
Introduction

Endothelial cell remodeling and angiogenesis are fundamental
to many normal physiological processes (1) and are also key
elements in the progression of growth dependent pathologies
such as rheumatoid arthritis, psoriasis, arteriosclerosis and 
cancer (2, 3).  Angiogenesis, the process by which new blood
vessels are generated from the pre-existing vasculature, occurs
in capillary or post-capillary venules associated with the

microvascular endothelium.  It is a highly regulated and dyna-
mic process requiring extensive changes in endothelial cell
function, including changing interactions with the underlying
basement membrane, remodeling of and migration through
extracellular matrix (ECM), proliferation and differentiation,
eventually resulting in the formation of endothelial tubules with
patent lumens capable of transporting blood (3).  These complex
series of events involve a corresponding complex array of newly
expressed molecules, amongst which proteolytic enzymes are
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of these 5 genes and identified 7 additional serine protease
genes expressed by human endothelial cells, urokinase-type
plasminogen activator, protein C, TMPRSS2, hepsin, matriptase/
MT-SP1, dipeptidylpeptidase IV, and seprase. Differences in se-
rine protease gene expression between microvascular and
human umbilical vein endothelial cells (HUVECs) were identified
and several serine protease genes were found to be regulated by
the nature of the substratum, ie. artificial basement membrane
or fibrillar type I collagen. mRNA transcripts of several serine
protease genes were associated with blood vessels in vivo by in
situ hybridization of human tissue specimens.These data suggest
a potential role for serine proteases, not previously associated
with endothelium, in vascular function and angiogenesis.
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Summary
Many serine proteases play important regulatory roles in 
complex biological systems, but only a few have been linked
directly with capillary morphogenesis and angiogenesis. Here
we provide evidence that serine protease activities, independ-
ent of the plasminogen activation cascade, are required for
microvascular endothelial cell reorganization and capillary mor-
phogenesis in vitro. A homology cloning approach targeting con-
served motifs present in all serine proteases, was used to iden-
tify candidate serine proteases involved in these processes, and
revealed 5 genes (acrosin, testisin, neurosin, PSP and 
neurotrypsin), none of which had been associated previously
with expression in endothelial cells. A subsequent gene-specific
RT-PCR screen for 22 serine proteases confirmed expression
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likely to be critical since tissue remodeling events are required
for the observed changes in endothelial function. The impor-
tance of regulated proteolysis has already been established for
cell migration and ECM remodeling (4), activation of growth
factors (5) and release of sequestered regulatory molecules (6, 7).

A limited number of proteolytic enzymes have been impli-
cated in angiogenic processes (8). Attention has largely focused
on several members of the matrix metalloproteinase (MMP)
family (9) and the plasminogen activation cascade, in particular
the serine protease, urokinase-type plasminogen activator (uPA)
(10, 11).  The serine proteases represent a large protease family
(12) that is highly conserved within the human genome (13) and
amongst species (14).  The proteases of this family share a com-
mon chemical mechanism of peptide bond hydrolysis, involving
a signature catalytic triad of histidine, aspartate and serine
amino acids.  Members of this family include digestive enzymes
(15), blood coagulation and fibrinolytic enzymes (16), glandu-
lar kallikreins (17), and granzymes (18).  In addition, the newest
members of the family are from an emerging group of mem-
brane-associated serine proteases, the type II transmembrane
serine proteases (TTSPs) (19) of which enteropeptidase is the
archetypal member (20-22).  The proteolytic reactions catalyzed
by serine proteases often are critical events in a range of phy-
siological and pathological processes that are analogous to
many of the functions carried out by endothelial cells, including
directed cell migration, limited digestion, protein processing,
tissue remodeling, growth control and tubule morphogenesis. 

Here we have investigated serine proteases in processes of
endothelial cell remodeling and capillary morphogenesis as a
first step towards a better understanding of the role of these
enzymes in physiological and pathological angiogenesis.
Endothelial cells, either cultured in vitro on artificial basement
membrane (Matrigel) (23) or in three-dimensional gels of fibril-
lar type I collagen (24), were shown to be dependent on serine
protease catalytic activity for normal endothelial cell reorgani-
zation and tubule formation.  We have identified serine protease
genes expressed during these processes and in addition, demon-
strate their presence in human tumor tissue vasculature in vivo,
thus providing a first insight into the potential role of distinct
serine proteases in endothelial cell mediated angiogenesis.

Materials and methods

Cell culture 
Human neonatal foreskin microvascular endothelial cells and
human umbilical vein endothelial cells (HUVECs) were main-
tained according to the supplier’s instructions in EGM-2 MV
and EGM-2, respectively (Clonetics, San Diego, CA). 

Culture on Matrigel 
Endothelial cells were plated at 1.5 � 104 cells/cm2 (75-80%
confluent) in EGM-2 MV (which contains 5% fetal bovine

serum) onto precoated Matrigel 24-well plates (BD Biosciences
Pharmingen, San Diego, CA).  At the indicated times, cells were
zinc-formalin fixed, stained with Toluidine Blue (25) and pho-
tographed using a digital camera controlled by C-view imaging
software (DVC, Austin, TX) or harvested for RNA isolation. 

Culture in type I collagen matrix
Rat tail type I collagen was prepared according to Mookhtiar 
et al. (26).  For all collagen matrix experiments, endothelial cell
media (EGM-2 MV or EGM-2) was prepared using fetal bovine
serum (Clonetics) passed over a gelatin-Sepharose column
(Amersham). Collagen was neutralized by combining 40 vo-
lumes of type I collagen (3 mg/mL) with 1 volume of 1 N NaOH
and 12 volumes of 5� MCDB-131 (Sigma, St. Louis, MO).  For
two dimensional collagen cultures, 10 cm cell culture plates
were coated with a thin layer of neutralized collagen.
Endothelial cells were harvested with trypsin-EDTA and plated
at 1.5�104 cells/cm2 in media containing 160 nM tetradecanoyl
phorbol acetate (PMA), a concentration routinely used with
endothelial cells. For three dimensional collagen cultures, one
volume of endothelial cells at 5�106 cells/mL was added to 
9 volumes of neutralized collagen solution, mixed and pipetted
into the wells of a 96-well plate at 75 µL/well, allowed to gel for
10 min and fed with EGM-2 MV containing 160 nM PMA.
Tubule formation was allowed to progress for 48 h or as other-
wise indicated with the daily addition of growth medium.
Where indicated 100 µM 4-(2-aminoethyl) benzenesulfonyl 
fluoride (AEBSF) (Sigma), 300 µM 4-(2-aminoethyl)-benzene-
sulfonamide (AEBS-NH2) (Aldrich), or 10 µg/mL anti �2-inte-
grin antibody (Chemicon, Temecula, CA) was added to the
media prior to plating the cells. At the conclusion of the assay
the cultures were either harvested for RNA extraction, or fixed
with zinc-formalin and stained with Toluidine Blue (25) for
cytological analysis of tubule formation.

Homology cloning 
Total RNA was isolated from cultured endothelial cells using
either Trizol Reagent (Gibco-BRL, Grand Island, NY) or
RNAeasy kit (Qiagen, Valencia, CA) and reverse transcribed
using Superscript II (Gibco-BRL). The resulting cDNA was
amplified by polymerase chain reaction (PCR) using two de-
generate primers as previously described (27). PCR products
ranging from 400 to 550 bp were purified, re-amplified, cloned
into pGEM-T Easy (Promega, Madison, WI) and individual
clones sequenced. 

RT-PCR 
Reverse transcription was performed using a SuperScript II kit
(Gibco-BRL).  PCR was performed using gene-specific primers
(Table 1) designed to span at least one intron and nonhomolo-
gous sequences amongst serine proteases. Primers also were
determined to be sequence specific based on BLAST searches

562



Endothelial serine proteases and angiogenesis

of the NCBI database. Negative and positive control reactions
were performed, respectively, in the absence of template and
using 100 pg of plasmid DNA. Cycling conditions were 94 °C
for 30 sec followed by 25 to 35 cycles of 94 °C for 30 sec, 
55 °C (except for hepsin and Protein C which were at 58 °C) for
30 sec, 72 °C for 45 sec. Reactions were analyzed on 3%
agarose/TAE/ethidium bromide gels and representative PCR
products from each set of primers were cloned and fully
sequenced to verify identity. The PCR cycle numbers and 
template concentrations were adjusted to reflect subsaturating
conditions. Each cDNA template was normalized for actin
expression and monitored for the endothelial cell marker CD31
to enable direct comparisons between endothelial cell culture
conditions and cell types. 

In situ hybridization  
Probes used for in situ hybridization were cocktails of 2-5 anti-
sense deoxyoligonucleotides or corresponding control sense
deoxyoligonucleotides, each 20-35 bases in length (Table 2).
Specific sequences were selected utilizing a multiple sequence
alignment of 11 human serine protease cDNAs, designed to
span intron/exon boundaries, and were verified by exhaustive
BLAST-N searches of the entire NCBI database. Each deoxy-
nucleotide was labeled with a 3’ digoxigenin (DIG)-dUTP tail
using the DIG oligonucleotide Tailing Kit (Roche Molecular
Biochemicals, Mannheim, Germany).

Human tissue specimens were collected within 20 minutes
of surgical excision and placed in neutral buffered formalin
(0.9% NaCl, 4% formaldehyde) for 6-24 h prior to embedding
in paraffin. The tissue sections were selected for evidence of
increased vascularity by visual inspection following Mayer’s
hematoxylin and eosin staining and/or staining for the endothe-
lial cell marker CD31. In situ hybridization was performed
essentially as described (28). Sections were hybridized at 37 °C
for 24 h and then washed to a stringency of 0.25X SSC.  Signals
were detected by tyramide amplification using the TSA-Plus
(DNP-AP) Kit (NEN Life Sciences, Boston, MA) after initial
incubation for 30 minutes at room temperature with an anti-
DIG horseradish peroxidase conjugate. Color development was 
performed using NBT/BCIP/levamisole. Slides were counter-
stained with nuclear fast red and eosin to highlight nuclear and
cytoplasmic morphologies, respectively.  Signal specificity for
each antisense probe cocktail was verified by performing com-
parable hybridization reactions in the presence of the corres-
ponding sense probe cocktail.

Immunohistochemistry 
Immunohistochemical detection of endothelial cells on corres-
ponding sections was performed essentially as described (27)
using a mouse anti-human antibody against CD31 (DAKO
Australia, Sydney). Antibody binding was detected using a
horseradish peroxidase-conjugated goat anti-mouse antibody

(Jackson ImmunoResearch Laboratories, Pennsylvania, USA)
and visualized using 3,3’-diaminobenzidine. Sections were
counterstained with Mayer’s hematoxylin.

Results

Endothelial cell reorganization on Matrigel 
is serine protease dependent  
Microvascular endothelial cells reorganized into interconnect-
ing cord-like arrays when cultured for 4 h on Matrigel (Fig. 1A).
These pronounced cellular organizational changes occurred rap-
idly and were extensive compared to the same endothelial cells
cultured for ten hours in the absence of an added substratum
(Fig. 1D). To determine whether serine proteases may be cata-
lytically involved in this process, microvascular endothelial
cells were cultured in the presence of the synthetic serine pro-
tease inhibitor, AEBSF (4-[2-aminoethyl]-benzenesulfonyl-
fluoride). This compound had been used in vitro to inhibit com-
pletely the known serine proteases, trypsin, plasmin, substilisin,
kallikrein, thrombin, tPA, uPA (29, 30) and also in cell culture
systems in the 0.5-5.0 mM range to implicate heretofore unde-
fined serine proteases in various biological processing events
(31, 32). AEBSF markedly inhibited the Matrigel-induced
changes in the endothelial cell cultures, as the cells failed to
form interconnecting arrays and more single cells and isolated
cords dominated the AEBSF-treated cultures (Fig. 1B).  In the
presence of an amide derivative of AEBSF, AEBS-NH2 (4-[2-
aminoethyl]-benzenesulfonylamide) which does not function as
a serine protease inhibitor, no inhibitory effects on Matrigel-
induced microvascular endothelial cell changes were observed
(Fig. 1C), indicating that these cell-substratum organizational
changes required the activities of serine proteases.  The concen-
tration of AEBSF (100 µM) used in these experiments was even
lower than used in previous studies (31, 32), and had no effect
on adhesion or morphology of the cells cultured in the absence
of an added Matrigel substratum (Fig. 1E). As these effects
could have been mediated through the PA/plasminogen/plas-
min axis which is involved in endothelial cell matrix remodel-
ing, microvascular endothelial cells were treated either with
aprotinin, a potent inhibitor of plasmin (33) or the serpin PAI-1,
an inhibitor of uPA and tissue-type plasminogen activator (tPA)
(34, 35).  The Matrigel-induced morphogenic changes were not
sensitive to either aprotinin (Fig. 1F), or PAI-1 (data not shown),
indicating that microvascular endothelial cells express other 
serine proteases that regulate microvascular endothelial cell
reorganization on Matrigel.

Distinct subsets of serine protease genes
expressed by microvascular endothelial cells   
To identify serine proteases expressed by microvascular endo-
thelial cells, a reverse transcriptase-polymerase chain reaction
(RT-PCR) based homology cloning approach (36) targeting
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conserved histidine and serine motifs of the S1 serine protease
catalytic triad was employed. cDNAs were synthesized using
RNA isolated from microvascular endothelial cells cultured in
the presence and absence of Matrigel, and amplified products
were cloned and sequenced. Seven different serine protease
cDNAs were identified in this screen, including tPA which has
been shown previously to be expressed by endothelium (37).
Notably, the other 6 serine protease cDNAs identified have not
been associated previously with microvascular endothelial cells:
neurotrypsin (38), testisin (27), acrosin (39), neurosin (40),
CTRL-1 (41), and PSP (putative serine protease; accession
number AF193611).  While PSP is a member of the serine pro-
tease gene family, the deduced protein sequence of PSP lacks
structural features required for a catalytically functional serine
protease (data not shown).

To verify expression of these mRNAs by microvascular
endothelial cells and to screen for additional serine proteases
that may not have been targeted by the homology cloning ex-
periments, RT-PCR using gene-specific primers was performed
as described in the Materials and Methods with primers listed in
Table 1. The expression patterns of a total of 22 serine protea-
ses were investigated in microvascular endothelial cells cultured
in the presence and absence of Matrigel. As shown in Figure 2
(left panel), six of the seven serine protease genes identified
using the homology cloning approach, were expressed in
microvascular endothelial cells cultured on Matrigel or in the
absence of an added substratum; expression of only CTRL-1
mRNA could not be verified by gene specific RT-PCR (data not
shown). While this RT-PCR technique does not allow absolute

quantitation of mRNA levels, three of the serine proteases
(acrosin, neurosin and testisin) appeared to be differentially
expressed with respect to the presence or absence of the
Matrigel substratum, whereas neurotrypsin, tPA and PSP 
transcript levels were similar under both conditions. 

The gene specific RT-PCR screen revealed several addition-
al serine protease genes expressed by microvascular endothelial
cells (Fig. 2, right panel). uPA mRNA was expressed by
microvascular endothelial cells cultured both in the presence
and absence of Matrigel. The mRNA for Protein C, a regulator
of hemostasis (42), was detected in microvascular endothelial
cells but only following culture on Matrigel. Of the nine type II
transmembrane serine proteases (TTSPs) examined, expression
of only matriptase (MT-SP1) (36; 43) transcripts was clearly
detected, and the signal intensity increased when the endothelial
cells were cultured on Matrigel compared with the absence of
an added substratum. Two of the TTSPs, TMPRSS2 (44) and
hepsin (45), were barely detectable. Other membrane-associat-
ed serine protease mRNAs detected included those encoding
dipeptidylpeptidase IV (DPP IV) (46), a non-S1 serine protease
and Seprase (47), another DPP IV family member (Fig. 2). No
products were detected even after extended PCR (35 cycles)
using primers specific for CTRL-1, proteinase 3 (48), corin
(49), enterokinase (20), HAT (50), MSPL (51), prostasin (52),
TMPRSS3 (53), or TMPRSS4 (54) (primers listed in Table 1).
These data demonstrate that microvascular endothelial cells can
express a limited but substantial number of serine proteases, and
that expression of a subset of these genes appear to be regulated
by the extracellular substratum. 
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Figure 1: Formation of cord-like structures by human microvascular endothelial cells on Matrigel is serine protease dependent. Micro-
vascular endothelial cells were cultured either on Matrigel coated plastic dishes for 4 h (A-C, F) or in the absence of an added sub-
stratum for 10 h (D, E).The cells were either untreated (A, D), or treated with 100 µM AEBSF (B, E), 300 µM AEBS-NH2 (C) or 300 µM
aprotinin (F). Images are of representative fields from each condition. Photomicrographs magnifications are 40X (A-C, F) and 100X 
(D and E).These data are representative of 3 or more independent experiments.
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Tubule morphogenesis of endothelial 
cells in a three dimensional collagen 
matrix is sensitive to serine protease
inhibitors  
When microvascular endothelial cells are cultured in a three
dimensional type I collagen matrix, they undergo a program of
phenotypic changes that leads to multicellular tubule formation

within 48 h (Fig. 3A). These vessel-like multicellular structures
are true endothelial cell tubules with a matrix-free lumen (inset
Fig. 3A). When collagen-embedded microvascular endothelial
cells were cultured in the presence of 100 µM AEBSF, multi-
cellular tubule formation was inhibited (Fig. 3B). The control
compound AEBS-NH2 did not inhibit tubule formation 
(Fig. 3D), indicating again that serine protease activities are
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Table 1: Oligonucleotide primers used for gene specific RT-PCR

Figure 2: Gene specific RT-PCR analysis of
serine protease mRNA expression by
microvascular endothelial cells (HDMEC) 
cultured on Matrigel. Total RNA was isolated
from human microvascular endothelial cells
cultured either in the absence of a substra-
tum (TC Plastic) or on Matrigel coated 
plastic dishes for 10 h. Plasmids containing
ESTs encoding each serine protease were
used as templates (100 pg cDNA) in positive
control reactions. Negative control reactions
were performed in the absence of template.
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Figure 3: In vitro tubular morphogenesis 
of microvascular endothelial cells is serine 
protease dependent. Human microvascular
endothelial cells were allowed to undergo
tubule morphogenesis in a 3-D type I colla-
gen matrix (A). Tubule formation was
blocked in the presence of 100 µM AEBSF
(B), 10 µg/mL anti-�2 integrin antibody (C),
but not in the presence of 300 µM AEBS-
NH2 (D). Inset in panel A shows cross-sec-
tions of tubules.The * mark lumens and the
arrowheads indicate endothelial cells. Cells
were cultured for 96 h and then visualized 
by phase-contrast microscopy and photo-
graphed at 100X magnification. These data
are representative of 3 or more independent
experiments.

Table 2:
Oligonucleotide probe
cocktails used for in
situ hybridization1
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involved in these endothelial differentiation processes. A simi-
lar inhibition of multicellular tubule formation was observed
using a specific function-blocking anti-�2-integrin antibody
(24) as shown in Figure 3c; tubule formation also was insensi-
tive to the plasmin inhibitor aprotinin (data not shown) which is
consistent with the findings of Davis et al. who showed that
plasminogen (plasmin) is not involved in tube formation but
contributes to vascular regression (55). These data, showing
blockage of tubule formation by AEBSF and not by AEBS-
NH2, demonstrate a functional role for serine proteases in
endothelial cell tubule morphogenesis. This serine protease
dependence is apparently not unique to the microvasculature 
as human umbilical vein endothelial cells (HUVECs), a type 
of specialized ‘macrovascular’ endothelial cell, showed a 
similar morphological phenotype and displayed the same sensi-
tivity to AEBSF as microvascular endothelial cells (data not
shown). 

Serine proteases are differentially 
expressed by endothelial cells during tubule
morphogenesis 
To identify serine proteases that may be important for vascular
tubule formation, microvascular endothelial cells and HUVECs
were allowed to undergo tubule morphogenesis within a three
dimensional type I collagen matrix and were compared with
endothelial cells cultured on the surface of a thin layer of type I
collagen (two dimensional collagen). RNA was isolated and 
RT-PCR performed as above using gene specific primers 
(Table 1) to investigate the expression patterns of the 22 serine
proteases. Three independent experiments gave similar results
and are represented in Figure 4. Most of the serine protease 
transcripts detected in microvascular endothelial cells cultured
on Matrigel (Fig. 2) were also expressed by endothelial cells
cultured within and on type I collagen, with the exception of
protein C (Fig. 4). Neurosin and acrosin mRNAs were detected

in both microvascular endothelial cells and HUVECs, and their
expression appeared to be up-regulated in the microvascular
endothelial cells cultured in three dimensional collagen. tPA,
uPA and PSP transcripts were strongly expressed under all 
conditions. Interestingly, neurotrypsin transcripts were de-
tected in microvascular endothelial cell cultures, but were not
present in HUVECs indicating a cell-type specificity for this
serine protease.

Of the membrane-associated serine proteases, TMPRSS2
mRNA showed a strong signal in microvascular endothelial
cells cultured only in three dimensional collagen, and thus
appears to be specifically induced as a response to collagen-
induced tubule morphogenesis. Testisin transcripts were 
more strongly detected in microvascular endothelial cells 
than in HUVECs, and the levels did not change significantly
during tubule morphogenesis in three dimenstional collagen.
Signals for hepsin were weak overall, but were more associated
with HUVECs. DPP IV mRNA expression was detected 
more strongly in microvascular endothelial cells, while seprase
was expressed in both microvascular endothelial cells and
HUVECs. Matriptase mRNA was detectable only at very low
levels in both microvascular endothelial cells and HUVECs 
cultured in the presence of collagen (Fig. 4), in contrast to its
relatively strong expression by microvascular endothelial cells
cultured on Matrigel (Fig. 2). These data demonstrate a number
of serine proteases expressed by microvascular endothelial
cells, several of which appear to be regulated not only by 
the surrounding cell substratum but also in a cell-type specific
manner.

Serine protease mRNAs are expressed 
by human endothelium in vivo
To determine whether some of the serine protease genes de-
tected in the in vitro endothelial cell models were expressed by
human endothelium in vivo, a selection of human tissue speci-
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Figure 4: Gene specific RT-PCR reveals 
differential mRNA expression of serine pro-
teases in endothelial cells undergoing tubule 
morphogenesis in a 3-D type I collagen
matrix. Human dermal microvascular
endothelial cells (HDMEC) and HUVECs
were allowed to undergo tubule morpho-
genesis in a 3-D type I collagen matrix (3D)
and compared with endothelial cells cultured
on the surface of a thin layer of type I colla-
gen (2D). After 48 h the cells were har-
vested, total RNA isolated, and analyzed by
gene specific RT-PCR. Positive and negative
control reactions were performed as
described in Fig. 2 and are not shown.



mens was examined for evidence of serine protease mRNA
expression by in situ hybridization (Fig. 5). Endothelial cells
present in the tissue vasculature were confirmed by immunohis-
tochemical staining for the endothelial cell marker, CD31.
Intense positive staining for neurotrypsin mRNA was detected
throughout the vasculature of a section of adenocarcinomatous
metastasis in brain (Fig. 5a). No staining was evident when 
the sense probe was employed (Fig. 5b). The antisense staining
pattern correlated with anti-CD31 staining (Fig. 5c), showing
that neurotrypsin expression was endothelial cell associated.
Similarly, strong specific staining for acrosin mRNA was 
associated with endothelial cells present in the vasculature 
of a benign acoustic neuroma (Fig. 5d), compared with the
sense control (Fig. 5e). The staining appeared to be associated
with smooth muscle cells as well as with endothelial cells,
showing a pattern that correlated well with CD31 staining 

(Fig. 5f). In situ hybridization signals for other serine protease
mRNAs were variable amongst tissue specimens. Specific stain-
ing for hepsin mRNA was detected in some endothelial 
cells associated with a group of vessels present in a gastro-
esophageal junctional adenocarcinoma (Fig. 5g vs 5h). The 
corresponding pattern of anti-CD31 staining indicated that 
hepsin expression was associated with the endothelial cells
present in the vasculature (Fig. 5i). In situ hybridization using
antisense probes for TMPRSS2, matriptase and neurosin 
yielded diffuse perivascular staining (data not shown) but were
not resolved sufficiently to indicate definitive endothelial cell
staining. These in situ hybridization data confirm expression of
several serine protease genes, not previously associated with
endothelial cells, within the vasculature of human tissues in
vivo, and suggest expression may be associated only with 
specific vascular endothelium.

Aimes, et al.568

Figure 5: Photomicrographs of mRNA expression of several serine proteases in human vasculature by in situ hybridization. Expression
of neurotrypsin mRNA in endothelial cells associated with the vasculature of an adenocarcinomatous metastases in brain at 100x
original magnification (a) antisense probe (b) sense control (c) anti-CD31 staining. Acrosin mRNA expression in the vasculature of a
benign acoustic neuroma at 200x original magnification, (d) antisense probe (e) sense control probe (f) anti-CD31 staining. Insets in
(d) and (f) show serial sections at 40x original magnification further illustrating the corresponding pattern of acrosin antisense and
CD31 staining. Hepsin mRNA expression in a section of gastro-esophageal junction adenocarcinoma at 400x original magnification,
(g) antisense hepsin probe (h) sense control probe (i) anti-CD31 localization of vessel endothelium. Antisense probes show blue tyra-
mide amplification of positive signals. Nuclei are stained red and orange indicates cytoplasmic stain that highlights the erythrocytes
present in some vessels. Immunostaining with anti-CD31 is brown with contrasting blue staining of nuclei.



Discussion

We have demonstrated that in vitro endothelial cell reorganiza-
tion and tubule formation is serine protease dependent and have
and identified 13 known members in the serine protease family
that are expressed during these processes, 6 of which appear to
be differentially expressed depending on cell type or cell sub-
stratum. Furthermore, we have provided evidence for expres-
sion of a number of serine protease genes in human vasculature
in vivo, underlining the potential of serine proteases to mediate
endothelial cell function crucial for angiogenesis and angio-
stasis. 

While others have reported that inhibitors which prevent
direct interaction of endothelial cells with key matrix com-
ponents (23, 24, 56-58), or prevent proper processing of the
extracellular matrix (11; 59) clearly disrupt the formation of 
vessel-like structures in vitro, this is the first time that AEBSF-
sensitive serine proteases, independent of the plasminogen acti-
vation system, have been implicated in endothelial cell morpho-
genesis and neovascularization. As angiogenesis is a dynamic
process, endothelial cells may require differential proteolytic
capabilities at different stages during vascular tubule mor-
phogenesis. Expression of the 13 serine protease genes varied
depending on whether or not the endothelial cells were of
microvascular origin (HDMECs vs HUVECs). Furthermore the
type of extracellular matrix used to facilitate tubule morpho-
genesis had a significant impact on serine protease gene expres-
sion, indicating that the full endothelial cell serine protease
repertoire may be modified in direct response to the microenvi-
ronment. Indeed, in situ hybridization experiments frequently
showed variable staining of tissue vasculature, further suggest-
ing that the local tissue microenvironment can influence serine
protease expression. It might now be predicted that serine 
protease expression during development of new vessels is regu-
lated spatially and temporally, analogous to the control of other
endothelial regulatory genes (e.g., vWF, endoglin, and VEGF-
R2) (60-64).

The in vitro and in vivo expression data presented here high-
light several serine protease genes that have been reported 
previously to have very restricted tissue expression; for exam-
ple, acrosin to the sperm acrosome (65), testisin to eosinophils
(66) and premeiotic male germ cells (27), hepsin to liver and
kidney (67) and neurotrypsin to brain neurons (68). mRNA tran-
scripts for neurosin, known as Zyme, Protease M, and human
kallikrein-6 (69), also were detected in the endothelial cells. It
may be of note that this serine protease has been associated with
ovarian and breast cancer and may serve as a serum marker for
diagnosing ovarian carcinomas (70). None of these serine 
proteases had been linked previously to vascular tissue nor
reported to be expressed by endothelial cells. The finding that
these generally tissue-specific serine proteases are expressed by
endothelial cells was unexpected. Unfortunately, little is known

about the natural substrates and activators for these enzymes 
in the various tissues. Hence how these serine proteases con-
tribute to endothelial cell reorganization will be difficult to
assess without highly specific reagents such as unique
inhibitors, substrates and activators. 

Several coagulation and fibrinolysis associated genes were
identified (uPA, tPA, Protein C, hepsin and matriptase), suggest-
ing a more complex role of the fibrinolytic cascade during 
capillary morphogenesis. The up-regulation of Protein C and
matriptase mRNAs in microvascular endothelial cells cultured
on Matrigel may suggest a functional role for these proteases in
endothelial cell migration and organization on basement mem-
branes. Activated protein C functions as an anticoagulant on the
surface of endothelial cells (71) while hepsin can activate fac-
tor VII, which potentially could lead to thrombin formation
(72). uPA and tPA, besides their role in fibrinolysis, also have
established roles in ECM remodeling through the generation of
plasmin, which can function as a potent remodeler of the ECM
and activator of a number of MMP zymogens (73). Matriptase
has been reported to activate protease activated receptor-2
(PAR2), hepatocyte growth factor (HGF) as well as pro-uPA
(74, 75).

Genes encoding 5 integral membrane serine proteases were
expressed by cultured endothelial cells: matriptase, hepsin, and
TMPRSS2, seprase and DPP IV. The location of seprase at the
invasive front of cells and its ability to degrade denatured colla-
gen (76) may facilitate endothelial cell migration. DPP IV is a
cell surface receptor for plasminogen-2 and collagen and may
serve as both an adhesive molecule and to focus proteolytic
activity to the endothelial cell membrane (77). Particularly
intriguing was the expression profile of TMPRSS2, which was
up-regulated only in microvascular endothelial cells induced 
to undergo tubule formation in three dimensional collagen. It 
is interesting to speculate that TMPRSS2 function may be
restricted only to endothelial cells actively undergoing an angio-
genic or tubulogenic response. In addition to their serine pro-
tease activities, integral membrane serine proteases also have
the potential to serve as endothelial cell receptors and/or adhe-
sion molecules via their catalytic as well as their extracellular
protein binding domains (19). 

While extensive literature exists on the roles of uPA, tPA
and the plasminogen/plasmin system in endothelial cell be-
havior (10), the functions of most of the other serine proteases
identified in vivo are poorly understood. There are many vas-
cular processes that may well depend on serine proteases acti-
vities. In addition to ECM remodeling and proteolytic acti-
vation/inactivation of growth factors and cytokines, release of
bioavailable molecules and exposure of neo-epitopes after pro-
teolytic attack could all constitute unique signals to trigger
stages in angiogenesis and vascular tubule formation. Several of
these serine proteases, and in particular the TTSPs, are multi-
domain proteins with potential for serving as transducers of
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intracellular and extracellular signals (19). Proteolytic release of
some of these domains from the cell surface, as has been
demonstrated for TMPRSS2 (78), may also provide additional
signals to the vasculature. It is not possible at present to deter-
mine clearly how many of the 13 expressed serine protease
genes are translated, activated and catalytically involved in
endothelial function. Antibodies that specifically identify the
cellular translated enzymes are either not available or lack in
selectivity for the individual serine proteases. We attempted to
procure specific antibodies to all of the serine proteases whose
transcripts were identified. Although most of them were not
commercially available, many of the antibodies acquired from
various laboratories yielded multiple cross-reactive bands in
Western blots of endothelial cell lysates (data not shown), and
therefore could not be used as definitive immunological probes
for the presence of the translated serine proteases. The few 
of the serine proteases that were already known to be expressed
by endothelial cells (e.g. uPA, tPA) were immunologically de-
tectable (data not shown). Selective substrates and/or inhibitors
that could distinguish activities of the multiple transcript-detect-
ed serine proteases also are not available and thus elucidation 
of the catalytic role for these endothelial cell serine proteases is
not possible at the present time. It will be important in future to

generate antibodies and inhibitors specific for these serine pro-
teases to investigate their various biological activities during
endothelial cell morphogenesis. For the present, this study 
represents the first report to implicate directly serine protease
activity in endothelial morphogenesis using a more general 
serine protease inhibitor and to identify a subset of viable can-
didate enzymes that had never been linked to vascular function
previously. Clearly these proteases represent an interesting 
class of genes that may provide new and exciting targets for
therapeutic intervention in neovasculargenesis and vascular
remodeling.
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