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D

espite the successful physiological and biochemical characterization of many proteases, the vast majority of the ⬎2% of the
human genome that encodes proteases has yet to be functionally
classified. Although many approaches demonstrate the sufficiency
of a protease to cleave a given substrate, very few are able to address
the physiological relevance of such in vitro findings. Cell-surface
proteolysis is suggested to play a major role in cancer progression
and metastasis through the processing of macromolecules important for regulating the extracellular environment. The cell-surface
localization, high activity, and exquisite specificity of type II transmembrane serine proteases (TTSPs) suggest a role in outside-in
signaling and interaction with the microenvironment. We elected to
apply a multifaceted approach to identify physiologically relevant
substrates of one prominent member of this family, membrane type
serine protease 1 (MT-SP1/matriptase).
Members of the TTSP family, such as hepsin and MT-SP1, are
highly expressed in many cancers, including those of the prostate,
breast, colon, and ovary (1–9). Both overexpression and inhibition studies have supported the role of MT-SP1 in tumorigenesis
and tumor growth. Targeted overexpression of MT-SP1 in
squamous epithelia in mice results in skin-limited nodules of
squamous cell carcinoma that become metastatic in the presence of
the chemical carcinogen DMBA (10). Small molecule and macromolecular inhibitors of MT-SP1 have been developed and applied
in a mouse model of cancer, resulting in growth suppression of
androgen-independent prostate cancer xenografts (2, 11). Taken
together, these findings suggest a role for MT-SP1 in cancer.
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In this study, we sought to explore the mechanism of
MT-SP1’s activity in more detail. Although transcriptional
coregulation has been reported between known pathway components, it has not been applied for the prediction of novel
enzyme substrates (12, 13). Transcriptional profiling of nearly
2,000 human samples, including those from normal tissues,
cancer cell lines, and 17 types of cancer tissue was performed
to determine expression levels of MT-SP1, its candidate
substrates, and its proposed endogenous inhibitor, the hepatocyte growth factor activator 1 (HAI-1) (14). Candidate
substrates whose expression correlated with that of MT-SP1 in
a statistically significant fashion were chosen for subsequent
biochemical validation. These substrates were tested and validated in primary cells. Using this approach, we identified the
cancer-associated growth factor macrophage-stimulating protein 1 (MSP-1) as a substrate of MT-SP1.
Results
Use of PS-SCL and Other Specificity Data to Guide Candidate Substrate
Selection. Limited information on MT-SP1 substrate specificity was

collected by using a complete diverse positionally scanned synthetic
combinatorial library (PS-SCL) of synthetic substrates. The method
can be used to identify consensus, nonprime side cleavage motifs for
proteases (15). Our functional characterization of the binding
specificity of MT-SP1 at the substrate-binding cleft is in accord with
the information obtained from structural studies revealing trypsinlike specificity at the S1 position, a shallow pocket for small,
hydrophobic residues at the S2 position, and an open negatively
charged cavity at the S4 position, allowing for binding of a basic
residue at P3 or P4 (16). Given the relative degeneracy of the
specificity information obtained through biochemical profiling and
structural studies, additional information was considered in the
development of a consensus cleavage sequence. By using the
specificity determinants obtained from the PS-SCL data and an
alignment of known macromolecular substrates, a set of consensus
sequences for MT-SP1 cleavage was deduced. The specificity of
MT-SP1 was in fairly good agreement with the described cleavage
sequence of the HGF-homolog, MSP-1 (Table 1).
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A multidisciplinary method combining transcriptional data, specificity profiling, and biological characterization of an enzyme may
be used to predict novel substrates. By integrating protease substrate profiling with microarray gene coexpression data from
nearly 2,000 human normal and cancerous tissue samples, three
fundamental components of a protease-activated signaling pathway were identified. We find that MT-SP1 mediates extracellular
signaling by regulating the local activation of the prometastatic
growth factor MSP-1. We demonstrate MT-SP1 expression in peritoneal macrophages, and biochemical methods confirm the ability
of MT-SP1 to cleave and activate pro-MSP-1 in vitro and in a cellular
context. MT-SP1 induced the ability of MSP-1 to inhibit nitric oxide
production in bone marrow macrophages. Addition of HAI-1 or an
MT-SP1-specific antibody inhibitor blocked the proteolytic activation of MSP-1 at the cell surface of peritoneal macrophages. Taken
together, our work indicates that MT-SP1 is sufficient for MSP-1
activation and that MT-SP1, MSP-1, and the previously shown
MSP-1 tyrosine kinase receptor RON are required for peritoneal
macrophage activation. This work shows that this triad of growth
factor, growth factor activator protease, and growth factor receptor is a protease-activated signaling pathway. Individually, MT-SP1
and RON overexpression have been implicated in cancer progression and metastasis. Transcriptional coexpression of these genes
suggests that this signaling pathway may be involved in several
human cancers.

Table 1. Alignment of MSP-1 activation sequence with the predicted MT-SP1 cleavage
sequence consensus

Filaggrin
HGF/SF
MT-SP1/matriptase
PAR2
Trask/CDCP1/SIMA135
uPA/urokinase
*P1-diverse PS-SCL
Phage Display
Crystal Structure
Consensus
*MSP-1

P4

P3

P2

P1

R
K
R
S
K
P
K/R
K/R vs. X
K/R vs. X
K/R vs. S/P
S

K
Q
Q
K
Q
R
K/R
X vs. K/R
X vs. K/R
Q vs. K/R
K

R
L
A
G
S
F
S⬎P⬎G⬎L
Small/hydrophobic
Small/hydrophobic
Small/hydrophobic
L

R
R
R
R
R
K
K/R
K/R
K/R
R⬎K
R

Per standard notation, P1 is designated as the amino acid N-terminal to the scissile bond with P2 being the
amino acid N-terminal to P1, etc. The P4 through P1 amino acids for known substrates of MT-SP1, P1-diverse PS-SCL
data, phage display data, and crystallographic determinations are displayed. An MT-SP1 consensus cleavage
sequence was derived from this information. The MSP-1 activation sequence is also presented. Asterisks indicate
compiled PS-SCL data or MT-SP1 cleavage sequences determined by N-terminal sequencing in this work.
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HAI-1

RON

PAR2 (probe set 2)

Trask

VEGF

PAR2 (probe set 1)

MSP

uPA

EGFR

DEFA5

EGF

PTPRD

VEGFR2

Frizzled-1 homolog

HB-EGF

VEGFR1

H GF

FGFR-1

Tissue Categories
bFGF

To measure candidate gene RNA levels in human tissues and cell
lines, tumor samples and cancer-derived cell lines were obtained
from multiple sources. Tumor samples were obtained from the
following tissue types: bladder, breast, cervical, colon, esophageal, head and neck, lung, ovarian, pancreatic, prostate, renal,
stomach, testicular, and uterine cancers as well as Ewing’s
sarcoma, glioblastoma, and melanoma. Fifty-nine cancer cell
lines, largely obtained from the American Type Culture Collection (Manassas, VA), were cultured in vitro and as SCID mouse
xenografts. RNA was extracted from these samples, and RNA
from 382 samples representing 86 types of nonpathogenic tissue
was obtained from commercial sources. A single, custom microarray chip was designed to contain 400,000 perfect-match
probes (⬇59,000 probe sets). These arrays were then probed with
biotinylated cDNA derived from the sample RNAs, and binding
was quantitated by fluorescence. Genes of interest, such as
described and predicted MT-SP1 substrates, the hepatocyte
growth factor activator inhibitor 1 (HAI-1), and common cancer
markers were chosen for further analysis. Both Pearson’s product moment correlation coefficients and Spearman’s rank-order
correlation coefficients were calculated for all the given genes
paired with MT-SP1. Bonferroni-corrected P values and false
discovery rate P values are presented in supporting information
(SI) Table 2. The data are summarized in Fig. 1, with statistical
significance of the correlation established as P ⬍ 0.05 after
Bonferroni correction or the false discovery rate correction (see
Methods and SI Appendix). Significant correlations were not
detected in cervical cancer, esophageal cancer, fetal tissues, head
and neck cancer, Ewing’s sarcoma, renal cancer, melanoma, or
testicular cancer.
Expression of HAI-1 and MT-SP1 was significantly correlated
in 13 of the tissue/cell line categories studied. The range of
unadjusted P values calculated for the Pearson’s product moment correlation coefficient range from 1.83 ⫻ 10⫺45 (HAI-1;
normal tissues) to 0.994. The range of unadjusted P values
calculated for the Spearman’s rank-order correlation coefficient
range from 5.85 ⫻ 10⫺34 (HAI-1; normal tissues) to 1. The most
highly significant correlation detected was between HAI-1 and
MT-SP1 in the aggregated sample of individually characterized
normal body tissues.
This analysis showed that the expression of MT-SP1 and two
of its previously described substrates, Trask and PAR2, was also
significantly correlated in many tissue types. Interestingly, expression of the described MT-SP1 substrate HGF did not

correlate well with MT-SP1 expression at the transcriptional
level. Transcriptional expression of the HGF homolog, MSP-1,
however, correlated well with expression of the protease in
normal tissues and in certain cancers (Fig. 1). Furthermore,
expression of the receptor for MSP-1, RON, very strongly
correlated with MT-SP1 expression. Although RON has a fairly
narrow expression pattern in normal tissues, including terminally
differentiated macrophages, keratinocytes, several types of columnar epithelium, and osteoclasts (17), our data demonstrated
aberrant receptor expression in certain cancer tissues. MT-SP1
and RON transcript levels were correlated in several tissue types

number of samples

Transcriptional Profiling of Candidate MT-SP1 Substrates Demonstrates Two Candidate Proteins That Are Coexpressed with MT-SP1.

74
Prostate cancer - 2
153
Lung cancer
212
Cell lines
46
Stomach cancer
33
Prostate cancer - 1
47
Glioblastoma
103
Bladder cancer
85
Breast cancer
71
Ovarian cancer - 1
81 Colon cancer - Metastatic
70
Ovarian cancer - 2
61
Pancreatic cancer
204
Colon cancer
328
Normal tissues
56
Uterine cancer

Bonferroni, p < 0.05
FDR, p < 0.05

Fig. 1. Correlational cluster diagram of MT-SP1 and associated proteins.
Transcriptional profiling of 19 genes was performed for nearly 2,000 samples
from cell lines, normal tissues, and cancer tissues. Pearson’s and Spearman’s
correlation coefficients were calculated for each gene paired with MT-SP1.
Associated P values were also calculated and corrected by using the Bonferroni
correction method (highly specific) and the false discovery rate (FDR) method
(highly sensitive). Significantly correlated gene pairs (adjusted P ⬍ 0.05) are
indicated by shading. Tissue categories without any significant correlations
are not displayed. All correlations determined to be significant by using the
Bonferroni method (darker shading) are significant by using the FDR method
(lighter shading). Transcript levels of HAI-1, the proposed endogenous inhibitor of MT-SP1, are significantly correlated with transcript levels of MT-SP1 in
the largest proportion of tissues.
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Fig. 3. MT-SP1-activated MSP-1 induces macrophage activation and morphology change. Primary mouse peritoneal macrophages were serum-starved
and incubated in serum-free medium (SFM) in the absence or presence of 50
ng/ml MSP-1, 50 ng/ml pro-MSP-1, 40 nM HAI-1, and 400 nM anti-MT-SP1
antibody as indicated for 4 h. Upon treatment with MSP-1 or pro-MSP-1, the
macrophages undergo a characteristic morphological change demonstrated
by the development of an elongated shape and spiny protrusions. HAI-1 or
anti-MT-SP1 antibody inhibition of endogenous MT-SP1 proteolytic activity
abrogates the ability of pro-MSP-1 to induce this morphological change.
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Fig. 2. MT-SP1 and RON, but not HAI-1, are expressed in peritoneal macrophages, and MT-SP1 cleaves MSP-1 at the activation site. (A) TaqMan was
performed to determine MT-SP1, RON, and HAI-1 expression in primary mouse
bone marrow-derived macrophages and peritoneal macrophages. MT-SP1
and RON are expressed at levels at least 10-fold greater in peritoneal macrophages than in bone marrow-derived macrophages. HAI-1 is not expressed in
either cell type. (B) One hundred nanomolar MT-SP1 was incubated with 200
ng of pro-MSP-1 for 30 min at 37°C and then separated by SDS/PAGE. Approximately 50% of pro-MSP-1 is processed into the active ␣-␤ heterodimer in this
time, as judged by silver stain. Decrease of the intensity of the pro-MSP-1 band
is accompanied by a concomitant increase in the intensity of the band representing the ␤ chain of MSP-1. (C) MT-SP1 activates pro-MSP-1 in a dosedependent manner as is shown by disappearance of the full-length pro-MSP-1
by immunoblot (from left to right: 1 nM, 10 nM, and 100 nM).

with coexpression strength on par with MT-SP1/Trask and
MT-SP1/HAI-1. The MT-SP1/MSP-1/RON interaction was chosen for subsequent biochemical validation.
MT-SP1 Is Present on the Cell Surface of Peritoneal Macrophages.

Quantitative RT-PCR (Fig. 2) and immunoblotting (data not
shown) demonstrated the expression of both MT-SP1 and RON
in mouse peritoneal macrophages at levels ⬎10-fold higher than
in bone marrow-derived macrophages (Fig. 2). The endogenous
inhibitor of MT-SP1, HAI-1, was not highly expressed in either
cell type. MSP-1 and RON were originally described as important components of signaling cascades at the surface of certain
populations of mature and differentiated macrophages. Previous
studies have identified a cell-surface, trypsin-fold serine protease
activity on macrophages that activates MSP-1, potentiating
MSP-1 binding to RON and subsequent macrophage activation
(18–20).
Cell Surface-Bound MT-SP1 Can Cleave the Predicted Substrate proMSP-1. We investigated whether MT-SP1 could activate MSP-1

for several reasons: (i) MSP-1 requires proteolytic activation to
Bhatt et al.

bind and activate its receptor RON (18–21) (ii) MSP-1 contains
the consensus sequence for cleavage by MT-SP1 (Table 1), and
(iii) MT-SP1 and RON are coexpressed in both peritoneal
macrophages and cancer tissues, consistent with previous observations that MSP-1 is activated at the surface of cells that
respond to MSP-1 (20). Activation of MSP-1 is the result of
proteolysis C-terminal to R483 (21). The specificity determinant
N-terminal to R483 is the peptide sequence SKLR (P4-P1) (22),
and is in agreement with the PS-SCL results for MT-SP1 (Table
1). MT-SP1 cleaved pro-MSP-1 into two major fragments, which
corresponded to the ␣ and ␤ chains of the mature MSP-1 (Fig.
2). Cleavage at R483 was confirmed by N-terminal sequencing of
the ␤ chain (data not shown). The dose-dependence of this
cleavage event was established by analyzing pro-MSP-1 cleavage
over a 1,000-fold concentration range. Cleavage of MSP into the
␣ and ␤ chains was detectable at concentrations of protease as
low as 1 nM, with nearly complete activation of pro-MSP-1 by
100 nM MT-SP1 within 1 h at 37°C. Activation of RON at R309
after the specificity determinant RRRR (P4-P1) was also demonstrated by the nearly complete processing of single chain RON
into the mature ␣/␤ complex by MT-SP1 (data not shown).
MSP-1 Activation by MT-SP1 Results in Macrophage Morphology
Changes and Inhibition of Nitric Oxide Production by Macrophages.

The cleavage of MSP-1 by MT-SP1 was then tested in primary
cells in culture. Macrophages respond to MSP-1 via RON
activation, leading to changes in cell shape and increased migration, as well as an inhibition of nitric oxide production
(23–25). We found that primary mouse peritoneal macrophages,
but not primary mouse bone marrow macrophages, underwent
a characteristic shape change upon activation by MSP-1 (Fig. 3)
(25). The effects of the endogenous MT-SP1 inhibitor, HAI-1,
and a highly specific MT-SP1 antibody inhibitor (Fig. 3) were
studied. The morphology change in response to MSP-1 was
independent of HAI-1 or anti-MT-SP1 antibody presence. Both
inhibitors were used at concentrations 10-fold over the reported
Ki. Cell surface-bound MT-SP1 converted pro-MSP-1 into its
biologically active form, and cells underwent morphology change
when incubated with pro-MSP-1 in the absence of HAI-1 or the
anti-MT-SP1 antibody. Addition of a specific inhibitor of MTSP1, either HAI-1 or the anti-MT-SP1 antibody, prevented
PNAS 兩 April 3, 2007 兩 vol. 104 兩 no. 14 兩 5773
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Fig. 4. MT-SP1 activated MSP-1 inhibits LPS-induced nitric oxide production
in macrophages. Mouse bone marrow macrophages were isolated and cultured in 24-well plates. Nitric oxide production was measured by the Griess
reaction. The macrophages exhibit a robust nitric oxide production response
to the positive control of 1 g/ml LPS. (A) From left to right, the histogram
represents cell cultured with (i) medium alone, (ii) 10 ng/ml MSP-1, (iii) 10
ng/ml pro-MSP-1, (iv) 10 ng/ml pro-MSP-1 plus 10 nM MT-SP1, (v) 1 g/ml LPS,
(vi) 1 g/ml LPS plus 10 ng/ml MSP-1, (vii) 1 g/ml LPS plus 10 ng/ml pro-MSP-1,
and (viii) 10 ng/ml pro-MSP-1 plus 10 nM MT-SP1 plus 1 g/ml LPS. The
experiment was repeated twice in triplicate, and the data from these experiments were averaged and are reported ⫾SE. (B) The data are also presented
as percent inhibition of NO production as a function of sample conditions.

macrophage activation despite the presence of pro-MSP-1.
These data indicate that MT-SP1, present on the peritoneal
macrophage cell surface, is responsible for the activation of
pro-MSP-1.
Another measure of macrophage response to MSP-1 is inhibition of LPS-induced nitric oxide production. MSP-1 is a strong
attenuator of bone marrow macrophage nitric oxide production
in its activated form but does not exhibit this property in its
pro-form (23). Primary mouse bone marrow macrophages
showed a robust production of nitric oxide in response to LPS
(Fig. 4A). As expected, pro-MSP-1 alone did not inhibit this
response. At baseline, the addition of MT-SP1 alone stimulated
production of NO. This is likely secondary to LPS contamination
in the recombinant MT-SP1 as it is produced in Escherichia coli.
However, upon activation of pro-MSP-1 with exogenously added
MT-SP1, there was a nearly 40% inhibition of LPS-induced nitric
5774 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0606514104

oxide production, commensurate with that achieved with MSP-1
(Fig. 4).
Pro-MSP-1 is thus converted to its bioactive form by MT-SP1,
as measured by both macrophage morphology change and
inhibition of macrophage nitric oxide production. Furthermore,
endogenous MT-SP1 is likely to be responsible for pro-MSP-1
activation on the surface of peritoneal macrophages.
Discussion
Determining the physiological role of orphan proteases has been
a long-standing challenge. Many successful approaches have
been recently reported by using affinity-tagged mass spectrometric labeling of newly cleaved substrates and through the use
of specific macromolecular inhibitors of proteases to identify key
components of important cellular pathways (26, 27). Using a
strategy combining specificity profiling, transcriptional data, and
biochemical enzyme characterization, we have identified a protease (MT-SP1/matriptase), its growth factor substrate (MSP-1),
and the corresponding growth factor receptor (RON) as basic
components of a cell-stimulatory cascade.
Considering that MT-SP1 could play a significant biochemical
role in mediating signaling by processing cancer-related proteins
in vivo, we hypothesized that these signaling proteins would likely
be coexpressed with MT-SP1. To test this hypothesis, a group of
candidate genes were chosen whose expression correlated with
that of MT-SP1 in cancer tissues. The protein products of these
genes were then analyzed for accessible MT-SP1 cleavage motifs.
Finally, candidate substrates that were coexpressed with MT-SP1
and had accessible cleavage motifs were validated in vitro and in
cell-based assays. The coexpression of MT-SP1 with its proposed
endogenous inhibitor, HAI-1, provided authentication of our
approach. The biological interaction between HAI-1 and MTSP1 has previously been described in human breast milk (14).
Further studies support the interaction of HAI-1 and MT-SP1 in
breast cancer tissues, because protein levels of the proteaseinhibitor pair are well correlated by immunohistochemistry in a
majority of 330 node-negative breast cancer tissue samples (5).
Recent work has suggested a role for HAI-1 in both inhibition
of MT-SP1 and trafficking of MT-SP1 to the cell surface (28). In
our study, MT-SP1 and HAI-1 transcript levels were significantly
correlated in a majority of the cancerous tissues examined. This
strong correlation suggests that HAI-1 may act as an inhibitor of
MT-SP1 in several other types of cancers in addition to the
originally shown interaction in breast milk and breast cancer
tissue.
Coexpression analysis showed that transcript levels of MT-SP1
and three of its previously described substrates, uPA, PAR2, and
Trask, were also significantly correlated in many tissue types.
The G protein-coupled receptor PAR2 and the plasminogen
activator uPA are both activated by MT-SP1-mediated proteolysis in vitro, and some in vivo evidence exists to support the
physiologic role of MT-SP1 in activating these proteins (29).
Recently, Trask/CDCP1/SIMA135, a mitotic substrate of src
kinases, was shown to be an endogenous substrate of MT-SP1
(30). Along with HAI-1, Trask was one of the most tightly
coregulated proteins identified in the present study. Thus,
several PS-SCL-identified substrates of MT-SP1 were coexpressed with MT-SP1, supporting their involvement in MT-SP1modulated pathways in vivo. These data also provide further
authentication of the combined substrate specificity/coexpression method for identification of protease substrates. MT-SP1
and a subset of its substrates/inhibitors are coexpressed, and this
relationship may be partially generalized to other MT-SP1
substrates and other enzyme-substrate pairs. It is important to
note, however, that this approach may not be fully generalized,
given that many substrates are expressed distally from the site of
enzyme production.
Bhatt et al.

Methods
PS-SCL. Recombinant MT-SP1 was prepared as described (11),
and substrate specificity of MT-SP1 was determined by using
conditions described in refs. 15 and 36. For further details, please
see SI Methods.
Tumor Samples, RNA Preparation, and Hybridization to Custom DNA
Microarrays. Tumor samples and cell lines were obtained from

multiple sources with IRB approval for all tumor samples used
Bhatt et al.

in this study. Breast, prostate, and ovarian cancer specimens
were obtained from two independent research trials and were
therefore analyzed separately and are referred to as trials 1 and
2. Total RNA from nonpathogenic human tissues and organs was
obtained commercially (Clontech, Palo Alto, CA; Invitrogen,
Carlsbad, CA) or was isolated from fresh-frozen cadaveric
samples (Zoion Diagnostics, Shrewsbury, MA) from trauma
victims. The details of the tissue samples used and microarray
design are more thoroughly described in SI Methods.
Quantitative RT-PCR. RNA was extracted from both mouse bone

marrow macrophages and peritoneal macrophages by using
TRIzol reagent as described elsewhere in this manuscript. The
following TaqMan primers were purchased: (Mm00436365㛭m1
(RON), Mm00487858㛭m1 (MT-SP1), Mm00444186㛭m1 (HAI-1)
(Applied Biosystems, Foster City, CA). All reactions were
performed with Universal PCR Master Mix (Applied Biosystems)
using the AB 7300 Real Time PCR system and were monitored
over 40 cycles according to manufacturer’s recommendations.
Statistical Analysis. Gene expression data were collected for
MT-SP1, known substrates, putative substrates, and control
genes. To determine the level of correlation of MT-SP1 with
these candidate genes, two statistical methods were used. All
calculations were performed by using Microsoft Excel or the
statistical shareware ‘‘R’’ and are detailed in SI Appendix.
Pearson’s product moment correlation coefficients, Spearman’s
rank-order correlation coefficients, and associated P values were
calculated. These P values were then corrected by using both the
Bonferroni correction and the false discovery rate correction to
account for making multiple comparisons (37). Correlation
significance was stratified based on the calculated P values for
both Pearson’s and Spearman’s correlation calculations. Correlation coefficient pairs and tissue types were clustered and
presented in a diagrammatic format. Gene pairs are color coded
according to level of significance and sign of the correlation, as
described in the figure legend.
Isolation and Culture of Mouse Bone Marrow and Resident Peritoneal
Macrophages. Mouse bone marrow macrophages were isolated by

flushing the marrow of collected mouse femurs with DMEM and
by selection in vitro (detailed description in SI Methods). Resident peritoneal macrophages were collected from mice by using
10 ml of DMEM or RPMI medium 1640 for peritoneal lavage.
Cells were collected by centrifugation and were plated in either
DMEM or RPMI medium 1640 with 10% FBS and 1⫻ Pen/
Strep. The yield was ⬇5 ⫻ 105 cells per mouse.
Recombinant MSP-1 Cleavage Reactions. Recombinant human MTSP1 catalytic domain was prepared and active site titrated as
described (11). Recombinant pro-MSP-1 and mature MSP-1 was
purchased from R & D Systems (Minneapolis, MN). Briefly, 200
ng of pro-MSP-1 or mature MSP-1 was incubated in the presence
or absence of 100 nM MT-SP1 for 30 min at 37°C. This
corresponds to a molar ratio of substrate to enzyme of 1.25:1.
The products were then separated by SDS/PAGE on 4–20%
Tris-glycine gels (Invitrogen) and either silver stained or blotted
onto PVDF for microsequencing or nitrocellulose for immunoblotting. N-terminal sequencing of MSP-1 cleavage products was
carried out at the University of California Molecular Structure
Facility (Davis, CA).
Macrophage Morphology Change Assays. Resident peritoneal

mouse macrophages were plated at a density of ⬇2 ⫻ 104 cells
per well in sterile nontissue culture, 24-well plates and cultured
in serum-free DMEM overnight. Recombinant MSP-1, proMSP-1, HAI-1, and the MT-SP1-specific antibody inhibitor were
added to 750 l of DMEM as indicated in Fig. 3. The antibody
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The finding that MT-SP1 and MSP-1 were highly coexpressed
supports their physiologic relevance as an enzyme-substrate pair.
The interaction was studied in a cell-based system of peritoneal
macrophages. We demonstrated that MT-SP1 is expressed on
peritoneal macrophages that respond to MSP-1. Although the
transcriptional data suggest that HAI-1 and MT-SP1 are often
coexpressed, the interaction between HAI-1 and MT-SP1 is
likely complex. Peritoneal macrophages represented an ideal
system for the study of MT-SP1 because they are primary cells
and lack HAI-1, thereby eliminating a possible confounding
element to the analysis of cell-based inhibition assays. The exact
role of HAI-1 in processes, such as inhibition and trafficking of
MT-SP1, however, remains to be determined.
The substrate-specificity profiling data for MT-SP1 is in
agreement with its ability to cleave the activation sequence of
MSP-1, and this was confirmed in vitro. Further experiments
demonstrated that cell surface-bound MT-SP1 on peritoneal
macrophages activates MSP-1 into its bioactive form and that
this constitutive activation could be blocked by the addition of
exogenous HAI-1 or a specific antibody inhibitor of MT-SP1.
Activation of RON by MSP-1 led to alteration in peritoneal
macrophage cell morphology and important downstream biochemical changes such as modulation of NO production in
bone marrow-derived macrophages.
Although RON activation by MSP-1 has been thoroughly
described in macrophages, resulting in myriad effects ranging
from macrophage activation to chemotaxis to proliferation (19),
this signaling pathway is also important elsewhere. For example,
overexpression of either MT-SP1 or RON, leads to spontaneous
tumor formation in mouse models (31, 32). Given this and the
data supporting MT-SP1, MSP-1, and RON expression in various cancer tissues, we suggest that this pathway may be important in tumor development, maintenance, and/or progression.
MT-SP1, MSP-1, and RON have all been established as cancerassociated molecules (2, 17, 33, 34). We suggest that cancer cells
may ‘‘hijack’’ this signaling pathway by increasing coordinate
expression of MT-SP1, MSP-1, and RON to drive proliferation
and migration, two fundamental traits of transformed cells. The
components of this extracellular proteolytic signaling pathway
are involved in macrophage activation and are coexpressed in
several tumors, suggesting that the cascade may play a critical
biological role in certain cell types and many cancer tissues. Their
participation in activation of macrophages is particularly interesting, given the association between cancer progression and
inflammation (35). The pathway described here may, indeed,
have clinical significance, as suggested by a recent study showing
that tumors overexpressing MSP-1/MT-SP1/RON are significantly more metastatic than the control group in which only a
subset of these genes are expressed (34).
Although this work suggests the sufficiency and importance of
MT-SP1 for the activation of MSP-1, MT-SP1 is a member of a
much larger family of TTSPs. In certain tissues, these TTSPs may
exhibit redundancy of function and may substitute for MT-SP1
in this newly described pathway. Thus, we propose that membrane associated serine proteases, such as, but not limited to,
MT-SP1, represent a previously uncharacterized conceptual
class of upstream regulators of growth factor activity and thus as
catalysts in the initiation of outside-in signaling.

inhibitor was prepared as described and used at a final assay
concentration of 400 nM (38). MSP-1 and pro-MSP-1 were used
at 50 ng/ml, and HAI-1 was used at 40 nM. Four hundred
seventy-five microliters of this culture medium was then applied
to the serum-starved cells. After a 1-h incubation at 37°C with
5% CO2 injection, the cells were analyzed by inverted microscopy, and representative pictures were taken. The experiment
was repeated three independent times, and microscopic image
acquisition and analysis was blinded.
Testing MT-SP-1 Cleaved MSP-1 for Bioactivity in Nitric Oxide Production Assays. Bone marrow mouse macrophages were isolated as

described above and were plated at a density of ⬇5 ⫻ 105 cells
per well in 24-well plates and cultured in serum-free DMEM for
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added to 750 l of DMEM as indicated in Fig. 4 and sterilefiltered with a 0.22-m syringe-driven filter unit (Millipore,
Billerica, MA). The final concentration of MSP-1 and proMSP-1 was 10 ng/ml, the final concentration of MT-SP1 was 10
nM, and the final LPS concentration was 1 g/ml. This medium
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