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The thiazide-sensitive sodium-chloride cotransporter (NCC)
in the renal distal convoluted tubule (DCT) plays a critical role
in regulating blood pressure (BP) and K+ homeostasis. During
hyperkalemia, reduced NCC phosphorylation and total NCC
abundance facilitate downstream electrogenic K+ secretion and
BP reduction. However, the mechanism for the K+-dependent
reduction in total NCC levels is unknown. Here, we show that
NCC levels were reduced in ex vivo renal tubules incubated in a
high-K+ medium for 24–48 h. This reduction was independent
of NCC transcription, but was prevented using inhibitors of the
proteasome (MG132) or lysosome (chloroquine). Ex vivo, high
K+ increased NCC ubiquitylation, but inhibition of the ubiq-
uitin conjugation pathway prevented the high K+-mediated
reduction in NCC protein. In tubules incubated in high K+

media ex vivo or in the renal cortex of mice fed a high K+ diet
for 4 days, the abundance and phosphorylation of heat shock
protein 70 (Hsp70), a key regulator of ubiquitin-dependent
protein degradation and protein folding, were decreased.
Conversely, in similar samples the expression of PP1α, known
to dephosphorylate Hsp70, was also increased. NCC coimmu-
noprecipitated with Hsp70 and PP1α, and inhibiting their ac-
tions prevented the high K+-mediated reduction in total NCC
levels. In conclusion, we show that hyperkalemia drives NCC
ubiquitylation and degradation via a PP1α-dependent process
facilitated by Hsp70. This mechanism facilitates K+-dependent
reductions in NCC to protect plasma K+ homeostasis and
potentially reduces BP.

Hypertension is a worldwide public-health challenge
because of its high frequency and concomitant risks of car-
diovascular or kidney disease (1). The kidney’s ability to adjust
NaCl excretion plays a critical role in blood pressure (BP)
control (2). The thiazide-sensitive sodium-chloride cotrans-
porter (NCC), expressed in the distal convoluted tubule
(DCT), is essential for BP control. This is highlighted by loss-
of-function NCC mutations underlying hypotensive Gitel-
man’s syndrome or activation of NCC in hypertensive
* For correspondence: Robert A. Fenton, Robert.a.fenton@biomed.au.dk;
Marleen L. A. Kortenoeven, kortenoeven@health.sdu.dk.

© 2021 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for
BY license (http://creativecommons.org/licenses/by/4.0/).
pseudohypoaldosteronism type II (PHAII or Gordon syn-
drome) (3–5). Dietary K+ intake inversely associates with BP,
with low dietary K+ intake increasing the risk of death and
cardiovascular events, and a high dietary K+ intake associated
with lower BP (6–8). The effects of K+ on BP are blunted in
NCC knockout mice, highlighting that NCC plays an essential
role in the antihypertensive effects of dietary K+ (9). Patients
with Gitelman’s syndrome suffer from hypokalemia, while
patients with PHAII suffer from hyperkalemia, demonstrating
that NCC is also essential for K+ homeostasis (3, 4).

During hyperkalemia, a reduction in both NCC phosphor-
ylation (active form) and total NCC abundance enhances Na+

delivery to downstream segments of the renal tubule to facil-
itate electrogenic K+ secretion and restore plasma K+ levels.
Similar reductions in total and phosphorylated NCC levels are
further linked with the ability of a high K+ diet to lower BP.
Reduced NCC phosphorylation following high dietary K+

intake can be explained by alterations in the basolateral plasma
membrane potential via the inwardly rectifying potassium
channel Kir4.1/Kir5.1 (a heterotetramer of Kir4.1 and Kir5.1
channels) and modulation of the WNK-SPAK/OSR1 kinase
signaling pathway (10–13). However, such a mechanism
cannot easily account for a sustained reduction in total NCC
following high dietary K+ intake. Therefore, the aim of this
study was to identify the mechanism of how high K+ decreases
total NCC abundance. Our findings suggest that high K+ in-
creases ubiquitin-dependent NCC degradation in a mecha-
nism facilitated by protein phosphatase 1α (PP1α) effects on
heat shock protein 70. This mechanism helps increase K+

secretion during hyperkalemia and is a novel concept for un-
derstanding how high dietary K+ can reduce BP.

Results

Long-term high K+ exposure reduces NCC abundance in renal
cortical tubules

Aldosterone increases renal NCC expression and its phos-
phorylation, while total renal NCC expression and phosphor-
ylation are lower under a high-K+ diet, even though
aldosterone levels are increased (14–16). It is thought that this
reduction in NCC is triggered by an increase in plasma K+

subsequent to the high-K+ diet (9). To assess the ability of
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Potassium-induced NCC degradation
long-term alterations in K+ to modulate NCC abundance
independently of aldosterone, we developed an ex vivo system
that utilizes renal cortical tubules isolated from mice. Incu-
bation of such preparations in different concentrations of KCl
for 24 or 48 h (choline Cl was used to balance osmolality and
chloride when adjusting K+ levels) demonstrated that relative
to control conditions (3.5 mM K+), NCC levels were signifi-
cantly higher after incubation in 0.5 mM K+ and significantly
decreased in 8 mM K+ media (Fig. 1, A and B). Similar ex-
periments balancing altered KCl concentrations with NaCl
(instead of choline Cl) showed similar results (Fig. S1A). A K+

concentration curve confirmed the effects on NCC after 24 h
occurred within the physiological range, with NCC levels
significantly increased in K+ concentrations lower than
3.5 mM, but decreased in K+ concentrations greater than
3.5 mM (Fig. 1C).

To investigate if the effect of K+ is affected by the accom-
panying anion, similar tubule experiments were performed
using either KCl, K-citrate, or Na-citrate. KCl and K-citrate
significantly decreased the expression of NCC (Fig. S1B),
indicating that the effects of K+ in this setting are independent
Figure 1. High K+ decreases NCC abundance. A, isolated renal cortical tubule
(8.0 mM) medium and NCC protein levels assessed after 24 or 48 h. B, summ
compared with control. C, tubules were incubated in medium with varying K+

NCC normalized band densities relative to 3.5 mM K+ control media (mean ± SD
in control medium, and the number of viable cells was measured 0–72 h after s
(8.0 mM) medium, and the number of viable cells was measured 0–48 h af
performed using a one-way ANOVA followed by a Dunnett multiple comparis
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of the anion. To rule out that the effects of high K+ to reduce
NCC abundance are not due to cell death during prolonged
incubation of renal tubules or cytotoxic effects of the high K+,
the viability of the renal tubule suspensions was investigated.
No decrease in cell number, viability, or mitochondrial meta-
bolic activity was observed in the tubules throughout the
experimental period (up to 72 h) when incubated in either
control or high K+ medium (Fig 1, D and E and Fig. S2).

High plasma K+ will trigger the release of aldosterone from
the adrenal gland. To assess if the effects of high K+ on NCC
expression were still apparent with aldosterone present, tu-
bules were incubated in high K+ medium with or without
10 nM aldosterone for 8–48 h. At 16–48 h, high K+ signifi-
cantly decreased NCC, independent of the presence of 10 nM
aldosterone. In contrast, α-ENaC abundance increased signif-
icantly after 24 h aldosterone incubation, with or without high
K+ (Fig. 2).

Recently K+ has been shown to increase ENaC activity
independently from aldosterone (17). To investigate if ENaC
abundance is regulated by K+ in the cortical tubules, suspen-
sions were incubated in low or high K+ medium for 24 or 48 h.
s were incubated in either low K+ (0.5 mM), control (Con, 3.5 mM) or high K+

ary data of normalized band densities relative to control (n = 7). *p < 0.05
concentrations and NCC protein levels assessed after 24 h. Summary data of
, n = 8). *p < 0.05 compared with control media. D, tubules were incubated
eeding. n = 6. E, tubules were incubated in either control (3.5 mM) or high K
ter seeding. n = 5. B–E, shown are mean values ± SD. Comparisons were
on test. Coom, Coomassie blue staining.



Figure 2. High K+ effects on NCC occur in presence of aldosterone. Tubules were incubated in either control (Con, 3.5 mM K+) or high K+ (8.0 mM K+)
medium with or without 10 nM aldosterone. Tubules were harvested after (A) 8 h, (B) 16 h, (C) 24 h, and (D) 48 h and subjected to immunoblotting for NCC
or α-ENaC. Summary data (mean ± SD) show normalized signal intensity relative to control (n = 3) and significant differences are indicated (*p < 0.05).
Comparisons were performed using a two-way ANOVA followed by a Tukey multiple comparison test. Coom, Coomassie blue staining.

Potassium-induced NCC degradation
Relative to control (3.5 mM K+), low K+ medium significantly
decreased the protein expression of α-ENaC at both time
points, while high K+ medium had no significant effect
(Fig. S3).
In renal cortical tubules high K+ drives ubiquitin-mediated
degradation of NCC

No differences were detected in NCC mRNA expression
after incubation of cortical tubules for 24 h in low or high K+

(Fig. 3A), suggesting that the observed effect of K+ to alter
NCC levels was likely independent of changes in NCC
transcription and may be due to enhanced NCC degradation.
Supporting such a mechanism, the effects of high K+ on NCC
were absent when tubules were simultaneously incubated for
24 h with the lysosomal inhibitor chloroquine or the pro-
teasomal inhibitor MG132 (Fig. 3, B and C). As long-term
incubation with MG132 can also reduce the degradation of
proteins via lysosomes (18), caution must be exercised in
concluding what percentage of high K+-induced NCC
degradation occurs via the lysosomal or proteasomal path-
ways. The posttranslational modification ubiquitylation plays
an important role in proteasomal and lysosomal protein
degradation, and NCC can itself be ubiquitylated (19).
Emphasizing a potential general role of K+ to modulate
protein ubiquitylation, tubules incubated for 24 or 48 h in
0.5 mM K+ media had decreased protein ubiquitylation,
whereas tubules incubated in 8 mM K+ had increased cellular
ubiquitylation levels (Fig. S4A). To assess if K+ alters the
quantity of ubiquitylated NCC, tubules incubated in high K+

medium with or without MG132 to block NCC degradation
were immunoprecipitated using a ubiquitin antibody, and
NCC and ubiquitin levels were analyzed. In line with a role of
K+ to modulate protein ubiquitylation, high K+ alone led to a
small increase in the total amount of ubiquitylated proteins,
whereas high K+ in the presence of MG132 greatly increased
J. Biol. Chem. (2021) 297(2) 100915 3



Figure 3. High K+ causes NCC degradation. A, tubules were incubated in either low K+ (0.5 mM), control (Con, 3.5 mM), or high K+ (8.0 mM) medium and
NCC mRNA levels assessed after 24 h using RTqPCR. Signals are normalized against 18S and expressed relative to control (mean values ± SD, n = 9).
Comparisons were performed using a one-way ANOVA followed by a Dunnett multiple comparison test. B and C, tubules were incubated in control (3.5 mM)
or high K+ medium (8.0 mM) with or without 100 μM of the lysosomal inhibitor chloroquine (B) or 10 μM of the proteosomal inhibitor Mg132 (C) and after
24 h NCC protein levels were assessed (n = 12). Significant differences are indicated (*p < 0.05). Shown are mean values ± SD. Comparisons were performed
using a two-way ANOVA followed by a Tukey multiple comparison test. Coom, Coomassie blue staining.

Potassium-induced NCC degradation
the amount of ubiquitylated proteins compared with MG132
alone (Fig. 4, A and C). High K+ alone did not significantly
change the amount of ubiquitylated NCC isolated (Fig. 4, A
and B), probably as NCC is rapidly degraded once ubiq-
uitylated. However, in the presence of MG132 to limit NCC
degradation, high K+ significantly increased the abundance of
ubiquitylated NCC compared with MG132 alone (Fig. 4, A
and B). Immunoprecipitation using an NCC antibody gave
similar results (not shown). To link increased ubiquitylation
Figure 4. High K+ increases NCC ubiquitylation. A, isolated renal cortical tubu
without 10 μM of the proteosomal inhibitor Mg132. Lysates were subjected to i
samples and input samples were assessed for levels of NCC and ubiquitin. B and
(n = 6) Significant differences are indicated (*p < 0.05). D, tubules were incubat
blocker of the ubiquitin-activating E1 enzyme and after 24 h NCC protein levels
shown are mean values ± SD. Comparisons were performed using a two-way A
staining; IP, immunoprecipitation.
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to the high K+-mediated reduction in total NCC levels,
cortical tubules were incubated for 24 h in control or high K+

media with Pyr-41, a blocker of the ubiquitin-activating
enzyme E1 (20). In total, 50 μM and 150 μM Pyr-41 pre-
vented the decrease in NCC with high K+, with the higher
dose increasing NCC levels under control and high K+ con-
ditions (Fig. 4D). Taken together, this data demonstrates that
high K+ reduces total NCC levels via an increase in
ubiquitin-mediated degradation.
les were incubated in control (3.5 mM) or high K+ medium (8.0 mM) with or
mmunoprecipitation using a ubiquitin antibody matrix. Immunoprecipitated
C, normalized band densities of NCC (B) and ubiquitin (C) relative to control

ed in control (3.5 mM) or high K+ medium (8.0 mM) with or without Pyr-41, a
were assessed. Significant differences are indicated (*p < 0.05) (n = 8). B–D,
NOVA followed by a Tukey multiple comparison test. Coom, Coomassie blue



Potassium-induced NCC degradation
A role for heat shock protein 70 in mediating the long-term
effects of high K+ on NCC abundance

The balance between ubiquitin-dependent degradation and
protein folding is maintained by the chaperone proteins heat
shock protein 70 (Hsp70) and Hsp90 (21). In our recent large-
scale proteomics study, the abundance of these and other heat
shock proteins was increased specifically in the mouse DCT
after a high dietary K+ intake (22), suggesting they play an
important role in modulating NCC levels following a high K+

diet. The role of Hsp70 and Hsp90 depends on their interac-
tion with other proteins including the C-terminus of Hsc70
interacting protein (CHIP, encoded by Stub1) and the Hsp70-
Hsp90 organizing protein HOP (Stip1). If Hsp70-bound client
proteins are bound to the cochaperone CHIP, this enhances
degradation of the client protein (23).

Previous studies in cell lines have demonstrated that NCC
forms complexes with the two cytoplasmic Hsp70s, Hsp70,
and heat shock cognate 70 (Hsc70), as well as with CHIP and
HOP, and that a CHIP-NCC interaction promotes NCC
ubiquitylation and degradation (24, 25). In agreement, in ly-
sates from primary tubule suspensions grown in control media
NCC, Hsp70 and Hsc70 could be coimmunoprecipitated
(Fig. 5A), suggesting they form a complex. To investigate if
heat shock proteins are involved in K+-mediated NCC
Figure 5. Heat shock proteins are involved in the high K+-induced reducti
and Hsp70 from lysates isolated from cortical tubules grown in high K+ mediu
medium (K, 8.0 mM) for 24 h, with or without 25 or 150 μM of the Hsp70
immunoblotting. The same samples were used for blotting with NCC and Hsc
(mean ± SD) show normalized band densities relative to control and significa
formed using a two-way ANOVA followed by a Tukey multiple comparison te
downregulation, tubules were incubated for 24 h with Ver-
155008, a competitive inhibitor of Hsp70/Hsc70. In total,
150 μM Ver155008 significantly reduced Hsc70 expression,
which correlated with significantly increased NCC expression
(Fig. 5B). In the presence of Ver-155008, the ability of high K+

to reduce NCC abundance was also completely absent. After
48 h the effects of Ver-155008 were more pronounced
(Fig. S4B). Taken together, this suggests that Hsp70/Hsc70 are
involved in the normal biogenesis of NCC and play an essential
role in mediating high K+-induced NCC degradation. Sup-
porting this idea, in primary tubules incubated in different
concentrations of K+ for 24–48 h, Hsc70 levels increased in
parallel with increasing K+ levels (Fig. 6, A and B). These K+-
induced changes in Hsc70 are at least in part dependent on
altered transcription, as Hsc70 (Hspa8) mRNA expression
increased with increasing K+ levels (Fig. 6C).

Whether interaction with Hsp70/Hsc70 results in ubiquitin-
dependent degradation depends on their interaction with
other proteins including CHIP and HOP. Dephosphorylated
Hsp70/Hsc70 preferentially binds to CHIP, enhancing degra-
dation of the client protein (23). In isolated tubules incubated
in high K+ media for 8 and 16 h, phosphorylated Hsc70/Hsp70
was significantly decreased compared with tubules grown in
control media (Fig. 6, D–G). A significant reduction in NCC
on in total NCC levels. A, coimmunoprecipitation (IP) of NCC, PP1α, Hsc70,
m for 24 h. B, tubules were incubated in control (Con, 3.5 mM) or high K+

/Hsc70 inhibitor Ver-155008 (Ver), and NCC and Hsc70 levels assessed by
70, hence the Coomassie gels for each panel are the same. Summary data
nt differences are indicated (*p < 0.05, n = 8–16). Comparisons were per-
st. Coom, Coomassie blue staining; IP, immunoprecipitation.
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Figure 6. Heat shock protein expression and phosphorylation are changed in response to high K+. A, tubules were incubated in either low K+

(0.5 mM), control (con, 3.5 mM), or high K+ (8.0 mM) medium and Hsc70 levels assessed after 24 or 48 h. The same samples were used for blotting as for
generating the data for Figure 1A, hence the Coomassie gels are the same. B, summary data (mean ± SD) of normalized band densities relative to control.
*p < 0.05 compared with control media (n = 7). Comparisons were performed using a one-way ANOVA followed by a Dunnett multiple comparison test. C,
similar studies assessing Hsc70 mRNA levels using RTqPCR. Signals are normalized against 18S rRNA and expressed relative to control (mean ± SD, n = 9).
*p < 0.05 compared with control. Comparisons were performed using a one-way ANOVA followed by a Dunnett multiple comparison test. D, tubules were
incubated in either control (Con, 3.5 mM K+) or high K+ (8.0 mM K+) medium for 8, 16, or 24 h. Tubules were harvested and subjected to immunoblotting for
NCC, Hsc70, phosphorylated Hsc70, or Prot20s. Summary data for NCC (E), Hsc70 (F), and phosphorylated Hsc70/total Hsc70 (G) show normalized signal
intensity relative to time matched control (n = 7) and significant differences are indicated (*p < 0.05). E–G, shown are mean values ± SD. Comparisons were
performed using an unpaired Student’s t test. Coom, Coomassie blue staining.

Potassium-induced NCC degradation
abundance was only apparent after 16 h, suggesting that the
reduction in phosphorylated Hsc70/Hsp70 precedes the high
K+-mediated NCC degradation.

A role for PP1α in mediating the long-term effects of high K+

on NCC abundance

Protein phosphatase 1 can bind and dephosphorylate
members of the Hsp70 family (23, 26, 27). Theoretically this
interaction could dephosphorylate Hsp70/Hsc70 leading to
association of NCC with CHIP and subsequent targeting for
degradation. PP1 activity has been linked to short-term mod-
ulation of NCC function via the protein phosphatase 1
inhibitor-1 (I-1) (28, 29), and the abundance of the alpha
isoform of the PP1 catalytic subunit (PP1α) increases specif-
ically in the DCT of mice fed a high K+ diet for 4 days (22).
However, a role of PP1 for modulating NCC abundance has
not been investigated.
6 J. Biol. Chem. (2021) 297(2) 100915
To investigate if K+ has a direct effect on PP1 expression,
primary tubules were grown in different concentrations of K+.
PP1α (Ppp1ca) mRNA expression increased after high K+ and
decreased after low K+ (Fig. 7A), whereas alterations in K+ had
no effect on mRNA levels of the PP1β (Ppp1cb) or PP1γ
(Ppp1cg) subunits (Fig. 7A). In agreement with the changes in
mRNA, PP1α protein levels were significantly lower after
24–48 h incubation in 0.5 mM K+ and increased after incu-
bation in 8 mM K+ relative to control media (3.5 mM K+)
(Fig. 7, B and C), a mirror opposite of what was observed with
NCC (Fig. 1A). Experiments balancing altered KCl concen-
trations with NaCl (instead of choline Cl) showed similar re-
sults (Fig. S5A). Furthermore, aldosterone did not alter PP1α
levels nor did it affect the high K+-mediated increase in PP1α
(Fig. S5B).

In lysates from primary tubule suspensions grown in control
media, NCC and PP1α could also be coimmunoprecipitated



Figure 7. Inhibition of PP1α prevents the ability of high K+ to reduce total NCC levels in isolated renal cortical tubules. A, tubules were incubated in
either low K+ (0.5 mM K+), control (Con, 3.5 mM K+), or high K+ (8.0 mM K+) medium for 24 h and PP1α, PP1β, or PP1γ mRNA levels were assessed using
RTqPCR. Signals are normalized against 18S rRNA and expressed relative to control (mean ± SD, n = 9). *p < 0.05 compared with control media. Com-
parisons were performed using a one-way ANOVA followed by a Dunnett multiple comparison test. B, tubules were incubated in either low K+ (0.5 mM K+),
control (Con, 3.5 mM K+), or high K+ (8.0 mM K+) medium and PP1α protein levels assessed after 24 or 48 h. The same samples were used for blotting as for
generating the data for Figure 1A, hence the Coomassie gels are the same. C, summary data (mean ± SD) of normalized band densities relative to control
(n = 7). *p < 0.05 compared with control media. Comparisons were performed using a one-way ANOVA followed by a Dunnett multiple comparison test. D,
tubules were incubated in control (Con, 3.5 mM K+) or high K+ medium (K, 8.0 mM K+) for 24 h, with or without the PP1 inhibitor tautomycetin (Taut) or the
PP2B/PP3 inhibitor deltamethrin (Del), and NCC levels were assessed by immunoblotting. Summary data show normalized band densities relative to control
and significant differences are indicated (*p < 0.05, n = 6). E, similar experiment using tautomycetin (Taut) or the PP2B/PP3 inhibitor Fk506 (n = 8). F, similar
experiment using the PP1/PP2A inhibitor Calyculin A (CA) (n = 12). G, similar experiment using the PP2A inhibitor fostriecin (Fos) (n = 8). D–G, shown are
mean values ± SD. Comparisons were performed using a two-way ANOVA followed by a Tukey multiple comparison test. Coom, Coomassie blue staining.

Potassium-induced NCC degradation
(Fig. 5A), suggesting they form a complex. The interaction of
NCC with PP1α and Hsc70/Hsp70 was further investigated by
growing tubules in high K+ or control medium and subse-
quently performing coimmunoprecipitations using an anti-
body for total NCC. In input samples, NCC expression
decreased, as well as phosphorylated Hsc70/Hsp70, in agree-
ment with a PP1-mediated dephosphorylation of Hsc70. The
coimmunoprecipitated samples show that the interaction with
NCC is not changed by incubating in high K+ medium, sug-
gesting that this complex is present independent of K+ con-
centration (Fig. S6).

To confirm a role of PP1 activity for modulating the long-
term effects of high K+ on NCC, tubules were incubated for
24 h in control or high K+ media with or without the PP1-
inhibitor tautomycetin. The decrease in total NCC observed
in high K+ medium was completely blocked by tautomycetin
J. Biol. Chem. (2021) 297(2) 100915 7



Potassium-induced NCC degradation
(Fig. 7, D and E), confirming that PP1 is involved in the long-
term effects of K+ on NCC. In agreement with the effect of
tautomycetin, the PP1/PP2A inhibitor Calyculin A increased
total NCC expression and blocked the decrease in total NCC
observed in high K+ medium (Fig. 7F). A role for PP2B/PP3
(calcineurin) in mediating the short-term effects of high K+ on
phosphorylated NCC has been proposed (30). However,
inhibiting PP2B/PP3 with deltamethrin (Fig. 7D) or Fk506
(tacrolimus) (Fig. 7E) did not prevent the decrease in NCC
following 24 h of high K+. At high concentrations, tautomy-
cetin and Calyculin A can inhibit PP2A (31). However, the
PP2A/PP4 inhibitor fostriecin (32) did not affect total NCC
levels relative to control or prevent the decrease in NCC with
high K+ (Fig. 7F). Fostriecin increased phosphorylated Gsk3β, a
known PP2A target (33), confirming inhibition of PP2A
(Fig. S7). Together these data confirm that increased PP1 ac-
tivity during long-term high K+ exposure plays a critical role in
controlling NCC levels.

PP1 activity has been linked to short-term modulation of
NCC function via the PP1 inhibitor I-1 (28, 29). Incubation
of cortical tubules for 24 h in 0.5 mM K+ significantly
decreased I-1 expression compared with control (3.5 mM),
while high K+ had no effect. This effect of low K+ on I-1
was still apparent after 48 h, but at this time point I-1 levels
were also significantly increased by high (8.0 mM) K+

(Fig. S8). The increased I-1 expression with high K+ after
48 h should decrease PP1 activity, which may counteract the
increased PP1α expression.

Effect of high K+ diet on PP1α and Hsc70 in vivo

To investigate if findings in primary tubules could be
confirmed in vivo, mice were fed a high K+ or control diet for
4 days. Altered physiological parameters of the mice under
high dietary K+ intake included increased plasma aldosterone
levels and greater urinary excretion of K+ (Table S1). In kidney
cortex samples isolated from these mice, expression and
cleavage of the α- and γ-ENaC subunits (34, 35) were signifi-
cantly increased by increased dietary K+, whereas NCC and
phosphorylated (active) T58-NCC levels were decreased
(Fig. 8, A–C). PP1α levels were significantly increased in the
renal cortex of the high K+-treated mice (Fig. 8E). In addition,
Hsc70 levels were increased, while phosphorylated Hsc70/
Hsp70 was decreased in the renal cortex of mice during high
dietary K+ intake (Fig. 8D). No significant change was observed
in the expression of I-1 (Fig. 8F). Together, these in vivo data
support our findings in ex vivo primary tubules.

Discussion

A high dietary K+ intake is associated with lower BP and a
reduction in cardiovascular disease (6–8). The actions of NCC
are thought to play a central role in the renal response to
altered dietary K+ intake, with increased NCC abundance
during low K+ intake, but lower NCC levels during high K+

intake (14, 15, 36). The mechanism of dietary K+-dependent
NCC downregulation is unclear. Therefore, this study aimed to
decipher the molecular mechanism responsible for reducing
8 J. Biol. Chem. (2021) 297(2) 100915
total NCC levels during high dietary K+ intake. A major finding
is that high K+ does not alter NCC transcription, but increases
ubiquitin-dependent degradation processes to reduce NCC
abundance. Increased PP1 activity, likely acting via altering
Hsp70-mediated degradation, is critical for this process.

A time-dependent increase in general protein ubiquitylation
occurred in ex vivo tubule suspensions incubated in high K+.
The mechanism responsible for this increase is unknown, but
during the period of study it was not associated with altered
cell integrity, cell death, decreased mitochondrial metabolic
activity, or changes in proteins implicated in ER stress (not
shown). NCC can also be ubiquitylated (19), which plays an
important role in NCC degradation by the proteasome via
endoplasmic-reticulum-associated degradation (ERAD) and by
the lysosome (24, 37). Supporting a mechanism by which high
K+ increases ubiquitin-dependent degradation of NCC, high
K+ exposure increased NCC ubiquitylation during inhibition of
the lysosomal or the proteasomal pathways, but NCC levels
were not decreased. The importance of ubiquitin-mediated
NCC degradation was further emphasized by the absence of
high K+ effects on NCC when the ubiquitin-activating enzyme
E1 was inhibited.

What is the mechanism for the high K+-induced ubiq-
uitylation and degradation of NCC? Although this is likely to
be multifactoral, we propose that the major pathway relates to
the effects of increased activity of PP1α on the function of heat
shock protein 70 (Hsp70) (see Fig. 9). The chaperone protein
Hsp70 plays an essential role in both protein folding and
ubiquitin-dependent protein degradation (21). Dephosphory-
lation of the two cytoplasmic Hsp70s, the constitutively
expressed Hsc70 and stress-induced Hsp70, by PP1 enhances
the interaction of Hsp70-bound proteins with the cochaperone
CHIP, promoting ubiquitylation and degradation of client
proteins (23, 26, 27). This process is important both for pro-
teasomal degradation of misfolded proteins via ERAD and for
peripheral quality control where damaged proteins are endo-
cytosed and targeted for lysosomal degradation (38). Phos-
phorylated Hsc70/Hsp70 levels were decreased in the renal
cortex of mice given a high K+ diet, while PP1α and Hsc70
levels were increased. Similar alterations in PP1α, Hsc70, and
phosphorylated Hsc70/Hsp70 levels could be mimicked in
cortical tubules by increasing K+ levels. These changes would
together facilitate a shift in balance within the DCT toward
degradation of Hsc70 bound proteins. Supporting this
mechanism NCC, PP1α, and Hsc70 were found to form a
complex ex vivo, and previous studies have demonstrated that
a NCC-CHIP interaction promotes NCC ubiquitylation and
degradation (24, 25). Furthermore, in tubule studies
the decrease in phosphorylated Hsc70/Hsp70 levels preceded
the reduction in total NCC levels, suggesting that this is a
trigger for effects on NCC. Finally, and perhaps most critically,
functional inhibition of either PP1 or Hsc70 activity prevented
the high K+-induced degradation of NCC. How high K+ in-
creases PP1α or Hsc70, or whether activation of Hsc70 in vivo
can mimic the effects of high K+ is unknown. The role of CHIP
and another E3 ubiquitin ligase Nedd4-2 (39) in the response
to high K+ is the focus of ongoing studies, but it has been



Figure 8. Effect of high K+ in vivo. Immunoblotting of (A) α-ENaC (85 kDa full length and 30 kDa cleaved form), (B) γ-ENaC (95 kDa full length and 70 kDa
cleaved form), (C) total NCC and phosphorylated T58 NCC (pT58 NCC), (D) Hsc70 and phosphorylated Hsc70, and (E) PP1α and (F) I-1 in cortical kidney
homogenates of mice given a control (con) or high K+ diet for 4 days. Summary data of normalized band densities relative to control (n = 7 or 6) are shown
(mean values ± SD). *p < 0.05 compared with control diet. Comparisons were performed using an unpaired Student’s t test. G, Coomassie blue staining of
the same samples used in blotting.

Potassium-induced NCC degradation
recently demonstrated that dietary Mg2 restriction decreases
NCC abundance via Nedd4-2 and that this overrides the
stimulatory effect of dietary K+ restriction on NCC (40).

An unanswered question is how Kir4.1/Kir5.1 fits into the
mechanism? Raising extracellular K+ transiently increases the
intracellular Cl− concentration in the DCT, and blockade of
Kir4.1/Kir5.1 or inhibition of the Cl− channel ClC-K2 increases
intracellular Cl− concentrations (41). Hence, diet-induced
changes in the extracellular K+ concentration are thought to
alter the basolateral plasma membrane potential via Kir4.1/
Kir5.1, resulting in altered intracellular Cl− levels and ulti-
mately modulation of the Cl− sensitive lysine deficient protein
kinase (WNK) 1 and 4, affecting the WNK-SPAK/OSR1 kinase
signaling pathway and NCC phosphorylation (10, 11). In K+
deficiency, WNKs and SPAK/OSR1 concentrate in spherical
cytoplasmic domains in the DCT termed "WNK bodies," in
which WNK4 is the primary active WNK isoform catalyzing
SPAK/OSR1 phosphorylation. These WNK bodies do not
develop in cells lacking Kir4.1 (42). The ability of high K+ to
reduce NCC abundance is also reduced in mice lacking Kir4.1/
Kir5.1 (12, 13). As there is an inverse correlation between NCC
phosphorylation and NCC ubiquitylation (43, 44), it could be
speculated that total NCC levels do not decrease in response to
high K+ in mice lacking Kir4.1/Kir5.1 simply because NCC
phosphorylation is not altered. Alternatively, it could be that
the activity of Kir4.1/Kir5.1 is central to driving the PP1α/
Hsc70/ubiquitin-dependent NCC degradation mechanism
uncovered here.
J. Biol. Chem. (2021) 297(2) 100915 9



Figure 9. Schematic of the role of PP1α and Hsc70 in hyperkalemia-driven NCC degradation. Hyperkalemia increases mRNA and protein expression of
both Hsc70 and PP1α. The chaperone protein Hsc70 plays an essential role in both protein folding and ubiquitin-dependent protein degradation,
depending on its phosphorylation. Hyperkalemia increases PP1α-mediated dephosphorylation of Hsc70, promoting ubiquitylation and degradation of NCC.
As part of the ER quality control, Hsc70-bound NCC can be targeted to endoplasmic-reticulum-associated degradation (ERAD) via the ubiquitin proteasome
system. Hsc70 is also involved in peripheral quality control at the plasma membrane and could target NCC to lysosomal degradation.

Potassium-induced NCC degradation
In mice, high dietary K+ strongly increased full length and
cleaved α and γ-ENaC abundance, which in part is likely a
result of increased release of aldosterone from the adrenal
gland subsequent to increased plasma K+ (34, 35). In addition,
K+ can stimulate ENaC independently of aldosterone in
mpkCCD cells (17). In line with this, in this study low K+

directly decreased α-ENaC abundance in cortical tubules,
although high K+ had no significant effect. Hsp70 has also been
shown to promote ENaC functional expression by increasing
its association with coat complex II and its exit from the
endoplasmic reticulum (45). K+-induced changes in Hsp70
could therefore also play a role in the effect of K+ on ENaC.
However, Hsc70 and Hsp70 have differential and antagonistic
effects with regard to the intracellular trafficking of ENaC in
oocytes, with Hsc70 decreasing but Hsp70 increasing the
functional and surface expression of ENaC (46). Whether
Hsc70 or Hsp70 plays a role in ENaC regulation requires
further studies.

In conclusion, we provide a novel mechanism for NCC
reduction following a high K+ diet. Increased protein
10 J. Biol. Chem. (2021) 297(2) 100915
phosphatase 1α (PP1α) activity subsequent to high K+ intake
drives ubiquitin-dependent NCC degradation in a mechanism
facilitated by heat shock protein 70. This mechanism helps
increase K+ secretion during hyperkalemia and is a novel
concept for understanding how high dietary K+ can reduce BP.
Experimental procedures

Antibodies

Specificity of the commercial antibodies was based on that
they either gave a single unique band on an immunoblot
corresponding to the target proteins predicted molecular
weight, or the most prominent band on the immunoblot was at
the target proteins predicted molecular weight (with no other
bands of similar size). The following antibodies were used: a
rabbit polyclonal NCC antibody (SPC-402D, StressMarq),
phosphorylated Threonine-58 NCC (pT58) antibody (47),
mouse antiubiquitin antibody (P4D1, cell signaling), mouse
PPP1ca antibody (Thermofisher), rabbit Phospho-GSK-3β
(Ser9) antibody (cell signaling) rat HSC70 antibody (Enzo),
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mouse HSP70 antibody (Enzo), mouse monoclonal antibody
clone GGS2.1 recognizing the phosphorylated C-terminal
threonine of Hsp70/Hsc70 GSGP(pT)IEEVD(23), rabbit I-1
antibody (ab40877 Abcam), rabbit α-ENaC antibody (48), and
rabbit γ-ENaC antibody (34). An additional mouse mono-
clonal anti-NCC (SLC12A3) antibody was developed by im-
munization of mice with the NCC epitope
GEPRKVRPTLADLHSFLKQEG as previously detailed (49).
From various clones, clone 3 was suitable for immunoblotting
and used in this study. Detection of NCC in mouse kidney
lysates was validated by western blotting on tissue obtained
from wild-type and NCC-deficient mice (50) (generously
provided by Régine Chambrey, INSERM) (Fig. S9A). In addi-
tion, HEK293 cells were transfected with human SLC12A3 (51)
or mock using METAFECTENE (Biontex) according to man-
ufacturer’s instructions, and NCC expression was induced
using doxycycline. Lysates were analyzed using the mono-
clonal antibody by western blotting (Fig. S9B).

Animal experiments

All protocols were approved and performed under a license
issued for the use of experimental animals by the Danish
Ministry of Justice (Dyreforsøgstilsynet). C57Bl/6J mice were
kept in standard cages in a room with a 12:12-h artificial light–
dark cycle, a temperature of 21 ± 2 �C, and humidity of 55 ±
2%, with free access to tap water and standard rodent diet
(1324 pellets, Altromin). For experiments, mice were housed
individually in metabolic cages, in a room at 27 �C, and during
a 2-day acclimatization period received a control diet (0.32%
Na+, 0.38% K+). Mice were switched to either a high K+ (5%
K+) diet or control diet (0.38% K+, containing 0.32% Na+,
Zeigler Brothers, Gardners, PA, USA) for 4 days. The control
diet was prepared by adding NaCl (8.13 g/kg food) dissolved in
300 ml water/kg food to a low NaCl diet to obtain a final
concentration of 0.32% Na+. The K+ diet was prepared by
adding NaCl (8.13 g/kg food) and 127.8 g/kg potassium citrate
dissolved in 300 ml/kg food to obtain final concentrations of
0.32% Na+ and 5% K+. Water intake was calculated by adding
the water in the food to the drinking volume.

Osmolality and electrolyte measurements

Collected urine was centrifuged at 1000 g for 1 min to clear
sediments. Osmolality was measured on a Micro Osmometer
3320 (Advanced Instruments Inc). Blood plasma was prepared
by collecting blood from the retro-orbital plexus in Li-heparin
tubes, inverting 8–10 times, followed by centrifugation. Urine
and plasma sodium, chloride, potassium, urea, and creatinine
concentrations were analyzed by the Clinical Pathology Lab-
oratory at the Medical Research Council (Harwell). Plasma
aldosterone concentrations were determined using an enzyme
immunoassay kit (EIA-5298; range: 20–1000 pg/ml; QC:
standards, DRG International).

Immunoblotting

Kidneys were isolated and the cortex was dissected. Tissue
was homogenized in ice-cold dissection buffer (0.3 M sucrose,
25 mM imidazole, and 1 mM EDTA, pH 7.2) containing
Complete protease inhibitor tablets and PhosSTOP phospha-
tase inhibitor tablets (both from Roche Diagnostics) followed
by a low-velocity spin (1000 g, 5 min, 4 �C). Standard pro-
cedures were utilized for sample preparation and SDS-PAGE
using 4–15% gradient polyacrylamide gels (Criterion TGX
Precast Protein Gels, BioRad). Equal quantities of total protein
were loaded per lane as determined by Coomassie blue
staining. The maximal deviations in total protein concentra-
tion between samples on individual blots were ±10%. Immu-
noblots were developed using SuperSignal West Femto
chemiluminescent substrate (Thermo Scientific) or Amersham
ECL Western Blotting Detection Reagent (GE Healthcare).
Signal intensity in specific bands was quantified using Image
Studio Lite (Qiagen) densitometry analysis.
Ex vivo renal cortical tubules

Male C57/bl6/J mice were killed by cervical dislocation,
and kidneys were removed. The cortex was dissected into
�1-mm pieces and placed into 4 ml of enzyme solution
containing 1.5 mg/ml collagenase type B (Roche) in buffer B
(125 mM NaCl, 30 mM glucose, 0.4 mM KH2PO4 1.6 mM
K2HPO4, 1 mM MgSO4, 10 mM Na-acetate, 1 mM
α-ketogluterate, 1.3 mM Ca-gluconate, 5 mM glycine,
48 μg/ml trypsin inhibitor, and 50 μg/ml DNase, pH 7.4).
Samples were mixed continuously at 37 �C and 850 rpm.
After 10 min, 2 ml of fresh enzyme solution was added.
After an additional 10 min, half of the enzyme solution was
placed on ice and replaced with 2 ml of buffer B, which was
repeated after an additional 10 min, during which the
remaining fragments were pipetted up and down ten times.
After a total period of 40 min, all tubules were centrifuged
for 2 min at 200g. The pellet was resuspended in 5 ml of
potassium-free DMEM (110 mM NaCl, 26 mM NaHCO3,
0.81 mM MgSO4, 1.8 mM CaCl2, 2.48 μM Fe(NO3)3,
0.91 mM NaH2PO4, 25 mM glucose, 1 mM sodium pyru-
vate, 0.4 mM glycine, 4 mM L-glutamine), MEM vitamin
solution (Thermo Fisher), and MEM amino acids (Thermo
Fisher), mixed via pipetting, and centrifuged at 200g for
2 min. The tubular suspensions were resuspended in
DMEM and transferred into 24-well plates. Tubules were
incubated at 37 �C and 5% CO2. Potassium concentrations
were changed by adding KCl or potassium citrate as indi-
cated. A similar concentration of choline Cl was added to
control media. Tubule viability through the duration of the
experiments was determined using (1) brightfield micro-
scopy, (2) cell counting and propidium iodine staining using
a NucleoCounter NC-100 cytometer, (3) the redox-sensitive
dye resazurin (R + D Systems). Concentrations of chemicals
used are 100 μM chloroquine, 10 μM Mg132, 25 or 150 μM
Ver-15508, 10 nM deltamethrin, 10 nM aldosterone (all
Sigma), 50 or 150 μM Pyr-41, 160 nM tautomycetin, 10 μM
FK506, 1.5 μM fostriecin, or 10 nM Calyculin-A (all Tocris).
Tubules were harvested in Laemmli sample buffer contain-
ing 100 mM DTT, sonicated, and heated for 30 min at
37 �C.
J. Biol. Chem. (2021) 297(2) 100915 11
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Immunoprecipitation

Tubules were incubated as described above and lysed in lysis
buffer (20 mM Tris, 135 mM NaCl, 1% Triton, 5 mM EDTA
[pH 7.4]) containing 20 mMN-ethylmaleimide (Sigma), 22 μM
PR619 (Abcam), Complete protease inhibitor tablets and
PhosSTOP phosphatase inhibitor tablets (both from Roche
Diagnostics) for 30 min at 4 �C to solubilize membrane pro-
teins. Samples were assayed for protein concentration and
subjected to immunoprecipitation using 5 μg of rabbit NCC
antibody or 1 μg of PP1α antibody and 20 μl of protein A-
agarose or G plus-agarose (Santa Cruz Biotechnology) at 4 �C
overnight with rotation followed by washing three times with
lysis buffer and elution in laemmli buffer with 100 mM DTT.
To isolate ubiquitinated proteins, a high-binding affinity ma-
trix based on a ubiquitin antibody tagged to agarose beads
(UBI-QAPTURE-Q matrix, Enzo Life Scienes) was used ac-
cording to manufacturer’s instructions.
Real time quantitative PCR (RTqPCR)

Renal cortical tubules were isolated and cultured as
described above. Total RNA was isolated using Trizol reagent
and a Ribopure RNA purification kit (Invitrogen), according to
the manufacturer’s instructions. To remove genomic DNA,
total RNA was treated with DNase I, Amplification Grade
(Invitrogen), and RNA was reverse-transcribed into cDNA
using random primers and Superscript II Reverse Transcrip-
tase (Invitrogen). During cDNA production, a control reaction
without the reverse transcriptase enzyme was included to
exclude genomic DNA amplification. Exon overlapping
primers were used, see Table S2. RTqPCR was performed
using SYBR Green I Master Mix (Roche) on a lightcycler 480
(Roche). Signals for ribosomal 18S were used to normalize for
differences in the amount of starting cDNA (sequence in
Table S2).
Statistical analysis

For western blotting and mouse physiological measure-
ments, data are expressed as mean ± standard deviation (SD).
For two groups, data meeting the statistical assumptions of
normality were assessed using an unpaired Student’s t test.
Comparisons of more than two groups were performed using a
one-way or two-way ANOVA followed by a Tukey or Dunnett
multiple comparison test. Sample number (n) is highlighted in
figure legends. Significance was considered at p < 0.05.
Data availability

All data are contained within the manuscript or supple-
mental materials.
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