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Abstract

Stimulation of the OSR1 (Oxidative stress-responsive kinase-1)/SPAK [STE20 (sterile 20)/SPS1-related proline/alanine-rich
kinase]-NCC (Na+-Cl2 cotransporter) signaling cascade plays an important role in the WNK [With-No-Lysine (K)] kinase 4
D561A knock-in mouse model of pseudohypoaldosteronism type II (PHA II) characterized by salt-sensitive hypertension and
hyperkalemia. The aim of this study was to investigate the respective roles of Osr1 and Spak in the pathogenesis of PHA II in
vivo. Wnk4D561A/+ mice were crossed with kidney tubule-specific (KSP) Osr1 knockout (KSP-Osr12/2) and Spak knockout
(Spak2/2) mice. Blood pressure, plasma and urine biochemistries, and the relevant protein expression in the kidneys were
examined. Wnk4D561A/+, KSP-Osr12/2, and Spak2/2 mice recapitulated the phenotypes of PHA II, Bartter-like syndrome, and
Gitelman syndrome, respectively. Wnk4D561A/+.KSP-Osr12/2 remained phenotypically PHA II while Wnk4D561A/+.Spak2/2 mice
became normotensive and lacked the PHA II phenotype. Phosphorylated Spak and Ncc were similarly increased in both
Wnk4D561A/+ and Wnk4D561A/+.KSP-Osr12/2 mice while phosphorylated Ncc normalized in Wnk4D561A/+.Spak2/2 mice.
Furthermore, Wnk4D561A/+.KSP-Osr12/2 mice exhibited exaggerated salt excretion in response to thiazide diuretics while
Wnk4D561A/+.Spak2/2 mice exhibited normal responses. Wnk4D561A/+.Spak2/2.KSP-Osr12/2 triple mutant mice had low blood
pressure and diminished phosphorylated Ncc. Both SPAK and OSR1 are important in the maintenance of blood pressure but
activation of SPAK-NCC plays the dominant role in PHA II. SPAK may be a therapeutic target for disorders with salt-sensitive
hypertension related to WNK4 activation.
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Introduction

The kidneys are vital to salt balance and blood pressure

regulation. The thiazide-sensitive sodium chloride cotransporter

(Na+-Cl2 cotransporter, NCC) in the distal convoluted tubule

(DCT) is responsible for 5-10% of total filtered Na+ reabsorption

and regulates Na+ homeostasis and blood pressure.[1,2] Inacti-

vating mutations of the NCC gene SLC12A3 cause autosomal

recessive Gitelman syndrome (GS) characterized by renal salt

wasting with secondary hyperreninemia and hyperaldosteronism,

renal potassium (K+) wasting with chronic hypokalemia, metabolic

alkalosis, and hypocalciuria.[3–10] In contrast, autosomal domi-

nant Gordon syndrome, also called familial hyperkalemic hyper-

tension and pseudohypoaldosteronism type II (PHA II), is the

mirror image of GS and featured with thiazide-correctable salt-

sensitive hypertension with low plasma renin activity (PRA) and

aldosterone levels and hyperkalemic metabolic acidosis.[11–14] It

is caused by gain of NCC function from well-described mutations

in the WNK [With-No-Lysine (K)] 1 and 4 kinase genes[15] and

newly-reported mutations in Kelch-like 3 or cullin 3.[16–18]

Previous in vitro studies have demonstrated SPAK [STE20

(sterile 20)/SPS1-related proline/alanine-rich kinase] and OSR1

(Oxidative stress-responsive kinase-1) as downstream substrates of

WNK kinases.[19–22] They belong to the same germinal center

kinase VI family and share high sequence homology in their N-

terminal catalytic and C-terminal regulatory domains. In the

kidneys, the distributions of SPAK and OSR1 virtually overlap in

the distal nephron.[23–25] Activated SPAK/OSR1 subsequently

phosphorylate and activate several cation-chloride cotransporters

(CCC), including Na+-K+-2Cl2 cotransporter isoform 1 and 2

(NKCC1, NKCC2), NCC, and potassium chloride cotranspor-

ter.[26–28] The WNK-SPAK/OSR-CCC signaling cascade plays

a pivotal role in volume regulation and blood pressure con-

trol.[27,29–31] In the mutant Wnk4 D561A mouse model of PHA

II, constitutively active Wnk4 increased phosphorylation of Spak/

Osr1 and lead to Ncc overactivity in the DCT.[32] In contrast,

Wnk4 hypomorphic or deficient mice exhibit decreased phosphor-

ylated (p-)Spak/Osr1 and p-Ncc and hypotension. In the next step

of the cascade, knock-out Spak and Osr1 mice exhibit hypotension

with decreased abundance of p-Nkcc and p-Ncc.[24,29,33]
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Table 1. Phenotype in Wnk4D561A/+?KSP-Osr12/2 littermate mice.

Genotype (n) WT (6) Wnk4 D561A/+ (6) KSP-Osr12/2 (6) Wnk4 D561A/+?KSP-Osr12/2 (6)

Systolic BP (mmHg) 112.5610 135.369.1a 108.068.1b 133.6611a,c

Body Weight (g) 29.765.1 26.164.5 26.164.6 25.661.5

Plasma

Aldosterone (pg/ml) 8326120.0 8506250.0 798688.5 8196144.1

PRA(ng ml h) 9.065.4 5.561.6a 10.263.1b 4.262.2a,c

Na+ (mmol/l) 15263 15164 15463 15364

K+ (mmol/l) 4.260.3 4.960.2a 3.960.2a,b 4.860.2a,c

Cl2 (mmol/l) 11562 11862a 11463 11962a,c

HCO3
2 (mmol/l) 2664.0 2262.5a 2765.1b 2363.1a,c

Total Ca2+ (mg/dl) 9.560.1 9.560.3 9.660.3 9.460.2

Mg2+ (mg/dl) 2.560.1 2.460.5 2.660.2 2.660.3

Cr (mg/dl) 0.2060.08 0.1960.02 0.2060.07 0.2460.02

Urine (ml/day) 2.260.5 2.360.4 2.760.6a,b 2.360.3c

FENa (%) 0.2660.06 0.2960.08 0.2760.07 0.3160.10

FEK (%) 15.563.0 10.063.5a 19.362.8a,b 12.062.0a,c

FECl (%) 0.2560.04 0.2660.06 0.2860.10 0.2660.13

FEMg(%) 14.262.7 14.163.5 13.862.5 14.263.4

Ca2+/Cr (mg/mg) 0.2160.03 0.3560.02a 0.3260.04a 0.3360.03a

BP, blood pressure; PRA, plasma rennin activity; Cr, creatinine; FENa, FEK, FECl and FEMg represent the fractional excretion of Na+, K+, Cl2 and Mg2+ respectively. ap,0.05
vs. WT. bp,0.05 vs. Wnk4D561A/+. cp,0.05 vs. KSP-Osr12/2.
doi:10.1371/journal.pone.0072969.t001

Table 2. Phenotype in Wnk4D561A/+?Spak2/2 littermate mice.

Genotype (n) WT (7) Wnk4 D561A/+ (7) Spak2/2 (7) Wnk4 D561A/+?Spak2/2 (7)

Systolic BP (mmHg) 109.862.9 128.362.2a 101.464.0a,b 107.664.6b,c

Body Weight (g) 21.363.2 23.963.1 24.464.4 22.464.3

Plasma

Aldosterone (pg/ml) 8316262.7 9106322 14306301.4a,b 8206234c

PRA(ng?ml?h) 5.561.0 2.260.4a 8.961.5a,b 5.162.1b,c

Na+ (mmol/l) 14965 15262 14863 15162

K+ (mmol/l) 4.260.2 4.960.2a 3.660.2a,b 4.360.5b,c

Cl2 (mmol/l) 11462 11763a 10962a,b 11363b,c

HCO3
2 (mmol/l) 2565 2162a 3064a,b 2463b,c

Total Ca2+ (mg/dl) 9.660.2 9.560.3 9.460.1 9.560.4

Mg2+ (mg/dl) 2.460.2 2.360.5 1.960.3a,b 2.460.5

Cr (mg/dl) 0.1860.07 0.1760.06 0.1960.05 0.1860.08

Urine (ml/day) 2.2660.8 2.3260.5 2.2060.6 2.2360.9

FENa (%) 0.2660.05 0.2760.08 0.2560.12 0.2860.09

FEK (%) 16.461.7 13.062.1a 21.061.0a,b 17.065.1b,c

FECl (%) 0.2760.15 0.2860.14 0.2960.20 0.2660.18

FEMg(%) 12.661.8 13.562.8 16.461.6a,b 12.763.2c

Ca2+/Cr (mg/mg) 0.2560.04 0.3660.08a 0.1660.01a,b 0.2360.05b,c

BP, blood pressure; PRA, plasma rennin activity; Cr, creatinine; FENa, FEK, FECl and FEMg represent the fractional excretion of Na+, K+, Cl2 and Mg2+ respectively. ap,0.05
vs. WT. bp,0.05 vs. Wnk4D561A/+. cp,0.05 vs. Spak2/2.
doi:10.1371/journal.pone.0072969.t002

Role of SPAK and OSR1 in PHAII
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The individual roles of Spak and Osr1 in the pathogenesis of

PHA II in vivo have not been easily illucidated as they are

coincidentally expressed in the DCT and thick ascending limb

(TAL). [29] To study them individually, we abolished the

expression of Spak or Osr1 specifically in the distal nephron in

a mouse model of PHA II by crossing constitutively active

Wnk4D561A/+ knockin (KI) mice with kidney tubule-specific

(KSP)-Osr1 knockout (KSP-Osr12/2) or Spak knockout (Spak2/2)

mice.[29,33] The results to be reported indicated that

Wnk4D561A/+.KSP-Osr12/2 mice still exhibited the PHA II

phenotype with an exaggerated response to thiazide diuretics

while Wnk4D561A/+.Spak2/2 mice exhibited a normal phenotype

with normal p-NCC expression and response to thiazide. We also

created Wnk4D561A/+.Spak2/2.KSP-Osr12/2 mice, which exhib-

ited low blood pressure with decreased p-Ncc, suggesting that

SPAK may plays the more dominant role in the pathogenesis of

PHA II but OSR1 can compensate in its absence.

Materials and Methods

Animals
The experimental protocols used in the present study

were approved by the Institutional Animal Care and Use

Committee of the National Defense Medical Center, Taipei,

Taiwan. Wnk4D561A/+ (C57BL/6 x 129S4/SvJae background),

Spak+/2 (C57BL/6 and 129X1/SvJ x 129S1 background) and KSP-

Osr1+/2 (C57BL/6 and 129X1/SvJ x 129S1 background) mice

were generated as we described previously.[29,32,33] Wnk4D561A/+

mice were crossed with Spak+/2 and KSP-Osr1+/2 to obtain

Wnk4D561A/+.Spak+/2 and Wnk4D561A/+.KSP-Osr1+/2 mice. Then

Wnk4D561A/+.Spak+/2 and Wnk4D561A/+.KSP-Osr1+/2 mice were

crossed with Spak+/2 and KSP-Osr1+/2 mice, respectively, to obtain

the Wnk4D561A/+.Spak2/2 and Wnk4D561A/+.KSP-Osr12/2 double

transgenic mice (Figure S1). Wnk4D561A/+.Spak2/2.KSP-Osr12/2

triple mutant mice were obtained by systemically breeding

Wnk4+/+.Spak+/2.KSP-Osr1+/2 and Wnk4D561A/+.KSP-Osr1+/2.

Spak+/2 mice. These mice were raised on a 12-hour day and

night cycle and fed normal rodent chow diet [Na+: 0.4% (w/w);

K+: 1.0% (w/w); Ca2+: 0.9% (w/w)] and plain drinking water ad

libitum for 12–14 weeks. The phenotypes of male mice were

evaluated at the age of 12–14 weeks.

Blood and urine analysis and blood pressure
measurement

Blood was drawn from the submandibular venous plexus under

light ether anesthesia. Mice were kept in metabolic cages for 24-h

urine collection. Serum and urine biochemistries and plasma renin

activity and aldosterone were measured as previously de-

scribed.[29,33,34] The blood pressure of restrained conscious

mice at steady state was measured with a programmable tail-cuff

sphygmomanometer (MK-2000A, Muromachi, Tokyo).[34]

Hydrochlorothiazide (HCTZ) and furosemide
administration

Hydrochlorothiazide (HCTZ, 12.5 mg/kg) and furosemide (15

mg/kg) were administered intraperitoneally in Wnk4D561A/+.KSP-

Osr12/2 and Wnk4 D561A/+.Spak2/2 littermates to determine the

activity of Ncc and Nkcc2 in vivo. Urine samples were collected for

analysis after 4 hours.[29,33]

Immunoblotting and immunofluorescence staining
Immunoblotting and immunofluorescence staining were car-

ried out as previously described.[29,33,35] The intensities of the

resulting immunoblot bands were determined by UVP Bio-

imageing system (Cambrige, UK) followed by densitometry

(VisionWorksLS Image Acquisition and Analysis Software,

Upland, CA). All densitometry data were normalized to the

mean of wild type group. The antibodies used in this study

include our previously-generated rabbit anti-p-NCC (T53, T58

and S71),[29,33] anti-p-OSR1(S325)/SPAK(S383)[21,36] and

anti-p-NKCC2 (T96)[29,33] antibodies, and other commercially

available rabbit anti-SPAK (Cell Signaling),[37] Na+-K+-2Cl2

cotransporter 2 (NKCC2) (Alpha Diagnostic),[29,34] NCC

(Millipore),[32] and mouse anti-OSR1 (Abnova).[29,33] All

primary antibodies were used at 1:200 dilution for immunoblot-

ting. Alkaline phosphatase-conjugated anti-IgG antibodies

(1:3000 dilution, Promega) were used as secondary antibodies

for immunoblotting and Alexa 488 or 546 dye-labeled (Molecular

Probes) secondary antibodies were used for immunofluorescence

staining. The immunofluorescence images were obtained by

confocal microscopy (LSM510, Carl Zeiss).

Statistical analysis
All results are expressed as mean 6 standard deviation (SD).

The significance of differences between groups was examined by

K-independent samples Kruskal-Wallis nonparametric test with

SPSS 21.0 for Windows (SPSS, Chicago, IL), followed by Mann-

Whitnery two-sample test. The slope of Urine Na+ and Cl2

excretion rates between before and after diuretics administrating

was analyzed by one-sample Kolmogorov-Smirnov test. A P-value

less than 0.05 was considered to be statistically significant.

Results

Phenotypes
We have previously reported the phenotypes of Wnk4D561A/+,

KSP-Osr12/2, and Spak2/2 mice, which recapitulates PHA II,

Bartter syndrome and Gitelman syndrome respectively.[29,33,34]

Wnk4D561A/+?KSP-Osr12/2 mice
As seen in Table 1, Wnk4D561A/+ mice exhibited the typical

phenotype of PHA II with significant hypervolemia reflected by

higher systolic blood pressure and hyporeninemia, hyperkalemia

with decreased fractional urine K+ excretion (FEK), and hyper-

calciuria. KSP-Osr12/2 mice exhibited a Bartter syndrome-like

phenotype with significant hypokalemia due to excessive renal K+

secretion and hypercalciuria. Of note, Wnk4D561A/+.KSP-Osr12/2

mice still preserved all the phenotypic indices of PHA II, which

were not significantly different from those in Wnk4D561A/+ mice,

indicating that the renal phenotype of Wnk4D561A/+ mice can not

be corrected by the genetic deletion of Osr1 in the kidney.

Wnk4D561A/+?Spak2/2 mice
Spak2/2 mice resembled the phenotype of Gitelman syndrome

with relative hypotension, secondary hyperaldosteronism, low

plasma K+ concentration with increased FEK, hypomagnesemia

with increased fractional urine Mg2+ excretion (FEMg), and

hypocalciuria (Table 2). Wnk4D561A/+.Spak2/2 mice became

normotensive and exhibited similar plasma and urine indices as

WT mice (except fractional urine Cl2 excretion) suggesting that

the phenotype of Wnk4D561A/+ mice can be corrected by Spak

deficiency in the kidney.

Wnk4D561A/+?KSP-Osr12/2?Spak2/2 mice
Out of 160 offsprings, we only obtained two Wnk4D561A/+.KSP-

Osr12/2.Spak2/2 mice (n = 2). These mice exhibited relative

hypotension (976 5.0 mmHg vs 1106 4.0 mmHg in WT) and

Role of SPAK and OSR1 in PHAII
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Figure 1. Osr1 gene deletion does not change phosphorylation of Ncc and Nkcc2 in PHA II. Shown is the representative immunoblot (top,
n = 3/group) and densitometry (bottom, n = 6/group) of (A) total Ncc, (B) p-Ncc (T53), (C) p-Ncc (T58), (D) p-Ncc (S71), (E) total Nkcc2, and (F) p-Nkcc2
(T96) in whole kidneys of WT, Wnk4D561A/+, KSP-Osr12/2, and Wnk4D561A/+.KSP-Osr12/2 mice, representively. Semiquantitative measurements of each

Role of SPAK and OSR1 in PHAII
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mild hypokalemia (3.760.3 mmol/l vs 4.260.4 mmol/l in WT ) as

compared to their WT littermates.

Protein expression and phosphorylation of Ncc, Nkcc2,
Spak, and Osr1

Compared to WT controls, Wnk4D561A/+ mice had increased

expressions of total Ncc (433.0649.7%, p,0.01), p-NccT53

(223.2638.1%, p,0.01), p-NccT58 (275.0620.7%, p,0.01), p-

NccS71 (548.3680.8%, p,0.01) (Figure 1A-D), and p-Nkcc2

(164.6616.6%, p,0.01, Figure 1F) assessed by semi-quantitative

immunoblotting of whole kidney homogenate. As shown in Figure

S2, Nkcc2 was predominantly expressed in the medulla and p-

Nkcc2 mostly expressed in the cortex of WT mice. In Wnk4D561A/+

mice, the abundance of Nkcc2 in the medullar region was reduced

but p-Nkcc2 in the cortical region was increased. KSP-Osr12/2

mice had slightly increased total Ncc (101.4612.0%, Figure 1A)

and p-NccT53, T58 and S71 (116.464.0%, 121.867.5%,

143.9616.5%, all p,0.05, Figure 1B-D), but a significant

band in the gel were performed and the results are shown as mean 6 SD. ap,0.05 vs. WT. bp,0.05 vs. Wnk4D561A/+. cp,0.05 vs. KSP-Osr12/2.
doi:10.1371/journal.pone.0072969.g001

Figure 2. Immunofluorescence images of Ncc and Nkcc2 in kidneys. (Osr1 experiment series) Representative immunofluorence images of
(A) total Ncc, (B) p-Ncc (T53), (C) p-Ncc (T58), (D) p-Ncc (S71), (E) total Nkcc2, and (F) p-Nkcc2 (T96) in kidneys of WT, Wnk4D561A/+, KSP-Osr12/2, and
Wnk4D561A/+.KSP-Osr12/2 mice. The scale bars indicate 20 mm.
doi:10.1371/journal.pone.0072969.g002
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decreased p-Nkcc2 (63.964.0%, p,0.01, Figure 1F) with

unchanged total Nkcc2 (Figure 1E). Wnk4D561A/+.KSP-Osr12/2

mice still had significantly increased total Ncc (371.9625.8%,

p,0.01), p-NccT53 (131.466.6%, p,0.01, Figure 1B), p-NccT58

(211.8623.6%, p,0.01), and p-NccS71 (424.2649.4%, p,0.01)

(Figure 1A-D), and p-Nkcc2 (179.2612.3%, p,0.01, Figure 1F)

with unchanged Nkcc2. Similar to Wnk4D561A/+ mice, the

expression of p-Spak was increased in KSP-Osr12/2 and

Wnk4D561A/+.KSP-Osr12/2 mice (data not shown). The results

measured by semi-quantitative immunofluorescence of Ncc and

Nkcc2 in the kidney sections of WT, Wnk4D561A/+, KSP-Osr12/2,

and Wnk4D561A/+.KSP-Osr12/2 mice were consistent with the

immunoblotting findings (Figure 2 and Figure S3).

In Spak2/2 mice, the expression of total Ncc (46.769.0%,

p,0.01) and p-NccT53 (16.264.7%, p,0.01), p-NccT58

(39.562.6%, p,0.01) and p-NccS71 (23.86 8.7%, p,0.01)

(Figure 3A-D) were markedly attenuated but total Nkcc2

(132.86.4%, p,0.01, Figure 3E) and p-Nkcc2 (308.6624.6%,

p,0.01, Figure 3F) were significantly increased. Despite increased

p-Osr1 (data not shown), Wnk4D561A/+.Spak2/2 mice had similar

expressions of total Ncc, p-Ncc, total Nkcc2, p-Nkcc2 to wild type

(Figure 3A-F). The immunofluoresence results of total and

phosphorylated Ncc and Nkcc2 expression in the kidney sections

of WT, Wnk4D561A/+, Spak2/2, and Wnk4D561A/+.Spak2/2 mice

(Figure 4 and Figure S4) were also consistent with those

immunoblotting observations.

In triple Wnk4D561A/+.Spak2/2.KSP-Osr12/2mice (n = 2/each

group), the expression of total Ncc (83.561.9%) and p-NccT53

(64.1613.8%), p-NccT58 (80.961.2%) and p-NccS71 (78.26

1.9%) were markedly decreased compared to Wnk4D561A/+ mice

(Figure 5A-D). Total Nkcc2 (76.666.7%) (Figure 5E) and p-

Nkcc2 (49.265.7%) (Figure 5F) were also decreased in

Wnk4D561A/+.Spak2/2.KSP-Osr12/2 triple mutant mice than

WT and Wnk4D561A/+ mice (Nkcc2: 87.3610.8%; p-Nkcc2:

192.269.8%, Figure 5E-F).

Response to diuretics
Urine Na+ and Cl2 excretion rates (FENa and FECl) were

measured in mice before and after the administration of

hydrochlorothiazide (HCTZ, a Ncc inhibitor) or furosemide (a

Nkcc2 inhibitor) to assess the in vivo activities of Ncc and Nkcc2

respectively. Compared with WT and KSP-Osr12/2 mice,

Wnk4D561A/+ and Wnk4D561A/+.KSP-Osr12/2 mice exhibited

exaggerated salt excretion in response to a single dose of HCTZ,

indicating the Ncc overactivity in both sets of mice (Figure 6A).

When challenged with furosemide, KSP-Osr12/2 mice showed

blunted response in comparison with WT, suggesting lower Nkcc2

activity (Figure 6B). However, Wnk4D561A/+ and Wnk4D561A/

+.KSP-Osr12/2 mice responded similarly to WT.

The Spak2/2 mice had blunted urine Na+ and K+ excretion

compared to WT in response to HCTZ (Figure 7A),

indicating lower Ncc activity. Interestingly, the response of

Wnk4D561A/+.Spak2/2 mice was between that of Spak2/2 and

Wnk4D561A/+ mice and similar to WT controls, indicating that the

Ncc function had normalized in these mice. In the furosemide

challenge, Spak2/2 and Wnk4D561A/+.Spak2/2 mice had signifi-

cantly increased Na+ and Cl2 excretion, suggesting increased

Nkcc2 function (Figure 7B).

Discussion

In this study, we crossed Wnk4D561A/+ mice with KSP-Osr12/2

and Spak2/2 mice to investigate the independent roles of Osr1 and

Spak in the pathogenesis of Wnk4-PHA II. Wnk4D561A/+.KSP-

Osr12/2 mice preserved the PHA II phenotype with increased

abundance of p-Spak and p-Ncc and corresponding exaggerated

response to thiazide diuretics. Wnk4D561A/+.Spak2/2 mice exhib-

ited normal blood pressure and blood/urine electrolytes with

relatively normal abundance of p-Ncc despite enhanced p-Osr1

expression and a normal response to thiazides. These findings

indicated that activation of Spak-Ncc plays the more dominant

role in Wnk4-PHA II, which is affirmed by the decreased total

expresssion and phosphorylation of Ncc in triple mutant

Wnk4D561A/+.Spak2/2.KSP-Osr12/2 mice.

Mutations in the Wnk4 kinase gene have been shown to cause

many cases of PHA II.[15,38–40] Recent studies have implicated

Figure 3. Spak gene deletion normalizes Ncc phosphorylation but not Nkcc2 phosphorylation in PHA II. Shown is the representative
immunoblot (top, n = 3/group) and densitometry (bottom, n = 6/group) of (A) total Ncc, (B) p-Ncc (T53), (C) p-Ncc (T58), (D) p-Ncc (S71), (E) total
Nkcc2, and (F) p-Nkcc2 (T96) in the whole kidneys of WT, Wnk4D561A/+, Spak2/2, and Wnk4D561A/+.Spak2/2 mice, representively. The results are shown
as mean 6 SD. ap,0.05 vs. WT. bp,0.05 vs. Wnk4D561A/+. cp,0.05 vs. Spak2/2.
doi:10.1371/journal.pone.0072969.g003

Figure 4. Immunofluorescence images of Ncc and Nkcc2 in
kidneys. (Spak experiment series ) Representative immunofluores-
cence image of (A) total Ncc, (B) p-Ncc (T53), (C) p-Ncc (T58), (D) p-Ncc
(S71), (E) total Nkcc2, and (F) p-Nkcc2 (T96) in kidneys of WT,
Wnk4D561A/+, Spak2/2, and Wnk4D561A/+.Spak2/2 mice. The scale bars
indicate 20 mm.
doi:10.1371/journal.pone.0072969.g004
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the activation of downstream WNK4 substrates, SPAK and

OSR1, in the pathogenesis of PHA II.[26,32,36,41,42] Although

SPAK has been found to be predominantly expressed in the cortex

and OSR1 in the medulla, both are expressed in the TAL and

DCT.[29] Unlike the interchangeability of SPAK and OSR1 in

peripheral neurons,[43] these two kinases seem to be differentially

regulated and have different function in renal tubules. This study

clarified the relative contribution of Spak and Osr1 to PHA II in

vivo. Wnk4D561A/+.KSP-Osr12/2 mice had increased expression of

total Ncc and p-Ncc in parallel with increased total and p-Spak.

Their exaggerated response to thiazide diuretics indicated Ncc

hyperactivity, similar to Wnk4D561A/+mice, and in line with the

immunoblottings. These findings suggest that Osr1 is not essential

and can be fully compensated by the increased Spak expression in

this modle of PHA II. However, the decreased p-Ncc expression

found in heterozygous kinase-dead Osr1 knockin (Osr1T158A/+)

mice and Wnk4D561A/+.KSP-Osr12/2.Spak2/2 triple mutant mice

suggested that the rescue of Ncc activation in Osr1 deficient states

depends on abnormal activation of the Spak pathway.[41]

The roles of Osr1 and Spak on Nkcc2 in TAL were also

clarified by this study. KSP-Osr12/2 mice exhibited reduced p-

Nkcc2, indicating that Osr1 is an up-regulator of

Nkcc2. Substantively, the Spak2/2, Wnk4D561A/+, and

Wnk4D561A/+.Spak2/2 mice all exhibited increased p-Nkcc2.

These three sets of mice share the commonality of preserved or

increased Osr1. However, the Wnk4D561A/+.KSP-Osr12/2 mice

also exhibited increased p-Nkcc2 suggesting that mutant Wnk4 can

activate Nkcc2 through activited Spak. This is corrobarated by our

finding of decreased p-Nkcc2 when Spak is abolished in the triple

mutant Wnk4D561A/+.KSP-Osr12/2.Spak2/2 mice. It would ap-

pear that Osr1 is the major activator of Nkcc2 but Spak may play

a role in abnormally activated states. Recently, it has reported that

the kinase-deficient SPAK variant, so-called kidney specific SPAK

(KS-SPAK), functions as an antagonist of OSR/SPAK-NKCC2

pathway and is the major SPAK isoform in renal medulla.[27]

Since WNK4 expression in the Henle’s loop is primarily in the

cortical TAL,[44] the role of KS-SPAK in PHA II with WNK 4

mutation is still questionable.

The furosemide challenge studies generally correlate with

the densitometry studies except in the Wnk4D561A/+ and

Wnk4D561A/+.KSP-Osr12/2 mice, which had normal responses

to furosemide despite increased phosphorylated Nkcc2. It is

important to note that both of these mice have hyperactive

downstream Ncc, which may attenuate the observable response to

furosemide. Supporting this theory is the observation that

Wnk4D561A/+.Spak2/2 mice, with their increased activated Osr1

and p-Nkcc2 but relatively normal p-Ncc expression, showed an

exaggerated response to furosemide, providing direct evidence

Figure 5. Double deletion of Spak and Osr1 genes decreased Ncc phosphorylation and Nkcc2 phosphorylation in Wnk4-mutant PHA
II. Shown is the representative immunoblot (top) and densitometry (bottom) of (A) total Ncc, (B) p-Ncc (T53), (C) p-Ncc (T58), (D) p-Ncc (S71), (E) total
Nkcc2, and (F) p-Nkcc2 (T96) in the kidneys of WT (1), Wnk4D561A/+ (2), Wnk4D561A/+Spak2/2KSP-Osr12/2 (3) mice, respectively. The results are shown
as mean 6 SD (n = 2/group).
doi:10.1371/journal.pone.0072969.g005

Figure 6. Osr1 gene deletion does not change the response to hydrochlorothiazide (HCTZ) and furosemide in PHA II mice. FENa and
FECl represent the fractional excretion of Na+ and Cl2 respectively. Responses of FENa and FECl in WT (&), Wnk4D561A/+ (¤), KSP-Osr12/2 (m), and
Wnk4D561A/+.KSP-Osr12/2 (N) littermate mice (n = 6/group) to (A) HCTZ and (B) furosemide. *p,0.05 vs. WT.
doi:10.1371/journal.pone.0072969.g006
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linking increased Nkcc2 activity through Osr1. Besides Wnk4,

other upstream regulator, such as WNK1 or calcium-binding

protein 39 (Cab39), also regulate OSR1-NKCC2 path-

way.[19,21,45–47].

Regarding the Ncc in the distal nephron, Spak appears to be the

dominant player as Wnk4D561A/+.Spak2/2 mice became virtually

normal phenotype with expression levels of total and p-Ncc similar

to WT littermates, indicating that the PHA II phenotype could be

effectively corrected by Spak deficiency. The response to thiazide

diuretics in Wnk4D561A/+.Spak2/2 mice was similar to WT mice

(and higher than Spak2/2 mice) suggesting that Spak is a major but

not sole activator of Ncc in Wnk4-PHA II. Osr1 is a likely

accomplice and increased Osr1 activity through activated Wnk4

may compensate enough to sustain normal Ncc expression and

activity. This borne out by the finding of decreased expression

and phosphorylation of Ncc in triple mutant Wnk4D561A/+.

KSP-Osr12/2.Spak2/2 mice, where Osr1 has been abolished.

The phenotype and Ncc phosphorylation level of our

Wnk4D561A/+.Spak2/2 mice resembled those of the recently-

reported Wnk4D561A/+.SpakT243A/T243A mice (kinase-dead knock-

in),[41] which also support the importance of SPAK kinase activity

in PHA II. Another recent study has demonstrated that WNK4-

SPAK-dependent signaling is the primary mechanism behind

angiotensin II induced Ncc stimulation.[42] The WNK4-NCC

signaling pathway is also regulated by other hormones (aldosterone

and insulin) and drugs (tacrolimus, cyclosporine) associated with

salt-sensitive hypertension.[36,48–51] Whether those mechanisms

are principally mediated through SPAK warrants further inves-

tigation.

Historically, WNK4 was reported to inhibit membrane

trafficking of NCC based on oocyte experiments.[52–54] Howev-

er, this Ncc inhibitory mechanism has not been found in vivo.

Similarly, in vitro studies proposing various mechanisms WNK4-

related for Ncc degradation are equally suspect.[55,56] How

WNK4 directly affects NCC in vivo merits further study.

Thiazide diuretics are commonly and effectively used to treat

human PHA II disease. However, the chronic use of thiazide also

cause several side effects, such as insulin resistance with

hyperglycemia, hyperlipidemia, hyperuricemia with gout, chronic

kidney injury and even renal failure. These side effects can be

independent of volume status and plasma K+ concentration.[57]

Because both Spak deficiency and inhibition of Spak kinase activity

corrected the phenotype of PHA II due to Wnk4 mutation, specific

inhibition of SPAK may be a plausible therapy for patients with

salt-sensitive hypertension related to WNK4 activation. Since

human PHA II is also linked to the mutations in WNK1, Kelch-

like 3 or cullin 3 genes, the SPAK in those gene mutations will

need to be clarified first.[16,17,20,58–60].

In conclusion, Wnk4D561A/+.KSP-Osr12/2double transgenic

mice preserved the PHA II phenotype with evidences of Ncc

overactivity while Wnk4D561A/+.Spak2/2 mice exhibited normal

phenotype with relatively normal Ncc activity. Spak appears to be

the dominant activator of Ncc while Osr1 is the major activator of

Nkcc2. However, they may be overdriven to compensate for the

other’s absence in PHA II conditions. Disruption of Spak-Ncc

cascade can efficiently correct hypertension and hyperkalemia in

the Wnk4-PHA II mouse model. This study suggests that

inhibition of SPAK can be a promising therapy for salt-sensitive

hypertension with WNK4-SPAK-dependent NCC activation.

Figure 7. Spak gene deletion normalizes the response to HCTZ and exaggerates the response to furosemide in PHA II mice.
Responses of FENa and FECl in WT (&), Wnk4D561A/+ (¤), Spak2/2 (m), and Wnk4D561A/+.Spak2/2 (N) littermate mice (n = 6/group) to (A) HCTZ and to
(B) furosemide. *denotes p,0.05 vs. WT. #p,0.05 vs. Wnk4D561A/+.
doi:10.1371/journal.pone.0072969.g007
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Supporting Information

Figure S1 Expression of Osr1 and Spak in kidneys of

Wnk4D561A/+.KSP-Osr12/2 and Wnk4D561A/+.Spak2/2 mice. Rep-

resentative immunoblots from three separate experiments of (A)

Osr1 (top) and phosphorylated (p-)Osr1 (bottom) abundance

in the kidneys of WT, Wnk4D561A/+, KSP-Osr12/2, and

Wnk4D561A/+.KSP-Osr12/2 mice and (B) Spak (top) and p-Spak

(bottom) abundance in the kidneys of WT, Wnk4D561A/+, Spak2/2,

and Wnk4D561A/+.Spak2/2 mice.

(PPT)

Figure S2 Immunofluorescence images of Nkcc2 and p-

Nkcc2(T96) in kidneys of WT and Wnk4D561A/+mice. In WT

mice, Nkcc2 (red) was dominantly expressed in the medullar (M)

region and p-Nkcc2 (green) was mostly expressed in the cortical

(C) region. In Wnk4D561A/+ mice, the abundance of Nkcc2 (red) in

the medullar region was reduced but p-Nkcc2(green) in the

cortical region was enhanced. The scale bars indicate 100 mm.

(PPT)

Figure S3 Low-power immunofluorescence of renal Ncc and

Nkcc2. (Osr1 experiment series) Representative (A) total Ncc, (B)

p-Ncc (T53), (C) p-Ncc (T58), (D) p-Ncc (S71), (E) total Nkcc2, and

(F) p-Nkcc2 (T96) in kidneys of WT, Wnk4D561A/+, KSP-Osr12/2,

and Wnk4D561A/+.KSP-Osr12/2 mice. The scale bars indicate

100 mm.

(PPT)

Figure S4 Low-power immunofluorescence of renal Ncc and

Nkcc2. (Spak experiment series) Representative (A) total Ncc, (B)

p-Ncc (T53), (C) p-Ncc (T58), (D) p-Ncc (S71), (E) total Nkcc2, and

(F) p-Nkcc2 (T96) in kidneys of WT, Wnk4D561A/+, Spak2/2, and

Wnk4D561A/+.Spak2/2 mice. The scale bars indicate 100 mm.

(PPT)

Acknowledgments

We thank the technical services provided by the Transgenic Mouse Model

Core Facility of the National Research Program for Genomic Medicine,

National Science Council (NSC).

Author Contributions

Conceived and designed the experiments: PYC SSY SHL. Performed the

experiments: PYC. Analyzed the data: PYC CJC YWF SSY SHL.

Contributed reagents/materials/analysis tools: YCW SU SS. Wrote the

paper: PYC CJC TC SSY SHL.

References

1. Velazquez H, Wright FS (1986) Effects of diuretic drugs on Na, Cl, and K

transport by rat renal distal tubule. Am J Physiol 250: F1013–1023.

2. Gamba G (2005) Molecular physiology and pathophysiology of electroneutral

cation-chloride cotransporters. Physiol Rev 85: 423–493.

3. Lin SH, Shiang JC, Huang CC, Yang SS, Hsu YJ, et al. (2005) Phenotype and

genotype analysis in Chinese patients with Gitelman’s syndrome. J Clin

Endocrinol Metab 90: 2500–2507.

4. Lin SH, Cheng NL, Hsu YJ, Halperin ML (2004) Intrafamilial phenotype

variability in patients with Gitelman syndrome having the same mutations in

their thiazide-sensitive sodium/chloride cotransporter. Am J Kidney Dis 43:

304–312.

5. Cruz DN, Shaer AJ, Bia MJ, Lifton RP, Simon DB (2001) Gitelman’s syndrome

revisited: an evaluation of symptoms and health-related quality of life. Kidney

Int 59: 710–717.

6. Monkawa T, Kurihara I, Kobayashi K, Hayashi M, Saruta T (2000) Novel

mutations in thiazide-sensitive Na-Cl cotransporter gene of patients with

Gitelman’s syndrome. J Am Soc Nephrol 11: 65–70.

7. Lemmink HH, Knoers NV, Karolyi L, van Dijk H, Niaudet P, et al. (1998)

Novel mutations in the thiazide-sensitive NaCl cotransporter gene in patients

with Gitelman syndrome with predominant localization to the C-terminal

domain. Kidney Int 54: 720–730.

8. Gitelman HJ, Graham JB, Welt LG (1966) A new familial disorder characterized

by hypokalemia and hypomagnesemia. Trans Assoc Am Physicians 79: 221–

235.

9. Simon DB, Nelson-Williams C, Bia MJ, Ellison D, Karet FE, et al. (1996)

Gitelman’s variant of Bartter’s syndrome, inherited hypokalaemic alkalosis, is

caused by mutations in the thiazide-sensitive Na-Cl cotransporter. Nat Genet 12:

24–30.

10. Mastroianni N, Bettinelli A, Bianchetti M, Colussi G, De Fusco M, et al. (1996)

Novel molecular variants of the Na-Cl cotransporter gene are responsible for

Gitelman syndrome. Am J Hum Genet 59: 1019–1026.

11. Mayan H, Vered I, Mouallem M, Tzadok-Witkon M, Pauzner R, et al. (2002)

Pseudohypoaldosteronism type II: marked sensitivity to thiazides, hypercalciuria,

normomagnesemia, and low bone mineral density. J Clin Endocrinol Metab 87:

3248–3254.

12. Schambelan M, Sebastian A, Rector FC Jr (1981) Mineralocorticoid-resistant

renal hyperkalemia without salt wasting (type II pseudohypoaldosteronism): role

of increased renal chloride reabsorption. Kidney Int 19: 716–727.

13. Gordon RD (1986) Syndrome of hypertension and hyperkalemia with normal

glomerular filtration rate. Hypertension 8: 93–102.

14. Kamide K, Takiuchi S, Tanaka C, Miwa Y, Yoshii M, et al. (2004) Three novel

missense mutations of WNK4, a kinase mutated in inherited hypertension, in

Japanese hypertensives: implication of clinical phenotypes. Am J Hypertens 17:

446–449.

15. Wilson FH, Disse-Nicodeme S, Choate KA, Ishikawa K, Nelson-Williams C, et

al. (2001) Human hypertension caused by mutations in WNK kinases. Science

293: 1107–1112.

16. Boyden LM, Choi M, Choate KA, Nelson-Williams CJ, Farhi A, et al. (2012)

Mutations in kelch-like 3 and cullin 3 cause hypertension and electrolyte

abnormalities. Nature 482: 98–102.

17. Louis-Dit-Picard H, Barc J, Trujillano D, Miserey-Lenkei S, Bouatia-Naji N, et

al. (2012) KLHL3 mutations cause familial hyperkalemic hypertension by

impairing ion transport in the distal nephron. Nat Genet 44: 609.

18. Wakabayashi M, Mori T, Isobe K, Sohara E, Susa K, et al. (2013) Impaired

KLHL3-Mediated Ubiquitination of WNK4 Causes Human Hypertension. Cell

Rep.

19. Vitari AC, Thastrup J, Rafiqi FH, Deak M, Morrice NA, et al. (2006) Functional

interactions of the SPAK/OSR1 kinases with their upstream activator WNK1

and downstream substrate NKCC1. Biochem J 397: 223–231.

20. Vitari AC, Deak M, Morrice NA, Alessi DR (2005) The WNK1 and WNK4

protein kinases that are mutated in Gordon’s hypertension syndrome

phosphorylate and activate SPAK and OSR1 protein kinases. Biochem J 391:

17–24.

21. Moriguchi T, Urushiyama S, Hisamoto N, Iemura S, Uchida S, et al. (2005)

WNK1 regulates phosphorylation of cation-chloride-coupled cotransporters via

the STE20-related kinases, SPAK and OSR1. J Biol Chem 280: 42685–42693.

22. Gagnon KB, England R, Delpire E (2006) Characterization of SPAK and

OSR1, regulatory kinases of the Na-K-2Cl cotransporter. Mol Cell Biol 26: 689–

698.

23. Piechotta K, Lu J, Delpire E (2002) Cation chloride cotransporters interact with

the stress-related kinases Ste20-related proline-alanine-rich kinase (SPAK) and

oxidative stress response 1 (OSR1). J Biol Chem 277: 50812–50819.

24. Delpire E, Gagnon KB (2008) SPAK and OSR1: STE20 kinases involved in the

regulation of ion homoeostasis and volume control in mammalian cells. Biochem

J 409: 321–331.

25. Rafiqi FH, Zuber AM, Glover M, Richardson C, Fleming S, et al. (2010) Role of

the WNK-activated SPAK kinase in regulating blood pressure. EMBO Mol Med

2: 63–75.

26. Ahlstrom R, Yu AS (2009) Characterization of the kinase activity of a WNK4

protein complex. Am J Physiol Renal Physiol 297: F685–692.

27. Grimm PR, Taneja TK, Liu J, Coleman R, Chen YY, et al. (2012) SPAK

Isoforms and OSR1 Regulate Sodium-Chloride Co-transporters in a Nephron-

specific Manner. J Biol Chem 287: 37673–37690.

28. Thastrup JO, Rafiqi FH, Vitari AC, Pozo-Guisado E, Deak M, et al. (2012)

SPAK/OSR1 regulate NKCC1 and WNK activity: analysis of WNK isoform

interactions and activation by T-loop trans-autophosphorylation. Biochem J

441: 325–337.

29. Yang SS, Lo YF, Wu CC, Lin SW, Yeh CJ, et al. (2010) SPAK-knockout mice

manifest Gitelman syndrome and impaired vasoconstriction. J Am Soc Nephrol

21: 1868–1877.

30. Yang SS, Lin SH (2011) WNK-SPAK/OSR1-N(K)CC Signaling in the Kidney.

Journal of Medical Sciences 31: 11.

31. McCormick JA, Mutig K, Nelson JH, Saritas T, Hoorn EJ, et al. (2011) A SPAK

isoform switch modulates renal salt transport and blood pressure. Cell Metab 14:

352–364.

32. Yang SS, Morimoto T, Rai T, Chiga M, Sohara E, et al. (2007) Molecular

pathogenesis of pseudohypoaldosteronism type II: generation and analysis of a

Wnk4(D561A/+) knockin mouse model. Cell Metab 5: 331–344.

33. Lin SH, Yu IS, Jiang ST, Lin SW, Chu P, et al. (2011) Impaired

phosphorylation of Na(+)-K(+)-2Cl(–) cotransporter by oxidative stress-respon-

Role of SPAK and OSR1 in PHAII

PLOS ONE | www.plosone.org 11 September 2013 | Volume 8 | Issue 9 | e72969



sive kinase-1 deficiency manifests hypotension and Bartter-like syndrome. Proc

Natl Acad Sci U S A 108: 17538–17543.

34. Yang SS, Hsu YJ, Chiga M, Rai T, Sasaki S, et al. (2010) Mechanisms for

hypercalciuria in pseudohypoaldosteronism type II-causing WNK4 knock-in

mice. Endocrinology 151: 1829–1836.

35. Yang SS, Lo YF, Yu IS, Lin SW, Chang TH, et al. (2010) Generation and

analysis of the thiazide-sensitive Na+ -Cl- cotransporter (Ncc/Slc12a3) Ser707X

knockin mouse as a model of Gitelman syndrome. Human Mutation 31: 1304–

1315.

36. Ohta A, Rai T, Yui N, Chiga M, Yang SS, et al. (2009) Targeted disruption of

the Wnk4 gene decreases phosphorylation of Na-Cl cotransporter, increases Na

excretion and lowers blood pressure. Hum Mol Genet 18: 3978–3986.

37. Wang Y, O’Connell JR, McArdle PF, Wade JB, Dorff SE, et al. (2009) From the

Cover: Whole-genome association study identifies STK39 as a hypertension

susceptibility gene. Proc Natl Acad Sci U S A 106: 226–231.

38. Gong H, Tang Z, Yang Y, Sun L, Zhang W, et al. (2008) A patient with

pseudohypoaldosteronism type II caused by a novel mutation in WNK4 gene.

Endocrine 33: 230–234.

39. Golbang AP, Murthy M, Hamad A, Liu CH, Cope G, et al. (2005) A new

kindred with pseudohypoaldosteronism type II and a novel mutation (564D.H)

in the acidic motif of the WNK4 gene. Hypertension 46: 295–300.

40. Zhang C, Wang Z, Xie J, Yan F, Wang W, et al. (2011) Identification of a novel

WNK4 mutation in Chinese patients with pseudohypoaldosteronism type II.

Nephron Physiol 118: p53–61.

41. Chiga M, Rafiqi FH, Alessi DR, Sohara E, Ohta A, et al. (2011) Phenotypes of

pseudohypoaldosteronism type II caused by the WNK4 D561A missense

mutation are dependent on the WNK-OSR1/SPAK kinase cascade. J Cell Sci

124: 1391–1395.

42. Castaneda-Bueno M, Cervantes-Perez LG, Vazquez N, Uribe N, Kantesaria S,

et al. (2012) Activation of the renal Na+:Cl- cotransporter by angiotensin II is a

WNK4-dependent process. Proc Natl Acad Sci U S A.

43. Geng Y, Hoke A, Delpire E (2009) The Ste20 kinases Ste20-related proline-

alanine-rich kinase and oxidative-stress response 1 regulate NKCC1 function in

sensory neurons. Journal of Biological Chemistry 284: 14020–14028.

44. Ohno M, Uchida K, Ohashi T, Nitta K, Ohta A, et al. (2011) Immunolocal-

ization of WNK4 in mouse kidney. Histochem Cell Biol 136: 25–35.

45. Filippi BM, de los Heros P, Mehellou Y, Navratilova I, Gourlay R, et al. (2011)

MO25 is a master regulator of SPAK/OSR1 and MST3/MST4/YSK1 protein

kinases. EMBO J 30: 1730–1741.

46. Susa K, Kita S, Iwamoto T, Yang SS, Lin SH, et al. (2012) Effect of

heterozygous deletion of WNK1 on the WNK-OSR1/SPAK-NCC/NKCC1/

NKCC2 signal cascade in the kidney and blood vessels. Clin Exp Nephrol.

47. Liu Z, Xie J, Wu T, Truong T, Auchus RJ, et al. (2011) Downregulation of

NCC and NKCC2 cotransporters by kidney-specific WNK1 revealed by gene
disruption and transgenic mouse models. Hum Mol Genet 20: 855–866.

48. van der Lubbe N, Lim CH, Meima ME, van Veghel R, Rosenbaek LL, et al.

(2012) Aldosterone does not require angiotensin II to activate NCC through a
WNK4-SPAK-dependent pathway. Pflugers Arch.

49. Sohara E, Rai T, Yang SS, Ohta A, Naito S, et al. (2011) Acute insulin
stimulation induces phosphorylation of the Na-Cl cotransporter in cultured distal

mpkDCT cells and mouse kidney. PLoS One 6: e24277.

50. Hoorn EJ, Walsh SB, McCormick JA, Furstenberg A, Yang CL, et al. (2011)
The calcineurin inhibitor tacrolimus activates the renal sodium chloride

cotransporter to cause hypertension. Nat Med 17: 1304–1309.
51. van der Lubbe N, Lim CH, Fenton RA, Meima ME, Jan Danser AH, et al.

(2011) Angiotensin II induces phosphorylation of the thiazide-sensitive sodium
chloride cotransporter independent of aldosterone. Kidney Int 79: 66–76.

52. Yang CL, Angell J, Mitchell R, Ellison DH (2003) WNK kinases regulate

thiazide-sensitive Na-Cl cotransport. J Clin Invest 111: 1039–1045.
53. Wilson FH, Kahle KT, Sabath E, Lalioti MD, Rapson AK, et al. (2003)

Molecular pathogenesis of inherited hypertension with hyperkalemia: the Na-Cl
cotransporter is inhibited by wild-type but not mutant WNK4. Proc Natl Acad

Sci U S A 100: 680–684.

54. Yang SS, Yamauchi K, Rai T, Hiyama A, Sohara E, et al. (2005) Regulation of
apical localization of the thiazide-sensitive NaCl cotransporter by WNK4 in

polarized epithelial cells. Biochem Biophys Res Commun 330: 410–414.
55. Subramanya AR, Liu J, Ellison DH, Wade JB, Welling PA (2009) WNK4 diverts

the thiazide-sensitive NaCl cotransporter to the lysosome and stimulates AP-3
interaction. J Biol Chem 284: 18471–18480.

56. Zhou B, Zhuang J, Gu D, Wang H, Cebotaru L, et al. (2010) WNK4 enhances

the degradation of NCC through a sortilin-mediated lysosomal pathway. J Am
Soc Nephrol 21: 82–92.

57. Reungjui S, Hu H, Mu W, Roncal CA, Croker BP, et al. (2007) Thiazide-
induced subtle renal injury not observed in states of equivalent hypokalemia.

Kidney Int 72: 1483–1492.

58. Bergaya S, Vidal-Petiot E, Jeunemaitre X, Hadchouel J (2012) Pathogenesis of
pseudohypoaldosteronism type 2 by WNK1 mutations. Curr Opin Nephrol

Hypertens 21: 39–45.
59. Ohta A, Schumacher FR, Mehellou Y, Johnson C, Knebel A, et al. (2013) The

CUL3-KLHL3 E3 ligase complex mutated in Gordon’s hypertension syndrome
interacts with and ubiquitylates WNK isoforms; disease-causing mutations in

KLHL3 and WNK4 disrupt interaction. Biochemical Journal.

60. Shibata S, Zhang J, Puthumana J, Stone KL, Lifton RP (2013) Kelch-like 3 and
Cullin 3 regulate electrolyte homeostasis via ubiquitination and degradation of

WNK4. Proceedings of the National Academy of Sciences of the United States
of America 110: 7838–7843.

Role of SPAK and OSR1 in PHAII

PLOS ONE | www.plosone.org 12 September 2013 | Volume 8 | Issue 9 | e72969


