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Abstract
Title of Thesis: Altered cellular chemical environments in apoptosis and hypoxia
induce matriptase zymogen activation
Name: Sean Moore, Masters of Science, 2012
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Alterations in the cellular chemical environment, such as changes in pH, changes
in ion concentrations, and changes in the oxidative state, are associated with both
ongoing physiological activity and pathophysiological processes. This research focused
on how such changes in the cellular chemical environment affect the activation of
matriptase, a membrane-bound serine protease. Manipulating the cellular chemical
environment of mammary epithelial cells revealed that the activation of matriptase from a
zymogen to an active enzyme can be rapidly induced by a decreased pH level, or an
increased oxidative state. Changing the pH from a physiological level (pH 7.4) to a
mildly acidic level (pH 6.0) accelerated matriptase activation by shortening the time for
the onset of activation from around 30-40 minutes to 2-3 minutes. Matriptase activation
was significantly attenuated by the reductive state of the cytosol. These mechanisms
likely prevent premature matriptase activation when trafficking through the increasingly
acidified secretory pathway en route to the cell membrane. Similar attenuation was seen
in the presence of extracellular physiological concentrations of chloride ions. This
mechanism aids in matriptase regulation at the cell surface.
The control of matriptase activation by acidity and redox state gives matriptaseexpressing cells the ability to activate matriptase proteolysis when the cellular chemical
environment changes. Shift to a more acidic and oxidized chemical environment are seen

during stressful cellular events such as hypoxia and apoptosis. Therefore, it was
hypothesized that these cellular events would induce matriptase activation. Cobalt
chloride (CoCl2)-induced hypoxia and doxorubicin-mediated apoptosis each lead to
increased matriptase activation. This activation was significantly suppressed by the
antioxidant N-acetylcysteine (NAC), which further confirmed the stimulating role of an
oxidized state in matriptase activation. The unique regulation of matriptase autoactivation
by acidity and redox state makes matriptase a new candidate sensor for a variety of
cellular processes under both physiologic and pathophysiological conditions.
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Chapter 1: Overview of Matriptase
1.1 Name and History
Matriptase is a member of the type 2 transmembrane serine protease (TTSP)
family. It was initially identified as a secreted gelatinase and was cloned from human
breast cancer cells (1,2). Matriptase is also referred to as membrane-type serine protease1 (MT-SP1) (3), tumor-associated differentially expressed gene-15 (TADG-15) (4), and
suppressor of tumorigenecity-14 (ST14) (5). Orthologs of matriptase are found in all
vertebrate genomes, suggesting a conserved evolutionary function.
1.2 Activity and Specificity
The crystal structure of matriptase’s serine protease domain revealed a trypsinlike S1 pocket, a small hydrophobic S2 subsite, and an open negatively charged S4 cavity
(6). This is consistent with the cleavage preference of matriptase with basic residues at
the P1 site, small side chain amino acids at P2 sites and a selectivity for a basic residue at
the P3 or P4 site. This was determined by kinetic analysis using synthetic peptide
substrates (7), and by screening substrate phage libraries for cleavage frequency (8).
Matriptase activation can be induced by several non-protease factors, including
sphingosine 1-phosphate (S1P) in mammary epithelial cells (9), androgens (10), and
suramin (11). There are also features of the extracellular environment that can induce
matriptase activation, such as acidity and/or the presence of reactive oxygen species
(ROS) (12, 13).
Matriptase has several endogenous protease inhibitors, including HAI-1, HAI-2,
three serpins, antithrombin, α-1-antiprotease, and α-2-antiplasmin, which were identified
from body fluids (14, 15) or by using animal models in which the defects caused by
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genetic ablation of the inhibitors, can be rescued by simultaneous deletion of matriptase
(16-20). HAI-1 is the predominant inhibitor of matriptase, but it also has a role in
matriptase expression, intracellular trafficking, and zymogen activation (12, 21).
There are also naturally occurring protease inhibitors, such as aprotinin, soybean
trypsin inhibitor, Bowman-Birk inhibitor, lima bean trypsin inhibitor and sunflower
trypsin inhibitor (SFTI-1) (22, 23). Synthetic inhibitors have been developed, including
small molecule and peptide-based inhibitors (23-28). Antibody-based inhibitors targeted
against matriptase have also been developed (29).
1.3 The Molecular Structure of Matriptase
Matriptase is a mosaic protein consisting of 855 amino acids with a molecular
mass of 94.7 kDa (Fig 1). The amino end contains a transmembrane domain and a
cytoplasmic tail that interacts with filamins and anchor matriptase to the actin
cytoskeletion (30). The extracellular region consists of a single SEA (sea urchin sperm
protein, enteropeptidase, and agrin) domain, two tandem CUB (Clr/s, Uegf, and Bone
morphogenic protein-1) domains, and four tandem low density lipoprotein receptor class
A (LDLRA) domains. These domains play a critical role in protein maturation, cellular
localization targeting to the basolateral plasma membrane, and zymogen activation (21).
The carboxyl-terminal end of matriptase contains a serine protease catalytic domain that
includes a conserved histidine/aspartic acid/serine (HDS) catalytic triad essential for
proteolytic activity. The serine protease domain features an insertion loop consisting of
nine residues (60-loop insertion) that forms a β-hairpin loop. When the β-hairpin loop is
rotated away from the active site it influences the substrate specificity of matriptase.
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Matriptase undergoes post-translational modifications in order to become active
(Fig.2). The serine protease domain contains an N-linked glycosylation site at Asn-722, is
important for activation (21). The addition of beta 1-6 GlcNAc branching to the
oligosaccharide attached to this N-glycosylation site, enhances matriptase stability (31).
N-glycosylation at Asn-302 in the first CUB domain is also required for matriptase
activation (21). Gly-827 in the serine protease domain of matriptase is also important for
matriptase activation (21). Matriptase consist of 20 pairs of disulfide bonds and a
conserved disulfide bond that links the serine protease domain and the rest of matriptase.
This conserved disulfide bond keeps the two chains of the enzyme together after
zymogen activation.
Matriptase is synthesized as a full length zymogen (Fig 3), which is rapidly
converted into an active form via cleavage at G149 within the SEA domain (21, 32).
Activation of matriptase requires cleavage of its activation motif to convert the single
chain zymogen to a disulfide linked two chain active enzyme. Unlike most proteases,
matriptase activation is carried out by autoactivation, rather than by other proteases (21).
The active form of matriptase (70 kDa) is quickly inhibited by its endogenous inhibitors,
usually HAI-1, to form a 120 kDa complex. This matriptase/HAI-1 complex is then shed
as a 95 or 110 kDa complex depending on the size of the HAI-1 fragments involved (1,
33). The matriptase fragments shed from the cell surface and found in the extracellular
milieu are slightly smaller than membrane associated matriptase (10).
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Figure 1. Schematic representation of Matriptase. The different domains
that make up matriptase are represented by different shapes and colors

Figure 2. Schematic of the posttranslational modification sites of
matriptase. The putative N-linked glycosylation sites are indicated by
the blue arrows.
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Figure 3: Mechanism of matriptase activation. Schematic representation of matriptase
activation, inhibition by HAI-1 and shedding from the plasma membrane.

1.4 Physiological Roles of Matriptase
Matriptase is extensively expressed in epithelial tissues in humans and mice (3337), but it is also expressed in three different types of cells in the immune system,
including monocytes, macrophages, and mast cells (38-41). Studies of matriptase
deficient mice and human ST14 gene mutation have revealed that matriptase has
pleiotropic roles in the development of epidermis, hair follicles and immune system (42).
Mouse models that contained mutations in matriptase where lethal. The mice were able to
fully develop, but they die within 1 to 2 days after birth from rapid and detrimental
dehydration. These symptoms were caused by compromised epidermal barrier function of
5

the skin and oral epithelium (43). Matriptase deficiency leads to the interruption of
several processes in the terminal epidermal differentiation, lipid matrix formation,
envelope morphogenesis, and desquamation. Studies using matriptase siRNA mediated
gene silencing in skin samples from matriptase deficient patients has revealed impairment
of the proteolytic process of profilaggrin. Profilaggrins are one of the major epidermal
polyproteins, which when disrupted lead to the loss of flaggrin monomer units and
calcium binding regulatory NHS-terminal filaggrin S-100 proteins during keratinocyte
differentiation (44 ,45). Skin xenografted of nude mice from newborn matriptase
deficient mice can develop ichthyosis (46). Similar phenotypes have also been observed
in human patients that are matriptase deficient. Patients with ST14 missense mutations
present with skin and hair diseases called autosomal recessive ichthyosis and
hypotrichosis (44, 45, 47, 48). Matriptase deficiency in the thymus of mice lead to the
increase of apoptosis of immature CD4+ and CD8+ cells; suggesting that matriptase
facilitates the development, survival and maturation of the immune system in mice (43).
These animal and human studies suggest that matriptase has a role in the integrity of the
epidermis, hair growth, and survival of immune cells.
1.5 Matriptase and Cancer
Matriptase is one of many proteins thought to contribute to aspects of cancer
development and progression. Studies have shown that matriptase up regulation is found
in a variety of cancers, such as breast, prostate, cervical, ovarian, esophageal, and liver
cancer (49-59). In breast and prostate cancer, the increased expression levels of
matriptase correlate to tumor aggressiveness and grade (50, 52, 54, 58, 60, 61). In ovarian
and cervical cancer, matriptase expression can act as a prognostic tool, given that in
6

normal ovarian and cervical cells do not have matriptase expressed on their surface (37,
56, 59).
The oncogenic activity of matriptase can be completely suppressed by
simultaneous overexpression of HAI-1. This observation has led to the hypothesis that
the ratio of matriptase to HAI-1, rather than the levels of matriptase alone, is the likely
driving force that converts matriptase’s physiological activity to an oncogenic one.
Several studies have demonstrated that the matriptase to HAI-1 ratio is increased in
cancer. This unbalanced ratio has been seen in advanced stages of ovarian tumors, as well
as prostate cancer, colorectal adenomas and carcinomas, when compared to their normal
counterparts (54, 59, 62). Studies using transgenic mouse models have shown that when
the balance between matriptase and HAI-1 were re-established, the oncogenic activity of
matriptase was completely suppressed. This is further proof that the matriptase/HAI-1
ratio is the driving force behind matriptase’s oncogenic activity.
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Chapter 2: Introduction
The chemical environment of cells, such as pH, the type and concentration of a
variety of ions, and redox state are dynamically maintained and play important roles in
physiological and pathological processes. The secretory pathway maintains a gradient of
decreasing pH from near neutrality in the endoplasmic reticulum (ER) (pH 7.1), to mildly
acidic in the Golgi (pH 6.2-7.0), and to quite acidic within the secretory granules (~pH
5.0) (12, 27, 63). The pH gradient is the mechanism used to retrieve the ER resident
proteins and to control the activity of pro-protein convertase. While the cytosol is
reductive, the lumen of the ER is maintained relatively oxidative, which is required for
the formation of disulfide linkage. The extracellular environment of solid tumors is
acidic. Although the interstitial pH value of most solid tumors is around pH 6.5-7.5, the
pH can be as low as pH 5.8 (64). The acidic pH of tumor microenvironment is a product
of tumor hypoxia and may play a role in cancer progression. The epidermis maintains a
pH gradient and calcium gradient, both of which are important for epidermal
differentiation and skin barrier function. Ion channels and G protein-coupled receptors
are two major molecular mechanisms that maintain, are regulated by, and propagate the
effects of the changes in the chemical environment of cells. While less received and
appreciated, proteolysis could also be regulated by the cellular chemical environment.
Acidic pH is used to activate several proteases, such as pro-protein convertase in
secretory vesicles, cathepsins in lysosomes, and pepsinogen in the stomach.
Growing evidence indicates that the activity of type 2 transmembrane serine
protease, matriptase, is tightly regulated by the cellular chemical environment.
Matriptase, like most proteases, is synthesized as a zymogen and acquires it full
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enzymatic activity only after cleavage at the canonical activation motif. The process of
converting matriptase zymogen to an active enzyme is carried out by autoactivation in
which interaction between two matriptase zymogen molecules are thought to lead to the
cleavage of the activation motif via intrinsic activity of matriptase zymogen.
Autoactivation of matriptase was initially suggested by the observation of the
spontaneous activation involving cleavage at G-149 within the SEA domain in the
process of refolding of the recombinant matriptase serine protease domain (65). The
inability to undergo activation for matriptase mutants bearing point mutation at individual
amino acid residues of the active site triad supports autoactivation as the mechanism to
convert matriptase zymogen to an active enzyme. The autoactivation of matriptase
appears to depend on the non-catalytic domains and posttranslational modifications, such
as the N-terminal processing and N-linked glycosylations. Interestingly, the point
mutation of matriptase, G827R, identified in patients with autorecessive ichothiosos and
hypotrichosis, prevents matriptase from undergoing activation, suggesting that
dysregulation of matriptase activation can alter physiological processes and contribute to
disease development. Matriptase autoactivation is also supported by the presence of a
matriptase homodimer recently identified in the process of matriptase activation. The
regulation of matriptase activation via the cellular chemical environment was initially
suggested by the observation that matriptase activation can be robustly induced by mildly
acidic buffer. The acidity appears to greatly enhance the intrinsic activity of matriptase
zymogen and in turn enhances matriptase autoactivation.
Matriptase is unique among proteases whose activation can be induced by acidic
pH. Most of these other proteases are secreted or lysosomal proteases, but matriptase is
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present on the surface of cells, and its activation can be induced to occur within minutes
of encountering an acidic environment. These interesting features make matriptase, like
ion channels and G protein-like receptors, a potential sensor to detect the changes in
chemical environment of cells. Given that there is a decreasing pH gradient in the
secretory pathway and rapidness of matriptase activation by acidic pH, cells should be
equipped with mechanisms to suppress matriptase activation in the secretory pathway
prior to its arrival at the plasma membrane. The first part of the current study focused on
the identification of possible mechanisms preventing premature matriptase autoactivation
in the secretory pathway. Our past research has shown that one possible mechanism used
to regulate matriptase activation is the redox state of the cellular environment. Given that
the redox state of the cellular environment is a possible mechanism, this study also
focused on the effects of apoptosis and hypoxia on matriptase activation due to the fact
that both of these cellular events alter pH and redox homeostasis due to increased
oxidative stress. The unique regulation of matriptase autoactivation by acidity and redox
makes matriptase a new candidate as a cellular sensor for a variety of cellular processes
under both physiologic and pathological conditions.
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Chapter 3 Materials and Methods

Chemicals and reagents
CM-Sepharose and activated Sephrose beads were obtained from GE healthcare,
(Piscataway, NJ). The anti-pepsinogen 2 antibody (sheep polyclonal, ab9013) was
purchased from Abcam (Cambridge, UK), the FITC-conjugated anti-sheep antibody
(313-096-033) and Teaxs Red-conjugated anti-mouse antibody (115-076-003) were
purchased from Jackson ImmunoReasearch (Cambridgeshire, UK). DAB (K3468) and
secondary antibody (K4063, EnVision+ Dual Link System Peroxidase) were purchased
from Dako (Glostrup, Denmark). All other chemical reagents were obtained from Sigma
unless otherwise specified.
Monoclonal antibodies
Human matriptase protein was detected using either the M24 monoclonal
antibody, that recognizes the third LDL receptor class A domain of matriptase in both
latent (one chain) and activated (two chain) forms of the protease, or using the M69
monoclonal antibody, that recognizes an epitope present only in the activated (two chain)
form of the enzyme (Benaud et al., 2001; Benaud et al., 2002a). Human HAI-1 was
detected using the HAI-1 specific monocolonal antibody M19 (Lin et al., 1999).
Immobilization of mAbs
Monoclonal antibodies M19, M69, and 21-9 were covalently coupled to
Sepharose 4B at 5mg/ml gel following the manufacturer’s instructions (GE healthcare,
Piscataway, NJ). Briefly, the mAbs were purified and dialyzed against the coupling
buffer (0.1 M sodium bicarbonate containing 0.5 M sodium chloride) and incubated
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overnight at 4oC with CNr-activated Sepharose 4B. The uncoupled mAbs were removed
by washing the beads with coupling buffer, and the residual coupling sites on beads were
blocked by 1 M Tris buffer. The mAbs-Sepharose beads were stored in Phostpahte Buffer
Solution (PBS).
Western blotting
Protein samples for western blotting were diluted in 5x sample buffer. The sample
buffer did not contain reducing agent, and samples were not boiled prior to SDS-PAGE
unless otherwise specified, since reducing agents may destroy the epitopes recognized by
the monoclonal antibodies, and boiling disrupts matriptase/HAI-1 complexes. Proteins
were resolved by 10% SDS-PAGE, transferred to Protan nitrocellulose membranes
(Schleicher and Schuell, Keene, NH), and probed with the monoclonal antibodies M24
and M19 or the polycolonal antibodies directed against serpins. The binding of the
primary antibody was detected using HRP conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA), and visualized using the Western
Lightening Chemiluminescence Reagent Plus (Perkin-Elmer, Boston, MA).
Chloride Experiments
Six well plates were set up and treated with 150 mM Phosphate Buffer + NaCl.
Then at designated time points (pH 6.0: 0, 10, 20, 30, 40, 50, 60, 90, and 120 minutes. pH
7.4: 0, 30, 60, 90, 120, 150, 180, and 240 minutes) the buffer solution was aspirated and
the well was treated with 300 ul of PBS and the cells were scraped. The cells were then
transferred to a microcentrifuge tube and centrifuged at1600 rpm for 10 minutes. The
supernatant was aspirated and replaced with 20 ul of Lysis Buffer ( 1% Triton X-100)
and centrifuged again at 10,000 rpm for 5 minutes. Then SDS-PAGE and a Western blot
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was run using M24 and M19 mAbs. The experiment was run using 150 mM Phosphate
Buffer + NaCl at a pH of 6.0 and 7.4. This experiment was repeated using sodium
gluconate, potassium chloride, and various halogens (fluorine, bromine, and iodine), but
only at physiological pH.
pH Experiments on Living Cells
Six well plates were set up and treated with either 150 mM Phosphate Buffer at
pH 6.0 or 7.4 and incubated at room temperature at designated time points (pH 6.0: 0, 1,
2, 3, 4, 5, 6, 8, 10, 15, 20, 30 min. pH 7.4: 0, 5, 10, 20, 30, 40, 60, 90, 120, 150 min). The
buffer solution was aspirated and the well was treated with 300 ul of PBS and the cells
were scraped. The cells were then transferred to a microcentrifuge tube and centrifuged at
1,600 rpm for 10 minutes. The supernatant was aspirated and replaced with 20 ul of Lysis
Buffer (1% Triton X-100) and centrifuged again at 10,000 rpm for 5 minutes. Then SDSPAGE and a Western blot was run using M24 and M19 mAbs.
pH Experiments in Cell Free System
Six well plates were set up and treated with 300 ul PBS. Cells were then scraped
and homogenized and placed in a microcentrifuge tube. The homogenized sample was
then centrifuged at 1,600 rpm for 10 minutes. Supernatant was aspirated and resuspended
in PBS and centrifuged at 10,000 rpms for 5 minutes. Cells were then treated with 150
mM Phosphate Buffer at pH 6.0 or 7.4 and incubated at room temperature for designated
time points (pH 6.0: 0, 1, 5, 10, 20, 30 min. pH 7.4: 0, 5, 10, 20, 40, 60, 90 min). 1.5 ul of
20% Triton-X was then added to the samples and then centrifuged at 10,000 rpms for 5
minutes. 20 ul of supernatant was removed and placed in a separate tube. SDS-PAGE and
a Western blot was run on this sample using M24 and M19 mAbs.
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Hypoxia Experiment
Six well plates were set up and the cells were treated with 200 uM of Cobalt
Chloride in basal media and incubated at room temperature for designated time points (0,
40, 50, 60, 90, 120, 150, 180, 240 min). Then at designated time point the buffer solution
was aspirated and the well was treated with 300 ul of PBS and the cells were scraped.
The cell were then transferred to a microcentrifuge tube and centrifuged at 1,600 rpm for
10 minutes. The supernatant was aspirated and replaced with 20 ul of Lysis Buffer ( 1%
Triton X-100) and centrifuged again at 10,000 rpm for 5 minutes. Then SDS-PAGE and a
Western blot was run using M24 and M19 mAbs.
Six well plates were treated with increasing concentrations of N-Acetyl-LCysteine (NAC) (0.01 mM, 0.025 mM, 0.05 mM, 0.1 mM, 0.25 mM, 0.5 mM, 1 mM, and
2 mM) and incubated at room temperature for two hours. The cells were then treated with
200 uM cobalt chloride and incubated at room temperature for 3 hours. After incubation
media was aspirated from the wells and 300 ul PBS was added. Cells were scraped and
centrifuged at 1,600 rpm for 10 minutes. The supernatant was aspirated and replaced with
20 ul of Lysis Buffer ( 1% Triton X-100) and centrifuged again at 10,000 rpm for 5
minutes. Then SDS-PAGE and a Western was run using M24 and M19 mAbs.
Apoptosis Experiments
Cells were treated with varying concentrations (1, 2, 5, 10, 20 uM) of doxorubicin
(DOX) and incubated at room temperature overnight. After incubation, media was
aspirated from the wells and 300 ul PBS was added. Cells were scraped and centrifuged
at 1,600 rpm for 10 minutes. The supernatant was aspirated and replaced with 20 ul of
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Lysis Buffer (1% Triton X-100) and centrifuged again at 10,000 rpm for 5 minutes. Then
SDS-PAGE and a Western blot was run using M24 and M19 mAbs. The experiment was
then repeated in the presents of NAC.
Cytosolic Experiments
Cells were homogenized and centrifuged at 10,000 rpm for 5 minutes to separate
the cytosolic fraction. The cytosolic fraction was then used to treat the homogenized cell.
Samples were incubated at room temp for various time points. After incubation, samples
were treated with 20% Triton-X and centrifuged again at 10,000 rpm for 5 minutes. 5x
loading dye was then added to each sample and an SDS-PAGE was run, followed by a
Western blot using M24 and M19 mAbs. This experiment was repeated using 5’,5’dithibis-(2-nitrobenzoic acid (DTNB), the oxidative form of glutathione (GSSG), and Nethylmaleimide (NEM).
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Chapter 4 Results
Matriptase activation is always followed by rapid inhibition of active matriptase
by its endogenous inhibitor HAI-1 (11). As a result of the two tightly coupled events,
matriptase-HAI-1 complexes are the predominant product of matriptase zymogen
activation. This is particularly true for simple epithelial cells, such as the ones derived
from mammary and prostate epithelia. Active matriptase can, however, be generated to
high levels and shed to extracellular milieu along with matriptase activation by
keratinocytes and multiple myeloma. The shed active matriptase can activate HGF, shed
syndecan 1, and accelerate plasminogen activation. The difference in the fate of active
matriptase results from the insufficient HAI-1 in multiple myeloma cells and the reduced
availability of HAI-1 by prostasin to matriptase in keratinocytes. 184 A1N4 mammary
epithelial cells were primarily used as a model system in the current study to study the
impact of chemical and physical environments on matriptase zymogen activation by
taking advantage of its relative simplicity of matriptase inhibition and the lack of robust
secretion of matriptase species following zymogen activation. The readout for matriptase
activation is simple and straightforward, namely the appearance of the 120-kDa
matriptase-HAI-1 complex at the cost of the 70-kDa matriptase zymogen.
4.1 Acidity greatly accelerates matriptase zymogen activation.
In order to study the impact of pH on matriptase activation, we compared the
times required for the onset of matriptase activation under pH 7.4 and pH 6.0. When
exposing living 184 A1N4 cells to a pH 7.4 buffer containing only 150 mM phosphate, it
took 40 min for the 120-kDa matriptase-HAI-1 complex and its degraded species to begin
to clearly appear (Fig. 4A). These complexes were detected both by matriptase and HAI16

1 monoclonal antibodies (mAbs). At pH 6.0, there was almost no lag phase prior to
robust matriptase activation. The 120-kDa matriptase complex was discerned 4 min post
exposing the cells to pH 6.0 (Fig. 4B). These data suggest that matriptase activation can
spontaneously occur at physiological pH and is greatly accelerated under mildly acidic
conditions.
The spontaneous activation at pH 7.4 can still take place in a cell-free setting
when matriptase was anchored at the insoluble fractions and separated from the cytosolic
fractions. While less dramatic than in the intact cells, the acceleration of matriptase
activation by acidity was also seen in this cell-free setting (Fig. 5). These data suggest
that the insoluble fractions of the cell homogenates contain all of the elements required
for matriptase activation. Since it took longer times for the onset of activation and
generated lower levels of matriptase-HAI-1 complex, the setting of intact cells seems to
provide better conditions, in which matriptase activation can take place much more
rapidly and effectively than that in the insoluble fractions. In contrast to the intact cell
and cell-free settings, matriptase in solution liberated from lipid bilayer biomembrane by
non-ionic detergent Triton X-100 lost the ability to undergo spontaneous activation (Fig.
5C). These data suggest that the cell membrane provides the necessary and sufficient
physical environment for matriptase to undergo spontaneous activation.
4.2 Chloride ions decelerate matriptase spontaneous activation
The cells need to be equipped with some mechanisms to control the spontaneous
matriptase activation and its acceleration by acidity. The first mechanism was discovered
when sodium chloride was noticed to inhibit matriptase activation in dose-dependent
manner in cell-free setting (12). When the cells were exposed to the pH 7.4 buffer
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containing 100 mM NaCl, the activation was almost completely suppressed; there was no
matriptase-HAI-1 complex was detected up to four hours incubation (Fig. 6A). NaCl
also significantly delayed the onset of matriptase activation induced by pH 6.0 buffer.
The onset of matriptase activation was at 4-6 min in the absence of NaCl (Fig. 4A) and at
30-40 min in the presence of NaCl (Fig. 6B). These data suggest that NaCl at the
physiological concentration is sufficient to suppress the spontaneous activation of
matriptase under physiological pH. This provides a needed mechanism to prevent cell
surface matriptase from undergoing spontaneous and constitutive activation and could
also allow cells to activate matriptase in an orderly and gradual way when the cells
encounter acidic milieu.
4.3 Chloride, but not sodium, ions suppress matriptase zymogen activation
In order to determine which ions of sodium chloride suppress matriptase
activation, the inhibition of matriptase activation by sodium gluconate (presence of Na+,
but absence of Cl-) and potassium chloride were compared. The acid-induced matriptase
activation was not affected by the addition of sodium gluconate up to 150 mM (Fig. 7A);
in contrast potassium chloride almost completely suppresses matriptase activation at 100
mM (Fig. 7B). This data demonstrates that chloride ions, rather than sodium ions, are the
ions that suppress matriptase activation. In addition to chloride, bromine and iodine, but
not fluoride, ions also can inhibit the acid-induced matriptase activation (Fig. 7C, D and
E). Interestingly, bromine and iodine are more potent than chloride, suggesting that the
size of halogen ions could play a role in affecting matriptase activation.
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4.4 Cytosolic reductive potential suppresses spontaneous matriptase autoactivation
Mechanisms preventing premature matriptase activation are also needed within
the cells, particularly when matriptase zymogen is trafficking through the gradually
acidified secretory pathway en route to plasma membrane. There might be a suppressive
factor(s) in the cytosol. As described above (Fig. 5), matriptase can undergo spontaneous
activation using the insoluble fractions which was separated from the cytosolic fractions.
We tested the existence of cytosolic suppressor of matriptase activation by adding the
cytosolic fractions back to the insoluble fractions in this cell-free setting. We observed
that activation of matriptase was significantly suppressed by the cytosolic fractions (Fig.
8A). The cytosolic suppressing activity appears to be conserved among different cells.
The cytosolic fractions prepared from prostate cancer cells LNCaP (Fig. 8A) and PC3
(Fig. 8A) also suppressed matriptase activation using the insoluble fractions prepared
from 184 A1N4 mammary epithelial cells. The suppressing activity was stable for
storage up to three days (Fig. 8A) but can be reversed by dialysis (Fig. 8A), suggesting
that the activity could be derived from small molecules. More importantly, the
suppressing activity can be neutralized by 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB),
which interacts with the sulhydral group, in a dose-dependent manner (Fig. 8A). The
cytosolic suppressive activity against matriptase activation was also neutralized in a dosedependent manner by the oxidized form of glutathione (GSSG) (Fig. 8B) and Nethylmaleimide (NEM), which can alkylate sulhydryl group (Fig. 8C). Given that the
suppressing activity is likely due to small molecules and that the three reagents, DTNB,
GSSG, and NEM, can make the cytosolic fractions more oxidative, these data suggest

19

that the redox state in the cytosolic fractions can affect matriptase zymogen activation:
the oxidative state favors matriptase activation and reductive state opposes it.
4.5 Oxidative stress in doxorubicin-treated apoptotic cells induces matriptase
activation
Since matriptase activation can be affected by the redox state and acidity, we
further tested whether altered cellular chemical environments in intact cells could affect
matriptase activation. Intracellular acidification and oxidative stress have been observed
in the apoptotic cell death, particularly for those undergoing mitochondrial mediated
apoptosis (66, 79). The chemical environments of apoptotic cells would, therefore, be
favorable for matriptase autoactivation. Doxorubicin (DOX), a powerful antibiotic
widely used to treat human cancers can induce mitochondria-mediated apoptosis and alter
cellular redox state via ROS overproduction and suppression of ROS-scavenging activity
(68). N-acetyl-L-cysteine (NAC), an antioxidant, has been wildly used to mitigate
conditions of oxidative stress by scavenging ROS (67). Therefore, we tested the
hypothesis that the intracellular oxidative stress in the DOX-induced apoptotic cancer
cells enhances matriptase activation, which then can be inhibited by the antioxidant NAC.
When treated with low concentrations of DOX (1 and 2 uM), activation of matriptase by
MCF-7 cells only slightly increased. Matriptase activation was significantly increased
with treatment with DOX at a concentration of 5 uM and higher (Fig. 9). In the presence
of the antioxidant NAC (50 uM), DOX-induced matriptase activation and shedding were
substantially suppressed (Fig. 9). Since it takes over 24 hours to see the apoptotic effect
of the treatment of DOX, the vast majority of matriptase-HAI-1 complexes have already
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been shed into extracellular milieu as 110-/95-kDa forms rather than the cellular 120-kDa
form (65).
4.6 Hypoxia stimulates matriptase activation
Hypoxia is another example that an altered cellular chemical environment affects
matriptase activation. Hypoxia alters redox homeostasis by increasing the production of
reactive oxygen species (ROS), which tips the redox state of the cells toward more
oxidative. Cobalt chloride (CoCl2) is a hypoxia-mimicking agent that can induce an
immediate generation of ROS (80). Therefore, CoCl2 was used to see if it could induce
matriptase activation and the antioxidant NAC could inhibit the CoCl2-induced
matriptase activation. When the cells were treated with CoCl2 in the basal medium,
matriptase activation was induced with an onset at around 1 hour and high level
activation around 3 hours after exposing to CoCl2 (Fig. 10A). The CoCl2-indcued
matriptase activation was readily suppressed by NAC (Fig. 10B). These data provide
further evidence for the role of altered intracellular redox homeostasis in matriptase
activation.
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pH 7.4

pH 6.0

Figure 4: Acidity greatly accelerates matriptase zymogen activation. 184 A1N4 mammary epithelial
cells were exposed to phosphate buffers either pH 7.4 (upper panels) or pH 6.0 (lower panels) at room
temperature for indicated times. The cell lysates were analyzed by immunoblot for matriptase (left panels)
and HAI-1 (right panels).
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pH 7.4

pH 6.0

Figure 5: Anchorage on cell membrane is required for matriptase activation. The insoluble fractions
of 184 A1N4 cells were prepared as described in the Material and Methods.
The insoluble
fractions
Figure continues
on next
page were
incubated in phosphate buffer pH 7.4 (A) or pH 6.0 (B) at room temperature for indicated times. (C) cells
treated with 1% Triton in pH 6.0 buffer and incubated at room temperature (20 and 120 min). The protein
samples were analyzed by immunoblot for matriptase (left panels) and HAI-1 (right panels).
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pH 7.4

pH 6.0

Figure 6: Sodium chloride attenuates matriptase activation. 184 A1N4 mammary epithelial cells
were exposed to phosphate buffers containing 100 mM NaCl either pH 7.4 (A) or pH 6.0 (B) at room
temperature for indicated times. The cell lysates were analyzed by immunoblot for matriptase (left
panels) and HAI-1 (right panels).
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Figure 7: Chloride rather than sodium ions suppress matriptase activation. 184 A1N4 mammary
epithelial cells were exposed to pH 6.0 phosphate buffers, containing different salts at indicated increasing
concentrations at room temperature for 20 min. These salts were sodium gluconate (A), potassium chloride
(B), sodium bromide, sodium iodine or sodium fluoride(C). The cell lysates were analyzed by immunoblot
for matriptase and HAI-1 (data not shown).
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Figure 8: Redox state affects matriptase activation. The insoluble fractions were prepared from
184 A1N4 cells. The fractions were incubated in phosphate buffer, pH 6.0 for 20 min either in ice
as negative control or at room temperature as positive control. The insoluble fractions were also
incubated in the cytosolic fractions, alone or containing DTNB, GSSG or NEM at increasing
concentrations, as indicated (A, B, or C). The cytosolic fractions, prepared from LNCaP and PC3
prostate cancer cells, were either dialyzed or stored at 4oC for three days. The insoluble fractions,
prepared from 184 A1N4 cells, were also incubated with the untreated, stored, or dialyzed cytosolic
fractions from LNCaP cells. The untreated and dialyzed cytosolic fractions, prepared from PC3,
were also tested for the suppressive activity. The lysates were analyzed by immunoblot for
matriptase.
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Figure 9: The oxidative stress in DOX-induced apoptotic breast cancer cell activates
matriptase. MCF-7 breast cancer cells were incubated with increasing concentrations of
doxorubicin, as indicated, in the presence or absence of N-acetylcysteine for overnight. The
conditioned media were collected and concentrated and analyzed by immunoblot for matriptase.
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Figure 10: Hypoxia stimulates matriptase activation. 184 A1N4 mammary epithelial cells were
exposed to 200 mM CoCl2 and incubated are room temperature for varying time points, which
revealed increased matriptase activation over time (A). N-acetylcysteine was able to counter act the
effects of CoCl2, which lead to a decrease in matriptase activation in a dose dependent manner (B).
The lysates were analyzed by immunoblot for matriptase
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Chapter 5: Discussion
In conjunction with its role in activation of other proteases, growth factors,
membrane receptors, and other biological molecules, matriptase autoactivation presented
with susceptibility to changes in the cellular chemical environment, such as changes in
pH, changes in ion concentration and changes in the redox state. The fast response and
the great magnitude of matriptase activation could serve an important mechanism for
many biological processes. One of the most important regulations of matriptase is,
however, to deliver matriptase zymogen to the surface of the cells without premature
zymogen activation. In route to the plasma membrane, matriptase zymogen must traffic
through the secretory pathway from the ER, Golgi, and secretory vesicles with fluctuation
of pH and redox state. In the ER, the favorable redox state for matriptase autoactivation
might be suppressed by the unfavorable neutral pH. The favorable acidic pH in the
secretory vesicles might be negated by the unfavorable reductive potential in the cytosol.
On the cell surface, the chloride ions at physiological concentration should also have a
role to prevent overwhelming matriptase autoactivation induced by extracellular acidosis.
In figure 7, we summary these regulatory mechanisms favorable and adverse to
matriptase zymogen activation in the secretory pathway
Understanding of the roles of oxidative stress, acidic pH and hypoxia in
matriptase zymogen activation has shed light on new aspects of cancer development and
progression. Cancer cells in general maintain a more oxidative cytosol, acidic
microenvironment, and hypoxic environment, all of which lead to increased matriptase
activation. Matriptase overexpression in gastric cancer cells significantly enhances their
metastatic ability, which in turn results in increased colonization in the lymph nodes
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when grafted into nude mice (70). Animal studies in which transgenic mice overexpress
matriptase in their skin resulted in all of the mice developing squamous cell carcinomas
and becoming susceptible to carcinogen-induced tumor formation (71). Matriptase’s
ability to robustly activate in an acidic and oxidative environment has shed light on the
possible mechanism for how breast cancer cells lose sensitivity to sphingosine 1phosphate, which is the physiological mechanism mammary epithelial cells employ to
induce matriptase activation. The oxidative cytosol in breast cancer cells might cause
constitutive matriptase activation and shedding of matriptase zymogen and activated
matriptase. In figure 5, NAC reduces the basal-line levels of shed matriptase in MCF-7
breast cancer cells. This piece of data is congruent with the role of oxidative cytosol in
breast cancer cells in the constitutive matriptase activation. Drugs designed to inhibit
matriptase activation may in turn help prevent cancer progression and/or invasiveness.
The enhanced metastatic ability of cancers that present with increased matriptase
activation may be caused by the oncogenic activity of matriptase. Increased matriptase
activation leads to increased activation of its substrates, urokinase-type plasminogen
activator (pro-uPA) and the inactive preform of the hepatocyte growth factor, also known
as scatter factor (pro-HGF/SF) (6 ,8). These two substrates of matriptase are important
for the process of invasive growth, which includes cell proliferation, cell-cell
dissociation, migration, crossing of the basal membrane, and colonization of distant sites.
Invasive growth is important for organ regeneration and maintenance as well as
pathological processes such as tumor growth and metastasis. The uPA cascade promotes
extracellular proteolysis via plasminogen activation, regulates cell/ECM interactions and
regulates cell migration. All of these are important for tissue remodeling, invasiveness,
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and angiogenesis. uPA is often up regulated in cancer and has been shown to promote
tumor invasion and metastasis (25). HGF/SF acts as a growth factor for hepatocytes and a
secretory product of fibroblasts that dissociates epithelial cells and increases their
motility (24-26). HGF/SF has a high affinity for Met and by binding to the receptor
induces multiple signaling pathways, including Ras-MAPK, PI3K, Src, and Stat3, which
lead to the activation of genes required for invasive growth (24-26). Studies have shown
that HGF and Met are important in tumorigenesis, tumor invasiveness, differentiation,
and tumor angiogenesis. Matriptase also activates stromelysin (MMP-3) and promotes
tumor growth and angiogenesis (72).
The ratio of matriptase to HAI-1 rather than the levels of matriptase is more likely
the driving force that converts physiological function of matriptase into an oncogenic
one. However, both increased matriptase expression and an imbalance between
matriptase and HAI-1 are commonly observed in a wide variety of primary human
carcinomas (73,74). The later stages of breast cancer present with reduced expression of
matriptase, which may be associated with poor outcome. The reduced expression of
matriptase in the later stages of breast cancer seems to be consistent with the down
regulation of matriptase during the process of epithelial to mesenchymal transition
(EMT) (75, 76). HAI-1 is also been shown to be down regulated in advanced ovarian
cancer (77), which supports that the ratio of matriptase to HAI-1 rather than the
expression levels of matriptase may be more important for the role of matriptase in
cancer. Treatments aimed at balancing this ratio and compensating for the robust increase
of matriptase action due to the altered chemical environment of cancer cells may be
another new avenue for the treatment of cancer.
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Matriptase overexpression in cancer cells compared to that of normal cells may
also allow for new targeted therapy. In normal healthy cells matriptase is predominantly
found as a zymogen, which would allow for the development of drugs that are targeted
towards the active form of matriptase. This would allow for the use of lower doses of
current drugs, which would decrease the amount or severity of the side effects associated
with treatment. For example, Doxorubicin is an effective chemotherapeutic agent for
hematologic cancers, but it also causes cardiac toxicity, which includes a variety of acute
atrial and ventricular dysrhythmias, a pericarditis—myocarditis syndrome, and acute
hypertensive reactions occurring shortly after the administration of this drug (78). If
doxorubicin was conjugated to an antibody that recognized the active form of matriptase,
it could be used to treat cancers that present with increased activation of matriptase. This
would hopefully allow for the use of lower concentrations of doxorubicin, which in turn
would limit the cardiac toxicity associated with the drug. The lower dose requirement
required for targeted therapy may also allow for the use of drugs that once were too toxic
to use before.
Future research in our lab will be directed towards determining if matriptase
activation during times of cellular stress, such as acidic pH and oxidative conditions, is a
survival mechanism or aids in cell death. We are currently trying to answer this question
by inducing apoptosis and hypoxia in A1N4 matriptase knockout cell and wild type
A1N4 cell and then compare the rate of cellular death between the two cell lines. If there
is an increase in the rate of cellular death compared to cells that express matriptase, we
would be able to conclude that matriptase activation during times of cellular stress is a
protective response. This new avenue of research will give us a better understanding of
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the cellular response to stress, which causes changes in the chemical milieu and a
possible new avenue of cancer treatment.

Figure 11: Regulatory mechanisms of matriptase activation in the secretory pathway. The ER
has an oxidized environment that promotes matriptase activation, but it has a neutral pH, which aid
in the control of activation. The environment of the Golgi is mildly acidic, which promotes
matriptase activation, but is also has a reduced environment that prevent activation. When
matriptase is present on the cell surface, it is the presence of the chloride ions that control activation
when the extracellular environment becomes acidic and/or oxidized.
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