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Calcineurin is a calcium/calmodulin-regulated phosphatase known
for its role in activation of T cells following engagement of the T cell
receptor. Calcineurin inhibitors (CNIs) are widely used as immuno-
suppressive agents; common adverse effects of CNIs are hyperten-
sion and hyperkalemia. While previous studies have implicated
activation of the Na-Cl cotransporter (NCC) in the renal distal
convoluted tubule (DCT) in this toxicity, the molecular mechanism
of this effect is unknown. The renal effects of CNIs mimic the
hypertension and hyperkalemia that result from germ-line muta-
tions in with-no-lysine (WNK) kinases and the Kelch-like 3 (KLHL3)–
CUL3 ubiquitin ligase complex. WNK4 is an activator of NCC and is
degraded by binding to KLHL3 followed by WNK4’s ubiquitylation
and proteasomal degradation. This binding is prevented by phos-
phorylation of KLHL3 at serine 433 (KLHL3S433-P) via protein kinase C,
resulting in increased WNK4 levels and increased NCC activity.
Mechanisms mediating KLHL3S433-P dephosphorylation have here-
tofore been unknown. We now demonstrate that calcineurin
expressed in DCT is a potent KLHL3S433-P phosphatase. In mamma-
lian cells, the calcium ionophore ionomycin, a calcineurin activa-
tor, reduces KLHL3S433-P levels, and this effect is reversed by the
calcineurin inhibitor tacrolimus and by siRNA-mediated knock-
down of calcineurin. In vivo, tacrolimus increases levels of
KLHL3S433-P, resulting in increased levels of WNK4, phosphory-
lated SPAK, and NCC. Moreover, tacrolimus attenuates KLHL3-
mediated WNK4 ubiquitylation and degradation, while this effect
is absent in KLHL3 with S433A substitution. Additionally, in-
creased extracellular K+ induced calcineurin-dependent dephos-
phorylation of KLHL3S433-P. These findings demonstrate that
KLHL3S433-P is a calcineurin substrate and implicate increased
KLHL3 phosphorylation in tacrolimus-induced pathologies.
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Calcineurin, a serine-threonine phosphatase, plays an impor-
tant role in activation and proliferation of T cells (1, 2).

Engagement of the T cell receptor results in increased cytoplasmic
Ca2+ levels, which activate calcineurin. Activated calcineurin
dephosphorylates nuclear factor of activated T cells (NFAT)
transcription factors, enabling their nuclear translocation and IL-
2 transcription, promoting T cell proliferation. NFAT also reg-
ulates the transcription of other cytokines including IL-4, IL-10,
and IFN-γ, in concert with other transcription factors (2). Cal-
cineurin inhibitors (CNIs), such as tacrolimus and cyclosporine
A, are immunosuppressants commonly used to prevent rejection
of transplanted organs. CNIs have a number of adverse effects,
including hypertension along with hyperkalemia and variable
distal renal tubular acidosis in a significant number of patients (3).
In searching for the cause of renal CNI toxicity, attention has

been drawn to a pathway identified from studies of a Mendelian
disease featuring the same cardinal features of hypertension and
hyperkalemia with variable acidosis (pseudohypoaldosteronism

type II, PHAII; also known as familial hyperkalemic hyperten-
sion, FHHt). Our group identified mutations in any of four dif-
ferent genes that can cause this trait; these include WNK1 and
WNK4, which encode serine-threonine kinases, and two com-
ponents of a ubiquitin ligase, Kelch-like 3 (KLHL3), and Cullin 3
(CUL3) (4, 5). These findings have led to elucidation of a pre-
viously unrecognized physiologic pathway that allows the kidney
to modulate the balance between renal salt reabsorption and K+

excretion, allowing distinct physiological responses to volume
depletion and hyperkalemia, states that both use the steroid
hormone aldosterone as a signaling hormone. Characterization
of the physiology of this system has shown that WNK kinases
increase the activity of NCC (6–8) via a mechanism involving
WNK phosphorylation of SPAK, which, in turn, phosphorylates
and increases NCC activity (9–15). KLHL3 binds to WNK ki-
nases, targeting them for ubiquitylation and proteasomal deg-
radation (16–18). Several disease-causing mutations in WNK
and KLHL3 occur at the sites of physical interaction between
these two proteins and impair their binding to one another (17).
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Moreover, this binding is blocked in vivo by phosphorylation of
KLHL3 at serine 433 (KLHL3S433-P), which is mediated by
protein kinase C (PKC), acting downstream of angiotensin II
(AngII) signaling (19). These findings implicated AngII signaling
in promoting increased NCC activity and Na-Cl reabsorption
without K+ loss. Inhibition of NCC with thiazide diuretics cor-
rects the hypertension and hyperkalemia of PHAII (4, 5, 20).
The similarity of renal effects of CNIs to PHAII has led to

exploration of the activity of the WNK kinase-NCC pathway with
CNIs (21–23). Although CNIs affect many physiological systems
that can modulate blood pressure (24–28), increased renal salt
reabsorption resulting from aberrant Na-Cl cotransporter (NCC)
activity appears to play a key role in tacrolimus-induced hyper-
tension because thiazide diuretics, which selectively inhibit NCC,
correct CNI-induced hypertension and hyperkalemia (21, 23,
29). Moreover, in animal models, tacrolimus has been shown to
increase levels of WNK4, phosphorylated SPAK, and phos-
phorylated NCC (29–32). To date, however, the direct targets of
the phosphatase calcineurin in DCT epithelia remain unknown.
The striking similarity of the mechanisms of renal toxicity of

CNIs and PHAII strongly suggest that CNIs inhibit the de-
phosphorylation of a protein that results in NCC activation. We
report herein that calcineurin normally dephosphorylates
KLHL3S433-P and that this action is inhibited by CNIs, thereby
increasing WNK levels, which, in turn, increases NCC levels
and activity.

Results
Calcineurin Activation Decreases KLHL3S433-P in HEK and DCT Cells.
The findings that KLHL3 normally binds WNK kinases, target-
ing them for degradation, and that mutation or phosphorylation
of KLHL3S433 prevents this binding, increasing WNK kinase
levels and leading to increased NCC activity (16–19), suggested
that calcineurin might normally dephosphorylate KLHL3S433-P,
with CNIs preventing this activity. To address this possibility, we
first tested the effects of ionomycin, a calcium ionophore that
activates calcineurin, in mammalian cells (33). HEK cells
expressing FLAG-tagged human KLHL3 (FLAG-KLHL3) were

incubated with 3 μM ionomycin for 5 min, as described (33, 34).
Cells were then lysed and analyzed by Western blot to detect
KLHL3S433-P levels, using a well-characterized antibody that is
highly specific for KLHL3S433-P (35). Ionomycin reduced
KLHL3S433-P levels by a mean of 42% in independent replicates
(Fig. 1A). To determine whether calcineurin affects endogenous
KLHL3S433-P, we incubated mouse distal convoluted tubule
(mDCT) cells (36) with 3 μM ionomycin. Similar to HEK cells,
ionomycin decreased endogenous KLHL3S433-P levels by 47% in
the DCT cells (Fig. 1B).
If the reduction in KLHL3S433-P in cells incubated with ion-

omycin is mediated by calcineurin, this effect should be blocked
by calcineurin inhibition. Therefore, we incubated KLHL3-
expressing HEK cells with ionomycin in the presence or ab-
sence of 100 nM tacrolimus, a potent calcineurin inhibitor (34,
37). Tacrolimus significantly attenuated the KLHL3S433-P de-
phosphorylation induced by ionomycin (Fig. 1C).
Among the isoforms of calcineurin, calcineurin A-α is re-

sponsible for the effects of calcineurin in the kidney (38). To
further confirm that the effects of ionomycin on KLHL3S433-P

are mediated by calcineurin, we introduced siRNA targeting
calcineurin A-α into HEK cells. siRNA directed against calci-
neurin A-α, but not control siRNA, knocked down calcineurin A
levels by 50% (Fig. 2A) and reversed the reduction in KLHL3S433-P

levels induced by ionomycin (Fig. 2B).

Calcineurin Directly Dephosphorylates KLHL3S433-P. To test whether
calcineurin directly dephosphorylates KLHL3S433-P, we per-
formed an in vitro phosphatase assay. We purified FLAG-
KLHL3 from HEK cells by immunoprecipitation using FLAG
antibodies and incubated the protein with calcineurin (0.6 μM)
in the presence of Ca2+ and calmodulin (39). Calcineurin re-
duced KLHL3S433-P levels by ∼70%, without effect on total
KLHL3 levels (Fig. 3 A and B). To confirm these results, we
incubated purified total KLHL3 with calcineurin, and the liber-
ated amount of phosphate was quantitated by malachite green
assay. The results demonstrated that free phosphate levels were

Fig. 1. Calcineurin dephosphorylates KLHL3S433-P in
HEK and DCT cells. (A) HEK cells expressing FLAG-
KLHL3 were incubated with ionomycin for 5 min.
Lysates of cells were analyzed by Western blotting
using antibodies for KLHL3 phosphorylated at S433
(KLHL3S433-P) and for FLAG to detect total KLHL3.
Blots show biological replicates. Dot-plot graphs
show the results of quantification. Error bars in all
graphs indicate SEM. (B) mDCT cells were incubated
with ionomycin for 5 min. Changes in endogenous
levels of KLHL3S433-P and total KLHL3 were analyzed
by Western blotting. Dot-plot graphs show the re-
sults of quantification. (C) HEK cells expressing
FLAG-KLHL3 was incubated with ionomycin in the
presence or absence of tacrolimus, a calcineurin in-
hibitor. KLHL3S433-P and total KLHL3 levels were an-
alyzed by Western blotting. Dot-plot graphs show
the results of quantification. NC, negative control;
PC, positive control (immunopurified KLHL3).
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significantly increased by calcineurin (Fig. 3C), confirming the
dephosphorylation of KLHL3 by calcineurin.

Tacrolimus Increases KLHL3S433-P, Which Is Associated with Increased
WNK and NCC Levels. We next evaluated whether calcineurin
regulates KLHL3S433-P levels in vivo. We administered the cal-
cineurin inhibitor tacrolimus (1 mg/kg per body weight, s.c.) (29)
or vehicle to C57BL/6J mice for 2 d, and analyzed the renal
levels of KLHL3S433-P. We found that tacrolimus significantly
increased KLHL3S433-P abundance in the kidney (Fig. 4A).
Immunostaining revealed that this increase occurred in cells that
also expressed NCC, indicating that these are DCT cells (Fig.
4B). As reported (29), the levels of the KLHL3 binding targets
WNK1 and WNK4 were also increased by tacrolimus (Fig. 4C),
consistent with loss of KLHL3 binding. Although NCC in the
plasma membrane-enriched fraction was not altered after 2 d of
tacrolimus treatment, after 14 d, we observed both a significant
increase in NCC and phosphorylated NCC levels in the plasma
membrane-enriched fraction, as well as a significant increase in
phosphorylated SPAK (Fig. 4 D and E). Consistent with previous
observations (29), mice receiving a high salt (8%) diet and
tacrolimus showed a significant blood pressure elevation com-
pared with control mice (SI Appendix, Fig. S1).

Tacrolimus Prevents Ubiquitylation of Wild-Type KLHL3 but Not
Nonphosphorylatable KLHL3S433A. If tacrolimus produces WNK4
elevation by reducing its binding and ubiquitylation via KLHL3/
CUL3, we expect levels of ubiquitylated WNK4 to be reduced (17).
We transfected HEK cells with wild-type FLAG-KLHL3WT and
WNK4-HA. We then incubated these cells with or without tacro-
limus for 3 h, immunopurified WNK4, and analyzed the ubiquity-
lated WNK4 levels (17). Tacrolimus significantly increased WNK4
levels but reduced ubiquitylated WNK4 levels (Fig. 5 A and B).
Moreover, these effects were abolished by the nonphosphorylatable
alanine substitution KLHL3S433A (Fig. 5C), demonstrating that
they were mediated by KLHL3S433 phosphorylation.

Tacrolimus Inhibits K+-Induced Dephosphorylation of KLHL3S433-P.
Prior research suggested that the elevation in plasma K+ level
lowers WNK abundance, thereby reducing NCC activity and pro-
moting distal nephron K+ secretion (35, 40). We hypothesized that
the reduction of WNK4 with hyperkalemia might result from
calcineurin-mediated dephosphorylation of KLHL3S433-P. To test
this, HEK cells expressing KLHL3 were incubated in DMEM
containing either 2.7 or 6.7 mM K+ for 1 h. We found that the
increase in extracellular K+ levels resulted in significantly reduced
KLHL3S433-P levels without altering total KLHL3 levels (Fig. 6A).
If this effect is mediated by calcineurin, we expected that tacroli-
mus should prevent dephosphorylation. Therefore, cells were
incubated with 6.7 mM K+ in the absence or presence of
tacrolimus. We found that tacrolimus attenuated the dephos-
phorylation of KLHL3S433-P induced by high K+ (Fig. 6B). We
therefore infer that calcineurin-mediated dephosphorylation of
KLHL3S433-P mediates reduced levels of WNK4 seen with
hyperkalemia.

Discussion
Previous studies in mice have shown that CNIs caused NCC
activation and hypertension, consistent with studies in humans
implicating NCC in the pathogenesis of CNI-induced hyperten-
sion (21–23). Although several lines of evidence indicate that
these effects of CNIs are mediated in full or in part by the in-
creased WNK abundance (29, 30), the direct target of calci-
neurin remained undetermined. We have previously shown that
KLHL3 binds WNK4, resulting in WNK4 ubiquitylation and
degradation (17). AngII signaling produces the phosphorylation
of KLHL3 at Ser433, blocking WNK4 binding, thereby in-
creasing WNK4 levels, and promoting the activation of NCC
(19). We have demonstrated herein that calcineurin directly
dephosphorylates KLHL3S433-P, and its inhibition by tacrolimus
leads to an increase in WNK4 levels. The increase in WNK4 with
tacrolimus treatment was sufficient to produce increased levels
of phosphorylated SPAK and increased NCC in vivo, resulting in
salt-sensitive hypertension.
Our findings are analogous to the observations in mutant

KLHL3 knock-in mice, in which heterozygous KLHL3 mutation
caused a modest increase in WNK levels (41). In these mice, the
increase in WNK4 and in WNK1 was 1.4-fold and 1.8-fold, re-
spectively, and these changes were sufficient to increase SPAK
phosphorylation by more than threefold. These observations may
be explained by the fact that KLHL3 targets both WNK4 and
WNK1 isoforms for degradation; therefore, a KLHL3 mutation
increases levels of both WNK4 and WNK1, acting synergistically
to increase SPAK activity at a greater extent than would be seen
with a WNK4 mutation alone. This inference is consistent with
the observation that PHAII subjects with KLHL3mutations have
a markedly more severe phenotype than those carrying WNK4 or
WNK1 mutations (5).

Fig. 2. Knockdown of calcineurin prevents the dephosphorylation of
KLHL3S433-P by ionomycin in HEK cells. (A) siRNA directed against calcineurin A-
α (CaNA-α) or control siRNA and FLAG-KLHL3 were introduced in HEK cells by
transient transfection. Cells were then incubated with or without ionomycin
for 5 min. Lysates were then analyzed for calcineurin A and tubulin levels by
Western blotting. Blots show biological replicates. Dot-plot graphs show the
results of quantification. (B) Indicated siRNAs were introduced in HEK cells by
transient transfection. FLAG-KLHL3 was induced as described in Materials and
Methods. Cells were then incubated with or without ionomycin for 5 min.
Lysates were then analyzed for KLHL3S433-P and total KLHL3 levels by Western
blotting. Dot-plot graphs show the results of quantification.

Fig. 3. Calcineurin dephosphorylates KLHL3 at S433 in vitro. (A and B) FLAG-
tagged human KLHL3 was expressed in HEK cells, purified by IP, and incubated
with or without calcineurin (CaN) in the presence of Ca2+ and calmodulin. The
levels of KLHL3 phosphorylated at S433 (KLHL3S433-P) were detected byWestern
blotting with KLHL3S433-P antibody, and the levels of total KLHL3 were detected
by FLAG antibody. Blots show biological replicates. Dot-plot graphs in B show
the ratio of KLHL3S433-P to total KLHL3 levels in four independent experiments.
(C) KLHL3 was expressed in HEK cells, purified by IP, and incubated with or
without calcineurin in the presence of Ca2+ and calmodulin. Free phosphate
levels were then quantified by malachite green phosphate assay.
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Regulation of WNK abundance and activity plays a critical
role in AngII- and K+-mediated control of NCC. AngII, via PKC,
activates the SPAK/NCC cascade by increasing WNK4 levels and
kinase activity (15, 19, 42, 43). AngII-induced NCC activation is
completely lost in WNK4 knockout mice (15) and in SPAK
knock-in mice carrying nonphosphorylatable, inactive form of
SPAK (42). Similarly, K+ depletion increases WNK4 abundance
and activity in the kidney, likely mediated by increased
KLHL3S433-P (35, 40). This low K+-induced NCC activation is
abolished by WNK knockdown (40). The current study indicates
that the phosphatase calcineurin antagonizes PKC-mediated
phosphorylation of KLHL3 at Ser433, thereby regulating WNK
abundance. These data are consistent with a recent study showing
that basophilic kinases including PKC are associated with the
mammalian calcineurin substrate network (44). In addition, calci-
neurin is shown to modestly prefer sites with a basic residue at
the −3 position (45, 46), which fits with Arg430 at the −3 position
found in KLHL3.
Aldosterone is produced in two distinct physiological states,

intravascular volume depletion and hyperkalemia. Previous
studies suggested that NCC and pendrin are involved in mech-
anisms whereby the kidney differentially responds to aldosterone
in these conditions (8, 13, 19, 35, 40, 47, 48). Our observation
that high K+ dephosphorylates KLHL3S433-P through calcineurin
provides further insight into these mechanisms (Fig. 6C). In
volume depletion, AngII promotes phosphorylation of KLHL3S433

through PKC activation (19). This results in KLHL3 inactivation
and WNK accumulation, activating NCC through WNK/SPAK
pathway. In contrast, in hyperkalemia, calcineurin dephosphor-
ylates KLHL3S433-P, promoting WNK degradation and inhibiting
NCC activation. These mechanisms likely act in concert with the
regulation of WNK kinase activity by phosphorylation (43), and
also by intracellular Cl− (8, 40, 49, 50).
As described above, AngII-dependent effects on NCC require

the integrity of WNK/SPAK pathway (15, 19, 42, 43). In K+-
mediated modulation of NCC, however, several lines of evidence
indicate that both WNK/SPAK-dependent and WNK/SPAK-
independent pathways may be involved (8, 32, 40, 42, 51–53).
The current study demonstrates the involvement of calcineurin
in the former pathway. The precise role of calcineurin in the
latter pathway needs further evaluation. The elevation in extra-
cellular K+ levels can depolarize DCT cells. However, the
mechanism whereby this change results in increased calcineurin
activity in DCT cells remains to be elucidated. This will be an
interesting avenue for further studies.

Materials and Methods
Cell Culture. HEK cells were incubated in DMEM supplemented with 10% FBS
(19). Transfection was carried out using nonliposomal polymer (Mirus Bio)
(17, 19). The expression plasmids encoding FLAG-KLHL3 and WNK4-HA were
prepared as described (17, 19). Cells were depleted of serum for 12 h before
the experiment. Ionomycin was added at 3 μM in accordance with previous

Fig. 4. NCC activation in tacrolimus-treated mice is associated with the increase in KLHL3S433-P levels. (A) C57BL/6J mice received daily injection of tacrolimus
(Tac) or vehicle for 2 d. Renal levels of KLHL3S433-P and total KLHL3 were measured by Western blotting. Blots show biological replicates. Dot-plot graphs show
the results of quantitation. (B) Serial kidney sections stained for NCC and KLHL3S433-P antibodies in vehicle- and tacrolimus-injected mice. Arrows indicate
DCT cells. The increase in KLHL3S433-P expression is mainly detected in the DCT cells. (C) Lysates from A were analyzed by Western blotting using antibodies
against WNK1, WNK4, and tubulin. Blots show biological replicates. Dot-plot graphs show the results of quantitation. (D) C57BL/6J mice received a daily
injection of tacrolimus (s.c.) or vehicle for 14 d. Renal levels of the active, phosphorylated SPAK (Lower) and total SPAK (Upper) were analyzed by Western
blotting. Blots show biological replicates. Dot-plot graphs show the results of quantitation. (E) C57BL/6J mice received a daily injection of tacrolimus (s.c.) or
vehicle for 14 d. Levels of total NCC and NCC phosphorylated at T53 (pNCC) in the plasma membrane enriched fraction (PM) were analyzed in the kidney.
Ponceau S staining served as a loading control. Blots show biological replicates. Dot-plot graphs show the results of quantitation.

3158 | www.pnas.org/cgi/doi/10.1073/pnas.1817281116 Ishizawa et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.1817281116


studies (33, 34). Tacrolimus was added at 100 nM 3 h before ionomycin
treatment. The concentration was determined according to previous studies
(34, 37). To evaluate the effect of extracellular K+ on KLHL3S433-P levels,
potassium-free DMEM was prepared in the laboratory, and K+ concentra-
tions were adjusted by adding potassium gluconate in accordance with
previous studies (40). HEK cells expressing KLHL3 were incubated with
DMEM containing 2.7 mM K+ for 12 h before the experiments. Cells were
then incubated with DMEM containing 2.7 or 6.7 mM K+ for 1 h. To test
the involvement of calcineurin, HEK cells expressing KLHL3 were in-
cubated with DMEM containing 2.7 mM K+ for 12 h before the experi-
ments. Before changing to DMEM containing 6.7 mM K+, cells were
preincubated with 100 nM tacrolimus or vehicle for 10 min. Then, me-
dium was changed to DMEM containing 6.7 mM K+ with tacrolimus or
vehicle, and the cells were incubated for 1 h. mDCT cells (36) were kindly
provided by Peter Friedman, University of Pittsburgh, Pittsburgh, and
were incubated with DMEM/F12 supplemented with 5% FBS.

Western Blotting. Western blotting was performed as described (47). Plasma
membrane fraction was purified using plasma membrane isolation kit (In-
vent biotechnologies). Enrichment in plasma proteins was confirmed in the
laboratory (54). Equal amounts of protein were mixed with Laemmli sample
buffer, separated on polyacrylamide gel, and transferred to nitrocellulose
membrane. The membrane was incubated with primary and peroxidase-
conjugated secondary antibodies, followed by imaging using ECL reagents
(Perkin-Elmer). Tubulin and Ponceau S staining were used to ensure equal
loading and transfer of samples. For the detection of ubiquitylated WNK4,
WNK4-HA was purified by HA- immunoprecipitation (IP) from the cell lysates,
and the ubiquitylated WNK4 was detected by Western blotting using anti-
ubiquitin antibody (47). Monoclonal mouse antibody against KLHL3S433-P was
created in the laboratory as described (35) and was further characterized in
this study. Rabbit polyclonal antibodies against NCC phosphorylated at T53 is
kindly provided by Johannes Loffing, University of Zurich, Zurich. Other anti-
bodies include anti-KLHL3 (19), anti-FLAG, anti-tubulin (all from Sigma), anti-
WNK4 (created in the laboratory) (35), anti-phospho SPAK/OSR1, anti-NCC (all
from Millipore), anti-total SPAK, anti-ubiquitin, anti-WNK1 (55), and anti-
calcineurin A (Cell Signaling).

RNAi Studies. DNA encoding FLAG-KLHL3 was introduced by using TransIT-
X2 reagent. After 24 h, the medium was changed and indicated siRNAs
were introduced to HEK cells by using TransIT-X2 reagent, and incubated for
another 24 h. We obtained siRNA against PPP3CA (encoding calcineurin
A-α) and control siRNA from Dharmacon (On-Target plus). The specificity
of the siRNA is validated by the vendor and is further confirmed in
this study.

Immunoprecipitation and in Vitro Phosphatase Assay. FLAG-KLHL3 was
expressed in HEK cells and purified by immunoprecipitation. The purified
KLHL3 (which contains KLHL3S433-P) was incubated with recombinant human

calcineurin (Enzo; 0.6 μM) in a buffer containing 50 mM Hepes, 1 mg/mL
BSA, 1 mM DTT, 1 mM CaCl2, and 0.5 μM calmodulin at 37 °C for 8 h, and
KLHL3S433-P levels were analyzed by Western blotting. The liberated phos-
phate levels in the reaction mix were quantitated by malachite green
assay using commercially available kit (Abcam). The concentrations of cal-
cineurin and calmodulin are in accordance with previous studies showing
NFAT dephosphorylation by calcineurin (39).

Fig. 5. Calcineurin inhibitor tacrolimus abrogates
WNK4 ubiquitylation, resulting in increased WNK4
levels. (A) Wild-type FLAG-KLHL3 and WNK4-HA
plasmids were transfected in HEK cells, followed by
incubation with tacrolimus or vehicle. Lysates were
analyzed for WNK4, KLHL3, and tubulin levels by
Western blotting. Blots show biological replicates.
Dot-plot graphs show the results of quantitation of
biological replicates normalized to the tubulin levels.
(B) Wild-type FLAG-KLHL3 and WNK4-HA plasmids
were transfected in HEK cells, followed by in-
cubation with tacrolimus or vehicle. WNK4 was
pulled down by HA-IP, and then Western blot anal-
ysis was performed using anti-ubiquitin antibody.
Dot-plot graphs show the results of quantifica-
tion. (C ) FLAG-KLHL3 plasmid carrying the non-
phosphorylatable S433A substitution and WNK4-HA
plasmids were transfected in HEK cells, followed by
incubation with tacrolimus or vehicle. Lysates were
analyzed for WNK4, KLHL3, and tubulin levels by
Western blotting. Blots show biological replicates.
Dot-plot graphs show the results of quantitation
normalized to the tubulin levels. NS, not significant.

Fig. 6. Hyperkalemia dephosphorylates KLHL3S433-P through calcineurin. (A)
HEK cells expressing FLAG-KLHL3 were incubated with DMEM containing
either 2.7 or 6.7 mM K+ for 1 h. Lysates of cells were analyzed by Western
blotting. Blots show biological replicates. Dot-plot graphs show the results of
quantification. (B) HEK cells expressing FLAG-KLHL3 were incubated with
DMEM containing 6.7 mM K+ in the presence or absence of tacrolimus
(100 nM) for 1 h after preincubation with tacrolimus or vehicle for 10 min in
DMEM containing 2.7 mM K+. Dot-plot graphs show the results of quantifi-
cation. (C) Proposed mechanism that regulates KLHL3S433 phosphorylation
levels. Calcineurin dephosphorylates KLHL3S433-P and activates KLHL3, resulting
in reduced NCC activity by promoting WNK degradation. Conversely, PKC
phosphorylates KLHL3S433, activating NCC via WNK/SPAK pathway.
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Animal Studies. Animal procedures were approved by the Teikyo University
Ethics Committee for Animal Experiments (no. 14-018). Male C57BL/6J mice
(Tokyo Laboratory Animals) were fed ad libitum and housed under a 12-h
light cycle. Animals received s.c. injection of tacrolimus (1 mg/kg per d) or
vehicle for 2 d (n = 5 for control and n = 6 for tacrolimus group) and for 14
d (n = 7 for control and n = 7 for tacrolimus group) under anesthesia. The
dose of tacrolimus was in accordance with the previous study (29). In some
experiments, mice received a high-salt (8%) diet (n = 6 for control and n = 6
for tacrolimus group), in accordance with previous studies (29). Systolic
blood pressure was measured using volumetric pressure recording (CODA;
Kent Scientific), as described (54).

Immunostaining. Immunofluorescence study was performed as described (19,
47). We used polyclonal rabbit anti-KLHL3S433-P antibodies for immunostaining

(19). NCC and KLHL3S433-P were stained in the adjacent sections because both
antibodies were made from rabbits.

Statistical Analysis. The data are summarized as mean ± SEM. Unpaired t test
was used for comparisons between two groups. For multiple comparisons,
statistical analysis was performed by ANOVA followed by Tukey post hoc
tests. A P value <0.05 was considered statistically significant.
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