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Abstract

The present study investigates the role of small G-proteins of the Ras family in the epider-
mal growth factor (EGF)-activated cellular signalling pathway that downregulates activity

of the epithelial Na* channel (ENaC). We found that H-Ras is a key component of this EGF-
activated cellular signalling mechanism in M1 mouse collecting duct cells. Expression of a
constitutively active H-Ras mutant inhibited the amiloride-sensitive current. The H-Ras-me-
diated signalling pathway that inhibits activity of ENaC involves c-Raf, and that the inhibitory
effect of H-Ras on ENaC is abolished by the MEK1/2 inhibitor, PD98059. The inhibitory
effect of H-Ras is not mediated by Nedd4-2, a ubiquitin protein ligase that regulates the
abundance of ENaC at the cell surface membrane, or by a negative effect of H-Ras on pro-
teolytic activation of the channel. The inhibitory effects of EGF and H-Ras on ENaC, howev-
er, were not observed in cells in which expression of caveolin-1 (Cav-1) had been knocked
down by siRNA. These findings suggest that the inhibitory effect of EGF on ENaC-depen-
dent Na™ absorption is mediated via the H-Ras/c-Raf, MEK/ERK signalling pathway, and
that Cav-1 is an essential component of this EGF-activated signalling mechanism. Taken
together with reports that mice expressing a constitutive mutant of H-Ras develop renal
cysts, our findings suggest that H-Ras may play a key role in the regulation of renal ion
transport and renal development.

Introduction

Amiloride-sensitive epithelial Na* channels (ENaC) are expressed in the epithelium lining the
distal collecting tubules of the kidney, distal colon and lung. They play a central role in regulat-
ing Na" homeostatasis, blood pressure, and are important for maintaining total body [1] and
alveolar fluid volumes [2]. Dysfunction of ENaC underlies a number of human diseases, in-
cluding salt sensitive hypertension, Liddle’s syndrome [3], pseudohypoaldosteronism type 1 [4,
5], and the reduction of alveolar fluid in cystic fibrosis lung disease [6]. Activity of ENaC is
under control of several cytoplasmic and extracellular factors which exert their effect on the
channel via multiple cellular signalling pathways.
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Epidermal growth factor (EGF) is a polypeptide growth factors that modulates cell prolifera-
tion and Na" absorption in the distal nephron [7]. EGF receptors (EGFR) are expressed in the
kidney where they play important roles in development, differentiation, post-injury repair and
in the regulation of the renal hemodynamic and electrolyte homeostasis [7]. Chronic activation
of EGFR has been implicated in the development of polycystic kidney disease, renal fibrosis
and renal cancer [7, 8]. Upon activation by ligand, EGFRs undergo dimerization and phos-
phorylation of specific tyrosine kinase residues at the cytosolic C-terminal [9, 10]. These phos-
phorylated residues on the EGF receptor (EGFR), in turn, serve as docking sites for cytosolic
signalling molecules, including those involved in the MAP kinase, JAK/STAT, phosphoinosi-
tol-3-kinase, and protein kinase C pathways [10]. EGF negatively regulates amiloride-sensitive
current in isolated rabbit collecting duct [11, 12] human nasal epithelial cells [13], mouse col-
lecting duct cell lines [14-16] and inhibits exogenous ENaC expressed in Chinese hamster
ovary cells [17]. Although EGF acutely activates ENaC in mpkCCD,,4 renal epithelial cells [18]
and A6 amphibian kidney cells [19, 20], longer-term exposure to EGF reduces the amiloride-
sensitive current in these cells. Despite extensive studies into the effect of EGF on ENaC, the
detail of the cellular signalling mechanism by which EGF inhibits activity of ENaC remains in-
completely understood. Evidence suggests that the MAP kinases, ERK1/2, may be involved in
the EGF-mediated signalling pathway that regulates ENaC [14, 15, 19, 21].

It is well established that growth factor receptors can propagate their cellular signals via Ras
family GTPases [22], a family of 20-40 kDa monomeric guanosine triphosphase-binding pro-
teins. Members of the Ras family, including K-Ras, H-Ras and N-Ras, are highly conserved in
their amino acid sequences [23]. These small G-proteins convey signals from cell surface mem-
brane receptors to cytosolic effectors through diverse cytosolic signalling cascades, allowing
them to manipulate an array of biological events [24]. Different isoforms of Ras can generate
their effects via a mutual set of downstream effectors [24]. They can, however, stimulate effec-
tor proteins selectively, allowing them to produce distinct biological outputs [25]. Among their
diverse biological functions, Ras GTPases are known to regulate activity of ion channels and
transporters, including the voltage-activated Ca’* channel [26], the inward rectifier K* chan-
nel, IRK1 [27], the sodium-chloride co-transporter [28] and ENaC [29, 30]. All three isoforms
of Ras are expressed in the kidney [31] and both K-Ras and H-Ras are abundant in the distal
collecting duct [32], where they are co-expressed with ENaC. As a result of findings that (i) al-
dosterone increases transcription of mRNA for K-Ras [33] and expression of K-Ras protein
[29, 34, 35], and (ii) aldosterone increases the quantity of K-Ras in the GTP-bound active form
[35], previous studies of regulation of ENaC have focused on only this isoform of Ras. Func-
tionally, K-Ras mediates the effect of aldosterone on ENaC and can also mimic the natriferic ef-
fect of aldosterone on the channel [29, 30]. This effect of K-Ras is known to be mediated via
PI3K [30, 36, 37]. The role of K-Ras as an activator of ENaC makes it unlikely that K-Ras takes
part in EGF-mediated signalling pathways that inhibit activity of the channel. Given the promi-
nent role of Ras GTPases in growth factor signalling, we investigated the role of other isoforms
of Ras in this signalling pathway.

Experimental Procedures
DNA Constructs

Mouse o-, B- and y-ENaC subclones with C-terminal FLAG tags were provided by Angeles
Sanchez-Perez (University of Sydney, Australia). These clones were generated from wild-type
mouse o, B-, and y-ENaC (in pBluescript) provided by Thomas R. Kleyman (University of
Pittsburgh, PA). Double tagged o-ENaC (1340ly5) and y-ENaC (y3aYvs) (in pcDNA3.1) with N-
terminal HA and C-terminal V5 epitope tags and were also a gift from Thomas R. Kleyman.
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The C-terminal truncation mutants of mouse ENaC were generated in-house by PCR-based
methods using primers which have stop codons at specific sites in order to generate
0ENaCpgsex, BENaCcsoax or YENaCre;0x (X represents the position beyond which amino
acids were deleted). A wild type H-Ras (wtH-Ras) and a constitutively inactive mutant of H-
Ras (H-Ras>'"N), with serine S17 mutated to asparagine to reduce its affinity for GTP [38],
were obtained from H. Koide (Kanazawa University, Japan). Constitutively active mutants of
H-Ras (H-Ras®'?Y) and K-Ras (K-Ras®!'?) in pcDNA3.1, with glycine G12 mutated to render
them insensitive to GAPs-induced GTP hydrolysis [39], both of which are tagged with HA,
were purchased from UMR ¢cDNA Resource Center (University of Missouri-Rolla, Missouri).
The ¢cDNA for the dominant negative PI3K (PI3K Ap85) was provided by Lawrence M. Pfeffer
(University of Tennessee).

Cell Culture and Transfection and Reagents

Fischer rat thyroid (FRT) cells [40] were a gift from Lucio Nitsch (University of Naples, Italy).
M1 mouse collecting duct cells, originally generated by Stoos et al. [41], were a gift from Chris-
toph Korbmacher (Universitit Erlangen, Niirnberg, Germany). HEK293 cells were obtained
from the American Type Culture Collection. FRT cells were grown at 37°C and 5% CO, in
Coon’s medium with 5% fetal bovine serum (FBS), whereas M1 and HEK293 cells were grown
in Dulbecco's modified Eagle's medium/F-12 medium with 10% FBS at 37°C and 5% CO,. All
culture media contained 100 units/ml penicillin and 100 pg/ml streptomycin. In addition, the
medium for M1 cells was supplemented with 100 nM dexamethasone. For Ussing chamber ex-
periments, FRT and M1 cells were seeded onto permeable filter supports (Millicell PCF, Milli-
pore). When appropriate, one day after seeding, cells were co-transfected with cDNA, shRNA
or siRNA: cDNA of ENaC subunits (0.07 pug/ml of each subunit), cDNA of wtH-Ras, H-
Ras“'?Y, H-Ras®'"™, HA tagged H-Ras®'?" and HA tagged K-Ras“'*" (0.3 ug/ml). For experi-
ments that required co-transfection, pcDNA3.1 empty vector was used to adjust the total con-
centration of plasmid used to be equal in each set of experiments. The concentration of empty
vectors and scrambled siRNA, used for control experiments, was adjusted to be equal to that
used in the experimental groups. In short, cDNA, shRNA (0.3 pg/ml) or siRNA (0.5 pg/ml
total) were mixed with Lipofectamine 2000 in Opti-MEM reduced serum medium, and incu-
bated for 20 min at room temperature before being transferred to the apical side of the mono-
layer and further incubated for 4 h at 37°C. The transfection medium was then replaced with
fresh culture medium. In addition, amiloride (10 M) was added to the medium used for cul-
turing FRT cells. All tissue culture media and supplements were obtained from Life
Technologies.

The siRNA against H-Ras (5-TCCGTGAGATTCGGCAGCATA-3’) and a set of 3 siRNAs
against C-Raf, with target sequences: 5’-TTGCACGACTGCCTTATGAAA-3, 5-ATGATT-
GAGGATGCAATTCGA-3’ and 5-ATGCGATTTCGATGTCAGACTT-3’, were obtained
from Qiagen. The shRNA against Nedd4-2 (RHS1764-9693902) in pSM2c retrovirus vector
was purchased from Open Biosystems. All other reagents were obtained from Sigma-Aldrich
unless otherwise specified.

Quantitation of amiloride-sensitive Na* current

After the monolayers became confluent, normally within 2-3 days after transfection, the
Millicell-PCF insert was transferred to a modified Ussing chamber. Apical and basolateral sur-
faces of the monolayer were bathed with a solution containing (in mM) NaCl (130), CaCl, (1),
KCI (1), MgCl, (1), glucose (5), HEPES (10), pH 7.4, maintained at 37°C. The chamber was
connected to a VCC MC6 multichannel voltage/current clamp amplifier, controlled and
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monitored using the Acquire & Analyse software (V2.3.177, Physiologic Instruments, San
Diego, CA). Experiments were carried out under current-clamp (open-circuit) conditions as
previously described [42]. Transepithelial potential was measured with reference to the basolat-
eral side of the epithelium and current pulses of 3 yAm were injected to assess the transepithe-
lial resistance. The equivalent short-circuit current (I,.) was calculated and plotted by the
software. Amiloride-sensitive equivalent short-circuit current (I,,,,;) was determined as the
change in current following the addition of amiloride (10 uM) to the apical bathing solution.
Due to variation of I,,,; between each batch of cells, all data were normalized by dividing the
amiloride-sensitive short circuit current of each experiment by an average of the amiloride-sen-
sitive short circuit current of at least 3 control experiments obtained from the same batch of
cells in the same day. This ratio is reported as normalized amiloride-sensitive equivalent short-
circuit current (Iym; (normalized))- Data for each set of experiments were obtained from at least 3
different batches of cells and are reported as mean + SEM with the number of experiments in
parentheses. Statistical significance was assessed using Student's ¢-test.

Quantitation of Na*/K* ATPase Activity

Activity of the Na™/K"-ATPase was determined as previously described [42]. In short, M1

cell monolayers were mounted in a modified Ussing chamber bathed symmetrically with
physiological solution and the equivalent short-circuit current monitored. Amiloride (10 pM)
was added to the apical bathing solution to inhibit activity of ENaC. Thereafter, nystatin

(360 pg/ml) was added to the apical bath solution to permeablize the apical membrane, hence,
any rate limitation associated with the apical Na* entry was eradicated. Short circuit current
(I.) was allowed to stabilize for 30 min before the addition of 1 mM ouabain, an inhibitor of
the Na*/K"-ATPase, to the basolateral bath solution. The change in I, following the addition
of ouabain was used to estimate the activity of the Na*/K*-ATPase.

Immunoblotting

Cells were transfected with appropriate cDNAs or siRNA. Two days after transfection, the cells
were washed twice with phosphate-buffered saline before being treated with a lysis buffer con-
taining Complete Protease Inhibitor Mixture (Roche Applied Science). After the protein con-
centration of each lysate was determined, an equal amount of protein lysate was loaded onto a
4-20% SDS-polyacrylamide gel (Bio-Rad). Following electrophoresis, the proteins were trans-
ferred to a nitrocellulose membrane (GE Healthcare) and incubated with rabbit anti-H-Ras or
anti-N-Ras antibodies (Santa Cruz), anti-B-actin monoclonal antibody (Sigma), anti-FLAG M2
monoclonal antibody (Sigma) or anti-HA monoclonal antibody (Cell Signalling Technology).
The blots were washed to remove unbound antibodies before incubating with a horseradish
peroxidase-conjugated secondary antibody (GE Healthcare). The blots were then washed with
a Tris-buffered saline buffer containing 0.1% Tween 20. The proteins of interest were visualized
using an ECL Western blotting kit (GE Healthcare) and quantitated by densitometric analysis
with Image] software (National Institutes of Health). The data are representative of at least
three experiments.

To detect ERK1/2 phosphorylation, Phosphatase Inhibitor Cocktail (Roche Applied Sci-
ence) was added in the above lysis buffer containing the Complete Protease Inhibitor and
Phosphatase Inhibitor Mixtures (Roche Applied Science). After electrophoresis of the cell ly-
sates, the proteins were transferred onto the nitrocellulose membrane and incubated with a
rabbit monoclonal ERK1/2 antibody or phospho-ERK1/2 specific-antibody (Cell Signalling
Technology) as appropriate. The blots were washed before incubating with a horseradish
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peroxidase-conjugated secondary antibody and the proteins of interest visualized as
described above.

Surface Expression of ENaC

The expression of ENaC at the cell surface was detected using a Cell Surface Protein Isolation
Kit (Pierce). Briefly, HEK293 cells were co-transfected with 505, p and y together with H-
Ras"", H-Ras®"?" and H-Ras®'"™. Two days after transfection, the cells were washed three
times with ice-cold phosphate-buffered saline and then incubated for 30 min in Sulfo-NHS-SS-
Biotin solution at 4°C. The reaction was stopped by Quenching Solution. The cells were solubi-
lized in a lysis buffer and the lysate was centrifuged at 14,000 rpm for 10 min at 4°C. The super-
natant was collected and mixed with immobilized NeutrAvidin Gel before incubating with
gentle rocking for 2 hours at room temperature. After incubation, the sample was centrifuged
at 1,000 rpm for 5 min and the precipitate containing the biotinylated proteins washed five
times with Washing Buffer, after which the protein concentration was determined. Finally, the
same amount of the biotinylated proteins was eluted with SDS Sample Buffer and immuno-
blotted with an appropriate antibody.

Results
H-Ras mediates the effect of EGF on ENaC

To determine whether Ras GTPases are involved in the EGF-initiated cellular signalling
pathway that inhibits activity of ENaC, mouse collecting duct, M1, cells grown on permeable
support were transfected with siRNA directed against H-Ras or against N-Ras. After the

cells became confluent, activity of ENaC was determined by measuring the amiloride-

sensitive short-circuit current in modified Ussing chambers under open-circuit conditions, as
previously described [42-44]. Confluent M1 cell monolayers exhibited a mean basal transe-
pithelial potential difference of-2.74 + 0.31 mV (n = 17) with a transepithelial resistance (R;.)
of 576.21 + 65.75 Q.cm” (n = 17), corresponding to an equivalent short-circuit current of

2.86 +0.29 p.Am/cm2 (n=17). Application of amiloride (10 pM), a selective inhibitor of ENaC,
to the apical bath solution reduced V to —0.45 + 0.05 mV and increased R, to 597.35 + 69.23
Q.cm? (n =17), corresponding to an amiloride-sensitive equivalent short-circuit current of
2.37 +0.52 pAm/cm’ (1 = 17). Eighteen hours before the experiment, M1 monolayers were
treated with a culture medium containing 10% charcoal-treated serum. One hour before the
amiloride-sensitive current was determined, 100 ng/ml EGF was added to the culture medium
bathing the basolateral side of the monolayer. In the control group, transfected with the scram-
bled siRNA, EGF treatment led to a 35% reduction of the mean normalized amiloride-sensitive
Na" current when compared with the control EGF-untreated group (Fig. 1A; P < 0.001).
Transfecting the cells with an siRNA directed against H-Ras increased the mean normalized
amiloride-sensitive Na* current by 24% (n = 5; P < 0.05) and prevented the inhibitory effect of
EGF (Fig. 1A). An siRNA directed against N-Ras, on the other hand, had no effect on the basal
normalised amiloride-sensitive current (0.97 + 0.09, # = 9) and did not alter the inhibitory ef-
fect of EGF on ENaC (Fig. 1A). Together these data suggest that activity of H-Ras, but not ac-
tivity of N-Ras, is involved in the EGF signalling mechanism that regulates ENaC. It should be
noted that EGF is known to have a biphasic effect on the activity of ENaC. In agreement with
these reports, we observed a small increase of the amiloride-sensitive current (17%, p <0.05,

n = 6) in M1 cells, 5 min after EGF exposure. This positive effect of EGF on ENaC was tran-
sient, with a significant inhibition of the amiloride-sensitive current being observed at 60 min
after EGF exposure as described above.
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Fig 1. H-Ras mediates the inhibitory effect of EGF in M1 cells. A, upper panel, Immunoblot analysis to demonstrate expression of H-Ras (lanes 1 & 2)
and N-Ras (lane 3 & 4) in M1 cells 2 days after transfection with siRNA directed against H-Ras or N-Ras. Transfection with siRNA directed against H-Ras
(lane 2) or that against N-Ras (lane 4) significantly abolishes expression of the corresponding Ras isoforms. 3-actin was used as a control protein. A, lower
panel, The effect of EGF on the normalized amiloride-sensitive currentin M1 monolayers. Cells were transfected with scrambled siRNA, an siRNA directed
against H-Ras (siRNA H-Ras) or an siRNA directed against N-Ras (siRNA N-Ras. B, Representative short-circuit current recordings of equivalent short-
circuit current (lsc) of M1 cells transfected with pcDNA3.1 empty vector as control, or with the constitutively active mutant H-Ras®'2V, showing the response to
10 uM of amiloride (amil). C, Immunoblot analysis (upper panel) and corresponding normalized amiloride-sensitive current (lower panel) in M1 monolayers
transfected with pcDNA3.1, H-Ras®'2", siRNA H-Ras and a scrambled siRNA. D, Representative short circuit current recording of M1 cell monolayers
transfected with empty pcDNA3.1 vector (broken line) or H-Ras®'2 (solid line). Amiloride (10 uM) was applied to the apical bath solution to measure the
activity of ENaC before nystatin (360 pg/ml) was added to the apical membrane to permeabilize the membrane. After the current stabilized, ouabain (1 mM)
was added to the solution bathing the basolateral membrane to determine activity of the Na*/K*-ATPase. * and *** indicate P < 0.05 and P < 0.001,
respectively. The number of experiments is shown in parentheses.

doi:10.1371/journal.pone.0116938.9001
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To further investigate the role of H-Ras in the regulation of ENaC, we expressed a constitu-
tively active H-Ras mutant (H-Ras“'?") in M1 cells. Expression of H-Ras“"*" led to a signifi-
cant reduction in the mean normalized amiloride-sensitive Na* current from 1.00 + 0.05 (1 =
17) in control cells transfected with an empty vector, to 0.36 + 0.08 (1 = 6) in cells transfected
with H-Ras“'?V (Fig. 1B & 1C). Conversely, knocking down endogenous expression of H-Ras
with siRNA significantly increased the normalized amiloride-sensitive current (Fig. 1C). A
scrambled siRNA was without any effect on amiloride-sensitive current.

To eliminate the possibility that the inhibitory effect of H-Ras®'?"
current observed in the present study may be due to an adverse effect of H-Ras
Na™/K"-ATPase, the activity of which is essential for supporting Na" transport via ENaC [45],
activity of the Na*/K*-ATPase in H-Ras“'?" expressing M1 cell monolayers was determined
(Fig. 1D). After the apical membrane of the M1 cells was permeabilised with nystatin to make
Na™ in the apical bathing solution freely accessible to the basolateral membrane Na*/K*-
ATPase, ouabain was added to the basolateral bath solution to evaluate the activity of the Na*/
K*-ATPase. In the presence of ouabain, the equivalent short-circuit current of nystatin-per-
meabilized M1 cells transfected with an empty vector was reduced by 11.92 + 0.72 pAm/cm’
(n = 6). The ouabain-sensitive current in cells transfected with H-Ras®'?Y was 12.42 + 1.32
wAm/cm” (n = 6) and not significantly different (P = 0.68) from that observed in control cells.

on amiloride-sensitive

G2V on the

H-Ras downregulates activity of exogenous ENaC expressed in FRT
cells

Next, we established a mammalian expression system to be used for investigating the signalling
pathways by which H-Ras regulates activity of ENaC. The FRT cell model was chosen as it has
been used extensively by us and others for investigating the cellular mechanisms by which
ENaC is regulated [42-44, 46, 47]. FRT cells over-expressing FLAG-tagged wild-type mouse
ENaC o-, B- and y-ENaC clones exhibited a mean basal transepithelial potential difference,
transepithelial resistance, basal short-circuit current and an amiloride-sensitive short-circuit
current of-4.87 + 0.59 mV, 1.26 + 0.12 kQ.cm?, 3.73 + 0.53 pAm/cm” and 3.29 + 0.29 pAm/cm”
(n = 21), respectively. Co-expression of a wild-type H-Ras decreased the normalised amiloride-
sensitive current by 23% to 0.77 + 0.08 (n = 9, P < 0.05) when compared with that of cells
transfected with ENaC alone (1.00 + 0.06, n = 14; Fig. 2A). Expression of the constitutively ac-
tive mutant H-Ras®'? inhibited the normalized amiloride-sensitive current to 0.39 + 0.11 (n =
9, P < 0.001). Next, we co-transfected FRT cells with ENaC and a constitutively inactive mu-
tant of H-Ras, H-Ras®'”™_ This mutant H-Ras has a dominant negative property due to its abili-
ty to sequester upstream activators and its inability to activate downstream effectors of H-Ras
[48]. Expression of H-Ras®'”" significantly increased the normalized amiloride-sensitive Na*
current over control levels (Fig. 2A).

The inhibitory effect of H-Ras on ENaC activity observed in the present study contrasts
markedly with the stimulatory effect of K-Ras previously reported [29, 30, 36]. To investigate
the mechanisms by which H-Ras and K-Ras differentially regulate the activity of ENaC, we de-
termined the effect of these two Ras isoforms on the amiloride-sensitive current in FRT cells
co-transfected with ENaC and with constitutively active K-Ras, K-Ras“'?", or with H-Ras“'?".
In contrast to the effect of H-Ras®'?", transfection with K-Ras“'?" increased the normalized
amiloride-sensitive current in FRT cells transfected with ENaC by 80% when compared with
that of the control group (Fig. 2B). PI3K is a common downstream effector of Ras family pro-
teins (reviewed in [49]) and is an important mediator of the insulin-signalling pathway that
upregulates activity of the channel [43]. Previous reports suggested that K-Ras activates ENaC
by a mechanism that involves PI3K [30, 36]. Consistent with the essential role of PI3K in the
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with all three wild-type a-, 8- and y-ENaC subunits (ENaC) together with pcDNA3.1, wild-type H-Ras (wt-H-
Ras), H-Ras®'2" or a constitutively inactive mutant of H-Ras (H-Ras®'"™). B, lymi normaiizeq) in FRT cells
transfected with wild-type a-, 3- and y-ENaC together with empty pcDNA3.1 empty vector, K-Ras®'?" or
H-Ras®'2Y, and with or without the dominant negative mutant of PI3K, PI3KAp85. In some experiments,
cells were pre-treated with insulin (100 nM) for 2 hr. *, ** and *** denote P < 0.05, P < 0.01 and P < 0.001,
respectively.

doi:10.1371/journal.pone.0116938.9002

insulin-mediated signalling pathway that upregulates activity of ENaC, the positive effect of in-
sulin on the amiloride-sensitive current is diminished in cells co-transfected with a dominant-
negative mutant PI3K (PI3KAp85) [50] (Fig. 2B). Next, FRT cells were co-transfected with
ENaC, PI3KAp85 and with K-Ras“'?" or H-Ras“'?". PI3KAp85 completely abolished the stim-
ulatory effect of K-Ras®'*Y on the normalized amiloride-sensitive current but had no effect on
the inhibitory effect of H-Ras®"?V (Fig. 2B). These findings suggest that the signalling mecha-
nism by which H-Ras regulates ENaC does not involve PI3K.

The effect of H-Ras on ENaC is mediated via the c-Raf/MEK/ERK1/2
signalling pathway

The biological effects of Ras family proteins are mediated through several different mecha-
nisms in addition to the PI3K-dependent pathway; prominent among these is the Ras/Raf/
MEK/ERK MAP kinase signalling pathway [49]. To determine the cellular signalling pathway
by which H-Ras regulates activity of ENaC, the role of Raf was determined. FRT cells trans-
fected with ENaC were co-transfected with H-Ras®'?" with or without an siRNA directed
against c-Raf. We found that the siRNA directed against c-Raf attenuated the inhibitory effect
of H-Ras®"?" on the activity of ENaC (Fig. 3A).

Next, we asked whether the H-Ras inhibits ENaC in cells in which activity of ERK1/2 is sup-
pressed. To answer this question, FRT cells were co-transfected with ENaC and with or without

G12V on the amilor-

H-Ras®"?V. Consistent with our previous data, the negative effect of H-Ras
ide-sensitive current was observed (Fig. 3B). This effect of H-Ras®'?Y was abolished by a
MEK1/2 inhibitor, PD98059 (Fig. 3B). In addition, PD98059 abolished the inhibitory effect of
EGF on ENaC, confirming that EGF regulates ENaC by an ERK1/2-dependent mechanism. To
confirm the differential effect of isoforms of Ras on activation of ERK1/2, FRT cells were trans-
fected with the constitutively active mutants H-Ras®'?", K-Ras®'?", N-Ras*'*" or with
pcDNA3.1 empty vector and expression of total ERK1/2 and the phosphorylated form of
ERK1/2 were analysed by immunoblotting (Fig. 3C). Expression of Ras isoforms had no effect
on the abundance of total ERK1/2 expression. Expression of H-Ras®'?", but not K-Ras“*?V or
N-Ras®'?Y, however, increased the abundance of the phosphorylated form of ERK1/2 (Fig. 3C).
Next, we transfected the cells with a plasmid containing wild-type H-Ras, H-Ras®'*", H-
Ras®'”V or pcDNA3.1 empty vector (Fig. 3D). Expression of wtH-Ras and H-Ras markedly
increased the abundance of phosphorylated ERK1/2 but had no effect on the abundance of
total ERK1/2. The constitutively inactive mutant H-Ras®'"N, however, had no effect on total
ERK1/2 levels or ERK1/2 phosphorylation (Fig. 3D). Together, these data suggest that H-Ras
upregulates activity of ERK1/2 and that the inhibitory effect of H-Ras on ENaC is mediated via
c-Rat/MEK/ERK.

Furthermore, we investigated whether other signalling molecules associated with Ras signal-
ling are involved in the H-Ras signalling pathway that downregulates ENaC. To do so, FRT
cells co-transfected with ENaC and H-Ras®'?" were treated with appropriate pharmacological
inhibitors of the signalling molecules, including inhibitors of c-Jun NH2-terminal kinase
(SP600125), phospholipase C (U73122), p38 MAPK (SB239063) and PKC (G66976 and BIM).

G12V
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experimentation monolayers were treated with 20 yM of a MEK1/2 inhibitor, PD98059, (+) or vehicle (-). In a set of experiments, cells were pre-treated in
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EGF (100 ng/ml) as indicated. C, Immunoblot analysis of total ERK1/2 or ERK1/2 phosphorylation (ERK1/2-P) in FRT cells transfected with empty
pcDNA3.1, H-Ras®'2V K-Ras®'2" or a constitutively-active mutant N-Ras (N-Ras®'2Y). D, Immunoblot analysis of total ERK1/2, ERK1/2-P and H-Ras in
FRT cells transfected with empty pcDNA3.1, wt-H-Ras, H-Ras®'?" or H-Ras®'"N. E, Inmunoblot analysis of total ERK1/2 and ERK1/2-P FRT cells
transfected with empty pcDNA3.1, H-Ras®'?" treated with PD98059 (+) or vehicle (=). F, lami normaiizea) of FRT cells transfected with ENaC together with (+)
or without (-) H-Ras®'2V. Cells were pre-treated for 18 hr with SB239063 (p38 inhibitor, 5 uM), SP600125 (JNK inhibitor, 20 uM) or U73122 (PLC inhibitor,
10 pM) as indicated. *, ** and *** indicate P < 0.05, P < 0.01 and P < 0.001, respectively.

doi:10.1371/journal.pone.0116938.9003

We found that none of these pharmacological inhibitors were able to overcome the effect
H-Ras“'*" on activity of ENaC (Fig. 3F).

H-Ras inhibits activity of ENaC independently of Nedd4-2

A recent study suggested that ERK1/2 inhibits ENaC by facilitating interaction between ENaC
and the ubiquitin protein-ligase Nedd4-2 [51], a protein that controls ubiquitin-dependent in-
ternalization of ENaC [46, 52]. To determine whether Nedd4-2 is involved in regulation of
ENaC by H-Ras, we generated mutant ENaC subunits, ar-, Br- or yr-ENaC, in which the C-
terminal of each ENaC subunit is truncated at Arg-646, Cys-594 or Phe-610, respectively, in
order to remove proline-rich (PY) motifs that are binding sites for Nedd4-2. Each of these
ENaC mutants was transfected into FRT cells together with the appropriate wt-ENaC subunits,
with or without H-Ras“'?". The normalized amiloride-sensitive currents in cells expressing the
C-terminal truncated mutant ENaC were significantly higher than those seen in the control
cells expressing the wt-ENaC (Fig. 4A), consistent with the lack of PY-motifs rendering ENaC
insensitive to the inhibitory effect of Nedd4-2. The presence of the C-terminal truncated mu-
tant ENaC did not prevent the inhibitory effect of H-Ras“'*" on the amiloride-sensitive cur-
rent (Fig. 4A). To confirm this finding, we co-transfected FRT cells with wt-ENaC together
with an shRNA directed against Nedd4-2 with or without H-Ras®'*". Consistent with the in-
hibitory effect of endogenous Nedd4-2 on the activity of ENaC, expression of Nedd4-2 shRNA
significantly increased the normalised amiloride-sensitive current (Fig. 4B). The Nedd4-2
shRNA did not prevent the inhibitory effect of H-Ras®'*"
confirming that Nedd4-2 is not involved in the H-Ras-activated signalling pathway that inhib-
its ENaC.

In view of the involvement of Ras in the intracellular trafficking of membrane proteins, we
asked whether H-Ras downregulates activity ENaC by decreasing the abundance of ENaC at
the cell surface membrane and/or altering proteolytic activation of ENaC. To address this ques-
tion, we co-expressed ENaC mutants 11405y ENaC or o 5yvs ENaC together with wt-H-
Ras, H-Ras“'?Y or H-Ras®'"™ in HEK293 cells. The abundance of exogenous o- or y-ENaC at
the cell surface membrane of the transfected cells was then analysed by the biotin labelling
technique. Consistent with previous reports that ENaC undergoes proteolysis by serine prote-
ases [53-55], immunoblot analysis using an anti-HA antibody to detect o-ENaC and an anti
V5 antibody to detect y-ENaC revealed the presence of the 30 kDa a-ENaC N-terminal frag-
ment and 95 kDa uncleaved a-ENaC in y50yspy ENaC transfected cells and the 79 kDa -
ENaC C-terminal fragment and 95 kDa uncleaved y-ENaC in cells transfected with oA Yvs
(Fig. 4C). Analysis of ENaC present in the biotinylated membrane fractions revealed that ex-
pression of the wt-H-Ras, H-Ras“"*" or H-Ras®' "™ had no effect on either the abundance of o.-
ENaC and y-ENaC or the ratio of the cleaved and uncleaved of a- (Fig. 4C) or y-ENaC
(Fig. 4D). These findings suggested that inhibition of ENaC by H-Ras is not due to an adverse
effect of H-Ras on either membrane expression or proteolytic activation of ENaC.

on the amiloride-sensitive current,
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cell lysate.

doi:10.1371/journal.pone.0116938.g004
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Caveolin-1 is involved in the regulation of ENaC by EGF and H-Ras

We have recently reported that Cav-1, a major structural protein of caveolae, is a negative regu-
lator of ENaC [42]. Cav-1 is known to act as a scaffolding protein capable of integrating specific
transmembrane signalling [56]. Indeed, Cav-1 is a known regulator of the ERK1/2 signalling
system [57, 58] and is involved in EGF-mediated ERK1/2 activation [59]. To determine wheth-
er caveolin-1 plays a part in the EGF-mediated signalling system that downregulates the activi-
ty of ENaC, we performed an immunoblot assay to determine whether activity of Cav-1 is
required for EGF-mediated ERK1/2 phosphorylation in FRT cells. We found that EGF could
not increase ERK1/2 phosphorylation in cells transfected with siRNA against caveolin-1

(Fig. 5A). Consistent with the inhibitory effect of Cav-1 on ENaC, an siRNA directed against
Cav-1 increased activity of ENaC expressed in FRT cells (Fig. 5B). EGF, however, could not in-
hibit ENaC in cells transfected with the siRNA, consistent with Cav-1 being an essential com-
ponent of EGF signalling system that inhibits ENaC. The siRNA against caveolin-1 also
abolished the inhibitory effect of the constitutively active H-Ras, H-Ras®'?V, on the activity of
ENaC. On the other hand, the dominant-negative H-Ras, H-Ras®'"™, did not prevent the inhib-
itory effect of Cav-1 on ENaC (Fig. 5B). Finally, we determined whether Cav-1 increases phos-
phorylation of ERK1/2. We found that overexpression of the wtCav-1 had no effect on
phosphorylation of ERK1/2 in FRT cells (Fig. 5B).

Discussion

The present study demonstrates a role for H-Ras in the EGF-activated cellular signalling path-
way that regulates transepithelial Na* absorption via ENaC. The positive effects of the siRNA
directed against H-Ras (Fig. 1C) and of the dominant negative H-Ras®'"N (Fig. 2A) on the
amiloride-sensitive current in M1 cells expressing endogenous ENaC and in FRT cells express-
ing exogenous ENaC indicate that endogenous H-Ras controls basal activity of ENaC and,
hence, that H-Ras is part of an intrinsic regulatory mechanism that keeps transepithelial Na*
absorption via ENaC at an appropriate level. Given that over-expression of the constitutively
active H-Ras had no effect on the ouabain-sensitive current (Fig. 1D), the mechanism by which
H-Ras regulates Na" absorption does not involve the Na*/K*-ATPase. The direct inhibitory ef-
fect of H-Ras on the activity of ENaC is, therefore, the cause of negative effect of H-Ras on the
amiloride-sensitive current. Interestingly, it has been reported that the effect of EGF on the
amiloride-sensitive current is abolished in cells in which the activity of Racl is knocked down
by an siRNA [60], hence other small G-proteins may also be involved in the mechanisms by
which EGF regulates ENaC.

We found that inhibitors of PLC, p38 MAPK, c-Jun and PKC have no effect on the inhibito-
ry effect of the constitutively active H-Ras, suggesting that these signalling molecules are not
involved in the cellular pathway by which H-Ras mediates ENaC inhibition. These findings,
however, cannot exclude the possibility that these signalling molecules may be involved in the
signalling pathway by which EGF regulates ENaC upstream to H-Ras. The ability of the
MEK]1/2 inhibitor, PD98059, to prevent ERK1/2 phosphorylation and abolish the negative ef-
fect of H-Ras on the amiloride-sensitive current, however, indicates that activation of ERK1/2
is required for the regulation of ENaC by H-Ras. Previous studies have suggested that ERK1/2
may inhibit ENaC by phosphorylating it at a site near the proline-rich PY motifs in the C-ter-
minals of the B- and y-ENaC subunits [15]. This phosphorylation has been proposed, in turn,
to increase the interaction between ENaC and Nedd4-2 and to accelerate the internalization of
ENaC from the cell surface membrane [51]. Our data are not consistent, however, with this
proposal. We found that H-Ras inhibits the amiloride-sensitive current in cells expressing
ENaC mutants with the PY motifs deleted (Fig. 4A). We also found that H-Ras inhibits the
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doi:10.1371/journal.pone.0116938.g005

amiloride-sensitive current in cells in which expression of Nedd4-2 is disrupted by an shRNA
(Fig. 4B). Furthermore, we found no evidence that the inhibitory effect of H-Ras on ENaC is
due to reduced expression of ENaC at the cell surface membrane (Fig. 4C & 4D), as would be
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expected if the H-Ras/ERK regulatory mechanism involves Nedd4-2. Thus, we find no evi-
dence that the PY motifs of ENaC or Nedd4-2 are involved in the H-Ras inhibition of ENaC
via ERK1/2 signalling.

Previous studies have reported that ERK1/2 decreases expression of the «ENaC subunit [61,
62]. This, however, cannot explain the inhibitory effect of H-Ras, since we find no evidence for
any negative effect of H-Ras on the surface expression of aENaC protein (Fig. 4C). Further-
more, the effect of H-Ras on activity of ENaC does not depend on inhibition of proteolytic acti-
vation of the channel (Figs 4C & 4D). Thus, it is likely that the H-Ras/Raf/MEK/ERK signalling
decreases the amiloride-sensitive current by inhibiting activity of the pre-existing ENaC in the
membrane pool, as has been previously described for ERK1/2-dependent inhibition of ENaC
by EGF [15], progesterone [63] and a 142 amino acid vasopressin-induced protein [64].

We have observed marked quantitative differences between the abilities of different Ras iso-
forms to activate MAP-kinase signalling, with H-Ras, but not K-Ras or N-Ras, inducing phos-
phorylation of ERK1/2 in FRT cells (Fig. 3C). Furthermore, we have observed that H-Ras
inhibits ENaC whereas we, and others [30], have found that K-Ras activates ENaC. Given that
K-Ras has been shown to have a greater preference for MAP-kinase signalling than H-Ras [65],
the differential preferences of Ras isoforms for MAP kinase signalling cannot explain the con-
trasting effects of H-Ras and K-Ras on ENaC. The ability of H-Ras to selectively propagate its
regulatory signal via the MAP-kinase signalling cascade to control the activity of ENaC may,
however, be explained by differential co-location of H-Ras with different sets of downstream
signalling molecules in specific areas of the plasma membrane [66] leading to differential acti-
vation of MAP-kinase signalling mechanisms.

This differential localization of H-Ras may be due to its localization with EGF receptors,
ERK1/2 and ENaC in caveolae. The evidence in favour of this possibility includes: (i) a compo-
nent of membrane ENaC co-localises with the negative regulator of ENaC [42], Cav-1, in
caveolae [67], (ii) EGF receptors are found in caveolae [68, 69] and tyrosine kinase activity of
EGEFR is activated by a direct interaction with Cav-1 [70], (iii) EGF treatment has been reported
to recruit c-Raf to caveolae [69] and (iv) overexpression of H-Ras recruits c-Raf to caveolae in
an EGF-independent manner [69]. Consistent with a role of Cav-1 in the ERK1/2-mediated
EGEFR signalling pathway that regulates ENaC, we have found that the ability of EGF to trigger
phosphorylation of ERK1/2 was inhibited by an siRNA directed against Cav-1 (Fig. 5A). More-
over, we found that siRNA against Cav-1 abolished the inhibitory effect of the constitutively ac-
tive mutant H-Ras®'*" on ENaC, indicating that Cav-1 is required for H-Ras-mediated
inhibition of the channel. The presence of EGFR, H-Ras and ENaC in the Cav-1-rich mem-
brane domain, and the ability of H-Ras to induce translocation of the necessary MAPK signal-
ling components to the lipid rafts thus permit EGF to affect ENaC specifically via H-Ras/ERK
signalling. The inability of the dnH-Ras to abolish the negative effect of Cav-1 on the activity of
ENaC (Fig. 5C), however, suggests that Cav-1 can regulate ENaC-dependent Na™ absorption
by multiple cellular mechanisms, at least one of which is independent of the H-Ras/ERK path-
way. In agreement with this notion, overexpression of Cav-1 does not increase phosphorylation
of ERK1/2 in FRT cells (Fig. 5B). Moreover, we have previously reported that Cav-1 downregu-
lates membrane expression of ENaC [42]. This effect of Cav-1 on membrane expression of
ENaC differs from the inhibitory effect of H-Ras in that it does not involve an inhibition of
membrane expression of the channel. Nevertheless, our data do not totally exclude a possibility
that the presence of H-Ras, but not its activity, is required for mediating the inhibitory effect of
Cav-1 on ENaC.

The role of H-Ras in EGF-activated MAP-kinase signalling may have broader importance
to epithelial cell physiology than just regulation of the basal rate of Na* absorption via ENaC. It
has been reported that transgenic mice expressing a human H-Ras oncogene develop renal

PLOS ONE | DOI:10.1371/journal.pone.0116938 March 16, 2015 15/19



@’PLOS | ONE

Regulation of ENaC by H-Ras

cysts with characteristics of polycystic kidney disease (PKD) [71]. The present finding that in-
creased H-Ras activity reduces ENaC-dependent Na* absorption provides an explanation for
the luminal fluid retention and the development and maintenance of cyst structures observed
in these transgenic mice. Furthermore, there is extensive evidence for a role of abnormal EGF
signalling [8, 72-74] and ERK1/2 [75] activity, together with a reduction in ENaC activity [8,
75], in the development of PKD. The role of H-Ras in the EGF mediated MAP-kinase signal-
ling pathway that inhibits activity of ENaC reported in this study together with the develop-
ment of cystic kidney in transgenic mice expressing H-Ras [71] suggest that H-Ras may have
an important role in EGF-mediated cellular signalling in renal epithelia and promote cell pro-
liferation, fluid retention and tubular enlargement seen in autosomal recessive PKD, a form of
PKD that is represented primarily in the collecting duct.

Acknowledgments

We thank Dr Craig Campbell for his valuable comments and suggestions and in the prepara-
tion of this manuscript.

Author Contributions

Conceived and designed the experiments: DIC AD. Performed the experiments: IHL SHS. An-
alyzed the data: IHL SHS DIC AD. Contributed reagents/materials/analysis tools: IHL SHS
AD. Wrote the paper: DIC AD.

References

1. Hummler E, Horisberger JD. Genetic disorders of membrane transport. V. The epithelial sodium chan-
nel and its implication in human diseases. Am J Physiol. 1999; 276: G567-571. PMID: 10070030

2. Matalon S, O'Brodovich H. Sodium channels in alveolar epithelial cells: molecular characterization, bio-
physical properties, and physiological significance. Annu Rev Physiol. 1999; 61: 627-661. PMID:
10099704

3. Snyder PM, Price MP, McDonald FJ, Adams CM, Volk KA, Zeiher BG, et al. Mechanism by which Lid-
dle's syndrome mutations increase activity of a human epithelial Na* channel. Cell. 1995; 83: 969-978.
PMID: 8521520

4. Pradervand S, Barker PM, Wang Q, Ernst SA, Beermann F, Grubb BR, et al. Salt restriction induces
pseudohypoaldosteronism type 1 in mice expressing low levels of the B-subunit of the amiloride-sensi-
tive epithelial sodium channel. Proc Natl Acad Sci U S A. 1999; 96: 1732—1737. PMID: 9990093

5. Hummler E, Barker P, Talbot C, Wang Q, Verdumo C, Grubb B, et al. A mouse model for the renal salt-
wasting syndrome pseudohypoaldosteronism. Proc Natl Acad SciU S A. 1997; 94:11710-11715.
PMID: 9326675

6. ZabnerJ, Smith JJ, Karp PH, Widdicombe JH, Welsh MJ. Loss of CFTR chloride channels alters salt
absorption by cystic fibrosis airway epithelia in vitro. Mol Cell. 1998; 2: 397-403. PMID: 9774978

7. ZengF, Singh AB, Harris RC. The role of the EGF family of ligands and receptors in renal development,
physiology and pathophysiology. Exp Cell Res. 2009; 315: 602—610. doi: 10.1016/j.yexcr.2008.08.005
PMID: 18761338

8. Zheleznova NN, Wilson PD, Staruschenko A. Epidermal growth factor-mediated proliferation and sodi-
um transport in normal and PKD epithelial cells. Biochim Biophys Acta. 2011; 1812: 1301-1313. doi:
10.1016/j.bbadis.2010.10.004 PMID: 20959142

9. Schlessinger J. Ligand-induced, receptor-mediated dimerization and activation of EGF receptor. Cell.
2002; 110: 669-672. PMID: 12297041

10. Yarden'Y, Sliwkowski MX. Untangling the ErbB signalling network. Nat Rev Mol Cell Biol. 2001; 2:
127-137. PMID: 11252954

11.  Vehaskari VM, Herndon J, Hamm LL. Mechanism of sodium transport inhibition by epidermal growth
factor in cortical collecting ducts. Am J Physiol. 1991; 261: 896-903.

12. Muto S, Furuya H, Tabei K, Asano Y. Site and mechanism of action of epidermal growth factor in rabbit
cortical collecting duct. Am J Physiol. 1991; 260: 163—169.

PLOS ONE | DOI:10.1371/journal.pone.0116938 March 16, 2015 16/19


http://www.ncbi.nlm.nih.gov/pubmed/10070030
http://www.ncbi.nlm.nih.gov/pubmed/10099704
http://www.ncbi.nlm.nih.gov/pubmed/8521520
http://www.ncbi.nlm.nih.gov/pubmed/9990093
http://www.ncbi.nlm.nih.gov/pubmed/9326675
http://www.ncbi.nlm.nih.gov/pubmed/9774978
http://dx.doi.org/10.1016/j.yexcr.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/18761338
http://dx.doi.org/10.1016/j.bbadis.2010.10.004
http://www.ncbi.nlm.nih.gov/pubmed/20959142
http://www.ncbi.nlm.nih.gov/pubmed/12297041
http://www.ncbi.nlm.nih.gov/pubmed/11252954

@’PLOS | ONE

Regulation of ENaC by H-Ras

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Cao L, Owsianik G, Becq F, Nilius B. Chronic exposure to EGF affects trafficking and function of ENaC
channel in cystic fibrosis cells. Biochem Biophys Res Commun. 2005; 331: 503-511. PMID: 15850788

Falin R, Veizis |IE, Cotton CU. A role for ERK1/2 in EGF- and ATP-dependent regulation of amiloride-
sensitive sodium absorption. Am J Physiol Cell Physiol. 2005; 288: 1003—-1011.

Falin RA, Cotton CU. Acute downregulation of ENaC by EGF involves the PY motif and putative ERK
phosphorylation site. J Gen Physiol. 2007; 130: 313-328. PMID: 17724164

Shen J-P, Cotton CU. Epidermal growth factor inhibits amiloride-sensitive sodium absorption in renal
collecting duct cells. Am J Physiol Renal Physiol. 2003; 284: 57—64.

Tong Q, Stockand JD. Receptor tyrosine kinases mediate epithelial Na* channel inhibition by epidermal
growth factor. Am J Physiol Renal Physiol. 2005; 288: F150—-161. PMID: 15454394

Levchenko V, Zheleznova NN, Pavlov TS, Vandewalle A, Wilson PD, Staruschenko A. EGF and its re-
lated growth factors mediate sodium transport in mpkCCDc14 cells via ErbB2 (neu/HER-2) receptor. J
Cell Physiol. 2010; 223: 252—259. doi: 10.1002/jcp.22033 PMID: 20049896

Liu L, Duke BJ, Malik B, Yue Q, Eaton DC. Biphasic regulation of ENaC by TGF-a and EGF in renal epi-
thelial cells. Am J Physiol Renal Physiol. 2009; 296: 1417-1427.

Markadieu N, Crutzen R, Blero D, Erneux C, Beauwens R. Hydrogen peroxide and epidermal growth
factor activate phosphatidylinositol 3-kinase and increase sodium transport in A6 cell monolayers. Am
J Physiol Renal Physiol. 2005; 288: 1201-1212.

Grossmann C, Freudinger R, Mildenberger S, Krug AW, Gekle M. Evidence for epidermal growth factor
receptor as negative-feedback control in aldosterone-induced Na* reabsorption. Am J Physiol Renal
Physiol. 2004; 286: 1226—1231.

Ramos JW. The regulation of extracellular signal-regulated kinase (ERK) in mammalian cells. Int J Bio-
chem Cell Biol. 2008; 40:2707-2719. doi: 10.1016/j.biocel.2008.04.009 PMID: 18562239

Silvius JR. Mechanisms of Ras protein targeting in mammalian cells. J Membr Biol. 2002; 190: 83-92.
PMID: 12474073

Takai Y, Sasaki T, Matozaki T. Small GTP-binding proteins. Physiol Rev. 2001; 81: 153-208. PMID:
11152757

Omerovic J, Laude AJ, Prior IA. Ras proteins: paradigms for compartmentalised and isoform-specific
signalling. Cell Mol Life Sci. 2007; 64: 2575-2589. PMID: 17628742

Hahnel C, Gottmann K, Wittinghofer A, Lux HD. p21ras oncogene protein selectively increases low-
voltage-activated Ca* current density in embryonic chick dorsal root ganglion neurons. Eur J Neurosci.
1992; 4:361-368. PMID: 12106362

Giovannardi S, Forlani G, Balestrini M, Bossi E, Tonini R, Sturani E, et al. Modulation of the inward recti-
fier potassium channel IRK1 by the Ras signaling pathway. J Biol Chem. 2002; 277: 12158—-12163.
PMID: 11809752

Ko B, Joshi LM, Cooke LL, Vazquez N, Musch MW, Hebert SC, et al. Phorbol ester stimulation of
RasGRP1 regulates the sodium-chloride cotransporter by a PKC-independent pathway. Proc Natl
Acad Sci U S A. 2007; 104:20120-20125. PMID: 18077438

Stockand JD, Spier BJ, Worrell RT, Yue G, Al-Baldawi N, Eaton DC. Regulation of Na* reabsorption by
the aldosterone-induced small G protein K-Ras2A. J Biol Chem. 1999; 274: 35449-35454. PMID:
10585415

Staruschenko A, Patel P, Tong Q, Medina JL, Stockand JD. Ras activates the epithelial Na* channel
through phosphoinositide 3-OH kinase signaling. J Biol Chem. 2004; 279: 37771-37778. PMID:
15215250

Omerovic J, Hammond DE, Clague MJ, Prior IA. Ras isoform abundance and signalling in human can-
cer cell lines. Oncogene. 2008; 27: 2754—2762. PMID: 17998936

Kocher HM, Moorhead J, Sharpe CC, Dockrell MEC, Al-Nawab M, Hendry BM. Expression of Ras
GTPases in normal kidney and in glomerulonephritis. Nephrol Dial Transplant. 2003; 18: 2284—2292.
PMID: 14551355

Spindler B, Mastroberardino L, Custer M, Verrey F. Characterization of early aldosterone-induced
RNAs identified in A6 kidney epithelia. Pflugers Arch. 1997; 434: 323-331. PMID: 9178633

Spindler B, Verrey F. Aldosterone action: induction of p21(ras) and fra-2 and transcription-independent
decrease in myc, jun, and fos. Am J Physiol. 1999; 276: 1154-1161.

Hendron E, Stockand JD. Activation of mitogen-activated protein kinase (mitogen-activated protein ki-
nase/extracellular signal-regulated kinase) cascade by aldosterone. Mol Biol Cell. 2002; 13: 3042—
3054. PMID: 12221114

Staruschenko A, Pochynyuk OM, Tong Q, Stockand JD. Ras couples phosphoinositide 3-OH kinase to
the epithelial Na* channel. Biochim Biophys Acta. 2005; 1669: 108—115. PMID: 15893513

PLOS ONE | DOI:10.1371/journal.pone.0116938 March 16, 2015 17/19


http://www.ncbi.nlm.nih.gov/pubmed/15850788
http://www.ncbi.nlm.nih.gov/pubmed/17724164
http://www.ncbi.nlm.nih.gov/pubmed/15454394
http://dx.doi.org/10.1002/jcp.22033
http://www.ncbi.nlm.nih.gov/pubmed/20049896
http://dx.doi.org/10.1016/j.biocel.2008.04.009
http://www.ncbi.nlm.nih.gov/pubmed/18562239
http://www.ncbi.nlm.nih.gov/pubmed/12474073
http://www.ncbi.nlm.nih.gov/pubmed/11152757
http://www.ncbi.nlm.nih.gov/pubmed/17628742
http://www.ncbi.nlm.nih.gov/pubmed/12106362
http://www.ncbi.nlm.nih.gov/pubmed/11809752
http://www.ncbi.nlm.nih.gov/pubmed/18077438
http://www.ncbi.nlm.nih.gov/pubmed/10585415
http://www.ncbi.nlm.nih.gov/pubmed/15215250
http://www.ncbi.nlm.nih.gov/pubmed/17998936
http://www.ncbi.nlm.nih.gov/pubmed/14551355
http://www.ncbi.nlm.nih.gov/pubmed/9178633
http://www.ncbi.nlm.nih.gov/pubmed/12221114
http://www.ncbi.nlm.nih.gov/pubmed/15893513

@’PLOS | ONE

Regulation of ENaC by H-Ras

37.

38.

39.

40.
4.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Eaton DC, Malik B, Saxena NC, Al-Khalili OK, Yue G. Mechanisms of aldosterone's action on epithelial
Na* transport. J Membr Biol. 2001; 184:313-319. PMID: 11891557

Feig LA, Cooper GM. Inhibition of NIH 3T3 cell proliferation by a mutant ras protein with preferential af-
finity for GDP. Mol Cell Biol. 1988; 8: 3235-3243. PMID: 3145408

Seeburg PH, Colby WW, Capon DJ, Goeddel DV, Levinson AD. Biological properties of human c-Ha-
ras1 genes mutated at codon 12. Nature. 1984; 312: 71—-75. PMID: 6092966

Ambesi-Impiombato FS, Coon HG. Thyroid cells in culture. Int Rev Cytol Suppl. 1979: 163-172.

Stoos BA, Naray-Fejes-Toth A, Carretero OA, Ito S, Fejes-Toth G. Characterization of a mouse cortical
collecting duct cell line. Kidney Int. 1991; 39: 1168-1175. PMID: 1654478

Lee I-H, Campbell CR, Song S-H, Day ML, Kumar S, Cook DI, et al. The activity of the epithelial sodium
channels is regulated by caveolin-1 via a Nedd4-2-dependent mechanism. J Biol Chem. 2009; 284:
12663—-12669. doi: 10.1074/jbc.M809737200 PMID: 19304660

Lee I-H, Dinudom A, Sanchez-Perez A, Kumar S, Cook DI. Akt mediates the effect of insulin on epitheli-
al sodium channels by inhibiting Nedd4-2. J Biol Chem. 2007; 282: 29866—-29873. PMID: 17715136

Lee I-H, Song S-H, Campbell CR, Kumar S, Cook DI, Dinudom A. Regulation of the epithelial Na* chan-
nel by the RH domain of G protein-coupled receptor kinase, GRK2, and Gag/11. J Biol Chem. 2011;
286: 19259—-19269. doi: 10.1074/jbc.M111.239772 PMID: 21464134

Turnheim K. Intrinsic regulation of apical sodium entry in epithelia. Physiol Rev. 1991; 71: 429-445.
PMID: 1706528

Zhou R, Patel SV, Snyder PM. Nedd4-2 catalyzes ubiquitination and degradation of cell surface ENaC.
J Biol Chem. 2007; 282: 20207-20212. PMID: 17502380

Kabra R, Knight KK, Zhou R, Snyder PM. Nedd4-2 induces endocytosis and degradation of proteolyti-
cally cleaved epithelial Na* channels. J Biol Chem. 2008; 283: 6033-6039. doi: 10.1074/jbc.
M708555200 PMID: 18174164

Nassar N, Singh K, Garcia-Diaz M. Structure of the dominant negative S17N mutant of Ras. Biochemis-
try (Mosc). 2010; 49: 1970-1974.

Karnoub AE, Weinberg RA. Ras oncogenes: split personalities. Nat Rev Mol Cell Biol. 2008; 9: 517—
531. doi: 10.1038/nrm2438 PMID: 18568040

Dhand R, Hara K, Hiles |, Bax B, Gout |, Panayotou G, et al. P 3-kinase: structural and functional analy-
sis of intersubunit interactions. EMBO J. 1994; 13:511-521. PMID: 8313896

ShiH, Asher C, Chigaev A, Yung Y, Reuveny E, Seger R, et al. Interactions of  and y ENaC with
Nedd4 can be facilitated by an ERK-mediated phosphorylation. J Biol Chem. 2002; 277: 13539—
13547. PMID: 11805112

Snyder PM, Steines JC, Olson DR. Relative contribution of Nedd4 and Nedd4-2 to ENaC regulation in
epithelia determined by RNA interference. J Biol Chem. 2004; 279: 5042-5046. PMID: 14645220

Hughey RP, Bruns JB, Kinlough CL, Harkleroad KL, Tong Q, Carattino MD, et al. Epithelial sodium
channels are activated by furin-dependent proteolysis. J Biol Chem. 2004; 279: 18111-18114. PMID:
15007080

Hughey RP, Mueller GM, Bruns JB, Kinlough CL, Poland PA, Harkleroad KL, et al. Maturation of the ep-
ithelial Na* channel involves proteolytic processing of the a- and y-subunits. J Biol Chem. 2003; 278:
37073-37082. PMID: 12871941

Carattino MD, Hughey RP, Kleyman TR. Proteolytic processing of the epithelial sodium channel y-sub-
unit has a dominant role in channel activation. J Biol Chem. 2008; 283: 25290-25295. doi: 10.1074/
jbc.M803931200 PMID: 18650438

Okamoto T, Schlegel A, Scherer PE, Lisanti MP. Caveolins, a family of scaffolding proteins for organiz-
ing "preassembled signaling complexes" at the plasma membrane. J Biol Chem. 1998; 273: 5419—
5422. PMID: 9488658

Je HD, Gallant C, Leavis PC, Morgan KG. Caveolin-1 regulates contractility in differentiated vascular
smooth muscle. Am J Physiol Heart Circ Physiol. 2004; 286: H91-98. PMID: 12969891

Galbiati F, Volonte D, Engelman JA, Watanabe G, Burk R, Pestell RG, et al. Targeted downregulation
of caveolin-1 is sufficient to drive cell transformation and hyperactivate the p42/44 MAP kinase cas-
cade. EMBO J. 1998; 17: 6633-6648. PMID: 9822607

Park JH, Han HJ. Caveolin-1 plays important role in EGF-induced migration and proliferation of mouse
embryonic stem cells: involvement of PI3BK/Akt and ERK. Am J Physiol Cell Physiol. 2009; 297: 935—
944.

llatovskaya DV, Pavlov TS, Levchenko V, Staruschenko A. ROS production as a common mechanism
of ENaC regulation by EGF, insulin, and IGF-1. Am J Physiol Cell Physiol. 2013; 304: C102—111. doi:
10.1152/ajpcell.00231.2012 PMID: 23135700

PLOS ONE | DOI:10.1371/journal.pone.0116938 March 16, 2015 18/19


http://www.ncbi.nlm.nih.gov/pubmed/11891557
http://www.ncbi.nlm.nih.gov/pubmed/3145408
http://www.ncbi.nlm.nih.gov/pubmed/6092966
http://www.ncbi.nlm.nih.gov/pubmed/1654478
http://dx.doi.org/10.1074/jbc.M809737200
http://www.ncbi.nlm.nih.gov/pubmed/19304660
http://www.ncbi.nlm.nih.gov/pubmed/17715136
http://dx.doi.org/10.1074/jbc.M111.239772
http://www.ncbi.nlm.nih.gov/pubmed/21464134
http://www.ncbi.nlm.nih.gov/pubmed/1706528
http://www.ncbi.nlm.nih.gov/pubmed/17502380
http://dx.doi.org/10.1074/jbc.M708555200
http://dx.doi.org/10.1074/jbc.M708555200
http://www.ncbi.nlm.nih.gov/pubmed/18174164
http://dx.doi.org/10.1038/nrm2438
http://www.ncbi.nlm.nih.gov/pubmed/18568040
http://www.ncbi.nlm.nih.gov/pubmed/8313896
http://www.ncbi.nlm.nih.gov/pubmed/11805112
http://www.ncbi.nlm.nih.gov/pubmed/14645220
http://www.ncbi.nlm.nih.gov/pubmed/15007080
http://www.ncbi.nlm.nih.gov/pubmed/12871941
http://dx.doi.org/10.1074/jbc.M803931200
http://dx.doi.org/10.1074/jbc.M803931200
http://www.ncbi.nlm.nih.gov/pubmed/18650438
http://www.ncbi.nlm.nih.gov/pubmed/9488658
http://www.ncbi.nlm.nih.gov/pubmed/12969891
http://www.ncbi.nlm.nih.gov/pubmed/9822607
http://dx.doi.org/10.1152/ajpcell.00231.2012
http://www.ncbi.nlm.nih.gov/pubmed/23135700

@’PLOS | ONE

Regulation of ENaC by H-Ras

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Baines DL, Albert AP, Hazell MJ, Gambling L, Woollhead AM, Dockrell MEC. Lipopolysaccharide modi-
fies amiloride-sensitive Na™ transport processes across human airway cells: role of mitogen-activated
protein kinases ERK 1/2 and 5. Pflugers Arch. 2010; 459: 451-463. doi: 10.1007/s00424-009-0717-4
PMID: 19823867

Zentner MD, Lin HH, Wen X, Kim KJ, Ann DK. The amiloride-sensitive epithelial sodium channel a-sub-
unit is transcriptionally down-regulated in rat parotid cells by the extracellular signal-regulated protein
kinase pathway. J Biol Chem. 1998; 273: 30770-30776. PMID: 9804854

Michlig S, Harris M, Loffing J, Rossier BC, Firsov D. Progesterone down-regulates the open probability
of the amiloride-sensitive epithelial sodium channel via a Nedd4-2-dependent mechanism. J Biol
Chem. 2005; 280: 38264—-38270. PMID: 16172119

Nicod M, Michlig S, Flahaut M, Salinas M, Fowler Jaeger N, Horisberger J-D, et al. A novel vasopres-
sin-induced transcript promotes MAP kinase activation and ENaC downregulation. EMBO J. 2002; 21:
5109-5117. PMID: 12356727

Yan J, Roy S, Apolloni A, Lane A, Hancock JF. Ras isoforms vary in their ability to activate Raf-1 and
phosphoinositide 3-kinase. J Biol Chem. 1998; 273: 24052-24056. PMID: 9727023

Castellano E, Santos E. Functional specificity of ras isoforms: so similar but so different. Genes Cancer.
2011; 2:216-231. doi: 10.1177/1947601911408081 PMID: 21779495

Hill WG, An B, Johnson JP. Endogenously expressed epithelial sodium channel is present in lipid rafts
in A6 cells. J Biol Chem. 2002; 277: 33541-33544. PMID: 12167633

Pike LJ, Han X, Gross RW. Epidermal growth factor receptors are localized to lipid rafts that contain a
balance of inner and outer leaflet lipids: a shotgun lipidomics study. J Biol Chem. 2005; 280: 26796—
26804. PMID: 15917253

Mineo C, James GL, Smart EJ, Anderson RG. Localization of epidermal growth factor-stimulated Ras/
Raf-1 interaction to caveolae membrane. J Biol Chem. 1996; 271: 11930-11935. PMID: 8662667

Agelaki S, Spiliotaki M, Markomanolaki H, Kallergi G, Mavroudis D, Georgoulias V, et al. Caveolin-1
regulates EGFR signaling in MCF-7 breast cancer cells and enhances gefitinib-induced tumor cell inhi-
bition. Cancer Biol Ther. 2009; 8: 1470-1477. PMID: 19483462

Gilbert E, Morel A, Tulliez M, Maunoury R, Terzi F, Miquerol L, et al. In vivo effects of activated H-ras on-
cogene expressed in the liver and in urogenital tissues. Int J Cancer. 1997; 73: 749-756. PMID:
9398057

Gesualdo L, Di Paolo S, Calabro A, Milani S, Maiorano E, Ranieri E, et al. Expression of epidermal
growth factor and its receptor in normal and diseased human kidney: an immunohistochemical and in
situ hybridization study. Kidney Int. 1996; 49: 656—665. PMID: 8648906

Wilson PD. A plethora of epidermal growth factor-like proteins in polycystic kidneys. Kidney Int. 2004;
65: 2441-2442. PMID: 15149358

Sweeney WE, Chen Y, Nakanishi K, Frost P, Avner ED. Treatment of polycystic kidney disease with a
novel tyrosine kinase inhibitor. Kidney Int. 2000; 57: 33—40. PMID: 10620185

Veizis |E, Cotton CU. Abnormal EGF-dependent regulation of sodium absorption in ARPKD collecting
duct cells. Am J Physiol Renal Physiol. 2005; 288: F474-482. PMID: 15522985

PLOS ONE | DOI:10.1371/journal.pone.0116938 March 16, 2015 19/19


http://dx.doi.org/10.1007/s00424-009-0717-4
http://www.ncbi.nlm.nih.gov/pubmed/19823867
http://www.ncbi.nlm.nih.gov/pubmed/9804854
http://www.ncbi.nlm.nih.gov/pubmed/16172119
http://www.ncbi.nlm.nih.gov/pubmed/12356727
http://www.ncbi.nlm.nih.gov/pubmed/9727023
http://dx.doi.org/10.1177/1947601911408081
http://www.ncbi.nlm.nih.gov/pubmed/21779495
http://www.ncbi.nlm.nih.gov/pubmed/12167633
http://www.ncbi.nlm.nih.gov/pubmed/15917253
http://www.ncbi.nlm.nih.gov/pubmed/8662667
http://www.ncbi.nlm.nih.gov/pubmed/19483462
http://www.ncbi.nlm.nih.gov/pubmed/9398057
http://www.ncbi.nlm.nih.gov/pubmed/8648906
http://www.ncbi.nlm.nih.gov/pubmed/15149358
http://www.ncbi.nlm.nih.gov/pubmed/10620185
http://www.ncbi.nlm.nih.gov/pubmed/15522985


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


