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Abstract

The ability of cells to rapidly detect and react to alterations in their chemical environment, such as pH, ionic strength and
redox potential, is essential for cell function and survival. We present here evidence that cells can respond to such
environmental alterations by rapid induction of matriptase autoactivation. Specifically, we show that matriptase
autoactivation can occur spontaneously at physiological pH, and is significantly enhanced by acidic pH, both in a cell-
free system and in living cells. The acid-accelerated autoactivation can be attenuated by chloride, a property that may be
part of a safety mechanism to prevent unregulated matriptase autoactivation. Additionally, the thio-redox balance of the
environment also modulates matriptase autoactivation. Using the cell-free system, we show that matriptase autoactivation
is suppressed by cytosolic reductive factors, with this cytosolic suppression being reverted by the addition of oxidizing
agents. In living cells, we observed rapid induction of matriptase autoactivation upon exposure to toxic metal ions known to
induce oxidative stress, including CoCl2 and CdCl2. The metal-induced matriptase autoactivation is suppressed by N-
acetylcysteine, supporting the putative role of altered cellular redox state in metal induced matriptase autoactivation.
Furthermore, matriptase knockdown rendered cells more susceptible to CdCl2-induced cell death compared to control cells.
This observation implies that the metal-induced matriptase autoactivation confers cells with the ability to survive exposure
to toxic metals and/or oxidative stress. Our results suggest that matriptase can act as a cellular sensor of the chemical
environment of the cell that allows the cell to respond to and protect itself from changes in the chemical milieu.
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Introduction

Both the intracellular and extracellular chemical environments

of a cell play important roles in physiological and pathological

processes. To maintain an optimal chemical environment, cells

have developed complex mechanisms to monitor and regulate

factors such as pH, the concentrations of specific ions, and redox

potentials that comprise the chemical milieu of these environ-

ments. The secretory pathway maintains a gradient of decreasing

pH from near neutrality in the endoplasmic reticulum (ER)

(pH 7.2), to mildly acidic in the Golgi (pH 6.7–6.0), to even more

acidic within the secretory granules (pH 5.7–5.2) [1–4]. This pH

gradient is essential both for proper protein sorting and processing

[5], as well as for the regulation of enzyme activity [6]. For

instance, the activities of proprotein convertases involved in the

proteolytic maturation of prohormones are regulated by the pH

gradient in the secretory pathway [6]. Another example

highlighting the importance of pH in pathophysiological processes

is the acidic extracellular environment of solid tumors. The pH of

the interstitial fluid in most solid tumors is mildly acidic (6.5), with

this value being as low as 5.8 in some cases [7]. This is often the

result of tumor hypoxia and is thought to contribute to cancer

progression [8]. An example of the importance of extracellular pH

and ion concentrations in normal cellular function is the critical

pH and calcium gradient required for proper epidermal differen-

tiation and the skin barrier function of the epidermis [9].

Ion channels and G protein-coupled receptors are the two

major molecular mechanisms responsible for maintenance of the

chemical environment of cells [10]. These membrane proteins

perform this function by virtue of being regulated by changes in

the chemical environment and acting to counteract those changes.

Another class of proteins that can sense and react to the chemical

environment is sometimes overlooked in this context: proteases.

Proteolytic activity can be regulated by the cellular chemical

environment in various ways. For example, an acidic environment

can activate several proteases, such as the pro-protein convertases
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in secretory vesicles, cathepsins in lysosomes, and pepsinogen in

the stomach [6,11,12].

There is growing evidence that the activity of the type 2

transmembrane serine protease, matriptase, is tightly regulated by

the cellular chemical environment [13]. Matriptase, like most

proteases, is synthesized as a zymogen and only attains its full

enzymatic activity after cleavage at the canonical activation motif.

The process of converting matriptase zymogen to the active

enzyme is carried out by autoactivation in which interactions

between two matriptase zymogen molecules are thought to be

responsible for the cleavage of the activation motif via the intrinsic

activity of matriptase zymogen [14,15]. The autoactivation of

matriptase was initially suggested after spontaneous activation was

observed during the process of refolding of recombinant

matriptase serine protease domain [16]. The inability of

matriptase mutants with substitutions of the amino acids of the

active site triad provided additional evidence for an autoactivation

mechanism for the conversion of matriptase zymogen to the active

enzyme [14]. Matriptase autoactivation is also dependent on the

non-catalytic domains of the enzyme, and posttranslational

modifications such as matriptase N-terminal processing and N-

linked glycosylation [14]. Interestingly, the G827R matriptase

mutation identified in patients with autosomal recessive ichthyosis

and hypotrichosis, prevents matriptase from undergoing activa-

tion, suggesting that dysregulation of matriptase activation can

alter physiological processes and contribute to disease develop-

ment [17–19]. The matriptase autoactivation hypothesis is also

supported by the discovery of a matriptase homodimer form

recently identified as an intermediate during the process of

matriptase activation [15].

The potential role of the chemical environment in the

regulation of matriptase activation was initially suggested by the

observation that matriptase activation was robustly induced when

cells were exposed to a mildly acidic buffer [13,20]. Acidification

appears to significantly enhance the intrinsic activity of the

matriptase zymogen and consequently enhances matriptase

autoactivation [21]. Matriptase is unique among proteases

activated by an acidic pH, the majority of which are secreted or

lysosomal proteases, whereas matriptase is anchored onto the

surface of cells [22,23]. Furthermore, matriptase activation can be

induced to occur rapidly within minutes by changes in pH [13,20].

These characteristics of matriptase are similar to ion channels and

G protein-coupled receptors in term of location and timing, and

suggest that matriptase may act as a sensor that can detect changes

in the cellular chemical environment.

In the current study, we set out to systematically analyze the

impact of the major chemical components of the extracellular

environment on matriptase activation. Our results reveal that

matriptase zymogen activation is an autonomous process that can

proceed spontaneously at physiological pH and that is accelerated

by an acidic pH both in a cell-free setting as well as in living cells.

Matriptase zymogen activation is also affected by chloride ion

concentration and thio-redox state. Given the rapid induction

within minutes of acidification and increased thio-oxidative

potential, our current study suggests that the cells could utilize

matriptase to sense and respond to alterations in the cellular

chemical milieu.

Materials and Methods

Cell cultures
The human mammary epithelial cells 184 A1N4 (a gift from M.

R. Stampfer, UC Berkeley) [24] were maintained in a modified

Improved Minimum Essential Medium (IMEM) supplemented

with 0.5% fetal bovine serum, 5 mg/ml recombinant human

insulin (rh-insulin), 5 mg/ml hydrocortisone, and 10 ng/ml

recombinant human epidermal growth factor (rhEGF). HaCaT

human keratinocytes (CLS Cell Lines Service GmbH, Eppelheim

Germany) were maintained in Dulbecco’s Modified Eagle

Medium (DMEM) supplemented with 10% heat-inactivated fetal

bovine serum. All cell lines were incubated at 37uC in a humidified

atmosphere with 5% CO2.

Western blotting
Cells or the insoluble fractions of cell homogenates were lysed in

a buffer consisting of 1% Triton X-100 and 1 mM 5,59-Dithio-bis-

(2-Nitrobenzoic Acid) (DTNB) in phosphate buffered saline (PBS).

The Ellman’s reagent DTNB was added to the lysis buffer to

prevent cleavage of the disulfide linkage that connects the serine

protease and the noncatalytic domains of activated matriptase

[25]. Lysate protein concentrations were determined by Bradford

protein assay and equal amounts of protein were analyzed by

Western blotting (immunoblotting). Protein samples for immuno-

blotting were diluted in 5X sample buffer without a reducing agent

and incubated at room temperature for 5 min. Proteins were

resolved by 7.5% SDS-PAGE, transferred to nitrocellulose

membranes, and probed with the monoclonal antibodies (mAbs)

M24 (anti-matriptase) and M19 (anti-HAI-1) [13,15,26]. The

binding of the primary antibody was detected using horseradish

peroxidase (HRP)-conjugated secondary antibodies, and visualized

using the Western LighteningH Chemiluminescence Reagent Plus

(Perkin-Elmer, Boston, MA).

Induction of matriptase activation
Matriptase zymogen activation assays were conducted in both

the ‘‘cell-free’’ and whole living cell setting using a similar

approach. In the cell-free setting, cell homogenates were collected

by scraping the cultured cells from the culture dish in PBS and

homogenized using a Dounce homogenizer. Aliquots of the

homogenate were centrifuged at 12,000 rpm for 5 minutes using

an Eppendorf benchtop centrifuge. The pellets of insoluble cell

fragments were re-suspended with buffers of different pH and

incubated at room temperature for designated times to allow

activation to occur. Matriptase activation was terminated by

adding 20% Triton-X 100 to a final concentration of 1%. For

induction of matriptase zymogen activation in living cells, the cells

were washed with PBS three times in 60 mm dishes and incubated

with the activation inducers, such as buffers of different pH or

modified IMEM containing metal ions at room temperature for

the designated times. The cells were then harvested by scraping in

PBS. After centrifugation, the cell pellets were lysed in 1% Triton

X-100 and 1 mM DTNB in PBS.

Assay for cytosolic suppressor for matriptase activation
Cells were homogenized in ice-cooled 150 mM phosphate

buffer pH 6.0 with a Dounce homogenizer. The homogenates

were centrifuged to separate the insoluble cell fractions from the

cytosolic fraction. The cytosolic fraction was dialyzed against

150 mM phosphate buffer pH 6.0 using dialysis tubes (MW cutoff

3,500 Dalton). The insoluble fractions were incubated with the

cytosolic fractions (freshly prepared, stored, or dialyzed) at room

temperature for 20 min. After the incubation, 20% Triton-X 100

was added to the samples to adjust them to 1% Triton-X 100 to

stop further matriptase activation. To test the impact of DTNB,

oxidized glutathione (GSSG), or N-ethylmaleimide (NEM) on the

cytosolic suppressor, these reagents were added to the cytosolic

fractions to the indicated concentration before incubation with the

insoluble fractions.

Matriptase, a Cellular Sensor to Chemical Milieu
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shRNA knockdown
184 A1N4 cells were transduced with lentiviral vectors

expressing either a non-targeting control shRNA sequence (NT)

or shRNAs targeting the human matriptase gene (MTP) (Open

biosystems, Lafayette, CO). The MTP shRNA targeting sequence

was

59-CCGGCAATGACTTCACCTTCGACTACTCGAGTA-

GTCGAAGGTGAA GTCATTGTTTTTG-39 and has been

used and validated by us in previous studies [26–28]. Transduced

cells were selected with 1 mg/ml puromycin and stable pools of

resistant cells were established. Knockdown of matriptase expres-

sion was confirmed by Western blot analysis.

CdCl2 toxicity assay
Both matriptase knockdown (MTP KD) and control non-target

(NT) 184 A1N4 cells were seeded in 96-well plates at 20,000 cells

per well. Sixteen hours later, CdCl2 was added to the cells, with

final concentrations ranging from 0 to 90 mM. The cells were

incubated in CdCl2 for 24 hours. Cell survival was determined by

estimating the number of cells remaining on the plate using the

crystal violet assay. Briefly, the medium was removed from the

wells and the cells were fixed and stained with crystal violet by

incubation for 10 minutes with 0.52% crystal violet in 25%

methanol. The excess stain was removed by washing the plate in

deionized water three times after which the plate was dried.

Staining intensity was measured by dissolving the crystal violet in

100 mM sodium citrate in 50% ethanol and measuring optical

density at 570 nm which is proportional to cell number.

Results

Matriptase zymogen activation on isolated cell
membrane, is an autonomous process which can be
accelerated by mildly acidic conditions

Matriptase is synthesized as a zymogen that undergoes

autoactivation to acquire enzymatic activity [14–16]. Previous

studies have suggested that matriptase autoactivation can be

induced within minutes by exposure to mildly acidic conditions in

both intact cells and in the insoluble fractions of cell homogenates,

the latter representing membrane-bound matriptase in a cell-free

setting [20]. Matriptase activation is always followed by the rapid

inhibition of active matriptase by binding to its endogenous

inhibitor HAI-1 [25,29]. As a result of these two tightly coupled

events, 120-kDa matriptase-HAI-1 complexes are the predomi-

nant product of matriptase zymogen activation. When we exposed

the insoluble fractions of 184 A1N4 mammary epithelial cells to

150 mM phosphate buffer pH 7.4 at room temperature, activa-

tion of matriptase was observed in the fractions within 40 min,

with maximal matriptase activation (plateau) being achieved at

around 60 minutes (Fig. 1A left panel). The activation of

matriptase as indicated by the formation of the matriptase-HAI-

1 complex was also detectable using the HAI-1 mAb (Fig. 1A right

panel). Anchorage at the cell membrane is required for matriptase

activation, as release of matriptase from in the insoluble fraction

by addition of the non-ionic detergent Tx-100 (1%) completely

abolished matriptase activation [20]. These data suggest that

matriptase autoactivation is a biochemical event that can

spontaneously occur on the cell membrane at physiological pH

in the cell-free setting.

We sought to examine the impact of a lower pH environment

on the activation of matriptase in the insoluble fractions by

incubating the homogenates with buffers of decreasing pH. When

the insoluble fractions were exposed to phosphate buffer at

pH 7.0, it took approximately 10 min for the onset of matriptase

activation, and about 20 min to reach the maximal matriptase

activation plateau (Fig. 1B). When the pH of the incubation buffer

was further reduced to 6.5, it took approximately 6 min for the

onset of matriptase activation, and about 10 min to reach maximal

matriptase activation (Fig. 1C). In addition, exposure to buffers

with decreasing pH increased the fraction of the matriptase that

was activated relative to total matriptase in the insoluble fraction

when maximal matriptase activation was achieved. We used the

ratio of the amount of 120-kDa matriptase-HAI-1complex in the

sample (which represents the activated fraction of matriptase) to

the total matriptase in the sample (determined by sum of the

amount of residual 70-kDa matriptase zymogen and the amount of

matriptase-HAI-1 complexes) to determine the maximal activation

as a percentage under the different conditions. At pH 7.4, only

40% of the matriptase is in its activated form, with this percentage

increasing to 60% at pH 7.0, and 60% at pH 6.5 (Fig. 1D). Taken

together, these data reveal interesting biochemical features of

matriptase zymogen activation, in that as long as matriptase is

anchored on the cell membrane, zymogen activation can occur

autonomously at physiological pH and that the rate and final

extent of matriptase activation is increased at lower pH.

Exposure to an acidic environment accelerates
matriptase zymogen activation in live cells

We next sought to investigate whether spontaneous and/or

acid-accelerated matriptase activation observed in vitro occurs in

intact cells. To this end, 184 A1N4 mammary epithelial cells were

exposed to 150 mM phosphate buffer at pH 7.4, 7.0, 6.5 or 6.0,

and the level of matriptase activation was assessed at various time

points by Western blotting (Fig. 2). When the cells were exposed to

the buffer at pH 7.4, it took approximately 40–60 min for

matriptase activation to begin, with a maximal activation plateau

reached at about 80 min (Fig. 2A). When the cells were exposed to

buffer at pH 7.0, activation of matriptase was observable within

20 min incubation and reached the plateau after about 30–40 min

(Fig. 2B). The acceleration of matriptase zymogen activation was

even more pronounced in more acid conditions. At pH 6.5 it took

less than 10 min for the onset of matriptase activation, and around

20 min to reach the plateau (Fig. 2C); while at pH 6.0, the onset of

matriptase activation occurred at around 3–4 min and the plateau

was reached in less than 10 min (Fig. 2D). In addition to the

shortened time required for the onset of matriptase activation and

to achieve the activation plateau, the percent of matriptase

converted to the active form at the plateau phase was also

significantly increased by exposure to lower pHs. Over 90% of the

matriptase zymogen is converted into matriptase-HAI-1 complex

at pH 6.0, whereas at pH 6.5, this percentage was decreased to

80%, at pH 7.0 it was 45% and at pH 7.4, less than 10% of the

matriptase zymogen had been converted at the activation plateau

(Fig. 2). Taken together, these results indicate that living cells

retain the acid-accelerated matriptase zymogen activation ob-

served in the cell-free system.

Sodium chloride suppresses the induction of matriptase
activation by a mildly acidic environment

It is advantageous for cells to be equipped with mechanisms to

regulate matriptase activation and particularly the robust acceler-

ation of activation caused by low pH. We have previously

described a potential mechanism to regulate acidity-driven

matriptase activation in a cell-free system by sodium chloride

[20]. Specifically, we showed that the addition of 150 mM sodium

chloride to buffer at pH 6.0 suppressed the ability of this pH

reduction to activate matriptase in the insoluble fraction [20].

Matriptase, a Cellular Sensor to Chemical Milieu
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Here we show that living cells share this biochemical feature and

demonstrate suppression of matriptase zymogen activation by

sodium chloride in an intact cell system. The addition of 150 mM

NaCl to the pH 6.0 buffer significantly delayed the onset of

activation, as well as reducing the magnitude of matriptase

activation in 184 A1N4 mammary epithelial cells (Figure 3A).

Activated matriptase was detectable in cells 60 min after exposure

to the pH 6.0 buffer containing 150 mM NaCl, with the levels of

activation increasing slowly to up to 100 min. This is in stark

contrast to the situation in the absence of NaCl, where cells

exposed to pH 6.0 buffer exhibited matriptase activation within 3–

4 min, with plateau activation reached in less than 10 minutes

(Fig. 2D). Furthermore, less than 40% of total matriptase was

activated compared to greater than 90% in the absence of NaCl.

We next tested if this is a phenomenon limited to the 184 A1N4

mammary epithelial cells. We tested HaCaT human keratinocyte

cells and they demonstrated similar kinetics and magnitude of

matriptase activation as the 184 A1N4 mammary epithelial cell

line after exposure to NaCl-free buffer at pH 6.0 (Fig. 3B). The

addition of 150 mM sodium chloride to the acidic buffer slowed

the onset of matriptase activation from 3 min to 15 min, a less

dramatic effect than observed for the 184 A1N4 epithelial cells,

suggesting that while the effect of NaCl concentration on

activation is present in other cell systems, the extent of the

attenuation of matriptase activation by NaCl may vary among

different cell types. Nevertheless, sodium chloride may play a role

in the regulation of the autonomous function of matriptase

zymogen activation in matriptase-expressing cells.

Chloride, but not sodium, ions suppress matriptase
zymogen activation

In order to determine which of the ions in sodium chloride, (Na+

or Cl2) is responsible for mediating the attenuation of matriptase

activation, we compared the effects of various salts containing

Figure 1. Time and pH-dependence of matriptase zymogen autoactivation in cell-free setting. The insoluble fractions of cell
homogenates prepared from 184 A1N4 mammary epithelial cells were exposed to phosphate buffers at pH 7.4 (A), pH 7.0 (B) or pH 6.5 (C) at room
temperature for the indicated time. Lysates were prepared and assayed by immunoblot analyses for matriptase with mAb M24 (which recognizes the
70-kDa matriptase zymogen and 120-kDa activated matriptase-HAI-1 complex) or for HAI-1 with mAb M19 (which recognizes the 55-kDa HAI-1 and
120-kDa activated matriptase-HAI-1 complex). Note that both antibodies also recognize degraded forms of the activated matriptase-HAI-1 complex.
(D) Kinetics for induction of matriptase activation in cell-free homogenates. Representative data showing the ratio of activated matriptase relative to
total matriptase (activated plus zymogen matriptase) for each pH plotted against time using Image J.
doi:10.1371/journal.pone.0093899.g001
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either sodium or chloride ions on matriptase activation in acidic

conditions. Both sodium and magnesium chloride inhibit ma-

triptase activation in a dose-dependent manner (Fig. 4, upper

panels), whereas sodium gluconate had no effect on matriptase

activation, even when used at a concentration of 150 mM (Fig. 4,

upper panel). These data indicate that it is the chloride ion, and

not the sodium ion, that modulates matriptase activation. In

addition to chloride, we discovered that bromide and iodide ions,

but not fluoride ions, also inhibited acid-induced matriptase

activation (Fig. 4, lower panels). Interestingly, bromide and iodide

ions were more potent than the chloride ions in suppressing

matriptase activation, suggesting that halogen ions in general can

inhibit matriptase activation and that the size of the halide ion may

play a role in affecting matriptase activation.

Cytosolic reductive potential suppresses spontaneous
matriptase autoactivation

The cytosolic concentration of chloride ion is around 5 mM,

much lower than the chloride concentration required to impact

matriptase activation in vitro. We hypothesized, therefore, that

there may be other cytosolic mechanism(s) to prevent premature

intracellular matriptase zymogen activation. As described above

(Fig. 1), in the cell-free system using 184 A1N4 mammary

epithelial cell homogenates, matriptase undergoes spontaneous

activation in the insoluble fraction only when the insoluble fraction

is separated from the cytosolic fraction. We, therefore, tested

whether the cytosolic fraction contains a suppressor of matriptase

activation. When the cytosolic fraction is added back to the

insoluble fraction the activation of matriptase was significantly

suppressed (Fig. 5A, lane 3). Furthermore, we found that similar

Figure 2. Time and pH-dependence of matriptase zymogen autoactivation in living cells. 184 A1N4 mammary epithelial cells were
exposed to phosphate buffers at pH 7.4 (A), pH 7.0 (B), pH 6.5 (C) or pH 6.0 (D) at room temperature for the indicated time. Cell lysates were
prepared and assayed by immunoblot analyses for matriptase using matriptase mAb M24. Matriptase zymogen was detected as a 70-kDa species and
activated matriptase was detected as 120-kDa complex with HAI-1. (E) Kinetics of induction of matriptase activation in living cells. The ratio of
activated matriptase relative to total matriptase (activated plus zymogen matriptase) for each pH was plotted against time using Image J.
doi:10.1371/journal.pone.0093899.g002

Matriptase, a Cellular Sensor to Chemical Milieu
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suppression of matriptase activation in the insoluble fraction

prepared from 184 A1N4 cells could be suppressed by adding the

cytosolic fraction from a variety of differing cell types such as the

prostate cancer cells LNCaP (Fig. 5A, lanes 7 and 8) and PC3

(Fig. 5A, lane 10). This suggests that the ability of the cytosolic

fraction to suppress activity is conserved among these varied cell

types. Characterization of the suppressive activity of the cytosol

showed that it was stable when stored for up to three days (Fig. 5A,

lanes 8 and 10) but was lost when the cytosol was dialyzed using

dialysis tube with molecular weight cutoff of 3,500 D (Fig. 5A,

lanes 9 and 11), suggesting that the suppressive activity might

depend on one or more small molecules within the cytosol.

Significantly, the suppressive activity was neutralized in a dose-

dependent manner by Ellman’s reagent, 5,59-dithiobis-(2-nitro-

benzoic acid) (DTNB), which oxidizes sulfhydryl groups (Fig. 5A

lanes 4, 5, and 6). Similarly, the cytosolic suppressive activity was

also neutralized in a dose-dependent manner by the oxidized form

of glutathione (GSSG) (Fig. 5B), as well as by N-ethylmaleimide

(NEM), which can alkylate sulfhydryl groups (Fig. 5C). These data

collectively suggest that the thio-redox state of the cytosolic

fraction can impact matriptase zymogen activation, with a more

oxidative state favoring matriptase activation while a more

reductive state suppressing matriptase activation.

Impact of transition metals and oxidative stress on
matriptase zymogen activation

The thio-redox state-dependence of matriptase zymogen

activation that we observed in the cell-free setting prompted us

to determine if this biochemical effect is operant in living cells. It

Figure 3. Impact of sodium chloride on matriptase activation. Living 184 A1N4 mammary epithelial cells (A) and HaCaT human keratinocytes
(B, C) were exposed to phosphate buffer pH 6.0 at room temperature for the indicated times in the presence (A, C) or absence (B) of 150 mM NaCl.
Cell lysates were prepared and assayed by immunoblot analyses for matriptase using mAb M24. Note that the corresponding data for 184 A1N4
mammary epithelial cells exposed to phosphate buffer pH 6.0 in the absence of NaCl is presented in Figure 2D. (D) The impact of NaCl on the kinetics
of the induction of matriptase activation in living cells. The ratio of activated matriptase relative to total matriptase (activated plus zymogen
matriptase) was plotted against time using Image J.
doi:10.1371/journal.pone.0093899.g003

Figure 4. Chloride ions but not sodium ions suppress
matriptase zymogen activation. Living 184 A1N4 mammary
epithelial cells were exposed to pH 6.0 phosphate buffers containing
increasing concentrations of the indicated salts at room temperature for
20 min. Cell lysates were prepared and assayed by immunoblot
analyses for matriptase using mAb M24.
doi:10.1371/journal.pone.0093899.g004
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has previously been shown that transition metals cause oxidative

stress to cells through the production of reactive oxygen species

(ROS) and/or depletion of cellular sulfhydryl reserves [30]. As an

initial test, we investigated whether matriptase activation can be

induced by cobalt chloride (CoCl2), which is known to induce

rapid ROS production [31] and is widely used as hypoxia mimetic

agent. We added various concentrations of the metal ranging from

0 to 400 mM to the basal media in which we cultured 184 A1N4

cells for 3 hours. Exposing the cells to CoCl2 induced cellular

matriptase activation in a dose-dependent manner (Fig. 6A). We

next did a time course study in which we exposed the cells to

200 mM CoCl2 and examined matriptase activation in the cells

every 30 min for up to 2 hours (Figure 6B). We found that cobalt

rapidly induced matriptase activation as indicated by the

appearance of the 120-kDa matriptase-HAI-1 complex within

30 min of exposure of the cells to CoCl2 (Figure 6B). Furthermore,

we found that the antioxidant N-acetyl cysteine (NAC) inhibited

CoCl2-induced matriptase activation in a dose-dependent manner

(Fig. 6C).

To determine if the impact of CoCl2 on matriptase activation

was a phenomenon limited to cobalt, we also tested other

transition metals for their ability to activate cellular matriptase.

We found that cadmium chloride (CdCl2) was also able to induce

matriptase activation and was more potent in this respect than

CoCl2, producing a similar level of activation at lower concen-

trations (Fig. 6D). The kinetics of induction was, however, similar

for both compounds (Fig. 6E). As with CoCl2, CdCl2-mediated

matriptase activation was inhibited by NAC in a dose-dependent

manner (Fig. 6F). Collectively, these data suggest that matriptase

may serve as an early cellular response to oxidative stress induced

by metal ions through a thio-redox-regulated zymogen activation

process.

Matriptase expression renders cells more resistant to the
toxic effects of CdCl2

CdCl2 is a harmful industrial pollutant known to cause cell

death at high concentrations. Oxidative stress is believed to be the

primary mediator of toxicity caused by this compound [30,32].

The rapid and robust induction of matriptase activation by CdCl2
suggested the possibility that matriptase might play a role in a

survival mechanism induced by cells in response to alterations in

cellular chemical environments. To test this hypothesis we

generated matriptase knockdown (MTP KD) 184 A1N4 cells

using a matriptase targeting shRNA construct, as well as control

non-targeted (NT) 184 A1N4 cells using a nonspecific shRNA

construct. We verified by immunoblot assay that matriptase

protein levels in the MTP KD cells were indeed significantly lower

than in the control NT cells (Fig. 7A). We then examined the

survival of the cells after exposure to increasing concentrations of

CdCl2 (0 to 90 mM) for 24 hr. Representative results from one of

our experiments are shown in Figure 7B. The data in Figure 7B

reveal that the median lethal dose (LD50) of CdCl2 for the MTP

KD cells was 26 mM, compared to 39 uM for the NT cells. Four

independent experiments were conducted, and the average LD50

for MTP KD cells was 2362 mM; while the average LD50 for the

control NT cells 3265 mM; t-Test, r= 0.011). In other words, the

MTP KD cells were almost 40% more susceptible to CdCl2 than

the control NT cells.

Discussion

In the current study, we show that pH, thio-redox state and

chloride ion concentration impact the ability of matriptase to

undergo autoactivation, both in a cell free system and in living

cells. Interestingly, all three of these factors are considered to be

major indicators of the cellular chemical environment that are

altered by numerous biological processes. As changes in these

cellular indicators also impact matriptase activity, we propose that

matriptase may function as an interface between cells and the

surrounding chemical environment. This unusual feature could

confer matriptase-expressing cells with the ability to sense, respond

to, and survive in unfavorable environments such as in the

presence of toxic metals.

While living cells resemble the insoluble fraction in the cell-free

system with respect to acid-accelerated matriptase zymogen

activation, there were some notable differences. At physiological

pH, matriptase activation takes longer in living cells than it takes in

the cell-free system, and the proportion of total matriptase that

undergoes activation is less in living cells at the plateau phase

(compare Figs. 1A and 2A). In contrast, at acidic pHs, matriptase

activation occurs more rapidly in living cells than in the cell free

system and the percent of matriptase activated at the plateau phase

is significantly higher (compare Figs. 1C and 2C). The lower level

of spontaneous matriptase zymogen activation at physiological pH

likely reflects a cellular adaption to ensure that matriptase remains

largely in its zymogen state in normal cells in the absence of

exogenous stimuli. Furthermore, the increased sensitivity to slight

Figure 5. Impact of thio-redox state on matriptase activation.
184 A1N4 cells were homogenized in phosphate buffer pH 6.0 and
fractionated to prepare cytosolic and insoluble fractions by centrifuga-
tion. (A) The insoluble fraction was re-suspended and incubated in
phosphate buffer pH 6.0 for 20 min either on ice as a negative control
(lane 1) or at room temperature as a positive control (lane 2). The
insoluble fraction was also mixed with the cytosolic fraction alone (lane
3) or in the presence of various concentrations of DTNB (lanes 4, 5, and
6). Cytosolic fractions were also prepared from LNCaP and PC3 prostate
cancer cells and either dialyzed or stored at 4uC for three days. The
insoluble fraction prepared from 184 A1N4 cells, was incubated with
the untreated, stored (S.), or dialyzed (D.) cytosolic fraction from LNCaP
human prostate cells (lanes 7, 8, and 9) and PC3 prostate cancer cells
(lanes 10 and 11). (B and C) The insoluble fraction of 184 A1N4 cells was
incubated in phosphate buffer pH 6.0 for 20 min either on ice as a
negative control (lane 1) or at room temperature as a positive control
(lane 2). The insoluble fraction was also incubated with the cytosolic
fraction alone (lane 3) or in the presence of increasing concentrations of
oxidized glutathione GSSG (B, lanes 4, 5, and 6) or NEM (C, lanes 4, 5,
and 6). Lysates were prepared from all incubation conditions and
assayed by immunoblot analyses for matriptase activation.
doi:10.1371/journal.pone.0093899.g005
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changes in pH would allow living cells to rapidly activate

matriptase when encountering pH fluctuations in their environ-

ment.

The molecular basis for the rapid and robust activation of

matriptase in response to pH, thio-redox state, as well as for the

inhibitory effect of chloride ion concentration, remains to be

elucidated. It has been previously reported that the intrinsic

proteolytic activity of the matriptase zymogen is enhanced in a

mildly acidic buffer [21]. This enhanced intrinsic activity could

explain, at least in part, the mechanism by which exposure to an

acidic environment enhances matriptase activation. Likewise, the

inhibition of the intrinsic zymogen proteolytic activity by sodium

chloride provides a possible explanation for the role of chloride ion

in the suppression of matriptase zymogen activation [21].

Attractive though these explanations might seem, however,

caution must be used when trying to link the effects of acidity

and sodium chloride on the intrinsic proteolytic activity of

matriptase zymogen with their roles in the cellular control of

matriptase zymogen activation. The effects of low pH and sodium

chloride on the intrinsic zymogen activity were determined in

solution using recombinant matriptase [21]. The proteolytic

activity under those conditions was so low that it took hours for

the detection of matriptase zymogen activity. In contrast, as we

have shown, the zymogen activation of matriptase can take place

effectively within minutes when matriptase is anchored to the cell

membrane either in lysed cells or in intact cells. We have found

Figure 6. Matriptase zymogen activation can be induced by metal ions. (A and D) 184 A1N4 cells were incubated with increasing
concentrations of CoCl2 (A) and CdCl2 (D), as indicated, at 37uC for 3 hrs in a CO2 incubator. (B and E) 184 A1N4 cells were incubated with 200 mM
CoCl2 (B) or 40 mM CdCl2 (E) at 37uC in a CO2 incubator for indicated times. (C and F) 184 A1N4 cells were incubated with 200 mM CoCl2 (C) or 40 mM
CdCl2 (F) in the presence of increasing concentrations of N-acetylcysteine (NAC), as indicated, at 37uC in a CO2 incubator for 2 hrs. Cell lysates were
prepared and assayed by immunoblot analyses for matriptase activation using mAb M24 as before.
doi:10.1371/journal.pone.0093899.g006

Figure 7. Knockdown of matriptase expression increases susceptibility to CdCl2 toxicity. (A) Evaluation of matriptase and HAI-1
expression in matriptase knockdown (KD) and non-target (NT) control cells using immunoblot analyses of cell lysates to detect total matriptase (MTP)
or HAI-1 (HAI-1). (B) Survival rates of matriptase knockdown cells (open circles) in comparison to non-target (NT) control cells (closed circles). Each cell
pool was exposed to various concentrations of CdCl2, and survival ratios determined by crystal violet staining assay. The results from one
representative experiment out of four replicates are shown.
doi:10.1371/journal.pone.0093899.g007
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that if matriptase is liberated from the biomembrane by treatment

with non-ionic detergents, matriptase activation in a pH 6.0 buffer

does not occur after even 120 min incubation (data not shown). In

other words, acidic conditions are not sufficient to initiate the

autoactivation of endogenous (rather than recombinant) matrip-

tase zymogen when in solution. The physical environment of

matriptase molecules when anchored to the cell membrane seems

to be critical to the rapid cleavage and activation of matriptase

zymogen. This notion is supported by the fact that the rapid and

robust induction of matriptase zymogen activation that can be

produced by other agents such as sphingosine 1-phosphate and

suramin also involve matriptase presented on a bio-membranes

(cell-cell junctions and intracellular membrane structures, respec-

tively) [23,25].

The molecular mechanism underlying the effect of the thio-

redox state on matriptase activation is also not completely

understood. One hypothesis is that altered redox state might

result in the stabilization of conformations of matriptase that favor

the activated form. Matriptase contains 20 pairs of disulfide bonds

[16,33], with one of the disulfide bonds linking the serine protease

domain of matriptase with its non-catalytic domain. Previous

studies have indicated that the disulfide linkage between the two

domains is fragile in activated matriptase complexed with HAI-1,

and DTNB must be incorporated in the lysis buffer to prevent

artifactual cleavage of this bond [25]. The enhanced matriptase

activation we observe under oxidizing conditions might reflect

stabilization of activated matriptase through stabilization of its

disulfide bonds.

The mechanism through which halogen ions inhibit matriptase

activation may also be attributed to their potential impact on

matriptase conformation. It should be noted that the hierarchy for

matriptase activation inhibition by the halides follows the

hierarchy of their sizes (iodide.bromide.chloride). These halo-

gen ions serve as electron acceptors when associated in halogen

bonds, with the hierarchy of increasing electron accepting potency

also being iodide.bromide.chloride [34]. Halogen bonds are

stronger than hydrogen bonds and can compete with hydrogen

bonds. Therefore, the presence of halogen ions could stabilize

conformations of matriptase zymogen (and other cellular proteins)

that are unfavorable for matriptase zymogen activation. It should

be noted that fluoride is unable to form halogen bonds, consistent

with the inability of NaF to inhibit matriptase activation.

The role of matriptase in many biological processes has been

revealed through the identity of its substrates, such as hepatocyte

growth factor (HGF), urokinase-type plasminogen activator (uPA),

protease activated receptor-2 (PAR2), and prostasin. HGF

activation appears to contribute to the oncogenic potential of

dysregulated matriptase in the development and progression of

squamous cell carcinoma [35]. Matriptase-dependent uPA acti-

vation greatly accelerates plasmin generation in monocytes

[28,36]. Activation of PAR-2 by localized proteolysis involving

matriptase is important for neural tube closure [37]. In addition to

these important and diverse biological activities, matriptase

activation can also modulate the cellular chemical environment.

Matriptase can either directly, or indirectly through the activation

of prostasin, enhance the activity of the epithelial sodium channel

[38] and the acid-sensing ion channel [39]. This regulatory loop

may allow cells to detect and respond to changes in the

extracellular chemical environment.

In addition to expression on the plasma membrane, significant

amounts of matriptase are located intracellularly, likely in the

synthetic pool and the secretory pathway [22]. Although

intracellular matriptase may also become activated in response

to extracellular acidosis [13], the presence of high levels of HAI-1

in these compartments would be rapidly inhibit the enzyme

through the formation of HAI-1 matriptase complexes. Thus it is

unlikely that activated intracellular matriptase plays any significant

role in the activation and processing of extracellular matriptase

substrates, such as HGF and uPA [40]. Instead, the intracellular

activated matriptase may have substrates yet to be identified that

are also present in the secretory pathway or on the plasma

membrane that matriptase can cleave prior to matriptase

inhibition by HAI-1. Currently, prostasin is the only known

matriptase substrate that can be activated by matriptase in the face

of the rapid HAI-1-mediated inhibition of active matriptase [41].

The identification of substrates of these short-lived pools of active

matriptase would provide insights to how matriptase activity is

transduced, which could further uncover the functional relation-

ship between matriptase and the cellular chemical environment.

The identification of one or more matriptase substrates in

polarized epithelial cells is of particular interest, since prostasin

may be a keratinocyte-selective matriptase substrate [40].

Matriptase autoactivation is dependent on the cellular chemical

environment, with changes in the environment resulting in rapid

and robust activation. This unique characteristic of matriptase

must be tightly regulated since inappropriate matriptase activation

could be extremely damaging to cells if it occurred prior to the

delivery of the enzyme to the cell surface. En route to the plasma

membrane, matriptase zymogen must traffic through the secretory

pathway from the ER, to the Golgi to secretory vesicles, each of

which has distinct pH and redox conditions. It is possible that cells

have evolved several systems to regulate matriptase so that even if

conditions that favor matriptase activation are encountered

prematurely, a second mechanism to counteract matriptase

activation can suppress it. For instance, in the ER, redox

conditions are favorable for matriptase autoactivation, however,

this may be sufficiently counteracted by the unfavorable neutral

pH. Similarly, in the secretory vesicles, the favorable acidic pH

might be negated by the unfavorable reductive potential. On the

cell surface, the physiological concentration of chloride ions may

serve to moderate excessive matriptase activation potentially

induced by extracellular acidosis. Furthermore, in most matrip-

tase-expressing cells, HAI-1 is co-expressed with matriptase at

considerable molar excess [15]. HAI-1 can, therefore, serve as a

contingent mechanism to quickly inhibit undesired active

matriptase caused by temporal and/or sudden changes in the

cellular microenvironment.

In summary, the results presented in this study suggest that

matriptase, a widespread cell surface serine protease, can function

as an interface between cells and their local chemical environment.

Matriptase undergoes spontaneous autoactivation at a slow rate in

a physiological pH environment, and much of this autoactivation

can be suppressed by sodium chloride at physiological concentra-

tions. Increased acidity in the cellular environment accelerates

matriptase autoactivation, a mechanism that may be important for

certain pathological processes such as cancer. Matriptase autoac-

tivation is also under the tight control of the thio-redox state of the

cell environment, with matriptase activation favored under

oxidative conditions. The reductive milieu of the cytosol could

provide a mechanism to prevent premature matriptase zymogen

activation while the protease is trafficking through the gradually

acidifying secretory pathway en route to plasma membrane. When

the redox balance is altered, such as after exposure to transition

metals, matriptase is activated, which may facilitate cell survive

under such conditions. Through these positive and negative

chemical modulators of matriptase zymogen activation, cells can

regulate pericellular proteolysis and respond to the very dynamic
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cellular chemical environment in a timely and tightly-controlled

manner.
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