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Potassium-regulated distal tubule WNK bodies 
are kidney-specific WNK1 dependent

ABSTRACT With-no-lysine (WNK) kinases coordinate volume and potassium homeostasis by 
regulating renal tubular electrolyte transport. In the distal convoluted tubule (DCT), potassi-
um imbalance causes WNK signaling complexes to concentrate into large discrete foci, which 
we call “WNK bodies.” Although these structures have been reported previously, the mecha-
nisms that drive their assembly remain obscure. Here, we show that kidney-specific WNK1 
(KS-WNK1), a truncated kinase-defective WNK1 isoform that is highly expressed in the DCT, 
is critical for WNK body formation. While morphologically distinct WNK bodies were evident 
in the distal tubules of mice subjected to dietary potassium loading and restriction, KS-WNK1 
knockout mice were deficient in these structures under identical conditions. Combining in 
vivo observations in kidney with reconstitution studies in cell culture, we found that WNK 
bodies are dynamic membraneless foci that are distinct from conventional organelles, colocal-
ize with the ribosomal protein L22, and cluster the WNK signaling pathway. The formation of 
WNK bodies requires an evolutionarily conserved cysteine-rich hydrophobic motif harbored 
within a unique N-terminal exon of KS-WNK1. We propose that WNK bodies are not patho-
logical aggregates, but rather are KS-WNK1–dependent microdomains of the DCT cytosol 
that modulate WNK signaling during physiological shifts in potassium balance.

hyperkalemic hypertension (FHHt; pseudohypoaldosteronism type 
II, Gordon syndrome), a thiazide-sensitive disorder of hypertension 
and hyperkalemia (Wilson et al., 2001). WNK1 and WNK4 are key 
regulators of the thiazide-sensitive Na-Cl cotransporter (NCC; 
SLC12A3) in the distal convoluted tubule (DCT), a short segment of 
the nephron positioned between the loop of Henle and the collect-
ing system (Subramanya and Ellison, 2014). The activated form of 
both WNKs stimulates NCC via a serine–threonine kinase cascade. 
The kinase-active forms of WNK1 and WNK4 phosphorylate and 
activate two downstream homologous kinases, the Ste20/SpS1- 
related proline alanine-rich kinase (SPAK, STK39) and oxidative 
stress responsive kinase 1 (OSR1, OXSR1; Vitari et al., 2005). SPAK 
and OSR1 then directly phosphorylate and activate NCC (Moriguchi 
et al., 2005), increasing sodium reabsorption in the DCT, which 
causes decreased potassium secretion by the downstream nephron, 
by limiting distal NaCl delivery and/or inducing structural changes 
(Sorensen et al., 2013; Hunter et al., 2014; Grimm et al., 2017). 
Current evidence indicates that WNK kinases are chloride sensors 
that are regulated by changes in extracellular potassium (Piala et al., 
2014; Terker et al., 2015, 2016b).
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INTRODUCTION
With-no-lysine (WNK) kinases are a family of serine–threonine ki-
nases that regulate blood pressure and potassium homeostasis. 
Gain-of-function mutations of WNK1 and WNK4 cause familial 
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among these studies are that the puncta are almost entirely re-
stricted to the DCT, and are only present during maneuvers that 
alter total body K+ balance, either through dietary manipulation or 
via genetic lesions that perturb the WNK-SPAK/OSR1 signaling 
pathway.

Despite numerous reports that have described large WNK-
SPAK/OSR1 pathway puncta in the DCT, a unifying mechanism that 
explains how and why these peculiar structures form has been 
elusive. This led us to investigate the molecular composition and 
dynamics of these particles, and to identify mechanisms that lead to 
their formation during potassium loading and depletion. Our stud-
ies reveal that the formation of WNK-SPAK/OSR1 pathway puncta 
requires kidney-specific WNK1 (KS-WNK1), a truncated WNK1 iso-
form known to exhibit high and localized expression in the DCT 
(Delaloy et al., 2003; O’Reilly et al., 2003; Vidal-Petiot et al., 2012). 
Notably, a unique, evolutionarily conserved hydrophobic N-terminal 
domain of KS-WNK1 is essential for puncta formation, both in vivo 

and in vitro. Our results suggest that these 
KS-WNK1–dependent structures, which we 
call WNK bodies, retain WNK-SPAK/OSR1 
pathway components, likely to control DCT-
specific WNK-dependent signaling pro-
cesses during periods of distal nephron 
stress.

RESULTS
WNK1 is located in discrete puncta in 
the DCT in response to dietary 
potassium maneuvers
To investigate WNK1 localization in the 
kidney in response to shifts in total body 
potassium, we used a C-terminal “pan-
WNK1” antibody that detects all isoforms. 
Germ line WNK1 deletion leads to embry-
onic lethality (Zambrowicz et al., 2003); thus, 
we confirmed its specificity in a gene-edited 
WNK1 knockout cell line (Figure 1A; Roy 
et al., 2015b). To characterize the effect of 
dietary potassium on WNK1 puncta forma-
tion, C57BL/6 mice were fed low-K+ (LK), 
control, or high-K+ (HK) diets for 10 d. As 
shown in Figure 1B, mice fed a LK diet had 
a whole blood potassium concentration that 
was lower than that in mice on control or HK 
diets. The HK diet did not significantly in-
crease serum potassium levels, likely due to 
compensatory urinary excretion (O’Reilly 
et al., 2006; Castaneda-Bueno et al., 2014; 
Terker et al., 2016b). In immunohistochemis-
try studies, WNK1 puncta were apparent in 
mice subjected to either potassium restric-
tion or loading; in contrast, puncta were 
rarely visible in mice on the control diet 
(Figure 1C). Tubules positive for WNK1 
puncta were confirmed to be DCTs by stain-
ing contiguous slices for NCC. Similar re-
sults were observed in the 129/Sv mouse 
strain (Supplemental Figure S1). In potas-
sium-loaded mice, WNK1 also assumed a 
punctate distribution in a small population 
of NCC-negative cells in the early portion of 
the connecting tubule (CNT; Supplemental 

In the DCT, regulation of the WNK-SPAK/OSR1 pathway is 
linked to changes in its subcellular distribution. Several papers 
have reported that WNK-SPAK/OSR1 pathway components strik-
ingly concentrate into large discrete foci in the DCT in response to 
changes in potassium balance. During hypokalemia, for example, 
WNK4, SPAK, and OSR1 transition from a diffuse to punctate dis-
tribution in the DCT (Terker et al., 2015). Additionally, WNK1 can 
form discrete DCT-specific particles during either dietary K+ load-
ing or restriction (Al-Qusairi et al., 2016, 2017). Studies using ge-
netically modified mice have also visualized these structures. SPAK 
knockout (KO) mice, which develop a Gitelman syndrome-like po-
tassium wasting phenotype, develop WNK1 and OSR1 puncta in 
the absence of dietary K+ maneuvers (McCormick et al., 2011; 
Grimm et al., 2012). Moreover, mice with an FHHt-associated mu-
tation in Cullin 3, a key component of the cognate E3 ubiquitin li-
gase for WNK kinases, develop hyperkalemia and WNK4-positive 
DCT puncta (Schumacher et al., 2015). The common findings 

FIGURE 1: Dietary potassium maneuvers stimulate WNK1 puncta formation in mouse distal 
convoluted tubules. (A) pan-WNK1 antibody validation using gene-edited WNK1 KO and 
unedited (UE) cell lines, compared with a previously validated WNK1 antibody against exon 
28 (Roy et al., 2015b). (B) Whole blood potassium ([K+]WB) in mice treated with LK, control, 
or HK diet for 10 d. (n = 8 mice per condition; **: p < 0.0001; ANOVA with Tukey posttest). 
(C) Representative immunohistochemical staining of kidney tissue from mice on LK, control, or 
HK diet. [K+]WB, measured by cardiac puncture at the time of kidney harvest, is indicated for 
each condition. DCTs were identified by NCC/nuclear costaining in contiguous sections. DCT in 
2.5× zoom indicated by a dashed line. (n = 5 mice per condition; scale bar = 50 μm in 1× images, 
10 μm in 2.5× images). (D–F) Quantification of puncta distance (D), diameter (E), and number per 
cell (F) under LK and HK conditions (n = 3 mice and more than 59 cells from five tubules per 
condition; **: p < 0.0001, *: p = 0.02, unpaired t test).
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The localized expression pattern of KS-WNK1 transcripts led 
us to hypothesize that KS-WNK1 is responsible for the punctate 
distribution of WNK1 in the distal tubule. Because the pan-WNK1 
antibody is directed to the WNK1 C-terminus, it does not distin-
guish between L-WNK1 and KS-WNK1. Efforts to develop KS-
WNK1–specific exon 4a antisera for kidney immunofluorescence 
studies were unsuccessful, and antibodies against the N-terminus of 
L-WNK1 were nonspecific in kidney tissue. Therefore, we moved to 
an in vitro model to determine the role of WNK1 isoforms in puncta 
formation. In immunofluorescence studies in HEK-293 cells trans-
fected with WNK1 isoforms, overexpressed L-WNK1 adopted a dif-
fuse granular appearance, whereas KS-WNK1 was located in large 
discrete puncta, reminiscent of the micron-sized puncta found in the 
DCTs of mice subjected to dietary K+ maneuvers (Figure 2A). In 
transmission electron microscopy (TEM) studies in KS-WNK1-HA 
transfected cells, immunogold particles directed against hemagglu-
tinin (HA) epitopes collected in electron hypodense regions of the 
cytosol, and were not contained in membrane-bound organelles 
(Figure 2B). The difference in L- and KS-WNK1 distribution was also 
apparent in supernatant-pellet assays that distinguished between 
Triton X-100–sensitive and –resistant cellular fractions (Figure 2C). In 
these studies, L-WNK1 was enriched in a Triton X-100–soluble su-
pernatant, whereas KS-WNK1 was predominantly found in the Tri-
ton-resistant, SDS–soluble pellet (Figure 2, D and E). When we 
summed these two fractions, we noted no significant differences in 
total L- and KS-WNK1 protein abundance, suggesting that the dis-
crepancy in protein localization was not associated with changes in 
protein stability (Figure 2F). These findings support the observed 

Figure S2). As shown in Figure 1D, the puncta present during K+ 
restriction were perinuclear and positioned toward the basal pole. In 
contrast, the HK WNK1 puncta were almost half the size of the LK 
puncta and were oriented subapically (Figure 1, D and E). In addi-
tion, LK diet-treated mice exhibited a greater number of puncta, 
averaging four per cell, whereas HK diet-treated mice averaged two 
puncta per cell (Figure 1F). Together, these observations confirm 
that diet-induced potassium stress triggers WNK1 puncta formation 
in the DCT, and that the puncta that form under high and low-
K+ conditions exhibit measurable differences in size, location, and 
number.

In contrast to L-WNK1, KS-WNK1 forms large puncta 
in vitro
The WNK1 gene yields two major products due to alternative pro-
moter usage: a full-length kinase-active “long” isoform (L-WNK1), 
and a truncated kinase-dead “kidney-specific” isoform, termed KS-
WNK1 (Delaloy et al., 2003; O’Reilly et al., 2003). While L-WNK1 is 
ubiquitously expressed, a distal nephron-specific promoter in intron 
4 generates KS-WNK1 (Supplemental Figure S3A). The renal pro-
moter that drives KS-WNK1 expression replaces the first four exons 
of L-WNK1 with exon 4a, which encodes 30 unique amino acids 
(Supplemental Figure S3B). As shown in Supplemental Figure S3C, 
L-WNK1 transcripts are modestly expressed along the entire length 
of the nephron. In contrast, although KS-WNK1 is the more highly 
represented isoform in whole kidney mRNA extracts, its transcript is 
tightly restricted to the DCT, where its expression is 80-fold higher 
than L-WNK1 (Vidal-Petiot et al., 2013).

FIGURE 2: In contrast to L-WNK1, KS-WNK1 forms large puncta in vitro. (A) Immunofluoresence of HEK-293 
cells transiently transfected with either L-WNK1-HA or KS-WNK1-HA. (n = 5 transfections; scale bar = 10 μm). 
(B) Immunogold electron micrographs of HEK-293 cells transiently transfected with KS-WNK1-HA, labeled with 
anti-HA antibody. Note the concentration of gold particles (arrows) in an electron hypodense region of the cytosol. 
M = mitochondria; Nuc = nucleus. Scale bar = 100 nm. (C) Supernatant/pellet (SP) assay. Cell lysates were separated into 
Triton-soluble and Triton-resistant, SDS–soluble fractions. (D) Immunoblots of HEK-293 cells transiently transfected with 
either L-WNK1-HA or KS-WNK1-HA, subjected to SP assay. Blots were probed with HA antibody revealing a band 
at ∼250 kDa, corresponding to the MW of L-WNK1 and slightly lower band for KS-WNK1. L-WNK1-HA Sup also 
contains several other bands, presumably degradation products. (E) Relative protein abunance of L-WNK1 vs. KS-WNK1 
in the SP assay. Data were normalized to the L-WNK1 protein abundance in the Sup fraction. (n = 7 transfections; 
**: p = 0.0021, paired t test). (F) Comparison of the summed supernatant plus pellet protein abunance of L-WNK1 vs. 
KS-WNK1 in transiently transfected HEK-293 cells (n = 7 transfections; NS by unpaired t test).
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suggesting that its movement was restricted (Supplemental Movie 
S1). Supernatant-pellet assays in HEK-293 cells transiently trans-
fected with KS-WNK1 indicated that the fraction of L-WNK1 that 
was redistributed into the pellet was not phosphorylated (Supple-
mental Figure S5), a finding consistent with previous work suggest-
ing that DCT WNK1 puncta are deficient in active phosphorylated 
WNK kinases (Al- Qusairi et al., 2016, 2017). These findings indicate 
that in our cellular model, KS-WNK1 controls the subcellular local-
ization of the WNK-SPAK-OSR1 pathway.

The DCT-specific puncta are KS-WNK1 dependent
The observation that KS-WNK1 is almost exclusively expressed in 
the distal tubule and can redistribute the WNK-SPAK/OSR1 path-
way to discrete foci in cells suggests that it mediates the punctate 
localization of WNK kinases and SPAK in the DCT. To definitively test 
this hypothesis, we performed studies in KS-WNK1 KO mice 
(Supplemental Figure S6; Liu et al., 2011). In KS-WNK1 KO animals 
subjected to dietary K+ restriction, the characteristic subnuclear 
punctate signal recognized by the pan-WNK1, WNK4, and SPAK 
antibodies was absent (Figure 4A). In a rare subset of DCTs treated 
with HK and LK diets, WNK1 puncta were detected by immunohis-
tochemistry (Figure 4B); however, compared with diet and whole 
blood K-matched controls, these structures were 13- to 40-fold 
less abundant, exhibited significant differences in diameter com-
pared with controls, and were mislocalized to the basal pole (Figure 
4C–E). Given the observations that these punctate structures are 
concentrated assemblages of WNK-SPAK/OSR1 components, and 

differences in L- and KS-WNK1 subcellular localization by micros-
copy, indicating that the two isoforms are stably distributed in 
biochemically distinct fractions in cells.

Similar to WNK1 puncta in the kidney, KS-WNK1 clusters 
the WNK-SPAK/OSR1 pathway in cells
Several laboratories have reported that WNK1, WNK4, SPAK, and 
OSR1 form large micron-sized puncta in the DCT during dietary K+ 
maneuvers (van der Lubbe et al., 2013; Terker et al., 2015; Al-Qusairi 
et al., 2016, 2017), suggesting that they may be colocalized in DCT-
specific WNK signaling complexes. To further test this, we devel-
oped a guinea pig anti-WNK4 antibody for colocalization studies, 
and confirmed its specificity in WNK4 knockout animals (Supple-
mental Figure S4; Castaneda-Bueno et al., 2012). In immunofluores-
cence studies of kidneys from mice subjected to LK diets, the 
WNK1-positive puncta also contained SPAK and WNK4 (Figure 3A), 
confirming that they are assemblages of several proteins involved in 
WNK-dependent signaling. We hypothesized that the KS-WNK1–
specific puncta observed in HEK-293 cells (Figure 2A) and the 
punctate WNK1-positive structures detected in the DCT are similar 
in nature. Consistent with this prediction, immunofluorescence stud-
ies of transiently transfected HEK-293 cells revealed that L-WNK1 
and endogenous WNK4 and SPAK partially redistributed into KS-
WNK1 puncta (Figure 3, A–C). Live cell imaging studies of HEK-293 
cells cotransfected with L-WNK1-eGFP and KS-WNK1-mRuby re-
vealed that some of the puncta were mobile, and the L-WNK1 
fraction confined within these structures tracked with KS-WNK1, 

FIGURE 3: WNK1 puncta colocalize with the WNK-SPAK pathway in vivo and in vitro. (A) Immunofluorescence of kidney 
sections from mice on LK diet × 10 d ([K+]WB = 3.5 mEq/L) costained for WNK4 (both panel sets), pan-WNK1 (left), and 
SPAK (right). (n = 4 mice per condition; scale bar = 10 μm in 1× images, 5 μm in 4× images). (B) HEK-293 cells were 
transiently transfected with KS-WNK1-HA and were costained for HA epitopes (all panel sets), transiently transfected 
myc-L-WNK1 (with anti-myc antibody [left]), endogenous WNK4 (middle), or endogenous SPAK (right) (n = 4 
transfections). (C) Percent colocalization in HEK-293 cells of transiently transfected KS-WNK1-HA with exogenous 
myc-L-WNK (n = 8 images obtained at 60× magnification with an average of four kidney tubules per field), endogenous 
WNK4 (n = 6 images), or endogenous SPAK (n = 7 images). Pearson correlation coefficients were calculated with Imaris 
(Bitplane).
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DCP2), aggresomes (ubiquitin, vimentin), and mediators of chaper-
one-mediated autophagy (Hsc70; Supplemental Figure S7B).

A recent study reported that the 60S ribosomal subunit L22 
(RPL22) aggregates in the distal tubule cytosol of aldosterone- 
infused rats (Cheema et al., 2014). Although serum potassium levels 
were not measured in their study, these animals were presumably 
hypokalemic. Interestingly, the RPL22 aggregates were morphologi-
cally similar to the hypokalemic WNK bodies observed in Figure 1C. 
Moreover, immuno-TEM studies in kidney localized RPL22 to 
membraneless electron hypodense regions of the cytosol, which 
appeared strikingly similar to the electron micrographs in Figure 2B 
(Cheema et al., 2014). Thus, we tested the hypothesis that RPL22 is 
incorporated into WNK bodies in the setting of potassium stress. In 
kidney tissues from mice fed a LK diet, RPL22 concentrated into 
subnuclear puncta that were greater than 80% colocalized with 
WNK bodies, identified by pan-WNK1 immunostaining (Figure 5, A 
and B). Under high-K+ dietary conditions, RPL22 was also partially 
colocalized with the pan-WNK1 signal in DCT subapical puncta 
(Figure 5, A and B). As reported previously (Cheema et al., 2014), 

are dependent on KS-WNK1 for proper formation, we henceforth 
refer to them as “WNK bodies.”

The ribosomal subunit RPL22 specifically localizes 
to WNK bodies
Next, we sought to identify cellular components that colocalize with 
WNK bodies. In contrast to previous reports noting an association 
between L-WNK1 and membrane-bound organelles (Zagorska 
et al., 2007), KS-WNK1-HA did not colocalize with markers of early 
endosomes (EEA1), late endosomes and lysosomes (LAMP1, 
LAMP2, lysotracker), autophagosomes (P62, LC3B), the endoplas-
mic reticulum (PDI), and lipid droplets (BODIPY; Supplemental 
Figure S7A and Supplemental Movies S2 and S3). These findings 
are consistent with the electron micrographs in Figure 2B, and 
confirm that the transfected KS-WNK1 puncta are not endosomes, 
autophagosomes, or phospholipid-bound organelles. In addition, 
under unstressed conditions, KS-WNK1 did not colocalize with 
markers for membraneless organelles and proteotoxic aggregates, 
including stress granules (TIAR, G3BP1, eIF4E), P-bodies (eIF4E, 

FIGURE 4: The DCT-specific puncta are KS-WNK1 dependent. (A) Immunofluorescence of mouse DCT from either WT 
or KS-WNK1−/− (KO) mice maintained on LK diet for 10 d. [K+]WB levels were similar for both WT and KS-WNK1 KO 
mice. DCTs were identified by NCC costaining. Pan-WNK1, WNK4, and SPAK antibodies detected puncta in WT mice, 
whereas puncta were nearly absent in KS-WNK1 KO mice. (n = 4 mice per genotype; scale bar = 10 μm in 1× images, 
5 μm in 4× images). (B) Representative immunohistochemical staining of DCTs from KS-WNK1 KO mice maintained on 
either LK or HK diet for 10 d. Indicated with arrows are rare punctate structures that were detected in a small subset of 
DCTs with the pan-WNK1 antibody under both LK and HK conditions. (n = 3 mice per condition; DCT in 2.5× zoom 
indicated by a dashed line). (C–E) Comparison of WT and KS-WNK1 KO mice on LK and HK diets. KS-WNK1 KO mice 
exhibited dramatically reduced puncta abundance (C) compared with WT mice. These foci were positioned farther from 
the lumen (D) and demonstrated a normalization of diameter relative to WT (E; i.e., in KO mice, puncta diameter 
averaged 1.9 μM under both LK and HK conditions) (n = 3 mice per condition, and due to the scarcity of puncta more 
than 200 cells from 20 tubules were analyzed per condition. WT data from Figure 1 are presented alongside KO data for 
comparison. **: p < 0.0001; *: p = 0.0045, #: p = 0.03 by ANOVA, Tukey’s post hoc test).
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exon 4a emerged in coelacanths, a sarcopterygian that evolved into 
land-dwelling tetrapods (Nikaido et al., 2013). This suggests that 
KS-WNK1 is involved in facilitating the transition of life from water to 
land, a function that has been ascribed to the kidney tubule (Rossier 
et al., 2015). An analysis of phylogenetically conserved residues in 
KS-WNK1 revealed an unusual cluster of cysteines interspaced by a 
block of five bulky hydrophobic residues (Figure 6A). To test the 
relevance of these sequences to WNK body formation, we con-
ducted a mutagenic analysis (Figure 6B), comparing the subcellular 
localization of exon 4a mutants with wild-type (WT) KS-WNK1 in 
supernatant-pellet assays, and by immunofluorescence confocal 
microscopy. Deletion of the 30 amino acids encoded by exon 4a 
(Δ30) shifted KS-WNK1 from the pellet to the supernatant fraction 
(Figure 6C) and from puncta to the cytosol (Figure 6D). Mutation of 
the six cysteines within exon 4a to serine (C6→S) also forced KS-
WNK1 from the pellet into the supernatant; the transition to cytosol 
was confirmed by immunofluorescence (Figure 6, C and D). All six 
cysteines were required for full redistribution to the cytosol, as mu-
tation of the outer two cysteines (C2→S) did not influence KS-WNK1 
localization, and mutation of the inner four residues (C4→S) only 
had a modest effect (Figure 6, C and D). Finally, we mutated the 
block of bulky hydrophobic residues to neutral glutamines (5Φ→5Q), 
and again saw similar results to the Δ30 and C6→S constructs: the 
hydrophobic mutant was predominantly expressed in the superna-
tant fraction and distributed diffusely on immunofluorescence. 
These data indicate that a cysteine-rich hydrophobic (CRH) motif in 
KS-WNK1 is required for the formation of WNK bodies.

Fluorescence recovery after photobleaching (FRAP) with C-ter-
minal eGFP tagged constructs revealed a large difference in the re-
covery kinetics of L-WNK1 and KS-WNK1. While L-WNK1 exhibited 
rapid recovery post photobleaching, WNK body-localized KS-
WNK1 recovered slowly over time (Figure 6, E and F). These findings 
suggest that WNK bodies restrict the diffusion of individual KS-
WNK1 proteins. FRAP experiments with the KS-WNK1-C6→S-GFP 
construct revealed that the absence of cysteines freed the KS-WNK1 
protein from WNK bodies, resulting in a greatly enhanced rate of 
diffusion relative to WT KS-WNK1 (Figure 6, E and F). Thus, although 
WNK bodies are distinct entities that are capable of dynamic 
trafficking in cells (Supplemental Movie S1), movement of KS-WNK1 
within a given WNK body appears to be limited and dependent on 
the CRH motif.

DISCUSSION
WNK kinases regulate electrolyte transport in the distal tubule in 
response to physiological changes in extracellular potassium 
(Terker et al., 2015, 2016b; Boyd-Shiwarski and Subramanya, 2017). 
Consistent with unique regulation of WNK signaling in the DCT, 
several studies have reported that the WNKs, SPAK, and OSR1 co-
alesce into large puncta in the DCT during dietary K+ maneuvers, 
or in mouse models where regulation of the pathway is perturbed 
through genetic modifications (Grimm et al., 2012; Schumacher 
et al., 2015; Terker et al., 2015; Al-Qusairi et al., 2016, 2017). Al-
though the formation of these peculiar structures is clearly linked to 
WNK signaling pathway activity in the DCT, the mechanisms that 
drive their assembly have been mysterious. Here, we determined 
that these “WNK bodies” are dependent on KS-WNK1 for their 
formation. A unique CRH motif within exon 4a of KS-WNK1 is criti-
cal for their assembly, and consistent with this, mice lacking KS-
WNK1 were unable to form puncta. Further, we show that WNK 
bodies are compositionally unique, as they are membraneless and 
lack the classical signatures of stress granules, processing bodies, 
or proteotoxicity. Finally, our data indicate that WNK bodies are 

RPL22 did not assume a punctate localization pattern under control 
dietary conditions (unpublished data). In KS-WNK1–transfected 
HEK cells, endogenous RPL22 was also highly colocalized in KS-
WNK1–positive puncta (Figure 5C and Supplemental Movie S4). 
Collectively, these findings identify RPL22 as a WNK body constitu-
ent. Importantly, they also further support the notion that distal 
tubule WNK bodies and transfected KS-WNK1 puncta in cells share 
the same molecular composition.

A cysteine-rich hydrophobic motif in KS-WNK1 mediates 
WNK body formation
The N-terminus of KS-WNK1 consists of 30 unique amino acids, en-
coded by exon 4a (Supplemental Figure S3B). The primary amino 
acid sequence of exon 4a is highly conserved across evolution 
(Figure 6A). Based on an analysis of available genomic databases, 

FIGURE 5: WNK bodies colocalize with RPL22. (A) Immuno-
fluorescence of kidney sections from WT mice on LK or HK diets × 
10 d, showing colocalization of pan-WNK1 puncta with RPL22. Box 
indicates area magnified (bar 1× 10 μm, bar 4× 5 μm). (B) Percent 
colocalization of between WNK1 and RPL22 under LK and HK dietary 
conditions. In kidney tissue, on LK diet, WNK1 was 85% colocalized 
with RPL22, whereas on a HK diet WNK1 was less colocalized with 
RPL22 (n = 3 mice per condition and 10 images obtained at 60× 
magnification with an average of four kidney tubules per field). 
(C) Immunofluorescence of HEK-293 cells transiently transfected with 
KS-WNK1-HA and costained for HA epitopes and endogenous RPL22 
(n = 3 transfections; scale bar = 10 μm in 1× images, 5 μm in 4× images).
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loading requires local expression of the canonical aldosterone- 
induced kinase SGK1, as these high-K+ WNK puncta were absent in 
inducible renal tubule-specific SGK1 knockout mice despite severe 
hyperkalemia (Al-Qusairi et al., 2016). On the other hand, under 
volume-replete low-K+ conditions, circulating aldosterone concen-
trations are low (Castaneda-Bueno et al., 2014) and its downstream 
signal should therefore be switched off in the renal distal tubule. 
Indeed, both SGK1 and mineralocorticoid receptors are dispens-
able for the strong up-regulation of NCC phosphorylation caused 
by dietary K+ restriction (Vallon et al., 2009; Terker et al., 2016a), an 
effect known to be dependent on WNK kinases (Castaneda-Bueno 
et al., 2014). These observations suggest that the formation of high-
K+ WNK bodies requires aldosterone, whereas the formation of 
low-K+ WNK bodies does not. Although additional work is needed 
to understand how WNK body assembly and function differs during 
hyper- and hypokalemia, our data indicate that these unique 
structures serve the common goal of responding to potassium 
imbalance.

Several studies have reported that endogenous and overex-
pressed L-WNK1 can adopt a diffuse expression pattern in cell 

dynamic and restrict the movement of WNK pathway components, 
suggesting that they compartmentalize WNK-SPAK/OSR1 signal-
ing in the DCT.

According to current models, potassium restriction causes baso-
lateral hyperpolarization of the DCT, and phosphoactivation of NCC 
via WNK kinases (Terker et al., 2015; Cuevas et al., 2017). In addi-
tion, KS-WNK1 mRNA abundance is decreased during K+ restric-
tion, which has been hypothesized to lessen the antagonistic effects 
of KS-WNK1 on active WNK kinases (Lazrak et al., 2006; O’Reilly 
et al., 2006; Subramanya et al., 2006). Conversely, excess dietary 
potassium is associated with NCC dephosphorylation, and in-
creased KS-WNK1 mRNA expression (Wade et al., 2006; Cheng 
et al., 2012; Penton et al., 2016). On the basis of this congruent 
model, we initially hypothesized that KS-WNK1 would be necessary 
for puncta formation on a high-K+ diet, and were surprised to find 
that KS-WNK1 also drives WNK body formation during K+ deple-
tion. It is possible that high- and low-K+ WNK bodies, although 
both KS-WNK1 dependent, form via distinct mechanisms that are 
tied to their morphological differences. Consistent with this idea, we 
recently found that the formation of WNK bodies during dietary K+ 

FIGURE 6: A CRH motif localizes KS-WNK1 to WNK bodies. (A) Amino acid sequence of exon 4a. The sequence 
emerged in coelacanths and is highly conserved to humans, including a putative CRH motif (highlighted in blue). 
(B) Exon 4a mutagenesis. Five constructs were created including 1) Δ30, lacking the entire exon 4a, 2) C6→S, mutating 
all of the cysteines to serines, 3) C2→S, mutating the two outer cysteines to serines, 4) C4→S, mutating the four inner 
cysteines to serines, and 5) 5Φ→5Q, mutating the hydrophobic cluster to glutamines. (C, D) SP assay (anti-HA 
immunoblot) of HEK-293 cells transiently transfected with KS-WNK1-HA mutants. Representative immunofluorescence 
of HEK-293 cells transiently transfected with either KS-WNK1-HA or N-terminal mutants, probed with HA antibody 
(n = 3 transfections). (E) Fluorescence recovery after photobleaching (FRAP) experiment. HEK-293 cells were transiently 
transfected with L-WNK1-GFP, KS-WNK1-GFP, or C6→S-KS-WNK1-GFP. Representative time series of WNK1-GFP 
recovery after photobleaching (area bleached circled in blue and recovery indicated by yellow arrows). (F) Percent 
recovery of the mobile fraction over 20 s. L-WNK1 and the C6→S mutant exhibited a similar rate of recovery 
(n = 10 replicates for both). In contrast, KS-WNK1 puncta (n = 3 replicates) exhibited limited mobility, with only 5% 
recovery by 20 s. Error bars = SEM.
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perhaps most importantly, WNK bodies form (and by inference, 
disperse) during physiological changes in plasma potassium, sug-
gesting they embody a natural, productive response to potassium 
stress. Indeed, it seems more likely to us that WNK bodies are 
demixed hydrophobic microdomains of the cytosol that arise to 
partition signaling processes linked to potassium-dependent ion 
transport in the DCT. Although we were unable to detect colocaliza-
tion between WNK bodies and components of stress granules or 
P-bodies, they may be kidney-specific stress-induced assemblies 
that operate in a similar manner.

In conclusion, we have shown that WNK bodies are unique KS-
WNK1–dependent structures that form in the DCT during changes 
in potassium balance. We propose that WNK body formation is 
linked to the normal physiology of the distal nephron, as an evolu-
tionarily conserved manifestation of the renal response to potassium 
stress.

MATERIALS AND METHODS
Molecular methods
All L-WNK1 and KS-WNK1 clones used for this study were subcloned 
to the EcoRI and XbaI sites of pcDNA3.1 and were derived from the 
original untagged rat L-WNK1 cDNA (AAF74258.1), with an S2368G 
mutation, which corrects a variant serine present in the original cDNA 
back to an evolutionarily conserved glycine (Xu et al., 2000; Chavez-
Canales et al., 2014; Roy et al., 2015a). To generate untagged KS-
WNK1, an EcoRI-PacI fragment from a previously generated rat KS-
WNK1 cDNA (Subramanya et al., 2006) was swapped with the 5′ end 
of L-WNK1. All mutations were designed as synthetic gBlocks 
(Integrated DNA Technologies) and 5′ EcoRI and PacI restriction 
fragments were swapped with the 5′ end of KS-WNK1 using standard 
methods. All clones contain an in-frame HA tag at the C-terminus. 
Additional in-frame C-terminal eGFP or mRuby tags were fused to 
WNK1 cDNAs and used for live cell imaging. Primer and gBlock 
sequences are available on request.

Antibodies
The rabbit pan-WNK1 antibody was purchased from Atlas antibod-
ies, and is directed to residues 1779–1869 of human WNK1 
(NP_061852.3). To generate the guinea pig WNK4 antibody, a GST 
fusion protein cDNA encoding the first 167 amino acids of mouse 
WNK4 was expressed in BL21 E.coli, purified using a HiTrap gluta-
thione S-transferase (GST) column and eluted with 10 mM reduced 
glutathione. The free glutathione was removed by overnight dialysis 
and purity was confirmed by SDS–PAGE. Antibody production in 
guinea pigs was carried out by Pocono Rabbit Farm and Laboratory 
(Canadensis, PA). For a complete list of antibodies used for this 
study, see Supplemental Table S1.

Animal studies
All animal protocols were performed in accordance with the Na-
tional Institutes of Health (NIH) Guide for the Care and Use of Labo-
ratory Animals and were approved by the University of Pittsburgh 
IACUC. C57Bl/6 and 129/Sv mice (aged 8–10 wk, 25–30 g) were 
from Jackson Laboratories. KS-WNK1-KO mice (129/Sv back-
ground) were reported previously (Liu et al., 2011). Mice were fed 
low-K+ (<0.03%; Teklad TD.88239), normal K+ (1%), or high-K+ 
citrate diets (5%; Teklad TD.07278). After 10 d, mice were anesthe-
tized with isoflurane, whole blood was collected with a heparinized 
syringe via cardiac puncture and analyzed by iSTAT (Abbot), and 
kidneys were then harvested and fixed in either 10% Formalin for 
immunohistochemistry or 4% paraformaldehyde for immunofluores-
cence. Animals were killed by cervical dislocation.

culture (Xu et al., 2000; Zagorska et al., 2007), or localize to innu-
merable submicron-sized intracellular puncta, either at baseline (Tu 
et al., 2011; Sengupta et al., 2012), or under conditions of hyperos-
motic stress (Zagorska et al., 2007; Sengupta et al., 2012). Studies 
that localized L-WNK1 to these small puncta have reported that it 
partially overlaps with a variety of structures, including clathrin-
coated vesicles, mitotic spindles, and regulators of autophagy 
(Zagorska et al., 2007; Tu et al., 2011; Gallolu Kankanamalage et al., 
2016). These findings support the notion that L-WNK1 has pleiotro-
pic kinase-dependent regulatory functions that affect membrane 
traffic, growth, and cell division, and is consistent with its ubiquitous 
expression in mammalian cells (Xu et al., 2000). Motivated by these 
previous studies, we sought to determine whether the large KS-
WNK1–dependent WNK bodies observed here colocalize with 
similar intracellular markers, and found that they are clearly distinct 
from them. Nevertheless, when both WNK1 isoforms are present in 
the same cell, KS-WNK1 can sequester L-WNK1 and other mem-
bers of the WNK-SPAK/OSR1 pathway into WNK bodies. Studies 
presented here and in previously published work indicate that 
these sequestered WNKs are dephosphorylated, both in heterolo-
gous expression systems (Supplemental Figure S5) and in the DCT 
(Al-Qusairi et al., 2016, 2017). Thus, KS-WNK1 may function as a 
DCT cell-specific regulator of WNK pleiotropy.

In addition to identifying WNK-SPAK/OSR1 pathway compo-
nents as WNK body constituents, we localized RPL22 within these 
structures. Previous work by (Cheema et al., 2014) provided the 
critical clue that this ribosomal subunit might colocalize with WNK 
bodies. In their study, RPL22 foci were identified following aldoste-
rone infusion, a condition that induces negative K+ balance. Match-
ing our own observations presented here, these structures were 
subnuclear, and failed to colocalize with membrane markers, includ-
ing lysosomes and autophagosomes. In addition, immuno-TEM 
studies in kidney clearly demonstrated RPL22 accumulation in 
membraneless electron hypodense regions of the cytosol (Cheema 
et al., 2014), similar to our own electron micrographs of KS-WNK1 
expression in HEK-293 cells. RPL22 is a ubiquitously expressed ribo-
somal protein, and is an external component of the 60s subunit 
(Fahl et al., 2015). Although it is an RNA-binding protein, the 60s 
particle is not thought to be associated with membraneless organ-
elles that process RNA, including stress granules and P-bodies 
(Anderson and Kedersha, 2006); indeed, we were unable to identify 
colocalization between RPL22-associated WNK bodies and these 
structures. More recently, RPL22 has been reported to participate in 
extraribosomal biological processes, including lymphocyte devel-
opment and carcinogenesis (Fahl et al., 2015). Thus, it is conceiv-
able that WNK bodies could influence DCT function through effects 
on ribosomal function, unconventional RNA processing, or currently 
undefined extraribosomal processes.

Several important observations strongly suggest that WNK bod-
ies are not inert or dysfunctional protein aggregates. First, these 
structures require KS-WNK1, which when knocked out disrupts 
potassium-regulated WNK body formation, and causes NCC over-
activity and hypertension (Hadchouel et al., 2010; Liu et al., 2011). 
This suggests that WNK bodies control DCT functional status and 
provide links between potassium balance and blood pressure regu-
lation. Second, exon 4a, which appears to be critical for WNK body 
formation through its CRH motif, is highly conserved across kidney 
evolution, indicating that WNK bodies form due to selection pres-
sures that require their presence in the distal tubule. Third, immuno-
localization studies by ourselves and others (Cheema et al., 2014) 
indicate that WNK bodies are not conventional vimentin-caged 
aggresomes that are subject to disposal by macroautophagy. And 
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lysate was extracted using cold Triton extraction with HEENG buffer 
in 1% Triton X-100 (Subramanya et al., 2009), incubating the samples 
on ice for 20 min, and pelleting the insoluble material by centrifuga-
tion in a microcentrifuge at max speed, 4°C for 7 min. Following 
removal of the supernatant fraction, Triton-insoluble pellets were 
then resuspended in SDS buffer (2% SDS, 60 mM Tris-HCl), boiled at 
95° for 5 min, and centrifuged at max speed, 4°C for 7 min. The 
supernatant was removed and collected as the pellet fraction. To 
obtain the whole cell lysate, cells were washed with ice-cold PBS, 
then isolated by centrifugation at 4500 G, 4° C for 5 min. The lysates 
were obtained using SDS buffer (2% SDS, 60 mM Tris-HCl) and 
boiled at 95° for 5 min. The insoluble fraction was pelleted by cen-
trifugation at max speed, 4°C for 7 min, and the supernatant was 
collected as the whole cell lysate. Protein quantifications were de-
termined using the Pierce BCA Protein Assay Kit (Thermo Scientific). 
SDS–PAGE and immunoblotting were performed as described 
previously (Donnelly et al., 2013).

Preparation of fixed cells on coverslips for 
immunofluorescence
Cells grown on coverslips were fixed in 4% paraformaldehyde. The 
cells were washed in PBS, and then blocked for 1 h in PBS contain-
ing 5% fetal bovine serum (FBS), 5% 1 mM, 0.75% Triton X-100. 
Slides were subjected to immunofluorescence analysis with anti-
bodies described in Supplemental Table S1. Primary antibodies 
were incubated 2 h, then washed with PBS containing 5% FBS and 
5% 1 mM glycine. Primary antibodies raised in different species 
were used for dual immunostaining. Subsequent incubation with 
secondary antibodies was used to visualize staining.

Immunofluorescence confocal microscopy
Confocal imaging of the mounted cells or kidney tissue was per-
formed using a confocal imaging system (Revolution XDi spinning 
disk; Andor Technology) at 40× (Nikon CFI Plan APO Lambda 20X, 
0.75 NA) and 120× magnification (Nikon CFI APO TIRF 60X, 1.49 
NA) with a 2× magnification lens on a Nikon Ti-E-2000 inverted mi-
croscope to achieve Nyquist resolution. Additionally, the imaging 
setup contained temperature and humidity controlled imaging 
capabilities, a mechanical Piezo XYZ-stage (Nikon), iXon 897 Ultra 
back-illuminated camera (Andor Technology), a laser combiner 
(Andor Technology) containing 405, 488, 515, 568, and 647 nm ex-
citation capabilities, a Dell 5400 Workstation optimized for IQ2 im-
aging software (Andor Technology), and an active isolation air table 
(TMC). Images of representative fields were taken. A minimum of 
three biological replicates were performed to confirm the results. 
Confocal z-stacks were acquired at Nyquist resolution, which for our 
system is 0.19 µm when using our 60× objective. Image processing 
was performed using ImageJ software. 3D z-stack reconstruction 
and colocalization was performed using Imaris Coloc (Bitplane) 
image analysis software (Shiwarski et al., 2017).

Live cell imaging
To visualize L and KS-WNK1 trafficking simultaneously in live cells, 
eGFP and mRuby were C-terminally tagged to L-WNK1 and KS-
WNK1, respectively. HEK-293 cells were transfected as described 
above in cell culture. Before imaging, cells were transferred to glass 
coverslips (Corning). Cells were imaged at 60× magnification (Nikon 
CFI APO TIRF) using a Nikon Ti-E-2000 inverted confocal micro-
scope described above using the Nikon Perfect Focus System with 
a 37° heated enclosure in Leibovitz’s L-15 media + 1% FBS. eGFP 
and mRuby were imaged using 488 nm laser excitation with 525/50 
nm emission filter, and 561 nm laser excitation with 620/60 nm 

Kidney immunohistochemistry
Formalin-fixed kidney tissue was embedded in paraffin, and sections 
(4 µm) were deparaffinized. After inactivation of endogenous peroxi-
dases and a blocking step, primary antibodies were incubated 
overnight, and subsequent incubation with biotinylated secondary 
antibodies (Jackson Immunoresearch) and ABC reagent were used 
to visualize staining with diaminobenzadine (Vector Laboratories). 
Images were acquired with a Leica DM6000B widefield microscope 
with a Retiga 4000R Fast 1394 camera. Images were obtained with 
Volocity 6.3, and analysis was performed using ImageJ (NIH).

Kidney immunofluorescence
Paraformaldehyde-fixed kidney tissue was cryoprotected with 0.9 M 
sucrose overnight at 4°, then embedded in blocks and frozen at 
−20°. Sections (4.5 µm) were cut on a cryostat (Leica Microsystems) 
and collected onto microscope slides (Fisher Scientific). Sections of 
fixed kidney were rehydrated and treated with 1% SDS for 10 min 
for retrieval of antigenic sites. Sections were washed with high salt 
buffer + bovine serum albumin (BSA) before addition of primary 
antibody. Primary antibodies were incubated overnight, and subse-
quent incubation with secondary antibodies was used to visualize 
staining.

Immunoelectron microscopy
Cells were fixed in 2% paraformaldehyde in phosphate-buffered 
saline (PBS) and stored at 4°C for 1 h. Cells were scraped from the 
dish and resuspended in a small amount of 3% gelatin in PBS, solidi-
fied at 4°C, then fixed an additional 15 min. Gelatin–cell block was 
cryoprotected in poly(vinylpyrrolidone) (PVP) overnight at 4°C (25% 
PVP, 2.3 M sucrose, 0.055 M Na2CO3, pH 7.4). Cell blocks were 
frozen on ultracryotome stubs under liquid nitrogen and stored in 
liquid nitrogen until use. Ultrathin sections (70–100 nm) were cut 
using a Reichert Ultracut UC7 ultramicrotome with cryoattachment, 
lifted on a small drop of 2.3 M sucrose, and mounted on Formvar-
coated copper grids. Sections were washed three times with PBS 
and then three times with PBS containing 0.5% BSA and 0.15% gly-
cine (PBG buffer) followed by a 30-min blocking incubation with 5% 
normal goat serum in PBG. Sections were labeled with mouse anti-
HA (1:100) in PBG for 1 h. Sections were washed four times in PBG 
and labeled with goat anti-mouse (5 nm) gold conjugated second-
ary antibodies (Sigma), at a dilution of 1:25 for 1 h. Sections were 
washed three times in PBG, three times in PBS, then fixed in 2.5% 
glutaraldehyde in PBS for 5 min, washed two times in PBS and then 
washed six times in ddH2O. Sections were poststained in 2% neutral 
uranyl acetate, for 7 min, washed three times in ddH2O, stained 
2 min in 4% uranyl acetate, and then embedded in 1.25% methyl 
cellulose. Labeling was observed on a JEOL JEM 1011 electron 
microscope (Peabody, MA) at 80 kV fitted with a side mount AMT 2k 
digital camera (Advanced Microscopy Techniques, Danvers, MA).

Cell culture and transfection
HEK-293 cells (American Type Culture Collection) were cultured and 
transient transfections with Lipofectamine 2000 were performed as 
described previously (Donnelly et al., 2013). Cells were studied 
within a 20-passage window, and tested quarterly for Mycoplasma 
using the MycoAlert Mycoplasma Detection Kit (Lonza). Cells were 
subjected to analysis with either Western blot or immunofluores-
cence 48–72 h posttransfection.

Preparation of cell lysates and immunoblot analysis
Cells were washed with ice-cold PBS, and pelleted by low speed 
centrifugation. For the supernatant-pellet assay, the supernatant 
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emission filter, respectively. Images were acquired on an iXon 897 
Ultra back-illuminated camera (Andor Technology) with 100 ms 
exposures every 200 ms for 12 s, and/or IQ2 software was used for 
image acquisition and postimaging processing.

FRAP
Confocal images were acquired on Nikon TI Eclipse with perfect 
focus system live at 37°C with 60× objective every 300 ms for 1 min. 
FRAP experiments were performed using a 488-nm laser at 100% 
power with an Andor FRAPPA unit with 200 µs dwell time and two 
repeats for each spot. The percent recovery after photobleaching 
for the mobile fraction was calculated by normalizing the bleached 
region to a control nonbleached region for each time point. The 
average of the baseline fluorescence was calculated and used for 
normalization. The minimum fluorescence signal for each bleached 
region was calculated to determine fluorescence remaining after 
bleaching. The minimum fluorescence intensity was subtracted from 
the normalized fluorescence intensity. Data were normalized a final 
time to the prebleached baseline values. These calculations con-
strain the prebleach fluorescence to 100% and the postbleach 
fluorescence to 0%, which isolates the percent mobile fraction re-
covery by taking into account the amount of the signal that was 
bleached and looking at its recovery over time. All images were ana-
lyzed and quantified using ImageJ and graphed in GraphPad Prism.

Data analysis
For Western blot quantification, densitometry was determined 
using NIH ImageJ software. Graph Pad Prism software was used for 
statistical analyses. Data are presented as mean ± SE. Comparisons 
between two groups were determined by a Student’s t test. Com-
parisons between multiple groups were determined using one-way 
analysis of variance (ANOVA), followed by the appropriate post hoc 
test as indicated. Significance was assumed to be p < 0.05.
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