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Immunolocalization of WNK4 in mouse kidney
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Abstract Initial reports claim that WNK4 localization is

mainly at intercellular junctions of distal convoluted

tubules (DCT) and cortical collecting ducts (CCD) in the

kidney. However, we recently clarified the major targets of

WNK4 kinase to be the OSR1/SPAK kinases and the

Na–Cl co-transporter (NCC), an apical membrane protein

in the DCT, thus raising the question of whether the cel-

lular localization of WNK4 is at intercellular junctions. In

this study, we re-evaluate the intrarenal and intracellular

immunolocalization of WNK4 in the mouse kidney using a

newly generated anti-WNK4 antibody. By performing

double immunofluorescence of WNK4 with several neph-

ron-segment-specific markers, we have found that WNK4

is present in podocytes in glomeruli, the cortical thick

ascending limb of Henle’s loop including macula densa,

and the medullary collecting ducts (MCD), in addition to

the previously identified nephron segments, i.e., DCT and

CCD. These results are consistent with the finding that

WNK4 constitutes a kinase cascade with OSR1/SPAK and

NCC in the DCT, and highlights a novel role for WNK4 in

nephron segments newly identified as being WNK4-posi-

tive in this study.
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Introduction

Pseudohypoaldosteronism type II (PHAII) is an autosomal-

dominant disorder characterized by hyperkalemia, acidosis,

and hypertension (Gordon 1986). Wilson et al. identified

the genes responsible for PHAII as being the With-

No-Lysine kinase (WNK) 1 and WNK4 genes (Wilson et al.

2001). Studies of monogenetic hypertensive diseases such

as Liddle syndrome have provided insight into the mech-

anisms that underlie blood pressure regulation in the kid-

ney (Schild et al. 1996). Similarly, the pathogenesis of

PHAII recently identified by our group using Wnk4D561A

knockin mice revealed a novel signal transduction pathway

in the kidney that regulates the thiazide-sensitive Na–Cl

co-transporter (NCC) (Yang et al. 2007b). Recently, we

also found that this novel signaling cascade from WNK4 to

NCC (WNK4-OSR1/SPAK-NCC) is regulated by aldoste-

rone in response to different amounts of NaCl intake

(Chiga et al. 2008). Thus, the WNK4-OSR1/SPAK-NCC

signaling cascade significantly contributes to the regulation

of Na homeostasis in the kidney. In addition to NCC, many

transporters and channels are reportedly regulated (mainly

inhibited) by WNK4 in the Xenopus oocyte expression

system (Jiang et al. 2007; Kahle et al. 2004b; Kahle et al.

2003; Yamauchi et al. 2004; Yang et al. 2003; Yang et al.

2007a). However, when analyzing Wnk4D561A knockin

mice, we found that the regulatory effects reported from

those overexpression experiments were not necessarily

observed in the kidney in vivo (Yang et al. 2007b). In our

case, we reported that in Madin-Darby canine kidney cells
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(MDCK), WNK4 localizes to intercellular junctions

(Yamauchi et al. 2004), consistent with an initial report on

WNK4 immunolocalization in the kidney (Wilson et al.

2001). We also found that the PHAII-causing mutant

WNK4 increases paracellular chloride ion permeability in

MDCK cells (Yamauchi et al. 2004). Another group later

confirmed this finding (Kahle et al. 2004b). However, we

were unable to detect increased chloride permeability in the

distal nephron of Wnk4D561A knockin mice. From this point

of view, it was necessary to re-evaluate the intrarenal and

intracellular localization of WNK4 in order to determine

the physiological targets of WNK4 within the kidney. We

recently succeeded at generating mice in which exon 7 of

the Wnk4 gene was deleted by gene targeting (Ohta et al.

2009). We generated a new antibody recognizing N-ter-

minus of WNK4 in the same study and verified specificity

to WNK4 using Wnk4 gene-targeted mice (Ohta et al.

2009). In this study, we investigate the intrarenal immu-

nolocalization of WNK4 in detail by using double immu-

nofluorescence with several marker proteins for each

nephron segment (Fushimi et al. 1993; Kaplan et al. 1996;

Loffing et al. 2001). We report that WNK4 is not present at

intercellular junctions, but is instead localized to the sub-

apical cytosolic region in the distal convoluted tubules

(Table 1).

Materials and methods

Immunofluorescent and immunoelectron microscopy

For immunofluorescence microscopy, kidneys were fixed

by perfusion (through left ventricle) with paraformalde-

hyde (4%) in PBS. Tissue samples were soaked for several

hours in 20% sucrose in PBS, embedded in Tissue Tek

O.C.T. Compound (Sakura Finetechnical Co., Ltd, Tokyo,

Japan), and snap frozen in liquid nitrogen. The primary

antibodies used were: rabbit anti-WNK4 (9200 = 4 lg/ml)

(Ohta et al. 2009), guinea pig anti-NCC (9200), and goat

anti-AQP2 (9200) (Santa Cruz Biotechnology, Santa

Cruz, CA), guinea pig anti-NKCC2 (9200) (Mutig et al.

2010) (Generous gift from S. Bachmann), mouse anti-

parvalbumin (910,000) (Swant, Bellinzona, Switzerland),

mouse anti-calbindin-D28 K (910,000) (Swant), guinea

pig anti-nephrin (9200) (Acris, Heidelberg, Germany),

mouse anti-occludin (9200) (Invitrogen, Carlsbad, CA),

and mouse anti-ZO1 (9200) (Invitrogen, Carlsbad, CA).

Alxa 488 or 546 dye-labeled (Invitrogen, Carlsbad, CA)

secondary antibodies were used for immunofluorescence.

Immunofluorescence images were obtained using the

LSM510 Meta (Carl Zeiss). The anti-WNK4 antibody was

generated using a KLH-conjugated HPLC-purified peptide

(MLAPRNTETGVPMS ? C) corresponding to the amino

terminal portion of mouse WNK4 (Ohta et al. 2009). For

double immunofluorescence with the rabbit anti-WNK4

antibody, a guinea pig anti-NCC antibody was generated

using the same peptide sequence as antigen as has been

Table 1 Summary of immunolocalization of WNK4 in mouse kidney

Gl (podocyte) mTAL cTAL DCT1 DCT2 CNT CCD OMCD IMCD

Marker Nephrin NKCC2 NKCC2 NCC, PV NCC, CB AQP2, CB AQP2, CB AQP2 AQP2

WNK4 ?? – ? ??? ??? ?? ?? ?? ??

Fluorescent signals were graded from – to ???

Gl glomerulus, mTAL medullary thick ascending limb of Henle’s loop, cTAL cortical thick ascending limb of Henle’s loop, DCT distal

convoluted tubules, CNT connecting tubules, CCD cortical collecting ducts, OMCD outer medullary collecting ducts, IMCD inner medullary

collecting ducts, PV parvalbumin, CD calbindin-D28 K

Fig. 1 Immunoblots of WNK4. a Immunoblot of WNK4 of wild-type

and hypomorphic mouse kidneys. WT: wild-type mice, Hypo: WNK4

hypomorphic mice. About 30 lg of whole lysates of kidney proteins

(without nuclear fraction) was loaded in each lane. WNK4 hypomor-

phic mice express a shorter WNK4 protein lacking exons 7 and 8

(shown by an arrow). We occasionally got a relatively strong band

(shown by an asterisk) around *200 kD in addition to the true

*160-kD WNK4 band (shown by an arrowhead). However, the

*200-kD band could still be detected by the pre-absorbed antibody

(4 lg/ml) with the antigen peptide (10 lg/ml), indicating that it is a

non-specific signal. The three commercially available antibodies to

WNK4 (9200 dilution) could not detect WNK4 protein in mouse

kidney. b The effects of antibody absorption by the various

concentrations of antigen peptide on the immunoblots of WNK4.

One thousand times more peptide (0.1 vs. 100 lg/ml) could not block

the non-specific band (shown by an asterisk). For immunoabsorption

of the antibody, the diluted antibody (4 lg/ml) was incubated with the

HPLC-purified antigen peptide for 2 h at 4�C before use. About 30 lg

of whole lysates of kidney proteins (without nuclear fraction) was

loaded in each lane. c Detection of mouse full length WNK4

overexpressed in COS7 cells. WNK4 antibody (4 lg/ml) detected a

robust signal of WNK4 in COS7 cells transfected with mouse WNK4

expression vector, but not in cells transfected with an empty vector. A

non-specific 200 kD band (shown by an asterisk) similar to that

observed in mouse kidney was also observed in COS7 cells. Among

the three commercially available antibodies to WNK4 (9200

dilution), only the one from Affinity Bioreagents could detect the

overexpressed mouse WNK4 protein. About 2 lg of whole cell

lysates was loaded in each lane. The antibodies from Novus and

Alpha Diagnostics failed to detect the mouse WNK4 protein even

when the loading amount was increased to 20 lg

c
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used for the commercially available rabbit anti-NCC

(Chemicon, Billerica, MA). Double immunofluorescence

using rabbit anti-NCC (Chemicon, Billerica, MA) and

guinea pig anti-NCC antibodies showed that they com-

pletely co-localized (data not shown).

For immunoabsorption of the antibody for immunoflu-

orescence, the diluted antibody was incubated with the

HPLC-purified antigen peptide (10 lg/ml) for 2 h at 4�C

before use.

Immunoblot

Whole kidney homogenate without nuclear fraction was

used for immunoblot of WNK4. Two mouse kidneys were

a

b

c
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homogenized in a homogenization buffer (1 ml) containing

0.25 M sucrose, 10 mM triethanolamine, 1 mM EGTA,

1 mM EDTA, 1 mM Na orthvanadate, 50 mM Na fluoride,

cOmplete protease inhibitor cocktail (Roche, Indianapolis,

IN), pH 7.5, and the homogenate was centrifuged at

6009g for 5 min to remove nuclear fraction. The super-

natant was mixed with 29 SDS sample buffer (125 mM

Tris–Cl, 4.3% SDS, 30% glycerol, 10% 2-mercap-

toethanol, 0.1% bromophenol blue, pH 6.8), and then

heated at 60�C for 20 min. About 30 lg of the protein

sample was loaded in each lane of 7.5% SDS–PAGE. The

signals were detected with alkaline phosphatase-conjugated

secondary antibodies and Western Blue stabilized substrate

for alkaline phosphatase (Promega, Madison, WI).

Transient expression of mouse WNK4 in COS7 cells

COS7 cells were transfected using Lipofectamine 2000

(Invitrogen, Carlsbad, CA) with mouse WNK4 cDNA in

pCMV-SPORT6 expression vector (IMAGE clone ID

4234311, a generous gift from Alan S. L. Yu in University of

Southern California Keck School of Medicine). Twenty hours

after transfection, the cells were recovered in the same

homogenization buffer as used for mouse kidney. For

immunofluorescence, the transfected cells on cover slips were

fixed with 4% paraformaldehyde in PBS for 15 min, and then

permeabilized with 0.1% Triton X-100 in PBS for 10 min,

before incubation with anti-WNK4 antibody (9200, at room

temperature for 1 h). The signal was detected with Alxa 546

dye-labeled secondary antibody (Invitrogen, Carlsbad, CA).

Results

Specificity of anti-WNK4 antibody

The specificity of the anti-WNK4 antibody was previously

verified by antibody absorption tests in immunofluorescence

Fig. 2 The effect of antibody

absorption on WNK4

immunofluorescence.

a Immunofluorescence of

WNK4 expressed in COS7

cells. COS7 cells transfected

with mouse WNK4 cDNA were

immunostained with the WNK4

antibody (4 lg/ml) (left panel)
or the pre-absorbed WNK4

antibody (with 10 lg/ml antigen

peptide) (right panel). Alxa-546

anti-rabbit IgG antibody was

used for immunofluorescent

detection. In the overexpression

in COS7 cells, WNK4 was

present in cytoplasm, some of

them showing vesicular

appearance (left panel). The

pre-absorbed antibody failed to

detect almost all signals as

shown in the left panel (right
panel). b Immunofluorescence

of WNK4 in mouse kidney and

its absorption by the antigen

peptide. The immunofluorescent

signals in mouse kidney (left
panel) were also completely

blocked by pre-incubation of the

antibody (4 lg/ml) with the

antigen peptide (10 lg/ml)

(right panel)
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Fig. 3 a Double

immunofluorescence of WNK4

in DCT. Double

immunofluorescence of WNK4

and NCC. NCC is present in

DCT1 and DCT2. All NCC-

positive nephron are WNK4-

positive. b Higher magnification

of the DCT. NCC and WNK4

co-localize at subapical regions.

c Double immunofluorescence

of WNK4 with occludin and

ZO1. DCT was identified by the

strongest WNK4 signals in

tubules and its morphological

features including relatively

high profile among distal

nephron segments, abundant

indentation of basal membranes,

and subapical localization of

nuclei. In the sections of DCT

close to its transverse plane, the

dot-like signals of occludin and

ZO1 were detected (arrows).

These green signals remains

green after merge with red

WNK4 signals, indicating that

WNK4 is not co-localized with

these tight junction proteins.

There are some non-specific

staining in the basal membranes

of tubules by occludin and ZO1

antibodies. Bar 10 lm
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and immunoblotting using WNK4 hypomorphic mice

(Ohta et al. 2009), and was further investigated in this

study (Figs. 1, 2, and Supplementary Fig. 1). As we

showed previously, the anti-WNK4 antibody could detect

WNK4 protein (shown by an arrowhead) in wild-type

mouse kidney and WNK4 lacking exons 7 and 8 (shown

by an arrow) in WNK4 hypomorphic mouse kidney

(Fig. 1a). Although these signals disappeared after the

antibody (4 lg/ml) was pre-absorbed with the antigen

peptide (10 lg/ml), we occasionally got a relatively

strong band around *200 kD in addition to the true

*160 kD WNK4 band. However, the *200 kD band

could still be detected by the pre-absorbed antibody with

the higher concentration of antigen peptide (Fig. 1b).

WNK4 signal could also be blocked with further lower

concentrations of the peptide (Fig. 1b), indicating that the

*200 kD band is not an aggregate of WNK4 protein but

a non-specific signal. Intensity of the non-specific band

significantly decreased when whole kidneys were

homogenized in a buffer containing detergents (1%

NP40, 0.5% Na deoxycholate, 0.1% SDS in PBS),

although WNK4 signal was also decreased (Supplemen-

tary Fig. 1). The reason for this phenomenon is not clear

at present.

Specificity of the antibody was further verified by using

overexpressed mouse WNK4 protein in COS7 cells. As

shown in Fig. 1c, WNK4 antibody used in this study could

detect a robust 160 kD signal only in the protein samples

expressing mouse WNK4 cDNA. A *200 kD non-specific

band was also detected in COS7 cells. Among the three

commercially available anti-WNK4 antibodies, only the

one from Affinity Bioreagents could detect the overex-

pressed mouse WNK4 protein. However, the sensitivity

was much lower than that of our antibody, consistent with

the lack of signal in mouse kidney (Fig. 1a).

The specificity of signals in immunofluorescence was

also verified by using the pre-absorbed antibody (Fig. 2).

Mouse WNK4 immunofluorescence in COS7 cells was

shown to be blocked by the pre-incubation of the antibody

with the antigen peptide (10 lg/ml) (Fig. 2a). Similarly,

the signals in immunofluorescence (Fig. 2b) in mouse

kidney was blocked by the pre-incubation with the peptide,

confirming that the signals are WNK4-specific.

Immunofluorescence of WNK4 in the mouse kidney

In Fig. 3a, NCC co-localizes with WNK4 in the kidney. All

the NCC-positive tubules are WNK4-positive. At a higher

Fig. 3 continued
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magnification (Fig. 3b), WNK4 is present in the cytoplasm

of the subapical region. Since WNK4 staining at intracel-

lular junctions was previously reported (Wilson et al. 2001),

we performed the double immunofluorescence of WNK4

with occludin and ZO1. Unlike the previous report, co-

localization of WNK4 with these tight junction proteins is

not observed in DCT (Fig. 1c) and in cortical nephron

segments more distal to DCT (Supplementary Fig. 2). To

further determine the WNK4 signal in the tubules other than

the NCC-positive segment, double immunofluorescence

with parvalbumin, calbindin-D28 K and AQP2 (Fushimi

et al. 1993) was performed. As shown in Supplementary

Fig. 3, all of the parvalbumin-positive tubules, which are

DCT1 (Loffing et al. 2001), are WNK4-positive. As shown

in the upper panels of Supplementary Fig. 4, most of the

WNK4 signal co-localizes with calbindin28 K, which is

present in DCT2, CNT, and CCD (Loffing et al. 2001). In

the calbindin-D28 K-negative intercalated cells of CCD,

WNK4 immunofluorescence is also weakly positive (Sup-

plementary Fig. 4, lower panels). In the medullary and

papillary collecting ducts, WNK4 immunofluorescence is

also observed in AQP2-negative cells (Fig. 4, inset). In the

principal cells of CCD, WNK4 immunofluorescence

showed broad cytoplasmic staining (Fig. 4).

We next investigated WNK4 localization in the thick

ascending limb of Henle’s loop (TAL) by double immu-

nofluorescence with NKCC2 (Kaplan et al. 1996). As

shown in Fig. 5a, NKCC2 immunofluorescence in the

medulla does not co-localize with WNK4, clearly indicat-

ing that WNK4 is not present in medullary TAL (mTAL).

However, in cortical TAL (cTAL), NKCC2 immunofluo-

rescence does co-localize with WNK4 (Fig. 5b, left panel).

Macula densa is also WNK4-positive, although the signal

was much weaker than that in cTAL (Fig. 5b, right panels).

As shown in Fig. 5b, WNK4 immunofluorescence is

also observed in the glomeruli. Higher magnification of

glomeruli (Fig. 6) showed a strong WNK4 signal, which is

mostly co-localized with nephrin, suggesting that the main

site of WNK4 expression in glomeruli is podocytes.

Discussion

We report here detailed intrarenal and cellular immunolo-

calization of WNK4 in mouse kidney. To understand the

physiological role of WNK kinases in the kidney in vivo,

information on the intrarenal localization of the WNK

kinases is very important for determining the channels and

transporters that are regulated by these kinases. The first

report on the immunolocalization of WNK4 in the kidney

by Wilson et al. describes WNK4 as being present in the

intercellular junctions of the DCT and in the cytoplasm of

the CCD (Wilson et al. 2001). The antibody used in that

study was raised against human WNK4, but was used for

staining mouse kidney. In fact, the authors detected a single

band in an immunoblot of the kidney. However, the amino

Fig. 4 Double immunofluorescence of WNK4 and AQP2. Upper
panels: outer medullary AQP2-positive collecting ducts are WNK4-

positive. AQP2-negative cells are also WNK4-positive (arrowheads

in inset). Lower panels: inner medullary collecting ducts are WNK4-

positive. AQP2-negative cells (arrowhead) are also WNK4-positive
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acid identity between human and mouse WNK4 within the

region selected as the antigen peptide was less than 60%.

The same group later reported that WNK4 localized to the

extrarenal region by using a commercially available anti-

WNK4 antibody (Novus Biologicals, Littleton. CO) (Kahle

et al. 2004a). The authors described that WNK4 is also

present in the intercellular junction in Cl transporting

epithelia other than in kidney tubules (Kahle et al. 2004a).

However, the specificity of the Novus anti-WNK4 antibody

has not been well characterized. We have previously used

Fig. 5 Double immunofluorescence of WNK4 and NKCC2. a WNK4

is not present in medullary TAL. All NKCC2-positive nephrons in the

outer medulla (medullary TAL) are WNK4-negative. b WNK4 is

present in cortical TAL and macula densa. NKCC2-positive cortical

tubules (cortical TAL) are WNK4-positive (shown in yellow by

co-localization in the left lower panel, arrowheads). Right panels:

Macula densa (arrow) adjacent to glomerulus (gl) is also weakly

WNK4-positive. The signal in macula densa is weaker than that in

CTAL. WNK4-positive cells are observed in the glomerulus
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another commercially available anti-WNK4 antibody

(Alpha Diagnostics, San Antonio, TX) in our WNK4

D561A knockin mice (Yang et al. 2007b). The staining in

the DCT was similar to the findings of Wilson et al., but

was different to what we have found in this study. Both

antibodies failed to detect overexpressed mouse WNK4

protein in the immunoblot of this study (Fig. 1c), raising a

concern about the cellular localization of WNK4 deter-

mined by these antibodies.

Previous in situ hybridization studies of WNK4 in the

kidney have been helpful for verifying the data obtained by

immunostaining. WNK4 signals by in situ hybridization

have been observed more broadly along the distal nephron

compared to kidney-specific WNK1 in the DCT and CNT,

namely in the thick ascending limb of Henle’s loop (TAL)

including macula densa, DCT, CNT, and collecting ducts

(Delaloy et al. 2008; O’Reilly et al. 2006; O’Reilly et al.

2003). This is similar to that observed in this study, except

for the absence of WNK4 immunofluorescence in mTAL.

Although the reason for this discrepancy is not clear, the

existence of a transcript does not necessarily mean the

existence of its translational product. The lack of WNK4

protein in mTAL is consistent with our observation that

increased phosphorylation of NKCC2 is not observed in

our WNK4 knockin mice (manuscript in preparation).

Since SPAK was shown to be present in mTAL (Rafiqi

et al. 2010), and to phosphorylate NKCC2 (Reiche et al.

2010), phosphorylation of NKCC2 should have been

increased in WNK4 knockin mice if WNK4 was present in

mTAL. Furthermore, PHAII is sensitive to thiazide, not

to furosemide; i.e., activation of furosemide-sensitive

NKCC2 is not observed in PHAII patients.

In regard to WNK4’s intracellular localization, WNK4

signal was observed in the subapical cytoplasm in the DCT

(Fig. 3b). We could not observe apparent co-localization of

WNK4 with ZO1 and occluding (Fig. 3c). This subapical

localization of WNK4 in the DCT may be consistent with

the notion of a functional interaction between WNK4 and

NCC that we discovered in our WNK4 knockin mice. In

collecting ducts, the signals were observed more broadly in

cytoplasm. Again, WNK4 was not co-localized with ZO1

(Supplementary Fig. 2). The preferential localization of

WNK4 in the subapical regions in cTAL and DCT may

simply be explained by the fact that abundant mitochondria

Fig. 6 Double

immunofluorescence of WNK4

and nephrin. WNK4 signals in

red are mostly co-localized with

green nephrin signals,

suggesting that WNK4 is

mainly present in podocytes in

glomeruli
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occupy the cytoplasm in the basolateral sides of cTAL and

DCT (Kriz and Kaissling 1985).

The role of WNK4 in the collecting ducts is currently

unknown. It has been reported that the epithelial sodium

channel (ENaC) and the ROMK potassium channel are

regulated by WNK4 in Xenopus oocytes (Kahle et al. 2003;

Ring et al. 2007a; Ring et al. 2007b). However, in our

WNK4 knockin and hypomorphic mouse studies, data

identifying these channels as direct targets of WNK4 were

sought and not found.

We did observe positive staining with our anti-WNK4

antibody in the glomeruli, which was confirmed by double

immunofluorescence with nephrin-showing WNK4 in the

cytoplasm of podocytes. Previous in situ hybridization

studies did not detect WNK4 mRNA in glomeruli. The

reason for this discrepancy is not clear at present, although

we could detect WNK4 mRNA by RT–PCR (Supplemen-

tary Fig. 5). In our WNK4 hypomorphic mice, however,

albuminuria was not observed (unpublished observation).

In order to determine the physiological role of WNK4 in

these kidney cells other than DCT, generation of kidney-

specific WNK4-null mice is necessary.

Finally, we have to mention a possible limitation of this

study. Although we have extensively verified the specific-

ity of our antibody to WNK4, all the results obtained in this

study relies only on the single polyclonal antibody raised

by a synthetic peptide. Since the immunolocalization of

mouse WNK4 clarified in this study is not consistent with

the previous report (Wilson et al. 2001), further attempt to

generate another antibody to WNK4 will be necessary to

confirm our findings.

In summary, we have clarified the intrarenal and intra-

cellular immunolocalization of WNK4 in mouse kidney.
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