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Extracellular acidosis often rapidly causes intracellular acidi-
fication, alters ion channel activities, and activates G protein-
coupled receptors. In this report, we demonstrated a novel cel-
lular response to acidosis: induction of the zymogen activation
of matriptase. Acid-inducedmatriptase activation is ubiquitous
among epithelial and carcinoma cells and is characterized by
rapid onset, fast kinetics, and the magnitude of activation seen.
Trace amounts of activated matriptase can be detected 1 min
after cells are exposed to pH 6.0 buffer, and the vast majority of
latent matriptase within the cells is converted to activated
matriptase within 20min. Matriptase activationmay be a direct
response to proton exposure because acid-induced matriptase
activation also occurs in an in vitro, cell-free setting in which
intracellular signaling molecules and ion channel activities are
largely absent. Acid-induced matriptase activation takes place
both on the cell surface and inside the cells, likely due to the
parallel intracellular acidification that activates intracellular
matriptase. Following matriptase activation, the active enzyme
is immediately inhibited by binding to hepatocyte growth factor
activator inhibitor 1, resulting in stable matriptase-hepatocyte
growth factor activator inhibitor 1 complexes that are rapidly
secreted. As an early response to acidosis, matriptase activation
can also be induced by perturbation of intracellular pH homeo-
stasis by 5-(N-methyl-N-isobutyl)-amiloride and 5-(N-ethyl-N-
isopropyl)-amiloride, both of which inhibit Na�/H� exchang-
ers, and diisothiocyanostilbene-2,2�-disulfonic acid, which can
inhibit other acid-base ion channels. This study uncovers a
novel mechanism regulating proteolysis in epithelial and carci-
noma cells, and also demonstrates that a likely function of
matriptase is as an early response to acidosis.

Matriptase, a type 2 transmembrane serine protease, is
broadly expressed by epithelial and carcinoma cells (1–3), and
plays essential roles in the maintenance of epithelial integrity,
particularly for epidermal terminal differentiation and barrier
function (4–6). A rare human inherited genetic disorder, auto-
somal recessive ichthyosis, is associated with two missense
mutations of the human ST14 gene, which encodes matriptase
(7, 8). In addition, the protease can exhibit potent oncogenic

activity via ras-dependent and ras-independent pathwayswhen
it is even slightly overexpressed in the skin of transgenic mice
(9). Several tumor xenograft models also provide further evi-
dence that matriptase is strongly associated with cancer cell
proliferation, invasion, and metastasis (10, 11). As is typical for
classical serine proteases, matriptase is synthesized as a zymo-
gen and must undergo activation by cleavage at Arg614
(R2VVGG) to gain full proteolytic activity. It is the activity of
the mature enzyme that is believed to be responsible for both
the physiological and pathological functions of the enzyme
identified by studies of animal models and human genetics
(12–14).
In contrast tomost serine proteases, however, which are typ-

ically activated through the action of other active proteases, the
matriptase zymogen undergoes autoactivation to gain its full
proteolytic capacity (15). This autoactivation process can only
be initiated when the matriptase zymogen molecules are
anchored to a lipid bilayer biomembrane (16). Other proteins,
including hepatocyte growth factor activator inhibitor 1 (HAI-
1),2 the cognate matriptase protease inhibitor, is also colocal-
ized with matriptase and is intimately involved in matriptase
autoactivation (17). The term “matriptase activation machin-
ery” has been used to describe this complex matriptase activa-
tion system that must anchor on the cell membrane to perform
two major biochemical events: 1) mediating the proteolytic
cleavage of matriptase, which converts the single-chain
matriptase zymogen into the two-chain active enzyme and 2)
inhibition of the newly formed active matriptase through high
affinity binding to HAI-1 resulting in the formation of a 120-
kDamatriptase-HAI-1 complex (16). Many protease inhibitors
are physically separated from their target proteases, and the
colocalization of HAI-1 with matriptase is quite unusual (18,
19). The close spatial relationship of the two proteins, the pres-
ence of HAI-1 at significantly higher concentrations than
matriptase, and the high affinity nature of the binding between
activematriptase andHAI-1, results inHAI-1 binding and inhi-
bition of matriptase proteolytic activity almost immediately
after the enzyme is activated. The end product of matriptase
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activation is, therefore, paradoxically a functionally inactive
120-kDa matriptase-HAI-1 complex rather than free active
matriptase. Further evidence for this unprecedented functional
linkage between matriptase and HAI-1 is manifested by the
rescue of the defects in placenta development and skin abnor-
mality that are associated with HAI-1 (SPINT1) genetic abla-
tion, by the simultaneous ablation of, or significant reduction in
matriptase expression (20–23). The extremely short life of free,
active matriptase underscores the importance of location at
which thematriptase activationmachinery is activated, and the
stimuli responsible for its activation. In most polarized epithe-
lial cells, matriptase activation and inhibition occurs at the
basolateral plasma membrane (25). Interestingly, whereas a
proportion of the matriptase�HAI-1 complex can be shed
directly from the basolateral surface, most matriptase�HAI-1
complexes, particularly in vivo, are internalized, trafficked to
the apical plasma membrane (transcytosis), and secreted into
the lumen (25). Thus, the basolateral plasma membrane may
be the subcellular sitewherematriptase acts on its substrates. In
this context, the protease-activated receptor 2, a G protein cou-
pled-receptor that is also located basolaterally, may be more
likely to be activated by matriptase than other putative
matriptase substrates (26, 27).
Thematriptase activationmachinery can be activated by sev-

eral exogenous factors, some of which are specific for a partic-
ular cell-type or system. Sphingosine 1-phosphate, a blood-
borne lysophospholipid, is capable of inducing matriptase
activation through stimulation of sphingosine 1-phosphate
membrane receptors (28); however, thismechanismonly seems
to occur in mammary epithelial cells. The androgen, dihy-
drotestosterone, can induce matriptase activation in LNCaP
prostate cancer cells by androgen receptor-dependent tran-
scriptional regulation (29). Breast cancer cells, however, re-
spond to neither sphingosine 1-phosphate nor androgens for
matriptase activation. Instead, breast cancer cells activate
matriptase constitutively (30). Suramin, a sulfide-rich polyan-
ionic compound, can stimulate matriptase activation in a vari-
ety of matriptase-expressing cells (19). These unrelated chem-
icals act through different mechanisms and induce different
signal pathways, all of which converge at the matriptase activa-
tion machinery and induce matriptase activation and inhibi-
tion.Although thematriptase activationmachinery is regulated
by the divergent mechanisms, the activation machinery itself
can be isolated from cells by simple homogenization of the cells
followed by collection of the insoluble fractions of the homoge-
nates (16). Matriptase, HAI-1, and the activation machinery all
appear to be anchored to the internal membrane structures of
the cell surrounding the nucleus. Within a narrow range of pH
and ionic strength, the matriptase activation machinery can be
turned on in vitro, under cell-free conditions. At pH 7.4 and
above matriptase activation does not occur. As the buffer is
made more acidic, matriptase activation increases with maxi-
mum activation occurring at pH 6.0. Buffer acidity, therefore,
appears to serve as a switch, determining the degree to which
matriptase activation takes place. In view of the rapid kinetics,
the magnitude of the response, and the fact that this process
is not dependent on upstream signaling pathways, led us to
hypothesize that the matriptase activation machinery may

serve as a pH sensor that responds directly to an acidic envi-
ronment. In the current study, we evaluate this hypothesis
using live cells to determine whether extracellular acidosis
and perturbation of intracellular pH homeostasis can induce
matriptase activation.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Alexa Fluor 488 goat anti-mouse
IgG and SNARF-4F acetoxymethyl ester were obtained from
Invitrogen. Benzamil was obtained from Alexis Biochemicals.
Dulbecco’s phosphate-buffered saline (DPBS) was obtained
from Mediatech Inc. All other chemicals and reagents were
obtained from Sigma, unless otherwise specified.
Monoclonal Antibodies—Human matriptase was detected

using either M32 or M24 mouse monoclonal antibodies
(mAbs), which recognize both the latent and activated forms of
matriptase. Activated matriptase was detected using the M69
mouse mAb, which recognizes an epitope present only on the
activated form of the enzyme (28, 31). Human HAI-1 was
detected using the HAI-1-specific mouse mAb M19 (32).
Cell Culture—184 A1N4 cells were cultured in a 50:50 mix-

ture of Dulbecco’s modified Eagle’s/Ham’s F-12 medium
(DMEM-F12 50/50, Mediatech Inc.) supplemented with 0.5%
fetal bovine serum (FBS) (Gemini Bio-Products), 5 �g/ml of
recombinant human insulin (rh-insulin) (Invitrogen), 5 �g/ml
of hydrocortisone (Sigma), 10 ng/ml of recombinant human
epidermal growth factor (Promega), and 1% penicillin-strepto-
mycin (Mediatech Inc.). MCF-10A cells were cultured in Dul-
becco’s modified Eagle’s medium-F12 (50:50) supplemented
with 5% horse serum (Gemini Bio-Products), 0.5 �g/ml of
hydrocortisone, 10 �g/ml of rh-insulin, 20 ng/ml of recombi-
nant human epidermal growth factor, and 1% penicillin-strep-
tomycin. MTSV-1.1 B and MTSV-1.7 cells were cultured in
modified Iscove’s modified Dulbecco’s modified Eagle’s
medium (Mediatech Inc.) supplemented with 10% FBS, 10
�g/ml of rh-insulin, 5 �g/ml of hydrocortisone, and 1% peni-
cillin-streptomycin. MCF-7 cells were cultured in Eagle’s min-
imum essential medium (Mediatech Inc.) supplemented with
10% FBS, 10 �g/ml of rh-insulin, and 1% penicillin-streptomy-
cin. T-47D cells were cultured in RPMI 1640 medium (Media-
tech Inc.) supplemented with 10% FBS, 45 �g/ml of rh-insulin,
and 1% penicillin-streptomycin. MDA-MB-468 cells were cul-
tured in Leibovitz L-15 medium (Mediatech Inc.) supple-
mented with 10% FBS, and 1% penicillin-streptomycin.
RWPE-1 and RWPE-2 cells were cultured in keratinocyte
serum-free medium (Invitrogen) supplemented with 50 �g/ml
of bovine pituitary extract (Sigma) and 5 ng/ml of recombinant
human epidermal growth factor, and 1% penicillin-streptomy-
cin. LNCaP, OVCAR-3, OV2008, and IGROV-1 cells were cul-
tured in RPMI 1640 medium supplemented with 10% FBS, and
1% penicillin-streptomycin. DU 145 cells were cultured in
Eagle’s minimum essential medium (Mediatech Inc.) supple-
mented with 10% FBS and 1% penicillin-streptomycin. PC-3
cells were cultured in F-12K medium (Mediatech Inc.) supple-
mented with 10% FBS and 1% penicillin-streptomycin. All cells
were maintained at 37 °C in a humidified atmosphere with 5%
CO2, exceptMDA-MB-468 cells, which were maintained with-
out additional CO2.
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Immunoblotting Assay—Cells were harvested by scraping
and lysed in a buffer consisting of 0.5% Triton X-100, 1 mM

5,5�-dithiobis-(2-nitrobenzoic acid), and protease inhibitor
mixture (Roche) in PBS. Samples of 50 �g of total protein per
well were subjected to SDS-PAGE using a sample buffer that
did not contain a reducing agent and without boiling the sam-
ples. Proteins resolved by 7.5% SDS-PAGE were transferred to
BioTraceNTnitrocellulosemembranes (Pall), and probedwith
monoclonal antibodiesM32,M24,M69, andM19, as indicated.
The binding of the primary antibody was detected using horse-
radish peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch), and visualized using the Western Lighten-
ing Chemiluminescence Reagent Plus (PerkinElmer Life Sci-
ences) and x-ray film.
Immunofluorescence Staining—Cells were seeded on 18-mm

diameter cover slides and incubated for 48 h. After the indi-
cated treatments, the cells were fixed with 4% formaldehyde in
PBS for 20 min at room temperature and then permeabilized
using 0.1% Triton X-100 in PBS for another 20 min at room
temperature. The fixed, permeabilized cells were then probed
with mouse primary monoclonal antibodies at a concentration
of 5 �g/ml, followed by labeling with 2 �g/ml of Alexa Fluor
488-conjugated goat anti-mouse IgG for visualization. Cellular
nuclei were counterstained with 4�,6-diamidino-2-phenylin-
dole, and images were recorded using an Olympus FluoView
FV1000 confocal laser scanning microscope and edited with
Olympus FV10-ASW software.
Intracellular pH Measurement—Intracellular pH (pHi) was

determined by a SNARF-4F fluorescent pH indicator. For
kinetics experiments (Fig. 4), cells were loaded with 10 �M

SNARF-4F acetoxymethyl ester for 1 h and incubated in DPBS
for 15min to permit de-esterification beforemeasurement. For
transporter blocker experiments (Table 1), the cells were first
treated with blockers for 2 h and the fluorescent dye was loaded
1 h before the end of blocker treatment. For the measurement,
intracellular SNARF-4Fwas excited at 488nmand fluorescence
images at the dual emission wavelengths, 580 and 640 nm, were
recorded simultaneously on a laser scanning confocal micro-
scope (Zeiss LSM510). pHi at a given time point was deter-
mined from the ratio of background-corrected emission inten-
sities at 580 and 640 nm, through the use of calibration

parameters (33, 34). In situ pH cali-
bration was performed in calibra-
tion buffers containing 130.5 mM

potassium gluconate, 9.0 mM

sodium gluconate, 1.5 mM sodium
phosphate monobasic, 1.5 mMmag-
nesium sulfate, 10 mM D-glucose,
2.0 mM calcium chloride, 10 mM

HEPES, and 10�Mof the ionophore,
nigercin, at either pH 5.0 or 8.0.
Data analysis and layout were per-
formed with SigmaPlot 2000 (SPSS
Inc.)

RESULTS

Exposure of Epithelial and Carci-
nomaCells to aMildly Acidic Extra-

cellular Milieu Results in Robust Matriptase Activation—To
determine whether the matriptase activation machinery could
be activated in live cell exposure to a mildly acidic buffer, we
transiently exposed a variety of matriptase-expressing epithe-
lial and carcinoma cells to pH 6.0 buffer and evaluated
matriptase activation. 184A1N4mammary epithelial cells were
used as the model cell system for the initial characterization
studies. Matriptase activation in intact cells was first compared
with that seen in the in vitro, cell-free system (Fig. 1).
After growth for 1 day in media supplemented with 0.5%

serum, analysis of 184 A1N4 cells showed that the matriptase
was present as the latent form of the enzyme, detected as a
70-kDa species using the matriptase mAb M32, in lysates pre-
pared from either intact cells, or from the insoluble fractions of
cell homogenates in a cell-free system (Fig. 1A,M32, lanes 1 and
3). Consistent with this observation, no protein bands were
detected using the activated matriptase-specific mAb (Fig. 1B,
M69, lanes 1 and 3) (28, 31). The inhibitor HAI-1 was detected
in its uncomplexed form at 55 kDa, again consistent with the
lack of active matriptase in these lysates (Fig. 1C,M19, lanes 1
and 3). Incubation of the cells and cell homogenates in neutral
buffer at room temperature does not result in activation (data
not shown). After exposure of the cell-free system to pH 6.0
citric acid-phosphate buffer for 20 min at room temperature,
robust matriptase activation was observed consistent with our
previous findings (16) (Fig. 1, lane 2). Interestingly, even more
robust matriptase activation was seen when intact, live cells
were exposed to pH 6.0 citric acid-phosphate buffer for a sim-
ilar period (Fig. 1, lanes 4). Matriptase activation is evident due
to the appearance of the activatedmatriptase�HAI-1 complex at
120-kDa, which is detected by the total matriptase mAb M32
(Fig. 1A, M32, lanes 2 and 4), by the activated matriptase-spe-
cific mAbM69 (Fig. 1B,M69, lanes 2 and 4), and by the HAI-1
mAb M19 (Fig. 1C, lanes 2 and 4). Concurrent with the emer-
gence of the 120-kDa matriptase�HAI-1 complex, levels of
70-kDa latent matriptase are decreased (Fig. 1A, M32, lanes 2
and 4). HAI-1 is expressed at much higher levels than
matriptase and so the formation of the matriptase�HAI-1 com-
plex does not cause an obvious decrease in the levels of free,
uncomplexed HAI-1 (Fig. 1C,M19, lanes 2 and 4). Comparing
the ratio of complexed (activated) to free (latent) matriptase,

FIGURE 1. Cell-free versus intact cell matriptase activation. The insoluble fractions of cell homogenates
(Cell-free, lanes 2) or intact cells (Intact cell, lanes 4) were exposed to pH 6.0 citric acid-phosphate buffer at room
temperature for 20 min to induce matriptase activation. The non-activation control for the cell-free system was
incubated at 4 °C (lanes 1) and the intact cell system was incubated in basal media (lanes 3). Lysates prepared
from these samples were analyzed by immunoblotting for total matriptase using mAb M32, for activated
matriptase using mAb M69, and for HAI-1 using mAb M19, as indicated.
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the degree of matriptase activation
in the intact cell system appears to
be greater than that in the in vitro,
cell-free activation system. These
data suggest that the matriptase
activation machinery can also be
rapidly and robustly activated in
live cells by exposure to a mildly
acidic buffer. The essentially in-
stantaneous binding of HAI-1 to
the active matriptase after activa-
tion of the enzyme that is charac-
teristic of the cell-free system
appears to be well preserved in
intact cell activation. Further-
more, given the fact that the vast
majority of matriptase were detected
in the matriptase�HAI-1 complex
(Fig. 1A, lane 4) and that the com-
plex only represents a small propor-
tion of total HAI-1 (Fig. 1C, lane 4),
184A1N4 cells expressHAI-1much
higher than matriptase.
The extracellular pH range and

optimum for the induction of
matriptase activation in live cells is very similar to that seen
with the in vitro, cell-free system (Fig. 2). Exposure of 184A1N4
cells to citric acid-phosphate buffers (Fig. 2, upper panels) with
pH values ranging from pH 4.4 to 7.6 showed that matriptase
activation occurred within a narrow pH range between pH 5.2
and 6.8 with the optimum at pH 6.0, which is very similar to
what has been observed in the in vitro, cell-free activation sys-
tem (16). The intact-cell acid exposure study was repeated
twice more using two different buffer systems, phosphate-
based (Fig. 2B, lower panels) and citrate-based (not shown),
with essentially identical results, confirming that the exposure
to the low pH and not some buffer constituent was responsible
for the induction of matriptase activation observed.
Matriptase is broadly expressed by a variety of epithelial and

carcinoma cells of different origins, and so to determine
whether the activation of matriptase in response to exposure to
low pH is a general mechanism, 14 cell lines from several tissue
origins were tested for their response to an acidic milieu. These
lines included three immortal mammary epithelial cell lines,
MCF-10A,MSTV-1-1 B,MSTV-1-7 (Fig. 3A), three breast can-
cer cell lines, MCF-7, T-47D, and MDA-MB-468 (Fig. 3B), two
immortalized prostate epithelial cell lines, RWPE-1 and
RWPE-2 (Fig. 3C), three prostate cancer cell lines, LNCaP, DU
145, and PC3 (Fig. 3D), and three ovarian cancer cell lines,
OVCAR-3, OV2008, and IGROV-1 (Fig. 3E). Exposure of all of
these cell lines to pH 6.0 buffer resulted in the induction of
matriptase activation, although the level of activation in three
of the lines was somewhat less than that seen in the 184 A1N4
mammary epithelial cells. These data suggested that extracel-
lular acid-induced matriptase activation is likely a universal
event among matriptase-expressing epithelial and carcinoma
cells.

FIGURE 2. The pH optimum for matriptase activation in the intact cell activation assay. 184 A1N4 cells
were exposed to citric acid-phosphate-based (upper panels) or phosphate-based (lower panels) buffers with the
pH indicated, at room temperature for 20 min. Cell lysates were then prepared and analyzed by immunoblot-
ting for total matriptase using mAb M32, for activated matriptase using mAb M69, and for HAI-1 using mAb
M19.

FIGURE 3. Acid-induced matriptase activation in matriptase-expressing
epithelial cells. Fourteen different cell lines were exposed to basal media
(activation �) or pH 6.0 buffer to induce matriptase activation (activation �).
Cell lysates were prepared and analyzed for total matriptase using the mAb
M32. The cell lines used were three immortal mammary epithelial lines, MCF-
10A, MSTV-1-1 B, and MSTV-1-7 (panel A), three breast cancer lines, MCF-7,
T-47D, and MDA-MB-468 (panel B), two immortalized prostate epithelial lines,
RWPE-1 and RWPE-2 (panel C), three prostate cancer lines, LNCaP, DU 145, and
PC3 (panel D), and three ovarian cancer cell lines, OVCAR-3, OV2008, and
IGROV-1 (panel E).
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Intracellular Acidification and Matriptase Activation—
Matriptase is known as an integral membrane protein that is
localized at the plasma membrane, however, as we have shown
before, themajority ofmatriptase resides inside the cell (18, 35).
This intracellular pool of matriptase is anchored to the intra-
cellular membranes surrounding the nucleus, and is the pool of
enzyme that is assayed in the in vitro, cell-free activation system
(16). The magnitude of matriptase activation seen in the intact
cell activation system in response to acid exposure suggests that
both the plasmamembrane-localized matriptase and the inter-
nal matriptase pool have undergone activation. This suggests
that the activation of internal matriptase is caused by intracel-
lular acidification resulting from exposure of the cells to the
extracellular acidmilieu, thereby contributing to the high levels
of matriptase activation. We, therefore, compared the kinetics
of intracellular acidification (Fig. 4) with that ofmatriptase acti-
vation (Figs. 5 and 6) in response to extracellular acidic expo-
sure. The kinetics of intracellular acidification was determined
using the SNARF-4R pHi indicator. Before exposure to pH 6.0,
the pHi of 184 A1N4 cells in DPBS was �7.4 and remained
stable before exposure to pH 6.0 extracellularly (Fig. 4, before
point A). Upon switching the extracellular pH to 6.0, pHi
quickly decreased, reaching �6.5 after 4 min (Fig. 4, point B).
Fifteen minutes after exposure of the cells to pH 6.0, pHi was
stabilized at �6.1 (Fig. 4, point C).

The kinetics of matriptase activation was determined both
by immunoblotting of cell lysates (Fig. 5) and immunofluores-
cence staining of fixed cells (Fig. 6). When 184 A1N4 cells were
exposed to pH 6.0 at room temperature, a trace amount of the
120-kDamatriptase�HAI-1 complex began to appear as soon as
1 min after exposure to the buffer (Fig. 5, 1 min), and was quite
evident after around 4 min (Fig. 5, 4 min). At this time point,

the intracellular pH was about 6.5 (Fig. 4, point B). Around
half of the 70-kDa latent matriptase was converted into
matriptase�HAI-1 complex 10 min after exposure to the buffer
(Fig. 5, 1 min). The vast majority of the matriptase was
detected in the 120-kDa complex form by 15 min after initi-
ating the exposure of the cells to pH 6.0 buffer (Fig. 5, 15
min), at which point the intracellular pH was 6.1. These data
show that intracellular acidification and matriptase activa-
tion have comparable kinetics.
The kinetics and subcellular localizations of matriptase acti-

vationwere also studied by immunofluorescence staining using
laser scanning confocal microscopy. Two days after growth of
184 A1N4 cells in media supplemented with low levels of
serum, matriptase (Fig. 6A) and HAI-1 (Fig. 6C) were both
detected on the cell surface, with more intense staining evident
at the cell-cell contacts, andwithin the cells with a diffuse stain-
ing pattern. The subcellular locations of total matriptase and
HAI-1 did not change notably during the course of matriptase
activation (Fig. 6, A versus B and C versus D). As expected,
stainingwithM69demonstrated that the cells were negative for
activated matriptase prior to the exposure of the cells to pH 6.0
(Fig. 5E). Activated matriptase began to be detectable, both on

FIGURE 4. The kinetics of intracellular acidification induced by extracel-
lular acidosis. SNARF-4R-loaded 184 A1N4 cells were maintained in DPBS
and then exposed to pH 6.0 buffer. Intracellular pH was recorded and com-
puted as described under “Experimental Procedures.” The pHi value is pre-
sented as mean � S.D. of 10 individual cells at each time point. When main-
tained in DPBS, the pHi was �7.4. After switching to pH 6.0 buffer, the pHi was
rapidly decreased. At the indicated time points, matriptase activation was
analyzed in two separated experiments by immunoblotting (Fig. 5) and
immunofluorescence staining (Fig. 6).

FIGURE 5. The kinetics of acid-induced matriptase activation. 184 AIN4
cells were incubated in pH 6.0 buffer at room temperature for the indi-
cated times, after which cell lysates were prepared and analyzed by immu-
noblotting for total matriptase, activated matriptase, and HAI-1, as
indicated.
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the cell surface and inside the cells, 5 min after exposure to pH
6.0, and gradually accumulated to much higher levels over the
course of 20 min (Fig. 6, F to I). These data again demonstrate
that the kinetics of intracellular acidification is consistent with
the kinetics of matriptase activation, and suggest that, as we
suspected, the matriptase activation that is induced in intact
cells by exposure to an acidic milieu involves the cell surface,

and more importantly the intracellular pools of the enzyme,
and likely is the result of rapid intercellular acidification. These
data suggest that both extracellular and intracellular pH envi-
ronments may play important roles in regulation of matriptase
activation.
The Matriptase�HAI-1 Complex Is Rapidly Secreted—One of

the remarkable features ofmatriptase activation is that the 120-
kDa matriptase�HAI-1 complex is rapidly shed into the extra-
cellularmilieu (25). The effective shedding ofmatriptase�HAI-1
complexes results in the presence of very low levels of
matriptase�HAI-1 complex in cells and the abundance of such
complexes in body fluids, such asmilk, urine, and semen, aswell
as the conditioned media of cultured cells. The rapid shedding
of matriptase�HAI-1 complexes appears also to occur after
extracellular acidosis-induced matriptase activation. During
the course of acid exposure, matriptase�HAI-1 complexes were
not efficiently shed into the extracellular milieu (data not
shown), however, as soon as the pH 6.0 buffer was removed and
the cells returned to basal media, matriptase�HAI-1 complexes
were rapidly shed into the media. One hour after the cells were
returned to basal media, levels of the 120-kDa cellular
matriptase�HAI-1 complex detectable in cell lysates had
dropped significantly (Fig. 7, A and B, comparing lane 4 with
lane 2) and increasing levels of matriptase were detectable in
the conditionedmedia as 95- and 110-kDa complexes that rep-
resent the cleaved products of the 120-kDa cellular
matriptase�HAI-1 complexes (Fig. 7, C and D, lane 4). Most of
the matriptase�HAI-1 complex was released into media within
3–6 h (Fig. 6). In addition, intracellular 70-kDa latent
matriptase levels appeared to be rapidly replenished (Fig. 7A,
lanes 2, 4, 6, and 8), and in contrast to activated matriptase
species, essentially none of the 70-kDa latent matriptase was
shed during the 6-h time course (Fig. 7C, lanes 1, 3, 5, and 7),
suggesting that the cells selectively and rapidly secrete
matriptase�HAI-1 complex following matriptase activation.

FIGURE 6. The kinetics and subcellular localization of acid-induced matriptase activation. 184 A1N4 cells were incubated in pH 6.0 buffer for the indicated
times and then fixed, permeabilized, and analyzed by immunofluorescence staining for total matriptase (A and B), HAI-1 (C and D), and activated matriptase
(E–I). The nuclei, shown in blue, were stained with 4�,6-diamidino-2-phenylindole. The scale bar represents 20 �m.

FIGURE 7. Matriptase�HAI-1 complexes are shed into extracellular milieu
following acid-induced activation. 184 A1N4 cells were preincubated with
basal media (activation �) or pH 6.0 buffer to induce matriptase activation
(activation �). After 20 min the cells were washed and then incubated in basal
media for the indicated periods after which cell lysates and conditioned
media were collected and analyzed by immunoblotting for total matriptase
and activated matriptase, as indicated.
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Disturbance of Intracellular pH Homeostasis Causes
Matriptase Activation and Shedding—The cell-free and intact
cell matriptase activation systems clearly show that both extra-
cellular and intracellular acidity are prominent factors that can
stimulate matriptase activation. Matriptase activation may,
therefore, serve as an important and early response to intracel-
lular and extracellular acidosis. pHi is tightly regulated tomain-
tain a narrow pH range that is critical for cellular processes. pHi
can be affected by passive H� fluxes, metabolism, and fluxes of
ionized forms of weak acids and bases. Extrusion of excessive
H� through several ion transporters is the major and essential
mechanism of pHi homeostasis. Several types of acid-base ion
transporters are involved in the regulation of pHi homeostasis
in mammalian tissues, including Na�/H� exchangers (NHEs),

Na�/HCO3
� co-transporters (NBCs), Na�-dependent Cl�/

HCO3
� exchangers (NDCBEs), Na�-independent Cl�/HCO3

�

or anion exchangers (AEs) (36, 37). Blockage of these pHi
regulatory transporters reduces proton efflux as well as the
alkalinity by extruding anions resulting in an increase in intra-
cellular acidity (38–40). Among these transporters, the NHEs
are the most prominent in the regulation of proton efflux and
play a crucial role in maintaining pHi. Thus, we first tested
whether perturbation of pHi by inhibition of NHE activity
could increase matriptase activation. After a 2-h treatment of
184 A1N4 cells with two selective amiloride-derived NHE
inhibitors, 5-(N-methyl-N-isobutyl)-amiloride (MIBA) and
5-(N-ethyl-N-isopropyl)-amiloride (EIPA), we observed acidic
pHi in a large proportion of the treated cells, and the average
pHi was determined to be around 6.95 for MIBA-treated cells
and 6.49 for EIPA-treated cells (Table 1). Accordingly, accumu-
lation of activatedmatriptase was clearly seen in the cell lysates
(Fig. 8,A–C, lanes 6 and 7) as well as in the culture media of the
MIBA- and EIPA-treated cells (Fig. 8,D–F, lanes 6 and 7). Fur-
thermore, matriptase activation induced by MIBA-mediated
NHEblockage can be negated by trimethylamine (Fig. 9), which
can cause intracellular alkalinization without a change in the
pH of the media (41). Determination of the average pHi for the
cells co-treated with MIBA and trimethylamine was not feasi-
ble due to the fact that pHi in one-fifth of the cell population
was higher than pH 8.0, and so beyond the detection range of
SNARF-4R. Nevertheless, we have observed acidic pHi in one-
fifth of the cells. The low levels of activatedmatriptase detected
may have resulted from these cells with acidic pHi. These data
suggest that intracellular acidosis alone can quickly induce the

matriptase activation machinery,
resulting in matriptase activation,
HAI-1 inhibition, and shedding
(Fig. 8). In contrast to MIBA and
EIPA, treatments with other amilo-
ride analogs, benzamil, amiloride,
and dimethyl amiloride, all of which
potently inhibit other types of Na�

channels, but have less inhibitory
activity against the NHEs (42),
caused no increase in matriptase
activation and shedding (Fig. 8,
lanes 3–5).
Inhibition of the NBCs, NDCBEs,

and AEs by DIDS, a broad spectrum
inhibitor of all three types of trans-
porters, also lowered pHi and acti-
vated matriptase in a dose-depen-
dent manner (Table 1 and Fig. 10,
upper panels, lanes 4 and 5) (37, 43,
44). Interestingly, whereas higher
levels of matriptase�HAI-1 complex
were detected in the lysates of
DIDS-treated cells versus MIBA-
treated cells (Fig. 10, upper panels,
comparing lanes 4 and 5 with lane
3), much higher levels ofmatriptase�
HAI-1 complexes were shed in the

FIGURE 8. NHE inhibition induces matriptase activation and shedding. 184 A1N4 cells were incubated in
basal media (lane 1) or treated with 0.1% Me2SO (lane 2), 50 �M benzamil (lane 3), 50 �M amiloride (lane 4), 50 �M

dimethyl amiloride (DMA) (lane 5), 50 �M EIPA (lane 6), or 50 �M MIBA (lane 7) for 2 h. Cell lysates and culture
medium were collected and analyzed for total matriptase, activated matriptase, and HAI-1, as indicated.

TABLE 1
Blockage of pH regulatory transporters by inhibitors leads to
disturbance of intracellular pH homeostasis
184 A1N4 cells were incubated in basal media, or treated with 0.1% Me2SO, 50 �M
EIPA, 50 �MMIBA, 50 �MDIDS, 500 �MDIDS, or 1 �M bafilomycin A1 for 2 h. To
measure pHi, the cells were proloaded with SNARF-4R for 1 h. Intracellular pH of
each treatment was recorded and computed as described under “Experimental Pro-
cedures.” The pHi value is presented as mean � S.D. of 50 individual cells of each
treatment. The Student’s t tests were used in tests of significance.

Treatment Target transporter pHi (mean � S.D.)

Control 7.30 � 0.13
0.1% Me2SO 7.34 � 0.12
50 �M EIPA NHEs 6.49 � 0.10a
50 �M MIBA NHEs 6.95 � 0.11a
50 �M DIDS NBCs 7.10 � 0.06a
500 �M DIDS NBC, NDCBE, AE 6.94 � 0.05a
1 �M Bafilomycin A1 V-ATPase 7.38 � 0.10

a Significant difference to the pHi of vehicle control (p � 0.05).
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culture media of MIBA-treated than DIDS-treated cells (Fig.
10, lower panels, comparing lane 3 with lanes 4 and 5). DIDS
treatment apparently hindered the shedding of matriptase,
resulting in the accumulation of matriptase�HAI-1 complex
within the cells. In contrast to the inhibition of proton extru-
sion by EIPA,MIBA, and DIDS, prevention of proton transport
from the cytosol to cellular organelles by bafilomycin A1, a
potent inhibitor of the vacuolar H�-ATPase (V-ATPase),
apparently does not reduce cytosolic pH sufficiently for induc-
ing matriptase activation (Table 1 and Fig. 10, lane 6) (45). In
summary, these data suggest that manipulation of pHi by inhi-
bition of proton extrusion through the known acid-base ion
transporters can activate the matriptase activation machinery.

DISCUSSION

Acidosis is a common phenomenon in a variety of physiolog-
ical and pathological processes. Under physiological condi-
tions, urine pH in the distal tubules and bladder can fall below
5.5 due to the reabsorption of bicarbonate and secretion of
hydrogen ions (46). In the skin, acidity plays essential roles in
stratum corneum integrity and cohesion, epidermal permeabil-
ity barrier and antimicrobial barrier function (47–49); in the
epididymis, luminal acidification is essential for spermmatura-
tion and storage (50). In pathological contexts, severe tissue
ischemia causes extracellular acidosis (51), inflammation could
induce interstitial acidification resulting in decreased extracel-
lular pH values (52, 53), and tumor-associated microenviron-

ments are more acidic than normal tissues due to hypoxia,
increased glucose metabolism, and ineffective removal of the
acidic metabolites. The acidic conditions in the tumor milieu
have been thought to be a driving force for the selection ofmore
aggressive cancer subclones (54, 55).Matriptase is almost ubiq-
uitously expressed in all normal and malignant epithelial tis-
sues. The identification of acidosis as a ubiquitous and potent
factor that induces matriptase activation in epithelial and car-
cinoma cells suggests that matriptase activation may indeed be
regulated by acidosis in these epithelial tissues and cancer. For
example, matriptase is expressed by the kidney collecting ducts
and epididymis, and activated matriptase in HAI-1 complexes
is detected in human urine and semen, suggesting that
matriptase activation machinery is induced in these tissues (2,
25). We have also demonstrated that breast cancer cells consti-
tutively activate matriptase and significant amounts of
matriptase�HAI-1 are secreted into conditioned media (30).
Acidosis-induced matriptase activation is characterized by:

1) dependence on the chemical environment but not cellular
events; 2) rapid initiation, rapid kinetics, and the magnitude of
the activation seen; 3) occurrence at both the cell surface and
within the cell; and 4) the immediate HAI-1-mediated inhibi-
tion of the newly activated matriptase. The first three charac-
teristics may result in the matriptase system being one of the
few mechanisms by which cells can directly respond to acute
extracellular and cytoplasmic acidosis. Other mechanisms in
cells that respond directly include the proton-induced G-pro-
tein coupled receptors and acid-sensitive ion channels (24,
56–58). Although the functional consequences of matriptase
activation and inhibition remain to be determined, the kinetics
and magnitude of the matriptase activation seen demonstrate
the readiness of the matriptase activation machinery to re-
spond instantly to acidosis. The rapid kinetics and extent of
matriptase activation induced by acidosis may be a function of
the unique autoactivation mechanism involved. Matriptase is
synthesized as a zymogen which, despite containing a pre-
formed active site triad, exhibits only very weak proteolytic
activity due to the lack of a well formed substrate binding
pocket. To gain its full proteolytic activity, an irreversible cleav-
age at the canonical activation motif has to be made. The auto-
activation of matriptase has been proposed to depend on inter-
actions between two matriptase zymogen molecules and other
proteins (15). These protein-protein interactions are thought to
facilitate the activation cleavage carried out by the intrinsic,
weak proteolytic activity of the matriptase zymogen. Anchor-
age of these proteins on the cell membrane is a prerequisite for
matriptase activation, which is probably because such mem-
brane attachment facilitates efficient protein-protein interac-
tions (16). The involvement of biomembranes in matriptase
activation underscores the importance of the physical environ-
ment for the process. Once anchored on the cell membrane,
matriptase activation and HAI-1 inhibition can spontaneously
and simultaneously take place in buffers with the appropriate
pH and ionic strength. Thus, chemical environments, such as a
mildly acidic pH, allow matriptase zymogens to interact with
one another for the activation cleavage. The dependence on the
appropriate physical and chemical environments, rather than
on the presence of an upstream protease activator, may allow

FIGURE 9. Intracellular alkalinization attenuates matriptase activation
caused by the NHE blockage. 184 A1N4 cells were treated with 20 mM tri-
methylamine (TMA) along with 50 �M MIBA (lane 3), a NHE potent inhibitor, for
2 h. Untreated cells (lane 1) and cells treated with 50 �M MIBA alone (lane 2)
were used as experimental controls. Cell lysates (upper panels) and culture
media (lower panel) were collected and analyzed by immunoblotting for total
matriptase, activated matriptase, and HAI-1.
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the activation of multiple matriptase zymogen molecules to
occur simultaneously, with the result that the vast majority of
cellular matriptase can be converted to the activated enzyme
within 20 min. It is unlikely that this magnitude of activation
could be achieved as rapidly through the action of another
active proteases, the classic mechanism for protease activation.
Further evidence for this non-conventional mechanism is pro-
vided by the atypical biochemical features of matriptase activa-
tion observed in our cell-free, in vitro activation system (16), in
which matriptase activation is very sensitive to minor changes
in pH, ionic strength, and temperature, and the presence of
detergents. This susceptibility again seems to suggest a process
that involves important protein-protein interactions facilitated
by the microenvironment rather than one involving classical
enzymatic action. One might expect that if matriptase activa-
tion involves the action of other active proteases the effects on
the levels of matriptase activation by changes in pH, ionic
strength, and temperature and by the presence of detergents
would be in line with the effects on the activity of the presumed
protease activators. Drastic changes in the proteolytic activity
of the presumed matriptase activator would not be expected to
be produced by minor changes in the chemical environment. It
is, therefore, the autoactivation mechanism that allows cellular
matriptase pools to be rapidly and almost completely activated
in response to the changes in extracellular environments or the
presence of activation inducers, such as sphingosine 1-phos-
phate, androgens, or suramin.

Despite the rapid and robust
activation of matriptase in response
to acidosis and other inducers, the
immediate consequence of the
induced matriptase activation
remains elusive. The challenge of
defining the key matriptase sub-
strates has been hampered by the
surprising subsequent events asso-
ciated with matriptase activation
and locations at which matriptase
activation takes place. Matriptase
activation is tightly coupled to its
inhibition by HAI-1 (19). The
prompt inhibition by HAI-1 of
active matriptase right after its acti-
vation implies that the active
matriptase has only a very short
period of time to act on its sub-
strates before being inhibited by
HAI-1. Any relevant in vivo
matriptase substrates must, there-
fore, be present in very close prox-
imity to the matriptase zymogen.
This proximity would allow the
active matriptase to have direct
access to and be able to activate
these substrates prior to inhibition
by HAI-1 binding. Identification of
the subcellular location at which
matriptase activation takes place is,

therefore, of paramount importance to the identification of rel-
evant matriptase substrates and the consequence of matriptase
activation. In polarized epithelial cells, matriptase is targeted to
the basolateral plasma membrane where matriptase activation
and inhibition take place (25). Important matriptase substrates
are, therefore, likely also present at the basolateral plasma
membrane. The loss of epithelial polarity in carcinoma cells
may allow matriptase to have access to other substrates that
may not otherwise be processed by matriptase in normal epi-
thelial cells. In addition to the cell surface,matriptase activation
also occurs in the secretory granules of gastric chief cells, sug-
gesting thatmatriptasemay also act on substrates present in the
secretory granules en route to the plasma membrane (25).
In summary,wehave established thatmatriptase activation is

an early response to acidosis. Sudden drops in extracellular pH,
blockage of proton extrusion, or disruption of anion influx rap-
idly causes intracellular acidosis. Extracellular and intracellular
acidification appears to act directly on thematriptase activation
machinery anchored on the cell membrane and facilitates pro-
tein-protein interactions, leading to activational cleavage. This
newly generated active matriptase, however, only has a very
short time to activate its substrates, which are probably located
within or directly proximal to the activation machinery. HAI-1
rapidly inhibits the active matriptase by forming a very stable
complex that is subsequently secreted into extracellular milieu.
These studies not only reveal a novel mechanism governing
proteolysis in epithelial and carcinoma cells, but also demon-

FIGURE 10. DIDS causes matriptase activation. 184 A1N4 cells were incubated in basal media (lane 1), or
treated with 0.1% Me2SO (lane 2), 50 �M MIBA (lane 3), 50 �M DIDS (lane 4), 500 �M DIDS (lane 5), or 1 �M

bafilomycin A1 (lane 6) for 2 h. Cell lysates and culture media were collected and analyzed for total matriptase,
activated matriptase, and HAI-1, as indicated.
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strate that a likely function of matriptase is to act as an early
response to cellular acidosis.
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