-

-~
brought to you by .i. CORE

View metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector

Kidney International, Vol. 57 (2000), pp. 809-815

Regulation of the epithelial Na* channel by Nedd4

and ubiquitination

OLIVIER STAUB, HUGUES ABRIEL, PAMELA PLANT, TORU ISHIKAWA, VouLA KANELIS,
REzA SALEKIL, JEAN-DANIEL HORISBERGER, LAURENT SCHILD, and DANIELA RoOTIN

The Hospital for Sick Children, and Department of Biochemistry, University of Toronto, Toronto, Ontario, Canada; and Insitut
de Pharmacologie et de Toxicologie, Université de Lausanne, Lausanne, Switzerland

Regulation of the endothelial Na* channel by Nedd4 and by
ubiquitination. The epithelial Na® channel (ENaC) is com-
prised of three subunits, o, 8 and vy, and plays an essential role
in Na* and fluid absorption in the kidney, colon and lung.
We had identified proline-rich sequences at the C termini of
apByENaC, which include the sequence PPxY, the PY motif.
This sequence in B or YENaC is deleted or mutated in Liddle’s
syndrome, a hereditary form of arterial hypertension. Our pre-
vious work demonstrated that these PY motifs bind to the WW
domains of Nedd4, a ubiquitin protein ligase containing a C2
domain, three or four WW domains and a ubiquitin protein
ligase Hect domain. Accordingly, we have recently demon-
strated that Nedd4 regulates ENaC function by controlling the
number of channels at the cell surface, that this regulation is
impaired in ENaC bearing Liddle’s syndrome mutations, and
that ENaC stability and function are regulated by ubiquitina-
tion. The C2 domain is responsible for localizing Nedd4 to the
plasma membrane in a Ca’*-dependent manner, and in polarized
epithelial MDCK cells this localization is primarily apical. In
accordance, electrophysiological characterization of ENaC ex-
pressed in MDCK cells revealed inhibition of channel activity
by elevated intracellular Ca** levels. Thus, in response to Ca’*,
Nedd4 may be mobilized to the apical membrane via its C2
domain, where it binds ENaC via Nedd4-WW:ENaC-PY motifs’
interactions, leading to ubiquitination of the channel by the
Nedd4-Hect domain and subsequent channel endocytosis and
lysosomal degradation. This process may be at least partially
impaired in Liddle’s syndrome due to reduced Nedd4 binding,
leading to increased retention of ENaC at the cell surface.

The apically located amiloride-sensitive epithelial Na™*
channel (ENaC) plays an essential role in Na* and fluid
absorption in several epithelia, mainly in the lung, distal
colon and distal nephron [reviewed in 1]. ENaC was
originally cloned from rat colon using expression cloning
in Xenopus oocytes [2-5] and subsequently from other
species [6-12], and has been shown to be composed of
three similar subunits, «, B and . These are assembled
at a stoichiometry of 2«a1p1 vy [13] to yield an active

Key words: ENaC channels, PY motif, WW domain, C2 domain, ubi-
quitin protein ligase, Liddle’s syndrome.
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channel with a single channel characteristics of a highly
Na™ selective, low conductance (~5 pS) and high amilor-
ide sensitivity (Ki ~10 to 100 nmol/L) [3, 14]. Each ENaC
subunit is composed of two transmembrane (TM) do-
mains, a large extracelluar domain and short intracellular
N and C termini [15-17]. We have previously identified
proline-rich sequences within the C termini of each
ENaC subunit, including a highly conserved sequence
now known as the “PY motif” (xPPxY; Fig. 1A) [18, 19].

ENaC AND LIDDLE’S SYNDROME

Precise regulation of ENaC is critical, as illustrated by
the number of human diseases that have been linked to
malfunction of or mutations in ENaC, including cystic
fibrosis [20], pulmonary edema [21], pseudohypoaldoste-
ronism type I (PHAI) [22, 23] and Liddle’s syndrome.
Liddle’s syndrome is an autosomal dominant form of in-
herited human arterial hypertension, characterized by an
early onset of severe hypertension, salt-sensitivity, hypo-
kalemia, metabolic alkalosis, and low aldosterone and
renin plasma concentrations [24, 25]. The disease has been
linked genetically to mutations that delete or alter the
PY motifs of either 3- or yYENaC [26-30]. Such deletions
or mutations lead to elevated channel activity when ex-
pressed heterologously in Xenopus oocytes [19, 31]; this
elevation is caused by an increase in channel numbers
at the cell surface, as well as by increased channel open-
ing [32]. Moreover, recent work by Kellenberger et al
[33] has demonstrated loss of auto-inhibition by intracel-
lular Na* [14, 34] in PY motif-deleted/mutated ENaC.

BINDING OF Nedd4 TO ENaC

Because the presence of proline-rich regions in pro-
teins often indicates their involvement in protein:protein
interactions, and because loss of functional PY motifs in
BENaC leads to an elevation of channel activity and to
Liddle’s syndrome, we embarked on a search for putative
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suppressor protein(s) that may interact with that region
in ENaC and thus regulate channel function. Using a
yeast 2 hybrid screen of rat lung library with a PY motif-
containing sequence of the rat BENaC (identical to hu-
man ENaC at the PY motif) as a bait, we identified
Nedd4 as a binding partner for ENaC [18].

Nedd4 (neuroneal precursor cells expressed develop-
mentally down-regulated 4 [35]), is a ubiquitin protein
ligase composed of an N terminal C2 domain (see below),
three or four WW domains, an E2 binding region, and a
C terminal ubiquitin protein ligase Hect domain (Fig. 1B).
Both Nedd4 and ENaC show a similar expression pattern
in selected tissues, such as the principal (but not interca-
lating) cells of the cortical and outer medulla collecting
ducts in the distal nephron, and in airway and distal lung
epithelia [36]. WW domains are protein:protein interac-
tion modules ~40 amino acids in length [37-40] that
bind PY motifs [18, 41, 42] or in some specific cases the
PPLP motif [43, 44]. As shown in Figure 1A, a highly
conserved PY motif is found in all three of the ENaC
subunits. Using a series of experimental procedures, in-
cluding quantitative yeast 2 hybrid binding (3-gal) assays,
in vitro binding, in vitro peptide competition experiments
with synthetic peptides encompassing the ENaC-PY mo-
tifs, and coprecipitation and coimmunoprecipitation from
mammalian cells, we demonstrated that the WW do-
mains of Nedd4 are the ones responsible for the associa-
tion with the PY motifs of ENaC [18]. Moreover, we

main, three or four WW domains and the ubi-
quitin protein ligase Hect domain.

also showed that specific point mutations within the PY
motif of BENaC, recently identified in Liddle’s patients,
led to an increase in ENaC activity [19] concomitant with
an abrogation of binding to the Nedd4-WW domains [18].
More recent quantitative experiments using internal
fluorescence has identified highest affinity of interactions
(kD < 20 pmol/L) between the third WW domain of
rNedd4 (Fig. 1B) and the PY motif of BENaC (Kanelis,
Forman-Kay and Rotin, unpublished observations).

Because Nedd4-WW domains clearly bind the ENaC-
PY motifs, we proposed that such an interaction may
facilitate ubiquitination of ENaC by the Nedd4-Hect
domain, thus regulating channel stability and hence func-
tion. The obvious outstanding questions were then: (/)
Is ENaC regulated by ubiquitination? (2) Does Nedd4
regulate ENaC function? and (3) Is this putative regula-
tion impaired in Liddle’s syndrome? In the following
sections, we will describe our work aimed at answering
these questions.

REGULATION OF ENaC BY UBIQUITINATION

Ubiquitination serves to tag proteins for rapid degra-
dation [reviewed in 45]. It is carried out by the sequential
transfer of the 76 amino acid ubiquitin (Ub) from a
ubiquitin-activating enzyme (E1), to a ubiquitin-conju-
gating enzyme (E2) and usually to a ubiquitin protein
ligase (E3) such as Nedd4. The E3 enzyme is thus respon-
sible for the attachment of ubiquitin, or multiubiquitin
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Fig. 2. Regulation of ENaC by ubiquitination. (4) Ubiquitination (ub) of y and «ENaC, but not BENaC, upon coexpression of afyENaC in 293
cells together with His-tagged ubiquitin (Ub). (B) Loss of ubiquitination of the yK6-13R mutant (a«Bvyg). (C) An increase in channel numbers at
the cell surface is responsible for the increase in ENaC activity in the ubiquitination-defective ENaC (yK6-13R mutant or yK6-13R plus a47,50R
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chains, onto lysine residues of target proteins. For most
cytosolic or ER-associated proteins, such polyubiquitina-
tion targets them for degradation by the proteasome.
Recently, however, it has become apparent that some
transmembrane proteins also become ubiquitinated, and
that this ubiquitination targets them for endocytosis and
degradation by the lysosomes/vacuoles [46-48].

Many proteins regulated by ubiquitination have a very
short half-life. Our work and that of others have shown
that ENaC is a short-lived protein with t;, of approxi-
mately one hour of its total cellular pool [49, 50] as well
as a short half-life of the protein at the cell surface (Saleki
and Rotin, unpublished observations) [49, 51]. Accord-
ingly, we demonstrated that ENaC is ubiquitinated on
the v and « subunits in living cells (Fig. 2A) [49]. To
identify the possible ubiquitination sites in ENaC, we
searched for highly conserved Lys residues in the ENaC
sequence. A series of such lysines were identified at
the N termini of each ENaC chain, and subsequently

mutated individually or in clusters to Arg, to retain the
positive charge while abolishing ubiquitin acceptor sites.
These mutants were then expressed in Xenopus oocytes
to test for ENaC activity. Using this approach, mutation
of a cluster of lysine residues at the N terminus of YENaC
to Arg (Ko, 8, 10, 12, 13R, or yK6-13R) was found to
cause a two- to threefold increase in channel activity, an
elevation augmented (3- to 7-fold) by Lys to Arg muta-
tion of lysines 47 plus 50 in «ENaC («K47,50R), which
are otherwise ineffective on their own [49]. The increase
in ENaC activity was caused entirely by an increase in
channel numbers at the cell surface, as determined by
binding of iodinated antibodies directed against a FLAG
tag introduced into the ectodomain of each ENaC (wild-
type or mutant) chain (Fig. 2C). Accordingly, the same
Lys to Arg mutations in y and aENaC result is a severe
reduction of their ubiquitination (Fig. 2B), suggesting
that this impaired ubiquitination was responsible for the
increase in ENaC numbers [49]. In addition, using sev-
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eral lysosomal and proteasomal inhibitors, we were able
to demonstrate that the properly assembled afyENaC
is likely targeted for lysosomal degradation, whereas in-
dividually expressed ENaC chains are heavily ubiquiti-
nated and rapidly degraded by the proteasome [49], as
recently confirmed by others [51].

To determine whether ENaC ubiquitination plays a
role in its stability at the cell surface, we treated the
oocytes with Brefeldin A (BFA) to block ER to Golgi
transport, and compared amiloride-sensitive channel ac-
tivity of the WT and the Lys to Arg double mutant
(aK47,50R plus yK6-13R). Our work showed that while
most of the WT channel disappeared from the cell sur-
face by eight hours after the addition of BFA, about half
of the Lys to Arg mutant appeared to be stuck at the
plasma membrane [49]. This suggests that ubiquitination
likely plays a role in regulating ENaC endocytosis/degra-
dation and hence stability at the plasma membrane. This
places ENaCin a class of a growing number of transmem-
brane yeast and mammalian proteins in which ubiquiti-
nation and endocytosis/lysosomal (vacuolar) degrada-
tion are somehow linked [46, 52-54].

REGULATION OF ENaC FUNCTION BY Nedd4:
ROLE IN LIDDLE’S SYNDROME

To determine whether Nedd4 regulates ENaC func-
tion, we used the Xenopus oocyte system to study the
effect of overexpressed WT or catalytically inactive
(bearing a C to S mutation at the Hect domain) Nedd4
on ENaC activity. The Xenopus Nedd4 (xNedd4; Fig.
1B) and rat ENaC (rENaC) were used in these studies.
Our work showed that overexpression of WT-Nedd4
resulted in an almost complete inhibition of ENaC activ-
ity, an effect that was dose-dependent. Conversely, over-
expression of a catalytically inactive Nedd4 (Nedd4-CS)
enhanced ENaC activity two- to fivefold, presumably by
acting in a dominant negative fashion to compete off
binding of endogenous Nedd4 (Fig. 3) [55]. Moreover,
using ENaC chains expressing a FLAG tag at the ectodo-
main to quantitate channel numbers at the cell surface
and directly compare it to channel activity, we then dem-
onstrated that the suppressive effect of WT-Nedd4 and
the stimulatory effect of Nedd4-CS could be attributed
entirely to changes in channel numbers at the plasma
membrane [55]. This suggests that the effect of Nedd4
on ENaC is manifested at the cell surface, as also demon-
strated visually using immunofluorescence staining [55].

As indicated above, we had previously demonstrated
binding of Nedd4-WW domains to ENaC-PY motif and
abrogation of such binding by mutations in the conserved
proline or tyrosine of the PY motif [18]. Because such
mutations within the PY motif, or its deletion, cause
Liddle’s syndrome [26-30], we investigated the effect of
Nedd4 on the function of ENaC bearing mutations in

these motifs. Our studies showed that mutating the con-
served tyrosines in all three PY motifs of ENaC rendered
the channel completely unresponsive to WT-Nedd4 or
Nedd4-CS, demonstrating that binding via the Nedd4-WW
domains is essential for regulation of the channel by
Nedd4. When the effect of Nedd4 was tested on ENaC
lacking only one PY motif (BR564stop), to mimic the
original Liddle’s syndrome truncation [26], such “Lid-
dle’s” channel was only partially responsive to WT-Nedd4
or Nedd4-CS (Fig. 3) [55]. This suggests that the regula-
tion of ENaC by Nedd4 is impaired in Liddle’s syndrome,
and that the more intact PY motifs present in ENaC,
the tighter the control Nedd4 exerts on the channel.

Recently, Shimkets, Lifton and Canessa have pro-
posed that the PY motifs of BENaC or yENaC serve as
internalization signals that are responsible for clathrin-
mediated endocytosis of the channel, and hence their
deletion/mutation in Liddle’s syndrome may lead to an
accumulation of channels at the cell surface due to defec-
tive internalization [56]. Our work, however, suggests that
Nedd4 and channel ubiquitination likely regulate ENaC
stability at the cell surface, and that such regulation may
be impaired in Liddle’s syndrome due to reduced binding
of Nedd4 to the channel. Who is right, then? We believe
that both hypotheses may be correct and complemen-
tary. As described above, numerous recent reports have
demonstrated a link between ubiquitination and endocy-
tosis of transmembrane proteins, and it is quite likely
that ENaC also belongs to this group of proteins.

THE C2 DOMAIN OF Nedd4 MEDIATES
Ca*-DEPENDENT MEMBRANE TARGETING

In addition to WW and Hect domains, Nedd4 also
contains a C2 domain. C2 (CaLB) domains in other
proteins have been demonstrated to bind membrane and
phospholipids in a Ca’*-dependent fashion [reviewed in
57, 58]. We have therefore investigated the role of the
Nedd4-C2 domain. Our work demonstrated that Nedd4,
endogenously expressed in MDCK cells, redistributes
from the soluble to the particulate fraction following
treatment of cells with Ca?* plus ionomycin, which leads
to elevation of intracellular Ca** levels. Accordingly,
immunolocalization of endogenous Nedd4 in polarized
MDCK cells revealed a rapid (within 5 min) Ca**-depen-
dent translocation of the protein to the plasma mem-
brane, mainly the apical membrane [59]. This plasma
membrane association was mediated by the C2 domain,
because deletion of this domain led to abrogation of
targeting to the cell surface. Moreover, the Nedd4-C2
domain alone, generated as a glutathione-S-transferase
(GST) fusion protein, was able to associate with mem-
branes and purified phospholipids in vitro in response
to Ca** [59]. Despite the ability of the C2 domain on
its own to bind phospholipids, we believe that another
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Fig. 3. Regulation of ENaC by Nedd4 and impaired regulation in Liddle’s syndrome. (A) Overexpression of wild-type (wt) xNedd4 together with
aByrENaC in Xenopus oocytes leads to inhibition of channel activity due to excessive channel degradation. (B) Overexpression of catalytically
inactive (Nedd4-CS) xNedd4 together with afyrENaC leads to increased ENaC numbers at the cell surface and hence increased activity due to
competition of this dominant negative Nedd4 with endogenous Nedd4. (C) Loss of proper response to Nedd4 of ENaC channels lacking one (as
in Liddle’s syndrome) or more PY motifs, which leads to impairment of binding to Nedd4-WW domains and hence reduced ubiquitination of

ENaC and increased channel numbers at the plasma membrane.

factor(s)/protein(s) may be involved in the polarized dis-
tribution of Nedd4 in MDCK cells. Our preliminary work
has indeed identified a putative Nedd4-C2 interacting
protein, Annexin 13b, which is a protein previously dem-
onstrated to be enriched in apical rafts found in MDCK
and other epithelial cells [60]. Annexin 13b may there-
fore facilitate transport of Nedd4, via interactions with
the Nedd4-C2 domain, to the apical membrane.

We have recently performed an extensive electrophys-
iologic characterization of a3yrENaC heterologously ex-
pressed in epithelial MDCK cells, using patch clamp
analysis [14]. This work has demonstrated a biphasic
(rapid and slow) inhibition of ENaC activity in response
to elevation of intracellular Ca?*, in agreement with pre-
vious studies demonstrating Ca>*-mediated inhibition of
Na®* channels in native epithelia [reviewed in 1]. Al-
though speculative, it is possible that the slow response
(>5 min) may be mediated by a decrease in channel

numbers, possibly by Nedd4, which is mobilized to the
apical membrane by Ca**.

SUMMARY

Our work summarized here provides strong evidence
that Nedd4, which binds ENaC, regulates ENaC function
by controlling the number of channels at the cell surface,
and accordingly, that channel numbers at the plasma
membrane are controlled by ubiquitination. Although
we have not yet demonstrated direct ubquitination of
ENaC by Nedd4, we believe ENaC ubiquitination is
carried out, at least in part, by Nedd4, because a catalyti-
cally inactive Nedd4 has lost its ability to regulate ENaC,
and channel defective for Nedd4 binding (lacking PY
motifs) no longer responds to Nedd4 regulation. We
propose the following model for regulation of ENaC by
Nedd4: In epithelial cells, Nedd4 is translocated to the
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apical membrane in response to elevated intracellular
Ca**, to the same cellular compartment where ENaC
is located. This then allows binding of the Nedd4-WW
domains to the ENaC-PY motifs, thus bringing the ubi-
quitin protein ligase Hect domain in close proximity to
the channel, leading to channel ubiquitination, endocyto-
sis and lysosomal degradation (Fig. 4). This process is
likely impaired in Liddle’s syndrome due to defective
binding of Nedd4 to the channel (Fig. 3). Whether Nedd4
also participates in the inhibition of ENaC by elevated
intracellular Na*, recently demonstrated to be impaired
in Liddle’s syndrome [33, 61], remains to be investigated.

ACKNOWLEDGMENTS

Original work described in this review was supported by the Medical
Research Council of Canada (to D.R.), the Canadian Cystic Fibrosis
Foundation (to D.R. and O.S.), the International Human Frontier
Science Program (to D.R., J.D.H. and L.S.), and the Swiss National
Science Foundation (to O.S., J.D.H. and L.S.).

Reprint requests to Dr. Daniela Rotin, Programme in Cell Biology,
The Hospital for Sick Children, 555 University Ave., Toronto, Ontario,
Canada, M5G 1X8.

E-mail: drotin@sickkids.on.ca

REFERENCES

1. Garty H, PaLMER LG: Epithelial sodium channels: Function, struc-
ture, and regulation. Physiol Rev 77:359-396, 1997

2. Canessa CM, HorisBERGER J-D, Rossier BC: Epithelial sodium
channel related to proteins involved in neurodegeneration. Nature
361:467-470, 1993

3. CaNEssAa CM, ScHiLp L, BUELL G, THORENS B, GautscHi I, Horis-
BERGER J-D, RossiEr BC: Amiloride-sensitive epithelial Na™ chan-
nel is made of three homologous subunits. Nature 367:463-467,
1994

4. LiINGUEGLIA E, VoILLEY N, WALDMANN R, LAZDUNSKI M, BARBRY
P: Expression cloning of an epithelial amiloride-sensitive Na*
channel. A new channel type with homologies to Caenorhabditis
elegans degenerins. FEBS Lett 318:95-99, 1993

5. LINGUEGLIA E, RENARD S, WALDMANN R, VoILLEY N, CHAMPIGNY
G, Prass H, Lazpunski M, Barsry P: Different homologous sub-
units of the amiloride-sensitive Na* channel are differently regu-
lated by aldosterone. J Biol Chem 269:13736-13739, 1994

0y

— =

ENaC Endocytosis
and lysosomal
degradation

Staub et al: Regulation of ENaC

ENaC

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ubiquitination

Fig. 4. Summary: Role of Nedd4 and ubiqui-
tination in ENaC function. Nedd4 is a cyto-
solic protein. Upon a rise in cytosolic [Ca~ ],
it is mobilized to the apical membrane via its
C2 domain, possibly with the aid of Annexin
13b. Once there, it binds the ENaC-PY motifs
via its WW domains, allowing ubiquitination
of the channel by the Hect domain, which
facilitates channel endocytosis and lysosomal
degradation. Thus, Nedd4 is involved in regu-
lating ENaC stability at the cell surface.

. McDonaALD FJ, SNYDER PM, McCray PB Jr, WELsH MJ: Cloning,

expression, and distribution of a human amiloride-sensitive Na™
channel. Am J Physiol 266:L728-1.734, 1994

. McDonaLD FJ, Price MP, SNYDER PM, WELSH MJ: Cloning and

expression of the - and y-subunits of the human epithelial sodium
channel. Am J Physiol 268:C1157-C1163, 1995

. VoiLLEY N, LINGUEGLIA E, CHAMPIGNY G, MATTEI M-G, WALD-

MANN R, Lazpunski M, Barery P: The lung amiloride-sensitive
Na* channel: Biophysical properties, pharmacology, ontogenesis,
and molecular cloning. Proc Natl Acad Sci USA 91:247-251, 1994

. Puott A, May A, CANEssA CM, HORISBERGER J-D, ScHILD L, Ros-

sier BC: The highly selective low-conductance epithelial Na chan-
nel of Xenopus laevis A6 kidney cells. Am J Physiol 38:C188-C197,
1995

FuLLER CM, AwAaYDA MS, ARRATE MP, BRADFORD AL, MORRIS
RG, Canessa CM, Rossier BC, BEnos DJ: Cloning of a bovine
renal epithelial Na* channel subunit. Am J Physiol 269:C641-C654,
1995

GoLDSTEIN O, AsHER C, GArTy H: Cloning and induction by low
NaCl intake of avian intestine Na* channel subunits. Am J Physiol
272:C270-C277, 1997

Kirrick R, RicHARDSON G: Isolation of chicken alpha ENaC splice
variants from a cochlear cDNA library. Biochim Biophys Acta
Gene Struct Expression 1350:33-37, 1997

Firsov D, GaurscHi I, MERILLAT A-M, Rossier BC, ScHiLp L:
The heterotetrameric architecture of the epithelial sodium channel
(ENaC). EMBO J 17:344-352, 1998

Isnikawa T, MarUNAKA Y, RoTIN D: Electrophysiological charac-
terization of the rat epithelial Na* channel (rENaC) expressed in
MDCK cells: Effects of Na*™ and Ca’*.J Gen Physiol 111:825-846,
1998

CaNEssA CM, MERILLAT A-M, RossiEr BC: Membrane topology
of the epithelial sodium channel in intact cells. Am J Physiol
267:C1682-C1690, 1994

RENARD S, LINGUEGLIA E, VoIiLLEY N, LAZDUNSKI M, BARBRY P:
Biochemical analysis of the membrane topology of the amiloride-
sensitive Na* channel. J Biol Chem 269:12981-12986, 1994
SNYDER PM, McDonaALD FJ, Stokes JB, WELSH MJ: Membrane
topology of the amiloride-sensitive epithelial sodium channel.
J Biol Chem 269:24379-24383, 1994

StauB O, DuHo S, HENrRY PC, CorrEA J, IsHiIKAWA T, MCGLADE J,
Rorin D: WW domains of Nedd4 bind to the proline-rich PY
motifs in the epithelial Na* channel deleted in Liddle’s syndrome.
EMBO J 15:2371-2380, 1996

ScHiLp L, Lu Y, GAutscHi I, SCHNEEBERGER E, LIFToN RP, ROSSIER
BC: Identification of a PY motif in the epithelial Na* channel
subunits as a target sequence for mutations causing channel activa-
tion found in Liddle syndrome. EMBO J 15:2381-2387, 1996
Stutts MJ, CanEssa CM, OLseN JC, Hamrick M, Conn JA, Ros-



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

Staub et al: Regulation of ENaC

siER BC, BoucHer RC: CFTR as a cAMP-dependent regulator of
sodium channels. Science 269:847-850, 1995

HuMmMLER E, BARKER P, Garzy J, BEERMANN F, VErRDUMO C,
ScuMIDT A, BoucHER RC, RossiEr BC: Early death due to defective
neonatal lung liquid clearance in t ENaC-deficient mice. Nat Genet
12:325-328, 1996

CHANG SS, GRUNDER S, HANUKOGLU A, ROSLER A, MATHEW PM,
HaNukoGLU I, ScHILD L, LU Y, SHIMKETS RA, NELSON-WILLIAMS
C, Rossier BC, Lirron RP: Mutations in subunits of the epithelial
sodium channel cause salt wasting with hyperkalaemic acidosis,
pseudohypoaldosteronism type 1. Nat Genet 12:248-253, 1996
STRAUTNIEKS SS, THOMPSON RJ, GARDINER RM, CHUNG E: A novel
splice-site mutation in the gamma subunit of the epithelial sodium
channel gene in three pseudohypoaldosteronism type 1 families.
Nat Genet 13:248-250, 1996

LippLE GW, BLEDSOE T, CorPAGE WS Jr: A familial renal disorder
simulating primary aldosteronism but with negligible aldosterone
secretion. Trans Assoc Am Phys 76:199-213, 1963

WarNock DG: Liddle syndrome: An autosomal dominant form
of human hypertension. Kidney Int 53:18-24, 1998

SHIMKETS RA, WARNock DG, Bositis CM, NELSON-WILLIAMS C,
HanssoN JH, ScanaMBELAN M, GiLL JR, ULick S, MiLora RV,
FInDLING JW, CaNEssa CM, Rossier BC, Lirron RP: Liddle’s
syndrome: Heritable human hypertension caused by mutations in
the B subunit of the epithelial sodium channel. Cell 79:407-414,
1994

HanssoN JH, NELsoN-WiLLIaAMS C, Suzuki H, ScHILD L, SHIMKETS
RA, Lu Y, Canessa CM, Iwasaki T, Rossier BC, LirroN RP:
Hypertension caused by a truncated epithelial sodium channel
gamma subunit: Genetic heterogeneity of Liddle syndrome. Nat
Genet 11:76-82, 1995

HanssoN JH, ScHiLp L, Lu Y, WiLsoN TA, GautscHI I, SHIMKETS
RA, NELson-WiLLIAMS C, Rossier BC, LirroN RP: A de novo
missense mutation of the 8 subunit of the epithelial sodium channel
causes hypertension and Liddle syndrome, identifying a proline-
rich segment critical for regulation of channel activity. Proc Natl
Acad Sci USA 25:11495-11499, 1995

Tamura H, ScHiLp L, ENomoTo N, MATsul N, MARUMO F, ROSSIER
BC, Sasaki S: Liddle disease caused by a missense mutation of
beta subunit of the epithelial sodium channel gene. J Clin Invest
97:1780-1784, 1996

InouE J, IwaokA T, TokuNaGa H, TAKAMUNE K, NaowMmi S, ARAKI
M, Takanama K, YamacucHi K, Tomita K: A family with Liddle’s
syndrome caused by a new missense mutation in the 8 subunit of
the epithelial sodium channel. J Clin End Met 83:2210-2213, 1998
ScHILD L, CANESssa CM, SHIMKETS RA, WaArRNock DG, LirroN RP,
Rossier BC: A mutation in the epithelial sodium channel causing
Liddle’s disease increases channel activity in the Xenopus laevis
oocyte expression system. Proc Natl Acad Sci USA 92:5699-5703,
1995

Firsov D, ScHILD L, GautscHI I, MERILLAT A-M, SCHNEEBERGER
E, Rossier BC: Cell surface expression of the epithelial Na channel
and a mutant causing Liddle syndrome: A quantitative approach.
Proc Natl Acad Sci USA 93:15370-15375, 1996

KELLENBERGER S, GauTtscHI I, RossiEr BC, ScHiLD L: Mutations
causing Liddle syndrome reduce sodium-dependent downregula-
tion of the epithelial sodium channel in the Xenopus oocyte expres-
sion system. J Clin Invest 101:2741-2750, 1998

PAaLMER LG: Modulation of apical Na permeability of the toad
urinary bladder by intracellular Na, Ca, and H. J Membr Biol
83:57-69, 1985

Kumar S, Tomooka Y, Nopa M: Identification of a set of genes
with developmentally down-regulated expression in the mouse
brain. Biochem Biophys Res Commun 185:1155-1161, 1992
StauB O, YEGER H, PLANT P, Kim H, ERNsST SA, RoTIN D: Immuno-
localization of the ubiquitin-protein ligase Nedd4 in tissues express-
ing the epithelial Na channel (ENaC). Am J Physiol 272:C1871-
C1880, 1997

Bork P, SupoL M: The WW domain: A signalling site in dystrophin.
Trends Biochem Sci 19:531-533, 1994

ANDRE B, SPRINGAEL J-Y: WWP, a new amino acid motif present
in single or multiple copies in various proteins including dystrophin

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

815

and the SH3-binding Yes-associated protein YAP65. Biochem Bio-
phys Res Commun 205:1201-1205, 1994

HormaNnN K, BucHER P: The rsp5-domain is shared by proteins of
diverse functions. FEBS Lett 358:153-157, 1995

StauB O, RotiN D: WW domains. Structure 4:495-499, 1996
CHEN HI, SuboL M: The WW domain of Yes-associated protein
binds a novel proline-rich ligand that differs from the consensus
established for SH3-binding modules. Proc Natl Acad Sci USA
92:7819-7823, 1995

JuNG D, YANG B, MEYER J, CHAMBERLAIN JS, CaAMPBELL KP: Identi-
fication and characterization of the dystrophin anchoring site on
b-dystroglycan. J Biol Chem 270:27305-27310, 1995

CuaN DC, BeEprorp MT, LEDER P: Formin binding proteins bear
WWP/WW domains that bind proline-rich peptides and function-
ally resemble SH3 domains. EMBO J 15:1045-1054, 1996
BEprorD MT, CHAN DC, LEper P: FBP WW domains and the
Abl SH3 domain bind to a specific class of proline-rich ligands.
EMBO J 16:2376-2383, 1997

Hersuko A, CIECHANOVER A: The ubiquitin system. Annu Rev
Biochem 67:425-479, 1998

Hicke L, RiEzmaN H: Ubiquitination of a yeast plasma membrane
receptor signals its ligand-stimulated endocytosis. Cell 84:277-287,
1996

Hicke L: Ubiquitin-dependent internalization and down-regula-
tion of plasma membrane proteins. FASEB J 11:1215-1226, 1997
TeRRELL J, SHIsH S, DUNN R, Hicke L: A function for monoubiqui-
tination in the internalization of a G protein-coupled receptor.
Molecular Cell 1:193-202, 1998

StauB O, GautscHI I, Isnikawa T, BreirscHOPF K, CIECHANOVER
A, ScuiLp L, RotiN D: Regulation of stability and function of
the epithelial Na* channel (ENaC) by ubiquitination. EMBO J
16:6325-6336, 1997

May A, PuoTtt A, GAEGGELER H-P, HORISBERGER J-D, RossiEr BC:
Early effect of aldosterone on the rate of synthesis of the epithelial
sodium channel « subunit in A6 renal cells. / Am Soc Nephrol
8:1813-1822, 1997

VaLentuN JA, Fyre GK, Canessa CM: Biosynthesis and pro-
cessing of epithelial sodium channels in Xenopus oocytes. J Biol
Chem 273:30344-30351, 1998

GALAN JM, MoreaU V, ANDRE B, VoLLAND C, HAGUENAUER-
Tsaris R: Ubiquitination mediated by the Npilp/Rsp5p ubiquitin-
protein ligase is required for endocytosis of the yeast uracil perme-
ase. J Biol Chem 271:10946-10952, 1996

SPRINGAEL J-Y, ANDRE B: Nitrogen-regulated ubiquitination of
the Gapl permease of Saccharomyces cerevisiae. Mol Biol Cell
9:1253-1263, 1998

Strous GJ, VAN KERKHOF P, GOVERS R, CIECHANOVER A, SCHWARTZ
AL: The ubiquitin conjugation system is required for ligand-in-
duced endocytosis and degradation of the growth hormone recep-
tor. EMBO J 15:3806-3812, 1996

ABRIEL H, LorrING J, REBHUN JF, HORISBERGER J-D, ScHILD L,
RotiNn D, StauB O: Defective regulation of the epithelial Na*
channel (ENaC) by Nedd4 in Liddle’s syndrome. J Clin Invest
103:667-673, 1999

SHIMKETS RA, LirtoN RP, CANEssa CM: The activity of the epithe-
lial sodium channel is regulated by clathrin-mediated endocytosis.
J Biol Chem 272:25537-25541, 1997

NaLEFskI EA, FALKE JJ: The C2 domain calcium-binding motif:
Structural and functional diversity. Protein Sci 5:2375-2390, 1996
PonTING CP, PARKER PJ: Extending the C2 domain family: C2s in
PKCs delta, epsilon, eta, theta, phospholipases, GAPs, and per-
forin. Protein Sci 5:162-166, 1996

PraNT P, YEGER H, StAUB O, HOwWARD P, RoTIN D: The C2 domain
of the ubiquitin protein ligase Nedd4 mediates Ca?*-dependent
plasma membrane localization. J Biol Chem 272:32329-32336, 1997
FieLDER K, LaronT F, PaArRTON RG, Simmons K: Annexin XIIIb:
A novel epithelial specific annexin is implicated in vesicular traffic
to the apical membrane. J Cell Biol 128:1043-1053, 1995
Dinubom A, HArRVEY BJ, KoMmwATANA P, YouNnG JA, KUMAR S,
Cook DI: Nedd4 mediates control of an epithelial Na* channel
in salivary duct cells by cytosolic Na*. Proc Natl Acad Sci USA
95:7169-7173, 1998





