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SUMMARY: Matrix metalloproteinases (MMPs) are hypothesized to be involved in the processes of endothelial cell (EC)
migration and matrix remodeling during angiogenesis. Although hemodynamic forces (such as blood pressure, wall tension, and
shear stress) are considered to be strong stimuli for angiogenesis, the role of hemodynamic forces on the regulation of MMPs
including membrane type 1 matrix metalloproteinase (MT1-MMP) has not been fully elucidated. To study this, rat microvascular
EC were exposed to 60 cycles/minute of 24% maximum strain for up to 24 hours. MT1-MMP mRNA and protein increased in a
time-dependent manner through 24 hours of exposure to cyclic strain. Cyclic strain induced early growth response gene product
(Egr-1) mRNA and protein within 1 hour. A specific nucleoprotein complex was formed when an oligonucleotide containing
binding sites for Sp1 and Egr-1 was incubated with nuclear extracts from EC exposed to 1 hour of cyclic strain. Antibodies to
Egr-1 completely supershifted this complex. Increased binding of Egr-1 by cyclic strain to the MT1-MMP promoter correlated
with enhanced transcriptional activity. These results suggest that cyclic strain up-regulates the Egr-1–mediated expression of
MT1-MMP in rat microvascular EC, emphasizing the importance of hemodynamic forces in the regulation of MT1-MMP in vivo.
(Lab Invest 2002, 82:949–956).

M icrovascular endothelial cells (EC) actively re-
model the extracellular matrix of basement

membranes and mature interstitial tissues. Angio-
genesis, which is the formation of new blood ves-
sels from preexisting ones, is a critical component
of the adaptations that occur in response to chronic
increases in metabolic activity within tissues or
tumors (Hanahan and Folkman, 1996; Pepper,
1997). The sprouting EC must break through their
existing basement membranes and form contacts
with and migrate along different extracellular matrix
components, finally establishing new, patent mi-
crovessels (Pepper, 1997).

The matrix metalloproteinases (MMPs) are a gene
family of enzymes with varied substrate specificity,
ranging from multiple extracellular matrix components
to cytokines, growth factors, and adhesion molecules
(Matrisian, 1990; Woessner, 1994). Production and
activation of MMPs correlate strongly with migratory
and invasive behavior in many cell types, including

endothelium (Birkedal-Hansen, 1995; Mignatti and
Rifkin, 1996). For invasive tumor cells and stromal
cells, membrane-type matrix metalloproteinases (MT-
MMPs) seem to link active proteinases to cell surfaces
(Sato and Takino, 1994; Strongin et al, 1995). MT-
MMPs, which contain a membrane-spanning domain,
play a unique role compared with secreted MMPs
because their cell membrane location focuses extra-
cellular matrix proteolysis on the cell surface and other
specific subdomains of the cell surface, such as the
leading edge of a migrating cell (Nakahara et al, 1997).
Proteolysis of capillary basement membrane proteins
by MMPs is a critical component of physiologic
activity-induced angiogenesis in skeletal muscle
(Haas et al, 2000).

It is known that hemodynamic forces, including
mechanical cyclic strain and fluid shear stress, can
modulate the expression of various genes in EC (Da-
vies et al, 1997; Sumpio, 1993). Hemodynamic forces,
which have been found to elicit a wide range of
phenotypic responses both in intact tissues and in
cultured cells, are likely involved in the activation of
MMP because they are strong stimuli for vascular
remodeling in vivo (Allen et al, 1996; Osol, 1995).
However, there is scant information on the regulation
of MT1-MMP in EC exposed to cyclic strain.

In this study, we demonstrated that expression of
early growth response gene product (Egr-1) is regu-
lated by cyclic strain in a unique temporal fashion and
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that the increased level of Egr-1 in strained cells
results in enhanced expression of MT1-MMP.

Results

Orientation of Microvascular EC on Collagen I

Cell orientation is one of the important parameters
when examining the responsiveness of EC to cyclic
strain. It has been previously reported that EC har-
vested from different vascular beds react differently to
the same cyclic strain regimen (Iba et al, 1991). This
study is the first report on the response of microvas-
cular EC to cyclic strain. We observed a change in the
orientation from a random appearance to an alignment
perpendicular to the force vector (Sumpio et al, 1988)
(Fig. 1). The direction of the stretch vector is from
periphery to center. Control EC that are grown on the
flexible membrane under stationary conditions main-
tain random orientation. After 2 hours of cyclic strain,
some cells start to align perpendicular to the strain
force vector and become elongated. More cells elon-
gate by 12 hours, and by 24 hours of cyclic strain,
nearly all of the EC are elongated and aligned.

Cyclic Strain Up-Regulates MT1-MMP mRNA and Protein
in Rat Microvascular EC

Strained EC increased their MT1-MMP mRNA levels,
as assessed by Northern blot analysis, in a time-

dependent manner until 24 hours of exposure to cyclic
strain (Fig. 2A). This rise in MT1-MMP mRNA reached
maximum levels of 2.7 � 0.4-fold more than control
value at 24 hours of exposure to cyclic strain (mean �
SEM, n � 5; Fig. 2B). MT1-MMP protein expression, as
measured by Western blot analysis, was barely de-
tectable under control conditions, but it was increased
in a time-dependent manner upon exposure of EC to
cyclic strain for 4 hours (Fig. 3).

Cyclic Strain Up-Regulates Egr-1 mRNA and Protein in
Rat Microvascular EC

It has been demonstrated that Egr-1 is activated by
multiple pathophysiologic stimuli and plays a positive
regulatory role in the inducible expression of several
endothelial genes. It has been shown that MT1-MMP
transcription induced by an alteration in extracellular
matrix environment occurs as a consequence of in-
creased production and promoter binding of the tran-
scription factor Egr-1 (Haas et al, 1999). Steady-state
levels of mRNA and protein for Egr-1 were determined
after exposure to cyclic strain for 0.5 to 10 hours for
Northern blots, and for 0.5 to 48 hours for Western
blots. Cyclic strain dramatically induced expression of
Egr-1 mRNA, which peaked at 30 to 60 minutes of
exposure (Fig. 4A). Egr-1 mRNA levels then decreased
nearly to basal levels by 2 hours (Fig. 4A). In parallel,
there was a rapid increase in Egr-1 protein levels,

Figure 1.
Microvascular endothelial cell (EC) orientation at varying times of exposure to cyclic strain. EC were exposed to 60 cycles per minute, 24% elongation-relaxation for
various time intervals. The top portion of the photographs represents the periphery of the membrane bottom, while the bottom portion represents the center of the
membrane (magnification �100).
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which seemed to peak approximately 1 hour after the
initiation of cyclic strain (Fig. 4B). The earlier appear-
ance of Egr-1 message and protein, followed by the
induction of MT1-MMP message and protein, is con-
sistent with the induction of a transcription factor
before the maximal induction of the responding gene.

MT1-MMP Transcriptional Activity in Static and
Strained EC

Transcriptional activity of the MT1-MMP promoter
region was assessed in EC using full-length and
truncated promoter sequences coupled to the re-

porter gene encoding luciferase. Comparison was
made between the transcriptional activity of un-
strained EC and that of strained EC. EC exposed to
cyclic strain increased promoter activity of full-length
MT1-MMP-luciferase and MT1-MMP(�300)-
luciferase but failed to increase promoter activity of
MT1-MMP(�220)-luciferase (Fig. 5). Within the region
between �300 and �220 lies a GC-rich sequence
(�288 to �275) that contains overlapping consensus
binding sites for Sp1 and Egr-1. The above findings
indicate that Egr-1/Sp1 binding sites contribute to the
induction of MT1-MMP in EC exposed to cyclic strain.

Figure 2.
Membrane type 1 matrix metalloproteinase (MT1-MMP) Northern blot analy-
sis. A, Total RNA (10 or 15 �g) from rat microvascular EC exposed for 0, 0.5,
1, 4, 10, and 24 hours was resolved on 1% formaldehyde/agarose gels and
transferred to nylon membranes before hybridization with 32P-labeled cDNA
probes encoding human MT1-MMP. Blots were stripped and reprobed with a
glyceraldehyde-3-phosphate dehydrogenase probe (GAPDH) probe to normal-
ize for RNA loading. B, Images from panel A were densitometrically scanned
and values were normalized to GAPDH and expressed as fold increase relative
to unstrained cells. Results are mean � SEM from five different experiments. *p
� 0.05 versus unstrained cells.

Figure 3.
MT1-MMP Western blot analysis. MT1-MMP protein levels were assessed in
rat microvascular EC exposed for 0, 0.5, 1, 4, 10, 24, and 48 hours, using
�-actin to normalize for protein loading.

Figure 4.
Early growth response gene product (Egr-1) Northern and Western blots. A,
Cyclic strain induced a rapid up-regulation of the Egr-1 mRNA levels in rat
microvascular EC. GAPDH was used to normalize loading for total RNA loaded.
B, Cyclic strain induced a rapid up-regulation of Erg-1 protein levels in rat
microvascular EC, using �-actin to normalize for protein loading.

Figure 5.
Transcriptional activities of full-length and truncated MT1-MMP promoter-
luciferase constructs were tested in unstrained (open bar) and strained
(hatched bar) EC. Cyclic strain induces transcriptional activity of MT1-MMP.
Overlapping consensus binding sites for Sp1 and Egr-1 contribute to the
induction of MT1-MMP in EC subjected to cyclic strain. Results are presented
as mean � SEM of four independent experiments.

Egr-1–Mediated MT1-MMP Expression in EC
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Cyclic Strain-Induced Endothelial Nuclear Proteins
Interact with the Egr-1/Sp1 Binding Site in the
MT1-MMP Promoter

When nuclear extracts from microvascular EC ex-
posed to cyclic strain for 0.5 to 10 hours were incu-
bated with an oligonucleotide whose sequence spans
the Egr-1/Sp1 binding site in the MT1-MMP promoter,
a gel-shift complex was increased as early as 30
minutes after the application of cyclic strain. However,
the complex returned to basal levels by 2 hours (Fig.
6A). The nucleoprotein complex exposed to cyclic
strain for 1 hour could be competed with a 50-fold
molar excess of the unlabeled oligonucleotide bearing
a consensus binding site for Egr-1 and Sp1 but not by
the presence of the unlabeled oligonucleotide bearing
AP-2 binding sites (Fig. 6B). We next assessed the
supershift profiles of nuclear extracts from EC in the
unstrained condition and EC exposed to cyclic strain
for 1 hour. A gel-shift complex that could be super-
shifted with an Egr-1 antibody was detectable in
nuclear extracts of both EC (Fig. 6C). However, the
Egr-1 gel-shift band was much more prominent in the
lanes of 1-hour–strained extract. Antibody to Sp1 did
not compete with or supershift the gel-shift
complexes.

Discussion

The omnipresent and well-characterized membrane-
type matrix metalloproteinase, MT1-MMP (also known
as MMP-14), is known to have substrate specificity for
diverse extracellular matrices including collagens type
I and III, fibronectin, and tenascin. MT1-MMP was
demonstrated recently to be an effective activator of
fibrin, implicating it as an important player in fibrino-
lytic cascades (Hiraoka et al, 1998). Despite the cor-
relation between MT1-MMP levels and invasive phe-

notype (Sato et al, 1997), vascular tissues have not
been well characterized with respect to MT1-MMP
expression. Levels of Egr-1, a zinc finger immediate-
early response transcription factor, have been dem-
onstrated to be increased in EC upon wounding or
increased shear stress or during cyclic mechanical
stretching of mesangial cells (Akai et al, 1994; Khachi-
gian et al, 1996; Schwachtgen et al, 1998). In this
study, we report that the expression of the immediate-
early gene Egr-1 is induced by mechanical cyclic
strain and that cyclic strain induces Egr-1–mediated
MT1-MMP expression in rat microvascular EC. In our
earlier published studies using both in vitro (Haas et al,
1998, 1999) and in vivo (Haas et al, 2000) models of
angiogenesis, we have also found this level of induc-
tion (2- to 3-fold) of MT1-MMP message and protein.
This level of induction was associated with both in
vitro and in vivo angiogenesis in our culture and animal
models. Inhibition of MT1-MMP activity causes a
marked reduction of angiogenesis (by decreasing ac-
tivation of MMP-2) (Haas et al, 1998, 1999, 2000). In
addition, in other studies examining the role of MT1-
MMP and MMP-2 in T lymphocyte transmigration, we
have also found this level of induction of MT1-MMP,
which is associated with activation of MMP-2 and
enhanced T-cell transmigration (Graesser et al, 1998).
Furthermore, in recent studies using our cyclic strain
apparatus, we have demonstrated a coordinate induc-
tion of MMP-2 message, protein, and activation in EC
exposed to the same cyclic strain regimen (our unpub-
lished data). Thus, our experience with several in vitro
and in vivo models is consistent with this level of
MT1-MMP induction having significant impact on the
process of angiogenesis by affecting the activation
state of MMP-2.

Egr-1 is a zinc finger transcription factor first iden-
tified because of its characteristic immediate-early
pattern of expression after exposure of cells to medi-
ators associated with growth and differentiation
(Gashler and Sukhatme, 1995; Milbrandt, 1988). It is
posited that the transcription factor Egr-1 acts to
enhance transcription of MT1-MMP in EC under con-
ditions that involve mechanical stress exerted via the
extracellular matrix and that mimic events involved in
angiogenesis (Haas et al, 1999). In the latter situation,
we previously demonstrated (Haas et al, 1999) that
Egr-1 is directly involved because mutations in the
Egr-1 binding site abrogated MT1-MMP promoter
luciferase activity.

We (Haas et al, 1999) also demonstrated that al-
though transcriptional activity varied with truncations
of distal 5' noncoding regions, the region between
�300 and �220 upstream of the initiation site was
sufficient to provide both a low level of basal activity in
2-dimensional culture and 2.2-fold enhanced tran-
scriptional activity in 3-dimensional culture. Thus, it
was considered to contain the nominal elements nec-
essary to enhance transcription in 3-dimensional stim-
ulated EC. In the present study, EC exposed to cyclic
strain increased promoter activity of full-length MT1-
MMP-luciferase by 1.9 fold and a promoter construct
truncated at �300 by 1.3-fold (Fig. 5). No increase in

Figure 6.
Gel-shift analysis for Egr-1 and Sp1. A, Time course appearance of a gel-shift
complex. Electrophoretic mobility shift assay was performed using nuclear
extracts of cells exposed to cyclic strain for 0, 0.5, 1, 2, 4, and 10 hours. B,
Competition studies using excess unlabeled oligonucleotides in strained EC for
1 hour. C, Supershift analysis using nuclear extracts of static EC and strained
EC for 1 hour. The binding reaction contained 1 to 2 �l of the antibody
indicated.
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promoter activity was obtained using a promoter con-
struct truncated at �220. Although the induction is
more modest (1.3 versus 2.2), we still consider this
region to contain the nominal elements necessary to
enhance transcription in cyclic strain–stimulated EC.
The difference in levels of induction likely reflects the
activation of distinct signaling pathways in these two
distinct in vitro culture systems. Because the region
between �300 and �220 holds a GC-rich sequence
(�288 to �275) that contains overlapping consensus
binding sites for Sp1 and Egr-1, the findings of the
present study are consistent with the hypothesis that
Egr-1/Sp1 binding sites contribute to the induction of
MT1-MMP in EC exposed to cyclic strain.

Egr-1 is also known to be an important activator for
multiple EC genes transcribed during vascular remod-
eling, including platelet-derived growth factors (PDGF)
A and B, tissue factor, and transforming growth
factor-� (Khachigian et al, 1996; Silverman and Col-
lins, 1999). Those studies demonstrated that the pro-
moter from the gene for PDGF-A chain contains a
GC-rich element with overlapping binding sites for
Egr-1 and Sp1. Under quiescent conditions, these
sites are occupied by Sp1, which is believed to be
required for basal expression of this gene. In the
present study we report that expression of Egr-1 is
regulated by cyclic strain.

Our assays detected a faint Egr-1/DNA complex in
gel shift in the nuclear extracts from unstrained EC
and a prominent Egr-1/DNA complex in the extracts
from EC exposed to cyclic strain for 1 hour. This result
implies that the amount of Egr-1 present rather than
the Sp1 to Egr-1 ratio regulates transcription rate of
MT1-MMP in rat microvascular EC, and the increased
level of Egr-1 in strained cells results in enhanced
transcription of MT1-MMP. The decrease in Egr-1
complex observed in the presence of anti-Sp1 in static
cultures may reflect either a change in Sp1 affinity
mediated by anti-Sp1 binding or an accessibility prob-
lem for the Egr-1. After 1 hour of cyclic strain, an
essentially complete supershift is observed with anti-
Egr-1, and no appreciable change is noted in the
presence of anti-Sp1. These differences between 0
hours and 1 hour of cyclic strain may be a result of the
increase in Egr-1 protein, which can now effectively
displace Sp1 from the site in the presence (as well as
the absence) of anti-Sp1.

It is well established that tractional forces develop
within collagen matrices as cells attach, elongate, and
migrate (Chicurel et al, 1998; Chiquet et al, 1996;
Vernon and Sage, 1995). Three-dimensional collagen
matrix-induced MT1-MMP transcriptional activity has
been shown to occur as a consequence of increased
production and promoter binding of the transcription
factor Egr-1 in EC (Haas et al, 1998, 1999). Both cyclic
strain and shear stress are hypothesized to trigger
angiogenesis in skeletal and coronary muscle in vivo
(Hudlicka, 1998), and increased Egr-1 levels are de-
tectable in skeletal muscle under angiogenesis-
promoting conditions (Michel et al, 1994). Our studies,
which show that cyclic strain induces Egr-1–mediated
MT1-MMP expression in EC, also support that MT1-

MMP plays an important role in angiogenesis through
its activation by hemodynamic forces.

Various reports have demonstrated MT1-MMP ex-
pression in some tumor-associated microvessels of
advanced human carcinoma tissues (Sato et al, 1997;
Ueno et al, 1997). The expression of MT1-MMP and
activation of pro-MMP-2 in tumor cells are thought to
occur in specialized membrane extensions, called
invadopodia (Nakahara et al, 1997). This focal location
of MT1-MMP is controlled by the transmembrane and
cytoplasmic domains of MT1-MMP. MMP-2 may also
be localized on the cell surface of angiogenic EC and
melanoma cells by binding to the �v�3 integrin
(Brooks et al, 1996). It has been shown that mRNA and
protein levels of both MMP-2 and MT1-MMP elevate
significantly after 3 days of chronic electrical stimula-
tion of rat skeletal muscle and that inhibition of MMP
activity via the inhibitor GM-6001 correlates with a
significant reduction in the number of capillaries with
observable breaks in the basement membrane (Haas
et al, 2000).

These findings may suggest an importance of MMP
expression stimulated by mechanical forces for angio-
genesis. It is well known that chronic muscular stim-
ulation elicits angiogenesis. We have recently shown
that chronic electrical stimulation of the rodent exten-
sor digitorum longus elicits adaptive angiogenesis that
is associated with induction of MT1-MMP. In addition
several groups including ours have shown that me-
chanical stimulation elicits induction of nitric oxide
(Awolesi et al, 1995), and nitric oxide has been shown
to be a potent modulator of angiogenesis (Papapetro-
poulos et al, 1997a, 1997b). MMP-2 may also be
localized on the cell surface of angiogenic EC and
melanoma cells by binding to the �v�3 integrin
(Brooks et al, 1996).

Overlapping consensus binding sites for Egr-1 and
Sp1 are found in the promoters of many other genes
thought to be involved in the response to vascular
injury or in the development of vascular occlusive
disease (Khachigian et al, 1996). Putative nucleotide
recognition elements for Egr-1 appear in the promot-
ers of pathophysiologically important genes, including
tissue factor (Cui et al, 1994), transforming growth
factor-�1 (Dey et al, 1994), urokinase-type plasmino-
gen activator (Verde et al, 1988), PDGF-A (Khachigian
et al, 1995) and B, (Khachigian et al, 1996), and
MT1-MMP (Haas et al, 1999). In this regard, we
previously demonstrated that PDGF B transcription
and expression is up-regulated in EC exposed to the
same cyclic strain regimen (Sumpio et al, 1998).

It has been suggested that the rapid expression of
Egr-1 in response to endothelial injury may be consis-
tent with a possible role for this pleiotropic mediator in
the regulation of multiple genes involved in vascular
remodeling (Khachigian et al, 1996). Our recent report
has shown Egr-1–mediated transcription of MT1-
MMP as a mechanism by which EC can initiate an
invasive phenotype in response to an alteration in
extracellular matrix environment (Haas et al, 1999).
Overlapping consensus binding sites for Egr-1 and
Sp1 are also present in the proximal promoters of

Egr-1–Mediated MT1-MMP Expression in EC
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several other endothelial genes whose expression is
regulated by cyclic strain. Thus, our demonstration of
Egr-1–mediated expression of MT1-MMP by cyclic
strain also shows one of the important relations be-
tween hemodynamics and pathophysiologic vascular
remodeling, and the activation of Egr-1 may be a
unifying theme in the induction of various genes in EC
subjected to hemodynamic forces.

Materials and Methods

Cell Culture

Rat microvascular EC were harvested from the epidid-
ymal fat pads of Sprague-Dawley rats and cultured as
previously described (Madri and Williams, 1983).
Twelve rats were used per preparation, and experi-
ments were performed on two separate isolations of
cells. Briefly, cells were grown on gelatin-coated tis-
sue culture plates (1.5% gelatin in PBS) and main-
tained in DMEM (Life Technologies, Inc., Rockville,
Maryland) containing 25% sterile-filtered conditioned
bovine aortic EC medium and 10% fetal bovine serum.
For all experiments, EC were cultured for 1 to 2 days
on type I collagen-coated flexible silicon membrane in
a water-jacketed incubator at 37° C and 5% CO2 and
then exposed to cyclic strain for up to 24 or 48 hours
using the FX 3000 system (Flex-Cell, McKeesport,
Pennsylvania). The cyclic strain stimulation was per-
formed at 60 cycles/minute of 24% maximum strain
(150 mmHg vacuum).

Northern Blot Analysis

Total cellular RNA was extracted from EC exposed to
cyclic strain after solubilizing the cells in TRIzol re-
agent (Life Technologies, Inc.), according to the man-
ufacturer’s instructions. RNA concentration was de-
termined by spectrophotometer. Total RNA (10 or 15
�g) was denatured in sample buffer (20 mM 3-N
morpholino propane sulfonic acid [MOPS], 6% form-
aldehyde, 50% formamide), electrophoresed through
a 1% agarose-formaldehyde gel, and then transferred
to a Nylon Membrane, positively charged (Boehringer
Mannheim, Germany) by capillary transfer using 10�
SSC. Hybridization was performed using probes con-
structed from the Egr-1 expression vector and from
human MT1-MMP cDNA, labeled by a random priming
Oligolabelling Kit (Amersham Pharmacia Biotech, Pis-
cataway, New Jersey) with [�-32P]dCTP (NEN Life
Science Products, Inc., Boston, Massachusetts) and
purified on Sephadex-G50 columns (Quick Spin Col-
umns, Boehringer Mannheim). Blots were washed
using two washes of 1� SSC, 0.1% SDS (25° C), 0.1�
SSC, 0.1% SDS (65° C), and then exposed to X-OMAT
AR Film (Kodak, Rochester, New York) for several
hours or longer if necessary. Blots were stripped and
reprobed with a glyceraldehyde-3-phosphate dehy-
drogenase probe (American Tissue Culture Center,
Manassas, Virginia) to normalize for RNA loading.

Western Blot Analysis

Cells were lysed in a radioimmune precipitation buffer
(0.1% SDS, 0.5% sodium deoxycholate, and 1%
Nonidet P-40 in PBS) containing protease inhibitors
(Boehringer Mannheim). Lysates were pelleted to re-
move cellular debris and collagen, and then protein in
the supernatant was quantitated using bicinchoninic
acid protein assay (Pierce, Rockford, Illinois). Fifteen
micrograms of protein/sample were prepared in dena-
turing conditions and size fractionated in a 10%
SDS-polyacrylamide gel. Gels were blotted onto nitro-
cellulose membrane. Membranes were blocked for 1
hour (25° C) in Tris-buffered saline containing 0.5%
Tween 20 and 5% milk; the proteins of interest were
revealed with polyclonal antibodies against MT1-MMP
(Chemicon International, Inc., Temecula, California)
and Egr-1 (Santa Cruz Biotechnology, Inc., Santa
Cruz, California). An affinity-purified polyclonal anti-�-
actin was used to verify equal protein loading per lane.
Horseradish peroxidase-conjugated goat anti-rabbit
IgGs and anti-mouse IgGs were used at 1:5000.
Enhanced chemiluminescence detection (Amersham
Pharmacia Biotech) was performed per the manufac-
turer’s instructions.

DNA Plasmids, Transfections, and Luciferase Assay

Restriction enzyme-generated fragments of the MT1-
MMP genomic clone (SacII site at position �39 as the
3' end) were subcloned into the pGL3 Basic reporter
vector (Promega, Madison, Wisconsin) for use in tran-
sient transfection assays. Additional truncation con-
structs of the MT1-MMP-luciferase constructs were
generated using Erase-a-Base (Promega) and se-
quenced to define the sites of the resultant trunca-
tions. Transient transfection routinely used 1 �g of
MT1-MMP-luciferase constructs and 10 �l of Lipo-
fectAMINE (Life Technologies, Inc.), diluted in 1 ml of
Opti-MEM (Life Technologies, Inc.) according to the
manufacturer’s protocol. The pSV-�-galactosidase
plasmid was cotransfected to normalize the transfec-
tion efficiency. Transfection solution was added to EC,
which were cultured on flexible membranes, for 6
hours and then replaced by fresh media. Luciferase
activity was measured by using a Lumat 9500 (EG&G
Wallac, Gaithersburg, Maryland). Data were normal-
ized for �-galactosidase activity and then expressed
as fold induction in comparison to the output of the
full-length MT1-MMP promoter construct in static EC.

Electrophoretic Mobility Shift Assays

Consensus Sp1 and Egr-1 binding double-stranded
oligonucleotides (synthesized by Oligonucleotide Syn-
thesis Facility, Yale University) of the MT1-MMP pro-
moter were annealed and end-labeled using (32P)ATP.
Nuclear extracts of EC exposed to cyclic strain were
prepared using a mini-extraction procedure, with
modifications (Pang et al, 1998). EC were washed with
PBS and harvested by centrifugation. The pellet was
resuspended in 100 �l of hypotonic buffer (10 mM

HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 1.5 mM
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MgCl2, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsul-
fonyl fluoride, 1� complete mixture, 0.5 mM sodium
orthovanadate). After a 15-minute incubation on ice,
25 �l of 10% Nonidet P-40 was added, and the cell
suspension was incubated for 5 minutes on ice and
then pelleted (700 �g for 5 minutes). The crude
nuclear pellet was resuspended and incubated for 20
minutes in hypertonic solution (20 mM HEPES, pH 7.9,
420 mM NaCl, 0.1 mM EDTA, 1.5 mM MgCl2, 0.5 mM

dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride,
1� complete mixture, 0.5 mM sodium orthovanadate).
After a 15-minute spin (14,000 �g), glycerol was
added to the supernatant (final concentration, 10%
[v/v]), protein concentration was determined using
Bio-Rad Protein Assay (Bio-Rad Laboratories, Inc.,
Hercules, California), and extracts were used immedi-
ately in electrophoretic mobility shift assay reactions
or were frozen (�80° C). Gel-shift reactions consisted
of 5 � 104 cycles/minute oligonucleotide probe, bind-
ing buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM

EDTA, 0.5 mM dithiothreitol, 10% glycerol), 1 �g of
poly(dI-dC), 500 ng of salmon sperm DNA, 1 �l of TNT
reaction (Promega) or recombinant Sp1, or 10 �g of
cellular lysate. For supershift assays, 1 to 2 �l of the
appropriate antibody (Santa Cruz Biotechnology, Inc.)
was added to the reaction and incubated for 15
minutes before gel loading. Reactions were electro-
phoresed on a 5% nondenaturing polyacrylamide gel
followed by autoradiography.

Statistics

Data are presented as mean � SEM. Statistical signif-
icance for each data set was tested using the paired,
two-tailed Student’s t test or ANOVA with post-hoc
testing where appropriate. Significance level was set
at p � 0.05.
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