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Abstract Using human H441 airway epithelial cells
cultured at air–liquid interface (ALI), we have uniquely
correlated the functional response to apical fluid volume
expansion with the abundance and cleavage of endoge-
nous α- and γENaC proteins in the apical membrane.
Monolayers cultured at ALI rapidly elevated Isc when
inserted into fluid-filled Ussing chambers. The increase in
Isc was not significantly augmented by the apical addition
of trypsin, and elevation was abolished by the protease
inhibitor aprotinin and an inhibitor of the proprotein
convertase, furin. These treatments also increased the
IC50 amiloride indicating that the effect was via inhibition
of highly Na+-selective ENaC channels. Apical fluid,
5–500 μl for 1 h in culture, increased the spontaneous
starting Isc in a dose-dependent manner, whilst maximal
fluid-induced Isc in the Ussing chamber was unchanged.
Apical fluid expansion increased the abundance of
63–65-kDa αENaC proteins in the apical membrane.
However, this could not be attributed to increased cleavage
as protease inhibitors had no effect on the ratio of cleaved to
non-cleaved (90 kDa) αENaC proteins. Instead, fluid
expansion increased αENaC abundance in the membrane. In
contrast, function correlated well with γENaC cleavage at
known sites by furin and extracellular proteases. Interestingly,
cleavage of γENaC was associated with increased retrieval

from the membrane via the proteosomal pathway. Thus, the
response to apical fluid volume expansion in H441 airway
epithelial cells involves cleavage of γENaC, and changes in
α- and γENaC protein abundance at the apical membrane.
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Introduction

Transepithelial transport of Na+ via amiloride-sensitive
epithelial Na+ channels (ENaC) present in the apical
membrane of airway epithelial cells regulates the depth of
the fluid that lines the airways, airway surface liquid (ASL),
which is critical for the function of the mucocilliary escalator
and defence of the lung against infection. How a change in
the depth of ASL is sensed and how ENaC activity is
coordinately regulated are currently subject to intense scrutiny.

Protease cleavage of α- and γ ENaC protein subunits is
associated with increased channel activity [1, 17–20, 35].
The Kunitz-type general serine protease inhibitor, aprotinin,
inhibited ENaC activity in vitro and in vivo [7, 11, 32, 34]
indicating that active serine proteases are present in ASL
which increase the activity of ENaC and fluid absorption
(for a review see [17]). A number of endogenous epithelial
serine proteases have been identified in the airways and
include the channel activating protein (CAP1) prostasin
PRSS8 [13, 32, 40, 41], TMPRSS4 (CAP2), matriptase
(CAP3) [29], and human neutrophil elastase [9]. ENaC
activity is also regulated by the proprotein convertase, furin
[18]. More recently, soluble protease inhibitors have also
been proposed to be present in ASL such as α1-antitrypsin
[27]. Their identification has driven the serine protease
inhibitor balance hypothesis. In this model, elevation of
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ASL volume increases protease activity by diluting endog-
enous protease inhibitors which subsequently induces
proteolytic activation of ENaC which drives ASL absorp-
tion. Conversely, dehydration of ASL concentrates protease
inhibitors, reducing protease activity, proteolytic cleavage
of ENaC and fluid absorption [23, 24, 31, 37].

Much of the work delineating which ENaC subunits are
cleaved, where they are cleaved and how this affects the
function of ENaC channels in the airway epithelial cell
membrane has been addressed using epitope-tagged murine
proteins expressed in Xenopus oocytes or heterologous
expression systems. There is little information regarding the
relationship between cleavage of endogenously expressed
subunits and function, particularly in human airway
epithelial cells.

Recently, Myerburg and colleagues, in a well-described
functional study using human primary cultured airway
epithelial cells, showed that increasing ASL volume
activated ENaC activity [33]. Using pharmacological tools,
they showed that this activation was in part due to protease
activity but also appeared to involve brefeldin-sensitive
trafficking of ENaC proteins to the apical membrane.

ENaC protease cleavage has not previously been investi-
gated in a model of human Na+ absorptive airway epithelia
(H441). Importantly, the effect of ASL volume expansion,
exogenous protease and protease inhibition on amiloride-
sensitive Na+ transport has not been correlated with the
abundance and cleavage of endogenous α- and γENaC
proteins expressed in the apical membrane of Na+ trans-
porting cells. We now expand on previous observations and
provide new and novel evidence that apical fluid expansion
modifies cleavage of γENaC, and changes in α- and γENaC
protein abundance at the apical membrane.

Materials and methods

Cell culture

H441 cells were purchased from American Type Culture
Collection (Manassas, VA, USA). They were cultured in
RPMI-1640 media supplemented with foetal bovine serum
(10 %), L-glutamine (2 mM), sodium pyruvate (1 mM),
insulin (5 μg ml−1), transferrin (5 μg ml−1), selenium
selinite (7 ng ml−1) and antibiotics penicillin (100 Uml−1)
and streptomycin (100 μg ml−1). Cells were seeded into
25-cm2 flasks and maintained in a humidified atmosphere
with 5 % CO2 at 37°C.

Electrophysiology

Short circuit current (Isc) was measured across H441 cells
that had been seeded onto Snapwell clear membranes

(Corning, UK) and cultured overnight. When cells were
fully confluent, the serum was replaced with 4% charcoal-
stripped serum and supplementation of T3 (10 nM) and
dexamethasone (200 nM). After 24 h, the apical media was
removed, and the cells cultured for 7 days at air interface as
previously described [6, 30, 42, 43]. Monolayers were
deemed resistive if they exhibited a transepithelial electrical
resistance (TEER) of approximately 200 Ωcm2. Mono-
layers were maintained at air–liquid interface (ALI) or
exposed to apical fluid expansion with isotonic physiolog-
ical salt solution (PSS) (5–500 μl) consisting of (in mM)
NaCl 117, NaHCO3 25, KCl 4.7, MgSO4 1.2, KH2PO4 1.2,
CaCl2 2.5 and D-glucose (11.0) (pH 7.4). Alternatively,
monolayers were treated with vehicle, aprotinin (30 μM),
dec-RVKR-cmk (40 μM, furin inhibitor, Calbiochem, UK)
or trypsin (10 μM) in 100 μl PSS applied to the apical
surface. All incubations were for 1 h. Monolayers were then
mounted in Ussing chambers which contained PSS. This
was maintained at 37°C and gassed with a premixed gas
(21% O2+5% CO2). Spontaneous Isc was measured as the
immediate Isc generated on introduction of the H441
monolayers to PSS in the Ussing chamber. Maximal Isc
was measured at 5 min. To determine amiloride-sensitive
Isc, amiloride (10−8–10−4 M) was added to the apical Ussing
reservoir. Total current was determined by adding 1 mM
ouabain to the basolateral reservoir. Monolayers were short
circuited by clamping the potential difference at 0 mVusing
a DVC-4000 V/I clamp, and the current required to
maintain this (Isc) was measured using a PowerLab
computer interface. Every 30 s, a 2-mV pulse was applied
to enable calculation of transepithelial resistance (TEER).

Cell surface biotinylation

Apical or basolateral membrane proteins were biotinylated
as previously described [25, 42]. Briefly, after 7 days at air
interface, polarised cells were washed with ice-cold PSS.
Sulfo-NHS-biotin (0.5 mg/ml) was applied to the apical
membrane and incubated for 30 min with gentle agitation.
BSA (10%) in PSS was added to the basolateral bath to
prevent biotinylation of basolateral proteins. Cells were
then lysed, proteins solubilised and protein concentration
was determined by Bradford assay. Similar amounts of total
protein were incubated overnight with streptavidin agarose
beads. The following day, biotinylated proteins bound to
beads were separated from non-biotinylated proteins by
centrifugation, washed and samples resuspended in 30 μl of
protein loading buffer and prepared for immunoblotting.

Western blotting

Protein was separated by NuPAGE (Invitrogen) on 4–12%
Bis–Tris gels and transferred to PVDF membrane. Mem-
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branes were blocked for 1 h at room temperature in 5 %
w/v dried milk powder diluted in TBST (0.01% Tween-20
in Tris-Buffered Saline, pH 7.6). Primary antibodies were
diluted in 1% w/v BSA in TBST. Membranes were
incubated with primary antibodies overnight at 4°C, then
washed three times for 5 min in TBST. Membranes were
and incubated with secondary antibody diluted with 5%
dried milk powder in TBST for 1 h at room temperature.
Finally, membranes were washed three times for 5 min in
TBST. Proteins were visualised using an enhanced
chemiluminescence (ECL) Advance Detection Kit
(Amersham Pharmacia Biotech, UK). Specificity of anti-
bodies was confirmed by pre-incubation of antibody with
excess antigenic peptide. Densitometry was performed on
scanned blots using Scion Image Software (Scion Corp.
USA).

Materials

Unless stated, all chemicals were obtained from Sigma
Aldrich (Poole, UK). Primary antibodies were as
follows: anti β-actin Abcam (Cambridge, UK); αENaC
(designated RF in this study) was a kind gift of Prof.
R. Frizzel, University of Pittsburgh School of Medi-
cine, USA; α-ENaC C-terminal C20 and H95 antisera
were purchased from Santa Cruz Biotechnology Inc.
USA; and C-terminal γENaC from Sigma Aldrich,
Poole, UK. HRP-conjugated secondary antibodies as
appropriate were purchased from Upstate (Lake Placid,
NY).

Statistical analyses

Statistical significance was determined using ANOVAwith
a post hoc paired or unpaired Student's t test where
appropriate, and p values <0.05 were considered signifi-
cant. All data are given as means±SEM.

Results

Spontaneous Isc was measured as the immediate Isc
generated on introduction of the H441 monolayers to PSS
in the Ussing chamber. Spontaneous Isc for cells cultured at
air–liquid interface (ALI) was 10.2±1.3 μA cm−2. Isc
increased with a t1/2 of 2.3±0.1 min to reach a maximum
of 22.8±3 μA cm−2 at 5 min (p≤0.001, n=10; Figs. 1a and
3a). Application of amiloride (0.001–100 μM) inhibited
most of the induced current. The maximum induced
Iamiloride was 19.0±2.3 μA cm−2 (Figs. 1a and 3b). The
calculated IC50 of the induced current was 0.3 μM
(logEC50 −6.520±0.087) (Fig. 4), and transepithelial
resistance was 217±21 Ωcm2.

Effect of increased apical volume on the fluid-induced
current

We investigated whether apical fluid expansion was
responsible for the rise in Isc. Pre-incubation with 5–
500 μl PSS applied to the apical surface for 1 h in culture
increased the spontaneous Isc in a dose-dependent manner
Fig. 5a. In samples pre-treated with 5–100 μl of apical
fluid, Isc continued to rise to reach similar maximal levels at
5 min (p≤0.05, n=4). However, spontaneous Isc was similar
to maximal Isc after pre-incubation with 500 μl apical fluid
in culture (Fig. 5a).

Pre-treatment of cells with pharmacological agents
required a minimum of 100 μl of PSS to be applied to the
apical chamber. For comparative purposes, the spontaneous
starting Isc for pre-treatment with 100 μl PSS was higher
than monolayers maintained at ALI at 20.2±3.2 μA cm−2

(p≤0.01, n=4). Isc increased to reach maximum values of
26.9±3.8 μA cm−2 at 5 min (p<0.05, n=4) (Figs. 1c, 3a
and 5a). Maximum Iamiloride, IC50 amiloride and trans-
epithelial resistance were similar to that of cells grown at
ALI at 21.5±2.5 μA cm−2, 0.3 μM (logEC50 −6.471±0.15)
and 212±19 Ωcm2 (n=4).

Upregulation of amiloride-sensitive Isc in H441 cells is
associated with proteolytic activity

We reasoned that if upregulation of Isc was due to fluid
activation of endogenous proteases, addition of trypsin to
the apical chamber would augment the rise in Isc induced by
apical fluid. This was not the case. Exposure to trypsin in
the apical Ussing bath had no further effect on the
spontaneous, maximal or time course of the induced Isc
across cells grown at ALI (Fig. 1b). However, pre-treatment
with apical trypsin for 1 h in culture increased the
spontaneous starting Isc when cells were placed in the
Ussing chamber and Isc did not rise. In contrast, Isc
appeared to decrease. Mean values decreased from 26.1±
5 to 19.4±4.7 μA cm−2 at 5 min although this did not quite
reach significance (p=0.18, n=4) (Fig. 1d). The trans-
epithelial resistance for monolayers treated with trypsin was
not significantly different to those maintained at ALI. The
calculated IC50 amiloride was 0.4 μM (logEC50 −6.402±
0.079) (Fig. 4).

We then inhibited protease activity with aprotinin and
dec-RVKR-cmk peptide (a competitive furin inhibitor). The
spontaneous Isc in aprotinin-treated cells was similar to that
of cells grown at ALI at 8.3±1.9 μA cm−2. Moreover, the
Isc did not rise significantly (Fig. 2a). The maximum Isc at
5 min was 7.5±1.8 μA cm−2 (n=10, Figs. 1a, 2a and 3a). In
the presence of aprotinin, maximal Iamiloride was 4.9±
0.9 μA cm−2, significantly less than that of cells grown at
ALI or incubated with 100 μl PSS alone (p<0.01, n=3
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respectively). Notably, the TEER was reduced to 129±31 Ω
cm2 (p≤0.05, n=3), and the IC50 amiloride was signifi-
cantly increased to 0.8 μM (logEC50 −6.11±0.058)
(p<0.05, n=3) (Figs. 2a, 3a, b and 4). In the presence of
the furin inhibitor, the spontaneous starting Isc was 12.8±
3.5 μA cm−2, and there was a small apparent rise in Isc to
16.6±3.8 μA cm−2 at 5 min, although this did not reach
significance. The maximal Isc and Iamiloride were both
significantly less than that of monolayers grown at ALI
(p<0.05, n=4) (Figs. 2b and 3a, b). The IC50 amiloride was
significantly increased to 0.9 μM (logEC50 −6.027±0.085)
(p≤0.05, n=4) (Fig. 4). In the presence of furin±aprotinin,
starting Isc remained similar to that of furin alone at 15.5±
11.1 μA cm−2 and did not increase. Iamiloride was 15.5±
5.0 μA cm−2 (n=3). Transepithelial resistance was similar
to that of aprotinin alone 138±28 Ωcm2 (Figs. 2c and
3a, b).

Fluid-induced amiloride-sensitive Isc is associated
with α- and γENaC subunit proteolysis

It is difficult to consistently identify endogenously
expressed ENaC proteins human airway cells because

cleavage affects which fragments contain the antigenic
epitopes, and not all of these are known or published.
Therefore, we used a number of different αENaC antisera
to identify cleaved and uncleaved protein products in apical
biotinylated protein extracts from H441 cells. The antise-
rum RF predominantly identified a 90-kDa protein in H441
cells that is consistent with the full-length αENaC protein
and has been shown to identify similar protein in primary
cultured human bronchiolar epithelial cell [28]. We also
used a C-terminal antiserum C20, which faintly immunos-
tained a protein of ∼130 kDa (consistent with the data sheet
as full-length glycosylated ENaC) and predominantly
recognised a protein of 65 kDa and a smaller product of
63 kDa in the apical membrane. We did not observe any
additional products with the C20 antiserum which would be
indicative of the proposed CAP protease cleavage of the C-
terminal end of the ENaC protein. An antiserum directed
against the N-terminal extracellular loop region also weakly
immunostained a large protein of ∼100 kDa and two
predominant products 65 and 63 kDa. A weaker protein
was sometimes detected at 60 kDa. A diagram showing our
suggested origin of these proteins is shown in Fig. 7. We
used a γENaC antiserum directed against a C-terminal

Fig. 1 Effect of apical fluid
expansion and the presence and
absence of trypsin on transepi-
thelial Isc across H441 cells.
Representative spontaneous
short circuit current (Isc) traces
from H441 monolayers after
placement in Ussing chambers.
a Cultured at air interface (ALI).
b Cultured at ALI and exposed
to trypsin in the Ussing chamber
apical bath. c Cultured at ALI
and exposed to 100 μl PSS on
the apical surface for 1 h prior to
placing in Ussing chamber. d
Cultured at ALI and exposed to
100 μl PSS+trypsin on the
apical surface for 1 h prior to
placing in Ussing chamber.
Once Isc had reached a stable
level, amiloride (10−4–10−8 M)
was applied to the apical
chamber followed by ouabain
(10−3 M) to the basolateral
chamber
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epitope (630–649) to investigate γENaC cleavage. This
antiserum recognised a 90-kDa full-length protein and a
smaller 75-kDa product consistent with N-terminal cleav-
age of the full-length protein (Fig. 7). There was also
evidence of a further product of 74 kDa in most blots.

We firstly investigated whether the abundance of αENaC
cleavage products were altered in response to apical fluid
volume expansion. Using the C20 antiserum, we found that
the abundance of the 65- and ∼63-kDa proteins increased in
the apical membrane with increased fluid volume. These
data indicated that raising the fluid volume increased the
abundance of cleaved αENaC proteins in the apical
membrane (Fig. 5b). To explore this further, we then
investigated the abundance of full-length and cleaved
αENaC proteins in monolayers that had been treated with
100 μl PSS, trypsin or protease inhibitors.

There was a significant increase in the abundance of the
90-kDa ENaC protein in monolayers treated with protease
inhibitors (p<0.05, n=3). The abundance of protein in

samples treated with 100 μl PSS was variable, and
monolayers treated with trypsin were similar to that of
cells maintained at ALI (Fig. 6a). We anticipated that there
would be a change in abundance of the smaller protein
products recognised by our antisera consistent with cleav-
age or inhibition of cleavage of αENaC protein. However,
this was not the case. Similar to that observed with the full-
length protein, using two independent antisera (H95 and
C20), we found that apical protein abundance increased in
all monolayers except those treated with trypsin (p<0.05,
n=7) (Fig. 6b). The decreased abundance of protein in the
trypsin-treated samples could not be attributed to a simple
loss of epitopes by cleavage because the three antisera
target different parts of the protein and there was no change
in the sizes of the cleaved products (Fig. 7). We could not
detect any significant change in the ratio of abundance of
the 90:65-kDa proteins in the aprotinin- or furin-treated
monolayers that would demonstrate inhibition of cleavage.
Moreover, although the ratio of the 90:65-kDa proteins

Fig. 2 Effect of protease inhib-
itors on transepithelial Isc across
H441 cells. Representative
spontaneous short circuit current
(Isc) traces from H441 mono-
layers after placement in Ussing
chambers. a Cultured at ALI and
exposed to 100 μl PSS on the
apical surface for 1 h in the
presence of aprotinin. b
Cultured at air interface and
exposed to 100 μl PSS on the
apical surface for 1 h in the
presence of a furin inhibitor. c
Cultured at air interface and
exposed to 100 μl PSS on the
apical surface for 1 h in the
presence of aprotinin+furin
inhibitor, all prior to placing in
Ussing chamber. Once Isc had
reached a stable level, amiloride
(10−4–10−8 M) was applied to
the apical chamber followed by
ouabain (10−3 M) to the
basolateral chamber
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appeared to decrease in some samples from monolayers that
were treated with 100 μl of PSS alone or trypsin (indicating
increased cleavage), these findings were not consistent.
Thus, our data support the notion that apical fluid and/or
protease inhibitors increased the abundance of αENaC
proteins in the apical membrane and that the presence of
trypsin modified this process.

We then investigated the abundance and cleavage of
γENaC proteins in the apical membrane of H441 cell
monolayers. There was a decrease in total apical abundance
of γENaC protein in monolayers exposed to 100 μl of
apical fluid alone or with trypsin (p<0.05, n=3) (Fig. 8b).
The absolute abundance of the full-length 90-kDa and
cleaved 75-kDa proteins varied between batches of mono-
layers. However, the ratio of 90:75-kDa protein revealed
that the cleaved to uncleaved protein was increased in
monolayers exposed to 100-μl apical fluid alone or trypsin

(p<0.05, n=3) (Fig. 8c). In monolayers treated with
protease inhibitors, the cleaved to non-cleaved protein was
markedly reduced (p<0.05, n=3). Whilst we observed a
smaller fainter cleavage product of 74-kDa product in most
of our blots, we could not discern any treatments which
specifically altered the abundance of this product. Compar-
ing the cleaved to non-cleaved protein ratio with spontane-
ous Isc values revealed that there was a significant
correlation with function (r2 value=0.84, p≤0.01)
(Fig. 8d). These data indicate that γENaC cleavage is an
important factor mediating channel activity in H441 cells.

Because total γENaC protein abundance decreased with
cleavage, we further investigated this phenomenon. We
tested the hypothesis that protease cleavage promoted
protein retrieval from the membrane. Inhibition of the
proteosomal retrieval pathway by MG132 increases Isc and
γENaC abundance in the membrane of H441 cells [2].
Pre-treatment of cells with MG132 in the basolateral
chamber prevented the trypsin-induced decrease in apical
abundance of γENaC (Fig. 9a).

Discussion

These studies provide a new and novel perspective on
ENaC cleavage in human airway. There is a large body of
evidence showing that fluid-induced proteolytic cleavage of
ENaC increases its activity in the lung [16, 20, 32, 33, 35].
However, it is important to point out that most of the
information regarding protease cleavage sites and their
functional consequence has been obtained from epitope-
tagged murine ENaC proteins expressed in Xenopus
oocytes or heterologous expression systems. In this study,

Fig. 4 Dose–response to amiloride in the presence and absence of
protease and protease inhibitors. Amiloride (10−9–10−4 M) was added
to the apical Ussing bath once maximal Isc had been established (see
Fig. 1). Dose–response curves for amiloride are shown for monolayers
grown at air–liquid interface (ALI), monolayers exposed to aprotinin
(aprotinin), monolayers exposed to furin (furin) and monolayers
exposed to trypsin (trypsin). The IC50 for aprotinin and furin inhibitor-
treated cells, calculated from these curves, were significantly increased
compared to cells grown at ALI (p≤0.05, n=3 and n=4, respectively)

Fig. 3 Apical fluid volume expansion increases spontaneous
amiloride-sensitive ISC. a Starting spontaneous Isc (white bars) and
maximum Isc (black bars) and b maximal amiloride-sensitive Isc
extrapolated from traces for monolayers grown at air–liquid interface
(ALI), exposed to 100 μl PSS on the apical surface for 1 h (100),
exposed to 100 μl PSS on the apical surface for 1 h in the presence of
aprotinin (A), exposed to 100 μl PSS on the apical surface for 1 h in
the presence of the furin inhibitor and exposed to 100 μl PSS on the
apical surface for 1 h in the presence of aprotinin and the furin
inhibitor (A+F). Numbers of replicates for each treatment are given in
“Results” section. Statistical significance was determined using paired
or unpaired Student's t test as appropriate where *p<0.05, **p<0.01
and ***p<0.001
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we have critically examined function together with the
abundance and cleavage of endogenous α- and γENaC in
polarised human airway epithelial cells [17, 18].

H441 cells grown at ALI and then exposed to apical
fluid expansion in the Ussing chamber system rapidly
increased Isc in a manner similar to that described by
Myerburg et al. in primary cultured human bronchiolar
epithelial cells (HBEC) [32, 33]. We also demonstrated that
there was a graded response in Isc to apical fluid expansion
over a range of 5–500 μl (within 1 h in culture) indicating
that this response was volume dependent. In the Ussing
chamber, maximal currents were observed approximately
5 min after volume expansion, an effect more rapid than
that shown in HBECs. Mechanical forces generated by
changes in fluid volume (pressure) and/or flow (shear stress)
are known to alter amiloride-sensitive Isc and increase the
open probability of channels in the membrane [3, 36, 39].
The response to shear stress of human αβγENaC expressed

in Xenopus oocytes was also augmented by protease
cleavage [14]. Thus, the very rapid elevation of Isc in our
Ussing chambers could be the result of both volume
expansion and mechanical shear forces elicited by the
circulating fluid.

ASL fluid height is estimated to be approximately
7 μm in ciliated airway cells grown at ALI [38]. Thus,
5 μl applied to the surface of these cells represents an

Fig. 6 Effect of apical fluid expansion on αENaC protein cleavage
and abundance in the apical membrane of H441 cells. Western blot of
apical biotinylated protein from H441 monolayers cultured at ALI or
treated with 100 μl PSS alone (100) or 100 μl PSS containing
aprotinin (A), furin inhibitor (F), aprotinin+furin inhibitor (A+F) or

antiserum that recognises a full-length 90-kDa αENaC protein with a
graph below showing relative abundance of the 90-kDa ENaC protein
analysed by densitometry and normalised to protein abundance in ALI
samples. *p<0.05 (n=3), significantly different from ALI. b Repre-
sentative immunoblot immunostained with C20 or H95 antiserum that
recognise smaller cleaved proteins of 62–65 kDa with a graph below
showing relative abundance of the predominant 65-kDa ENaC protein
analysed by densitometry and normalised to protein abundance in ALI
samples. *p<0.05 (n=7), significantly different from ALI

Fig. 5 Effect of increasing apical fluid volume on spontaneous Isc and
αENaC abundance in the apical membrane. a H441 monolayers were
cultured at ALI or treated with 5–500-μl fluid on the apical surface for
1 h prior to mounting into Ussing chambers and recording Isc.
Spontaneous starting Isc (white bars) and maximum Isc (black bars)
are shown. Significantly different from starting Isc, *p<0.05, **p<0.01.
Significantly different from starting Isc, †p<0.05, ††p<0.01. The
number of replicates for each treatment is given in “Results” section.
b Representative western blot of apical biotinylated protein from H441
monolayers cultured at ALI or treated with 50-, 100- or 500-μl fluid on
the apical surface for 1 h. Blots were immunostained with antiserum
C20 directed against αENaC that recognise 62–65-kDa proteins,
respectively. c Densitometry analysis of proteins from blots as shown
in b (n=3). *p<0.05, significantly different from ALI
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increase to approximately 50-μm depth of fluid overlying
the cells (although the formation of a meniscus in the
Transwell support means that the actual depth is likely to
be lower). In H441 cells, a 50% increase in Isc at 1 h
occurred at a fluid depth of approximately 650 μm, over
100× that of the predicted starting ASL height and a
significant expansion of ASL volume. Over such a volume
range, we question whether the rise in Isc can be solely due
to dilution of protease inhibitors and cleavage of existing
protein in the H441 cells apical membrane. We would like
to suggest that there may also be a role for increased
turnover of channels in the membrane as apical fluid
expansion increases.

Both aprotinin and the furin inhibitor prevented the
fluid-induced rise in Isc, consistent with an action of both
extracellular serine protease(s) and furin on amiloride-
sensitive Na± channels. H441 cells express two populations
of amiloride-sensitive channels in the apical membrane [2].
The rightward shift in the IC50 amiloride would indicate
that the predominant effect of protease inhibitors was on
highly Na±-selective, low-conductance amiloride-sensitive
ENaC channels. These data were consistent with findings in
HBECs [33]. However, the decreased TEER of H441
monolayers in the presence of aprotinin could provoke
indirect effects on Isc. We therefore interpret these data with
caution. Moreover, we speculate that the reduction in TEER
may implicate a role for serine proteases in barrier
formation in these cells [8].

In the presence of the furin inhibitor, there was only a
small rise in Isc in the Ussing chamber indicating that serine
proteases alone had a minor effect on amiloride-sensitive

Fig. 8 Effect of protease activity and apical fluid expansion on
γENaC protein cleavage in the apical membrane of H441 cells.
Western blot of apical biotinylated protein from H441 monolayers
cultured at ALI or treated with 100 μl PSS alone (100) or 100 μl PSS
containing aprotinin (A), furin inhibitor (F), aprotinin+furin inhibitor
(A+F) or trypsin (T). a Representative immunoblot immunostained
with a C-terminal antiserum that recognises a full-length 90 kDa and a
predominant 75-kDa cleaved γENaC protein. b Graph of relative
abundance of the cleaved/non-cleaved γENaC proteins analysed by
densitometry. *p<0.05 (n=3), statistically different from ALI. C.
Graph of relative abundance of the cleaved+non-cleaved γENaC
proteins analysed by densitometry. *p<0.05 (n=3), statistically
different from ALI. c Graph of cleaved/non-cleaved γENaC proteins
values plotted against spontaneous starting Isc (μA cm−2) (see Fig. 3a).
The correlation value of the line (r2) is shown in the top right of the
graph

Fig. 7 Schematic diagram of proposed cleavage products identified
with α- and γENaC antisera. Proposed sizes of non-cleaved and
protease cleaved protein products identified by RF, H95 and C20
antisera in human αENaC and by the C-terminal antiserum in human
γENaC. Main conserved cleavage sites were identified using sequence
comparison and published sites from murine sequences [15, 26, 35]
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Na+ channel function. The inhibitory effect of both protease
inhibitors was not additive indicating that both proteases
were required for maximal channel activity. A number of
protease cleavage sites have been identified in murine α-
and γENaC subunits of ENaC that are conserved in the
human sequence and modulate channel activity [1, 15, 17,
18, 35]. Furin cleaved mouse αENaC at two independent
sites in the N-terminal in heterologous expression systems
[18]. Potential CAP cleavage sites were also present in the
N-terminal and C-terminal region of αENaC. In the apical
membrane of H441 cells, we observed proteins of 90 kDa
consistent with the full-length protein and 63–65 kDa
which were indicative of N-terminal cleavage of human
αENaC protein at similar furin/CAP cleavage sites [5, 21,
28]. In addition, cleavage of one or both sites would result
in the generation of proteins that differ in size by
approximately 2.5 kDa. Thus, the 65- and 63-kDa products
could potentially be the result of cleavage at one or both
sites, respectively. We did not observe any smaller products
with the C20 antiserum that would indicate CAP protease
cleavage of the C-terminal end of the ENaC protein.

Surprisingly, however, inhibition of proteases with
aprotinin and/or the furin inhibitor did not affect the sizes
of the observed αENaC protein products. Also, we could
not determine a measureable change in the ratio of 90- (full
length), 65- or 63-kDa proteins that would indicate
alterations or inhibition of protease cleavage with any of
the treatments. It is hard to explain these findings. It is
obviously more difficult to compare endogenous cleavage
products using available αENaC antisera compared to
epitope-tagged proteins in over-expression systems. Differ-
ing epitopes and antibody affinities certainly make it more
difficult to correlate cleaved and non-cleaved products by
western blotting. Because of this, it may not be viable to
detect subtle changes in αENaC cleavage particularly when
overall abundance was also seen to change. Alternatively,
it is possible that endogenous αENaC proteins in H441
cells are subject to different, cell-specific protease

cleavage that is aprotinin and dec-RVKR insensitive.
For example, α1-antitrypsin decreases INa+ in H441 cells
grown on coverslips and inhibits the activity of the
protease matriptase/CAP-3 which is aprotinin insensitive
[22, 27]. CAP3 has not yet been shown to cleave αENaC
directly, but co-expression of mouse CAP3 with ENaC
subunits in Xenopus oocytes increased channel activity
[4]. Given that cleavage was observed but did not alter in
all conditions tested, we can only conclude at this point
that increased αENaC cleavage did not mediate fluid-
induced Isc in H441 cells.

In contrast, treatment with aprotinin and the furin
inhibitor did alter the cleaved (75 kDa) to uncleaved
(90 kDa) ratio of γENaC indicating that reduced cleavage of
γENaC was associated with the reduction of Isc measured
across these cells. The ratio of cleaved to uncleaved γENaC
correlated very closely with function indicating that γENaC
cleavage was an important factor in fluid-induced channel
activity and amiloride-sensitive Isc in H441 cells. Cleavage
of rat γENaC protein has been shown to elevate channel
function in Xenopus oocytes [12]. However, this is the first
demonstration of changes in abundance of cleaved and non-
cleaved endogenous γENaC protein in the apical membrane
of human airway epithelial cells and its relationship to
functional amiloride-sensitive Na+ transport.

γENaC is cleaved by furin and CAP-2 at a site in the
N-terminal region R138–R186 of the protein. This region
forms an inhibitory domain, and its cleavage increased
ENaC activity [10, 12, 15]. γENaC also contains consensus
sites for a number of other proteases including prostasin,
elastase and plasmin (see [20] for review) which can
activate channel activity without affecting αENaC cleav-
age. Our finding that the furin inhibitor and aprotinin were
not functionally additive would support a requirement for
cleavage by both proteases, at similar residues, consistent
with the findings of Garcia-Caballero et al. [15]. Further
work will be required to identify whether the extracellular
protease responsible is CAP-2 in H441 cells.

Two other novel observations arose from these studies.
First was that the abundance of cleaved and non-cleaved
αENaC proteins increased in the apical membrane when
the fluid volume was raised, particularly at high apical
volume (500 μl), when treated with protease inhibitors, and
not when treated with trypsin. Thus, we suggest that there is
increased translocation of αENaC to the apical membrane
in response to apical fluid volume expansion, particularly
when channel function is reduced, as an additional/
alternative mechanism to regulate airway fluid volume.
This is supported by recent studies in HBECs, which
showed that part of the rise in Isc in response to increased
apical fluid volume was prevented by pharmacological
inhibitors of protein trafficking [33]. Second, we showed
that total γENaC protein decreased in the apical membrane

Fig. 9 Effect of the proteosomal inhibitor MG132 on γENaC protein
abundance in the apical membrane of H441 cells. Western blot of
apical biotinylated protein from H441 monolayers cultured at ALI or
treated with 100 μl PSS+trypsin (T) in the presence and absence of
the proteasome inhibitor MG132 immunostained with a C-terminal
antiserum that recognises a full-length 90- and 75-kDa cleaved
γENaC proteins. This blot was repeated with similar results
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when proteolytically cleaved by endogenous proteins and
trypsin and that this was likely via increased retrieval and
proteosomal degradation. In oocytes, αENaC was effec-
tively translocated to the membrane whether in a cleaved or
non-cleaved form but β and γ did not traffic independently
[17]. Moreover, these authors also showed that αENaC and
γENaC were only cleaved when expressed together. Thus,
we propose that increased apical fluid volume activated
proteases that cleave γENaC. This process also promoted
retrieval. In the face of increased fluid volume, additional
new subunits must therefore be inserted into the apical
membrane to maintain transport. This would require
increased translocation of αENaC with γENaC to the
membrane. As translocation may also involve αENaC
alone or αENaC associated with other subunits could
explain the difference in observed apical abundance of the
two subunits. Thus, a balance between cleavage and
subunit turnover is required to retain sufficient active
channels in the membrane to maintain effective transport
processes and resolve apical fluid excess in the airway. In
this regard, it is worth noting that pre-treatment with
exogenous trypsin decreased both α- and γENaC abun-
dance and led to more rapid rundown of Isc in the Ussing
chamber. In this situation, perhaps the balance is pushed
more to retrieval than insertion. In the light of these findings,
new questions now arise. First, why and how does cleavage
promote ENaC retrieval in these cells? Second, what are the
signalling mechanisms that promote translocation of ENaC
channels to the membrane? One possibility, suggested by
Myerburg and colleagues, is a change in ASL osmolarity
during apical fluid expansion. This may have effects on cell
volume which have been shown by us and others to affect
αENaC translocation [33, 42]. Further work is now required
to answer these questions.

In conclusion, we have provided new evidence to show
that cleavage of endogenous γENaC protein is associated
with increased ENaC activity in response to apical fluid
volume expansion in H441 airway epithelial cells mono-
layers. However, cleavage of γENaC also appears to
decrease its abundance in the membrane via proteosomal
processing. In the presence of protease inhibitors, apical
fluid volume expansion increased the abundance of αENaC
and maintained the abundance of γENaC proteins in the
apical membrane indicating increased trafficking of ENaC
subunits. Thus, increased turnover of ENaC proteins may
provide an additional mechanism to increase the number of
active channels in the apical membrane to help maintain
correct ASL volume.
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