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Clinically, potassium supplementation has been shown to lower blood pressure and reduce the risk of stroke through
modulation of potassium excretion and sodium reabsorption. Hypokalemia activates the renal sodium chloride
cotransporter (NCC) along the distal convoluted tubule (DCT), at least in part, through with-no-lysine 4 (WNK4) kinase
and STE20/SPS1-related proline-alanine-rich protein kinase (SPAK) signaling. The DCT also expresses a kinase-
deficient, kidney-specific form of WNK1 (KS-WNK1), but its role in NCC activation is unclear. In this issue of the JCI,
Boyd-Shiwarski and colleagues found that KS-WNK1 enhanced the effects of potassium on NCC activation in vivo.
Specifically, they showed that mice lacking KS-WNKT1 did not respond as robustly to dietary challenge. Additionally, in
vivo expression of a mutated KS-WNK1 disrupted WNK body, or biomolecular condensate, formation and renal function.
These findings, along with those of previous studies, indicate that KS-WNK1 may regulate potassium homeostasis by
increasing the kidney’s sensitivity to salt-dependent stress.
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Potassium intake and

blood pressure

In nature, mammals are exposed to wide
variations in potassium (K*) consumption,
from little or no intake for several days to
very high absorption following meat inges-
tion. Thus, the kidney requires powerful
mechanisms to respond to these changes.
The discovery of with-no-lysine (WNK)
kinases in 2000 (1) and the subsequent
demonstration that WNK kinase mutations
can disrupt systemic potassium balance and
blood pressure in humans (2) have improved
our understanding of the pathways that
modulate sodium and potassium excretion.
During the ensuing 25 years, a new paradigm
has developed, suggesting that low-potassi-
um intake stimulates WNK4 to phosphor-
ylate and activate the STE20/SPS1-related
proline-alanine-rich protein kinase (SPAK,

Clinically, potassium supplementation has been shown to lower blood
pressure and reduce the risk of stroke through modulation of potassium
excretion and sodium reabsorption. Hypokalemia activates the renal sodium
chloride cotransporter (NCC) along the distal convoluted tubule (DCT), at
least in part, through with-no-lysine 4 (WNK4) kinase and STE20/SPS1-
related proline-alanine-rich protein kinase (SPAK) signaling. The DCT also
expresses a kinase-deficient, kidney-specific form of WNK1 (KS-WNK?1), but
its role in NCC activation is unclear. In this issue of the JCI, Boyd-Shiwarski
and colleagues found that KS-WNK1 enhanced the effects of potassium

on NCC activation in vivo. Specifically, they showed that mice lacking KS-
WNK?1 did not respond as robustly to dietary challenge. Additionally, in vivo
expression of a mutated KS-WNK1 disrupted WNK body, or biomolecular
condensate, formation and renal function. These findings, along with

those of previous studies, indicate that KS-WNK1 may regulate potassium
homeostasis by increasing the kidney’s sensitivity to salt-dependent stress.

also known as serine/threonine kinase 39
[STK39]), which in turn phosphorylates and
activates the renal sodium chloride cotrans-
porter (NCC). NCC activation helps prevent
potassium loss by increasing sodium reab-
sorption with chloride and limiting distal
sodium delivery (3, 4).

A clear relationship exists between sys-
temic blood pressure and potassium metab-
olism. In general, low potassium intake is
associated with higher blood pressure and
cardiovascular mortality (5). Large ran-
domized clinical trials have also shown
recently that potassium supplementation
can reduce blood pressure and mortality
(6). The molecular mechanisms behind
this inverse relationship reside, at least in
part, in the distal convoluted tubule (DCT)
of the kidney (7). The activity of the NCC
controls the amount of sodium delivered to
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the connecting tubule and collecting duct,
which is required for the electrogenic reab-
sorption that allows potassium secretion.
Thus, low extracellular potassium concen-
tration activates the NCC to prevent uri-
nary potassium loss; consequently, this pro-
cess favors increased salt reabsorption and
higher blood pressure. Data from patients
with familial hyperkalemic hypertension
(also called Gordon syndrome) have shown
that the hyperkalemia and high blood pres-
sure that these patients experience are asso-
ciated with mutations that increase WNK
signaling and can be successfully treated
with thiazide diuretics (8).

The WNK-SPAK-NCC model of renal
potassium regulation is now well accepted,
but there are some aspects of this path-
way that have remained controversial (9).
WNKA4 is the predominant WNK kinase in
the DCT. However, WNK1, which is found
ubiquitously throughout the body in its full-
length form, has a shorter, kidney-specific
isoform (KS-WNK1) that is almost exclu-
sively expressed in the DCT (10, 11). This
isoform is expressed through the use of an
alternative promoter. It therefore lacks the
first three exons of the full-length protein
that encode the kinase domain and con-
tains an alternative exon 4a with 30 unique
amino acid residues. This unique sequence
within KS-WNKI1 appears to be crucial for
the formation of WNK bodies — biomolec-
ular condensates that promote NCC activa-
tion during hypokalemia (12). The role of
KS-WNKI1 in DCT physiology has thus far
been unclear, with studies suggesting that it
can activate or inhibit NCC (9). These dispa-
rate results led one group to design a study
that would help resolve this confusion.

KS-WNK1, plasma K*,

and NCC activation

In this issue of the JCI, Boyd-Shiwarski et
al. (13) present compelling evidence that
KS-WNKI1 can both activate NCC during
low-potassium intake and limit its activi-
ty under high-potassium conditions. They

1



:

COMMENTARY

%

Plasma [K*] -

Low [K*]

PNCC @ .P‘P

+KS-WNKA1 .
%

°
)

vy

—-KS-WNK1

\

High [K*]

.P

—KS-WNK1

+KS-WNK1

Figure 1. KS-WNK1 increases sensitivity of NCC activation to changes in plasma potassium concen-
tration [K*]. When plasma [K*] is low, NCC is phosphorylated (pNCC) and activated through WNK/
SPAK signaling to mitigate urinary potassium loss. This process is enhanced by KS-WNK1, an isoform
necessary for the formation of WNK bodies, which are biomolecular condensates. When plasma [K*]
is high, NCC activity and phosphorylation are reduced, and WNK bodies dissipate. When KS-WNK1

is absent, the effects of plasma [K*] on NCC activation are still present but less pronounced. Under
these conditions, WNK bodies do not form at any plasma [K*].

used control mice (WT) and KS-WNKI1-
KO mice from both sexes to assess NCC
activity in mice fed low, control, and
high-potassium diets. Healthy mice can
typically handle a high-potassium diet, so
the diuretic amiloride was also given to a
group of mice fed the high-potassium diet
to generate hyperkalemia.

No difference in NCC expression or
phosphorylation (pNCC) was observed
between WT and KS-WNKI1-KO mice
consuming a control diet. Strikingly, phos-
phorylation of NCC in KS-WNK1-KO
kidneys was lower during hypokalemia
and higher during hyperkalemia relative to
the changes observed in WT mice. Thus,
KS-WNKI1-KO mice still appeared able
to modulate pNCC in response to changes
in blood potassium, but the response was

dampened compared with that of WT mice
(Figure 1). This result is consistent with oth-
er recent work that suggests that KS-WNK1
can amplify the response of NCC to chang-
es in potassium intake (14). A possible
mechanism for this effect derives from the
observation that KS-WNK1 forms heterod-
imers with WNK4, which could promote
‘WNK4 activation during low K* intake and
increase phosphorylation of NCC (15).
The authors next used clever math-
ematical modeling to reveal distinct dif-
ferences in pNCC activity compared with
blood potassium concentration based on
the presence or absence of KS-WNK1 (13).
Whereas the inverse response of pNCC to
blood potassium was linear in KS-WNK1-
KO mice, this was not true in WT mice.
Instead, there was a breakpoint around a
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blood K* of 5.6 mmol/L, which is consid-
ered the upper limit of the normal serum
K* concentration range. Phosphorylation
and dephosphorylation of NCC below and
above this limit, respectively, were much
more efficient in WT than in KS-WNK1-
KO mice, as evidenced by the sharper
slopes of these curves.

The effect of KS-WNKI1 on NCC acti-
vations was also linked to the formation of
WNK bodies when blood potassium con-
centration was less than 4.0 mmol/L (Fig-
ure 1). WNK bodies or molecular conden-
sates have been associated with activation of
the WNK/SPAK pathway in cultured cells
exposed to hypertonicity and in DCT cells
in vivo in the presence of hypokalemia (3,
16-18). Consistent with this, it was previous-
ly shown that WNK bodies cannot form in
DCT in the absence of KS-WNK1 (12).

Interestingly, although the effect of
low-potassium diet on pNCC and SPAK
phosphorylation (pSPAK) followed similar
trends, the dephosphorylation of pNCC
during high-potassium conditions was
not associated with comparable changes
in pSPAK. These results indicate that the
effect of hyperkalemia on NCC dephos-
phorylation may be associated with an
independent, unknown role for KS-WNK1,
as has been previously suggested (14, 19).

Role of WNK bodies in NCC
activation

Boyd-Shiwarski and colleagues previous-
ly showed that KS-WNKI1 is required for
WNK body formation in mice exposed to
low-potassium intake (12). However, to
test whether WNK body formation itself
is essential for full NCC activation, the
group expressed a modified KS-WNKI1 in
mice. They had found that a unique stretch
of cysteines within the KS-WNK1 amino-
terminal domain was required for KS-
WNKI1 to form molecular condensates in
cells (12). In this study, they introduced five
glutamine mutations (5Q) into this region of
KS-WNKI1 in vivo to determine whether it
could disrupt both WNK body formation
and NCC activation (13). The results were
positive but perhaps with some caveats.

The KS-WNKI1 5Q mice that con-
sumed a low K* diet did form molecular
condensates, but these were distinct from
classical WNK bodies. The mutant mice
had large, irregular molecular condensates
that appeared to sequester pSPAK with-
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in them. The KS-WNKI1 5Q mice also
demonstrated more pronounced hypokale-
mia and less NCC activation. The authors
argue that this suggests that well-formed
WNK bodies are required to activate and
send pSPAK to the apical membrane for
phosphorylation and activation of NCC.

While this explanation appears con-
sistent with the data presented, some addi-
tional aspects of the KS-WNK1 5Q pheno-
type suggest caution. This group previously
reported that the KS-WNKI1 5Q mutant
did not form aggregates when expressed in
cells but was instead diffusely distributed,
as might be expected if the amino-termi-
nal cysteines are necessary for condensate
formation (12). However, molecular con-
densates were still observed in KS-WNK1
5Q mice (13). Another study showed that
the KS-WNK1 5Q mutant failed to activate
the NCC but was also insensitive to deg-
radation by the ubiquitin ligase complex
formed by CLU3/KHLH3 (20). Thus, the
KS-WNK1 5Q mutant may accumulate
abnormally in the DCT and impact the size
of WNK bodies.

The effects KS-WNK1 5Q on NCC
activity also appear to be sexually dimor-
phic. Male KS-WNK1 5Q mice exhibit
more total NCC under control conditions,
whereas female mice do not. In addition,
while female KS-WNK1 5Q mice developed
severe hypokalemia on a low K* diet, male
mice did not. Additionally, male KS-WNK1
5Q mice exhibited higher serum chloride
concentration and lower bicarbonate, when
consuming a control diet. Thus, while the
KS-WNKI1 5Q mutant failed to form con-
densates in cultured cells, the results are
more mixed in vivo, suggesting that this
mutation may have other effects. There is
some evidence that females may need more
robust mechanisms to preserve potassium
homeostasis during physiological stresses
such as pregnancy (21), but the mechanisms
underlying the sex differences observed in
KS-WNK1 mutant mice and their response
to potassium changes will require careful
future study to decipher them.
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Conclusions and future studies
Despite these caveats, the current results
bring us a fuller understanding of how
KS-WNKI1 regulates the NCC response to
dietary potassium intake. As a pseudoki-
nase, KS-WNK1 promotes the formation
of WNK bodies and association with other
WNK kinase family members under hypo-
kalemic conditions to augment SPAK and
NCC activity. In contrast, KS-WNK1 also
appears to enhance dephosphorylation
of NCC in hyperkalemic settings, but this
seems to occur independently of SPAK.
KS-WNKI1 therefore allows mice, and
people, to adapt rapidly to a wider range
of physiological changes and the challeng-
es of episodic potassium consumption.
Given the known effect of WNK signal-
ing on hypertension, these findings may
also impact clinical management of blood
potassium and blood pressure through
reevaluation of blood chemistry references
ranges, diet recommendations, and use of
hypertensive therapeutics.
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