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Abstract A coordinated interaction between fibroblast growth factors (FGFs) and matrix metalloproteinases
(MMPs) is implicated in migration of microvascular endothelial cells (ECs), an early stage of angiogenesis. Specifically,
we investigated microvascular ECs migration in vitro, which can be initiated by the overexpression of a secretory form
of the angiogenic fibroblast growth factor-1 (FGF-1) and mediated through the enzymatic activity of matrix
metalloproteinase-1 (MMP-1). MMP-1 is a member of the MMP family with a propensity for degradation of interstitial
type I collagen. We stably overexpressed a chimeric FGF-1 construct composed of the FGF-4 signal-peptide gene,
linked in-frame to the FGF-1 coding frame gene (sp-FGF-1), in cultured postcapillary venular ECs. The presence of the
biologically active form of FGF-1 was readily detected in the conditioned medium of ECs transfected with sp-FGF-1
construct as demonstrated by DNA synthesis assay. The sp-FGF-1-, but not the plasmid vector alone-transfected ECs,
exhibited an altered morphology as demonstrated by their conversion from a classic cobblestone form to a fibroblastlike
shape that featured prominent neuritelike extensions. Addition of the anti-FGF receptor 1 antibody (FGFR1 Ab) reverted
the transformed phenotype of sp-FGF-1 transfectants. This suggests that the resulting phenotypic transformation in
sp-FGF-1 transfectants requires an uninterrupted interaction between the FGF-1 ligand and its receptor. We studied
migration of cells through matrices of either highly pure collagen I or reconstituted basement membrane (matrigel) and
found that sp-FGF-1-transfected cells migrated two times and six times faster than the vector control transfectants in the
respective matrices. We further demonstrated that the enhanced migration rate of sp-FGF-1-transfected EC coincided
with the induction of their MMP-1 mRNA level and increased enzymatic activity. The enhanced migratory activity of
sp-FGF-1 could be blocked with a selective inhibitor of MMP-1. These results suggest that the multipotent FGF-1 plays
a key role in the early stages of angiogenesis, by mediating MMP-1 proteolytic activity. J. Cell. Biochem. 78:487–499,
2000. © 2000 Wiley-Liss, Inc.
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Migration, growth, and tube formation of mi-
crovascular endothelial cells (ECs) are the
three major steps of angiogenesis [Folkman
and Shing, 1992]. To migrate, proliferate, and
differentiate into new capillary tubes, the
sprouting ECs must be able to selectively de-
grade the surrounding matrix macromolecules
without producing a general dissolution of the
tissue. Being a mitogen, motogen, and morpho-
gen, the growth factor fibroblast growth
factor-1 (FGF-1) possesses all the major char-

acteristics to influence angiogenesis [Burgess
and Maciag, 1989; Godspodarowicz, 1990]. Ad-
ditionally, FGF precursors have been shown to
regulate the gene expression of collagen I and its
respective protease, matrix metalloproteinase-1
(MMP-1), in smooth-muscle cells [Kennedy et
al., 1997]. Therefore, we propose that during
angiogenesis, there is active remodeling of the
extracellular matrix (ECM) that requires coor-
dinated interaction between the FGF-1 (growth
factor) and the MMP-1 (protease). This hypoth-
esis is supported by the work of Wang et al.
[1994], in which application of synthetic inhib-
itors of MMPs to block MMP proteolytic activ-
ity has proven effective in restraining tumor
growth in animals. MMP-1, also known as in-
terstitial collagenase, is a major member of the
MMP family, primarily because of its specific-
ity for type I collagen, the prominent collagen
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of the interstitial matrix. In addition, MMP-1
can degrade collagen types II, III, VII, and X
[Matrisian, 1992]. Regulation of MMP-1 can
occur at three levels: 1) at the promoter level,
2) through activation of secreted proenzyme,
and 3) through specific interaction with tissue
inhibitors of matrix metalloproteinases, which
are the natural inhibitors of MMPs. Recently,
it has been shown that the FGF-2 (bFGF), the
other primary member of the FGF family, can
tightly regulate MMP-1 promoter activity [Aho
et al., 1997]. These authors further suggested
that FGF-2 induction of MMP-1 involves AP-1
transcription factors, because the deletion of
the AP-1 binding site can abolish the MMP-1
promoter activity [Aho et al., 1997].

The polypeptide growth factor FGF-1 has the
ability to induce metabolic and phenotypic
changes in EC required to stimulate angiogen-
esis in both in vivo and in vitro models. FGF-1,
also known as acidic FGF, is a prototypic mem-
ber of the FGF family, which currently includes
18 members [Slavin, 1995; Smallwood et al.,
1996; Emoto et al., 1997; Hartung et al., 1997].
Unlike the remaining members of this expand-
ing family, the two prototypes FGF-1 and
FGF-2 lack conventional signal peptides for se-
cretion [Burgess and Maciag, 1989]. The addi-
tion of known signal peptide sequences to
FGF-1 and FGF-2 results in the generation of
modified versions of the growth factors that
have potent transforming activities [Rogelj et
al., 1988; Blam et al., 1988; Forough et al.,
1993]. Presumably, this transforming activity
is the result of a constitutive interaction be-
tween the modified growth factor and its cog-
nate receptor because of establishment of an
external or internal autocrine loop [Sporn and
Roberts, 1985; Browder et al., 1989; Yayon and
Klagsbrun, 1990]. In general, FGF-1 signal
transduction is initiated by the binding of the
natural form of the growth factor to its corre-
sponding receptor at the cell surface and con-
tinues with an immediate activation of the re-
ceptor protein tyrosine kinase domains [Lee et
al., 1989; Friesel et al., 1989; Ullrich and
Schlessinger, 1990]. Therefore, the pleiotropic
effects of most of the members of FGF’s family
have been studied in the angiogenic model sys-
tems, where exogenously added growth factor
has been the sole angiogenic stimulus [Monte-
sano et al., 1986; Cornelius et al., 1995]. Con-
versely, we have used an overexpression sys-
tem of the secretory version of FGF-1 (sp-

FGF-1) whereby a constant supply of the
growth factor is synthesized and secreted by
the transfectants. This system is advantageous
in defining the molecular events that lead to
FGF-induced/MMP-mediated-migration of ECs.
In spite of the current knowledge concerning
the activity of FGF and MMP, the intracellular
FGF/MMP signaling mechanisms that regu-
late EC migration are less well understood. For
example, it has been shown that although
FGF-2 stimulates migration of low-density
seeded microvascular ECs on type I collagen-
coated plates, it reduces migration of these
cells when seeded under the same conditions at
a high cell density [Hoying and Williams,
1996]. In light of the foregoing observations, we
have examined the effects of overexpression of
sp-FGF-1 on EC migration in vitro. Our studies
show that overexpression of FGF-1 protein
stimulates EC migration, in part, through reg-
ulation of the MMP-1 gene induction and col-
lagenolytic activity.

MATERIALS AND METHODS

Constructions of sp-FGF-1 Plasmid

We previously have described construction of
the signal-peptide-containing FGF-1 [Forough
et al., 1991, 1993]. Briefly, the signal-peptide
used corresponds to the published sequence of
one of the secretory members of the FGF family
known as FGF-4 or human stomach tumor
[Taira et al., 1987] or Kaposi sarcoma (KS3)
[Delli-Bovi et al., 1987] growth factor. We chose
the FGF-4 signal peptide sequence for our con-
struct because the FGF-4 oncogene in its na-
tive form encodes a secreted growth factor with
30–40% homology to FGF-1. In addition, the
polymerase chain reaction (PCR) was used to
add a Kozak sequence (CCACCATGG) to the
final construct for maximal eukaryotic transla-
tional efficiency [Kozak, 1986]. The expression
vector pMEXneo containing murine sarcoma
virus long terminal repeat and the SV40 poly-
adenylation site [Martin-Zanca et al., 1989]
was chosen for the stable transfection of the
sp-FGF-1 into microvascular ECs.

Cell Culture and Transfection

Endothelial cells isolated from 15-mm-
diameter postcapillary venules of the bovine
heart were a gift from Dr. H. Granger, Texas
A&M University [Shelling et al., 1988]. They
were grown in Dulbecco’s Modified Eagle’s Me-
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dium (DMEM) (GIBCO/BRL, Grand Island,
NY) containing high glucose and L-glutamine
supplemented with 10% (vol/vol) fetal bovine
serum (FBS) (HyClone, Logan, UT), 100 U/ml
penicillin G, and 100 mg/ml streptomycin
(GIBCO/BRL). This cell strain was chosen be-
cause postcapillary venules are the major sites
for angiogenesis [Diaz-Flores et al., 1992].
Plasmids were amplified in Escherichia coli
and purified using the Qiagen MaxiPrep kit
(Qiagen; Chatsworth, CA). For stable transfec-
tions, approximately 24 h before transfection,
ECs were seeded at 2 3 105 cells/9.6 cm2 sur-
face area of each well of a six-well tissue cul-
ture plate in 10% FBS/DMEM so that they
were approximately 80% confluent the next
day. TransIT-LT1 polyamine transfection re-
agent (PanVera, Madison, WI) was used for the
delivery of sp-FGF-1 plasmids into the cells.
For DNA/polyamine complex formation, 6 ml
TransIT-LT1 was added dropwise to 100 ml
serum-free and antibiotic-free DMEM in a ster-
ile plastic tube and left at room temperature
(RT) for 5 min. Subsequently, 1.5 mg plasmid
DNA was added to the diluted TransIT, and
incubated for an additional 5 min at RT. Next,
media was removed from the wells and cells
were washed with phosphate-buffered saline
(PBS). The mixture of the DNA/polyamine
complex was added to the cells and incubation
continued at 37°C with 5% CO2 for 5 h. Media
were then replaced with fresh 10% FBS-
DMEM for incubation overnight. The trans-
fected cells were trypsinized and split at a 1:10
ratio in selection media made of 10% FBS-
DMEM and 800 mg/ml G418 (GIBCO/BRL).
The selection medium was changed three times
a week and after 7 to 10 days, colonies of G418-
resistant cells were recovered with cloning cyl-
inders and grown separately. Furthermore, we
demonstrated the authenticity of our stably
transfected endothelial cells by their unique
ability to uptake acetylated low-density li-
poprotein, a specific marker for EC (data not
shown).

For the experiments directed at reversing
the sp-FGF-1 cells transformed phenotype,
each sp-FGF-1 and control cells were seeded at
densities of 1 3 105 cells/well of a six-well tis-
sue culture plate in DMEM supplemented with
10% FBS (vol/vol). Cell were allowed to attach
and spread for 5 h at 37°C with 5% CO2. The
culture media were then replaced with fresh
10% FBS/DMEM containing 5 mg/well of a com-

mercial polyclonal antibody (Ab) made against
a synthetic peptide corresponding to a region in
the extracellular domain of the chicken high-
affinity FGF receptor (Upstate Biotechnology,
Lake Placid, NY). Culture media were replaced
with fresh 10% FBS/DMEM containing the
FGFR Ab every other day, and pictures were
taken 7 days after the cell seeding and Ab
treatment.

RNA Extraction and Northern Analysis

Total cellular RNA was extracted by using
the protocol of Chomczynski and Sacchi [1987].
Aliquots of total RNA (20 mg) were fractionated
on 1.2% agarose gel containing 2.2 M formal-
dehyde and transferred to Zeta probe nylon
membranes (BioRad, Richmond, CA) and ul-
traviolet (UV) cross-linked using a Strata-
linker UV crosslinker (Stratagene, La Jolla,
CA). The membranes were prehybridized at
65°C for 2 h in a hybridization phosphate
buffer containing 1% bovine serum albumin
(BSA), 7% sodium dodecyl sulfate (SDS), 0.5 M
NaH2PO4 pH 7.0, 1 mM EDTA, and 20% form-
amide supplemented with 100 mg/ml dena-
tured salmon sperm DNA (5 Prime-3 Prime,
Boulder, CO) [Church and Gilbert, 1984].
Subsequently, the prehybridized membranes
were probed with FGF-1 cDNA labeled by
[a-32P]dCTP (Amersham, Arlington Heights,
IL) using a random primer kit (GIBCO/BRL).
After hybridization, the membranes were first
washed twice for 15 min each in wash buffer A
containing 0.5% BSA, 5% SDS, 40 mM
NaH2PO4 pH 7.0, 1 mM EDTA and then
washed twice for 15 min each in wash buffer B
containing 1% SDS, 40 mM NaH2PO4 pH 7.0,
1 mM EDTA. The membranes were air dried
and exposed to film for 24 h at 270°C. For
quantification, X-ray films were scanned with
the BioRad Gel-Doc 1000 using the Multiana-
lyst version 1.0 program (BioRad).

Protein Extraction and Western Analysis

Cells from confluent 100-mm plates were
washed with PBS and lysed in 1.0 ml lysis
buffer made of 10 mM Tris HCl, pH 7.5, 10 mM
MgCl2, 1% Triton-X100 supplemented with the
following protease inhibitors: 2 mM PMSF and
10 mg/ml aprotinin. The cell lysates were trans-
ferred into an Eppendorf tube and centrifuged
for 5 min at 14,000 rpm at 4°C. The superna-
tant was incubated with 100 ml of a hydrated
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suspension of heparin-Sepharose (GIBCO/
BRL) overnight with rotation at 4°C. The mix-
ture was centrifuged briefly and the pellet was
boiled for 5 min in 25 ml of Laemmli sample
buffer. After a brief centrifugation, the super-
natant was subjected to a 12.5% SDS–
polyacrylamide gel electrophoresis. The pro-
teins were transferred onto a nitrocellulose
membrane (BioRad), and the blot was incu-
bated with 1 mg/ml of an affinity-purified poly-
clonal antibody made against bovine aFGF
(R&D System, Minneapolis, MN). The blot was
further processed for Western analysis follow-
ing the manufacturer’s recommendations us-
ing the Super Signal kit (Pierce, Rockford, IL).

Mitogenic Activity Assay

A 3T3 cell DNA synthesis assay using a mod-
ified enzyme-linked immunosorbent assay for
bromodeoxyuridine (BrdU) incorporation [Muir
et al., 1990] was used to test the biological
activity of the sp-FGF-1 protein secreted into
the EC culture medium. Briefly, NIH 3T3 were
plated at a density of 1 3 104 cells/well in
96-well tissue culture plates in 0.5% FBS/
DMEM and were starved for 72 h. The quies-
cent 3T3 cells were then stimulated with ali-
quots of 24 h serum-free conditioned media
collected from confluent sp-FGF-1 or vector
control transfected ECs for 18 h. After this
period, BrdU (Sigma) was added to 10 mM final
concentration, and incubation was continued
for an additional 2 h. The assay was termi-
nated by fixing the 3T3 cells with 70% ethanol
for 20 min. Each well was incubated with 2 M
HCl for 10 min at 37°C to denature the DNA,
followed by the addition of 200 ml of the neu-
tralizing solution of 0.1 M borate buffer pH 9.
Each well was incubated with 50 ml of 2% goat
serum (GIBCO/BRL) made in PBS for 15 min
at 37°C to block nonspecific sites. Subse-
quently, a final concentration of 1 mg/ml of
mouse anti-BrdU Ab (Dako, Carpinteria, CA)
was added to each well and the incubation con-
tinued for 60 min at 37°C. After several washes
in PBS containing 0.1% Triton X-100, 0.4 mg/ml
of goat anti-mouse IgG peroxidase conjugate
(Pierce) serving as secondary Ab was added.
Several washes with the PBS/Triton solution
were performed as before and were followed by
the addition of 100 ml/well of tetramethylben-
zidene (KPL, Gaithersburg, MD), an appropri-
ate substrate for peroxidase. Absorbance of the

samples was measured at 650 nm wavelength
using a BioRad Model 550 microplate reader.

Migration Assay

Migration of the transfectants was assayed
by a modification of the Boyden chamber
method using microchemotaxis chambers
(Neuro Probe, Cabin John, MD) and PVP-free
polycarbonate filters with pores of 10 mm
(Nuclepore, Palo Alto, CA). Each filter was pre-
coated with type I collagen (Vitrogen 100; Celt-
rix, Santa Clara, CA). A 40-ml volume of 10%
FBS/DMEM serving as the chemoattractant
was placed in each well of the lower chamber.
Confluent transfectants were trypsinized and
suspended in serum-free DMEM at a concen-
tration of 2 3 104 cells/40 ml volume. A 40-ml
volume of each cell suspension was placed in
the upper chamber, and the chamber was in-
cubated for 6 h at 37°C in a 5% CO2 incubator.
The filter was removed, and the cells on the
upper side of the filter were scraped off. The
cells that had migrated through the collagen
layer to the lower side of the filter were fixed in
methanol, stained with Diff-Quick staining so-
lution (Baxter, Deerfield, IL), and counted un-
der a microscope (3100) for quantitation of
transfected ECs migration. Migration activity
was expressed as the mean number of cells
that had migrated per high-power field.

When matrigel was used for coating the filter
membranes, the stock matrigel solution (Col-
laborative Biomedical Products, Bedford, MA)
was diluted in serum-free DMEM (1:3) before
being applied to the membrane. The coated
matrigel-coated filter membrane was incu-
bated for 1 h at 37°C for polymerization to
proceed. Subsequent steps for the cell seeding
and the migration assay were performed as
described above.

RT-PCR

For RT-PCR, we have designed the following
sense and antisense oligonucleotides corre-
sponding to the published bovine MMP-1 se-
quence [Tamura et al., 1994], and the sequence
of glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) (unpublished data; Mertens and
Muriuki, GenBank Accession No. U85042)
serving as the internal control: sense MMP-1
59-TGCTCATGCTTTTCAACCAG-39 and the
antisense MMP-1 59-TCCACTTCTGGGTA-
CAAGGG-39; sense GAPDH 59-TTGTCAGC-
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ATGCCTCCTGCACC-39 and the antisense
GAPDH 59-AACTGGTCCTCAGTGTAGCCT-
AG-39. All oligos for this study were synthe-
sized by our core facility at Texas A&M Uni-
versity (Gene Technologies Laboratory; Texas
A&M Core Molecular Biology Facilities, Col-
lege Station, TX). We have successfully ampli-
fied MMP-1 and GAPDH using the “touch
down” PCR conditions [Roux and Hecker,
1997]. For RT, 1.0 mg of total RNA was incu-
bated with 0.5 mg of a 12-mer oligo dTTP serv-
ing as a primer in the presence of MuLV en-
zyme at 37°C for 1 h. For PCR, 1/20 volume of
the cDNA generated by the RT was used in the
following condition: cycle 1 was 95°C for 5 min,
cycle 2 was 94°C for 1 min, 61°C for 1.5 min,
and 72°C for 1 min, then cycle 2 repeated for
five times, cycle 3 was 94°C 1 min 10 s, 65°C for
1 min 10 s, 72°C for 1 min, then cycle 3 re-
peated for 21 times. An additional 10-min ex-
tension at 72°C was added at the end of the last
cycle of the PCR. We subsequently gel purified
and cloned both amplified MMP-1 and GAPDH
fragments and confirmed their authenticity by
DNA sequencing using the Sanger method
[Sanger et al., 1977].

MMP-1 Activity Assay

MMP-1 activity assays were performed es-
sentially according to the protocol described by
Netzel-Arnett et al. [1991]. Briefly, the 24-h
serum-free conditioned media were harvested
and dialyzed in 50 mM Tris HCl, pH 7.5 at 4°C
overnight to remove the pH indicator present
in DMEM. Subsequently, the media were con-
centrated using Centricon-10 (Amicon, Bev-
erly, MA). Total protein concentration for each
sample was measured using a BCA kit (Pierce
Co., Rockford, IL). Each concentrated condi-
tioned medium sample was treated with 1 mM
PCMB [p-(chloromercuri)benzoate (Sigma, St.
Louis, MO)] for 1 h at 23°C before the MMP-1
assays to activate the latent forms of MMP-1.
Pure MMP-1 (a gift from Dr. H. Welgus, Wash-
ington University, St. Louis, MO) was used as

a positive control. Assays for measuring the
MMP-1 activity in each concentrated condi-
tioned medium were performed in a buffer con-
taining 50 mM tricine, pH 7.5, 0.2 M NaCl,
10 mM CaCl2 at 23°C for 18 h using the fluoro-
genic peptide substrate DNP-Pro-Leu-Ala-Leu-
Trp-Ala-Arg (Amersham) (12 mM per reaction)
[Netzell-Arnett et al., 1991]. We measured the
hydrolysis of the MMP-1 peptide substrate in
each reaction (190 ml) at the indicated times
using a Perkin-Elmer model LS-5 fluorometer
using 280-nm excitation (slit width 3 nm) and
360-nm emission (slit width 10 nm).

Statistical Analysis

Student t tests (StatView, version 4.5; Aba-
cus, Berkeley, CA) were used to determine sta-
tistical differences. A value of P , 0.05 was
considered significant.

RESULTS

Overexpression of Signal Peptide-Containing
FGF-1 in Cultured Postcapillary Venular EC

We used the sp-FGF-1 chimeric construct (Fig.
1) to stably transfect microvascular ECs grown in
culture. We decided to use this particular micro-
vascular EC as the host target because postcap-
illary venules are the major sites for angiogene-
sis, fluid exchange between the plasma and the
interstitium, and tumor cell entry and exit [Diaz-
Flores et al., 1992]. After the lipid-mediated
transfection, several independent clones as well
as pools of G418-resistant bovine ECs stably
transfected with the sp-FGF-1 or vector alone
were obtained. Total RNA obtained from these
cells was analyzed by Northern blotting for re-
combinant FGF gene expression (Fig. 2A). The
detected mRNA size of 500 bp for sp-FGF-1 re-
combinant construct was particularly advanta-
geous because we could easily distinguish these
transcripts from any possible endogenous bovine
FGF-1 mRNA of 4.8 kb [Jaye et al., 1986, 1987;
Burgess et al., 1986]. Western analysis of
heparin-adsorbing proteins collected from the

Fig. 1. Structures of the secretory version of fibroblast growth factor-1 (sp-FGF-1) expression plasmid. Signal-
bearing FGF-1 is expressed from the long terminal repeat (LTR) of the murine sarcoma virus (MSV) promoter. G418
resistance (NEO) is expressed from the SV40 promoter.
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transfected cell extracts demonstrated the pres-
ence of sp-FGF-1 gene products (Fig. 2B).

Furthermore, the serum-free conditioned
media from sp-FGF-1 but not the vector control
transfected ECs stimulated DNA synthesis in
NIH 3T3 cells, suggesting that the secreted
extracellular form of the FGF-1 has retained
its biological activity (Fig. 3).

Postcapillary Venular ECs Transfected With
Signal Sequence-Bearing FGF-1 Exhibit Altered

Phenotype in Culture

Cultured bovine postcapillary venular ECs
with 15-mm diameter were used for the overex-
pression of sp-FGF-1 construct. Our immediate
observation was the striking shift in EC mor-
phology from a cobblestoned cell shape in normal
parental cells to a highly elongated fibroblast-
like morphology with prominent neuritelike
extensions in sp-FGF-1 overexpressing cells
(Fig. 4). Assumption of this altered phenotype
is what we have termed the “angiogenic phe-
notype,” consistent with loss of the side-by-side
organization of the normal cells reported in
more invasive cells of various cancers [Darnell
et al., 1986]. Interestingly, exogenous addition
of the FGFR1 Ab to sp-FGF-1 cell cultures re-
verted the transfected cells to a nontrans-
formed phenotype. This is presumably because
of blocking the autocrine stimulation through
inhibition of the interaction between FGF and
its cognate cell surface receptor (Fig. 5).

Postcapillary Venular ECs Transfected With
Signal Sequence-Bearing FGF-1 Exhibit

Increased Migration Property

The process of angiogenesis and tumor cell
invasion share functional similarities, in-
cluding alteration in adhesion and enhanced
proteolysis of the matrix, which are required
for cell migration [Stetler-Stevenson and
Corcoran, 1997]. We wanted to determine
whether the “angiogenic phenotype” could be
correlated with enhanced cell migration. We
measured the migration behavior of sp-
FGF-1 transfectants, because the migration
of ECs is indicative of the start of angiogen-
esis. This behavior was measured by compar-
ing migration capacity of sp-FGF-1 and
vector-alone transfected ECs through type I
collagen- and matrigel-coated filter mem-
brane of 10 mm pore size using a Neuro Probe
48-well chemotaxis chamber. sp-FGF-1 cells
migrated two and six times faster than
vector-alone transfected ECs through thin
layers of the collagen and matrigel matrices,
respectively (Fig. 6). The migration assay
could not be performed in the absence of this
minimal layer of matrix because the ECs fail
to adhere to an uncoated polycarbonate filter
membrane (data not shown). Because the mi-
gration assay is performed within a 6-h pe-
riod, this eliminates the possibility that the
increase in the number of migrated cells is

Fig. 2. Expressions of secretory version of fibroblast growth
factor-1 (sp-FGF-1) RNA and protein in transfected bovine en-
dothelial cells. A: Northern blot analysis of total RNA isolated
from vector alone- (lane 1) and sp-FGF-1- (lane 2) transfected
cells, probed for human FGF-1. Arrow points to recombinant
sp-FGF-1 mRNA. The FGF mRNA signal was normalized to
AEBP1 mRNA levels (bottom insert). B: Heparin-adsorbing pro-
teins collected from the cell extracts processed for the Western

analysis using a polyclonal antibody specific for FGF-1. Lane 1:
20-ng recombinant FGF-1 serving as a positive control; lane 2:
sp-FGF-1-transfected endothelial-cell (EC) extracts; lane 3: vec-
tor alone-transfected EC extracts; lane 4: nontransfected bovine
EC extracts. Upper arrow indicates unprocessed FGF-1 retain-
ing its heterologous signal peptide. Lower arrow indicates the
final processed form of FGF-1.
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merely caused by an increase in cell dou-
bling.

Upregulation of MMP-1 in sp-FGF-1
Transfectants

The migration assay results show that down-
stream regulators of enhanced cell migration

must be 1) subjected to regulation by FGF-1 pro-
tein, and 2) able to specifically degrade type I
collagen as well as matrigel, which constitutes
the ECM of the system. MMP-1, also known as
interstitial collagenase, is a member of the MMP
family, which is known to possess both of these
requisites. We initially predicted that the en-

Fig. 3. DNA synthesis assay. NIH 3T3 cells were used to test the mitogenic activity of the conditioned media (CM)
obtained from endothelial cells (ECs) transfected with secretory version of fibroblast growth factor-1 (sp-FGF-1) or
vector alone. Each data point for relative bromodeoxyuridine (BrdU) incorporation into 3T3 cells represents the
mean 6 SE of three determinations. FBS, fetal bovine serum; DMEM, Dulbecco’s Modified Eagle’s Medium.

Fig. 4. The morphology of the transfected endothelial cells. A: Secretory version of fibroblast growth factor-1
(sp-FGF-1)-transfected cells. B: Vector alone-transfected cells. Arrow (A) indicates the neuritelike extensions present
in sp-FGF-1-transfected bovine endothelial cells (3100 magnification).
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Fig. 5. Effect of FGFR1 antibody (Ab) on secretory version of fibroblast growth factor-1 (sp-FGF-1)-transfected
endothelial-cell morphology. Sp-FGF-1-transfected cells were plated in a six-well tissue culture dish and treated (a)
with 5 mg/well of the FGFR1 Ab or (b) without the Ab during a 7-day period as described in Materials and Methods.
Arrows (b) indicate the neuritelike extensions present in sp-FGF-1 transfectants (3100 magnification).



hanced migration of the sp-FGF-1-transfected
ECs through type I collagen is caused by the shift
toward an excessive proteolytic activity of MMPs.
Consequently, we have demonstrated an in-
crease in the MMP-1 mRNA expression in sp-
FGF-1 compared to vector-alone transfected ECs
using the RT-PCR method (Fig. 7). The collag-

enolytic activities of the bovine MMP-1 secreted
in the conditioned media of transfected ECs were
confirmed by a fluorescent assay using a syn-
thetic substrate peptide for MMP-1 [Netzel-
Arnett et al., 1991]. Briefly, in the unhydrolyzed
state, the Trp fluorescence is efficiently quenched
by the dinitrophenol (DNP) residing on the

Fig. 6. Invasion of control and secretory version of fibroblast
growth factor-1 (sp-FGF-1) cells through collagen and matrigel
matrices using a modified Boyden Chamber assay. 2 3 104 of
each transfectant was placed in the upper chamber, and media
containing 10% serum was placed in the lower chamber. Num-
ber of cells migrated through a 10-mm pore-size polycarbonate

filter precoated with (a) pure type I collagen and (b) matrigel
after 6 h incubation at 37°C under 5% CO2 was determined.
HPF, high-power field. EC, endothelial cells. Results are shown
as mean 6 SD for triplicate determinations. *P , 0.05, student
t test. The data are representative of three independent exper-
iments.
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N-terminus of the peptide substrate (see Materi-
als and Methods), presumably through reso-
nance energy transfer [Stack and Gray, 1989].
Addition of MMP-1 cleaves the peptide substrate;
therefore, DNP will no longer remain in the cor-
rect proximity and orientation to accept energy
transfer from Trp. The final result will be a pro-
portional increase in fluorescence emission as the
hydrolysis of substrate peptide proceeds. By us-
ing this assay, we demonstrated significant in-
creased MMP-1 collagenolytic activity in the con-
ditioned media harvested from sp-FGF-1
transfectants when compared to the vector-alone
groups (Table I). Furthermore, MMP-1 enzy-
matic activity was eliminated when concentra-
tions of 50 mM of the metal chelating agent
EDTA were incorporated into the assay reac-
tions. Thus, these results indicated that FGF-1
can induce MMP-1 activity, which can in turn
promote EC migration. To further confirm
MMP-1 involvement in the migration of sp-FGF-
1-transfected cells, we blocked the increased in-
vasiveness of sp-FGF-1 transfectants using 1 mM
RS-113456, a synthetic MMP inhibitor (a gift
from Roche Bioscience, Palo Alto, CA) [Lovejoy et
al., 1999], and demonstrated that the blockade of

MMP-1 activity can reverse the invasion profile
of sp-FGF-1-transfected ECs (Fig. 8).

DISCUSSION

Migration of ECs from the preexisting mi-
crovessels is a critical first step in angiogene-
sis. Both polypeptide growth factors and
matrix-degrading proteases take part in the
regulation of angiogenesis. Therefore, an un-
derstanding of how signaling is coordinated be-
tween these different entities helps us to better
define the molecular mechanisms that underlie

TABLE I. Matrix Metalloproteinase-1 (MMP-1)
Activity as Demonstrated by Hydrolysis of a

Specific Fluorogenic Peptide Substratea

Transfectant condition media MMP-1 activity

Vector alone 315.06 6 25.70
Signal peptide FGF-1 422.72 6 9.35*

aValues are mean 6 SE. n 5 4 per transfectant. *P , 0.05,
student t test. MMP-1 activity was determined by in-
creased fluorescence accompanied hydrolysis of the peptide
substrate by MMP-1 in the condition media. (lem 5 280
nm, lex 5 360 nm). FGF-1, fibroblast growth factor-1.
Note: Incorporation of 50 mM metal chelator EDTA blocked
MMP-1 activity (P , 0.01); data not shown.

Fig. 7. Reverse transcriptase polymerase chain reaction (RT-
PCR) analysis of changes in matrix metalloproteinase-1
(MMP-1) mRNA levels in the transfected endothelial cells. Total
RNA was isolated from confluent vector-alone-transfected cells
(lanes 1 and 4); secretory version of fibroblast growth factor-1-
transfected cells (lanes 2 and 3). RT-PCR was performed simul-
taneously on these RNAs for MMP-1 (lanes 1 and 2) and the

internal control glyceraldehyde-3-phosphate-dehydrogenase
(lanes 3 and 4) expression. M is the size marker phage f3174
RF DNA digested with HaeII enzyme. The final PCR products
were analyzed on a 1.2% agarose gel and stained with
ethidium bromide. The data are representative of five indepen-
dent experiments.
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the overall angiogenic process. For this pur-
pose, we chose to overexpress a signal peptide-
containing form of FGF-1, a known angiogenic
growth factor with the ability to bring about
metabolic and phenotypic changes in EC. The
sp-FGF-1 was specifically chosen to determine
the mechanism by which the autocrine/paracrine
stimulation by sp-FGF-1 influences the EC mi-
gration. A retroviral-based plasmid vector
(pMEXneo) was used for introducing the sp-
FGF-1 gene into ECs because of its high effi-
ciency and the persistence of gene expression.

Altered Phenotypes of sp-FGF-1 Overexpressors

We have observed that sp-FGF-1 overexpres-
sion in ECs alters the morphology of these cells
in culture. The sp-FGF-1 transfectants as-
sumed a fibroblastlike morphology with prom-
inent neuritelike extensions and the loss of
cell–cell contacts. This transformed phenotype
resembles those of invasive tumor-derived cell
lines. Similarly, others have shown that NIH-
3T3 cells transfected with FGF-2 fused to IgG
heavy chain exhibited a phenotype change and
an enhanced motility [Rogelj et al., 1988]. In-
terestingly, on addition of the FGFR1 Ab into
the culture media, sp-FGF-1 cells reverted to

the same appearance as the nontransformed
phenotype. It is possible that this Ab abrogated
the growth factor/receptor interactions and
thereby inhibited autocrine transformation.

Characterization of Migration Properties of
Transfected ECs

EC migration is an early step in angiogene-
sis. Migratory ECs assume an angiogenic phe-
notype, a characteristic appearance that is also
present in invasive cells. Because our bovine
ECs assumed an angiogenic phenotype after
transfection with the sp-FGF-1 construct, we
tested the migratory behavior of sp-FGF-1-
transfected ECs across a filter membrane pre-
coated with type I collagen or matrigel using a
chemotaxis assay. Concomitant with the mor-
phological changes, sp-FGF-1 cells demon-
strated a twofold and sixfold increase in migra-
tion in response to DMEM containing 10% FBS
over vector alone cells in the respective matri-
ces. Thus, the present study shows that target-
ing of FGF-1 for secretion, via the addition of a
signal peptide, increases EC migration. We do
not yet know how the addition of a signal pep-
tide confers such a profound effect on cell mi-
gration. One explanation is that the presence

Fig. 8. Effect of matrix metalloproteinase (MMP) inhibitor on
secretory version of fibroblast growth factor-1 (sp-FGF-1)-
transfected endothelial cell (EC) invasion of collagen matrix
using a modified Boyden Chamber assay. MMP inhibitor,
RS113456, was added to a suspension of sp-FGF-1 transfectant
before the addition to the upper chamber, and media contain-
ing 10% serum was placed in the lower chamber. Number of

cells migrated through a 10-mm pore-size polycarbonate filter
precoated with pure type I collagen after 6 h incubation at 37°C
under 5% CO2 was determined. HPF, high-power field. Results
are shown as mean 6 SD for six determinations. *P , 0.05,
student t test. The data are representative of two independent
experiments.
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of signal peptide on FGF-1 generates a consti-
tutive interaction of the FGF-1 and its cell sur-
face receptor in similar fashion to the autocrine/
paracrine loop described for malignant cell
transformation [Sporn and Roberts, 1985].

Effect of sp-FGF-1 Overexpression on MMP-1

Much of what we know about cell migration
comes from the study of malignant cells, where it
is known that tumor invasion has an absolute
requirement for focal dissolution of the matrix.
Given also the knowledge that 1) most compo-
nents, if not all, of ECM can be degraded by
MMPs [Matrisian, 1990]; 2) FGF-2, which func-
tions similarly to FGF-1, has the ability to stim-
ulate MMP-1 synthesis in fibroblast cells [Chua
et al., 1991]; and 3) the type I collagen matrix
used in our study is a specific substrate for
MMP-1, and furthermore its expression can be
influenced by FGF [Tan et al., 1993], we focused
on investigating FGF-induced MMP-1-mediated
EC migration to identify downstream mediators
of the FGF signaling pathway. In support of our
hypothesis, MMP-1 mRNA and activity levels
were greatly upregulated in sp-FGF-1 transfec-
tants. Furthermore, the incorporation of
RS113456, a strong and specific MMP inhibitor
with an inhibitory constant (Ki) of 70 nM for
MMP-1 [Lovejoy et al., 1999], significantly re-
duced the invasion rate of sp-FGF-1 transfec-
tants. We propose that MMP-1 may facilitate
FGF-driven EC migration by one or all of the
following three mechanisms: 1) by lysis of collag-
enous matrix components and thus removal of
the mechanical barrier at the leading edges of
migrating ECs [Unemori et al., 1992]; 2) through
release of ECM-bound growth factor release
[Ruoslahti and Yamaguchi, 1991]; and 3) via
cleavage of parental matrix peptides and the
generation of new angiogenic matrix peptide
fragments [Sage, 1997]. We are currently testing
these three possibilities. One major contribution
of this study is the demonstration of a coordi-
nated interaction between FGF-1 and MMP-1
and its impact on the migration of ECs. Our
observations suggest that FGF controls the pro-
teolytic balance, which is critical to angiogenesis.
Thus, in pathological angiogenesis, the FGF/
MMP signaling pathway may regulate the extent
of the nascent EC response to the migration and
differentiation signals. Deliberate intervention
in the growth factor/protease signaling pathway
may be a plausible method to suppress patholog-
ical angiogenesis.
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