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Integrin «1B1 is a collagen receptor abundantly expressed on
microvascular endothelial cells. As well as being the only collagen
receptor able to activate the Ras/Shc/mitogen-activated protein
kinase pathway promoting fibroblast cell proliferation, it also acts
to inhibit collagen and metalloproteinase (MMP) synthesis. We
have observed that in integrin a1-null mice synthesis of MMP7 and
MMP9 was markedly increased compared with that of their wild-
type counterparts. As MMP7 and MMP9 have been shown to
generate angiostatin from circulating plasminogen, and angiosta-
tin acts as a potent inhibitor of endothelial cell proliferation, we
determined whether tumor vascularization was altered in the
a1-null mice. Tumors implanted into a1-null mice showed mark-
edly decreased vascularization, with a reduction in capillary num-
ber and size, which was accompanied by an increase in plasma
levels of angiostatin due to the action of MMP7 and MMP9 on
circulating plasminogen. In vitro analysis of «1-null endothelial
cells revealed a marked reduction of their proliferation on both
integrin a1-dependent (collagenous) and independent (noncollag-
enous) substrata. This reduction was prevented by culturing «1-
null cells with plasma derived from plasminogen-null animals, thus
omitting the source from which to generate angiostatin. Plasma
from tumor-bearing a1-null animals uniquely inhibited endothelial
cell growth, and this inhibition was relieved by the coaddition of
either MMP inhibitors, or antibody to angiostatin. Integrin
a1-deficient mice thus provide a genetically characterized model
for enhanced angiostatin production and serve to reveal an un-
wanted potential side effect of MMP inhibition, increased tumor
angiogenesis.

ndothelial cell proliferation has been shown to be inhibited

by a variety of factors, the best known of which is angiostatin,
a cleavage product of plasminogen (1). Angiostatin can be
generated from circulating plasminogen from different enzymes,
including the matrix metalloproteases (MMPs) MMP2, MMP7,
MMP9, and MMP12 (2-6). Whereas MMP12 is mainly secreted
by macrophages (3), MMP2, MMP7, and MMP9 can be pro-
duced by different cell types, including endothelial cells (7-9).
Endothelial synthesis of MMPs seems to have opposite effects on
tumor angiogenesis, on the one hand facilitating extracellular
matrix degradation and new blood vessel formation (10), and on
the other hand blocking angiogenesis by producing inhibitors of
endothelial cell growth, including angiostatin (5, 11).

The integrins are an important group of physiological regu-
lators of MMP expression (12-14). One of these is «181, which
is unique among the collagen receptors able to actitivate the
Ras/Shc/mitogen-activated protein kinase (MAPK) pathway
promoting cell proliferation (15). It also inhibits collagen and
collagenase synthesis (13, 16). a1-null mouse (17) fibroblasts fail
to grow on collagenous substrata (15) and show increased
expression of MMPs, including MMP13 (18), MMP2, MMP7,
and MMPO. This finding, together with the observation that
integrin a1 is normally abundant on microvascular endothelium
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(19), prompted us to analyze tumor vascularisation and endo-
thelial growth in the a1 null host.

Materials and Methods

Primary Tumor Growth. All experiments were performed accord-
ing to institutional animal care guidelines. Four- to 6-month-old
129Sv/Jae male wild-type and al-null mice were given four
dorsal s.c. injections, one in each quadrant, of a syngeneic large
T antigen/ras/myc-transformed fibroblast line, 60.5 (20), which
is tumorigenic in the 129Sv/Jae host. Tumors initiated with 103
cells in 200 ul of PBS were permitted to grow for 10-14 days
before harvest. The proportion of injections giving rise to tumors
was noted for each animal, and tumor dimensions were mea-
sured with a caliper. Tumors were frozen for histology.

Immunostaining and Quantification. Seven-micrometer frozen sec-
tions were stained with anti-mouse CD31 (PharMingen) and
Vactastain ABC and counterstained with hematoxylin. Sections,
with labels coded to blind the observer, were imaged with a
digital camera (Pixera, Los Gatos, CA), and the images were
processed by using Scion Image (Frederick, MD) software.
CD31-positive structures in each section were automatically
counted and their areas were measured. Differences in tumor
vascularity (number of and area occupied by CD31-positive
structures per tumor microscopic field) were determined for
each section. Data were transferred to a spreadsheet and then
sorted by genotype.

Zymography. Gelatin and casein zymograms of skin explants were
performed as described (18). For assay of MMP secretion by
primary endothelial cells, 10° cells were plated onto 10-cm dishes
coated with 10 ug/ml of collagen I and incubated in complete
microvascular endothelial growth media (EGM-2-MV) contain-
ing 5% FCS (Clonetics, San Diego). Cells then were washed with
PBS and incubated with 5 ml of serum-free medium for 48 hr.
The medium was recovered and processed as described (18).
One hundred micrograms of total proteins was loaded for
zymography. For plasma MMPs, blood was collected with 1/10
vol of 3 mM EDTA/0.1% sodium citrate and spun for 30 min at
1,000 X g. Plasma was precleared with a mixture of protein A and
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G Sepharose beads. Normalization by protein (Micro-BCA,
Pierce) was done to correct for minor (+5%) differences in
plasma dilution by anticoagulant. Thirty micrograms of total
proteins was loaded for zymography. For sponges, gelfoam
sterile sponges (Upjohn) were implanted s.c. in the dorsum of 2-
to 4-month-old SV129/Jae mice, recovered after 7 days, dis-
sected free of adherent tissue, pulverized in liquid nitrogen, and
resuspended in Laemmli’s sample buffer. One hundred micro-
grams of total proteins was loaded for zymography. Normaliza-
tion by protein was done to correct for small variations in sponge
recovery caused by breakage. MMPY bands were quantified by
densitometry using an Alpha Imager 2000 (Alpha Innotech, San
Leandro, CA).

Western Blot. One hundred micrograms of total plasma proteins
from untreated, tumor-bearing, and sponge-bearing Sv129/Jae
mice was loaded on 10% SDS/PAGE and run under nonreduc-
ing conditions (21, 22). Gels were either stained to confirm equal
loading of proteins or transferred onto Immobilon-P (Millipore).
Membranes then were incubated with a purified mouse mAb
(final concentration 5 ug/ml) reacting with an elastase degra-
dation product of human and mouse plasminogen containing
kringle 1-3/angiostatin, (anti-K1-3). No band was detected in
elastase-treated plasma from plasminogen null mice (not
shown). The signal was visualized with a peroxidase-conjugated
goat anti-mouse and an ECL kit (Pierce). For the digestion
experiment, 20 ul of 2% mouse serum in digestion buffer with
60 mM CaCl; (2) was incubated, with or without 2.5 uM BB94
(Batimastat) (gift from V. Quaranta, The Scripps Research
Institute), with 7.5 ug plasma from tumor-bearing mice. This
amount of plasma did not by itself yield visible angiostatin
fragments. Samples were incubated at 37°C for 16-18 hr and
heated at 95°C for 5 min in Laemmli’s sample buffer before
SDS/PAGE.

Immunoprecipitation Assay. Cells were trypsinized, washed, and
labeled with NHS LC biotin (Pierce), according to the manu-
facturer’s instructions. Cell lysates and immunoprecipitations
were prepared as described (23). Immunoprecipitations with
either rabbit anti-pB1 (gift of R. O. Hynes, Massachusetts Insti-
tute of Technology) or anti-av (PharMingen) were separated on
6% SDS/PAGE under nonreducing conditions, transferred onto
Immobilon-P (Millipore), and visualized with the Vectastain
elite ABC kit (Vector Laboratories).

Recovery of Mouse Lung Endothelial Cells. SV129 /Jae wild-type and
al-null mice (2 months old) were anesthetized, and the lung
vasculature was perfused with PBS/2 mM EDTA followed by
0.25% trypsin/2 mM EDTA via the right ventricle. Heart and
lungs were removed en bloc and incubated at 37°C for 20 min.
The visceral pleura then was trimmed away, and the perfusion
was repeated. Primary endothelial cells > 90% pure by immu-
nostaining with anti-CD31 were recovered and grown on tissue
culture plastic for 3 days in EGM-2-MV containing 5% FCS
(Clonetics). For proliferation assays, 10* primary endothelial
cells were plated in the same medium on 96-well plates coated
with 20 pg/ml bovine collagen I (Vitrogen 100) or 10 ug/ml
human fibrinogen (gift of Z. Ruggeri, The Scripps Research
Institute). After 2 days cells were pulsed for an additional 48 hr
with 3H-thymidine (1 wCi/well). In the “change” experiment,
complete medium was changed every 12 hr, including the
labeling period. In the “swap” experiment, wild-type cells were
grown in media previously conditioned from al-null cells and
vice versa. Conditioned medium was made by growing cells on
collagen I for 3 days in complete medium containing 5% FCS.
In some experiments cells were grown in EGM-2-MV containing
5% normal or plasminogen null mouse plasma (24) instead of the
FCS. The cells then were harvested, and trichloroacetic acid-
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a1-null

Fig. 1. Morphological analysis of tumor-bearing wild-type (WT) and a1-null
mice. (A and B) Typical gross appearance of tumors grown from four quadrant
bolusinjections of 10° cellsin the subcutis of wild-type and «1-null animals. (A)
Complete dissection of dorsal skin after 14 days. (B) Close-up of tumors after
10 days (scale bar = 1 mm). In the wild-type host, tumors appeared strikingly
more vascular than those grown in «1-null mice. This difference was apparent
regardless of the size of the tumors. (C) Blood vessel staining of tumor sections
from wild-type and a1-null mice showing a reduction in size and numberin the
latter. (Objective magnification: X20.)

precipitated lysates were measured with a B-counter. Cell counts
paralleled the results of 3H-thymidine incorporation (not
shown).

Human Umbilical Vein Endothelial Cells (HUVEC) and Bovine Artery
Endothelial Cells (BAEC) Proliferation. HUVEC or BAEC (5 X 10%)
were plated on uncoated 96-well plates in the presence of basal
endothelial growth medium (Clonetics) containing 2% FCS and
plasma from tumor-bearing mice (0.25, 0.5, and 1 mg/ml final
concentration of mouse plasma proteins). After 2 days in culture,
cells were pulsed for an additional 48 hr with 3H-thymidine (1
wCi/well), and then harvested and counted as indicated above.
For the growth rescue experiment, 5 X 103 HUVEC or BAEC
were plated with plasma from tumor-bearing wild-type or al-
null mice (1 mg/ml) in the presence of anti-K1-3 or TIMP-1
(Chemicon) or BB94. After 2 days in culture, cells were pulsed
and harvested as above.

Results

Tumor-Bearing «1-Null Mice Show Reduced Angiogenesis. To deter-
mine whether tumor vascularization was altered in integrin
al-null mice, tumors were initiated with 10° cells (20) and
permitted to grow for 10—14 days before harvest. Tumors from
al-null animals were remarkably paler, less vascularized (Fig. 1
A and B), and smaller (Fig. 24) than those from wild-type
animals, and a smaller proportion of tumors from «1-null hosts
grew from the injected initiating cell bolus (Fig. 2B). Tumors
vessels from wild-type hosts were positive for integrin al and a2
subunits, confirming their localization in microvascular endo-
thelium (19, 25). To quantitate the difference in tumor vascu-
larity, frozen sections of the tumors were immunostained for the
endothelial marker CD31 (Fig. 1C). The total area of tumor
sections occupied by vascular structures was reduced approxi-
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Fig. 2. (A) Tumor volume in wild-type (WT) and a1-null («1-KO) hosts at 14
days. O indicate the total tumor volume for each mouse and the solid line the
mean of samples. Four independent experiments were performed, each with
a minimum of three animals per genotype. a1-null hosts show a significant
reduction in tumor volume (P < 0.05) (B) Proportion of tumors growing from
the initiating cell bolus after 10-14 days. The number of tumors grown from
the injected initiating cell bolus of 105 cells was counted for each animal. O
indicate the mean result for each experiment, and the solid line the mean of
means. Seven independent experiments were performed, each with a mini-
mum of three animals per genotype. a1-null hosts show a significant reduc-
tion intumor take (P < 0.05). Although tumor size increased with growth time,
percentage take did not change with growth time. (C) Tumors from a1-null
hosts show reduced vascularity as measured by extent of CD31 positive struc-
tures (P < 0.05). Bars and errors indicate the mean and SD (five tumors per
genotype were examined in experiment 1, three per genotype in experiment
2, seven per genotype in experiment 3, five per genotype in experiment 4). (D)
a1-Null primary lung endothelial cells show reduced proliferation on collagen
and fibrinogen as compared with wild-type cella (P < 0.05). The y axis indicates
absolute cpm incorporation of primary endothelial cells grown as described in
Materials and Methods. Bars and errors indicate the mean and SD of three
different experiments (with a total of six animals for each group). (E) Inhibi-
tion of proliferation of a1-null endothelial cells is the result of a soluble factor.
The y axis is the same as in D. Means and SD are of triplicate samples of
endothelial cells from three wild-type and «1-deficient mice. a1-Null cells
grow less than their wild-type counterparts when cultured in complete me-
dium (“clonetics”). Changing the medium at 12 hourly intervals (“’change’’)
rescues a1-null cell growth, returning growth to wild-type levels; while adding
conditioned media from a1-null cells (*swap”’) prevents wild-type cell growth.
(F) Immunoprecipitation from lysates of wild-type (W) and «a1-null (K) endo-
thelial cells with anti-B1 or anti-av antibody. The designation a2-v indicates
the positions of subunits «2, 3, 4, 5, and v, which are incompletely resolved
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mately 50% in the a1-null hosts (Fig. 2C), and the vessels tended
to be both smaller and fewer in number. Tumor histology was
otherwise similar with minimal inflammation or lymphocyte
infiltration.

a1-Null Endothelial Cells Show Reduced Growth on Both Collagen and
Fibrinogen. The reduction in tumor vasculature in al-null mice
might be caused by an intrinsic reduction in proliferation of
endothelial cells themselves, similar to that noted for fibroblasts
(15). Therefore pulmonary microvascular endothelial cells were
obtained from wild-type and al-null animals. Cells were cul-
tured on 20 pg/ml collagen type I or 10 ug/ml fibrinogen, and
their proliferation was assessed by measuring 3H-thymidine
incorporation. After 4 days of culture, a 3-fold reduction in cell
proliferation was observed in the a1-null endothelial cells, which
remained as well attached to the dish as wild-type cells (Fig. 2D).
Unexpectedly, this reduction in proliferation was apparent when
cells were plated on fibrinogen as well as collagen (Fig. 2D), in
marked contrast to our previously observed results for fibro-
blasts (15). The reduced proliferation on fibrinogen, which
would be expected to be independent of «1B1-mediated activa-
tion of erkl/2, suggested that absence of the collagen/al1B1/
MAPK pathway could not be the sole cause for reduced a1-null
endothelial cell proliferation. To determine whether al-null
endothelial cells were making a soluble growth inhibitory factor,
endothelial cells were grown for 3 days in the presence of
EGM-2-MV/5% FCS, which was replaced every 12 hr. This
procedure returned ol-null cell growth to wild-type levels both
on collagen (Fig. 2E) and fibrinogen (not shown). Secondly,
wild-type endothelial cells cultured in the presence of medium
previously conditioned by al-null cells showed markedly re-
duced proliferation on both collagen (Fig. 2E) and fibrinogen
(not shown). Thus the inhibition of al-null endothelial cell
proliferation was not influenced by the substrate present at the
time of plating, but depended on the generation of antiprolif-
erative factor(s) in the culture medium. The fact that al-null
cells proliferated at wild-type levels on collagen when the
medium was replaced might suggest that the collagen/al1B1/
MAPK proliferative pathway is not as important for endothelial
cells as it is for fibroblasts; however, it seems more likely that, in
the long time course of the assay, the cells have themselves made
significant modification to the matrix, making the effect of the
collagen/a1B1/MAPK pathway relatively unimportant.

To ensure that absence of integrin «1 did not lead to alteration
of other endothelial integrins, we analyzed endothelial lysates by
immunoprecipitation using anti-B1 and anti-av polyclonal anti-
bodies (Fig. 2F). Apart from the absence of a1 itself, other B1
partners appeared normal in the al-null cells. av was absent in
both genotypes, consistent with prior reports of quiescent en-
dothelial cells (26).

a1-Null Mice Produce Excess MMPs in Endothelial Cells and Other
Tissues. We previously have shown that native collagenase
MMP13 transcript is increased in the skin of al-null animals
(18). Zymographic analyses of skin explants revealed increased
synthesis of MMP13 (18) as well as gelatinases MMP2 and
MMP9 and matrilysin MMP7 in the al-null skins (Fig. 34).
al-Null endothelial cells also showed increased production of
MMP9 and MMP7 (Fig. 3B), whereas MMP2 levels were com-
parable between the two genotypes (not shown). To determine

from one another. Anti-81 antibody failed to precipitate a1 integrinin a1-null
endothelial cells (Left). A light exposure of the same membrane is shown to
reveal no differencesin a2-vbands between wild-type and a1-null endothelial
cells (Middle). Anti-av antibody failed to precipitate av integrin in lysates of
endothelial cells of both genotype, unlike in those of control embryonic
fibroblasts (Ct) (Right).

Pozzi et al.



A WT  «l-null B
T 5 1 5 2| i WT  «l-null
£ b MMP9
5 MMP9 g
& MMP2
£
£ ¥ MMP7
o
C implanted sponges
WT al-null

MMP9

Gelatin

MMP2

D plasma from tumor-bearing mice
al-null
MMP9
[ =
=
o
3 MMP2
7 (12 18 [ 55 | 27 | 21 | MMPg]
0.43 o.as|o.2zo.44|oz1 0.23/0.03/0.010.130.16 Tumor volume
Fig. 3. MMP synthesis in wild-type (WT) and «a1-null mice. (A) Gelatin and

casein zymograms of conditioned media from full thickness skin explants from
two wild-type and two a1-null mice. Increased levels of MMP2 (72- to 74-kDa
pair), MMP9 (92- to 94-kDa pair), and MMP7 (21-28 kDa) are seen in the two
al-null samples as compared with the wild type. (B) Gelatin and casein
zymograms of conditioned medium from wild-type and a1-null primary en-
dothelial cells showing increased level of MMP9 and MMP7 in the a1-null cells.
(C) Gelatin zymogram of gelfoam sponges from wild-type and a1-null mice. In
most samples, MMP9 levels are increased in a1-null samples relative to the
wild-type samples. (D) Gelatin zymogram of plasma from tumor-bearing
wild-type and a1-null mice showing similarly increased levels of MMP9 in the
plasma from a1-null samples. MMP9 bands were quantified by densitometry
and compared with the measured tumor volume (cm3) for each animal. There
is a striking inverse correlation between MMP9 expression and tumor size
within the two groups.

whether alterations in MMP expression also could be seen
during tissue activation in vivo, we implanted gelfoam sponges
s.c. into wild-type and al-null animals to allow ingrowth of
granulation tissue. Like the tumors, sponges in the al-null hosts
appeared less well vascularized than those in the wild-type
animals, while the overall histology was otherwise similar,
dominated by infiltrating fibroblasts and endothelial cells (not
shown). Abundant MMP2 was detected in all the sponges (Fig.
3C) but MMP9 was markedly increased in most al-null samples
compared with the wild type (Fig. 3C). Increased expression of
MMP?9 also was observed in plasma derived from tumor-bearing
al-null mice and exceeded that seen in wild-type animals (Fig.
3D). Quantification of the MMP9 bands by densitometry re-
vealed a striking inverse correlation between plasma MMP9
levels and total tumor volume, which persisted through all of the
wild-type and a1-null samples (Fig. 3D). In the wild-type sample
where MMP9 expression was lowest, the tumor volume was the
largest. In contrast, the highest expression of MMP?9, seen in the
al-null mice, corresponded to the lowest tumor volumes.

Tumor-Bearing «1-Null Mice Have Raised Plasma Angiostatin. One of
the substrates of MMP9 and MMP?7 is plasminogen, which is
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Fig. 4. (A) Angiostatin synthesis in wild-type and «1-null mice. (Upper)
Western blot of plasma angiostatin. Increased levels of angiostatin (40- to
45-kDa fragments of plasminogen) are evident in the plasma of a1-null mice
(K) with tumors or sponge implants as compared with their wild-type (W)
counterparts. Membranes incubated with secondary antibody alone or irrel-
evant IgG were used as negative controls (not shown). (Lower) Portion of a
Coomassie staining of an equal loading of the plasma used for Western blot
analysis, showing integrity of the samples. (B) Plasma from tumor-bearing
a1-null mice generates angiostatin from mouse serum. Two percent mouse
serum (S) was incubated with 7.5 g total plasma proteins from tumor-bearing
wild-type (WT) or a1-null (e1-KO) mice. This amount of total proteins did not
yield visible angiostatin bands in plasma from tumor-bearing wild-type (WT
—S) and a1-null («1-KO —S) mice incubated in absence of mouse plasma. In
contrast, angiostatin fragments were detected in mouse serum incubated
with plasma from tumor-bearing a1-null mice (a1-KO +S5), but not in the
sample incubated with plasma from tumor-bearing wild-type mice (WT +5).
(C) BB94 prevents the generation of angiostatin from mouse serum. Two
percent mouse serum was incubated with 7.5 ug total plasma proteins from
tumor-bearing a1-null mice in the presence or absence of 2.5 uM BB94. The
presence of 2.5 uM BB94 (+ BB94) prevents angiostatin formation.

cleaved to yield a variety of closely related molecular species of
~40-45 kDa containing Kringle 1-4 or 1-3 of plasminogen,
collectively termed angiostatin (2, 4, 5). As angiostatin is known
to be antiangiogenic in its ability to inhibit endothelial cell
proliferation (1), and MMP7 and MMP9 are increased in a1-null
mice, we examined whether angiostatin levels in al-null mice
were increased as compared with their wild-type counterparts.
Plasma angiostatin from wild-type and a1-deficient mice, which
were either untreated, had undergone sponge placement, or
were tumor-bearing, was visualized by Western blot with a
mouse mADb reacting with both plasminogen and angiostatin.
Whereas similarly low levels of angiostatin were detected in the
plasma of untreated animals of both genotypes, in the al-null
mice with tumors or sponge implants plasma angiostatin was
markedly increased compared with tumor- or sponge-bearing
wild-type animals (Fig. 44). Such a band was not seen in plasma
derived from plasminogen-null animals (24) (not shown).

Angiostatin Is Responsible for Inhibition of Endothelial Cell Growth.
To determine whether the increased angiostatin detected in the
plasma of tumor-bearing «1-null mice might contribute to their
deficient tumor angiogenesis, we examined *H-thymidine incor-
poration of HUVEC grown in the presence of 2% FCS and
different concentrations of plasma derived from untreated or
tumor-bearing wild-type or «l-null hosts. HUVEC showed
similar H-thymidine incorporation when treated with plasma
from untreated mice of both genotypes or plasma from tumor-
bearing wild-type mice (Fig. 54). In contrast, in the presence of
plasma from tumor-bearing «1-null mice, HUVEC showed a
marked reduction in proliferation (Fig. 54). Similar results were
obtained by using BAEC (not shown). BAEC grown in the
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tumor-bearing a1-null mice reduces HUVEC proliferation (P < 0.05). (B) BAEC
proliferation in the presence or absence of antiangiostatin. Angiostatin in-
hibits BAEC proliferation (— anti-K1-3), whereas addition of anti-K1-3 rescues
their proliferation (+ anti-K1-3) (P < 0.05). (C) Angiostatin is responsible for
the growth inhibition of a1-null cells. (Left) Cell growth in endothelial growth
medium containing 5% FCS (clonetics). Addition of antiangiostatin antibody
(Anti-K1-3) at 20 pug/ml rescues growth of al1-null cells. (Right) Growth in
media containing 5% mouse plasma instead of FCS. Growth of a1-null cells is
inhibited in presence of normal mouse plasma (WT plasma), but is not inhib-
ited in the presence of plasma from plasminogen null mice (plg-null plasma).
Means and SDs are of triplicate samples of endothelial cells from three
wild-type and al1-null mice. (D) Effect of coaddition of antiangiostatin or
TIMP-1on HUVEC proliferation in the presence of plasma from tumor-bearing
a1-null mice. The y axis is as in A. HUVEC were grown for 96 hr with plasma
from tumor-bearing a1-null mice (1 mg/ml) in the presence of anti-K1-3 or
TIMP-1 at concentrations indicated. Treatment with either antibody or TIMP-1
rescued HUVEC proliferation (P < 0.05). (E) Effects of addition of BB94, at
concentrations indicated, on BAEC proliferation in the presence of 1 mg/ml
plasma from tumor-bearing wild-type or a1-null mice. The y axis is as in A.
Inhibition of BAEC growth by plasma from «1-null tumor-bearing mice is
rescued by BB94 (P < 0.05).
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presence of 50 ug/ml K1-3 showed a 50% reduction in prolif-
eration as compared with untreated cells (Fig. 5B), consistent
with previous reports (27) and were rescued by coaddition of
anti-K1-3 (20 pg/ml) (Fig. 5B), confirming the efficacy of both
angiostatin and the antibody. To determine whether angiostatin
was the factor causing inhibition of primary al-null endothelial
cell growth, endothelial cells were grown on fibrinogen or
collagen in EGM-2-MV/5%FCS containing anti-K1-3 antibody,
or in EGM-2-MV with the FCS replaced by plasma derived from
plasminogen-null mice (24), thus omitting the substrate from
which to generate angiostatin. Either the presence of anti-K1-3
or the absence of plasminogen in the culture medium returned
al-null endothelial cell growth to wild-type levels (Fig. 5C).
Anti-K1-3 did not augment the growth of wild-type endothelial
cells and thus was not of itself mitogenic.

MMPs Present in Mouse Plasma Generate Angiostatin. We hypoth-
esized that the inhibition of HUVEC proliferation observed in
the presence of plasma from tumor-bearing al-null mice (Fig.
5A4) was caused not only by the angiostatin present in the mouse
plasma, but also by the excess levels of plasma MMPs able to
generate angiostatin from the serum in the HUVEC growth
medium. To test this hypothesis, HUVEC and BAEC were
treated with plasma derived from tumor-bearing a1-null mice in
the presence of different concentrations of anti-K1-3 or the
well-known inhibitors of gelatinases TIMP-1 and BB94 (28, 29).
Treatment with antibody, TIMP-1, or BB94 rescued endothelial
cell proliferation from the inhibitory effects of added plasma
from tumor-bearing al-null mice (Fig. 5 D and E), indicating
that angiostatin is responsible for the inhibition of cell growth
and that the generation of angiostatin is caused by the action of
MMP in the added mouse plasma. To confirm this inference,
mouse serum (used as a source of plasminogen) was incubated
with small amounts of plasma from tumor-bearing wild-type or
al-null animals. Western blot analysis then was performed to
detect angiostatin generated from serum. The small amount of
tumor-bearing mouse plasma used in the assay (Fig. 4B), or the
untreated mouse serum used as its substrate (not shown), did not
show any detectable angiostatin. However, when plasma from an
al-null tumor-bearing mouse was added to the substrate serum,
detectable angiostatin was generated, indicating that the a1-null
tumor-bearing plasma contained catalytic activity to generated
angiostatin, which was not observed in the wild-type plasma (Fig.
4B). Furthermore, addition of BB94 prevented the angiostatin
generation from mouse serum (Fig. 4C).

Discussion

In this study we have shown that in al-null mice tumor angio-
genesis is markedly reduced compared with that of wild-type
animals. This reduction is caused by overexpression of MMPs in
the al-null and consequent generation of angiostatin from
circulating plasminogen. Increased MMP in the a1-null mouse is
most probably the result of a deficiency in the activation of the
Ras/Shc/MAPK pathway (15). Direct inhibition of MAPK
strongly enhances expression of fibronectin-induced MMP2 and
MMP9 in T lymphocytes (30) and induces an up-regulation of
MMP9 synthesis in tumor cells (16) consistent with the increased
expression of this MMP in the al-null animals. This finding
suggests that activation of MAPK via a1 integrin is an inhibitory
pathway for MMP synthesis. Integrins «2p1, a4pB1, and o581,
normally expressed by endothelial cells (31, 32), are able to
up-regulate expression of different MMPs in various cell systems
(13, 30, 33), and it is likely that this up-regulation is enhanced in
the absence of integrin al. A second possibility is that loss of al
integrin leads to an up-regulation of other endothelial integrins
able to induce MMPs and consequent angiostatin synthesis.
However, the immunoprecipitation data suggests that this is not
the case. As integrin a1 is a collagen receptor the question arises
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as to why wild-type cells do not overproduce MMPs and do not
make angiostatin when plated on fibrinogen, which is not a
ligand for al. We can think of two possibilities: either, by the
time of assay, the cells have synthesized enough collagen (34-36)
to activate the receptor, or integrin «1 in fact acts to inhibit MMP
synthesis or release when not bound to ligand (37). Our findings
that absence of a1l integrin leads to reduced angiogenesis via the
induction of MMP synthesis and consequent angiostatin gener-
ation provide a mechanism for the results of Senger et al. (25)
showing that inhibition of al integrin with blocking antibody
markedly reduces vascular endothelial growth factor-driven an-
giogenesis in vivo. Our results also support the paradigm that
secretion of excess MMPs by endothelial cells promotes auto-
inhibition of angiogenesis by generating angiostatin (5, 11).
Indeed, it was observed recently that expression of MMP2 during
blood vessel formation can prevent and block angiogenesis by
generating angiostatin from circulating plasminogen (6). This
finding contrasts the well-documented induction of endothelial
cell growth and migration via degradation of extracellular matrix
components (10) where, for example, binding of MMP2 to
integrin avB3 on the tip of sprouting vessels seems to facilitate
extracellular matrix degradation and consequent new blood
vessel formation (38). Taken together these results suggest that
although synthesis of MMPs by endothelial cells is essential for
the process of new blood vessel formation by allowing remod-
eling and invasion, increased production MMPs seems to have a
strong role in endothelial cell homeostasis by increasing synthe-
sis of angiostatin. We have shown that in vifro angiostatin is the
key inhibitor of endothelial cell proliferation in a1 null cells. It
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is possible, however, that in vivo other antiangiogenic molecules
such as endostatin, which also may be generated by MMP
cleavage, also can contribute to the inhibition of tumor vascu-
larisation.

We see inverse correlation between plasma MMP9 and tumor
growth not only when comparing wild-type to al-null animals,
as groups, but also between individual wild-type and al-null
animals. Also, although less prominent than in the al-null, an
increase in plasma angiostatin is evident in tumor-bearing
wild-type mice. Thus, we would argue that integrin al-null
animals and endothelial cells serve to reveal a mechanism of
endothelial homeostasis that is relevant even in normal animals.

In summary we have, unexpectedly, identified a genetic model
for regulated, but increased, angiostatin production. In the
al-null mouse loss of a Ras/MAPK pathway leads to production
of excess MMPs, including MMP9 and MMP?7. The increase in
these MMPs, evident in circumstances of tissue activation,
generates increased amounts of angiostatin from plasminogen.
This increase, in turn, causes a reduction in tumor angiogenesis.
This unexpected finding also suggests that MMP inhibitors that
inhibit MMP9 or MMP7 may have the unwanted effect, in
treating metastatic disease, of preventing angiostatin production
and thus causing a paradoxical increase in tumor angiogenesis.
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