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Regulation of epithelial Na* channels by aldosterone: Role of Sgk1
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Summary across the apical membrane into the cell through ENaC.
o ) o Accordingly, the activity of the N&K*-ATPase is not only
1. The epithelial sodium channel (ENaC) is tightlycyitical to the whole transport process but also a limiting

regulated by hormonal and humoral factors includingacior for the rate at which Nacan be transported across
cytosolic  ion  concentration,  glucocorticoid  andye apical membrane.

mineralocorticoid hormones. Marof these regulators of

ENaC control its activity by regulating its sack

expressionvia Nedd4-2. Lumen Cell / Interstitium
2. During the early phase of aldosterone action,

Nedd-2-dependent dmregulation of ENaC is inhibited by

the serum and glucocorticoid-dependent protein kinase,

Sgkl . ENaC @ Na+
3. Sgkl phosphorylates Nedd4-2. Subsequently Na* ———— v
phosphorylated Nedd4-2 binds to the 14-3-3 protein and K*
hence diminishes binding of Nedd4-2 to ENaC. =
4. Nedd4-2 is also phosphorylated by protein kinase I
B (Aktl). Both Sgkl and Aktl are part of the insulin- ¢ —=—— — == . I
signalling pathway that increases transepithelial *Na j
absorption by inhibiting Nedd4-2 and aeting ENaC.
Introduction \

Epithelial sodium channels (ENaC) are*Niaansport Ei L Di howi del for Naab "
proteins expressed in the kignheolon, lung and ducts of lgure 1. Diagram showing a modet Tor [aabsorption

the sweat and sabiry glands. In these tissues, ENacYi@ ENaC. The luminal plasma merabe contains the

facilitates Nd absorption. Its function in the kidpeand aml!orlde-sensmve Na cha_nnels. The ele_cncher_nlc_al
colon is essential for the gelation of N& and fluid driving force for N& absorption from the luminal fluid into

the cell is gnemlted by activity of the N&K*ATPase in the

homeostasis, particularly in fine-tuning total body*Na o
absorption during®ume and osmotic challenges. ENaC iiasolateal membrane that keeps cytosolic’Nsncentra-

a heteromultimeric protein comprising three homologou on low In this quel, Clions ae ransportedvia Cl
subunits, a-, B- and, y-ENaC, each of which has shortChannelS gpressed in both the apical and basolatenem-
cytosolic N and C termini, tov membrane-spanning brane

domains and a large extracellular amino acid foop.

Although unanimous agreement on the subunit composition It is well established that the adty of ENaC in the

of ENaC expressed at the saaé of the cell membrane hasdistal nephron and the distal colon is upregulated by the
not yet been reached, it is generally accepted thatndneralocorticoid aldosterone released from the adrenal
functional ENaC compie incorporates all three ENaC zona glomerulosa The aldosterone sensitivity of ENaC
subunits# At the cell membrane, the activity of ENaCmakes activity of the channel in these tissues important to
allows passie movement of N& from the fluid bathing the the regulation of werall Na* and fluid homeostasis and,
apical cell membrane of the epithelium along théence, in the gulation of blood pressure. Consequently
electrochemical gradient into thgtoplasm. N& absorption dysfunction of ENaC has been implicated in abnormality of
via this process (see Figure 1) iswéri by ectivity of the blood pressure grilation®® and in disorders of the
Na'/K*-ATPase in the basolateral membrane, anvactiregulation of the thickness of the fluid layer bathing the
pump that maintains Naconcentration in the cytosol at alung surfac€.

low levd. An additional consequence of Mi*-ATPase

activity is the generation of an electrochemical gradient

which favaurs maement of N& from the luminal fluid
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ENaC surface expression: therole of ubiquitin protein- mouse collecting duct celf8. In addition, in Xenopus
ligases oocyteg® and in Chinese hamstervapy cells3® ENaC

o _ activity was found to significantly increase if agty of
In aldosterone-sensit issues, expression of ENaCqynamin, a critical component of clathrin-mediated

is exclusi\/(_a D th_e apical membrane of the sam‘e epithelial endogtosis, was suppressed. Furthermore, in mouse
cells. During biosynthesis, only a small portion ofvlye cojlecting duct cells, rexpression of epsin, a protein that
synthesized ENaC subunits are processed to the apical gl poth clathrin-interacting motifs and ubiquitin-binding
surface® This ineficiengy in the assembly of newly formed motifs that are capable of binding ubiquitinated ENaC,
ENaC subunits into functional channel conxgeleads t0  §ecreased ENaC activi.

the majority of nely synthesised ENaC subunits being  Athough the cellular mechanisms that underlie
tamgeted for dgradation. After it reaches the cell 6¢, ENaC internalisation remain to be fully elucidated, it is
the level of expression of ENaC in the plasma membrane igenerally accepted that Nedd4-2-mediated internalisation of
regulated, allowing actity of the channel to be kept in enac is of great prsiological importance for éeping
accordance with the rate of Nabsorption that is required paqq activity of the channel in the distal kignat an

to maintain normal Na homeostasis. SurpluENaC appropriate feel. This physiological significance of
proteins are remed from the membrane surface by anNedd4-2 is apparent in the situation where interaction
internalisation mechanism thavaives activity of Nedd4, & peqyeen ubiquitin protein-ligases and ENaC is disrupted, as
HECT (homologous to E6-AP C-terminus) domain Eg, | jddle’s syndrome, an autosomal dominant form of salt-
ubiquitin-protein ligase, or its homologue Nedd4-2, both Qfensitye hypertension with ypokalemic alkalosis andwo
which directly interact with the chanriet? This role of yenin and aldosterone agty. Liddle's syndrome is caused
Nedd4 and Nedd4-2 is knmn to be critical to the rapid py genetic mutations that delete the cytoplasmic termini of
adaptation of transepithelial Naransport in response to B— or y-ENaC3! rendering ENaC incapable of interacting
changes in the cellular ionic wronment. A series of yjth Nedd4-2 due to loss of the required binding sites. Loss
studies from our laboratory Y& demonstrated that both 4 the PY motifs from— and y-ENaC C-termini results in
Nedd4 and Nedd4-2 areek mediators of Na feedback jncreased cell surface expression of the chatrigl.

regulation of ENaC??? a cellular mechanism that Conversely overexpression of exogeneous Neddd-2
downregulates the aatity of ENaC in response to increasejecreases both ENaC <agé expression and channel
in intracellular Na conce_ntratlon._ This activity3435 Together these findings emphasise the
Nedd4/Nedd4-2-dependent  mechanism  might be  @fgnificance of Nedd4-2 for the regulation of membrane
physiological importance in coordmatlng+ the activity Ofexpression of ENaC. It remains unknownwever, whether
ENaC and the basolateral membrane*/Na ATPae, Nedd4-2 is capable of gelating ENaC internalisation
thereby preenting accumulation of intracellular Ndo &  gione, or if it also influences tfiking of immature ENaC
toxic level. . _ ) to the cell surface. Interestinglp recent study indicates

~ To regulate ENaC, a direct interaction between thehat Nedd4-2 only interacts with mature ENaC at the cell
ubiquitin protein-ligases and the channel is required. Nedddf5ce24 which may imply that actity of Nedd4-2 is
and Nedd4-2 bindyia their WW domains, to the proline- |iyjted to the rgulation of channels that are already
rich PY motifs (PPPxYxxL) located in the C-termini of theexpressed at the cell membrane. and is nathired in the

B- and y-ENaC subunits. This binding, in turn, leads tQeqyjation of the abndance of immature ENaC subunits in
polyubiquitination of the channel and promotes itg,g cytosolic compartments.

internalisatiorf1923-251t is notavorthy that the contribtion

of Nedd4-2 to ENaC regulation appears to be greater th&gk1 mediation of the aldosterone effect on ENaC

that of Nedd4?® hence the role of Nedd4-2 as gutator of . o
ENaC has recently been a subject of considerable interest. Aldosterone is a potent aegior of ENaC activity in

Of the four WW domains present in mouse and humdhe distal nephron, where it increases both biosynthesis and

Nedd4-2, only WW domains 3 and 4 are required tgctivity of Na" transporters at the cell membrane. The
mediate downregulation of ENaC activify?” natriferic efect of aldosterone can be viewed as having tw

As a consequence of Nedd4-2 binding, ENa@hases. Annitial effect of aldosterone on ENaC activity is
undegoes ubiquitination, and the ubigitinated ENaC i&Pparent within 30 minutes followinggosure of the taet
subsequently targeted for internalisation. ve@i the tissues to the hormori&3” During this initial phase, total
presence of seral conserved endocytotic motifs, Ygx@ cellular expression of ENaC and of & ™-ATPase remain
= hydrophobic amino acid), capable of interacting with thgnchanged, whereas the cell membrane abupdance of both
W2 subunit of clathrin adaptor protein AP2, in thegien transporters was notably ebted 3839 Translocation of pre-
adjacent to the PY motifs in thgtosolic C-termini of the existing ENaC subnits from cytosolic compartments to the
ENaC subnits, as well as at the and ENaC N-termini, apical cell surface and/or the reduction of the rate of ENaC
it seems liely that ENaC internalisation volves an internalisation are the most déiky contributors to the rapid
endogtotic process that is clathrin-depend&ht.In increase in Naabsorption during this period. A subsequent
agreement with this notion, recent studiesehandicated increase in transepithelial Nabsorption in aldosterone-
that all three ENaC subits were detected in clathrin- [@g€eted tissues occurs 3-6 hours aftepasure to the
coated vesicles found at the cell surface of mpkGED hormone. This later effect of aldosterone is sustained,
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which allows N4 transport capacity in the gated tissues coexpressed in Xenopus ooogytes, Sgkl significantly
to slowly increase \@r a period of days. Increased enhances the avily of ENaC* 48 Additionally,
biosynthesis of ne ENaC and N&K*-ATPase is belieed aldosterone is essential for the maintenance of basal Sgkl
to be responsible for the gradual veléion of Na  actiity in the kidng. Over half of Sgkl expression in the
absorption during this late period of aldosterone a¢fiéh. distal nephron of normal rat is maintained by serum
While increasing the abundance of ENaC at thaldosteroné® Furthermore, aldosterone treatment rapidly
apical cell membrane during the early phase of itscef activates transcription of Sgkl mRNalong the entire
aldosterone simultaneously induces transcription wératé length of the aldosterone-sensgiti dstal nephron and
regulatory proteins in tgeted cells, some of which v& concurrently increases expression @fENaC and Na
been confirmed to lva a pofound efect in stimulating N&  absorption in the same nephrogsent®® In addition to its
absorption. Notable among aldosterone-sesmsitioteins is  effect on ENaC, Sgkl also adies N4 transport across
the serum- and glucocorticoid-dependent protein kinasthe basolateral membrane by drastically increasing both
Sgkl, a serine/threonine protein kinase belonging to tleepression and activity of the N&*-ATPasef®° These
‘cyclic AMP-dependent, cyclic GMP-dependent, proteiproperties alle the kinase to balance apical entry of*Na
kinase C’ (AGC) family of protein kinases. Sgkl was firstvia ENaC with basolateral xé¢ of the ion via the
identified by diferential screening for glucocorticoid- Na'/K*ATPase. Gven that concurrent increases of Na
inducible genes in the Con8.hd6 rat breast cancer coethnsport mechanisms in both membrane domains are
line.*2 There are at least three currently wmoisoforms of required to maintain Naabsorption at a highervd, the
Sgk protein, namely Sgkl, Sgk2 and Sgk3, all of whichbility to simultaneously control both ENaC and
share wer 80% similarity in amino acid sequence of theilNa'/K*ATPase maks Sgkl highly ééctive in modulating
catalytic domaing® Despite this similarity only genes net N& absorption. It should, keever, be roted that,
encoding Sgkl undgo transcriptional modulatiéfiwhich  despite the continuing presence of aldosterone, Sgkl
might suggest that the mechanism by which Sgkl mRRNA and protein lgels in A6 amphibian kidnecell lines
actvated and its pysiological roles could dér return to near basal s within 24 hours follaing
substantially from those of the otheronBgk isoforms* In  aldosterone treatmef#>! This unsustained awtition of
addition to serum and glucocorticoitfs®>46Sgk1 is under Sgkl activity by aldosterone might suggest thatvigtof
transcriptional regulation by weral other &ctors including this kinase only accounts for mediation of the early effect of
mineralocorticoids8454752  cytokine$3%* and grevth the hormone on Naabsorption.
factors®>56 Transcription of Sgkl is also agted in _ o R
pathological conditions such as osmotic stPé$8diabetic S9K1 increases ENaC activity by inhibiting Nedd4-2
nephropat®® Crohns dsease and glomerulonephritt8

: The stimulatory effect of Sgk1 on ENaC activity can,
whereas prostate canteand hepatocellular carcinofifa y g y

by and large, bexplained by its stimulatory effect on the
rate of internalisation of the chanr@f’> The striking

. . r<‘5(?Jposition between the influences of Sgkl and of Nedd4-2
transport proteins ke revealed that Sgkl increases the n the abundance of ENaC at the cell membrane has

. 4 . 6
including ENaC (see véew by Langet al®). Sofar, the these tw efector proteins in the cellular pathways which

majority of.data_lthat suppprt this notiombatgen obtained regulate  ENaC membrane expression. Evidence from
from studies in amph|p|an ogﬂe expression SyStems'seyeral laboratories has sia that phosphorylation of
Consequently these fmdmgs ”."ght not \ay’s premselyl Nedd4-2 is an important step by which the kinase
represent the real physiological effect of the proteing,yateq the activity of ENa®.’37> At the molecular

studied, and, hence should be treated with some cauti?é\yel Sak phosphorviates Nedd4-2 at three puéatites
Nevertheless, the susceptibility of Sgkl to fditnt Se'giz agr]\d %ézspandyThF67.34v75 Phosphorylatiopn of the,se

re_:gulators_, and the variety of transport prpteins _that tr’F%sidues decreases the ability of Nedd4-2 to interact with
kinase might regulate, suggest that Sgkl is an import ubiquitinate ENaC thereby disrupting
convergence point for coordinating multiple ion tranSporteNedd4-2-dependent wregulat,ion of the channéh’3

actiities by various_ pysiological stimuli in both the Phosphorylation of Nedd4-2 may be integral to the
normal and pathologlcal_ states. echanism whereby w&ral regulators of ENaCxert their
Among Sgk proteins, Sgkl and S?k:;’ but not Sgk timulatory effects on the aeiy of the channel. &r
greﬂl:nownl to gekpqter;t azmt?rr]s tOf. ENaS‘ Even SO, Sgk; instance, aldosterone increases phosphorylation of Nedd4-2
IS the only Sgk 1soform hat IS TODUSTY ~€xpressed 1y, e 4t kidng and mpkCCDQ, , cultured collecting duct
mammalian .k|dny: Whe_re 'ts. Epression can be detect_ed ells/* Nedd4-2 is also a phosphorylation target of cAMP-
from the thick ;;scendmg limbof I—_lenle to the CortlC""Eependent protein kinase (PKA), and phosphorylation of
collecting tulule?® and this expression pattern of Sgk edd4-2 by PKA may be wolved in the mechanism by
overlaps with that of ENaC in the distal part of the nephron, ..., vasopressin upregulates *Neansportvia ENaC73

Ir;\éesttlganon of I\fgké ast. an mpor?&ntt mesctiladtpr 0 orversely, constitutvely phosphorylated Nedd4-2 may
aldosterone on Naabsorption bgan wi WO SUCIES - hae an adverse effect onwverall Nat and fluid homeostasis.

J3 I i f Nedd4-2, Nedd25L h
kidney is requlated by aldosterone, and that, when naturally occurring mutant of Nedd4-2, Nedd2 as
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recently been identified in end-stage renal disease patieatsivation of Sgkl, phosphorylation of Nedd4-2 and
with arterial lypertensiorf® This mutated form of Nedd4-2 recruitment of 14-3-3, leading to the depletion of Nedd4-2
exhibits a strong basal phosphorylatiorndeand a weakr activity, may be a ky mechanism employed by aldosterone
inhibitory efect on ENaC than that the wild-type form.to increase Naabsorptiorvia ENaC (Figure 2).

Although phosphorylation by Sgkl does weaken the ability
of Nedd4-2 to bind to ENaC, phosphorylated Nedd4-2
reciprocally inactiates Sgkl activity by increasing
ubiquitination of the kinase, leading togiadation of Sgk1l ‘
in a 26S proteosome-dependent mash&uch a feedback

mechanism might alie Sgk1 activity to be self-mgulated, Insulin = PI3K
which would permit fine-tuning of ENaC adty in l
response to actition by hormones such as aldosterone and

glucocorticoids. PDK

Nedd4-2 might not be the only phosphorylatiomyédr
of Sgkl that is imolved in ENaC regulation. It has recently
kt S

Aldosterone ——

uone|nbai jeuondudsues

been reported that iKenopusoogtes, Sgkl has nofett
on C-terminal truncated ENaC lacking Nedd4-2 binding

A g
sites, and that the effect of Sgkl is mediatedSef?! on T
the C-terminal ofaENaC/’ This finding prompts the

1 = <
—

speculation that direct phosphorylation of ENaC might be

involved in the actions of Sgkl. On the other hand,

expression of a constitwély actve Syk1 mutant Nedd4-2 / Nedd4-
(Sgk1542°D) was without ekct on the phosphorylationve b

of ENaC subunits in A6 amphibian kidneells.”® The :
discrepang between these twfindings could be attriied

to either the inability of SgkI?P to exert its kinase ENaC —————— ENaC-ubiquitin
activity on ENaC or to thedflure of the oocytex@ression

system to reflect the real ydiological role of the kinase on

the channel. Neertheless, the notion that Sgk1 may directhyf-igure 2. A schematic digram shows the cellular sig-
phosphorylate and aette ENaC is interesting and Nalling pathway by whit ENaC is egulated by the her

N

S

deserves further rigorousviestigation. mones aldosterone and insulin. The effect of aldoseer
and insulin is mediatedia a phosphatidylinositol 3-kinase
Phosphorylated Nedd4-2 interacts with 14-3-3 (PI3K) and phosphoinositide-dependentotein kinase

) , (PDK) pathwaywhich activates serum and glucocorticoid-
Iit;c;gphorylated. Nedd4-2 binds preferentially tQenendent mtein kinase (Sgkl) and protein kinase B
14-3-3)°*" a dmeric acidic protein ubiquitous in (Ay¢1) Both Sgkl and Aktl phosphorylate Nedd4-2. The
eukaryotic cell$182Binding of phosphorylated Nedd4-2 10 hhosphorylated form of Nedd4-2 interacts with 14-38-

14-3-3, in turn, preents interaction. between the _WW\/eming it from binding to and inducing ubiquitination of
domains of Nedd4-2 and the PY motifs of ENaC, while alsgyac

preventing the dephosphorylation of Nedd42It would

thus appear that 14-3-3-dependent inhibition of Nedd4-2

actiity plays a ley mle in regulation of Sgkl-dependentPossiblerolesof other kinases and future directions
upregulation of ENaC? There are seeral lines of @idence

that support this notion. These include the otmtérm that Recent studies ha diown that dovnregulation of
overexpression of a Nedd4-2 mutant that is sevsitb Nedd4-2 activity is a critical step in the signalling paw
Sgkl phosphorylation, ub which cannot interact with Py which aldosteronexerts its early dects on sodium
14-3-3, dampened the stimulatory effect of Sgk1 on ENaf@nsport. Most studies ta focused on the role of Sgkl as
activity® In addition, knock-down of 14-3-3xpression, the kinase in the aldosterone signalling pathwthat
using a 14-3-3-specific SiRNA, decreased ENg@ession, Phosphorylates  Nedd4-2 and renders it fewtive.
increased the association between ENaC and Nedd4-2 d¥Ryertheless, it is surprising that mice with Sgk1 knmatk
abrogted the stimulatory effect of aldosterone on ER&C.Phenotype (Sgkl(-/-)) sko no dfference in renal Na
Furthermore, 14-3-3 also plays an important role in treXcretion compared to wildtype (Sgkl(+/+)) when the
mechanism by which aldosterone increases ENa@itgcti @nimals were maintained on a normal “Ngiet. Such
Recent widence indicates that aldosterone S»[rong|9bser\z=1tions can be interpreted as indicating either that the
increases expression of 14-3-3 mRIithout affecting the actvity of Sgkl is not critical for maintaining basal af

level of total Nedd4-2 epressiorf® Concomitantly, of ENaC in the distal nephron or that there is a redundant
aldosterone decreases the association between ENaC B¢ghanism capable of maintaining normal ENaC activity in
Nedd4-2 and increases the association between the ffe@ kidng in the absence of Sgk1. An inability of the distal
phosphorylated Nedd4-2 and 14-838% Together, tubule of Sgki1(-/-) mice to increase Neetention, hwever,
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became apparent when the mice were challenged with a lo
Na' diet.

When we consider the possibilitthat an alternate
regulatory protein may act on ENacC in the absence of Sgk1,
we need to bear in mind a protein in the Saify which

2002;82: 735-67.

3. EskandariS, Snyder PM, Kreman M, Zampighi GA,

Welsh MJ, Wright EM. Number of suwinits
comprising the epithelial sodium channdl. Bol.
Chem. 1999;274: 27281-6.

is structurally ery similar to Sgkl, Aktl, also called 4. Sryder PM, Cheng C, Prince LS, Rogers JC, Welsh MJ.

protein kinase B, which is ael mediator in the insulin
signalling pathway. The catalytic domains of Akt and Sgk1
have ove 55% homology in their amino acid sequence. In

Electroplysiological and biochemical evidence that
DEG/ENaC cation channels are composed of nine
subunitsJ. Bol. Chem.1998;273: 681-4.

addition, Aktl has conserved residues that resemble the SchildL, Lu Y, Gautschi I, Schneeberger E, Lifton ,RP

amino acid sequence of a domain in Sgkl required for its
activation.** Furthermore, both Sgk1 and Aktl are wattd

by PI3K/PDK1% key mediators of the effects of
aldosterone and insulin on ENaC. The surprising failure of

Rossier BC. Identification of a PY motif in the
epithelial N& channel subunits as a target sequence
for mutations causing channel aetion found in
Liddle's syndrome EMBO J.1996;15: 2381-7.

overexpression of a constitwigly active mutant of Aktl to 6. ChangSS, Grunder S, Hanaglu A, Rosler A, Mathe

elevate basal activity of ENa¥ has prompted the
suggestion that Aktl may not bevalved in the rgulation

of ENaC either under basal conditions or during stimulation
with insulin and aldosterone. Current data from our
laboratory howeve, dispute this notion. In agreement with
previous reports, we found that the constitdly active
mutant Aktl not onlydiled to increase ENaC agty, but
also inhibited the chann®l. We found, havever, that
overexpression of a wild-type Aktl increased ENaC
activity. 8 The stimulatory effect of the wild-type Aktl on

PM, Hanukoglu I, Schild L, Lu ,YShimkets RA,
Nelson-Williams C, Rossier BC, Lifton RP
Mutations in subnits of the epithelial sodium
channel cause salt asting with lyperkalaemic
acidosis, pseudohypoaldosteronism type Nat.
Genet.1996;12: 248-53.

7. Mall M, Grubb BR, Harkema JR, O’'Neal WK, Boucher

RC. Increased airway epithelial Naabsorption
produces cystic fibrosis-kk lung disease in mice.
Nat. Med.2004;10: 487-93.

ENaC was also confirmed by the finding that inhibition 08. Rotin D, Kanelis V Schild L. Trafficking and cell

Aktl actvity, either by a small-interference RNdirected
against Aktl or by a dominant gdive Aktl, decreased the
actvity of ENaC?®” In addition, we found that agtition of
ENaC by Aktl requires phosphorylation of Nedd4-2 and is
a aitical component of the insulin signalling patiyvthat
upregulates ENaC aatity.8” Together these data suggest
that Aktl is an important agttor of ENaC. Nonetheless,

whether Aktl alone can maintain activity ENaC at a normalo.

level in the absence of Sgkl, such as occurs in Sgkl1(-/-)
mice, remains to bewestigated.

Sgkl eerts its efects on ENaC by denregulating
the inhibitory efect of Nedd4-2 on the channel in a

phosphorylation-dependent mannémterestingly Nedd4-2  11.

also contains phosphorylation sites for the G-protein
receptor kinase, Grk¥ a known regulator of ENaC that
increases ENaC awily by inhibiting feedback
downreggulation of the channel in response to increases in
cytosolic Nd& concentration,
phosphorylating theB-ENaC C-terminaf’ Nevertheless,

the presence of consensus phosphorylation sites for Grk2
on Nedd4-2, suggests that phosphorylation of Nedd4-2 by
Grk2 might, at least in part, & sme role in modulating
ENaC actvity. This possibility still remains to bexplored.

References

1. Caness&M, Schild L, Buell G, Thorens B, Gautschi I,
Horisbeger JD, Rossier BC. Amiloride-sengéi
epithelial N& channel is made of three homologous
subunits Nature1994;367: 463-7.

2. Kellenbeger S, Schild L. Epithelial sodium
channel/dgenerin &mily of ion channels: aaviety
of functions for a shared structurBhysiol. Re.

Proceedings of the Australian Physiological Society (2387)

as a consequence af2.

13.

14.

15.

surface stability of ENaCAm. J Physiol. Renal
Physiol.2001;281: F391-9.

9. Staub O, Dho S, Henry PCorrea J, Ishikaa T,

McGlade J, Rotin D. WW domains of Nedd4 bind to
the proline-rich PY motifs in the epithelial Na
channel deleted in Liddle’ syndrome. EMBO J
1996;15: 2371-80.

Staub O, Gautschi |, Ishikea T, Breitschopf K,
Ciechanwer A, Schild L, Rotin D. Rgulation of
stability and function of the epithelial Nahannel
(ENaC) by ubiquitination.EMBO J 1997; 16:
6325-36.

GouletCC, Volk KA, Adams CM, Prince LS, Stek
JB, Snyder PM. Inhibition of the epithelial Na
channel by interaction of Nedd4 with a PY motif
deleted in Liddles syndrome.J. Bol. Chem. 1998;
273: 30012-7.

DinudomA, Harwey KF, Komwatana P Young &,
Kumar S, Cook DI. Nedd4 mediates control of an
epithelial N& channel in saliary duct cells by
cytosolic N&. Proc. Natl. Acad. Sci. I$.A. 1998;
95: 7169-73.

Haney KF, Dinudom A, Cook DI, Kumar S. The
Nedd4-like protein KIAA0439 is a potential
regulator of the epithelial sodium channél. Biol.
Chem.2001;276: 8597-601.

Komwatana P Dinudom A, Young JA, Cook DI.
Cytosolic N& controls and epithelial Nachannel
via the G guanine nucleotide-binding gelatory
protein. Proc. Natl. Acad. Sci. U5.A. 1996; 93:
8107-11.

Haney KF, Dinudom A, komwatana P Jolliffe CN,
Day ML, Parasvam G, Gook DI, Kumar S. All three

99



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

100

Running title: Regulation of ENaC by Sgk1

WW domains of murine Nedd4 arevatved in the
regulation of epithelial sodium channels by29.
intracellular N&. J. Bol. Chem. 1999; 274
12525-30.

DinudomA, Haney KF, Komwatana P Jolliffe CN,
Young JA, Kumar S, Cook DI. Roles of the C
termini ofa -, B -, and -sulunits of epithelial Na
channels (ENaC) in galating ENaC and mediating 30.
its inhibition by cytosolic Na J. Biol. Chem. 2001;

276: 13744-9.

Fotia AB, Dinudom A, Shearwin KE, Koch JP
Korbmacher C, Cook DI, Kumar S. The role of31.
individual Nedd4-2 (KIAA0439) WW domains in
binding and rgulating epithelial sodium channels.
FASEB J.2003;17: 70-2.

Komwatana P Dinudom A, Young JA, Cook DI.
Activators of epithelial N& channels inhibit
cytosolic feedback control. Evidence for the32.
existence of a G protein-coupled receptor for
cytosolic N& J. Membr Biol. 1998;162: 225-32.

Komwatana P Dinudom A, Young JA, Cook DI.
Control of the amiloride-sensig# Na* current in
salivary duct cells by extracellular sodiuml.
Membr Biol. 1996;150: 133-41.

Cook DI, Dinudom A, Komwatana P Young A.
Control of N& transport in saliary duct epithelial
cells by cytosolic Cland N&. Eur. J. Morphol.
1998;36 Suppl: 67-73.

DinudomA, Komwatana PYoung J, Cook D.Control
of Na" channels in salary duct cells.J. Korean
Med. Sci2000;15 Suppl: S31-3.

CookDlI, Dinudom A, Komwatana PKumar S, ung
JA. Patch-clamp studies on epithelial sodium
channels in salery duct cells. Cell Biodhem. 35.
Biophys.2002;36: 105-13.

Malik B, Yue Q, Yue G, Chen XJ, Price SR, Mitch WE,
Eaton DC. Role of Nedd4-2 and polyubiquitination
in epithelial sodium channel gedation in
untransfected renal A6 cellsmessing endogenous 36.
ENaC subnits. Am. J Physiol. Renal Physiol.
2005;289: F107-16.

Zhou R, Patel SV Snyder PM. Nedd4-2 catalyzes 37.
ubiquitination and degradation of cell sagé ENacC.

J. Bol. Chem.2007;282: 20207-12.

Wemuth D, ke Y, Rohlfs M, McDonald FJ.Epithelial
sodium channel (ENaC) is multi-ubiquitinated at th&8.
cell surfaceBiochem. J.2007;405: 147-55.

Siyder PM, Steines JC, Olson DR. Relati
contritution of Nedd4 and Nedd4-2 to ENaC
regulation in epithelia determined by RN
interferenceJ. Biol. Chem.2004;279: 5042-6.

Dinudom A, Fotia AB, Leflowitz RJ, Young A,
Kumar S, Cook DI. The kinase Grk2 grdates
Nedd4/Nedd4-2-dependent control of epithelial” Na
channels.Proc. Natl. Acad. Sci. 1$.A.2004; 101:
11886-90.

Shimlets RA, Lifton RPCanessa CM. The activity of 40.
the epithelial sodium channel is gidated by
clathrin-mediated endgtosis.J. Bol. Chem.1997;

33.

34.

39.

272: 25537-41.

Wang H, Traub LM, Wixel KM, Hawryluk MJ, Shah
N, Edinger RS, Perry CJ, Kester L, Butterworth MB,
Peters KW Kleyman TR, Frizzell RA, Johnson .JP
Clathrin-mediated endocytosis of the epithelial
sodium channel. Role of epsih. Biol. Chem.2006;
281: 14129-35.

Staruschemk A, Pochyryuk O, Stockand JD.
Regulation of epithelial Na channel activity by
consered serine/threonine switches within sorting
signals.J. Bol. Chem. 2005;280: 39161-7.

Shimlets RA, Warnock DG, Bositis CM, Nelson-
Williams C, Hansson JH, Schambelan M, Gill JR,
Jr, Ulick S, Milora R/, Findling JW et al. Liddle's
syndrome: heritable humarypertension caused by
mutations in the beta subunit of the epithelial sodium
channelCell 1994;79: 407-14.

Siyder PM, Price MPMcDonald FJ, Adams CM,dk
KA, Zeiher BG, Stokes JB, ®¥sh MJ. Mechanism
by which Liddles syndrome mutations increase
activity of a human epithelial Nachannel. Cell
1995;83: 969-78.

Firss D, Schild L, Gautschi I, Merillat AM,
Schneebeayer E, Rossier BC. Cell saide &pression
of the epithelial Na channel and a mutant causing
Liddle syndrome: a quantitad goproach. Proc.
Natl. Acad. Sci. U.S.A996;93: 15370-5.

Debonneglle C, Flores SY Kamynina E, Plant PJ,
Tauxe C, Thomas MA, Munster C, Chraibi A, Pratt
JH, Horisberger JD, Pearce D, fio§ J, Staub O.
Phosphorylation of Nedd4-2 by Sgklguwates
epithelial N& channel cell surface xpression.
EMBO J.2001;20: 7052-9.

KnightKK, Olson DR, Zhou R, Srder PM. Liddle’s
syndrome mutations increase *Naansport through
dual effects on epithelial Nachannel sudce
expression and proteolytic cleage. Proc. Natl.
Acad. Sci. U.S.£2006;103: 2805-8.

Horisbeger JD, Diezi J. Eécts of mineralocorticoids
on N& and K" excretion in the adrenalectomized rat.
Am. J Physiol.1983;245:; F89-99.

El Mernissi G, Doucet A. Short-term effect of
aldosterone on renal sodium transport andularb
Na'-K*-ATPase in the raPfliiges Arch. 1983;399:
139-46.

Loffing J, Zeceic M, Feraille E, Kaissling B, Asher C,
Rossier BC, Firestone GL, Pearce Derigy F
Aldosterone induces rapid apical translocation of
ENaC in early portion of renal collecting system:
possible role of SGKAm. J Physiol. Renal Physiol.
2001;280: F675-82.

SummaV, Mordasini D, Roger /Bens M, Martin PY
Vandewalle A, Verrey F, Feraille E. Short term &dct
of aldosterone on Na,K¥ase cell sudce
expression in kidng collecting duct cells.J. Bol.
Chem. 2001;276: 47087-93.

\errey F, Kraehenbhl JR Rossier BC. Aldosterone
induces a rapid increase in the rate of
Na",K*-ATPase gene transcription in cultured kigne

Poceedings of the Australian Physiological Society (2887)



41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

I.-H. Lee C.R. Campbell, D.I.

cells.Mol. Endocrinol.1989;3: 1369-76.

Djelidi S, Begygah A, Courtois-Coutry N, Fay M,
Cluzeaud FViengchareun S, Bealet JR Farman N, 54.
Blot-Chabaud M. Basolateral translocation by
vasopressin of the aldosterone-induced pool of latent
Na'-K*-ATPases is accompanied byl subunit
dephosphorylation: study in a weadosterone-
sensitve rat cortical collecting duct cell lingd. Am.
Soc. Nephrol2001;12: 1805-18.

Webster MK, Goya L, Ge ,YMaiyar AC, Firestone GL.
Characterization of sgk, a v@ member of the
serine/threonine protein kinase gene family which iS6.
transcriptionally induced by glucocorticoids and
serum.Mol. Cell.Biol. 1993;13: 2031-40.

Tessier M, Woodgett JR. Serum and glucocorticoid-
regulated protein kinases: variations on a thede.
Cell. Biochem2006;98: 1391-407.

Kobayashi T Cohen P Activation of serum- and
glucocorticoid-rgulated protein kinase by agonists
that actvate phosphatidylinositide 3-kinase is57.
mediated by 3-phosphoinositide-dependent protein
kinase-1 (PDK1) and PDK2Biochem. J 1999;

339: 319-28.

BrennanFE, Fuller PJ. Rapid upregulation of serum
and glucocorticoid-rgulated kinase (sgk) gene58.
expression by corticosteroids invei Mol. Cell.
Endocrinol.2000;166: 129-36.

Naray-Fejesdth A, Fejes-Toth G, &k KA, Stokes
JB. SGK is a primary glucocorticoid-induced gene
in the human.J. Seroid Biochem. Mol. Biol.2000;

75: 51-6.

ChenSY, Bhagava A, Mastroberardino L, Meijer OC, 59.
Wang J, Buse PFirestone GL, ¥rrey F, Pearce D.
Epithelial sodium channel galated by aldosterone-
induced protein sgkProc. Natl. Acad. Sci. 13.A.
1999;96: 2514-9.

Naray-Fejesdth A, Canessa C, Cledand ES,
Aldrich G, Fejes-0th G. sgk is an aldosterone-
induced kinase in the renal collecting ductfeEfs
on epithelial N& channels.J. Biol. Chem. 1999;
274: 16973-8.

Naray-Fejesdth A, Fejes-Toth G. The sgk, an6l.
aldosterone-induced gene in mineralocorticoigear
cells, regulates the epithelial sodium chankaney
Int. 2000;57: 1290-4.

Shigesr A, Asher C, Latter H, Garty H, Reeny E.
Reyulation of sgk by aldosterone and its effects 062.
the epithelial Na channel. Am. J Physiol. Renal
Physiol.2000;278: F613-9.

Bhagava A, Fullerton MJ, Myles K, Purdy TM,
Funder JW Pearce D, Cole TJ. The serum- and
glucocorticoid-induced kinase is a ymological 63.
mediator of aldosterone actidBndocrinology2001;
142: 1587-94.

Gumz ML, Popp MR Wingo CS, Cain BD. Early
transcriptional décts of aldosterone in a mouse
inner medullary collecting duct cell lineAm. J
Physiol. Renal PhysioR003;285: F664-73.

LangF, Cohen PRegulation and physiological roles of

55.

60.

64.

Proceedings of the Australian Physiological Society (2387)

Cook & A. Dinudom

serum- and glucocorticoid-induced protein kinase
isoforms.Sci. STKE2001;2001: RE17.

MengF, Yamagiva Y, Taffetani S, Han J, &el T IL-6
activates serum and glucocorticoid kinase via 38
mitogen-actrated protein kinase pattay. Am J
Physiol Cell PhysioR005;289: C971-81.

Waldggger S, Klingel K, Barth ,PSauter M, Rfer ML,
Kandolf R, Lang Fh-sgk serine-threonine protein
kinase gene as transcriptional target of transforming
grovth  factor B in  human intestine.
Gastroenterology 999;116: 1081-8.

LangF, Klingel K, Wagner CA, Stegen C, akhtges S,
Friedrich B, Lanzendorfer M, Melzig J, Moschen I,
Steuer S, Wldggger S, Sauter M, dilmichl M,
Gerle V, Risler T, Gamba G, Capasso G, Kandolf R,
Hebert SC, Massry SG, Broer S. Deranged
transcriptional regulation of cellelume-sensitie
kinase hSGK in diabetic nephropgatiProc. Natl.
Acad. Sci. U.S.£2000;97: 8157-62.

Waldggger S, Barth Hrorrest JN, Jr Greger R, Lang.F
Cloning of sgk serine-threonine protein kinase from
shark rectal gland - a gene induced lpdrtonicity
and secretagoguesPfliges Arch. 1998; 436:
575-80.

Bell LM, Leong ML, Kim B, Wang E, Park J,
Hemmings BA, Firestone GL. Hyperosmotic stress
stimulates promoter awgtty and regulates cellular
utilization of the serum- and glucocorticoid-
inducible protein kinase (Sgk) by a p38 MAPK-
dependent pathay. J. Biol. Chem. 2000; 275:
25262-72.

Rozansk DJ, Wang J, Doan N, Purdy, Faulk T,
Bhagava A, Dawson K, Pearce D. Hypotonic
induction of SGK1 and Natransport in A6 cells.
Am. J Physiol. Renal PhysioR002;283: F105-13.

FriedrichB, Warntges S, Klingel K, Sauter M, Kandolf
R, Risler T Muller GA, Witzgall R, Kriz W, Grone
HJ, Lang F Up-regulation of the human serum and
glucocorticoid-dependent kinase 1 in
glomerulonephritisKidney Blood Press. Re002;

25: 303-7.

Rauhal&E, Porkka KPTolonen TT Martikainen PM,
Tammela TL, \salorpi T. Dual-specificity
phosphatase 1 and serum/glucocorticoglitated
kinase are denregulated in prostate cancent. J.
Cancer2005;117: 738-45.

ChungeJ, Sung YK, Faroog M, Kim ,Ym S, Tak WY,
Hwang YJ, Kim YI, Han HS, Kim JC, Kim MK.
Gene expression profile analysis in human
hepatocellular carcinoma by cBNmicroarray.Mol.
Cells2002;14: 382-7.

LangF, Bohmer C, BRlmada M, Seebohm G, Strutz-
Seebohm N, Vallon V (Paho)physiological
significance of the serum- and glucocorticoid-
inducible kinase isoform&$hysiol. Re. 2006; 86:
1151-78.

o AC, McCormick A, Li H, Siu J, Geaerts C,
Bhalla V| Soundararajan R, Pearce D. NH2 terminus
of serum and glucocorticoidgalated kinase 1 binds

101



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

102

Running title: Regulation of ENaC by Sgk1

to phosphoinositides and is essential for isoform-
specific physiological functionsAm. J Physiol.
Renal Physiol2007;292: F1741-50.

Alvarez de la Rosa D, Corig Todorovic N, Shao D, 76.

Wang T, Canessa CM. Distribution andgw@ation of
expression of serum- and glucocorticoid-induced
kinase-1 in the rat kidye J Physiol 2003; 551.
455-66.

Henle G, Stiavan |, Bohmer C, Lang FActivation of

Na'/K*-ATPase by the serum and glucocorticoid-77.

dependent kinase isoform&idney Blood Press. Res.
2002;25: 370-4.

Setisvan |, Henke G, Feng Y, Bohmer C, Vasilets LA,
Schwarz W Lang F Stimulation of Xenopusoocyte

Na",K*ATPasse by the serum and glucocorticoid-78.

dependent kinase sgkPfliges Arch. 2002; 444.
426-31.
\errey F, Summa V Heitzmann D, Mordasini D,

Vandewdle A, Feraille E, Zecac M. Short-term 79.

aldosterone action on N&*-ATPase sudce
expression: role of aldosterone-induced SGIKtP.
N. Y Acad. Sci2003;986: 554-61.

Zecgic M, Heitzmann D, Camargo SM,exey F.
SGK1 increases N&K*-ATP cell-surface »xpression
and function inXenopus laés oocytes. Pfligers

Arch. 2004;448:; 29-35. 80.

Alvarez de la Rosa D, Zhang Raray-Fejes-0th A,
Fejes-Dth G, Canessa CM. The serum and
glucocorticoid kinase sgk increases the abundance of
epithelial sodium channels in the plasma membrane
of Xenopusoocytes.J. Bol. Chem. 1999; 274.

37834-9. 81.

Wagner CA, Ott M, Klingel K, Beck S, Melzig J,
Friedrich B, Wild KN, Broer S, Moschen |, Albers
A, Waldegger S, Timmler B, Egan ME, Geibel JP
Kandolf R, Lang FEffects of the serine/threonine
kinase SGK1 on the epithelial Nahannel (ENaC)
and CFTR: implications for ystic fibrosis. Cell.

Physiol. Biochem2001;11: 209-18. 82.

RauhR, Dinudom A, Fotia AB, Paulides M, Kumar S,
Korbmacher C, Cook DI. Stimulation of the

epithelial sodium channel (ENaC) by the serum- angi3.

glucocorticoid-inducible kinase (Sgk)violves the
PY motifs of the channel ub is independent of
sodium feedback inhibitionPfliiges Arch. 2006;

452: 290-9. 84.

Siyder PM, Olson DR, Thomas BC. Serum and
glucocorticoid-rgulated kinase modulates
Nedd4-2-mediated inhibition of the epithelial Na
channelJ. Bol. Chem. 2002;277: 5-8.

FloresSY, Loffing-Cueni D, Kamynina E, Daidie D, 85.

Gerbe C, Chabanel S, Dudler J, Loffing J, Staub O.
Aldosterone-induced serum and glucocorticoid-
induced kinase 1 x@ression is accompanied by

Nedd4-2 phosphorylation and increased * Na86.

transport in cortical collecting duct cells. Am.
Soc. Nephrol2005;16: 2279-87.

Siyder PM, Olson DR, Kabra R, Zhou R, Steines J@&7.

cAMP and serum and glucocorticoid-inducible

kinase (SGK) regulate the epithelial "Nahannel
through comergent phosphorylation of Nedd4-2.
Biol. Chem2004;279: 45753-8.

Fouladlou F Alikhani-Koopaei R, Vogt B, Flores SY
Malbert-Colas L, Lecomte MC, Lfihg J, Frg FJ,
Frey BM, Staub O. A naturally occurring human
Nedd4-2 variant displays impaired ENa@uikation
in Xenopus lagis oocytes.Am. J Physiol. Renal
Physiol.2004;287: F550-61.

Dialov A, Korbmacher C. A nel pathway of
epithelial sodium channel aedtion involves a
serum- and glucocorticoid-inducible  kinase
consensus motif in the C terminus of the chasnel’
a-subunit. J. Biol. Chem.2004;279: 38134-42.

Alvarez de la Rosa D,aBnescu TG, Els WJ, Helman
Sl, Canessa CM. Mechanisms of regulation of
epithelial sodium channel by SGK1 in A6 cells.
Gen. Physiol2004;124: 395-407.

Bhallav, Daidie D, Li H, Ro AC, LaGrange LRVang
J, Vandevalle A, Stockand JD, Staub O, Pearce D.
Serum- and glucocorticoid-regulated kinase 1
regulates ubiquitin ligse neural precursor cell-
expressed, deslopmentally devn-regulated protein
4-2 by inducing interaction with 14-3-3Mol.
Endocrinol.2005;19: 3073-84.

Nagki K, Yamamura H, Shimada S, SaitpHisanaga
S, Taoka M, Isobe ,Tichimura T 14-3-3 mediates
phosphorylation-dependent  inhibition of the
interaction between the ubiquitin E3 ligase Nedd4-2
and epithelial Na channels.Biochemistry (Mosc.)
2006;45: 6733-40.

IchimuraT, Yamamura H, Sasamoto Kpminag Y,
Taoka M, Kakiuchi K, Shinkaa T, Takahashi N,
Shimada S, Isobe.T14-3-3 proteins modulate the
expression of epithelial Na channels by
phosphorylation-dependent interaction with Nedd4-2
ubiquitin ligase. J. Bol. Chem. 2005; 280:
13187-94.

FuH, Subramanian RR, Masters SC. 14-3-3 proteins:
structure, function, and gelation. Annu. Re
Pharmacol. Toxicol2000;40: 617-47.

Liang X, Peters KW Butterworth MB, Frizzell RA.
14-3-3 isoforms are induced by aldosterone and
participate in its regulation of epithelial sodium
channelsJ. Biol. Chem.2006;281: 16323-32.

WuIff P, Vallon V, Huang Ly, Volkl H, Yu F, Rchter K,
Jansen M, Schlunz M, Klingel K, Loffing J,
Kauselmann G, Bosl MR, Lang Kuhl D. Impaired
renal N4 retention in the sgkl-knockout mousk.
Clin. Invest.2002;110: 1263-8.

PerrottiN, He RA, Phillips SA, Haft CR, dylor SI.
Activation of serum- and glucocorticoid-induced
protein kinase (Sgk) byyclic AMP and insulin.J.
Biol. Chem2001;276: 9406-12.

Arteag MF, Canessa CM. Functional specificity of
Sgkl and Aktl on ENaC aeiy. Am. J Physiol.
Renal Physiol2005;289: FO0-6.

LeelH, Dinudom A, Sanchez-Perez Aukiar S, Cook
DI. Akt mediates the effect of insulin on epithelial

Poceedings of the Australian Physiological Society (2887)



I.-H. Lee C.R. Campbell, D.l. Cook & A. Dinudom

sodium channels by inhibiting Nedd4-2. Bol.
Chem.2007;282: 29866-73.
88. Arthur JW, Sanchez-Perez A, Cook DIScoring of

predicted GRK2 phosphorylation sites in Nedd4-2.

Bioinformatics2006;22: 2192-5.

Receved 17 May 2007, in reised form 22 September
2007. Accepte@4 September 2007.
© A. Dinudom 2007.

Author for correspondence:
Anuwat Dinudom,

Medical Foundation Building,
92-94 Parramatta Road,
Camperdown, NSW 2050,
Australia

Tel: +61 2 9036 3317

Fax: +61 2 9036 3316
E-mail: anuwat@physiol.usyd.edu.au

Proceedings of the Australian Physiological Society (2387)

103



