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ABSTRACT Angiogenin, a potent inducer of neovascular-
ization in the chicken chorioallantoic membrane and rabbit
cornea, promotes endothelial cell invasion of Matrigel base-
ment membrane. A transformed bovine aortic endothelial cell
line, GM 7373, Is 5 times more invasive when cultured in the
presence of 1 pg of bovine anglogenin per ml than in its
absence. A polyclonal anti-angiogenin antibody and a2-
antipsmin neutralize the effect of angiogenin, but an angio-
genin-bng protein (actin) does not. Further, this concen-
tration of angoeni induces a 14-fold increase in the cell-
associated proteolytic activity of cultured endothelial cells,
determined with a tissue-type plasminogen activator-specific
peptide as the substrate. In addition, cells cultured on a
three-dimensional fibrin gel in the presence of angiogenin are
3 times more capable of dissolving the gel and forming focal
defects in the underlying matrix. The results indicate that
angiogenin can enhance the ability of endothelial cells to digest
extracellular matrix components and degrade basement mem-
brane, thereby facilitating cell invasion and migration. Binding
ofangioenin to its cell-surface binding protein (actin) followed
by dissociation of the angiogenin-actin complex from the cell
surface and subsequent activation of tissue-type plasminogen
activator/plasmin are likely steps involved in the processes of
endothelial cell invasion and angiogenesis.

Angiogenin is a potent inducer of blood vessel formation on
the chicken embryo chorioallantoic membrane and in the
rabbit cornea and meniscus (1, 2). It is a 14-kDa protein with
33% sequence identity to bovine pancreatic ribonuclease A
and an overall sequence similarity of 53% (3). It was first
isolated from the conditioned medium of the human colon
adenocarcinoma cell line HT-29 based on its angiogenic
activity in vivo (4). Subsequently, angiogenin was isolated
from human plasma (5) and bovine milk (6), and its mRNA
has been detected in both normal and tumor cells (7, 8). The
widespread existence of angiogenin in vivo and its potent
blood vessel-inducing activity suggest that it may play a role
in embryologic, neoplastic, inflammatory, and immunogenic
angiogenesis. The protein binds to endothelial cells (9),
stimulates second messenger responses in both endothelial
and smooth muscle cells (10, 11), and modulates mitogenic
stimuli of certain cell types (12). In addition, angiogenin acts
as an adhesion molecule for endothelial cells (13). It is also
internalized by endothelial cells, where it is translocated to
the nucleus and accumulates in the nucleolus (14).
An angiogenin-binding protein has been isolated from the

endothelial cell surface and characterized (15, 16). Tryptic
peptide mapping and amino acid sequence analysis reveal
that it is a member of the muscle actin family (16). Indeed,
angiogenin binds to bovine skeletal muscle actin with about
the same affinity as to angiogenin binding protein. An

a-smooth muscle type actin has been detected on the surface
of endothelial cells by immunofluorescent staining (17). Both
exogenous actin and an anti-actin antibody inhibit the angio-
genin-induced neovascularization of the chorioallantoic
membrane (16) as well as the nuclear translocation of angio-
genin in cultured endothelial cells (14). We have reported
previously that upon binding of angiogenin to cell surface
actin, some ofthe angiogenin-actin complex dissociates from
the cell surface (15). Furthermore, this complex accelerates
tissue-type plasminogen activator (tPA)-catalyzed generation
ofplasmin from plasminogen (18). Since the angiogenin-actin
complex does not inhibit the resultant plasmin activity,
whereas actin alone does, the binding of angiogenin to
cell-surface actin could lead to the activation of several
protease cascades, including the plasminogen activator/
plasmin serine protease system and the matrix metallopro-
teinase system. Therefore, through the formation of its actin
complex, angiogenin may promote the degradation of base-
ment membrane and extracellular matrix (ECM) and thus
allow endothelial cells to penetrate and migrate into the
perivascular tissue, an essential feature of the angiogenesis
process.
To test this hypothesis, we have investigated the effect of

angiogenin on endothelial cell invasion. Angiogenin indeed
stimulates the cell-associated proteolytic activity of endothe-
lial cells and promotes their invasion offibrin gel and Matrigel
basement membrane. The results suggest that angiogenin
plays an important role in the regulation of these protease
systems and therefore may modulate the ECM-degrading
abilities ofendothelial cells and their subsequent invasion and
migration.

MATERIALS AND METHODS
Reagents. Bovine angiogenin was purified from bovine milk

as described (19). Fibrinogen, tPA, a2-antiplasmin and
thrombin were purchased from Calbiochem; chromozym tPA
and Tween-80 were from Boehringer Mannheim; biocoated
Matrigel invasion chambers and Nuserum were from Becton
Dickinson; bovine muscle actin was from Sigma; and rabbit
polyclonal anti-angiogenin antibody was provided by K. O1-
son (Harvard Medical School).

Cell Culture. Calf pulmonary artery endothelial cells and
GM 7373 cells, the fetal bovine aortic endothelial cells
transformed by benzo[a]pyrene, were routinely maintained
as described (15). Cells at confluence were trypsinized,
washed twice with Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10%o (vol/vol) Nuserum, 2 mM
glutamine, and 1 ug offungizone, 100 ,jg ofstreptomycin, and
100 units of penicillin per ml and were resuspended in the
same medium for experiments. Angiogenin, when present,

Abbreviations: ECM, extraceliular matrix; PAI, plasminogen acti-
vator inhibitor; TGF-,B, transforming growth factor ,8; tPA, tissue-
type plasminogen activator.
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was added at the concentrations indicated immediately after
the cells were seeded.
Enzymatic Assay. After 24 hr of incubation with or without

exogenous angiogenin, cells were washed twice with phos-
phate-buffered saline and solubilized with 1% Tween-80 in 50
mM Tris HCl (pH 8.5). The proteolytic activity of this lysate
was determined chromogenically with the use ofchromozym
tPA as the substrate. The tPA-specific substrate was used
because previous experiments (18) had shown that angiogen-
in and the angiogenin-actin complex activate tPA, a key
protease believed to be involved in angiogenesis.

Culture of Endothelial Cells on Fibrin Gel. Three-
dimensional fibrin gels were prepared essentially as de-
scribed (20). A suspension of 104 cells in 0.5 ml of DMEM
containing 10o Nuserum was placed in each well. The
culture medium and angiogenin were renewed every 48 hr.
The cells and the fibrin gel were observed and photographed
under a phase-contrast microscope.

Cell Invasion Assay. Invasiveness of endothelial cells was
determined with a biocoated Matrigel invasion chamber.
DMEM containing 10% Nuserum (0.5 ml) was added to the
culture well that serves as the chamber holder, and 0.2 ml of
a cell suspension containing 104 cells in DMEM containing
10% NuSerum was added to the chamber itself. Two methods
were used to assess cell invasion. In the first, cells were
incubated for 28 hr at 370C, after which time the culture
medium was removed and the cells were stained with Wright-
Giemsa stain. Invasive cells that accumulate at the bottom
side of the membrane were counted over the entire mem-
brane area. In the second method, 5 x 105 cells were plated
on a T-25 flask in 5 ml of DMEM containing 100% (vol/vol)
fetal calf serum and 10 ,uCi (370 kBq) of[3H]thymidine (NEN)
and were incubated at 370C for 48 hr. Such [3H]-labeled cells
(5 cpm per cell) were used to test the effect of angiogenin
under the same conditions as those used with unlabeled cells.
After 8 hr of incubation at 3TC, the cells that had invaded the
membrane were eluted with trypsin and lysed with 0.5 M
NaOH, and the radioactivity was measured by liquid scin-
tillation counting (21).

RESULTS
Angiogenin Stimulates Proteolytic Activity in Endothelial

Cells. Calf pulmonary artery endothelial and GM 7373 cells
have been shown to express a cell-surface actin that serves
as an angiogenin-binding protein (15-17). Both exogenous
actin and an anti-actin antibody inhibit angiogenin-induced
neovascularization on the chorioallantoic membrane (17) and
abolish nuclear translocation of angiogenin by endothelial
cells (14), presumably by interfering with the binding of
angiogenin to cell-surface actin. How actin is linked to the
cell surface is unknown, but when it binds angiogenin, some
of the resultant angiogenin-actin complex dissociates from
the cell surface and can be detected in the culture medium
(15). Moreover, actin, angiogenin, and the complex all mod-
ulate the activities of both plasmin and tPA and thus could
have a pronounced activation effect on this serine protease
system. In the presence of the angiogenin-actin complex, for
example, the overall proteolytic activity of a mixture of
plasminogen and tPA is 11-fold higher than in its absence and
is 6-fold higher than in the presence of actin alone (18). Since
this observation was obtained through the use of an in vitro
assay, we examined the effect of angiogenin on the proteo-
lytic activity of endothelial cells in culture.

Angiogenin stimulated the cell-associated proteolytic ac-
tivity of GM 7373 cells in a concentration-dependent manner
(Fig. 1). When the tPA-specific peptide substrate chromozym
tPA was used to determine protease activity in the cell
lysates, the basal proteolytic activity was 0.75 milliunit/pg of
protein, with human two-chain tPA as the standard. Stimu-
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FIG. 1. Stimulation of cell-associated proteolytic activity of
endothelial cells by angiogenin. GM 7373 cells were cultured in the
presence of different concentrations of angiogenin for 28 hr. Proteo-
lytic activities in cell lysates were measured spectrophotometrically
by using as substrate the tPA-specific chromogenic peptide chro-
mozym tPA and are expressed as milliunits oftPA per Pg of protein.
Each result is the average of eight measurements.

lation was readily detected at an angiogenin concentration as
low as 1 ng/ml (2.5 milliunits/jAg of protein). In the presence
of 10 ng of angiogenin per ml, the cell-associated proteolytic
activity was increased 9-fold to 7 milliunits/pg of protein.
Stimulation was maximal (10.5-12.5 milliunits/pg ofprotein)
at an angiogenin concentration of 0.5 iug/ml and remained at
this level to at least 50 ,mg/ml. Similar effects of angiogenin
on the stimulation ofcell-associated proteolytic activity were
also observed with calf pulmonary artery endothelial cells
(data not shown).
Inducton of Fibrinolytic Activity of Endothelial Cells by

Anglogenin. Since angiogenin and its complex with actin
enhance the activity of the tPA/plasmin system in vitro (18)
and stimulate the cell-associated (likely tPA/plasmin-related)
proteolytic activity of endothelial cells in culture, we inves-
tigated their effect on the fibrinolytic activity of these cells
because fibrin is the natural substrate for plasmin. For this
purpose, the endothelial cells were grown on a three-
dimensional fibrin gel. Fig. 2 shows a typical culture of GM
7373 cells on such gels with or without angiogenin. The cells
had a normal, characteristically cuboidal morphology (22)
and exhibited significant basal fibrinolytic activity: they
could dissolve the fibrin gel even without addition of angio-
genin. They formed a monolayer and dissolved the underly-
ing gel homogeneously (Fig. 2 A and C). Small focal defects
of the fibrin gel began to appear at day 3 (Fig. 2E), but
complete dissolution of the gel required 10 days (not shown).
In the presence of 1 ,ug of angiogenin per ml, dissolution of
the gel was more heterogenous and occurred faster as evi-
denced by progressive reduction in its thickness. Focal
defects already formed at day 2 (Fig. 2D) and were extensive
at day 3 (Fig. 2F), and the gel was completely lysed at day
5. The results clearly indicate at least a 2-fold stimulation of
the fibrinolytic activity of the GM 7373 cells by exogenous
angiogenin.
The angiogenesis that occurs in pathological conditions

(23) such as cell-mediated immune response, tumor growth,
and wound healing is associated with abundant extravascular
fibrin deposition (24). Thus, promotion of endothelial cell
fibrinolysis may be one of the physiological functions of
angiogenin. To quantify this effect, a fluorescent fibrin gel
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FIG. 2. Effect of angiogenin on endo-
thelial cells cultured on fibrin gels. GM
7373 cells were cultured on three-
dimensional fibrin gels in the absence (A,
C, and E) or presence (B, D, and F) of 1
jtg of angiogenin per ml. Phase-contrast
microscopy pictures were taken after 1
(A and B), 2 (C and D), and 3 (E and F)
days of incubation, respectively. (Origi-
nal, xlOO; here shown, x45.)

was prepared by treating fluorescein isothiocyanate-labeled
fibrinogen with thrombin. GM 7373 cells cultured on this gel
in the presence of different concentrations of angiogenin
generated fluorescent fibrin-degradation products and re-
leased them into the culture medium. The fluorescein isothio-
cyanate-labeled fibrin-degradation products were separated
by SDS/PAGE, and their fluorescence was recorded with a
charge-coupled device camera under UV illumination. They
appeared as bright bands at the gel front. Their fluorescence
intensities, determined by the fluorophore-assisted carbohy-
drate electrophoresis system (25), should reflect the fibrino-
lytic activity of the cells. The fibrinolytic activity of the cells
was increased 1.7-, 2.3-, and 2.4-fold in the presence of 50,
100, and 200 ng of angiogenin per ml, respectively (Fig. 3).
Maximal stimulation was obtained with angiogenin in the
range of 0.4 to 6.4 ,ug/ml. In contrast to cell-associated
proteolytic activity (Fig. 1), the fibrinolytic activity declined
when the concentration of angiogenin exceeded 10 pg/ml.

Angiogenin Induces Endothelial Ceils To Invade Matrigel.
The effect of angiogenin on the invasiveness of endothelial
cells was investigated with the use of Matrigel invasion
chambers. In each experiment, a suspension of 104 cells in 0.2
ml, prepared as described in Materials and Methods, was
seeded into the invasion chamber, and 0.5 ml of DMEM
containing 10o Nuserum was added to the culture well
chamber holder. The cells were then incubated in the pres-
ence or absence of 1 jig of angiogenin per ml at 37°C under
humidified 5% C02/95% air. After 28 hr of incubation, an
average of 230 cells were found on the angiogenin-treated
chambers, whereas an average of 40 invasive cells were
found on the bottom side of the membrane in the control
invasion chambers. An anti-angiogenin polyclonal antibody
inhibited angiogenin-induced endothelial cell invasion. As
shown in Table 1, 60 pg of this antibody per ml decreased the
amount of angiogenin-induced endothelial invasion to 60

cells. A nonspecific rabbit antibody at the same concentra-
tion was much less effective (148 cells). Addition of a2-
antiplasmin also inhibited cell invasion. In the presence of 10
milliunits of a2-antiplasmin per ml, only 18 cells passed
through the Matrigel, even less than in the control, indicating
that plasmin is essential for both basal level and angiogenin-
induced endothelial cell invasion.

In vitro, the angiogenin-actin complex is a more potent
activator of the tPA/plasminogen system than the individual
components. Consistent with this, the presence of both
angiogenin and actin induced more invasion (292 invasive
cells) than did angiogenin alone. Moreover, actin alone
stimulated cell invasion only slightly (80 cells). These results
imply that binding of angiogenin to cell surface actin and
subsequent dissociation of the complex from the cell surface
could be physiologically significant by modulating the tPA/
plasmin serine protease system.

Since angiogenin was added only to the invasion chamber,
invasion and accumulation of endothelial cells at the bottom
of the membrane would not appear to require the presence of
chemoattractants in the culture well. Addition of angiogenin
to the culture well instead also stimulated endothelial cell
invasion although less efficiently (data not shown). No ad-
ditive effect was observed when angiogenin was added to
both the invasion chamber and the culture well.
The stimulatory effect of angiogenin on endothelial cell

invasion was also investigated with [3H]thymidine-labeled
GM 7373 cells. In this case an 8-hr incubation was found to
give the clearest difference between treated and untreated
cells. At longer periods of time, the background radioactivity
became too high. Under these conditions we found that 1 pg
of angiogenin per ml doubled the invasiveness of 3H-labeled
GM 7373 cells as measured by radioactivity (592 cpm in the
presence of angiogenin and 291 cpm in the absence of
angiogenin).
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Proc. Natl. Acad. Sci. USA 91 (1994) 12099

300

250

I-

Ad>200

0

.0 150

0

5-100

50

0

0 0.05 0.1 0 2 0.4 0.8 1 .6 3.2 6.4 12.8 25.6

Angiogenin (ug/ml)

FIG. 3. Stimulation of fibrinolytic activity of endothelial cells by
angiogenin. A 7-ml sample of fibrinogen (5 mg/ml, 0.82 PM) in
phosphate-buffered saline was mixed with 390 ALI of fluorescein
isothiocyanate (1 mg/ml in dimethyl sulfoxide) and incubated at
room temperature in the dark for 1 hr. The reaction mixture was
dialyzed and filtered through a 0.8-pm membrane. Fluorescent fibrin
gels were prepared by treating the fluorescein isothiocyanate-labeled
fibrinogen with thrombin. GM 7373 cells were cultured on those gels
in the presence of different concentrations of angiogenin. A 5-P1
aliquot of cell culture medium was taken from each sample after 24
hr of incubation and subjected to SDS/PAGE analysis. The relative
fluorescence intensities of the fibrin-degradation-product bands at
the gel front, which were generated by the cells and should reflect
their fibrinolytic activities, were measured by fluorophore-assisted
carbohydrate electrophoresis instrumentation as described (25).

DISCUSSION
The process of angiogenesis is complex and consists, among
others, of endothelial cell migration, proliferation, and dif-
ferentiation (26). Repetitive cycling of these steps ultimately
forms new vascular capillaries (27, 28). Under normal cir-
cumstances, endothelial cells are quiescent and are sur-
rounded by basement membrane (a dense, impenetrable
meshwork of collagen IV, laminin, fibronectin, entactin, and
heparan sulfate proteoglycans), which normally is devoid of
pores that would allow passive migration of cells. It is a
prerequisite of angiogenesis, therefore, that endothelial cells
acquire an invasive phenotype so that they can penetrate the
basement membrane and interstitial matrix. This involves
proteolytic degradation and can be accomplished by activa-
tion of cellular proteases. Numerous studies have attempted
to correlate the angiogenic potential of endothelial cells with
their capacity to degrade the ECM. Proteolytic enzymes of all

Table 1. Endothelial cell invasion of Matrigel
basement membrane

Invasive
Samples cells,* no.

Control 40
Angiogenin (1 pg/ml) 230
+ anti-angiogenin IgG (60 pg/ml)t 60
+ nonspecific IgG (60 p~g/ml)t 148
+ a2-antiplasmin (20 ug/ml)t 18
+ actin (5 pg/ml)t 292

Actin (5 ug/ml) 80
*The invasive cells were stained and counted as described in
Materials and Methods.
tAngiogenin was mixed with the indicated substance immediately
before adding to the cells.

four classes (serine, cysteine, aspartyl, and metallo) have
been implicated in the process, and among these, central
attention has focused on the plasmin/plasminogen activator
system, which has been the subject of intensive research for
the past decade (29, 30).
We have previously reported that angiogenin binds to

cell-surface angiogenin-binding protein/actin and is then
released from the cell surface as an angiogenin-actin complex
(15, 16). Exogenous actin does not seem to inhibit angiogen-
in-induced invasion of endothelial cells into Matrigel. In fact,
it increases the number of invasive cells somewhat, likely the
result of its activation of tPA to produce plasmin from
plasminogen (31). Its effect is limited, however, because actin
simultaneously inhibits the resultant plasmin activity (32). In
vitro, it only increases the overall proteolytic activity of a
tPA/plasminogen mixture by 2-fold (18).
We have also reported that the angiogenin-actin complex

similarly activates tPA to produce plasmin, but it does not
inhibit plasmin activity. In this case the net increase in
proteolytic activity of the tPA/plasminogen mixture induced
by the complex is 12-fold higher than in its absence and 6-fold
higher than in the presence of actin alone. The angiogenin-
actin complex induces more cells to invade the Matrigel and
migrate through the invasion chamber membrane than does
angiogenin or actin alone. Thus, binding of angiogenin to
cell-surface actin and subsequent dissociation of the angio-
genin-actin complex could be an important step in angiogen-
in-stimulated endothelial cell invasion. Moreover, enzymatic
activation of the tPA/plasmin system by angiogenin, actin,
and the angiogenin-actin complex could contribute, at least
in part, to the enhancement of cell-associated proteolytic
activity.

In general, cell-associated protease activity reflects total
proteolytic activity, and an increase could be a measure of
induced protease synthesis (30). However, it has been shown
that stimulation ofenzyme activity does not necessarily mean
activation of gene expression. For example, Gross et al. (33)
reported that while phorbol 12-myristate 13-acetate stimu-
lated the activity of endothelial cell-associated plasminogen
activator by 2- to 10-fold, it inhibited the incorporation of
[3H]uridine into acid-soluble material by 25%. A more plau-
sible mechanism for stimulation ofcell-associated proteolytic
activity is direct activation of the endogenous enzymes by
angiogenin or the angiogenin-actin complex, since it is
known to occur in vitro (18). Such direct activation likely
accounts for at least part of the increased proteolytic activity
of endothelial cells. Additional, preliminary experiments
have shown that the effect of angiogenin on cell-associated
tPA activity may be either stimulatory or inhibitory, depend-
ing on cell stage and confluence (data not shown). The reason
for this variation and the mechanism by which angiogenin
modulates cell-associated proteolytic activity are under in-
vestigation.

Actin and an anti-actin antibody inhibit both angiogenin-
induced neovascularization in the chorioallantoic membrane
and nuclear translocation of angiogenin by endothelial cells
(14, 16). This is not inconsistent with our finding that the
angiogenin-actin complex stimulates cell invasion here. An-
giogenesis is the consequence of multiple cellular actions
among which basement membrane degradation and cell in-
vasion might be necessary but not sufficient for angiogenin-
induced angiogenesis. The distinct ribonucleolytic activity of
angiogenin (34) and its other known functions including
stimulation of second messengers (10, 11), nuclear translo-
cation and nucleolar accumulation (16), and promotion of cell
adhesion (13) suggest that it serves multiple roles.
The complete inhibition of angiogenin-induced endothelial

cell invasion by a2-antiplasmin indicates that plasmin is
essential for this process and that angiogenin acts via the
plasminogen activator/plasmin protease system. The sub-
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strate specificity of plasmin is high. It can digest the major
components of basement membrane either by acting directly
on fibronectin and laminin or by activating procollagenase
(35). Further, it can convert transforming growth factor (3
(TGF-p) from the latent to the active TGF-p8 form (36).
TGF-,3 is known to promote a series of cellular events in a
variety of cell lines including monocytes and endothelial cells
and has a significant role in the process of cell migration and
ECM degradation. It stimulates the synthesis of both 92-kDa
and 72-kDa gelatinase/type IV collagenases, increases the
expression of a and P integrin subunits, and modulates cell
binding to extracellular matrix constituents (37). Therefore,
plasmin generation and activation could be crucial steps in
the process of angiogenesis.
The angiogenin stimulation of both cell-associated proteo-

lytic and fibrinolytic activities is dose-dependent. Activation
of proteolytic activity can be detected readily at an angioge-
nin concentration of 1 ng/ml, reaches maximum at about 250
ng/ml, and remains unchanged up to at least 50 Mug/ml.
Activation of fibrinolytic activity, on the other hand, is seen
at 50 ng/ml, is maximal at about 400 ng/ml, and begins to
decrease above 6.4 pug/ml. The difference in dose depen-
dence may simply reflect the fact that the two assays measure
different enzymes. Alternatively, it may reflect the in vivo
protease/antiprotease balance. It has been shown that the
plasminogen activator/plasmin system is regulated at multi-
ple levels including gene activation and transcription, mRNA
stability, proenzyme translation and secretion, zymogen ac-
tivation, localization and receptor binding of both proen-
zymes and enzymes on the cell surface or ECM components,
inhibition by specific inhibitors, and degradation or removal
of active enzymes. Among these, the specific plasminogen
activator inhibitors (PAIs, which include PAI-1, PAI-2, and
protease nexin-1) provide the fastest response. They bind
covalently to the active site of plasminogen activators, thus
neutralizing their activities (38). Both basic fibroblast growth
factor and TGF-13i increase the synthesis of urokinase-type
plasminogen activator as well as PAI-1 (39). However, while
basic fibroblast growth factor stimulates more urokinase-
type plasminogen activator than PAI-1, thus increasing net
proteolytic activity and hence endothelial cell invasion,
TGF-131 induces more PAI-1 than urokinase-type plasmino-
gen activator and hence inhibits basic fibroblast growth
factor-induced formation of tube-like structures in endothe-
lial cell cultures. The simultaneous induction of PAI-i may
serve a protective function against nonspecific proteolysis. It
is not as yet known if angiogenin stimulates both PA and PAI
activities. If it does, there may be a concentration-
dependence with lower concentrations favoring PA and
higher concentrations favoring PAL. The cell-associated tPA
assay may fail to discriminate the difference because of the
conditions used to assay the cell lysates. It is known that
PAI-i is synthesized as an active molecule but is unstable and
decays rapidly to an inactive form in solution. Therefore, PAI
activity may not be detectable in cell lysates. The assay for
fibrinolytic activity measures fluorescein isothiocyanate-
labeled fibrin-degradation products generated by viable cul-
tured cells and may more truly reflect cell-associated pro-
teolytic/fibrinolytic activity.

Cell invasion itself is a multistep process involving attach-
ment, local proteolysis, and migration. For invasion to take
place, cyclic attachment to the ECM components and sub-
sequent release from its degradation fragments must occur in
a directed and controlled manner. Angiogenin supports ad-
hesion of both endothelial and tumor cells when it is coated
on a plastic surface. It does not mediate cell attachment when
present only in solution (13). This behavior of angiogenin not
only suggests that it may play a role in tumor metastasis
where specific cell-cell and cell-matrix interactions are in-

volved but also implies that angiogenin-induced endothelial
cell invasion can occur in certain directions governed by
angiogenin itself. Hence, stimulation of cell invasion and
mediation of cell adhesion are two closely related functions
that angiogenin contributes to the process of angiogenesis.

We thank Drs. Robert Shapiro for providing angiogenins, Karen A.
Olson for providing anti-angiogenin antibodies, and James W. Fett
for valuable discussions and suggestions. This work was supported
by the Endowment for Research in Human Biology, Inc.

1. Riordan, J. F. & Vallee, B. L. (1988) Br. J. Cancer 57, 587-590.
2. King, T. V. & Vallee, B. L. (1991) J. Bone Jt. Surg. Br. Vol. 73B,

587-590.
3. Strydom, D. J., Fett, J. W., Lobb, R. R., Alderman, E. M., Be-

thune, J. L., Riordan, J. F. & Vallee, B. L. (1985) Biochemistry 24,
5486-5494.

4. Fett, J. W., Strydom, D. J., Lobb, R. R., Alderman, E. M., Be-
thune, J. L., Riordan, J. F. & Vallee, B. L. (1985) Biochemistry 24,
5480-5486.

5. Shapiro, R., Strydom, D. J., Olson, K. A. & Vallee, B. L. (1987)
Biochemistry 26, 5141-5146.

6. Bond, M. D. & Strydom, D. J. (1989) Biochemistry 28, 6110-6113.
7. Weiner, H. L., Weiner, L. H. & Swain, J. L. (1987) Science 237,

280-282.
8. Rybak, S. M., Fett, J. W., Yao, Q.-Z. & Vallee, B. L. (1987)

Biochem. Biophys. Res. Commun. 146, 1240-1248.
9. Badet, J., Soncin, F., Guitton, J.-D., Lamare, O., Cartwright, T. &

Barritault, D. (1989) Proc. Natl. Acad. Sci. USA 86, 8427-8431.
10. Bicknell, R. & Vallee, B. L. (1988) Proc. Natl. Acad. Sci. USA 85,

5%1-5965.
11. Moore, F. & Riordan, J. F. (1990) Biochemistry 29, 228-233.
12. Heath, W. F., Jr., Moore, F., Bicknell, R. & Vallee, B. L. (1989)

Proc. Natl. Acad. Sci. USA 86, 2718-2722.
13. Soncin, F. (1992) Proc. Natl. Acad. Sci. USA 89, 2232-2236.
14. Moroianu, J. & Riordan, J. F. (1994) Proc. Natl. Acad. Sci. USA 91,

1677-1681.
15. Hu, G.-F., Chang, S.-I., Riordan, J. F. & Vallee, B. L. (1991) Proc.

Natl. Acad. Sci. USA 88, 2227-2231.
16. Hu, G.-F., Strydom, D. J., Fett, J. W., Riordan, J. F. & Vallee,

B. L. (1993) Proc. Natl. Acad. Sci. USA 90, 1217-1221.
17. Moroianu, J., Fett, J. F., Riordan, J. F. & Vallee, B. L. (1993)

Proc. Natl. Acad. Sci. USA 90, 3815-3819.
18. Hu, G.-F. & Riordan, J. F. (1993) Biochem. Biophys. Res. Com-

mun. 197, 682-687.
19. Maes, P., Damart, D., Rommens, C., Montreuil, J., Spik, G. &

Tartar, A. (1988) FEBS Lett. 241, 41-45.
20. Montesano, R., Pepper, M. S., Vassalli, J.-D. & Orci, L. (1987) J.

Cell. Physiol. 132, 509-516.
21. Muir, D., Johnson, S. J., Lahorra, M. A. & Maria, B. L. (1993)

Anal. Biochem. 215, 104-109.
22. Folkman, J., Haudenschild, C. C. & Zetter, B. R. (1979) Proc. Natl.

Acad. Sci. USA 76, 5217-5221.
23. Klagsbrun, M. & D'Amore, P. A. (1991) Annu. Rev. Physiol. 53,

217-239.
24. Dvorak, H. F., Senger, D. R. & Dvorak, A. M. (1983) Cancer

Metastasis Rev. 2, 41-73.
25. Hu, G.-F. & Vallee, B. L. (1994) Anal. Biochem. 218, 185-191.
26. Folkiman, J. & Klagsbrun, M. (1987) Science 235, 442-447.
27. Blood, C. H. & Zetter, B. R. (1990) Biochim. Biophys. Acta 1032,

89-118.
28. Moscatelli, D. & Rifikin, D. B. (1988) Biochim. Biophys. Acta 948,

67-85.
29. Mignatti, P. & Riflcin, D. B. (1993) Physiol. Rev. 73, 161-195.
30. Saksela, 0. & Rifkin, D. B. (1988) Annu. Rev. Cell Biol. 4, 93-126.
31. Lind, S. E. & Smith, C. J. (1991) J. Biol. Chem. 266, 17673-17678.
32. Lind, S. E. & Smith, C. J. (1991) J. Biol. Chem. 266, 5273-5278.
33. Gross, J. L., Moscatelli, D., Jaffe, E. A. & Rifkin, D. B. (1982) J.

Cell Biol. 95, 974-981.
34. Shapiro, R., Riordan, J. F. & Vallee, B. L. (1986) Biochemistry 25,

3527-3532.
35. Sato, Y. & Rifkin, D. B. (1989) J. Cell Biol. 109, 309-315.
36. Lyons, R. M., Gentry, L. E., Purchio, A. F. & Moses, H. L. (1990)

J. Cell Biol. 110, 1361-1367.
37. Walt, S. M., Allen, J. B., Weeks, B. S., Wong, H. L. & Klotman,

P. E. (1993) Proc. Nati. Acad. Sci. USA 90, 4577-4581.
38. Kruithof, E. K. (1988) Enzyme 40, 113-121.
39. Pepper, M. S., Belin, D., Montesano, R., Orci, L. & Vassalli, J.-D.

(1990) J. Cell Biol. 111, 743-755.

120100 Biochemistry: Hu et al.


