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Homeostasis of intravascular volume, Na�, Cl�, and K� is interde-
pendent and determined by the coordinated activities of structur-
ally diverse mediators in the distal nephron and the distal colon.
The behavior of these flux pathways is regulated by the renin–
angiotensin–aldosterone system; however, the mechanisms that
allow independent modulation of individual elements have been
obscure. Previous work has shown that mutations in WNK4 cause
pseudohypoaldosteronism type II (PHAII), a disease featuring hy-
pertension with hyperkalemia, due to altered activity of specific
Na-Cl cotransporters, K� channels, and paracellular Cl� flux medi-
ators of the distal nephron. By coexpression studies in Xenopus
oocytes, we now demonstrate that WNK4 also inhibits the epithe-
lial Na� channel (ENaC), the major mediator of aldosterone-sensi-
tive Na� (re)absorption, via a mechanism that is independent of
WNK4’s kinase activity. This inhibition requires intact C termini in
ENaC �- and �-subunits, which contain PY motifs used to target
ENaC for clearance from the plasma membrane. Importantly, PHAII-
causing mutations eliminate WNK4’s inhibition of ENaC, thereby
paralleling other effects of PHAII to increase sodium balance. The
relevance of these findings in vivo was studied in mice harboring
PHAII-mutant WNK4. The colonic epithelium of these mice dem-
onstrates markedly increased amiloride-sensitive Na� flux com-
pared with wild-type littermates. These studies identify ENaC as a
previously unrecognized downstream target of WNK4 and dem-
onstrate a functional role for WNK4 in the regulation of colonic Na�

absorption. These findings support a key role for WNK4 in coor-
dinating the activities of diverse flux pathways to achieve inte-
grated fluid and electrolyte homeostasis.

aldosterone � hyperkalemia � hypertension � pseudohypoaldosteronism �
renin–angiotensin system

The precise regulation of intravascular salt and water balance
is essential for maintenance of normal tissue perfusion and

survival. Under conditions of normal dietary intake and intes-
tinal absorption of fluid and electrolytes, homeostasis is largely
maintained by modulation of salt and water reabsorption in the
kidney via alterations in the activities of renal ion channels and
transporters. In the setting of intravascular volume depletion
and/or dietary salt restriction, however, Na� and Cl� absorption
in the distal colon is augmented to help maintain salt and water
balance (1).

The mechanisms underlying the handling of Na� in the distal
colon and distal nephron are similar. In both, the major regu-
lated step for Na� entry is electrogenic Na� f lux via the
epithelial Na� channel (ENaC); the lumen-negative potential
resulting from ENaC activity provides the electrical driving force
for paracellular Cl� f lux across tight junctions and K� secretion
via luminal K� channels (2, 3). The major regulator of colonic
and renal ENaC activity is the steroid hormone aldosterone,
which is secreted from the adrenal glomerulosa in response to
reduced effective intravascular volume via activation of the
renin–angiotensin system or by direct effects of high serum K�

levels. Aldosterone increases ENaC activity via an incompletely
understood signaling pathway. The serine-threonine kinase

SGK1, a direct transcriptional target of the activated mineralo-
corticoid receptor (4), is an upstream component of this signal-
ing cascade. A downstream element is the ubiquitin ligase
Nedd4-2, which specifically binds to C termini of ENaC subunits
and targets ENaC for clearance from the plasma membrane (5).
Nedd4-2 activity is inhibited by phosphorylation downstream of
SGK1 signaling, thereby increasing ENaC surface expression
and activity (6). Other intermediate components that couple
aldosterone signaling to downstream targets have been obscure.

Although aldosterone secretion increases in response to both
intravascular volume depletion and hyperkalemia (increased
plasma K� levels), the mechanisms that permit maximal NaCl
reabsorption in response to volume depletion versus K� secretion
in response to hyperkalemia have been poorly understood. It seems
likely that branches downstream of aldosterone signaling operate to
determine the balance between these alternative responses. Recent
studies have identified the serine–threonine kinase WNK4 as a
regulator of diverse electrolyte flux pathways and as a candidate
element in aldosterone signaling that might serve to determine the
balance between salt reabsorption and K� secretion (7). WNK4 was
first identified by positional cloning as a gene responsible for
pseudohypoaldosteronism type II (PHAII) [Online Mendelian
Inheritance in Man (OMIM) no. 145260], an autosomal-dominant
disease featuring hypertension (high blood pressure) due to in-
creased renal NaCl reabsorption and hyperkalemia due to impaired
renal K� excretion (8). Intriguingly, the mutations in WNK4 that
cause PHAII are all missense and cluster within a highly conserved,
negatively charged 10-aa domain (Fig. 1a) (8). Wild-type WNK4
has been shown to inhibit the activity of the thiazide-sensitive Na-Cl
cotransporter (NCC) (9, 10) and the renal outer medullary K�

channel (ROMK) (11) by increasing the clearance of each from the
cell surface. PHAII-causing mutations in WNK4 dramatically alter
its regulation of its downstream targets, abrogating inhibition of
NCC, increasing inhibition of ROMK, and augmenting the para-
cellular permeability of epithelia for Cl� (9–13). These in vitro
observations can explain the hypertension and hyperkalemia seen
among PHAII patients and suggest that WNK4 is a molecular
switch that can be locked into different regulatory states, one of
which promotes NaCl reabsorption while inhibiting K� secretion.
Moreover, these findings predicted that an increased dosage of
wild-type WNK4 should lower blood pressure and serum K�,
whereas PHAII-mutant WNK4 should have the opposite effects in
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vivo. This hypothesis was recently confirmed by the development of
BAC transgenic mice that harbor additional copies of either
wild-type or PHAII-mutant WNK4 (14). As predicted, these two
different transgenes impart opposite effects on blood pressure and
K� homeostasis (14).

These findings together suggest that WNK4 coordinates hor-
monal signaling at structurally diverse but functionally related
ion transport pathways involved in Na�, Cl�, K�, and volume
homeostasis. If correct, one might speculate that WNK4 should
also regulate ENaC activity and that this effect should be
consistent with the other effects of WNK4 on integrated phys-
iology. We now present evidence that WNK4 regulates ENaC
activity both in vitro and in vivo.

Results
Wild-Type WNK4, but Not PHAII-WNK4, Inhibits ENaC. We coinjected
Xenopus laevis oocytes with cRNA encoding HA-tagged wild-
type or PHAII mutant WNK4 and the �-, �-, and �-subunits of
ENaC. We then measured amiloride-sensitive, whole-cell cur-
rents by using a two-electrode voltage clamp. Wild-type WNK4
inhibited ENaC activity �50% compared with oocytes express-
ing ENaC alone (Fig. 1 b–d). This result was reproduced in all
experiments and was highly significant (P � 1.7 � 10�7).
WNK4’s kinase activity is required for its inhibition of some (e.g.,
NCC) (9, 10), but not all (e.g., ROMK; see ref. 11) of its targets.
To determine whether WNK4’s inhibition of ENaC depends on
its catalytic activity, we coexpressed kinase-dead WNK4
(WNK4-D318A) and ENaC subunits in oocytes. Kinase-dead
WNK4 continues to inhibit ENaC like its wild-type counterpart
(Fig. 1d), demonstrating that WNK4’s inhibition of ENaC is
independent of its kinase activity. We next expressed ENaC with
WNK4 containing a single, PHAII-causing missense mutation
(Q562E); PHAII–WNK4 had no significant inhibitory effect on
ENaC activity, a result that was significantly different from the
effect of wild-type WNK4 (P � 10�5) (Fig. 1d). Coexpression of
wild-type or mutant WNK4 in oocytes did not change ENaC
reversal potentials, and the observed WNK4-mediated inhibition
of ENaC activity was consistent across a wide range of different
holding potentials (Fig. 1c). Western blots of injected oocytes
with anti-HA antibody revealed that the expression levels of
HA-tagged wild type WNK4, kinase-dead WNK4-D318A, and
PHAII–WNK4–Q562E were similar, indicating that the ob-
served effects are not attributable to varying levels of WNK4
expression (Fig. 1d).

WNK4 Regulation Requires ENaC C-Terminal Domains. The plasma
membrane expression of ENaC is regulated by the E3 ubiquitin
ligase Nedd4-2 through a direct interaction between its three WW
domains and C-terminal PY motifs in each ENaC subunit (5). After
ubiquitinylation by Nedd4-2, ENaC is cleared from the cell surface
via endocytosis by clathrin-coated pits (15). The importance of this
mechanism in vivo is demonstrated by the finding that mutations in
ENaC that eliminate PY motifs result in increased ENaC activity
and the Mendelian form of hypertension known as Liddle syn-
drome (16–21). SGK1 activity increases ENaC activity, in part, by
inhibiting Nedd4-2 (6). We tested whether WNK4’s inhibition of
ENaC requires the short C termini of ENaC subunits, which
contain the PY motifs by expressing ENaC containing C-terminal
truncations in the �- and �-subunits like those seen in Liddle
syndrome (Fig. 2a; see Methods). In the presence of these muta-
tions, there was no significant inhibition of ENaC by WNK4 (Fig.
2 b and c), demonstrating that inhibition of ENaC by WNK4
requires the ENaC segments that are used by Nedd4-2 to target
ENaC for degradation.

PHAII-Mutant WNK4 Stimulates Amiloride-Sensitive Na� Absorption
in the Aldosterone-Sensitive Distal Colon. Our findings in oocytes
suggest that WNK4 is a previously unrecognized regulator of
ENaC. To examine the physiological relevance of these obser-
vations in vivo, we investigated ENaC activity in the distal colonic
epithelium, an aldosterone-sensitive tissue. We first localized
WNK4 in the mouse gastrointestinal (GI) tract by using specific
anti-WNK4 antibodies. Immunostaining reveals that WNK4 is
expressed in epithelia of the GI tract. As reported in ref. 22,
expression is high in the distal colon; WNK4 prominently labels
the lateral membrane of cells in the surface epithelium and
upper part of crypts (Fig. 3); this localization is similar to the
localization to the tight junction and lateral membrane seen in
the renal epithelium (8). The �-, �-, and �-subunits of ENaC also
localize to the surface epithelium and upper part of crypts in
these colon segments (23). Thus, WNK4 and ENaC are present
in the same cells of the distal colon and show similar quantitative
distributions, being more highly expressed in the surface epi-
thelium than in the crypts.

We used a modified Ussing chamber apparatus to compare
amiloride-sensitive short-circuit currents (Isc) across epithelia of
the distal colon from mice with two copies of a PHAII-mutant
WNK4 BAC transgene (denoted Tg-WNK4PHAII) and their
wild-type littermates. The expression of this mutant WNK4

Fig. 1. Wild-type WNK4, but not PHAII-mutant WNK4, inhibits ENaC by way of a kinase-independent mechanism. cRNA encoding the indicated proteins was
injected into Xenopus oocytes, and amiloride-sensitive, whole-cell Na� currents were recorded as describe in Methods. (a) A diagram showing the clustering of
PHAII-causing mutations in WNK4. (b) Representative current tracings from oocytes expressing ENaC alone, ENaC plus wild-type WNK4, or ENaC plus
PHAII–WNK4. (c) Current–voltage (I–V) relationships of oocytes expressing indicated constructs from a representative experiment plotted as mean � SE of the
Na� currents for each experimental group. (d Upper) Cumulative results of amiloride-sensitive currents measured at �100 mV are shown as a proportion of the
ENaC control. Each group expresses ENaC plus the indicated construct; a minimum of 29 oocytes were studied in each group. The significance of differences
between groups was calculated with two-tailed Student’s t test. (d Lower) Results of Western blotting of oocyte lysates shows the expression of WNK4-HA in
the corresponding experimental groups.
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transgene is qualitatively and quantitatively similar to expression
of endogenous WNK4, and the quantitative effect of this trans-
gene on total WNK4 expression is additive to the expression of
the endogenous gene (14). As a result, this model allows us to
determine the impact of increased expression of PHAII mutant
WNK4 on ENaC in vivo.

Colonic epithelia from PHAII-mutant mice show a significant
increase in amiloride-inhibitable basal Isc, with mean currents
6.0-fold higher in the PHAII epithelia than in epithelia from
their wild-type littermates. (Fig. 4; P � 0.01; n � 11 wild-type
and 11 Tg-WNK4PHAII mice). In contrast, forskolin-induced,

bumetanide-sensitive Isc was not significantly different between
Tg-WNK4PHAII mice and their wild-type littermates (data not
shown). These results reveal that PHAII-mutant WNK4 specif-
ically stimulates ENaC-mediated Na� absorption, but not
NKCC1-dependent Cl� secretion, in vivo. This increase in ENaC
activity is not attributable to increased levels of aldosterone in
the PHAII mice, because plasma aldosterone levels are not
significantly different among wild-type mice (368 � 135 pg/ml;
n � 27), heterozygous PHAII-mutant WNK4 mice (485 � 185
pg/ml; n � 21), and homozygous PHAII-mutant WNK4 mice
(433 � 225 pg/ml; n � 29).

Fig. 2. Inhibition of ENaC by WNK4 requires C-terminal domains in the channel. (a) A diagram of wild-type ENaC subunit and Liddle’s syndrome mutations that
truncate the C terminus of either �- or �-subunits and delete the PY motif (in green) is shown (� and �LT represent Liddle’s truncations in the respective ENaC
subunits). (b and c) Activity of ENaC with Liddle’s mutations in the presence or absence of WNK4. cRNA encoding ENaC harboring a Liddle’s mutation in either
the �-subunit (at least 11 oocytes per group) (b) or the �-subunit (at least 22 oocytes per group) (c) with or without wild-type WNK4 was injected into Xenopus
oocytes, and amiloride-sensitive, whole-cell Na� currents were recorded and analyzed as in Fig. 1. Western blotting of oocyte lysates confirms the presence of
WNK4-HA in the corresponding experimental groups. WNK4 does not inhibit ENaC activity in the presence of Liddle’s mutations.

Fig. 3. Immunolocalization of WNK4 in the mouse colon. Distal colons of
mice were dissected, prepared, and stained with antibodies specific for WNK4
as described in Methods. A transverse section is shown. The results show strong
staining of the surface epithelium and upper part of crypts. (Magnification:
�400.) (Inset) A higher magnification, demonstrating the strongest staining
of the basolateral membrane. (Magnification: �800.)

Fig. 4. Increased amiloride-sensitive Na� transport in the distal colon of
PHAII mice. Segments of distal colonic epithelia were dissected and mounted
in modified Ussing chambers, and amiloride-sensitive Na� flux was measured
as described in Methods. (a) A representative current tracing of amiloride-
sensitive Isc from wild-type and PHAII mice is shown, demonstrating a larger
amiloride-sensitive current in PHAII versus wild-type mice. (b) Mean and SE of
amiloride-sensitive Na� flux across colonic epithelia from wild-type mice (n �
11) and PHAII mice (n � 11) is shown, demonstrating a significant increase in
PHAII mice.
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Discussion
WNK kinases have emerged in recent years as important regu-
lators of integrated electrolyte flux; they achieve these effects by
modulating the activities of diverse electrolyte flux pathways.
The present findings add several important elements to this
developing story. First, WNK4 inhibits the Na� channel ENaC,
adding a structurally diverse member to the flux pathways that
WNK4 regulates. This inhibition is kinase-independent and is
alleviated by mutations that cause PHAII. These findings extend
and underscore the observation that PHAII–WNK4’s effects on
diverse electrolyte flux pathways all serve the same physiologic
end: increasing net salt balance while preserving serum K�. We
presume these effects mimic the normal integrated physiological
response to intravascular volume depletion. Similar to WNK4’s
localization and targets in kidney, WNK4 localizes predomi-
nantly to the lateral membrane of colonic epithelia, whereas its
target acts at the apical membrane. This finding implies either
signaling intermediates or trafficking of WNK4 or its target
between cellular compartments.

It is noteworthy that WNK4’s effects on ENaC are distin-
guishable from its effects on other targets. Thus, WNK4 inhibits
ENaC in a kinase-independent fashion, and PHAII mutations
abrogate this inhibition; WNK4 inhibits NCC in a kinase-
dependent fashion, and PHAII mutation abrogates inhibition;
and WNK4 inhibits ROMK activity in a kinase-independent
fashion, but PHAII mutation increases inhibition. These differ-
ential effects underscore the potential for WNK4 to indepen-
dently regulate the activities of specific downstream flux medi-
ators, potentially allowing distinct responses to different
physiologic perturbations.

Second, we demonstrate that the short cytoplasmic C termini
of ENaC, which are used by Nedd4-2 to target the channel for
degradation, are also essential for WNK4’s inhibition of ENaC.
This finding raises the question of whether WNK4 is acting
through Nedd4-2 or an independent pathway; moreover, they
pose the question of whether WNK4’s effects at ENaC are
downstream of SGK1 signaling, because SGK1 is a known
aldosterone-responsive regulator of ENaC activity (see ref. 24 in
this issue of PNAS). Further investigation will be required to
elucidate the details of this mechanism.

Third, the physiological significance of these effects of WNK4
on ENaC in vivo is demonstrated by the transport properties of
aldosterone-sensitive colonic epithelia of mice harboring
PHAII-mutant WNK4. These mice show increased ENaC ac-
tivity compared with their wild-type littermates. This observa-
tion contributes importantly to the understanding of WNK4 as
a regulator of distinct but functionally related ion transport
pathways. Increased intestinal Na� absorption via ENaC pro-
motes increased intravascular volume (25), an effect that closely
parallels the action of PHAII-mutant WNK4 to maximize salt
reabsorption in the kidney. These net effects are adaptive in
restoring intravascular volume in the setting of volume depletion
and lend further support to WNK4 being a downstream mediator
of aldosterone–angiotensin II signaling. Moreover, this result
demonstrates the physiologic importance of WNK4 activity
outside the kidney and has potential implications for its activity
in other tissues in which ENaC plays an important physiological
role, such as the lung.

Last, the physiological importance of WNK4’s regulation of
ENaC in the kidney is not known. PHAII-mutant WNK4 causes
hyperplasia of the distal convoluted tubule and increased levels
of NCC in mice, and both the hypertensive and hyperkalemic
phenotypes of these mice can be corrected by genetic deficiency
for NCC (14). These large effects of WNK4 on NCC, however,
do not exclude significant effects of WNK4 on other determi-
nants of renal Na�, Cl�, and K� homeostasis (e.g., ENaC,
ROMK, and paracellular Cl� f lux) that have been observed in

vitro. Further studies will be required to directly measure the
activities of these and other distal nephron transport pathways in
PHAII.

Methods
Molecular Cloning. The complete coding sequence of mouse
WNK4 with an appended 3� hemagglutinin A (HA) tag was
subcloned from pcDNA3.1� into pGH19 through a blunt-end
ligation. Full-length and truncated clones of the �- (pSD5), �-
(pSPORT), and �- (pSPORT) subunits of the epithelial Na�

channel (ENaC) were as described in ref. 18. All point mutations
were introduced using the QuikChange site-directed mutagen-
esis system (Stratagene, La Jolla, CA).

Functional Studies in X. laevis Oocytes. Plasmids used for functional
studies encoded HA-tagged mouse WNK4 (pGH19-WNK4-HA)
and rat �, �, and � ENaC (pSD5-� rENaC, pSPORT1-� rENaC,
and pSPORT1-� rENaC). Plasmids were linearized by restriction
digestion, and cRNA was transcribed by using T7 or SP6 RNA
polymerase (mMessage mMachine kit; Ambion, Austin, TX).
cRNA quality was assessed with UV spectrometry and agarose
gel electrophoresis. Stage V–VI X. laevis oocytes were harvested
and defolliculated in compliance with institutional regulations.
Oocytes were injected with 2.5 ng of cRNA encoding the �-, �-,
and �-subunits of rat ENaC and with 10.0 ng of cRNA encoding
mouse WNK4-HA. These quantities correspond to a 1:1 molar
ratio of ENaC/WNK4. Injected oocytes were incubated in ND96
solution [96 mM NaCl/2.0 mM KCl/2.0 mM CaCl2/1.0 mM
MgCl2/5.0 mM Hepes buffer (pH 7.4)] and 10 �M amiloride at
18°C for 36–48 h. Microelectrodes were pulled to a tip resistance
of 0.9–1.5 M� and backfilled with 3 M KCl. Whole-cell, amilo-
ride-sensitive Na� currents were then determined by a two-
electrode voltage clamp in a buffer containing 96 mM NaCl, 5
mM KCl, 1 mM MgCl2, 1 mM CaCl2, and 10 mM Hepes buffer
(pH 7.4), in the presence and absence of amiloride. All Na�

currents reported refer to Na� currents measured in the absence
of amiloride. Oocyte membrane potentials were held at �40 mV,
and currents were measured at 20-mV steps from �160 to �80
mV. Results of consecutive experiments were pooled by nor-
malizing the currents to the average of the ENaC control group.
Each experimental group contains measurements from at least
three different frogs.

Western Blotting. For Western blots with lysates from oocytes, five
oocytes from each experimental group were lysed in 100 �l of
RIPA buffer [150 mM NaCl/10 mM Tris (pH 7.2)/0.1% SDS/
1.0% Triton X-100/1% deoxycholate/5 mM EDTA]. Lysates
were cleared by centrifugation at 30,000 � g and 4°C for 15 min,
and protein concentrations were quantified. Twenty micrograms
of protein was fractionated by SDS/PAGE gradient gel electro-
phoresis. Proteins were transferred to a 0.2-�m PVDF mem-
brane (Bio-Rad, Hercules, CA), blocked, and probed with rabbit
anti-HA antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA) (1:5,000 dilution). Membranes were washed and incubated
with secondary antibody (HRP-conjugated goat anti-rabbit IgG;
Sigma, St. Louis, MO), and chemiluminescence was performed
(ECL chemiluminescence system; Amersham, Piscataway, NJ)
following the manufacturer’s protocol.

Immunolocalization of WNK4 in the Mouse Colon. Mice were killed
by cervical dislocation at age 10 to 12 weeks in accordance with
approved procedures of the Yale Animal Care and Use Com-
mittee. Tissue was embedded in OCT compound and snap-
frozen in isopentane at �140°C. Sections of 5 �m were used for
immunolocalization. Tissue sections were processed and incu-
bated with rabbit anti-WNK4 (1:400) and secondary antibodies
as described in ref. 14. Stained sections were visualized by
immunofluorescence light microscopy. Results displayed are
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representative of results from at least three different mice. All
immunostaining with anti-WNK4 was competed with a three-
fold molar excess of the immunizing peptide, and staining with
secondary antibody alone revealed no signal.

Ussing Chamber Isc Measurements from Distal Colons of WNK4 Trans-
genic Mice. Mice heterozygous for a single copy BAC transgene
containing WNK4 with a PHAII-causing mutation (Q562E)
were crossed, and wild-type and homozygous transgenic mice
were identified in their offspring by genotyping tail DNA as
described in ref. 14. Mice were euthanized, and segments of
distal colon were isolated as described in ref. 26 in accordance
with the humane practices of animal care established by the Yale
Animal Care and Use Committee. Segments of 0.3-cm2 surface
area were mounted in modified Ussing chambers (Physiologic
Instruments, San Diego, CA), bathed in Hepes-buffered saline
solution containing 110 mM NaCl, 1.25 mM CaCl2, 1.25 mM
MgCl2, 5 mM KCl, 10 mM glucose, and 22 mM Hepes. Tetro-
dotoxin (2 �M) (Sigma) was added to the serosal solution to
inhibit the neuronal activity.

Short circuit current, Isc (�A/cm2), was monitored and re-

corded by computer every 10–20 s. For measurements of amilo-
ride-sensitive Isc, 10 �M amiloride was applied to the luminal
surface segments after 400 s, and the difference between stable
Isc after and before amiloride treatment was calculated. For
measurements of forskolin-stimulated, butmetanide-sensitive
Isc, 10 �M forksolin was applied to both surfaces of the segments,
and the resulting Isc was monitored for 20 min, followed by the
addition of 100 �M bumetanide to the serosal surface. Forsko-
lin-stimulated, butmetanide-sensitive Isc was calculated by de-
termining the difference between stable Isc after forskolin
treatment and stable Isc after bumetanide treatment.

Statistical Analysis. For all statistical comparisons, results were
compared by two-tailed unpaired t tests, or by nonparametric
Mann–Whitney U tests if the data violated a normal distribution.
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