
mechanism has been obscure. Human genetic studies have sug-
gested that the mechanism is an obligatory inverse relationship
between renal salt reabsorption and K+ secretion. Mutations in
the kinases with-no-lysine 4 (WNK4) or WNK1, or in either Cullin
3 (CUL3) or Kelch-like 3 (KLHL3)—components of an E3 ubiquitin
ligase complex that targets WNKs for degradation—cause consti-
tutively increased renal salt reabsorption and impaired K+ secre-
tion, resulting in hypertension and hyperkalemia. The normal
mechanisms that regulate the activity of this ubiquitin ligase and
levels of WNKs have been unknown. We posited that missense
mutations in KLHL3 that impair binding of WNK4 might represent
a phenocopy of the normal physiologic response to volume deple-
tion in which salt reabsorption is maximized. We show that KLHL3
is phosphorylated at serine 433 in the Kelch domain (a site fre-
quently mutated in hypertension with hyperkalemia) by protein
kinase C in cultured cells and that this phosphorylation prevents
WNK4 binding and degradation. This phosphorylation can be in-
duced by angiotensin II (AII) signaling. Consistent with these in
vitro observations, AII administration to mice, even in the absence
of volume depletion, induces renal KLHL3S433 phosphorylation and
increased levels of both WNK4 and the NaCl cotransporter. Thus,
AII, which is selectively induced in volume depletion, provides the
signal that prevents CUL3/KLHL3-mediated degradation of WNK4,
directing the kidney to maximize renal salt reabsorption while
inhibiting K+ secretion in the setting of volume depletion.

renin–angiotensin–aldosterone system | distal tubule | hypertension |
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Hypertension affects 1 billion people worldwide and is a ma-
jor risk factor for death from stroke, myocardial infarction,

and congestive heart failure. The study of Mendelian forms of
hypertension has demonstrated the key role of increased renal
salt reabsorption in disease pathogenesis (1–4). Observational
and intervention trials (5, 6) also indicate that increased dietary
K+ lowers blood pressure; however, the mechanism of this effect
has been unclear.
Pseudohypoaldosteronism type II (PHAII; Online Mendelian

Inheritance in Man no. 145260), featuring hypertension and
hyperkalemia, has revealed a previously unrecognized mecha-
nism that regulates the balance between renal salt reabsorption
and K+ secretion in response to aldosterone (7). Aldosterone is
produced by the adrenal glomerulosa in volume depletion, in
response to angiotensin II (AII), and in hyperkalemia via
membrane depolarization (8). In volume depletion, aldosterone
maximizes renal salt reabsorption, whereas in hyperkalemia, al-
dosterone promotes maximal renal K+ secretion. Volume de-
pletion increases both the NaCl cotransporter (NCC) (9) and
electrogenic Na+ reabsorption via the epithelial Na+ channel
(ENaC) (10). The lumen-negative potential produced by ENaC

activity provides the electrical driving force for paracellular Cl−

reabsorption (11). In hyperkalemia, the lumen-negative potential
promotes K+ secretion via the K+ channel Kir1.1 (renal outer
medullary K+ channel ROMK), reducing plasma K+ level (12,
13). Additionally, recent studies have implicated aldosterone
signaling in intercalated cell transcellular Cl− flux (14). In these
cells, hyperkalemia induces phosphorylation of the mineralo-
corticoid receptor (MR) ligand-binding domain, making it in-
capable of ligand binding and activation. AII signaling induces
dephosphorylation, and activation of the MR by aldosterone
then induces transcellular Cl− flux, which is required for defense
of intravascular volume (14, 15). Because electrogenic Cl−

reabsorption and K+ secretion both dissipate the lumen-negative
potential produced by ENaC, maximal Cl− reabsorption inhibits
K+ secretion and vice versa.
Patients with PHAII have constitutive reabsorption of NaCl

with concomitant inhibition of K+ secretion, resulting in hyper-
tension and hyperkalemia, despite normal levels of aldosterone
(7). Dominant mutations in the serine–threonine kinases with-
no-lysine 4 (WNK4) or WNK1, or in CUL3 or KLHL3, elements
of a ubiquitin ligase complex, cause this disease (2, 4). WNK4
modulates the activities of NCC, ENaC, Kir1.1, and MR (14,
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16–21), and WNK4 function can be modulated by phosphory-
lation (21). CUL3/KLHL3 has been shown to target WNK4 and
WNK1 for ubiquitination and degradation, and disease-causing
mutations impair this binding and degradation (22–24). In
particular, dominant mutations in the Kelch domain of KLHL3
prevent binding to WNKs; reciprocally, disease-causing point
mutations in WNK4 also prevent WNK4–KLHL3 binding.
These findings suggest that regulation of WNK degradation by

CUL3/KLHL3 is highly regulated and that disease-causing muta-
tions might phenocopy a state in which WNKs are normally turned
off, producing constitutive salt reabsorption and inhibited K+

secretion. We now demonstrate that this inference is correct and
implicate AII signaling in this process.

Results
Identification of Phosphorylation Sites in KLHL3. FLAG-epitope–
tagged human KLHL3 (23) was expressed in COS-7 cells and
purified by immunoprecipitation (IP) and SDS/PAGE. After
TiO2 affinity chromatography, phosphopeptides and specific
phosphorylation sites were identified by liquid chromatography
(LC) and tandem mass spectrometry (MS/MS) (14). In three
independent mapping experiments, we reproducibly observed
four phosphorylation sites: one at the N terminus, two between
the BACK (BTB and C-terminal Kelch) and Kelch domains, and
one in the Kelch domain (Fig. 1A and Table S1).
Phosphorylation at S433 in the Kelch domain (Fig. 1B; average

Mascot ion score of 78) was of particular interest. This site lies in
a “d–a” loop between successive blades of the Kelch propeller;
these loops are involved in substrate binding (25). S433 and flank-
ing sequences are completely conserved in orthologs through
zebrafish (Fig. 1C). Interestingly, S433 is recurrently mutated in
autosomal dominant PHAII (4, 26). Mutation of S433 abrogates
WNK4 binding and degradation, increasing WNK4 levels (22, 23).
This observation suggested that S433 phosphorylation might
modulate KLHL3 binding and degradation of WNK4.

KLHL3 Phosphorylation at S433 Prevents WNK4 Binding and Degradation.
Plasmids encoding wild-type KLHL3 (KLHL3WT) or mutant
KLHL3 with phosphomimetic glutamate substitution (KLHL3S433E),
both with N-terminal FLAG-epitope tags, were expressed in COS-7
cells and purified by IP with anti-FLAG. In parallel, WNK4–HA
was purified by IP with anti-HA. FLAG–KLHL3WT or –KLHL3S433E

was incubated with WNK4–HA, and IP was performed with anti-
FLAG, followed by Western blotting with anti-HA to detect WNK4.
These experiments were performed in vitro to ensure that equal
amounts of protein were input into all experiments, eliminating the
confounding effect of KLHL3 causing WNK4 degradation in vivo
(23). Whereas KLHL3WT robustly bound WNK4, KLHL3S433E

showed almost no binding (Fig. 2A).
We consequently expected that phosphorylation of KLHL3 at

S433 would reduce degradation and increase WNK4 levels in
cells. We quantitated WNK4 levels when expressed with either
KLHL3WT or KLHL3S433E (23). As reported (23), KLHL3WT

reduced WNK4 levels by 57% (P = 0.002; Fig. 2B). In contrast,
KLHL3S433E produced no significant change in WNK4 levels
(10% increase, P = 0.34; Fig. 2B).

AII Signaling Increases Phosphorylation of KLHL3S433. Multiple lines
of evidence suggest that WNK4 lies downstream of AII signaling
(14, 27, 28), suggesting that AII regulates WNK4 levels via
phosphorylation of KLHL3S433 (23, 29). Angiotensin type 1 re-
ceptor (AT1R) activation by AII induces release of the G protein
alpha subunit, Gq, which leads to activation of protein kinase C
(PKC) (30). The basic residues flanking S433 in KLHL3 (RRSS433)
constitute a canonical PKC motif and are predicted to be a PKC
phosphorylation site by NetPhorest (31).
FLAG–KLHL3 was purified from COS-7 and subjected to

Western blotting by using a monoclonal antibody that recog-
nizes RRXSP (α-RRXSP). Whereas KLHL3WT was strongly stained,
KLHL3S433N or KLHL3S433A were not (Fig. 3A). These results

confirm the presence of KLHL3S433-P in COS-7 and the speci-
ficity of this antibody for KLHL3 phosphorylated at S433.
We next examined whether AII signaling increases KLHL3S433-P

in cell lines. HEK cells have the machinery for AII signaling
when AT1R is expressed (32). HEK cells show low levels of phos-
phorylation of KLHL3S433, which is eliminated by S433N substitution
(Fig. 3B). AT1R and FLAG–KLHL3 were expressed in HEK
cells and incubated in serum-free medium with or without 250
nM AII [similar to AII levels previously used to induce signaling
(32)]. KLHL3 was immunoprecipitated from lysates of these
cells, and Western blotting was performed with α-RRXSP. AII
significantly increased KLHL3S433-P at both 5 and 30 min (1.8-fold;
P = 0.0001, three independent experiments; and 2.4-fold, P = 0.008,
four independent experiments, respectively; Fig. 3B).

PKCα and PKC-β Directly Phosphorylate KLHL3 at S433. Because AII
activates PKC, we expected that inhibition of PKC would prevent
AII-induced increases in KLHL3S433-P. Bisindolylmaleimide I,
a specific PKC inhibitor, but not the PKA inhibitor H89, signif-
icantly reduced AII-induced increases in KLHL3S433-P (Fig. S1).
Among PKC isozymes, PKC-α, PKC-β, and PKC-e are down-

stream of AII signaling in renal epithelia, vasculature, and adrenal
grand (33–35). All three isozymes are expressed in COS-7 and

Fig. 1. Phosphorylation sites in human KLHL3. (A) Sites phosphorylated in
KLHL3 in COS-7 cells are shown. Sites in motifs suggesting phosphorylation
by proline-directed kinase (red), protein ATM kinase (magenta), protein ki-
nase C (blue), or no known kinase (black) are indicated. See also Table S1,
which shows the list of phosphopeptides identified by MS/MS. (B) MS/MS
spectrum of phosphopeptide containing S433-P is shown. The phosphory-
lated precursor ion, which has a mass of 627.322+, was selected and pro-
duced the fragment ion spectrum shown. Specific y and b ions allowed
assignment of phosphorylation at S433. Fragment ions with neutral loss of
phosphate are indicated (−Pb4, etc). (C) Conservation of S433 among KLHL3
orthologs. This segment is highly conserved among orthologs, and the
paralog KLHL2. S433 has been found mutated to asparagine (N) in in-
dependent kindreds with PHAII (red). At the bottom are the sequences of
human KLHL2 and KEAP1.
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HEK cells (36, 37). We incubated purified FLAG–KLHL3 with
ATP and 0.3 units of PKC-α, PKC-βI, or PKC-e in vitro. PKC-α
and PKC-βI both markedly increased KLHL3S433-P (15.5- and
10.1-fold, respectively), whereas PKC-e had a much smaller effect
(Fig. 3C; PKCe phosphorylated control substrate peptide; Fig. S2).
S433N substitution abolished the signal (Fig. 3D).

AII Signaling Prevents KLHL3-Mediated Reduction of WNK4 in HEK
Cells. Induction of KLHL3S433-P by AII suggested that AII sig-
naling should prevent KLHL3-mediated degradation of WNK4.
We coexpressed WNK4, KLHL3, and AT1R in HEK cells and
incubated cells with AII for 6 h after 12 h in serum-free medium.
Cells were then lysed, and WNK4 levels were quantitated. Ex-
pression of KLHL3 reduced WNK4 levels by 80%, a larger effect
than in COS-7 cells, owing to lower basal phosphorylation of

S433. Although AII did not alter WNK4 levels in the absence of
KLHL3, in its presence, AII produced dose-dependent increases
in WNK4 (threefold increase at 250 nM AII; P = 0.0001; Fig.
4A). This effect was nearly completely blocked by preincubation
with the AT1R blocker (ARB) losartan (Fig. 4B).
Finally, knockdown of PRKCA by RNA interference (siRNA)

markedly reduced PKC-α protein levels and prevented AII-
induced increases in WNK4 levels (Fig. 4 C and D).

AII Infusion Increases KLHL3S433-P and WNK4 Levels in Vivo. From
these effects in cell culture, AII signaling, even without volume
depletion, should increase renal WNK4 levels. C57/B6 mice on
high-NaCl diet received continuous infusion of AII (1 μg/kg per
min, s.c. for 48 h), and WNK4 levels were measured. AII sig-
nificantly increased WNK4 levels in mouse kidney (1.5-fold, P =
0.0012; seven independent animals studied; Fig. 5). Total KLHL3
levels were unaltered.
To determine whether AII’s effect was mediated by increased

KLHL3S433-P, we produced a polyclonal antibody to KLHL3S433-P.
This antibody recognized KLHL3 peptide phosphorylated at
S433, but not unphosphorylated peptide (Fig. 6A). Moreover,
Western blotting using this antibody with lysates from COS-7
cells expressing KLHL3WT identified KLHL3; this signal was
absent in cells expressing no KLHL3 or KLHL3 in which S433 is
mutated to alanine (Fig. 6B). Specificity was further demonstrated
by Western blotting of immunoprecipitated FLAG-KLHL3WT and
–KLHL3S433A (Fig. 6C).
Previous studies have demonstrated that both WNK4 and

KLHL3 are present in the thick ascending limb of Henle (TAL),
distal convoluted tubule (DCT), connecting tubule (CNT), and
collecting duct (CD) (2, 4, 26, 38). Levels of KLHL3S433-P in
nephrons of mice on a high-salt diet with and without AII in-
fusion (five mice in each group) was compared by immunofluo-
rescence microscopy. The results showed very low levels of
KLHL3S433-P without but a marked increase with AII infusion.
Costaining revealed that KLHL3S433-P was increased in nephron
segments that also stain for calbindin D-28-K, a marker for DCT
(Fig. 6D), the Na+-K+-2Cl− cotransporter (NKCC2), a marker of
TAL, and aquaporin 2, a marker of CNT and CD (Fig. 6E and
Fig. S3). KLHL3S433-P signals were eliminated by competition with
immunizing phosphopeptide (Fig. S3B). KLHL3S433-P was present
at the apical membrane and cell–cell junctions (Fig. S3C), re-
sembling the subcellular distribution of WNK4 (2, 14, 23). As
expected, AII infusion significantly increased membrane
NCC levels (2.4-fold, P = 0.03; Fig. S3 D and E).

Discussion
Classically, stimulation of renal salt transport in volume de-
pletion is attributed to increased aldosterone signaling, whereas

Fig. 2. Phosphomimetic substitution KLHL3S433E prevents binding and
degradation of WNK4. (A) FLAG–KLHL3WT and –KLHL3S433E were purified by
IP from COS-7 cells and incubated with purified WNK4WT

–HA followed by
FLAG–IP and Western blotting (WB). KLHL3S433E virtually eliminates binding
of WNK4. (B) Western blots of cell lysates coexpressing indicated proteins are
shown. Transfection of KLHL3WT markedly reduces WNK4 level; in contrast,
KLHL3S433E has no significant effect on WNK4 level. An empty vector was
used as a control to equalize the total amount of DNA in transfections
lacking KLHL3. Bar graphs show the results of quantitation (n = 5). Data are
expressed as means ± SEM. **P < 0.01. NS, not significant.

Fig. 3. AII signaling and PKC increase KLHL3S433-P. (A) Wild-type FLAG–KLHL3 and –KLHL3 with S433N or S433A substitution were purified by IP from COS-7 and
subjected to Western blotting with α-RRxSP and α-FLAG. Although a robust signal is detected by α-RRxSP with KLHL3WT, no signal is detected with KLHL3S433N or
KLHL3S433A, indicating that the antibody is recognizing phosphorylation at S433. (B) HEK cells expressing AT1R and either FLAG–KLHL3WT or –KLHL3S433N were
incubated with 250 nM AII for 5 or 30 min. Cell lysates were immunoprecipitated with anti-FLAG, followed by Western blotting with α-RRxSP. Bar graphs show
quantitation of the results (n = 3 or 4), demonstrating that AII induces increased phosphorylation at S433. (C) FLAG-tagged KLHL3 was expressed in COS-7 cells,
purified by IP, and incubated with indicated PKC isoforms in the presence of ATP (Materials and Methods). KLHL3S433-P was detected by Western blotting with
α-RRxSP, and total KLHL3 was detected by FLAG antibody. KLHL3S433-P signal is highly induced by PKC-α and, to a lesser extent, by PKC-β. PKC-e has small effects
on KLHL3S433-P levels. Bar graphs show quantitation of the results of four to six independent experiments in each condition. (D) Phosphorylation at S433 is
abolished by S433N substitution without altering total KLHL3 levels. Data are expressed as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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the major physiologic effects of AII signaling are ascribed to
induction of aldosterone biosynthesis and arterial vasoconstric-
tion (8, 39). It is increasingly recognized, however, that AII also
directly affects renal epithelia. AT1R is present throughout the
nephron (40), and signaling increases activities of the sodium
hydrogen exchanger 3 in the proximal tubule, NKCC2 in the
TAL, NCC of the DCT, and ENaC in the CNT and CD (41–44).
AII also regulates phosphorylation and activity of MR in renal
intercalated cells, allowing induction of a transcellular Cl− reab-
sorption pathway (14). In addition, AII signaling inhibits ROMK
activity, inhibiting renal K+ secretion (45).
In parallel, mutations in WNK1, WNK4, KLHL3, and CUL3

led to the recognition that WNKs regulate the activities of di-
verse mediators of salt reabsorption and K+ secretion. Mutations
in WNK4 that cause hypertension and hyperkalemia promote
activity of mediators of salt reabsorption while inhibiting medi-
ators of K+ secretion (14, 16–21), and AII signaling in in-
tercalated cells requires WNK4 (14).
The present findings link these observations, demonstrating that

AII signaling phenocopies the effects of mutation in KLHL3 that
cause increased salt reabsorption and inhibition of K+ secretion.
AII signaling activates PKC, which phosphorylates S433 in KLHL3,
preventing WNK4 binding and resulting in increased WNK4 levels.
S433 lies in the Kelch domain of KLHL3 and is recurrently mu-
tated in patients with PHAII (4, 26). In vivo experiments showed
that AII infusion caused increased levels of both KLHL3S433-P and
WNK4 and the downstream target NCC. These findings provide

evidence that AII provides the signal that allows the kidney to
discriminate between volume depletion and hyperkalemia (Fig. S4).
The significance of these AII effects is supported by the effects

of point mutations in KLHL3 that alter S433; these single
mutations result in hypertension and hyperkalemia that can be
corrected by inhibitors of NCC (4, 26). Thus, although AII sig-
naling might have other downstream effects in renal epithelia,
the effects on KLHL3 alone are sufficient for marked clinical
impact. The effects of AII signaling in renal epithelia are further
supported by the results of renal transplantation between wild-
type mice and mice deficient for Agtr1a, which showed that the
absence of renal AT1R reduces blood pressure (46).
These findings are also consistent with studies demonstrating

that phosphorylation can either negatively (47) or positively (48)
regulate the activity of E3 ubiquitin ligases. KLHL2, which can
also bind WNK4 (49), may be regulated by the same mechanism,
because the segment spanning S433 in KLHL3 is virtually
identical in KLHL2 (Fig. 1C). KLHL2 is highly expressed in the
brain, with lower expression in other tissues (50). Because vir-
tually all PHAII kindreds are accounted for by mutations in
WNK1, WNK4, KLHL3, and CUL3 (4), and no mutations in
KLHL2 have been found, we think it is unlikely that this gene
plays a role like KLHL3 in regulation of renal WNK4/WNK1;
however, a role in the regulation of WNK4 in neurons and/or glia
is an interesting possibility for future exploration (51).
Among other phosphorylation sites identified in KLHL3 in

this study, S10 occurs in an SQ motif, which is recognized by
ATM (ataxia telangiectasia mutated kinase), which regulates
several E3 ubiquitin ligases (52–55). Given that these other sites
in KLHL3 are located outside the Kelch domain, their physio-
logical significance is unclear. Determining the functional con-
sequences of phosphorylation at these other KLHL3 sites will
require further investigation.
Besides its effect on WNK4 levels, it seems likely that AII

signaling has additional effects on WNK1 and/or WNK4 func-
tion. WNK4 expression alone inhibits NCC (17, 18, 27, 56) and
does not result in stimulation of the Ste20-related proline ala-
nine rich kinase−NCC cascade and Na+ reabsorption (27). AII
might also induce phosphorylation of WNKs, thereby modulat-
ing the activity of electrolyte flux pathways. Further studies will
be required to explore this possibility.
KLHL3S433 might also be phosphorylated by other kinases. In

addition, this site is predicted by NetPhorest to be a substrate of
PKA, the cAMP-activated kinase. Given evidence that several Gs-
coupled G protein-coupled receptors [including the vasopressin
V2 receptor (57) and β-adrenergic receptors (58)] regulate
NKCC2 via PKA, it will be of interest to examine whether phos-
phorylation of KLHL3S433 regulates transport activity in TAL.

Fig. 4. AII signaling prevents KLHL3-mediated
degradation of WNK4. (A) AT1R and WNK4 were
expressed in HEK cells with or without KLHL3 and
with or without incubation with AII (150 or 250 nM)
for 6 h. Levels of WNK4 were quantitated by
Western blotting with α-HA. Bar graph shows the
results of quantitation (n = 4 each group). Expres-
sion of KLHL3 in the absence of AII reduces WNK4
level by 80%. Whereas AII has no effect on WNK4 in
the absence of KLHL3, AII reverses KLHL3-induced
reduction in WNK4 levels in a dose-dependent
manner. (B) HEK cells expressing AT1R, KLHL3, and
WNK4 were incubated with 250 nM AII with or
without the pharmacologic AT1R blocker (ARB)
losartan for 6 h. The ability of AII signaling to in-
crease WNK4 level is prevented by coincubation
with losartan. Bar graphs show the results of quan-
titation (n = 4). (C) Quantitative analysis of PKC-α
protein expression in HEK cells cotransfected with
indicated siRNAs and FLAG–KLHL3 (n = 3). Addition of siRNA to PRKCA reduces PKC-α level by 70%. (D) HEK cells expressing AT1R, KLHL3, and WNK4 plus
indicated siRNAs were incubated with or without AII for 6 h. WNK4 levels in the cell lysates were quantitated (n = 4). Addition of siRNA to PRKCA prevents AII-
induced increase in WNK4. Data are expressed as means ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001. NS, not significant.

Fig. 5. AII increases WNK4 levels in vivo. C57/B6 mice eating a high-salt (HS)
diet received continuous infusion of AII (1 μg/kg per min, s.c.) for 48 h, after
which renal levels of WNK4 and KLHL3 were measured by Western blotting.
Bar graphs show the results of quantitation (n = 7). The results demonstrate
a 45% increase in levels of WNK4 without change in KLHL3 level. Data are
expressed as means ± SEM. **P < 0.01. NS, not significant.
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Similarly, this phosphorylation may play a role in regulation of
transport in principal and intercalated cells (14). Multiple hor-
monal signaling pathways may converge on this site in regulating
electrolyte flux in renal epithelia.

Materials and Methods
Plasmids. The cDNAs used in this study included FLAG–KLHL3 (23), WNK4–HA
(23), and AT1R (27). The S433E, S433N, and S433A mutations were introduced
into KLHL3 by using the QuikChange site-directed mutagenesis system
(Stratagene). siRNAs targeting PRKCA (s11092) and negative control (nega-
tive control no. 2) were purchased from Life Technologies. Knockdown effi-
ciency and specificity of siRNAs used in this study have been validated by the
vendor, and efficiency of knockdown was reproduced in the present study.

LC-MS/MS. Mass spectrometry was performed at the Yale W. M. Keck Foun-
dation Biotechnology Resource Laboratory as described (14). FLAG-tagged
KLHL3 expressed in COS-7 cells was immunoprecipitated by using anti-FLAG
antibodies followed by SDS/PAGE. The resulting protein was digested in the
gel with trypsin, and phosphopeptides were enriched by using TiO2 affinity.
They were analyzed by LC-MS/MS using an LTQ Orbitrap Elite equipped with

a WatersNanoACQUITY ultra-performance LC system. All MS/MS spectra were
searched by using the Mascot search engine. Phosphorylation site scoring was
carried out with MASCOT delta and phosphoRS algorithms. Phosphopeptide
identities were confirmed by manual inspection.

Transient Transfection and IP. Transient transfection of plasmid DNA was
carried out by using cationic liposome (9 μg per plate for a 10-cm plate or 1 μg
per well for a six-well plate; Lipofectamine 2000; Life Technologies). In
cotransfection of different DNAs, each DNA was mixed at a ratio of 1:1, ex-
cept triple transfection of WNK4–HA, AT1R, and FLAG–KLHL3 (in these
experiments described in Fig. 4, DNAs were mixed at a ratio of 1 [WNK4]:1
[AT1R]:0.1 [KLHL3]). Cotransfection of plasmid DNA and siRNA was carried
out by using nonliposomal polymer (TransIT-X2; Mirus Bio). DNAs (2.5 μg per
well), siRNA (5 μL of 20 μM concentration), and TransIT-X2 reagent (15 μL)
were mixed in Opti-MEM (final volume: 250 μL). After 30 min of incubation,
the mixture was added to 2.5 mL of the cell culture medium. After 48 h, cells
were washed in cold PBS and lysed at 4 °C in lysis buffer (10 mM Tris·HCl, pH
7.8/150 mM NaCl/1 mM EDTA/1% Nonidet P-40) containing protease inhibitor
(Roche) and phosphatase inhibitor (Sigma). Equal amounts of protein lysates
were incubated with mouse monoclonal anti-FLAG agarose conjugate at 4 °C.

Western Blotting. Western blotting was performed as described (14, 28). Pri-
mary antibodies included antibodies to anti-FLAG (Sigma; 1:5,000), anti-HA
(Sigma; 1:2,000), anti-tubulin (Sigma; 1:2,000), anti-RRXSP (Cell Signaling;
1:1,000), anti–PKC-α (Cell Signaling; 1:1,000), anti-WNK4 (28) (1:200), and anti-
KLHL3 (Sigma; 1:1,000). Anti-WNK4 has been characterized using mice lack-
ing Wnk4 (28). Antibody against NCC was produced by immunizing rabbits
with amino acids 76–97 of human NCC (74–95 of mouse and rat NCC).
Specificity of the antibody was confirmed by comparing Western blots of
kidney lysates from wild-type and NCC knockout mice (Fig. S3D). Character-
ization of anti-KLHL3 used in the study is shown in Fig. S5. The blot density
was calculated digitally by using ImageJ.

AII Treatment. HEK cells were depleted of serum at least 12 h before experi-
ment. After transient transfection of indicated plasmids, cells were stimulated
with 100–250 nM AII. Inhibition of AT1R was performed with Losartan (1 μM),
which was added 2 h before the addition of AII. Bisindolylmaleimide I and H89
were used at concentrations of 4 and 10 μM, respectively. These doses were
used in previous cell-based studies to inhibit PKC and PKA activity (59, 60).

Immunofluorescence Microscopy. Cryosections from mouse kidneys were in-
cubated with the indicated primary and secondary antibodies as described
(14). To produce antibodies specific for KLHL3 phosphorylated at S433, the
human KLHL3 peptide C-NTRRSS*VGVG (*phospho-Ser), conjugated to cys-
teine at the N terminus, was coupled to keyhole limpet hemocyanin, and
rabbits were immunized with the phosphopeptides. Pooled serum was de-
pleted of nonspecific antibodies with the cognate nonphosphopeptide, and
the specific antibody was purified with the immunizing phosphopeptide.
The antibody was used at a concentration of 1:600 for immunostaining.

In Vitro Kinase Assay. FLAG-tagged, full-length human KLHL3WT and
KLHL3S433N were expressed in COS-7 cells seeded on 10-cm plates. After
overnight serum starvation, cells were lysed with lysis buffer containing 1%
Nonidet P-40, followed by incubation with mouse monoclonal anti-FLAG
agarose conjugate at 4 °C. FLAG–KLHL3 was eluted by adding low-pH (pH
2.8) elution buffer (Thermo), followed by the addition of Tris (pH 9.0) for
neutralization. A portion (5% of total by volume) of the purified KLHL3 was
then incubated in the presence or absence of 0.3 U of PKC isozymes (PKC-α,
PKC-β, and PKC-e) in kinase buffer (20 mM Mops, pH 7.2, 25 mM β-glycerol
phosphate, 1 mM sodium orthovanadate, 1 mM DTT, 1 mM CaCl2, 12.5 mM
MgCl2, 80 μM ATP, 0.08 mg/mL phosphatidyl serine, and 6.25 μg/mL DAG) at
30 °C for 30 min. KLHL3 phosphorylation at S433 was analyzed by Western
blotting using anti-RRXSP. Signal specificity was confirmed by comparing the
signal of KLHL3WT with KLHL3S433N. Purified, full-length PKC isozymes were
obtained from Millipore.

Animal Studies. C57/B6 mice were maintained following a protocol ap-
proved by the Yale Institutional Animal Care and Use Committee (protocol
no. 2008-10018). They were fed ad libitum and housed under a 12-h light
cycle. Dietary manipulation included 8% (wt/wt) NaCl diet. AII was s.c.
infused at a dose of 1 μg/kg per min for 48 h (14). Intensity of immuno-
fluorescent staining of kidney sections for KLHL3S433-P from mice on
a high-salt diet with or without AII infusion was evaluated by an observer

Fig. 6. AII increases KLHL3S433-P in vivo in kidney. (A) Phosphorylated and
nonphosphorylated KLHL3 peptides were spotted on a nitrocellulose membrane
and incubated with α-KLHL3S433-P, followed by staining with peroxidase-conju-
gated donkey anti-rabbit antibody. The results demonstrate the specificity of the
antibody for the phosphopeptide. (B) Total cell lysates from COS-7 expressing no
KLHL3, FLAG–KLHL3WT, and –KLHL3S433A were analyzed by Western blotting
(WB) using α-KLHL3S433-P (Upper) and anti-FLAG (Lower) antibodies. Serine to
alanine substitution at position 433 in KLHL3 eliminates the signal at the
expected molecular weight (arrow). (C) FLAG–KLHL3WT and –KLHL3S433A were
purified by FLAG-IP from COS-7 cells and were analyzed by WB using the in-
dicated antibodies. α-KLHL3S433-P recognizes purified KLHL3WT, but not non-
phosphorylatable KLHL3S433A, further confirming specificity of the antibody. (D)
C57/B6 mice eating a high-salt (HS) diet either did or did not receive continuous
infusion of AII. After 48 h, kidneys were sectioned and immunostained with
α-KLHL3S433-P and α-Calbindin D-28-K (a DCT marker). Arrows indicate staining
for KLHL3S433-P. The KLHL3S433-P level is very low in mice on a high-salt diet
without AII (Left). Signal intensity is markedly increased in mice on high-salt diet
that received AII infusion (n = 5). (Scale bars, 50 μm.) (E) Kidneys from mice on
high-salt diet plus AII infusion were sectioned and immunostained with
α-KLHL3S433-P and α-NKCC2, a marker of TAL. Arrows indicate KLHL3S433-P stain-
ing. (Scale bar, 50 μm.) Results demonstrate KLHL3S433-P in TAL. See also Fig. S3.
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blinded to treatment status; samples identified as showing increased
staining were all those treated with AII.

Statistical Analysis. The data are summarized as means ± SEM. Unpaired t test
was used for comparisons between two groups. For multiple comparisons,
statistical analysis was performed by ANOVA with Tukey’s post hoc tests.
P values < 0.05 were considered significant.
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