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(Bacl(ground: Matrix metalloproteinases (MMP) and VEGFR2 often coexist in many settings, but their interactions are

Results: MMP-1 stimulates VEGFR2 up-regulation in endothelial cells.
Conclusion: MMP-1-stimulated cells have elevated intracellular signaling and proliferate at a faster rate than unstimulated

Significance: A novel mechanism is uncovered whereby MMP-1 is able to sensitize endothelial cell functions.
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Matrix metalloproteinase-1 (MMP-1) is a collagenase that is
highly active in extracellular matrix and vascular remodeling,
angiogenesis, and tumor progression. Vascular endothelial
growth factor receptor-2 (VEGFR2), the main receptor for
VEGE-A, is expressed on endothelial cells and promotes cell
survival, proliferation, and other functions. Although MMP-1
and VEGFR2 co-exist in many normal and pathophysiological
conditions, the effect of MMP-1 on cellular VEGFR2 that can
promote the above processes is unknown. In this study we test
the hypothesis that stimulation of endothelial cells with MMP-1
increases their levels of VEGFR2. The increased VEGFR2 is
then available to bind VEGF-A, resulting in increased
response. Indeed we found that endothelial cells incubated
with active MMP-1 had higher mRNA and protein levels of
VEGEFR2. Furthermore, VEGF-A-dependent phosphorylation
of intracellular signaling molecules and endothelial prolifer-
ation were elevated after MMP-1 treatment. MMP-1 caused
activation of the nuclear factor-kB (NF-kB) pathway (p65/
RelA) in endothelial cells, and this response was dependent
upon activation of protease activated receptor-1 (PAR-1).
Chromatin immunoprecipitation was used to confirm
NEF-kB-mediated active transcription of the VEGFR2 (KDR)
gene. Elevation in VEGFR2 after MMP-1 stimulation was
inhibited by PAR-1 knockdown and NF-kB specific inhibi-
tion. We conclude that MMP-1 promotes VEGFR2 expres-
sion and proliferation of endothelial cells through stimula-
tion of PAR-1 and activation of NF-kB. These results suggest
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a mechanism by which MMP-1 may prime or sensitize endo-
thelial cell functions.

Matrix metalloproteinases (MMPs)* are a family of zinc-de-
pendent proteases that were originally characterized by their
ability to degrade components of the extracellular matrix.
These proteases can also act together with the endothelium to
facilitate responses such as vascular remodeling, wound heal-
ing, cell invasion, permeability, proliferation, and survival
(1-8). A major receptor on endothelial cells that governs these
responses is VEGFR2, a receptor tyrosine kinase that readily
undergoes tyrosine phosphorylation and receptor dimerization
upon ligand stimulation (9-11). VEGF-A-mediated stimula-
tion of VEGFR2 leads to activation of extracellular signal-re-
lated kinase 1/2 (ERK1/2), INK, MAPK (p38), and others (11,
12). Collectively these signaling molecules modulate a variety of
endothelial functions, including endothelial survival, permea-
bility, and proliferation (7, 13, 14).

Among the different MMPs, MMP-1 (an interstitial colla-
genase capable of degrading collagen types I, II, and III) has
been positively correlated with certain cancers (15-20), is a
biomarker for venous disease (21-23), and has a role in modu-
lating endothelial permeability (4—6). Among the many sub-
strates for MMP-1, protease-activated receptor-1 (PAR-1) has
been shown to play an important role in endothelial cell func-
tions and blood vessel development (24 -27). Additionally, it
was shown that activation of PAR-1 by the serine protease
thrombin enhances endothelial levels of VEGFR228, thus
suggesting a key role for PAR-1 in endothelial cell functions.
Given the frequent interactions MMPs have with the endo-
thelium, it is possible that a mechanism exists by which
MMPs may serve to sensitize endothelial cells for VEGFR2-
mediated functions.

“The abbreviations used are: MMP, matrix metalloproteinase; HUVEC, human
umbilical venous endothelial cell; BAEC, bovine aortic endothelial cell;
PAR-1, protease activated receptor-1.
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Therefore, in the present study we specifically tested whether
endothelial cell stimulation with MMP-1 would result in up-regu-
lation of VEGFR2 expression and therefore augment VEGF-A-
mediated signaling, thereby enhancing the proliferative response.
We were able to show that cells treated with MMP-1 have
increased levels of VEGFR?2. By the use of specific inhibition pro-
tocols we also found that the mechanism by which VEGFR2 is
up-regulated is mediated by PAR-1 and activation of the NF-kB
pathway. These results therefore provide insights regarding the
ability of MMP-1 to enhance endothelial functions/activities in
conditions associated with increased levels of MMP-1.

EXPERIMENTAL PROCEDURES
Cell Culture, Treatments, and Reagents

Human umbilical venous endothelial cells (HUVECs) were
purchased from Cell Applications, Inc., and bovine aortic endo-
thelial cells (BAECs) were a generous gift from Dr. Shu Chien
(University of California San Diego). All cells were used
between passages 2 and 4. HUVECs and BAECs were cultured
in complete growth media (Cell Applications Inc.) at 37 °C and
5% CO,. At subconfluence, cells were starved overnight in
serum-free maintenance media (Cell Applications Inc.) to
reach a baseline level of gene expression. To evaluate changes in
VEGFR?2 expression over time, cells were incubated with 25
ng/ml of MMP-1 (EMD Biosciences) activated with 4-amino-
phenylmercuric acetate (10:1, respectively, at 37 °C for 2 h) at
appropriate time points. MMP-1 activity levels were measured
before each experiment and kept constant for all experiments.
MMP-8 and MMP-9 were purchased by EMD Biosciences and
activated as described. NF-«B, IkB, P-I«kB, Histone H3, ERK,
P-ERK, JNK, P-JNK (Thr'®?/Tyr'®%), MAPK, P-MAPK (Thr'#°/
Tyr'®?), and P-VEGFR2 (Tyr''”®) antibodies were ordered from
Cell Signaling Technology, Inc., and were used 1:1000 in 0.5%
TBS-T in 5% nonfat milk blocking reagent for Western blotting.
VEGFR?2 and B-actin primary antibodies were purchased from
Santa Cruz Biotechnology and used 1:1000 as described above
for Western blotting. FITC-conjugated chicken anti-human
VEGEFR2 antibody used for immunofluorescence was pur-
chased from Genetex and was used 1:100 in 5% normal goat
serum in PBS. PAR-1 primary antibody was purchased from
Beckman Coulter and used for Western blotting as described.
RNAI| transfections were performed as indicated by the manu-
facturer with siRNA transfection reagent, siRNA transfection
medium, control fluorescein siRNA, and human thrombin
receptor siRNA (Santa Cruz Biotechnology, Inc.). VEGF-A was
purchased from PeproTech and used at 5 ng/ml. To inhibit the
NF-kB pathway, CAY 10512 (0.15 um; Cayman) was used.

Cell Lysis and Nuclear Separations

For VEGFR2 and signaling proteins analysis, cells were lysed
on ice with RIPA buffer supplemented with protease and phos-
phatase inhibitors (mixtures; Sigma and Pierce). For NF-«B
analysis, endothelial cells were stimulated with MMP-1 for pre-
determined time points, then harvested and lysed with 20 mm
Tris-HCI (pH 7.5), 0.5% Triton X-100, 0.5 mm Na;VO,, 10%
glycerol, 1 mm EDTA, 1 mM EGTA, and 50 mm NaF to obtain
cytosolic fractions. After centrifugation, pellets were then lysed
with the described lysis buffer supplemented with 2.5% Triton
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X-100 detergent for lysis of nuclear fractions. These fractions
were used for Western blotting to determine nuclear levels of
p65. For experiments where NF-«B was inhibited, cells were
treated with 0.15 um NF-«B inhibitor (CAY10512) overnight in
serum-free media. Cells were then harvested and nuclear and
cytoplasmic fractions were separated as described above.

Immunofluorescence

Cells were grown to subconfluence in 96-well tissue culture
plates (BD Falcon).

VEGFR2—To test for elevated protein expression, HUVECs
were treated with MMP-1 in serum-free media for 0, 4, 8, 12,
and 24 h and BAECs were treated for 0, 1, 3, 6, and 24 h.

NF-kB—Both cell types were serum starved for 2 h and sub-
sequently treated with MMP-1 for 0, 5, 15, 30, or 60 min, or
TNE-a for 30 min. After treatment cells were fixed with 2%
paraformaldehyde (for membrane VEGFR2 staining) or with
ice-cold methanol (whole cell staining) for 20 min at room tem-
perature. Cells were incubated with primary antibody against
VEGFR2, NF-kB (p65 subunit), and/or B-tubulin in 5% normal
goat serum in PBS for 1 h. Cells were washed with 1X PBS and
then incubated with either FITC-conjugated secondary anti-
body, or Texas Red Avidin-D. Nuclei were stained with DAPIL

High Throughput Imaging and Analysis

Imaging was carried out using the Opera QEHS system
(PerkinElmer Life Sciences) at the Sanford Burnham Medical
Research Institute CPCCG with objective: X20, 0.45 NA
(Numerical Aperture). Channel 1 (nucleus) nuclei were stained
with DAPI. The DAPI channel was imaged using the noncon-
focal light path. The Opera’s xenon arc lamp set to 365 nm was
used for excitation and an emission filter of 450/50 nm was used
in front of the camera. The exposure time for channel 1 was
~40 ms. For channel 2 (FITC), the cytoplasm/membrane was
excited using the 488-nm laser line. The images were acquired
using the confocal system of the Opera QEHS system. The
exposure time was ~2000 ms. Nine fields were acquired for
each well. The image analysis was done using Acapella 2.5. The
analysis algorithm was developed at the Conrad Prebys Centre
for Chemical Genomics (CPCCG). The algorithm uses inbuilt
Nuclei, Membrane, and Cytoplasm detection.

Bromodeoxyuridine (BrdU) Proliferation Assay

To examine the ability of MMP-1 to prime endothelial cells
for proliferation, we measured BrdU incorporation after
MMP-1 treatment using a commercial kit (Roche Applied Sci-
ence). Cells were grown in 96-well plates (BD Biosciences) and
transferred to starvation media with/without MMP-1 for 24 h.
Starvation media was then removed and complete media was
supplemented with 10 ng/ml of VEGF-A and BrdU was added
for 5 h. Cells were fixed and labeled for BrdU according to the
manufacturer’s protocol.

PAR-1 siRNA Transfections

Briefly, subconfluent HUVECs were transfected with 40
pmol of human PAR-1 siRNA or control fluorescein conjugate
siRNA using siRNA transfection reagent (SCB, Inc.). Cells were
incubated only with transfection reagents for 5 h. Complete
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TABLE 1
qPCR and ChIP primers used

Forward primer (5’ - 3')

Reverse primer (5’ - 3")

RT-PCR primers (BAEC)
Flk1

TGG CAT CAC GGA AGT GTA TCC

CGG GCC AAG CCAAAG TC

B-Actin GCG TGG CTA CAG CTT CAC TTG ATG TCA CGG ACGATT TC
RT-PCR primers (HUVEC)

KDR CTGACGATTATGGAAGTGAGTGAAA TGGCTCTGCTTCTCCTTTGAA

B-Actin CTGGAACGGTGAAGGTGACA AAGGGACTTCCTGTAACAATGCA
ChlIP primers (HUVEC)

KDRp1l CAAAAGGGCAAGTTCACCAT GGCAGAGAATGAAGGTCTGG

KDRp2 CCACTCGGCTACCAAAATCA TGGCATAGTCTCAGCTTCCT

KDRp6 ATTTCCCCACACAACTGGAC GGCAAGCGATTAAATCTTGG

RANTES CTTATGATACCGGCCAATGC GTGCGAGGTCCACGTGCTGTC

B-Actin ACTGCTGGGTAGGTTTGTAGCCTTCATCA TAGCTAAATGTGCTGGGTGGGTCA

media was subsequently added to the mixture with the cells
exposed to siRNA complexes overnight. The next day the trans-
fection media was removed and replaced with complete media.
Cells were assayed for PAR-1 expression 48 h post-transfection.

Western Blotting and Cellular Signaling

For cellular signaling analysis cells were treated with MMP-1
for 24 h followed with 5 ng/ml of recombinant VEGF-A (Pep-
roTech) for 5 and 15 min in serum-free maintenance media,
washed with PBS, and lysed for analysis. For each experiment,
40 g of total protein was separated by SDS-PAGE and trans-
ferred onto nitrocellulose membranes. Membranes were
blocked with 5% nonfat milk in Tris-buffered saline (pH 7.4)
with 0.5% Tween 20 (TBS-T). Blots were then incubated over-
night at 4 °C in TBS-T, 5% milk containing primary antibodies
against the studied proteins. Blots were then washed and incu-
bated with HRP-conjugated secondary antibodies. Signal on
x-rays films was detected using the chemiluminescence
reagents of the EZ-ECL kit (Pierce). Band density was analyzed
using the NIH Image J software.

Quantitative Real Time-PCR

For mRNA analysis, cells were lysed and genetic material was
purified according to the manufacturer’s protocols (Qiagen).
cDNA templates were generated from 3 ug of RNA using
SuperScript III Reverse Transcriptase (Invitrogen). Quantita-
tive RT-PCR were performed using the ABI Prism 7900HT
Thermal Cycler, using primers for VEGFR2 (Flk-1 in BAEC or
KDR in HUVEC) and B-actin as a normalization control (Table
1). Data analysis was performed using Applied Biosystems
Sequence Detection System (SDS) software.

Chromatin Immunoprecipitation

Briefly, cells (20 million per ChiP reaction) were treated with
MMP-1 for 30 min or left untreated; then fixed with 1% form-
aldehyde for 10 min at room temperature, lysed and sonicated
producing 300-400-bp DNA fragments. A sample of input
DNA was saved and p65 was precipitated overnight with anti-
rabbit DynaBeads (Invitrogen) pre-coupled with 10 mg of anti-
p65 antibody (Santa Cruz sc-372). The beads were extensively
washed and DNA was eluted, and the cross-links were reversed
at 65 °C for 6 hr, after which both immunoprecipitated and
input DNA fractions were treated with Proteinase K. DNA was
recovered using Qiagen PCR product purification kit and sub-
jected to gene-specific quantitative real time-PCR with the

600 JOURNAL OF BIOLOGICAL CHEMISTRY

indicated primers (Table 1). To estimate the assay background,
normal rabbit IgG (Santa Cruz sc-2027) was used instead of the
p65 antibody; the levels of KDR regions precipitated with p65
antibody in the untreated cells were similar to those precipi-
tated with the normal IgG (data not shown).

Statistical Analysis

All statistical results were presented as mean *= S.E. An
unpaired two-tailed Student’s ¢ test was used for comparison
between two groups. Analysis of variance was used to test for
differences in outcomes of interest among groups. Results were
determined to be significant at (*) p < 0.05. Tukey’s post-hoc
multiple comparison test was used to determine the signifi-
cance between individual groups. All analyses were performed
using SPSS version 18, Chicago, IL.

RESULTS

MMP-1 Stimulation Augments VEGFR2 Levels in Endothelial
Cells

Protein—Membrane-associated VEGFR2 is increased in a
temporal fashion following stimulation with MMP-1 (245 *+
12.2 mean fluorescent intensity at ¢t = 0 versus 346 * 28.8 mean
fluorescent intensity at £ = 24 h, *, p < 0.05; Fig. 1, A and B). Whole
cell VEGFR2 levels were also increased after treatment with
MMP-1 (1.5 £ 0.28 versus 0.68 £ 0.07 Relative Density Units of
MMP-1 treated versus untreated cells; p < 0.05; Fig. 1, Cand D).

mRNA—VEGFR2/KDR gene transcript levels were elevated
following treatment with MMP-1 for 30 min and 8 h (3 = 0.2 at
30 min and 4.4 * 0.6-fold amplification at 8 h versus 1 = 0.3 at
t=0;* p < 0.05; Fig. 1E). In BAECs, as in HUVECs, VEGFR2
protein and VEGFR2/Flk-1 mRNA levels were significantly
higher after MMP-1 treatment compared with untreated con-
trol cells (Fig. 1, F-H).

MMP-1 Augments VEGF-A-dependent Signaling

Control and MMP-1-treated cells were stimulated with
VEGE-A for 5 and 15 min to examine the ability of newly
expressed VEGFR2 to enhance VEGF-A-mediated signaling
levels (Fig. 2). At both 5 and 15 min following stimulation with
VEGF, phosphorylation levels of the target proteins VEGFR?2,
ERK (0.95 * 0.01 versus 0.7 = 0.02, p < 0.05; Fig. 2C), and JNK
and MAPK were significantly higher in MMP-1-treated cells
versus controls (Fig. 2, A-C). Phosphorylated VEGFR?2 levels
relative to B-actin loading controls were significantly elevated
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FIGURE 1. MMP-1 increases the expression of VEGFR2 on endothelial cells. A, confocal images of membrane labeling of VEGFR2 (green; blue = DAPI nuclear
stain) in PAF fixed HUVECs. Time points indicate the length of incubation with MMP-1. B, high throughput confocal laser scanning analysis of VEGFR2
membrane mean fluorescent intensity (MFI) before and after MMP-1 treatment (~500 cells/well were counted in the analysis, n = 4, *, p < 0.05). C, represent-
ative Western blot, and D, quantification depicting increasing levels of whole cell VEGFR2 in HUVECs after MMP-1 treatment for the indicated time points (n =
4).E, VEGFR2 mRNA levels in HUVECs after the indicated time of treatment with MMP-1 (n = 4). F, confocal images of methanol-fixed BAECs immunolabeled for
whole cell VEGFR?2 at different incubation times with MMP-1. G, high throughput confocal laser scanning analysis of whole cell VEGFR2 levels (~500 cells/well
were counted in the analysis, n = 4, ¥, p < 0.05). H, real-time PCR analysis of VEGFR2 mRNA levels in BAECs before and after MMP-1 stimulation. Results are
presented as -fold amplification normalized to endogenous levels of B-actin (n = 3, *, p < 0.05).
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FIGURE 2. MMP-1 stimulation augments VEGF-A-mediated signaling and endothelial proliferation. A, representative Western blot of phosphorylated
signaling proteins (VEGFR2, ERK, JNK, and MAPK) from HUVECs treated overnight with or without MMP-1 followed by treatment with 10 ng/ml of VEGF-A for
the indicated time points. B, densitometry measurements of p-VEGFR2 (after 5 min of VEGF-A stimulation) with (black) and without (gray) MMP-1 treatment for
24 h. Standardization is against levels of B-actin (n = 6, *, p < 0.05). C, band density ratio between the phosphorylated protein divided by total protein for ERK
(n = 3,% p < 0.05). D, BrdU values for cells treated with (n = 16 wells; 500cells/well) and without (n = 9 wells; 500 cells/well) MMP-1 for 24 h before BrdU
incorporation and fixation (¥, p < 0.05).
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FIGURE 3. PAR-1 silencing attenuates MMP-1-mediated VEGFR2 up-regulation. A, representative Western blot displaying VEGFR2 levels in PAR-1 and
control siRNA-transfected cells treated with or without MMP-1 (n = 3). B, quantified VEGFR2 levels after MMP-1 stimulation of PAR-1 knockdown and control
cells (n = 3;* p < 0.05; 1, p < 0.05). G, representative Western blot displaying VEGF-A-mediated p-VEGFR2 and p-ERK signaling levels following corresponding
transfections and 24 h treatment with MMP-1 (n = 3). D, bar graph depicts the band density ratio between the phosphorylated protein divided by total protein

for ERK (n = 3, %, p < 0.05).

following a 24-h MMP-1 treatment and 5-min incubation with
VEGEF-A (Fig. 2, A and B; n = 6; %, p < 0.05).

Endothelial Cell Proliferation Is Enhanced following MMP-1
Treatment

To measure one possible physiologic outcome that an
increase in VEGFR2 due to MMP-1 stimulation might have, we
measured cell proliferation via BrdU incorporation after stim-
ulation with MMP-1. Our results (Fig. 2D) show that cells
treated with MMP-1 and then stimulated with VEGF-A prolif-
erate at a significantly faster rate compared with untreated cells
exposed to VEGF-A.

PAR-1 Knockdown Attenuates the Increase of VEGFR2 Protein
and Signaling Levels

As a known substrate for MMP-1 (25), we next examined
whether or not PAR-1 was responsible for the MMP-1-medi-
ated increase in VEGFR2 levels. PAR-1 knockdown blunted the
otherwise increased VEGFR2 levels upon 24 h of MMP-1 treat-
ment seen in cells transfected with control siRNA (0.75 *+ 0.17
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versus 1.24 * 0.18 Relative Density Units, respectively, p < 0.05;
Fig. 3, A and B). Moreover, cells transfected with control siRNA
had increased levels of VEGFR2 following MMP-1 stimulation
for 24 h compared with untreated cells (1.24 * 0.18 versus
0.56 * 0.13 RDU, respectively, p < 0.05; Fig. 3, A and B). Upon
stimulation with VEGF-A, phosphorylated VEGFR2 was
decreased at 5 and 15 min in PAR-1 knockdowns (Fig. 3C) com-
pared with control cells expressing PAR-1. Due to its promi-
nent role in endothelial proliferation (7), we chose to focus on
the effect PAR-1 knockdown has on ERK signaling following
MMP-1 treatment. At 15 min of VEGF-A treatment, levels of
p-ERK were significantly lower in MMP-1-treated PAR-1
knockdown cells compared with MMP-1-treated control
siRNA-transfected cells (0.64 * 0.02 versus 0.79 *= 0.04 RDU,
respectively, p < 0.05; Fig. 3, C and D).

NF-kB Is Activated and Responsible for Modulation of VEGFR2
Levels following MMP-1 Stimulation

Upon stimulation with MMP-1 for 30 min, immunostaining
depicts nuclear translocation of the p65/RelA subunit into the

VOLUME 288+NUMBER 1-JANUARY 4, 2013
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FIGURE 4. MMP-1 stimulates NF-«B nuclear translocation via a PAR-1-dependent mechanism. A, confocal images representing nuclear and cytoplasmic
localization of p65 (red) in HUVECs. Arrows indicate translocation of p65 transcription factor from the cytoplasm into the nucleus (red superimposed onto blue).
Green represents a B-tubulin counterstain. B, quantification of the nuclear to cytoplasmic ratio of p65 staining seen in A (¥, p < 0.05). Western blotting (C) and
quantification (D) of nuclear and cytoplasm fractions from HUVECs following 0 and 30 min of MMP-1 treatment (n = 3, *, p < 0.05). TNF-a-treated cells serve as
a positive control for p65 nuclear translocation. Western blotting (E) and quantification (F) of nuclear and cytoplasm fractions from HUVECs following 0 and 30

min of MMP-1 treatment in PAR-1 knockdown cells (n = 3, *, p < 0.05). TNF-a-treated cells serve as a positive control for p65 nuclear translocation.

cell nuclei, a surrogate marker for NF-«B activation (Fig. 44),
and the nuclear to cytoplasm ratio of p65 showed a peak at 30
min (0.85 * 0.05 at t = 0 versus 1.56 * 0.03 at £ = 30 min, p <
0.05; Fig. 4B). Nuclear separation followed by Western blotting
was performed to confirm the nuclear translocation of the p65
subunit following treatment with MMP-1. Phosphorylated IxB
levels were markedly higher after MMP-1 treatment (Fig. 4C)
and the corresponding increase in nuclear p65 is seen as well
(Fig. 4, C and D). TNF-a served as a positive control for p65
nuclear translocation. Similarly to HUVECs, BAECs displayed a
similar trend in response to MMP-1 treatment where the ratio
of nuclear:cytoplasm p65 was 1.67 = 0.13 at 30 min compared
with 1.24 * 0.06 in untreated cells (data not shown).

In PAR-1 knockdown cells, levels of p-IkB and nuclear p65
were not different in MMP-1-treated cells compared with con-
trols (Fig. 4, E and F). TNF-a still causes significant p65 nuclear
translocation in PAR-1 knockdown cells (Fig. 4, E and F).

JANUARY 4, 2013 +VOLUME 288 -NUMBER 1

To test the ability of the p65 subunit of NF-«B to bind and
stimulate transcription of the KDR gene (KDR = VEGFR2-en-
coding gene), we first searched for NF-«B putative binding sites
in the KDR promoter and first intron using TFSEARCH online
software. KDRI and KDR2 were located in the first intron and
KDR6 in the upstream region (Fig. 5A). Then we used chroma-
tin immunoprecipitation (ChIP) to test the ability of p65 to
directly regulate transcription of the KDR gene. Upon MMP-1
stimulation there was elevated binding of p65 to the KDR first
intron (KDR1 and KDR2) and KDR upstream region (KDRG6)
compared with untreated cells (Fig. 5B). To discern whether the
KDR gene was also being actively transcribed, these same
genomic regions were analyzed in the chromatin precipitated
with anti-acetylated histone H3 antibody. All three promoter
regions had higher levels of acetylated histone after MMP-1
stimulation (Fig. 5C), indicating elevated levels of KDR gene
transcription.
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FIGURE 5. NF-kB-mediates KDR gene transcription and VEGFR2 protein levels upon MMP-1 treatment. A, schematic picture of the KDR (KDR = VEGFR2-
encoding gene) with KDR1 and KDR2 localized in the first intron and KDR6 in the upstream region. B, chromatin immunoprecipitation of p65 bound to positive
control (RANTES), actin, and KDR promoters before and after MMP-1 stimulation (n = 3, ¥, p < 0.05). C, quantification of the precipitated acetylated histone,
which serves as a marker for active transcription of the KDR gene (n = 3;*, p < 0.05). D, Western blot of nuclear and cytoplasm fractions from HUVECs treated
with NF-kB inhibitor as described under “Experimental Procedures.” Notice that the inhibitor prevents p65 translocation to the nuclei otherwise observed in
MMP-1-treated cells (Fig. 4). E, Western blotting and quantification (F) of VEGFR2 levels from HUVECs following 24 h of MMP-1 treatment with (black bar) and

without (gray bar) NF-kB inhibitor (n = 3, *, p < 0.05).

Finally, to test whether the activation of NF-«B observed
after MMP-1 treatment is responsible for the increased
VEGEFR2 levels, we treated the cells with a potent NF-«B inhib-
itor. Our results (Fig. 5, D and E) show that in NF-«B inhibited
cells, the levels of VEGFR2 were significantly lower compared
with control cells following MMP-1 treatment (0.69 = 0.07
versus 1.6 + 0.16; n = 3).

Enhancement of VEGFR2 Levels Are MMP-1-specific and
Concentration and Activity Dependent

The ability of MMP-1, -8, and -9 to stimulate VEGFR2 pro-
duction in endothelial cells was tested. Cells incubated with
MMP-1 consistently displayed significantly elevated VEGFR2
levels compared with control cells and cells treated with
MMP-8 or -9 (data not shown). Although a wide range of
MMP-1 concentrations (applied for 24 h) stimulated VEGFR2
production, 25 ng/ml consistently stimulated the largest
increase in VEGFR?2 levels compared with untreated controls
(Fig. 6A). To assess whether MMP-1 itself or its activity is
responsible for stimulating the rise in VEGFR2 levels, we incu-
bated endothelial cells with inactive MMP-1 and analyzed
VEGEFR2 levels in a time-dependent fashion using high
throughput imaging (Fig. 6B). There was no significant differ-
ence in VEGFR2 levels in cells treated with inactivated MMP-1
compared with untreated cells, suggesting that MMP-1 activity
is responsible for enhanced VEGFR?2 levels.
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DISCUSSION

In this study we show that stimulation of endothelial cells
with MMP-1 results in elevated VEGFR2 levels. This aug-
mented VEGFR2 expression is then associated with increased
VEGEF-A-dependent signaling and cell proliferation. We fur-
ther demonstrate that MMP-1-mediated VEGFR2 production
involves activation of PAR-1 and occurs through an NF-«B-de-
pendent mechanism.

VEGFR2 and MMPs are known to have critical roles in a wide
variety of normal and pathophysiological conditions, including
cell proliferation, vascular remodeling, angiogenesis, tumor
progression, chronic inflammation, wound healing, etc. (1-8,
11-13, 29). MMP-1 is an active player in the above conditions;
specifically it has been shown to be a prognostic indicator for a
variety of cancers (15-20), a biomarker in venous disease (21-23),
and to have a role in modulating endothelial permeability by reg-
ulation of junctional integrity (4 — 6). Moreover we have previously
demonstrated an early release of active MMPs (including MMP-1)
in vivo by endothelial cells subjected to increased pressure in com-
bination with decreased shear stress (23). We also showed that
MMPs-8 and -9 were released by endothelial cells in this model,
and as such we sought to test the effects all three MMPs have on
endothelial cells. We found that MMP-8 and -9 had a weak effect
on VEGFR2 levels (not as robust as MMP-1) and thus focused our
efforts on the demonstrated effects of MMP-1.
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FIGURE 6. The increase of VEGFR2 levels is dependent on MMP-1 concentration and activity. High throughput confocal laser scanning analysis of
membrane VEGFR2 mean fluorescent intensity (MFI) before and after incubation with different concentrations of MMP-1 (A) and (B) after treatment with
inactive MMP-1 (~500 cells/well were counted in the analysis, n = 4, *, p < 0.05).

VEGEFR? is a principal receptor responsible for modulating
endothelial functions such as cell survival, proliferation, and
permeability (9-11). Because MMP-1 and VEGFR?2 are co-ex-
pressed in a variety of settings (9, 10, 21-23), it is intriguing to
consider that MMP-1 may have a larger role in priming or sen-
sitizing endothelial cells for functions mediated by VEGFR2.
Indeed, pretreatment of endothelial cells with MMP-1 caused a
significant elevation of both mRNA and protein levels of
VEGEFR2. This increased activity was associated with the
enhanced VEGF-A-mediated signaling response and acceler-
ated cellular proliferation, confirming that the newly synthe-
sized receptors were functional. This evidence suggests a
framework whereby interaction of MMP-1 with endothelial
cells may sensitize them to VEGF-A through up-regulation of
VEGFR2.

To address a possible mechanism by which MMP-1 may
stimulate an increase in VEGFR2 levels we focused on PAR-1, a
G-protein coupled receptor involved in the coagulation cascade
that is also known to have a role in vascular development (24—
28). Griffin et al. (24) demonstrated that Par-1~'~ mouse
embryos frequently died midgestation and displayed abnormal
yolk sac vasculature. Transgenic reintroduction of PAR-1 via
the endothelial specific promoter prevented death of Par-1~'~
embryos, suggesting that PAR-1 is significantly involved with
endothelial cell function and blood vessel development. The
activation of PAR-1 by the serine protease thrombin has also
been shown to enhance endothelial levels of VEGFR2 (28), fur-
ther suggesting a key role for PAR-1 in endothelial cell func-
tions. Similarly to thrombin, MMP-1 is also able to proteolyti-
cally activate PAR-1, subsequently promoting processes such as
endothelial cell activation, permeability, and angiogenesis (30 —
34). However, whereas MMP-1 and thrombin are both able to
induce the expression of pro-angiogenic genes in microvascular
endothelial cells, MMP-1, but not thrombin, is able to stimulate
the production of VEGF-A (34). This evidence underscores the
importance of MMP-1-mediated up-regulation of VEGFR2 and
suggests a positive feedback mechanism by which MMP-1 aug-
ments VEGFR2 levels as well as VEGF-A production and
release, thereby amplifying endothelial responses. It has to be
emphasized that whereas our experimental set up showed that
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MMP-1 up-regulates VEGFR2 through a PAR-1 mechanism, it
is plausible that other enzymes can also activate PAR-1 and
increase VEGFR?2 levels.

To determine whether activation of PAR-1 by MMP-1 is
required for elevation of VEGFR2 levels we knocked down
PAR-1 in endothelial cells and subsequently treated them with
MMP-1. We found significantly lower VEGFR2 levels in PAR-1
knockdown cells compared with controls. This result confirms
our hypothesis that MMP-1 exerts an effect on PAR-1 to medi-
ate the increase in VEGFR?2 levels.

Interestingly, our studies showed that MMP-1 stimulation
causes VEGFR2 mRNA elevation at 30 min and 8 h, with pro-
tein levels consistently increasing in a time-dependent fashion.
This response may be due to the kinetics of PAR-1 cleavage
during the 24-h incubation with MMP-1 and due to changes in
mRNA:protein turnover. Because it was shown that MMP-1
cleaves PAR-1 at a slower rate than thrombin (35), the time
frame in which we see VEGFR2 mRNA and protein elevation is
consistent with the kinetics reported for PAR-1 cleavage by
MMP-1.

Although PAR-1 knockdown decreased the MMP-1-medi-
ated increase in VEGFR2 levels, the levels of the receptor were
still elevated after 24 h of MMP-1 treatment compared with
controls. This result may be attributed to an indirect effect of
MMP-1. For example, in our model there may be cleavage of
extracellular matrix proteins by MMP-1 that work in a para-
crine fashion to up-regulate VEGFR2. MMP-1 may also exert
an effect on receptors other than PAR-1, thereby also stimulat-
ing an elevation in VEGFR2 levels. Because of its role in endo-
thelial proliferation (7), we decided to focus on ERK signaling to
determine whether or not the decrease in VEGFR2 seen follow-
ing PAR-1 knockdown also had an effect on p-ERK levels.
Indeed, when measuring the effect of PAR-1 knockdown on
VEGEF-A-mediated signaling we found that p-ERK levels were
consequently lower, thereby further supporting our conclusion
that MMP-1 sensitizes endothelial cell functions by activating
PAR-1 and augmenting VEGFR?2 levels. The mechanism lead-
ing to increased expression of VEGFR2 in response to MMP-1
stimulation was also investigated in this study. It was previously
shown that thrombin (a main activator of PAR-1) is able to
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stimulate NF-«B and cause the up-regulation of multiple recep-
tors (36, 37). NF-kB has also been shown to mediate KDR tran-
scription (38). Furthermore, stimulation of endothelial cells
with the inflammatory cytokine TNF-« (a major activator of
NE-«B signaling (39)) has been shown to promote the up-reg-
ulation of VEGFR2 (40). Collectively these data implicate the
involvement of NF-kB in mediating VEGFR2 expression.
Therefore, we chose to examine whether NF-«kB is directly
involved in the endothelial up-regulation of VEGFR2 expres-
sion following stimulation with MMP-1. We found that
MMP-1 did activate the NF-«B pathway, which then resulted in
specific binding of its p65 subunit to the KDR/VEGFR2 pro-
moter, followed by active transcription of VEGFR2. The MMP-
1-stimulated nuclear translocation of p65 is attenuated by
PAR-1 knockdown, and consequently VEGFR2 production is also
reduced in these cells. Moreover, the use of a specific NF-«B inhib-
itor blunted the elevation in VEGFR2 levels. Altogether, these
results demonstrate not only the ability of NF-«B to bind the KDR
promoter, but also that NF-«B is a major mediator of MMP-1-
induced VEGFR2 up-regulation and expression.

Interactions between MMP-1 and endothelial cells are found
in many physiological and pathophysiological conditions. In
some cancers MMP-1 is highly expressed (often times in levels
equal to or greater than the concentration we used in these
studies (41)) and can influence vascularization of tissue in the
tumor microenvironment, thus facilitating angiogenesis and
disease progression (42). Among others, a PAR-1/MMP-1 sig-
naling axis has been shown to facilitate the formation of meta-
statically competent melanoma (34). In other pathologies,
VEGFR2, PAR-1, and MMPs collectively have been shown to
contribute to endothelial barrier regulation, facilitating trans-
migration of leukocytes into the surrounding milieu (4-6).
Therefore our results suggest that MMP-1-mediated up-regu-
lation of VEGFR2 may be an important modulator of a variety
of endothelial functions presented above. Overall, the results
presented in this study propose a mechanism by which the
interaction between MMP-1 and PAR-1 on endothelial cells
promotes expression of VEGFR?2, thereby sensitizing endothe-
lial cells for a variety of functions mediated by this receptor.
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