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Background: Proteolysis is required for ENaC activity, but the proteases activating ENaC in epithelial tissues are unknown.
Results: Human trypsin IV and trypsin I activate ENaC by cleavage at distinct sites in the channel’s y-subunit.

Conclusion: Cleavage at distinct sites may provide a mechanism for differential ENaC regulation by tissue-specific proteases.
Significance: ENaC activation by trypsin IV may contribute to ENaC regulation in vivo.

Proteolytic activation is a unique feature of the epithelial
sodium channel (ENaC). However, the underlying molecular
mechanisms and the physiologically relevant proteases remain
to be identified. The serine protease trypsin I can activate ENaC
in vitro but is unlikely to be the physiologically relevant activat-
ing protease in ENaC-expressing tissues in vivo. Herein, we
investigated whether human trypsin IV, a form of trypsin that is
co-expressed in several extrapancreatic epithelial cells with
ENaC, can activate human ENaC. In Xenopus laevis oocytes, we
monitored proteolytic activation of ENaC currents and the
appearance of YENaC cleavage products at the cell surface. We
demonstrated that trypsin IV and trypsin I can stimulate ENaC
heterologously expressed in oocytes. ENaC cleavage and activa-
tion by trypsin IV but not by trypsin I required a critical cleavage
site (Lys-189) in the extracellular domain of the y-subunit. In
contrast, channel activation by trypsin I was prevented by
mutating three putative cleavage sites (Lys-168, Lys-170, and
Arg-172) in addition to mutating previously described prostasin
(RKRK'78), plasmin (Lys-189), and neutrophil elastase (Val-182
and Val-193) sites. Moreover, we found that trypsin IV is
expressed in human renal epithelial cells and can increase
ENaC-mediated sodium transport in cultured human airway
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epithelial cells. Thus, trypsin IV may regulate ENaC function in
epithelial tissues. Our results show, for the first time, that tryp-
sin IV can stimulate ENaC and that trypsin IV and trypsin I
activate ENaC by cleavage at distinct sites. The presence of dis-
tinct cleavage sites may be important for ENaC regulation by
tissue-specific proteases.

The epithelial sodium channel (ENaC)? is the rate-limit-
ing step for transepithelial sodium transport in several sodi-
um-absorbing tissues, including the distal colon, the aldoste-
rone-sensitive distal nephron, and respiratory epithelia (1,
2). ENaC is a member of the ENaC/degenerin family of non-
voltage-gated ion channels, which also includes the acid-
sensing ion channel ASIC1. The available crystal structure of
chicken ASIC1 (3, 4) and studies of ENaC by atomic force
microscopy (5) suggest that ENaC is a heterotrimer com-
posed of three homologous subunits (e, 8, and 7). Each sub-
unit of ENaC contains two transmembrane domains, a large
extracellular domain, and short intracellular amino and car-
boxyl termini.

A unique feature of ENaC regulation is that proteolytic pro-
cessing is critical for channel activation (6, 7). However, the
precise molecular mechanisms of proteolytic channel activa-
tion and the proteases involved remain to be elucidated. Pro-
teolytic cleavage occurs at specific residues within the extracel-
lular domains of the a- and y-subunit of ENaC. Proteolytic
cleavage at three putative furin sites (two in «ENaC and one in
vENaC) probably occurs before the channel reaches the plasma

2The abbreviations used are: ENaC, epithelial sodium channel; Al
amiloride-sensitive current; /s, short circuit current; SBTI, soybean trypsin
inhibitor; cRNA, complementary RNA; HPTC, human proximal tubular cell;
RKRK178AAAA, mutation of RKRK'”8 to AAAA; FF174AA, mutation of FF'7#
to AA.
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membrane. A second cleavage event in yENaC is required as
the critical final step in proteolytic channel activation and prob-
ably happens at the plasma membrane, where yENaC is cleaved
by membrane-bound or extracellular proteases in a region dis-
tal to the furin site. This concept is supported by the finding
that the time course of proteolytic activation of ENaC-medi-
ated whole-cell currents correlates with the appearance of a
~67 kDa yENaC cleavage product at the cell surface (8).

The proteases that activate ENaC under physiological and
pathophysiological conditions have not been clearly identified
and may differ between tissues. Putative cleavage sites in
vENaC have been described for the serine proteases prostasin
(9), plasmin (8, 10), elastase (11), kallikrein (12), and chymo-
trypsin (8). In contrast, the sites at which trypsins cleave and
activate ENaC have not yet been identified. The prototypical
serine proteases trypsin I and chymotrypsin are commonly
used as experimental tools to achieve maximal proteolytic
ENaC activation (13, 14). There is evidence that trypsin I is
expressed in epithelial cells (15) and can be detected in human
urine (16) (Human Urine, PeptideAtlas, June 2010). However, it
is unclear whether trypsin I plays a physiological role for ENaC
activation in vivo because trypsinogen I is mainly found in the
exocrine pancreas.

Trypsinogens are encoded by a diverse gene family with
considerable interspecies variability. In the human genome,
three serine protease (PRSS) genes that encode trypsinogens
have been identified: PRSS1, PRSS2, and PRSS3. The PRSS1
and PRSS2 genes are located on chromosome 7q34 and
encode trypsinogen I and trypsinogen II, respectively. The
PRSS3 gene, which is localized on chromosome 9p11.2,
encodes mesotrypsinogen and a splice variant referred to as
trypsinogen IV (17-19). After cleavage/activation by entero-
peptidase (enterokinase), both precursor proteins result in
the same active protease, which is referred to as mesotrypsin
or trypsin IV. Trypsinogen IV is expressed by neurons and
astrocytes of human brain and spinal cord and is widely
expressed in extrapancreatic epithelial cells, including those
of the airway, prostate, and colon that are known to express
ENaC (15, 18, 20, 21, 34). In contrast to trypsin I and II,
which are inhibited by endogenous polypeptide inhibitors,
trypsin IV is resistant to many endogenous inhibitors. Tryp-
sin IV also degrades polypeptide inhibitors. Thus, released
trypsin IV may remain active for prolonged periods. Indeed,
trypsin IV is a candidate protease for regulating inflam-
mation and pain (22-24). Trypsin IV also contributes to
metastasis of prostate cancer and may be a therapeutic target
(25, 26).

The inappropriate activation of ENaC by locally generated
proteases may contribute to several patho-physiological condi-
tions. For example, tubular fluid plasmin, which can be gener-
ated from filtered plasminogen by tubular urokinase, can acti-
vate ENaC in the kidney and thereby cause renal sodium
retention in nephrotic syndrome (27). Similarly, proteolytic
ENaC activation in the colon may minimize sodium and fluid
loss in early stages of inflammation (28). The widespread co-ex-
pression of trypsin IV and ENaC in epithelial tissues and the
appreciation that trypsin IV may be generated during disease,
led us to examine whether trypsin IV can activate ENaC.
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Our objective was to investigate proteolytic ENaC activation
by trypsin IV and to identify functionally relevant cleavage sites
for trypsin IV and trypsin I in the y-subunit of ENaC. Our study
provides new insights into the mechanisms of proteolytic ENaC
activation by trypsin I and trypsin IV.

EXPERIMENTAL PROCEDURES

Materials—Amiloride hydrochloride and soybean trypsin
inhibitor (SBTI) was obtained from Sigma. The solutions used
were as follows: OR2 (82.5 mm NaCl, 2 mm KCl, 1 mm MgCl,, 5 mm
HEPES, pH 7.4, with NaOH), ND96 (96 mm NaCl, 2 mm KCl, 1.8
mu CaCl,, 1 mm MgCl,, 5 mm HEPES, pH 7.4, with Tris), and a
low Na™-containing solution for oocyte incubation (87 mm
NMDG-CI, 9 mm NaCl, 2 mm KCl, 1.8 mm CaCl,, 1 mm MgCl,, 5
mm HEPES, pH 7.4, with Tris). To prevent bacterial overgrowth,
solutions for oocyte incubation were supplemented with 100
units/ml penicillin and 100 pg/ml streptomycin. The serine pro-
tease inhibitor melagatran has been described (23).

Proteases—Recombinant human trypsinogen IV was ex
pressed, purified, and activated to generate trypsin IV as described
(22). The specific activity of trypsin IV was determined to be 74
units/mg using N-(p-Tosyl)-Gly-Pro-Arg p-nitroanilide acetate
salt as substrate (22). Bovine trypsin I and a-chymotrypsin II were
from Sigma.

ENaC Fragments—A 23-mer yENaC peptide was synthe-
sized and purified by the Peptide Synthesis Core Facility
(University of Calgary, Canada) (purity >95%). The peptide
sequence ('"*TGRKRKVGGSIIHKASNVMHIES'?®) (11, 29)
corresponds to the amino acid sequence from Thr-176 to Ser-
198 of the extracellular domain of YENaC thought to be critical
for proteolytic channel activation.

Plasmids—Full-length cDNAs for human wild-type a-, 8-,
and yENaC were kindly provided by Harry Cuppens (Leuven,
Belgium). They were subcloned into pcDNA3.1 vector, and lin-
earized plasmids were used as templates for cRNA synthesis
(mMessage mMachine, Ambion, Austin, TX) using T7 as pro-
motor as described previously (30, 31). The yENaC mutants

Yiisoa (8), YK168A,K170A,R172A7 YRKRK178AAAA,V182G,V193G,K189A7

and  Yii68a,K170A,R1724, RKRKI78AAAA,VI82G,V193G,K180A WETE
generated by site-directed mutagenesis (QuikChange® site-di-

rected mutagenesis kit, Stratagene, Amsterdam, Netherlands)
and sequences were confirmed (LGC Genomics, Berlin, Ger-
many). To minimize the risk of expression artifacts that may
arise from differences in cRNA quality, cRNAs for wild-type
and mutant ENaC were synthesized in parallel, and the exper-
iments were performed using at least two different batches of
complementary RNA.

Isolation of Oocytes and Injection of cRNA—Qocytes were
obtained from adult Xenopus laevis in accordance with the
principles of German legislation, with approval by the animal
welfare officer for the Friedrich-Alexander-University Erlan-
gen-Niirnberg (FAU) and under the governance of the state
veterinary health inspectorate (permit 621-2531.32-05/02).
Animals were anesthetized in 0.2% MS222 (ethyl 3-aminoben-
zoate methanesulfonate salt). Ovarian lobes were obtained by
partial ovariectomy, and oocytes were isolated by enzymatic
digestion at 19 °C for 3—4 h with 600 —700 units/ml collagenase
CLS II (Biochrom, Berlin, Germany) dissolved in OR2 solution.
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Defolliculated stage V-VI oocytes were injected (Nanoject II
automatic injector, Drummond, Broomall, PA) with 0.2 ng of
cRNA/subunit of ENaC. The cRNAs were dissolved in RNase-
free water, and the total volume injected was 46 nl. Injected
oocytes were stored at 19 °C in a low Na™ -containing solution.
Two-electrode Voltage Clamp—QOocytes were routinely stud-
ied 2 days after injection using the two-electrode voltage clamp
technique as described previously (8, 29-31). Individual
oocytes were placed in a small experimental chamber and con-
stantly superfused (2—-3 ml/min) at room temperature with
ND96 supplemented with amiloride (2 um). Bath solution
exchanges were controlled by a magnetic valve system (ALA
BPS-8) in combination with a TIB14 interface (both HEKA,
Lambrecht, Germany). Voltage clamp experiments were per-
formed using an OC-725C amplifier (Warner Instruments
Corp., Hamden, CT) interfaced via a LIH-1600 (HEKA) to a PC
with PULSE 8.67 software (HEKA) for data acquisition and
analysis. Oocytes were clamped at a holding potential of —60
mV. Downward current deflections in the current traces corre-
spond to inward currents (i.e. movement of positive charge
from the extracellular side into the cell). Amiloride-sensitive
whole-cell currents (Al,,,;,) were determined by washing out
amiloride with amiloride-free ND96 and subtracting the
whole-cell currents measured in the presence of amiloride from
the corresponding whole-cell currents recorded in the absence
of amiloride. For the determination of the effect of trypsin I or
chymotrypsin, continuous whole-cell current measurements
were performed, and Al ; was measured again after superfus-
ing the oocyte with the protease. For the determination of the
stimulatory effect of trypsin IV, Al was determined twiceina
single oocyte (i.e. before and after exposure to the protease). To
recover from the first measurement of Al ;, the oocyte was
placed for 5 min in ND96. Subsequently, the oocyte was trans-
ferred to 100 ul of test solution (protease-supplemented ND96
or protease-free ND96 solution as control) and was incubated
for 30 min before Al was determined for a second time.
Detection of YENaC Cleavage Products at the Cell Surface—
Biotinylation experiments were performed as described previously
(8, 29), using 30 oocytes/group. All biotinylation steps were per-
formed at 4 °C. Oocytes were preincubated for 30 min either in
ND96 solution or in ND96 solution containing proteases. After
washing the oocytes three times with ND96 solution, they were
incubated in the biotinylation buffer (10 mM triethanolamine, 150
mM NaCl, 2 mm CaCl,, and 1 mg/ml EZ-link sulfo-NHS-SS-Biotin
(Thermo Fisher Scientific, Schwerte, Germany), pH 9.5) for 15
min with gentle agitation. The biotinylation reaction was stopped
by washing the oocytes twice for 5 min with quench buffer (192
mM glycine and 25 mwm Tris-Cl, pH 7.5). Subsequently, the oocytes
were lysed by passing them through a 27-gauge needle in lysis
buffer (500 mm NaCl, 5 mm EDTA, and 50 mwm Tris-Cl, pH 7.4)
supplemented with protease inhibitor mixture tablets (Complete
Mini EDTA-free; Roche Applied Science) according to the man-
ufacturer’s instructions. The lysates were centrifuged for 10 min at
1,500 X g. Supernatants were incubated with 0.5% Triton X-100
and 0.5% Igepal CA-630 for 20 min on ice. Biotinylated proteins
were precipitated with 100 pl of Immunopure-immobilized
NeutrAvidin-agarose (Thermo Fisher Scientific) washed with lysis
buffer. After overnight incubation at 4 °C with overhead rotation,
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the tubes were centrifuged for 3 min at 1,500 X g. Supernatants
were removed, and beads were washed three times with lysis
buffer. 100 ul of 2X SDS-PAGE sample buffer (Rotiload 1, Roth,
Karlsruhe, Germany) was added to the beads. Samples were boiled
for 5 min at 95 °C and centrifuged for 3 min at 20,000 X g before
loading the supernatants onto a 10% SDS-polyacrylamide gel. To
detect yENaC cleavage fragments, we used a subunit-specific anti-
body against human yENaC at a dilution of 1:5,000 (8, 29, 30, 32).
Horseradish peroxidase-labeled secondary goat anti-rabbit anti-
body (Santa Cruz Biotechnology, Inc.) was used at a dilution of
1:50,000. Chemiluminescence signals were detected using Super-
Signal West Femto chemiluminescent substrate (Thermo Fisher
Scientific).

High-performance Liquid Chromatography (HPLC) and
Matrix-assisted Laser Desorption Ilonization-Time-of-flight
(MALDI-TOF) Analysis—The 23-mer yENaC peptide (500 pm)
was incubated with 50 wg/ml trypsin IV in 50 mm Tris-HCl, pH
7.4, for 30 min at 37 °C. Products were separated by reversed-
phase HPLC and identified using MALDI-TOF. Mass spec-
trometry data were provided by the Bio-Organic Biomedical
Mass Spectrometry Resource at the University of California,
San Francisco (A. L. Burlingame, Director).

Reverse Transcription PCR (RT-PCR)—Human kidney tis-
sues were collected from patients undergoing nephrectomy
with the approval of the ethics board at the University of Cal-
gary and Alberta Health Services in Canada. We established
human proximal tubular cell (HPTC) cultures from disease-
free dissected nephrectomy samples, as described previously
(33). In summary, normal cortex segments of the nephrectomy
samples were finely dissected, minced, and digested with colla-
genase IV (1.5 mg/ml) at 37 °C for 60 min. Samples were passed
through a 70-um mesh and were centrifuged, rinsed, and plated
on plastic culture plates at 37 °C for 90 min in K1 culture
medium (DMEM/F-12 containing 10% fetal bovine serum, 1%
penicillin-streptomycin, prostaglandin E1 (125 ng/ml), epider-
mal growth factor (25 ng/ml), L-thyroxine (1.8 wg/ml), hydro-
cortisone (3.38 ng/ml), insulin (5 pg/ml), transferrin (5 pg/ml),
and sodium selenite (5 ng/ml); all reagents were purchased
from Sigma). Nonadherent cells were replated onto collagen
IV-coated cell culture plate.

An RT-PCR was performed to assess expression of trypsino-
gen IV at the messenger RNA level. Total RNA from human
kidney tissue or cultured HPTCs or prostate cancer-derived
human epithelial cells (PC3, CRL-1435™; ATCC (Manassas,
VA)) was extracted using an RNAeasy kit (Qiagen) and tran-
scribed to cDNA using Moloney murine leukemia virus tran-
scriptase (Invitrogen) according to the manufacturer’s proto-
col. Semiquantitative PCR was performed using Taq DNA
polymerase (Qiagen Inc., Canada) as per the manufacturer’s
protocol. PCR primers were selected that are specific for
human trypsinogen IV (34): forward primer, 5'-GGGCCTG-
GAGCTGCACCCGCTTCTG-3'; reverse primer, 5'-CAGC-
CGGAGATGAGGCACTC-3'. The expected PCR product size
is 474 bp. Thermal cycling was performed in a PTC-100 pro-
grammable thermocontroller using the following cycle param-
eters: denaturation at 94 °C for 30 s, annealing at 62 °C for 30's,
and elongation at 72 °C for 30 s. The number of cycles was 36,
and the PCR products were electrophoresed on a 1.5% agarose
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gel containing SYBR safe. DNA was prepared from bands of the
agarose gel with the QIAquick gel extraction kit (Qiagen)
according to the manufacturer’s protocol. The sequence of the
purified product was confirmed by the sequencing services at
the University of Calgary.

H441 Cell Culture and Transepithelial Measurements—The
human H441 lung epithelial cell line (HTB-174"™) was obtained
from ATCC. Cells were used at passage 64— 66 and cultured as
described previously (35). Cells were maintained in a 5% CO,
atmosphere at 37 °C in H441 growth medium consisting of RPMI
1640 (Rosewell Park Memorial Institute, Biochrom) medium sup-
plemented with 10% fetal bovine serum, L-glutamine (2 mm), apo-
transferrin (5 pug/ml), insulin (5 pug/ml), sodium selenite (10 nm),
sodium pyruvate (1 mm), 100 units/ml penicillin, and 100 pg/ml
streptomycin. For transepithelial measurements, cells were cul-
tured on permeable support (Millicell PCF membrane inserts,
Merck-Millipore, Schwalbach, Germany) in H441 growth
medium. At day 9 after seeding, this medium was replaced in the
basolateral compartment by a differentiation medium (RPMI 1640
supplemented with 4% charcoal-stripped serum, triiodothyronine
(1 nm), dexamethasone (200 nm), apotransferrin (5 pg/ml), insulin
(5 pg/ml), sodium selenite (10 nm)). The apical side of the epithe-
lial monolayer was kept at an air-liquid interface. After 4 —5 days at
the air-liquid interface, the monolayers were transferred into
Ussing chambers to measure the equivalent short circuit current
(I5c) essentially as described previously (36). To record the tran-
sepithelial voltage and resistance, a Ringer’s solution (117 mm
NaCl, 25 mm NaHCO,, 4.7 mm KCl, 1.2 mm MgSO,, 1.2 mm
KH,PO,, 2.5 mm CaCl,, 11 mm D-glucose, equilibrated to pH 7.4
with a 5% CO, atmosphere) was added to the apical compartment.
To minimize ENaC activation by endogenous proteases (27, 29,
37) prior to the application of trypsin IV, the H441 cells were
exposed for 90 min to SBTI (10 pg/ml) in the apical bath and to the
furin/convertase inhibitor ~decanoyl-Arg-Val-Lys-Arg-chloro-
methyl ketone (Merck-Millipore), which was added to the basolat-
eral bath solution. A 10 mm stock solution of decanoyl-Arg-Val-
Lys-Arg-chloromethyl ketone was prepared in DMSO, and the
final concentration used was 40 uM.

Statistical Analysis—Data are presented as mean = S.E. N
indicates the number of different batches of oocytes, and # is
the number of individual oocytes studied. Statistical signifi-
cance was assessed by the appropriate version of Student’s £ test
with GraphPad Prism version 5.04 (GraphPad Software).

RESULTS

Trypsin IV Stimulates ENaC Currents in X. laevis Oocytes
Expressing Human ENaC—To investigate whether trypsin IV
activates ENaC, we determined amiloride-sensitive whole-
cell currents (Al,.,;) in individual ENaC-expressing oocytes
before and after 30-min incubation of the oocytes with tryp-
sin IV (10 pug/ml). Control oocytes were incubated with the
prototypical serine protease trypsin I (2 ug/ml) for maximal
ENaC activation or were incubated in protease-free solution.
Fig. 1 (A-C) shows six representative whole-cell current
traces from one batch of oocytes. Currents in individual
oocytes were measured twice: before and after a 30-min
exposure to protease-free solution (Fig. 1A4), trypsin I (Fig.
1B), or trypsin IV (Fig. 1C). In Fig. 1D, A, values measured
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in the same oocyte before and after a 30-min incubation
period were connected by a line. Exposure to trypsin IV or
trypsin I increased Al,,,; in each oocyte measured. In con-
trast, a 30-min incubation of oocytes in protease-free solu-
tion had no stimulatory effect on ENaC currents (Fig. 1D). In
these oocytes, ENaC currents remained stable or slightly
declined, consistent with the well known phenomenon of
spontaneous channel “rundown” (38). On average, exposure
to trypsin IV and trypsin I increased A, ; by 2.5- and 4.8-
fold, respectively (Fig. 1E). Thus, human trypsin IV can
activate ENaC currents in human ofyENaC-expressing
oocytes.

The Serine Protease Inhibitor Melagatran Prevents Trypsin
1V and Trypsin I Activation of ENaC—To confirm that the
observed ENaC activation is caused by the proteolytic activ-
ity of trypsin IV and not by a contaminant, we examined the
effect of the serine protease inhibitor melagatran, which
inhibits both trypsin IV and trypsin I (23). A, ; was mea-
sured before and after 30-min incubation of oocytes in solu-
tions containing trypsin I (2 ug/ml), trypsin IV (10 ug/ml),
melagatran (10 um), trypsin I plus melagatran, or trypsin IV
plus melagatran. Control oocytes were incubated in prote-
ase-free solution. To ensure an optimal inhibitory effect of
melagatran, trypsin I or IV was preincubated with melaga-
tran for 20 min at 37 °C before incubation with oocytes.
These experiments demonstrated that melagatran abolished tryp-
sin I- and trypsin IV-stimulated ENaC activation (Fig. 2). Thus,
proteolytic activity of trypsin I and trypsin IV is needed for
channel activation.

The Polypeptide Inhibitor SBTI Prevents Activation of ENaC
by Trypsin I but Not Trypsin IV—In order to distinguish
between a stimulatory action of trypsin I and trypsin IV, we
used the polypeptide inhibitor SBTI. SBTI forms a stable, enzy-
matically inactive complex with trypsin I and also inhibits other
proteases, including chymotrypsin, plasmin, and plasma kal-
likreins. In contrast, trypsin IV is resistant to polypeptide tryp-
sin inhibitors, such as SBTI, which it also degrades (18, 19, 22,
34). Therefore, SBTI should inhibit proteolytic activation of
ENaC by trypsin I but not by trypsin IV. To test this possibility,
Al . was measured before and after 30-min incubation of
oocytes in solutions containing trypsin I, trypsin IV, trypsin I
plus SBTT, or trypsin IV plus SBTI. Control oocytes were incu-
bated in protease-free solution. To ensure an optimal inhibitory
effect of SBTI, trypsin I and trypsin IV were preincubated with
SBTI for 20 min before exposure to oocytes. As expected, SBTI
inhibited trypsin I-activation of ENaC in a concentration-de-
pendent manner. Using a trypsin I/SBTI ratio of 1:1 signifi-
cantly reduced the stimulatory effect of trypsin I on Al ;.
Using a 1:3.2 or 1:10 ratio (trypsin I/SBTI) almost completely
abolished the stimulation. In contrast, in experiments with a
trypsin IV/SBTI ratio of 1:1 or 1:3.2, the stimulatory effect of
trypsin IV on ENaC was not diminished by SBTI (Fig. 3). These
findings are consistent with the known resistance of trypsin IV
to SBTL

Trypsin IV Cleaves within the Extracellular Domain of
Human yENaC—To identify putative cleavage sites for trypsin
IV, a 23-mer yENaC peptide ('"*TGRKRKVGGSIIHKAS-
NVMHIES'?®) was synthesized that corresponded to a region
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FIGURE 1. Trypsin IV stimulates ENaC currents in X. laevis oocytes expressing human ENaC. Oocytes expressing human a3 yENaC were preincubated for 30 min
in protease-free solution (control) or in solution containing either trypsin | (2 ug/ml) or trypsin IV (10 wg/ml). Amiloride-sensitive whole-cell currents (Al,,,,;) were
determined before (—) and after (+) incubation. A-C, six representative whole-cell current traces from one batch of oocytes are shown. Amiloride (ami) was present
in the bath solution to specifically inhibit ENaC, as indicated by black bars. D, individual Al,,,; values measured in one batch of oocytes. Data points obtained from an
individual oocyte are connected by a line. E, summary of similar experiments as shown in D performed in 10 different batches of oocytes (n = 10). Columns represent
the relative stimulatory effect of the incubation on Al,,; calculated as the ratio of Al,,,,; measured after 30-min incubation (Al,,; 30 min) to the initial Al ,; (Al,.,; initial)
measured before incubation. The numbers inside the columns indicate the number of individual oocytes measured. Error bars, S.E.

in the extracellular domain of yENaC that contains cleavage
sites known to be relevant for proteolytic channel activation (8,
11, 29) (Fig. 4A). The 23-mer yENaC peptide was incubated
with trypsin IV (50 ug/ml) for 30 min, and degradation was
assessed using HPLC and MALDI-TOF mass spectrometry
(Fig. 4B). Trypsin IV degraded the YENaC fragment and gener-
ated two products that were identified by mass spectrometry
and are consistent with hydrolysis at yK'** | A'*°.

Mutation of yK189A Suppresses ENaC Activation by Trypsin
1V, Not Trypsin I—Trypsin IV is known to target the amino
acids lysine or arginine preferentially. Our MADLI-TOF data
suggest that trypsin IV cleaves at yLys-189 (Fig. 4B). Recently,
we have shown that the Lys-189 site is also the preferential
cleavage site for plasmin (8). To investigate the functional rel-
evance of this site for channel activation by trypsin IV, we com-
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pared the effect of trypsin I and trypsin IV on ENaC currents of
oocytes expressing wild-type ENaC or the oy g9, mutant
channel (8). We measured Al,,; in individual oocytes before
and after 30-min exposure to protease-free solution, trypsin I (2
pg/ml), or trypsin IV (10 pg/ml). Baseline A7, ; in wild-type
ENaC-expressing oocytes was similar to that in oocytes
expressing the a7y 504 mutant channel (Fig. 54). As shown in
Fig. 5B, trypsin I stimulated A/, ; of wild-type and mutant
ENaC-expressing oocytes to a similar extent (5.0-fold). In
contrast, the stimulatory response to trypsin IV was signifi-
cantly reduced in oocytes expressing the mutant channel
compared with oocytes expressing wild-type ENaC (Fig. 5B).
Our results show that mutating lysine 189 to alanine inhibits
the stimulatory effect of trypsin IV on ENaC, whereas the

stimulatory response to trypsin I is fully preserved. Thus,
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FIGURE 2. The serine protease inhibitor melagatran prevents trypsin IV
and trypsin | activation of ENaC. Oocytes expressing a3 yENaC were incu-
bated for 30 min in protease-free solution (control), in trypsin | (2 wg/ml), in
trypsin IV (10 wg/ml), in melagatran (10 um), in trypsin | (2 ug/ml) plus mela-
gatran (10 um), orin trypsin IV (10 wg/ml) plus melagatran (10 um). Amiloride-
sensitive whole-cell currents (Al,,,,) were determined before and after incu-
bation. Columns represent the relative effect of the incubation on Al
calculated as the ratio of Al,,,; measured after 30-min incubation (Al,,; 30
min) to the initial Al,,; (Al initial) measured before incubation. The num-
bers inside the columns indicate the number of individual oocytes measured.
N, number of different batches of oocytes used for the experiments. Error
bars, S.E.
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FIGURE 3. The polypeptide inhibitor SBTI prevents activation of ENaC
by trypsin | but not trypsin IV. Oocytes expressing a3 yENaC were incu-
bated for 30 min in protease-free solution (control), in trypsin | (2 wg/ml),
in trypsin IV (10 wg/ml), in trypsin | plus SBTI, or in trypsin IV plus SBTI. The
ratio of protease to SBTI is indicated above the columns. Amiloride-sensi-
tive whole-cell currents (Al,,,;)) were determined before and after incuba-
tion. Columns represent the relative effect of the incubation on Al,,,,; cal-
culated as the ratio of Al,,; measured after 30-min incubation (Al,,,; 30
min) to the initial Al,.,; (Al,,,; initial) measured before incubation. The
numbers inside the columns indicate the number of individual oocytes
measured. N indicates the number of different batches of oocytes. ***, p <
0.001, unpaired t test. Error bars, S.E.

proteolytic activation of ENaC by trypsin IV involves a crit-
ical cleavage site (Lys-189) in the extracellular domain of the
y-subunit.

Mutating Three Putative Trypsin Cleavage Sites (Lys-168,
Lys-170, and Arg-172) in Addition to the Putative Prostasin,
Plasmin, and Neutrophil Elastase Cleavage Sites of ENaC
Prevents Trypsin I Activation of Human ENaC—Our finding
that mutating Lys-189 in yENaC reduces proteolytic ENaC
activation by trypsin IV but not by trypsin I indicates that
different preferential cleavage sites exist for the two trypsins.
Using the MEROPS database, we searched for putative tryp-
sin I cleavage sites within the critical region of YENaC where
the final channel activating cleavage event is thought to
occur (Fig. 6) (8). We identified two lysine residues (Lys-168
and Lys-170) and one arginine residue (Arg-172) in yENaC
that represent putative cleavage sites for trypsin I. In addi-
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tion, trypsin I may cleave yENaC at previously described
putative cleavage sites for prostasin (RKRK'”®), plasmin
(Lys-189), and neutrophil elastase (Val-182 and Val-193). To
investigate the importance of these sites for trypsin I-depen-
dent activation of ENaC, we investigated the stimulatory
effect of trypsin I on Al ; in oocytes expressing wild-type
afyENaC or a mutant channel lacking the potential cleavage
sites for trypsin I, prostasin, plasmin, and neutrophil elastase
(aBYk168A,K170A,R1724 RKRK178AAAA, V182G, V193G, K180AENAC).
As shown in Fig. 74, trypsin I failed to stimulate this mutant
channel. Recently, we reported that mutating two phenyl-
alanines (yFF'”*) in the vicinity of the putative prostasin
cleavage site (Fig. 6) prevents proteolytic ENaC activation
by chymotrypsin but not by trypsin I (8). In the present
study, we confirmed these findings (Fig. 7A). Moreover,
we demonstrated that chymotrypsin, unlike trypsin I, was
able to activate at least in part the mutant channel
(@BYK168A,K170A R172A, RKRK178AAAA, V182G, V193G,K189A ENAC)
lacking the potential cleavage sites for trypsin I, prostasin,
plasmin, and neutrophil elastase (Fig. 7A). These findings
indicate that trypsin I cleaves yENaC at sites that are distinct
from the chymotrypsin sites.

Proteolytic activation of yENaC is associated with the
appearance of YENaC cleavage products at the cell surface. To
detect yENaC fragments at the cell surface, a biotinylation
approach and an antibody that recognizes the intracellular car-
boxyl terminus of YENaC were used. The predominant yENaC
fragment detected at the cell surface of untreated wild-type
af3yENaC-expressing control oocytes had a molecular mass of
~76 kDa (Fig. 7B). This cleavage product results from cleavage
of vENaC by endogenous proteases like furin at the so-called
furin cleavage site, Arg-138 (8) (Fig. 7C). In untreated
oocytes expressing the mutant channels afBygr;744 4ENaC or
aBYK168A,K170A,R172A RKRK178AAAA, V182G, V193G, K180AENAC, the
predominant YENaC fragment detected at the cell surface also
had a molecular mass of ~76 kDa (Fig. 7B). In oocytes express-
ing wild-type ENaC, either protease, chymotrypsin or trypsin I,
resulted in the disappearance of the ~76 kDa band and in the
appearance of a ~67 kDa yENaC fragment (Fig. 7B, blot on the
left). This ~67-kDa fragment is likely to represent the pool of
activated ENaC (8, 9, 13) resulting from the final activating
cleavage event in the critical region of yENaC distal to the
furin site (Fig. 7C). In oocytes expressing aVeg;74aaENaC,
chymotrypsin failed to generate the ~67-kDa fragment, con-
sistent with its failure to activate ENaC currents and consist-
ent with our previous findings (8). In contrast, exposure of
oBVer17aanENaC-expressing oocytes to trypsin I resulted in
the appearance of the ~67-kDa fragment, consistent with the
observed current stimulation similar to that in oocytes express-
ing wild-type aByENaC (Fig. 7, A and B, blot in the middle).
These results indicate that proteolytic ENaC activation by tryp-
sin I does not require the presence of the putative chymotrypsin
sites (FF'7%) (8).

In oocytes expressing aB¥ii6sa,K170A,R172A RKRK178AAAA,
v1826,v193G,K189AENaC, chymotrypsin partially converted the ~76-
kDa fragment to the ~67-kDa form, consistent with its par-
tial stimulatory effect on ENaC currents. As expected from
the failure of trypsin I to activate ENaC currents in oocytes
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FIGURE 4. Trypsin IV cleaves within the extracellular domain of human yENaC. A, sequence of the 23-mer yENaC peptide showing putative cleavage sites
for proteolytic ENaC activation. B, the 23-mer yENaC peptide (500 um) was incubated with trypsin IV (50 wg/ml) for 30 min, and cleavage products were

identified by HPLC and mass spectrometry.

expressing B Yii6sa,K170A,R1724 RKRK178AAAA, V182G, V193G, K189A
ENaC, trypsin I failed to shift the ~76 kDa band to a ~67 kDa

band (Fig. 7, B and C, blot on the right). Taken together,
these results demonstrate the inability of trypsin I to activate
OPYic168a K170A R172A RKRK178AAAA V182G, v193G,K180AENAC and the
inability of chymotrypsin to activate aygp;744sENaC.

Combined Mutation of the Putative Prostasin (RKRK'7®),
Plasmin (Lys-189), and Neutrophil Elastase (Val-182 and Val-
193) Cleavage Sites or Combined Mutation of the Three Putative
Trypsin 1 Cleavage Sites (Lys-168, Lys-170, and Arg-172) of
Human yENaC Does Not Reduce the Stimulatory Effect of Tryp-
sin I—Next, we investigated whether the combined mutation of the
three predicted trypsin cleavage sites (Lys-168, Lys-170, and Arg-172)
or the combined mutation of the putative cleavage sites for prostasin
(RKRK'7®), plasmin (Lys-189), and neutrophil elastase (Val-182 and
Val-193) is sufficient to abolish ENaC activation by trypsin . To do so,
we generated two mutant channels, Y68 11704 rR1724ENaC and
YrKrK178AAAAV182GV193G K1soAENAC, and  expressed  wild-type
ayENaC or the mutant channels in oocytes. The combined muta-
tion of the putative prostasin, plasmin, and neutrophil elastase cleav-
age sites in YENaC did not alter channel activation by trypsin I (Fig. 8).
Similarly, the combined mutation of the three predicted trypsin I
cleavage sites (Lys-168, Lys-170, and Arg-172) did not reduce ENaC
activation by trypsin I. However, the combination of all of these muta-
tONS (Yici68a K170A,R1724 RKRKIZSBAAAA V182G, V193G, K1894) Prevented
proteolytic activation of ENaC by trypsin I (Figs. 7 and 8). Hence, we
identified functionally relevant cleavage sites in yENaC involved in
proteolytic channel activation by trypsin L

Effect of Mutating a Putative Trypsin IV Cleavage Site (Lys-189)
in YENaC on the Concentration Dependence of the Stimulatory
Effect of Trypsin 1V and Trypsin I on ENaC Currents—We inves-
tigated the concentration dependence of the stimulatory effects of
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trypsin I and trypsin IV on ENaC currents in oocytes expressing
wild-type afy or ey 50,ENaC (Fig. 9). As expected, trypsin I
and trypsin IV increased Al in a concentration-dependent
manner. However, higher concentrations of trypsin IV were
needed to achieve a similar degree of channel activation as with
trypsin I. A possible explanation for this is that more functionally
relevant cleavage sites exist in the critical region of yENaC for
trypsin I than for trypsin IV. The concentration dependence of
the stimulatory effect of trypsin I on wild-type ENaC was similar
to that on the aByi;g0o mutant channel. In contrast, for
afYi180aENaC, the trypsin IV concentration-response curve was
shifted to the right. These data are in good agreement with the
results shown in Fig. 5 and confirm the functional relevance of the
yLys-189 residue for proteolytic ENaC activation by trypsin IV but
not by trypsin I.

Expression of Trypsinogen 1V in Intact Human Kidney Tissue
and in Cultured HPTCs—ENaC plays a major role in mediating
sodium transport in the kidney. To investigate whether trypsin-
ogen 1V is also expressed in the human kidney, we performed
RT-PCR experiments (Fig. 10). We assessed the expression of
trypsinogen IV mRNA both in intact human kidney tissue
and in human kidney tissue-derived short term cultures of
proximal tubular epithelial cells (HPTCs) using RT-PCR.
Both sources yielded PCR products of the expected size (474
bp) that, upon sequencing, were verified to represent human
trypsinogen IV (Fig. 10). The identical PCR product was
obtained from a human prostate cancer-derived epithelial
cell line (PC3), shown previously to express trypsinogen IV
(34). In addition, we amplified a PCR product from intact
kidney tissue (Fig. 10, lower band, left-hand lane). This prod-
uct yielded an oligonucleotide sequence that is unequivo-
cally related to trypsin IV and may represent an as yet unde-
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scribed splice variant of trypsin IV. “Negative controls” did
not yield any bands.

Trypsin 1V Stimulates ENaC in Human Airway Epithelial
Cells (H441)—ENaC mediates sodium transport in the airway
epithelium (39, 40), and human distal airway epithelial cells
express trypsinogen IV (34). To investigate whether trypsin IV
can stimulate ENaC-mediated transepithelial sodium transport
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FIGURE 5. Mutation of yK189A suppresses ENaC activation by trypsin IV,
not trypsin |. Oocytes expressing aBy (open symbols) or aByi;s0nENaC (filled
symbols) were incubated for 30 min in protease-free solution (control) or in a
solution containing trypsin | (2 wg/ml) or trypsin IV (10 wg/ml). Amiloride-
sensitive whole-cell currents (Al,,,,;) were determined before (—) and after (+)
incubation. A, individual Al ,,; values from a representative experiment using
one batch of oocytes. Data points obtained from individual oocytes are con-
nected by a line. B, summary of similar experiments as shown in A. Columns
represent the relative effect of the incubation on Al,,,; calculated as the ratio
of Al measured after 30-min incubation (Al,.; 30 min) to the initial Al,,;
(Al initial) measured before incubation. Numbers inside the columns indi-
cate the number of individual oocytes measured. N indicates the number of
different batches of oocytes. ***, p < 0.001, unpaired t test. Error bars, S.E.
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in distal airway epithelial cells, we measured I in cultured
H441 distal airway epithelial cells known to express ENaC (41,
42). Cells were pretreated with a furin/convertase inhibitor and
SBTI to minimize constitutive ENaC activation by endogenous
proteases (27, 29, 37). The furin/convertase inhibitor and SBTI
remained present throughout the experiment. Apical applica-
tion of trypsin IV (41 ug/ml), which is known to be resistant to
SBTI, resulted in a pronounced increase in I (Fig. 114). In
contrast, no I stimulation was observed in matched vehicle-
treated control cells (Fig. 11B). In cells treated with trypsin IV,
subsequent application of amiloride (10 um) to the apical side
caused a larger I decrease than in vehicle-treated control
cells. Moreover, in the presence of amiloride application of
trypsin IV failed to stimulate Iy (Fig. 11B). Fig. 11C summa-
rizes results from similar experiments as shown in Fig. 11, A and
B. A stimulatory effect of trypsin IV on I was observed in each
experiment (n = 4) in which trypsin IV was tested (Fig. 11C).
On average, apical application of trypsin IV stimulated ENaC-
mediated /5 by about 2.3-fold. Taken together, these findings
indicate that the I increase observed upon application of tryp-
sin IV is caused by a stimulation of ENaC-mediated transepi-
thelial sodium transport.

DISCUSSION

We report that trypsin IV stimulates ENaC-mediated whole-
cell currents in oocytes expressing human ENaC. This stimula-
tion involves a critical cleavage site (Lys-189) in the extracellu-
lar domain of the -y-subunit that is distinct from the sites
targeted by trypsin I. Mutating the putative cleavage site yLys-
189 significantly reduced the stimulatory effect of trypsin IV,
but not trypsin I, on ENaC. The identification of preferential
cleavage sites of trypsin IV and trypsin I may provide a mecha-
nism for differential ENaC regulation by tissue-specific pro-
teases. In addition, we demonstrated that trypsin IV can stim-
ulate ENaC-mediated transepithelial sodium transport in
differentiated human airway epithelial cells.

Our results show that trypsinogen IV is prominently
expressed in the human kidney, including in epithelial cells of
the proximal tubule. Trypsin I and trypsin IV are present in
human urine (Human Urine, PeptideAtlas, June 2010). More-
over, trypsin immunoreactivity is present in epithelial cells of
the collecting ducts of the human kidney (15). Although this

170 180 190
RKRREAESWNSVSEGKQPREFSHRIPLLIFDODEKGKARDFEFTGRKRKVGGS I TIHKASNVMH
‘ F v \ v 3 r 3
= . [o'e) N » ™
: ~|® & o
H D — ~ e
: x|I1> x| >
Pl Sl 2| 2
@ o
H o @ c @
- S < O 7] (@]
HE T @ 03 = )
H g O 2] = 7]
H = 2] E - Q
e Sl1g £ e
P c all® IS ©
trypsin | = & 2
rypsin = 8 =
s 2 5
o o
= =
8 >
c 2

FIGURE 6. Sequence of human yENaC (amino acids 135-195). Amino acid sequence of human yENaC derived from the UniProt Database (UniProt number
P51170). The putative cleavage sites for furin (Arg-138), trypsin | (Lys-168, Lys-170, and Arg-172), chymotrypsin (FF'74), prostasin (RKRK'”®), human neutrophil
elastase (Val-182 and Val-193), and plasmin (Lys-189) are indicated in boldface type and marked by arrows.
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FIGURE 7. Mutating three putative trypsin | cleavagesites (Lys-168, Lys-170,and
Arg-172)in addition to the putative prostasin, plasmin, and neutrophil elastase
cleavage sites of ENaC prevents trypsin | activation of human ENaC. Continuous
whole-cell current measurements were performed in oocytes expressing af3y-,
BYerr7ana OF ABYiesaki7onR172ARKRK178AMAV182G V193G K189AENAC. Al was
determined before and after superfusing the oocytes with chymotrypsin
(2 pg/ml) or trypsin | (2 ug/ml) (A). For biotinylation experiments,
matched oocytes were preincubated for 30 min in protease-free solution
(control; co) or in a solution containing either chymotrypsin (chy; 2 ng/ml)
or trypsin | (tryp; 2 wg/ml). In parallel experiments, expression of biotiny-
lated yENaC at the cell surface was analyzed by SDS-PAGE and followed by
Western blot (B). A, columns represent relative effects of trypsin | or chy-
motrypsin on Al,,,; calculated as the ratio of Al,,; after trypsin | or chymo-
trypsin superfusion (Al,,; protease) to the initial Al,,; (Al,.; initial). The
numbers inside the columns indicate the number of individual oocytes
measured. N indicates the number of different batches of oocytes. B, rep-
resentative Western blots from oocytes expressing aBy, aBVeg174aar OF
BYkr68n K170 R172A RKRK1 78AAAA V182G V193G k189AENAC. YENAC was detected with
an antibody against the carboxyl terminus of human yENaC. In non-injected
oocytes (ni), yENaC-specific signals were absent (data not shown). C, model of the
yENaC subunit showing cleavage sites for proteolytic activation and the binding
site of the antibody used. Error bars, S.E.

study did not identify the isoform of trypsin present in the col-
lecting ducts, it is likely that the antibody detects both trypsin I
and trypsin IV, which differ only within the active site. Thus,
trypsin IV may proteolytically activate ENaC expressed at the
apical membrane of the renal collecting duct. We previously
have shown that trypsin I can activate ENaC in microdissected
mouse distal nephron tissue (14). Here, we have demonstrated
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FIGURE 8. Combined mutation of the putative prostasin (RKRK'’%),
plasmin (Lys-189), and neutrophil elastase (Val-182 and Val-193)
cleavage sites or combined mutation of the three putative trypsin |
cleavage sites (Lys-168, Lys-170, and Arg-172) of human yENaC
does not reduce the stimulatory effect of trypsin I. Continuous
whole-cell current measurements were performed in oocytes express-
ing  aBy-, aBykiesakizoarizaa  XBYrkrK178AAAAV182GV193G,K189AT  OF
@B Y168 K170A,R172A RKRK178AAAA V1 82G,V193G K18oAENAC. Al was  deter-
mined before and after superfusing the oocytes with trypsin | (2 wg/ml).
The columns represent the relative effect of trypsin | on Al,,,; calculated as
the ratio of Al,,,; after trypsin | superfusion (Al trypsin I) to the initial
Al i (Al initial). The numbers inside the columns indicate the number of
individual oocytes measured. N indicates the number of different batches
of oocytes. Error bars, S.E.
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FIGURE 9. Effect of mutating a putative trypsin IV cleavage site (Lys-189)
in YENaC on the concentration dependence of the stimulatory effect of
trypsin IV and trypsin | on ENaC currents. Average concentration-response
curves determined from experiments, as shown in Fig. 5. Oocytes expressing
aBy (open symbols) or aByy;50nENAC (filled symbols) were incubated for 30
min in solutions containing different concentrations of trypsin | or trypsin IV.
Amiloride-sensitive whole-cell currents (Al ,,)) were determined before (Al,,,,;
initial) and after incubation (Al,,,; 30 min). Each data point represents the
average relative stimulatory effect of trypsin IV or trypsin 1 on A/, ,,; with 4-46
oocytes measured. Data were fitted using a sigmoidal dose response (vari-
able slope). *, p < 0.05; ***, p < 0.001, unpaired t test. Error bars, S.E.

the expression of trypsinogen IV mRNA in human proximal
tubular epithelial cells. These data support the concept that
trypsinogen IV/trypsin IV release from proximal tubule cells
into the tubular lumen could result in a downstream activation
of ENaC in the distal tubule and therefore may play a role in
ENaC regulation in vivo.

A single amino acid substitution within the active site region
(glycine 198 to arginine, trypsin I to trypsin IV) dramatically
alters the substrate specificity and inhibitor resistance of the
two enzymes. Trypsin IV is resistant to polypeptide trypsin
inhibitors, such as SBTI (18). Moreover, trypsin IV can degrade
and inactivate these trypsin inhibitors (19, 34, 43—45). In con-
trast to trypsin I, trypsin IV resists autoactivation and autolysis
(43). Thus, once generated, trypsin IV may retain activity for
prolonged periods, which could enhance its capacity to regulate
multiple cell types. In addition to other proteases, including
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FIGURE 10. Expression of trypsinogen IV in human intact whole kidney
and in HPTCs. PCR products for reverse-transcribed mRNA isolated from
intact human kidney (left), from cultured HPTCs (middle), or from prostate
cancer-derived human epithelial cells (PC3) (right) were obtained using the
PCR primers and procedures outlined under “Experimental Procedures.” The
sizes of the PCR products can be estimated from the base pair (BP) ladder
standards shown.
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FIGURE 11. Trypsin IV stimulates ENaC in human airway epithelial cells
(H441). A and B, representative equivalent short circuit current (Isc) record-
ings from H441 distal airway epithelial cells. Trypsin IV (41 ug/ml) (A) or vehi-
cle (0.9% NaCl) (B) was added to the apical bath solution of H441 cells as
indicated by the horizontal bars. Amiloride (10 um) was added apically to
confirm that the stimulated /s was mediated by ENaC. C, summary of results
from similar experiments as shown in A and B. Data points represent individ-
ual /s values obtained before and after (connected by a line) treatment with
trypsin IV or vehicle.
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neutrophil elastase and cathepsin-S, trypsin IV is up-regulated
during inflammation and in tumors (22). Recent reports impli-
cate trypsin IV in prostate cancer metastasis (25, 26). Trypsin
IV may be a biomarker that is prognostic of future metastasis
and therefore survival in prostate cancer and non-small cell
lung cancer (25, 46). The up-regulation of trypsin IV is accom-
panied by an increased probability of metastatic progression of
the disease (26). Importantly, metastatic invasion of prostate
cancer was reduced by inhibition or gene silencing of trypsin IV
in cell culture and in an orthotopic mouse model of prostate
cancer (25). Therefore, it is of considerable interest to under-
stand the actions of trypsin IV and related proteases. Our
results show that trypsin IV, like trypsin I, activates ENaC but
that these closely related proteases do so by cleaving yENaC at
distinct sites. Our findings identify an additional mechanism by
which trypsin IV can regulate cells. We have previously shown
that trypsin IV can also regulate cells by cleaving protease-ac-
tivated receptors 1 and 2 to regulate inflammation and pain
(34).

We observed that trypsin IV, applied to the apical mem-
brane, activates ENaC in human airway epithelial cells. Airway
epithelial cells have been shown to express trypsinogen IV (34),
raising the possibility that trypsin IV could activate ENaC in
epithelial cells in an autocrine manner. Trypsinogen IV is co-
expressed with ENaC in other epithelial cell lines. The human
colonic epithelial cell lines CaCo-2 and HT-29 co-express tryp-
sinogen IV and ENaC (28, 34, 42, 47). The co-expression of
ENaC and trypsinogen IV in colonic epithelial cells supports
the concept that local trypsinogen IV release in the colon may
contribute to ENaC function in the colon in vivo. Due to its
inhibitor resistance, trypsin IV may remain active for prolonged
periods in the colonic lumen and therefore may play a role in
the regulation of ENaC in different tissues. Recent reports sug-
gest that ENaC is important for sodium and electrolyte balance
in the intestine and that its down-regulation could contribute
to the pathogenesis of diarrhea in Crohn disease (28). Hence,
activation of ENaC by secreted trypsin IV in epithelial cells of
the colon may limit fluid loss induced by decreased expression
of ENaC in Crohn disease. Further studies are required to
examine this possibility and to define the mechanisms that reg-
ulate the secretion and activation of trypsinogen IV in epithelial
tissues.

In summary, we show, for the first time, that trypsin IV can
activate ENaC by proteolytic cleavage at a site that is distinct
from the sites cleaved by trypsin I. Based on our findings, we
suggest that trypsin IV may contribute to ENaC regulation in
several epithelial tissues co-expressing ENaC and trypsin IV,
such as in the kidney and in the lung. Moreover, we have iden-
tified the functionally relevant trypsin cleavage sites in the
y-subunit of human ENaC. We report that trypsin IV preferen-
tially cleaves at yLys-189 and therefore shows a more specific
cleavage pattern than trypsin I, which cleaves ENaC at multiple
sites. The availability of multiple cleavage sites for trypsin I may
explain why the concentration of trypsin I needed for channel
activation is lower than that of trypsin IV. Our results support
the concept that the critical second cleavage event in yENaC,
which represents the final step in proteolytic ENaC activation,
may occur at different sites within a defined region of the y-sub-
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unit. The availability of several cleavage sites in this region with
preferences for different types of proteases may provide a basis
for tissue-specific proteolytic ENaC activation under physio-
logical and pathophysiological conditions.
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