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Abstract
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Recent investigations point to an important role for peptidases in regulating transcellular ion transport
by the epithelial Na+ channel, ENaC. Several peptidases, including furins and proteasomal
hydrolases, modulate ENaC maturation and disposal. More idiosyncratically, apical Na+ transport
by ENaC in polarized epithelia of kidney, airway, and gut is stimulated constitutively by one or more
trypsin-family serine peptidases, as revealed by inhibition of amiloride-sensitive Na+ transport by
broad-spectrum antipeptidases, including aprotinin and bikunin/SPINT2. In vitro, the transporting
activity of aprotinin-suppressed ENaC can be restored by exposure to trypsin. The prototypical
channel-activating peptidase (CAP) is a type 1 membrane-anchored tryptic peptidase first identified
in Xenopus kidney cells. Frog CAP1 strongly upregulates Na+ transport when coexpressed with
ENaC in oocytes. The amphibian enzyme's apparent mammalian orthologue is prostasin, otherwise
known as CAP1, which is coexpressed with ENaC in a variety of epithelia. In airway cells, prostasin
is the major basal regulator of ENaC activity, as suggested by inhibition and knockdown experiments.
Other candidate regulators of mature ENaC include CAP2/TMPRSS4 and CAP3/matriptase (also
known as membrane-type serine protease 1/ST14). Mammalian CAPs are potential targets for
treatment of ENaC-mediated Na+ hyperabsorption by the airway in cystic fibrosis (CF) and by the
kidney in hypertension. CAPs can be important for mammalian development, as indicated by
embryonic lethality in mice with null mutations of CAP1/prostasin. Mice with selectively knocked
out expression of CAP1/prostasin in the epidermis and mice with globally knocked out expression
of CAP3/matriptase exhibit phenotypically similar defects in skin barrier function and neonatal death
from dehydration. In rats, transgenic overexpression of human prostasin disturbs salt balance and
causes hypertension. Thus, several converging lines of evidence indicate that ENaC function is
regulated by peptidases, and that such regulation is critical for embryonic development and adult
function of organs such as skin, kidney, and lung.

I. Introduction
Many epithelia form high-resistance barriers to Na+ and other ionic solutes. Control and
modulation of the passage of Na+ across these barriers is critical for development and proper
functioning of a variety of organs before, during, and after birth. Such epithelia use transcellular
flux of Na+ to control the movement of water, which migrates passively across and between
cells to equalize inequalities in concentrations of Na+ and other solutes. Movement of water
in response to modulation of transepithelial Na+ flux is important in processes as diverse as
removing liquid from neonatal mammalian lung on exiting the womb, maintaining blood
pressure and volume, preventing excessive electrolyte loss via sweating, and maintaining
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optimal hydration of the luminal surface of wet and ciliated mucosa. Failure to regulate Na+
flux can cause or contribute to a variety of serious diseases, including respiratory distress
syndrome, high or low blood pressure, and cystic fibrosis (CF). Although several Na+ channels
have been described, probably the most important for regulating Na+ and water flux across
high-resistance epithelia of airway, alveoli, bladder, kidney, and distal colon is the apical
epithelial Na+ channel, ENaC, which allows Na+ to pass into the cell following electrochemical
gradients established by extrusion of Na+ by a baso-lateral membrane pump (Na+, K+-ATPase).
Mutations in ENaC genes cause diseases associated with channel overactivity [e.g., Liddle's
syndrome (Shimkets et al., 1994)] as well as with loss of function [e.g., pseudohypoaldosteronism (Chang et al., 1996)]. Given the critical contributions of ENaC to organ
homeostasis and the ever-changing dynamics of water and salt intake and loss, it is no surprise
that ENaC function is subject to regulation by a variety of “accessory factors” originating from
epithelial cells (Huang et al., 2004; Snyder, 2005; Stutts et al., 1995; Thomas and Itani,
2004; Voilley et al., 1997; Warnock, 1999). In the past decade, investigators in several
laboratories recognized and explored an initially surprising but potent modulation of ENaC
function by peptidases, which is the focus of this review.

II. ENaC Regulation by Peptidases: In Vitro and Biochemical Evidence
A. Inhibition of Na+ Transport in Epithelial Monolayers by Antipeptidases

NIH-PA Author Manuscript
NIH-PA Author Manuscript

A seminal observation suggesting that ENaC is regulated by endogenous serine peptidases was
made in a frog line of kidney cells (Xenopus A6) (Vallet et al., 1997). Amiloride-sensitive
Na+ uptake in these cells was partially blocked by apical exposure to the broad-spectrum
inhibitor of serine peptidases, aprotinin, and was restored in aprotinin-treated cells by
application of trypsin. This suggested the presence of an ENaC-activating serine peptidase in
the apical membrane. Vallet and colleagues then used an expression-cloning strategy to identify
a candidate “channel-activating peptidase 1” (CAP1), which augmented ENaC activity when
coexpressed with ENaC in oocytes. Similar responses to apical aprotinin and trypsin were noted
in M-1 cells derived from mouse cortical collecting duct (Nakhoul et al., 1998), in human nasal
airway cells in primary culture (Donaldson et al., 2002), and in JME/CF15 airway cells derived
from an individual with CF (Tong et al., 2004), suggesting similar upregulation of ENaC by
endogenous peptidases in mammalian epithelia. Further studies (Bridges et al., 2001)
suggested another layer of regulation by revealing inhibition of ENaC in cultured airway cells
by a recombinant serine peptidase inhibitor (BAY 39–9437) derived from human placental
bikunin, which may be an endogenous modulator of CAP activity. The exact mechanism of
the effects of trypsin remains to be fully established. However, the overall effect on rat ENaC
is to increase channel open probability of previously near-silent channels by lengthening the
time spent open and diminishing time spent closed—without affecting open channel
conductance to Na+ (Caldwell et al., 2004).
In other informative studies, aprotinin blocked ENaC-mediated Na+ transport across primary
rat alveolar type II cell monolayers by 70% without modifying α- and β-ENaC cell surface
expression, whereas exogenous trypsin had little or no effect (Planes et al., 2005). This
suggested that aprotinin-sensitive epithelial serine peptidases activate ENaC in alveolar
epithelium mostly by increasing channel open probability, and that this activation is maximal
or near-maximal under usual culture conditions. Interestingly, pre-incubation of alveolar cells
with aprotinin also completely abolished stimulation of Na+ transport by β2-adrenergic
agonists. Inhibition of Na+ transport by apically applied aprotinin also occurs in cultured mouse
bronchioloalveolar epithelial cells, although to a lesser extent than in rat cells (Planes et al.,
2005). This variance may be due to interspecies differences in expression or aprotininsensitivity of endogenous peptidases, as shown between mouse and amphibian kidney cells
(Vuagniaux et al., 2002).
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In vitro, cAMP agonists augment ENaC activity and transepithelial Na+ transport in various
cell types, including native alveolar epithelial cells. This occurs mostly by increasing turnover
and promoting insertion of ENaC subunits at the cell surface (Planes et al., 2002; Snyder,
2000). Serine peptidases and β2-adrenergic agonists therefore could act synergistically, with
peptidases activating Na+ channels newly recruited to apical membrane under the influence of
β2-agonists. A similar synergism was reported between membrane-bound CAPs and serumand glucocorticosteroid-regulated kinase in frog oocytes (Vuagniaux et al., 2002).
B. Peptidases in ENaC Maturation and Disposal
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ENaC is a heterotetrameric membrane protein built from products of homologous genes
encoding α-, β-, and γ-subunits. Mature ENaC is thought to be composed of two α-, one β-,
and one γ-subunits (Fig. 1). Each subunit has two transmembrane domains bridged by a large
extracellular loop. After initial translation-coupled embedding in the endoplasmic reticulum
membrane, subunits mature prior to insertion into the plasma membrane by addition and
processing of N-linked sugars (Hughey et al., 2004b). Some subunits also are processed by
nicking of α at two sites and γ at one site by furin (Hughey et al., 2003), a membrane-anchored
subtilisin-type peptidase thought to reside principally in the lumen of the trans-Golgi network.
Nicking of the α-subunit activates channel Na+-transporting activity (Hughey et al., 2004a),
apparently by dissociating an inhibitory domain in the extracellular loop (Carattino et al.,
2006). Furin-mediated hydrolysis of ENaC α subunits also relieves “self-inhibition” by Na+
(Sheng et al., 2006), thereby increasing Na+ transport. The importance of furin cleavage sites
and furin itself has been suggested by loss of activity in channels with mutated furin cleavage
sites and by reduced activity in furin-deficient cells (Hughey et al., 2004a). At the cell surface,
ENaC function appears to be further upregulated by one or more extracellular or plasma
membrane-associated trypsin-like peptidases, as further reviewed below. Not all channels
reaching the plasma membrane have been proteolytically processed (Hughey et al., 2004b),
suggesting that there is a population of channels available for proteolytic activation at the cell
surface. Presently, there is no direct evidence that extracellular serine peptidases increase
Na+-transporting activity at the cell surface by cleaving ENaC at or near the unprocessed furinsensitive sites. However, combinatorial peptide substrate profiling of one of the potential
activators, prostasin, does suggest the potential to do so (Shipway et al., 2004).
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Although Na+ transport across epithelia can be increased by “exocytotic” insertion of ENaC
from an intracellular, subapical pool [some of which may be recycled (Butterworth et al.,
2005)], this does not seem to be the mechanism by which extracellular serine peptidases
increase ENaC activity (Caldwell et al., 2004). An alternative fate of ENaC endocytosed from
the cell surface is ubiquitination by one or more ubiquitin ligases and subsequent translocation
to the cytosol followed by destruction by the proteasome. This is an important means of
regulating surface expression of ENaC and the magnitude of transepithelial transport of Na+,
as revealed by the hypertension and volume expansion in Liddle's syndrome, which is
associated with genetic defects in parts of ENaC involved in binding to Nedd4 and related
ubiquitin ligases (Shimkets et al., 1994).
C. CAPs in Mammalian Epithelia
A number of peptidases are candidate endogenous activators of ENaC in mammalian epithelia.
Some features of those peptidases for which there is biochemical or other functional support
are listed in Table I. The mammalian peptidase that is the most likely orthologue of frog CAP1
is CAP1/prostasin. Like Xenopus CAP, mammalian prostasins are known or predicted to be
type I tryptic serine peptidases with a C-terminal membrane anchor (Verghese et al., 2004;Yu
et al., 1995). Furthermore, phylogenetic analysis suggests that prostasins are Xenopus CAP1's
closest mammalian relatives (Caughey et al., 2000;Verghese et al., 2004;Vuagniaux et al.,
2002). Recombinant mouse CAP1/prostasin, when coexpressed with rat ENaC subunits in frog
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oocytes, augments amiloride-sensitive transport of Na+ (Vuagniaux et al., 2000,2002). Patterns
of expression of human and mouse prostasins are similar to those of ENaC itself, as one would
expect if one protein were regulating the other (Donaldson et al., 2002;Verghese et al.,
2004). Human prostasin is inhibited by aprotinin, which also inhibits ENaC-mediated epithelial
Na+ transport. Also, in rats, transgenic expression of human prostasin causes hypertension
(Wang et al., 2003), as one would predict of an enzyme augmenting Na+ absorption. Direct
evidence of a role for prostasin in modulating ENaC-mediated Na+ currents was provided by
results of siRNA-mediated knockdown of prostasin expression in CF epithelial cells (Tong et
al., 2004). Although the above collection of circumstantial and direct evidence builds a case
favoring a prominent role for prostasin in regulating ENaC, such a role was not initially
entertained for this enzyme, which was discovered as a soluble tryptic peptidase in secretions
from the prostate gland (Yu et al., 1994), where it is highly expressed. Although human
prostasin exists free in solution in seminal fluid, it is synthesized initially with a C-terminal
peptide anchor. The role of the peptide anchor is unclear, but in several cell types the peptide
anchor is exchanged intracellularly for a lipid anchor, glycosylphosphatidyl inositol (GPI)
(Chen et al., 2001). In Xenopus CAP1, the GPI anchor consensus attachment motif and surface
expression appear to be important for retention of ENaC stimulating activity (Vallet et al.,
2002;Verghese et al., 2006). Intriguingly, mutation of Xenopus CAP1 to a catalytically
incompetent form diminishes but does not abolish ENaC-stimulating activity, raising the
possibility that nonenzymatic binding events upregulate Na+ transport.
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Other candidate endogenous regulators of human ENaC include TMPRSS4 (transmembrane
protease, serine 4; also known as CAP2), matriptase (also known as membrane-type serine
protease 1, ST14, and CAP3), and TMPRSS3. Although these peptidases, like Xenopus CAP1
and prostasin, feature trypsin-like catalytic domains, they differ in the mode of membrane
anchoring (Fig. 1), being type II rather than type I transmembrane peptidases. For CAP3/
matriptase, the actual mode of membrane association of the mature enzyme is not clear.
Nonetheless, both CAP2/TMPRSS4 and CAP3/matriptase are coexpressed with ENaC in some
epithelia and possess the potential to activate ENaC, as revealed by coexpression of
recombinant versions of the peptidases and ENaC in frog oocytes (Vuagniaux et al., 2002).
Mutations of TMPRSS3 have an intriguing connection with congenital deafness (Guipponi et
al., 2002;Lee et al., 2003). Although ENaC is expressed in the developing inner ear, a proposed
link between defects in peptidase function and ENaC regulation presently is a matter of
speculation.
D. Candidate Physiological Inhibitors of ENaC-Activating Peptidases

NIH-PA Author Manuscript

Some possible endogenous inhibitors of human CAPs are listed in Table I. Furin can be
inhibited by the largely intracellular serpin PI8 (Dahlen et al., 1998). However, it is not known
whether PI8 modulates furin processing of ENaC. Prostasin can be inactivated by the kunitztype inhibitors placental bikunin/SPINT2 [a recombinant version of which depresses primate
ENaC-mediated airway epithelial cell transport in vitro (Bridges et al., 2001) and in vivo
(Bowden et al., 2006)] and by hepatocyte growth factor activator (HGFA) inhibitor-1B, also
known as SPINT1 (Fan et al., 2005). Prostasin also can be inhibited by a serpin-type inhibitor,
protease nexin-1 (Chen et al., 2004). Matriptase is likewise susceptible to SPINT1, but little
is known about inhibitor susceptibilities of TMPRSS3 and TMPRSS4.

III. ENaC Regulation by Peptidases: In Vivo Evidence
A. Regulation of Alveolar Na+ and Water Transport by Serine Peptidases
In mammals, the three ENaC subunits are expressed in Na+-transporting epithelia in the
collecting ducts of the kidney, the mucosal surface of distal colon, ducts of salivary and sweat
glands, and airway and alveolar epithelium (Duc et al., 1994). Surprisingly, ENaC subunits
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also are expressed in non-transporting epithelia, such as epidermis (Brouard et al., 1999). In
distal nephron and colon, ENaC controls Na+ balance, extracellular fluid volume and blood
pressure, and is regulated principally by aldosterone. In airways and alveoli, ENaC helps to
control epithelial lining fluid volume and is regulated mostly by glucocorticosteroids. Although
activation of ENaC by various serine peptidases is seen in aldosterone- and glucocorticosteroidresponsive epithelial cells, the in vivo importance of this activation remains to be fully
established. Nonetheless, recent investigations suggest that plasma membrane-associated or
secreted ENaC-activating peptidases are likely to be physiologically and pathologically
significant in several organs.
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Active transcellular Na+ transport by alveolar epithelial cells is a driving force for reabsorption
of fluid from the alveolar space (accounting for the lung's remarkable ability to remove alveolar
fluid at the time of birth) and is the main mechanism for resolution of alveolar edema (Basset
et al., 1987a, b; Matthay et al., 1982, 2002). ENaC in the apical membrane of types I and II
alveolar epithelial cells is rate-limiting for Na+ absorption (Johnson et al., 2002). Indeed,
newborn mice with inactivated α-ENaC develop respiratory distress and die within 40 h of
birth from failure to clear lungs of fluid (Hummler et al., 1996). In fetal and adult alveolar
epithelium, ENaC is regulated by glucocorticosteroids, which increase ENaC expression by
transcriptional and posttranscriptional mechanisms. Alveolar ENaC also is regulated by βadrenergic agonists, which increase the number of Na+ channels at the cell surface and the
probability of being open (Matthay et al., 2002). Recent emergence of the concept of autocrine
or paracrine regulation of ENaC by extracellular serine peptidases owes a great deal to recent
studies of Na+ and water transport across alveolar epithelium.
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The potential role of serine peptidases in regulating ENaC was examined in rodent lung by
measuring Na+-driven alveolar fluid clearance (AFC) in the presence of broad-spectrum
inhibitors or exogenous proteases, such as trypsin. Surprisingly, studies in a rat fluid-filled
lung model (Swystun et al., 2005) showed that addition of aprotinin to the instillate did not
modify Na+-driven AFC measured over 30 min. An in situ nonventilated mouse lung model
(Planes et al., 2005) also failed to find an acute inhibitory effect of intra-alveolar aprotinin on
AFC measured over 15 min. Aprotinin's failure to change baseline AFC in these models,
although it inhibits ENaC-mediated alveolar epithelial cell Na+ transport in vitro, has several
potential explanations, including the presence of endogenous bikunin, which is a native
inhibitor of prostasin expressed in lung and detected in bronchial mucus. However, this
explanation seems unlikely since baseline AFC was not increased by excess trypsin, which
should circumvent potential AFC inhibition by endogenous inhibitors. Considering the long
inhibitor incubation time (∼75 min) needed to inhibit ENaC maximally in vitro, these shorter
term measurements may be inappropriate for detecting delayed inhibition by aprotinin in
vivo. In in situ mouse lung, aprotinin also had the interesting effect of abolishing terbutalinestimulated AFC, consistent with in vitro findings in rat alveolar epithelial cells (Planes et al.,
2005). This finding suggested that serine peptidase-mediated activation of ENaC optimizes in
vivo efficacy of β2-adrenergic agonists, which markedly increase mammalian alveolar Na+
transport and fluid clearance in vivo (Matthay et al., 2002).
Among several serine peptidases with the potential to regulate Na+ transport across murine
alveolar epithelium, CAP1/prostasin is a prime candidate inasmuch as mRNA and protein
corresponding to this peptidase is abundant in extracts of cultured or freshly isolated alveolar
epithelial type II cells and in sections of alveolar epithelium (Planes et al., 2005; Verghese et
al., 2004). Prostasin is expressed at the apical cell surface of cultured rat type II cells (Verghese
et al., 2004). In lung and kidney epithelial cells, prostasin is shed by endogenous GPI-specific
phospholipase D1 (Verghese et al., 2006). In mouse lung, mCAP1/prostasin is secreted into
epithelial lining fluid. The presence of mCAP1/prostasin mRNA and protein in alveolar
macrophages (Planes et al., 2005) suggests that sources other than epithelial cells may
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contribute to prostasin in epithelial lining fluid. Whatever the cells of origin, if secreted CAP1/
prostasin is enzymatically active, as is true of human prostasin in seminal fluid (Chen et al.,
2001), then it may act not only as an autocrine but also a paracrine modulator of Na+ absorption
—able, for instance, to activate ENaC in type I cells, which cover most of the alveolar surface.
In addition to CAP1/prostasin, CAP2 (mouse orthologue of human transmembrane serine
protease TMPRSS4) and CAP3 (mouse orthologue of human matriptase MT-SP1) are
expressed, at least at the mRNA level, in mouse alveolar epithelial cells but not in alveolar
macrophages (Planes et al., 2005). CAP2 and CAP3 potentially could regulate ENaC
independently or via an activation cascade involving CAP1/prostasin (Rossier, 2004).
Other serine peptidases secreted into alveolar fluid by epithelial and inflammatory cells also
could modulate ENaC activity and alveolar Na+ and water transport in some conditions. In this
connection, a soluble, trypsin-like protease (20–28 kDa on zymograms) in rat lung
bronchoalveolar lavage fluid (Swystun et al., 2005) may be important. This peptidase was
proposed to facilitate lung liquid clearance because intra-alveolar addition of soybean trypsin
inhibitor or α1-antitrypsin decreased Na+-driven AFC. Furthermore, addition of an excess of
trypsin abolished the inhibition. The role of nonepithelial serine peptidases in alveolar Na+
transport remains to be established, but the concept that pathologically activated alveolar
inflammatory cells release paracrine regulators of ENaC deserves further investigation.
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B. Regulation of Colonic Prostasin Expression by Aldosterone and Dietary Na+
ENaC genes have been cloned from the distal colon of Na+-deprived rats (Canessa et al.,
1993, 1994). Transcripts and protein corresponding to the three ENaC subunits are expressed
by surface epithelial cells of the distal colon, but not by crypt cells (Duc et al., 1994). Surface
epithelium of the distal colon is typically responsive to aldosterone, which fine-tunes dietary
absorption of Na+. Hyperaldosteronism arising from depletion of dietary Na+ or infusion of
aldosterone increases amiloride-sensitive Na+ transport and β- and γ-ENaC mRNA expression
in distal colon (Greig et al., 2002; Halevy et al., 1986). Several serine peptidases shown to
activate ENaC in vitro also are expressed in the gastrointestinal tract, with a tissue distribution
broader than that of ENaC itself. CAP1/prostasin mRNA is present in stomach and colon in
rats and in stomach, small intestine and distal colon in mice (Adachi et al., 2001; Vuagniaux
et al., 2000). Mouse CAP2 and CAP3 mRNAs also are present in mouse stomach, small
intestine, and colon (Vuagniaux et al., 2002). Because CAPs are coexpressed with ENaC in
distal colon, they may influence Na+ reabsorption by modulating ENaC activity and may
modulate physiological responses to aldosterone in vivo.
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Consequences of altering plasma levels of aldosterone include reported changes in prostasin
and ENaC mRNA expression in colonic epithelium (Fukushima et al., 2004). In these studies,
adult rats were given normal or Na+-depleted diets, and continuous infusion of vehicle or
aldosterone for 2 or 4 weeks. Prostasin and ENaC subunit mRNAs in extracts of colonic
epithelial cells were quantitated by PCR or mRNA blot analysis. Dietary Na+ depletion and
aldosterone infusion both dramatically increased plasma levels of aldosterone, accompanied
by a marked increase in arginine vasopressin. Expression of α-ENaC mRNA was detected in
epithelial cells from proximal and distal colon under basal conditions, but was induced at 1, 2,
and 4 weeks in both models only in the distal colon. β-ENaC mRNA was absent or barely
detected under basal conditions, but was also clearly enhanced in distal colon in the context of
prolonged hyperaldosteronism (2 and 4 weeks). γ-ENaC mRNA, quantified by real time RTPCR because of low basal expression, also increased at 2 weeks in distal (but not proximal)
colonic epithelium from Na+-depleted and aldosterone-infused rats. Prostasin mRNA
increased ∼3-fold at 2 and 4 weeks in distal colonic epithelial cells from Na+-depleted and
aldosterone-infused rats. Prostasin mRNA tended to increase in proximal colonic epithelial
cells from aldosterone-infused rats, but not significantly. These data show that a rise in plasma
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levels of aldosterone enhances prostasin and ENaC subunit mRNA expression in distal colonic
epithelium in vivo. It remains to be established whether prostasin and ENaC are coexpressed
in the same colonic cells and whether prostasin induction in the aldosterone response is
physiologically important.
An interesting question raised by the above study was the potential role of arginine-vasopressin
on prostasin expression in the distal colon, since the stimuli used in both models dramatically
increased plasma levels of arginine-vasopressin, together with the expected increase in
aldosterone. The authors (Fukushima et al., 2004) evaluated the effect of arginine-vasopressin
on prostasin expression in vitro by exposing mineralocorticoid receptor-expressing T84 colon
cancer cells to aldosterone or arginine-vasopressin alone, or to the combination of aldosterone
and arginine-vasopressin. Surprisingly, although neither aldosterone nor arginine-vasopressin
alone had much effect, together they markedly stimulated expression of prostasin mRNA,
suggesting synergism. Additional studies are needed to evaluate whether arginine-vasopressin
exerts effects on ENaC or prostasin complementary to those of aldosterone, as reported for
ENaC in the kidney (Ecelbarger et al., 2000).
C. Regulation of Prostasin by Aldosterone in the Kidney
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Although ENaC-activating serine peptidases such as CAP1/prostasin, CAP2, or CAP3/MTSP1 matriptase were initially cloned from kidney cell lines (Vallet et al., 1997; Vuagniaux et
al., 2000, 2002), direct evidence that these peptidases regulate renal Na+ transport in vivo is
lacking. However, reports that prostasin expression in rat and human kidney is regulated by
aldosterone suggest that CAPs could participate in stimulation of Na+ transport by aldosterone
(Narikiyo et al., 2002; Olivieri et al., 2005). Fine regulation of Na+ excretion in the distal
nephron occurs principally in the collecting duct and is mediated chiefly by aldosterone, via
effects on ENaC. In kidney, the ENaC subunits are specifically expressed in epithelial cells
from the aldosterone-sensitive distal nephron (ASDN) (Duc et al., 1994; Masilamani et al.,
1999), where ENaC expression and activity at the cell surface is generally rate-limiting. The
mechanism whereby aldosterone stimulates ENaC activity and Na+ transport in distal nephron
is complex, tissue-specific, and not completely understood. Aldosterone effects are mainly
mediated via mineralocorticoid receptor-induced changes in expression of various gene
products, such as serum glucocorticoid-induced kinase 1, which are elements of a network that
controls function of the Na+ transport machinery and expression of ENaC itself (Loffing et
al., 2001). In rats, elevation of aldosterone levels in plasma rapidly and selectively increased
the abundance of ENaC mRNA and protein along the entire ASDN, and induced apical
translocation of ENaC subunits in the initial portion of the ASDN (Masilamani et al., 1999).
Interestingly, aldosterone also induced a shift in size of γ-ENaC from 85 to 70 kDa. The authors
proposed that this shift, the functional consequences of which are not known, could result from
cleavage of the extracellular loop by peptidases.
Several studies using kidney epithelial cell lines showed that exposure to apical aprotinin
induced a substantial decrease in ENaC-mediated transepithelial Na+ transport. CAP1/
prostasin (and CAP2 and CAP3), coexpressed with ENaC in these cells, was proposed to be
targets of aprotinin and physiological activators of ENaC (Liu et al., 2002; Vallet et al.,
1997; Vuagniaux et al., 2000, 2002). A few studies subsequently evaluated aldosterone's effects
on prostasin expression in vitro, with conflicting results. One set of studies (Liu et al., 2002)
failed to detect an effect of aldosterone treatment on the magnitude either of aprotinin-induced
decrease in Na+ current or of prostasin/CAP1 mRNA expression in M-1 cortical collecting
duct cells, even though cells were exposed for 48 h to a high concentration (1 μM) of
aldosterone. In contrast, exposing the same cell line to the same hormone concentration for 6–
48 h, other investigators (Narikiyo et al., 2002) found that aldosterone progressively increased
CAP1/prostasin mRNA and protein expression. Surprisingly, prostasin was detected neither
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in the cytosolic nor in the membrane fraction; rather, it was found in cell culture medium in a
soluble, secreted form, which increased following cell exposure to aldosterone. Prostasin
induction was associated with an increase in the magnitude of aprotinin inhibition of amiloridesensitive 22Na uptake, suggesting that prostasin in part mediates stimulation of Na+ transport
by aldosterone. To assess the in vivo relevance of the findings, these investigators exposed rats
for 7 days to continuous aldosterone (100 μg/100 g body weight/day) or vehicle infusion, before
evaluating renal expression and urinary excretion of prostasin (Narikiyo et al., 2002). Rats
treated with aldosterone developed systemic hypertension and metabolic alkalosis. Prostasin
protein could not be detected in cytosolic or membrane fractions of renal cortex or medulla
with or without aldosterone. However, soluble prostasin was detected in rat urine under basal
conditions, suggesting massive secretion of the protein by kidney tubular cells. Indeed, urinary
excretion of prostasin increased fourfold in aldosterone-treated rats. This study also examined
urinary prostasin excretion in patients with primary aldosteronism before and 7 days after
adrenalectomy, and in patients undergoing surgery for another disease. Interestingly, urinary
prostasin excretion was high in subjects with primary aldosteronism as compared with controls,
and adrenalectomy normalized plasma aldosterone concentration and decreased urinary
prostasin excretion. Of note, urinary prostasin excretion before and after adrenalectomy
correlated well with the urinary Na+/K+ ratio, reflecting the effect of aldosterone on kidney
cells.
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These data suggesting a relationship between urinary prostasin and aldosterone production
were confirmed recently in normotensive and hypertensive subjects with inappropriate
aldosterone secretion. This study first evaluated the changes in urinary prostasin in healthy
normotensive individuals after spironolactone-induced blockade of mineralocorticoid receptor
or acute volume expansion (Olivieri et al., 2005). The investigators detected prostasin in urine
from all normotensive subjects tested, regardless of gender and dietary Na+ intake. Treatment
with spironolactone induced an expected 30% increase in urinary Na+/K+ ratio and at the same
time decreased urinary prostasin in normotensive subjects in whom the renin/aldosterone axis
was activated by a low Na+ intake, but was ineffective in normotensive subjects with high
Na+ intake. Saline infusion decreased both plasma aldosterone levels and urinary prostasin
excretion in all normotensive subjects investigated. In contrast, urinary prostasin paradoxically
increased after saline infusion in hypertensive patients with primary aldosteronism. Twodimensional immunostaining revealed a complex pattern of expression with up to seven distinct
bands with different glycosylation patterns. Some of these isoforms were paradoxically
overexpressed following volume expansion in patients with primary aldosteronism. The
authors concluded that some prostasin is excreted independently of Na+ balance and plasma
levels of aldosterone, and that additional prostasin is excreted under the influence of
aldosterone.
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Taken together, the above studies strongly support the concept that prostasin expression and
urinary excretion are regulated by aldosterone. Although urinary prostasin is a possible marker
of ENaC activation in the kidney, several issues relating to its roles and importance in vivo
remain to be addressed, starting with its cellular origin. In this regard, it should be noted that
expression of prostasin, unlike that of ENaC, is not restricted to the distal nephron, for prostasin/
CAP1 mRNA is highly expressed in mouse proximal tubule, a segment of the nephron that is
aldosterone-unresponsive (Vuagniaux et al., 2000). This “proximal” source of urinary
prostasin may contribute to aldosterone-independent basal secretion. It also remains to be
established if any of the several soluble forms of urinary prostasin are enzymatically active. If
this is so, then urinary prostasin may exert a paracrine effect on renal tubular cells and activate
apically expressed ENaC. The functional importance of aldosterone-induced prostasin
expression to renal Na+ reabsorption also remains to be answered. Tissue-specific inactivation
of prostasin/CAP1 gene should help to answer these questions.
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D. Potential Role of Prostasin in Regulating Aldosterone Production and Hypertension
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The physiological links between prostasin, aldosterone, and ENaC function might be more
complex than prostasin being an aldosterone-induced protein that activates ENaC. Indeed, a
study suggested that prostasin could influence the processing of aldosterone itself (Wang et
al., 2003) based on effects of adenovirus-mediated human prostasin gene delivery on blood
pressure and electrolyte homeostasis in rats. Animals receiving a single injection of adenovirus
achieved high-level expression of human prostasin mRNA in adrenal gland and liver and lowlevel expression in kidney, lung, heart, and aorta. Immunoreactive prostasin was detected in
blood and urine for almost 3 weeks. Prostasin gene transfer induced a marked and prolonged
(3–4 week) increase in blood pressure. Interestingly, this increase was preceded by an increase
in plasma aldosterone and a moderate decrease in plasma renin. Because human prostasin
mRNA was expressed in adrenal gland (the principal site of aldosterone generation), as well
as in vessel walls [where aldosterone also may be produced (Takeda et al., 1995)], the authors
suggested that prostasin could be involved in aldosterone maturation, processing, or secretion.
In this regard, it is uncertain whether endogenous prostasin normally is expressed in rat adrenal
gland and vessel walls. Previous studies failed to identify prostasin mRNA and protein
expression in rat and human aorta, vein, and artery (Yu et al., 1994, 1995). It is possible that
prostasin-induced aldosterone production in this study is a non-physiological consequence of
unregulated, ectopic production of human prostasin. The mechanism whereby prostasin gene
transfer-induced aldosterone production elevated systemic blood pressure also remains to be
fully explained. Although plasma aldosterone levels increased in rats receiving prostasinadenoviral construct, urinary Na+ and K+ excretion did not change at Day 3, 7, or 21
postinjection, and body weight curves did not differ from those of control rats. Paradoxically,
increased urinary Na+ excretion with concomitantly decreased K+ excretion was seen at Day
14 in treated animals. The authors proposed that this could be explained by escape from the
aldosterone effect, perhaps mediated by upregulation of the renal kallikrein–kinin system.
Possibly, the change in Na+ balance is due to effects of elevated aldosterone on vascular
resistance. Whatever the mechanism, these intriguing data emphasize the complexity of
interactions between prostasin and aldosterone.
E. Role of CAPs in Maintaining the Epidermal Permeability Barrier
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In humans and rodents, the skin is thought not to be involved in ion or fluid absorption, but
surprisingly, ENaC is expressed in the epidermis, the outermost layer of the skin (Brouard et
al., 1999; Roudier-Pujol et al., 1996). The epidermis is a self-renewing epithelium, consisting
mostly of keratinocytes. Basal keratinocytes in the inner layer of epidermis proliferate and
migrate upward while terminally differentiating, leading to the generation of flattened,
anucleated corneocytes, which are interconnected by desmosomes and embedded in a lipid
matrix. This structure constitutes the watertight stratum corneum, which prevents excessive
loss of body fluids, and protects against mechanical, chemical, or biological insults. Human
keratinocytes express the three ENaC subunits (Brouard et al., 1999). However, ENaC's role
in the skin is unclear. Previous in vitro studies found that expression of ENaC, especially βsubunit, increased dramatically during cell growth and differentiation of human cultured
keratinocytes, suggesting that ENaC may play a role in terminal differentiation (Brouard et
al., 1999; Oda et al., 1999). Patch-clamp experiments in keratinocytes showed a channel similar
to ENaC in a small proportion or recorded cells, but no transepithelial Na+ transport was
identified. Interestingly, there is an epidermal Ca2+ gradient, with more Ca2+ in upper than
lower epidermis. This gradient appears to regulate keratinocyte growth and differentiation
(Dotto, 1999). The fact that ENaC subunit expression exhibits a similar vertical gradient
suggests a possible interrelationship between Na+ and Ca2+ flux in these cells (Guitard et al.,
2004). Whatever the mechanism, ENaC's importance in skin differentiation and development
was highlighted by findings in α-ENaC-deficient mice, in which newborns exhibited epidermal
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thickening, disordered differentiation, premature lipid secretion in the upper epidermis, and
abnormal keratohyalin granules (Mauro et al., 2002).
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Numerous peptidases are expressed in the epidermis. Some of them such as profilaggrin
endopeptidase 1 (Resing et al., 1995), calpain-1, cathepsin L (Benavides et al., 2002), or
stratum corneum chymotryptic enzyme (Ekholm and Egelrud, 1998) are implicated in
processing and maturation of profilaggrin to filaggrin filaments, and in epidermal
differentiation and desquamation. Among the peptidases expressed in mouse skin are ENaCactivating CAP1/prostasin (Vuagniaux et al., 2000) and CAP3/MT-SP1 matriptase (Vuagniaux
et al., 2002). CAP1/prostasin was detected in the top layers of the stratum granulosum and at
the transition between stratum granulosum and stratum corneum (Leyvraz et al., 2005). In
vitro, CAP1/prostasin and ENaC are coexpressed in keratinocytes with similar patterns of
expression, that is, with mRNA levels increasing gradually as cells differentiate. Interestingly,
two recent studies revealed that inactivation of either CAP3/MT-SP1 matriptase or CAP1/
prostasin in mice induced a lethal phenotype with deficient epidermal barrier function. In the
first study, introduction of a null mutation into the CAP3/MT-SP1 matriptase gene (List et
al., 2002) results in newborns with dry, red, shiny, and wrinkled skin. Epidermal barrier
function was compromised, as demonstrated by increased toluidine blue penetration and
transepidermal water loss, which led to rapid and fatal dehydration. In the second study, mice
lacking epidermal CAP1/prostasin (Leyvraz et al., 2005) were generated by crossing mice with
a conditional “floxed” CAP1/prostasin allele with mice expressing Cre recombinase controlled
by the keratin 14 promoter, which is active in basal keratinocytes. Newborn pups lacking
epidermal CAP1/prostasin had low body weight and died within 60 h of birth. Their stratum
corneum was severely malformed with abnormal lipid composition, corneocyte
morphogenesis, and profilaggrin processing. As in CAP3/MT-SP1 matriptase-deficient pups,
early death was due to impaired skin barrier function and dehydration. Among the most
interesting findings was the complete absence of occludin in tight junctions of CAP1/prostasindeficient epidermis. This was associated with increased permeability of tight junctions, as
evidenced by failure to prevent diffusion of the subcutaneously injected biotin (600 kDa) to
the skin surface. This implied involvement of CAP1/prostasin in maintaining tight junction
integrity is consistent with prior studies in which exposure of renal and alveolar epithelial cell
monolayers to apical aprotinin (an inhibitor of CAP1/prostasin) reduced transepithelial
resistance (Liu et al., 2002; Planes et al., 2005), whereas treatment with exogenous trypsin
increased it (Swystun et al., 2005).
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Collectively, these data strongly suggest that CAP1/prostasin can modulate tight junctions and
paracellular permeability in various epithelia, possibly through regulation of occludin
expression or function. It is possible that occludin is cleaved by prostasin, though it lacks
preferred polybasic cleavage sites (Leyvraz et al., 2005). Another issue to be resolved is the
relationship between ENaC and CAP3/MT-SP1 matriptase or CAP1/prostasin in the skin.
Presently, there is no evidence that ENaC dysfunction plays a role in skin abnormalities
observed in CAP1/prostasin- or CAP3/MT-SP1 matriptase-deficient mice. Nonetheless, these
studies suggest a potential role of CAPs in regulating paracellular permeability beyond an effect
on function of ENaC.
F. ENaC Dysregulation in the Pathophysiology of Cystic Fibrosis: CAPs as Potential Drug
Targets
The mucosa of proximal and distal airways is covered by airway surface liquid (ASL), which
is a first line of defense against inhaled pathogens. The ASL is composed of the watery
periciliary liquid layer (PCL) surrounding the cilia on the apical face of ciliated cells, and of
the mucin-rich mucous layer, which resides atop of the PCL. Maintenance of proper ASL
volume/depth and ionic composition is critical to optimize ciliary beating and mucus clearance
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(Matsui et al., 1998). Fine regulation of ASL volume is mainly achieved by active
transepithelial transport of salt, leading to liquid absorption or secretion. Airway epithelial cells
have the capacity to actively reabsorb Na+ and to secrete Cl− (Boucher, 2003; Tarran et al.,
2001). In the basal state, the dominant ion transport across the airway epithelium is amiloridesensitive Na+ absorption through ENaC, which induces passive Cl− absorption. ENaC subunits
are expressed throughout the respiratory tract (with a large predominance of α- and γ- over βsubunits in proximal airways), and are upregulated by glucocorticoids (Farman et al., 1997;
Pitkanen et al., 2001; Renard et al., 1995). Active Cl− secretion also can occur following
stimulation by agents such as cAMP agonists and ATP. Cl− secretion mostly occurs through
the apical Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), and possibly
through other channels such as the Ca2+-activated Cl− channel. CFTR is a protein kinase Aactivated Cl− channel in the apical membrane of secretory epithelia, but also regulates other
ion transport systems. In particular, CFTR influences ENaC activity. In various epithelial cells
and overexpressing recombinant cells, activation of CFTR inhibits ENaC currents, most likely
by increasing intracellular concentration of Cl− (Konig et al., 2001; Mall et al., 1998).
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Attention has focused on airway epithelial ion transport processes because CF is caused by
mutations in the CFTR gene (Rowe et al., 2005). CF is characterized by a generalized exocrine
dysfunction, but lung disease is the leading cause of death. Respiratory manifestations of CF
include airway obstruction by hyperviscous secretions leading to iterative bacterial infections,
chronic airway inflammation, and bronchiectasis. Although it is clear that CF lung disease
reflects a defect in the innate defense of airway surfaces against bacterial infection, the basis
of this defect and its relationship with CFTR dysfunction are not well understood. One of the
prevailing explanations, called the “low volume hypothesis,” emphasizes the role of the CFTR
defect in both Cl− secretion and ENaC regulation. According to this hypothesis, absence of
CFTR leads to lack of Cl− (and water) secretion, but also to enhanced Na+ (and water)
absorption because tonic ENaC inhibition by CFTR is lost. This Na+ hyperabsorption decreases
ASL volume, impairs clearance of mucus, and promotes accumulation of hyperviscous mucus,
thereby favoring bacterial infection (Knowles et al., 1986; Matsui et al., 1998, 2000).
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Recent animal and human studies underscore the potential importance of ENaC in the
pathogenesis of CF. Increased airway epithelial Na+ absorption caused by airway-specific
overexpression of β-ENaC induced a severe CF-like lung disease in mice, including mucus
obstruction, goblet cell metaplasia, neutrophilic inflammation, and decreased bacterial
clearance (Mall et al., 2004). ENaC hyperactivity in the airways was associated with ASL
volume depletion, increased mucus concentration, delayed mucus transport, and mucus
adhesion to cell surfaces. Furthermore, an association study searching for genetic modifiers
identified SCNN1B and SCNN1G (genes encoding β- and γ-ENaC, respectively) as potential
modulators of CF severity (Stanke et al., 2006).
Pharmacological inhibitors of ENaC are being actively investigated as treatment of CF lung
disease (Hirsh et al., 2004). Physiological activators of ENaC in the airways—including CAPs
—also can be regarded as candidates for therapeutic inhibition. Prostasin is abundantly
expressed in normal and CF nasal epithelial cells (Bridges et al., 2001; Donaldson et al.,
2002; Tong et al., 2004), and silencing prostasin expression in CF cells using siRNA decreases
ENaC-mediated Na+ transport by 75% (Tong et al., 2004). As noted, the kunitz-type inhibitor
aprotinin markedly decreased ENaC-mediated Na+ transport across primary human nasal and
bronchial epithelial cells from individuals with and without CF (Bridges et al., 2001;
Donaldson et al., 2002). Interestingly, Bridges and colleagues reported that BAY 39-9437, a
recombinant inhibitor derived from the human kunitz-type inhibitor bikunin, also inhibited
ENaC in normal and CF bronchial epithelial cells. In contrast, two broad-spectrum non-kunitz
inhibitors (soybean trypsin inhibitor and α1-antitrypsin) were ineffective (Bridges et al.,
2001). It is therefore tempting to conclude that kunitz-type inhibitors targeting prostasin-like
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peptidases possess therapeutic potential for reversing Na+ hyperabsorption in CF. In this
regard, the report that recombinant-truncated bikunin/SPINT2 produces long-lasting changes
in nasal potential difference in monkeys in vivo is encouraging (Bowden et al., 2006). The
effects of chronic inflammation on expression and activity of prostasin-like peptidases in the
airways are unknown. Of note, exposure of mouse cortical collecting duct M-1 cells to
transforming growth factor (TGF)-β1 markedly downregulated expression of CAP1/prostasin
(Tuyen do et al., 2005). This raised the possibility that proinflammatory cytokines released in
CF airways influence expression and activity of prostasin or other epithelial CAPs. Also, there
are most likely some physiological endogenous inhibitors of prostasin-like proteases (such as
bikunin and HGFA inhibitor-1B) in ASL. Their regulation and potential role under
inflammatory conditions are currently unknown. Finally, epithelial CAPs may not be the sole
activators of ENaC in the airways; other peptidases released in bronchial mucus by
inflammatory cells could also influence ENaC activity under pathological conditions. For
instance, human neutrophil elastase (hNE), a serine protease, activates ENaC and
transepithelial Na+ transport in a human bronchial cell line (Caldwell et al., 2005). Under
normal conditions, extracellular airway hNE is inactive and bound to an endogenous inhibitor
(e.g., α1-antitrypsin or secretory leukoprotease inhibitor), but can be present and active in CF
airways because the large number of disintegrating neutrophils overwhelms the antiprotease
shield. Thus, hNE could participate in ENaC activation in CF airways. Accordingly,
development of pharmacological inhibitors of prostasin-like proteases and hNE may be useful
for treatment of CF.
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Figure 1.

Proteolytic regulation of ENaC. The ENaC ααβγ heterotetramer is thought to be assembled
initially in the endoplasmic reticulum. The N-terminal and C-terminal ends of each subunit
reside in the cytosol. (Step 1) Portions of the extracellular domains of α- and γ-subunits are
nicked by the transmembrane peptidase furin, probably in the lumen of trans-Golgi network.
These intracellular processing events may increase ion transport activity when ENaC is inserted
into the plasma membrane (Step 2). As shown in Step 3, trypsin-family “CAPs” upregulate
Na+ transport via ENaC. These interactions probably are extracellular, as depicted. Known
ENaC-activating peptidases include the type I transmembrane peptidase prostasin, shown here
attached to the plasma membrane via a GPI lipid anchor. Certain type II transmembrane
peptidases, including TMPRSS3 shown here, also activate ENaC. In addition, some free
trypsin-like serine peptidases, notably trypsin itself, can increase ENaC-mediated Na+
transport. The target of these peptidases is not known; it may be ENaC or a protein that regulates
ENaC. The amount of functional ENaC on the cell surface can be decreased by endocytic
uptake (Step 4). A portion of endocytosed ENaC may be subject to further processing and
recycled to the membrane (Step 5). Otherwise, ENaC in endosomes is likely to be ubiquinated,
thereby tagging it for denaturation and total destruction by the peptidases and other proteins
associated with the cytosolic proteasome (Step 6).
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