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Incubation of platelets, neutrophils, and lymphoma
cells with Descemet’s membranes of bovine cor-
neas and with the extracellular matrix (ECM) pro-
duced by cultured corneal endothelial cells resulted
in release of basic fibroblast growth factor (bFGF),
which stimulated the proliferation of 3T3 fibroblasts
and vascular endothelial cells. Similar requirements
were observed for release of endogenous bFGF
stored in Descemet’s membrane and of exogenous
bFGF sequestered by the subendothelial ECM. Re-
lease of ECM-resident bFGF by platelets, neutro-
phils, and lymphoma cells was inhibited by carra-
geenan lambda, but not by protease inhibitors, in
correlation with the inhibition of heparanase activity
expressed by these cells. Degradation of the ECM-
heparan sulfate side chains by this endo-8-p-gluc-
uronidase is thought to play an important role in
cell invasion, particularly in the extravasation of
blood-borne tumor cells and activated cells of the
immune system. We propose that both heparanase
and ECM-resident bFGF may modulate the cell re-
sponse to contact with its local environment. Hep-
aranase-mediated release of active bFGF from
storage in basement membranes provides a novel
mechanism for a localized induction of neovascu-
larization in various normal and pathological pro-
cesses, such as wound healing, inflammation, and
tumor development.

Fibroblast growth factors (FGF) are a family of
structurally related polypeptides characterized
by high affinity to heparin (Gospodarowicz et
al., 1987; Burgess and Maciag, 1989; Rifkin and
Moscatelli, 1989). They are highly mitogenic for
vascular endothelial cells (EC) and are among
the most potent inducers of neovascularization
(Folkman and Klagsbrun, 1987) and mesen-
chyme formation (Kimelman and Kirschner,
1987). Basic fibroblast growth factor (bFGF) has
been extracted from the subendothelial extra-
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cellular matrix (ECM) produced in vitro (Baird
and Ling, 1987; Vlodavsky et al., 1987) and from
basement membranes of the cornea (Folkman
et al., 1988), suggesting that ECM may serve
as a reservoir for bFGF. In fact, immunohisto-
chemical staining revealed the localization of
bFGF in basement membranes of diverse tis-
sues of the rat fetus (Gonzalez et al., 1990) and
of blood vessels of human tissues (Cardon-
Cardo et al.,, 1990), as well as in nuclei, inter-
calated discs, and endomysium of bovine heart
muscle fibers (Kardami and Fandrich, 1989).
Acidic FGF has been shown to be deposited
into the ECM produced by cardiac myocytes
(Weiner and Swain, 1989). Despite the ubiqui-
tous presence of bFGF in normal tissues, EC
proliferation in these tissues is usually very low
(Denekamp, 1984), suggesting that bFGF is
somehow sequestered from its site of action.
Studies on the interaction of bFGF with ECM
revealed that bFGF binds to heparan sulfate
proteoglycans (HSPG) in the ECM and can be
released by heparin-like molecules, heparan
sulfate (HS)-degrading enzymes (Bashkin et al.,
1989), or plasmin (Saksela and Rifkin, 1990).
These results suggest that the ECM HSPG pro-
vide a natural storage depot for bFGF and pos-
sibly other growth-promoting factors. Displace-
ment of bFGF from its storage within basement
membranes and ECM may provide a novel
mechanism for induction of neovascularization
in normal and pathological situations (Baird and
Walicke, 1989; Vlodavsky et al., 1990). Such a
role can be ascribed to an endo-3-pD-glucuroni-
dase (heparanase) that degrades HS side chains
in the subendothelial ECM (Vlodavsky et al.,
1983; Nakajima et al., 1988). Expression of hep-
aranase has been correlated with the ability of
blood-borne tumor cells (Vlodavsky et al., 1983;
Nakajima et al., 1988), neutrophils (Matzner et
al., 1985), and activated cells of the immune
system (Naparstek et al., 1984) to extravasate
in processes such as tumor metastasis, inflam-
mation, and autoimmunity. In the present study,
we demonstrate that heparanase can be utilized
by various cell types to release active bFGF from
the subendothelial ECM, both in vitro and in
vivo.
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Table 1. Effect of heparin species and carrageenan
on heparanase activity and bFGF release

Inhibition of Release of

heparanase ECM-bound
Compound (ug/ml)® bFGF (%)°
Heparin 2.5 50-60
N-acetylated heparin 5 10-15
Totally desulfated heparin >50 <5
Carrageenan lambda 2.5 <5

@ Concentration required for 100% inhibition of heparanase
(ESb lymphoma) activity.

b Percent release of ECM-bound '?°I-bFGF by the indicated
concentrations of each compound. Spontaneous release of
bFGF in the presence of incubation medium alone was sub-
tracted and did not exceed 12% of the total ECM-bound
bFGF. Heparanase activity and % release of ECM-bound
'25_bFGF were determined as described in Materials and
Methods.

Results

We have previously demonstrated that exposure
of ECM to either bacterial heparitinase, native
heparin, or heparin-like molecules resulted in
release of ECM-bound bFGF (Bashkin et al.,
1989). Heparin and various nonanticoagulant
species of heparin are also potent inhibitors of
heparanase activity (Bar-Ner et al.,, 1987). To
investigate whether heparanase expressed by
various cell types is involved in release of bFGF
from ECM, we first screened for molecules that
inhibit the enzyme but, unlike heparin, do not
release the ECM-bound bFGF. For this purpose
ECM was incubated with '?°|-bFGF, washed free
of unbound FGF, and incubated with various
low-M, and modified species of heparin to eval-
uate the extent of bFGF release from ECM. Oli-
gosaccharides derived from depolymerized
heparin were inadequate, because molecules as
small as the hexasaccharide efficiently released
'25.FGF from ECM (Bashkin et al., 1989). Oli-
gosaccharides of a smaller molecular size did
not inhibit the enzyme. Among the various
chemically modified heparins, only N-desul-
fated, N-acetylated heparin was found to inhibit
the enzyme effectively at concentrations that
released only a small percentage of the ECM-
bound bFGF, compared with native heparin (Ta-
ble 1). Totally desulfated heparin did not inhibit
the enzyme and also failed to release the ECM-
bound bFGF (Bar-Ner et al., 1987; Bashkin et
al., 1989). We then tested the effect of other
polyanionic molecules (i.e., hyaluronic acid,
chondroitin sulfate, dermatan sulfate, pentosan
sulfate, dextran sulfate, fucoidan, carrageenan
lambda, carrageenan alpha, suramin) on both
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heparanase activity and release of ECM-bound
bFGF. Among these compounds, carrageenan
lambda was found to inhibit the enzyme effi-
ciently at concentrations that induced little or
no release of bFGF from ECM (Table 1). Because
this compound yielded the best differential ef-
fect, it was used in subsequent experiments to
investigate the involvement of cellular heparan-
ase in release of bFGF from the subendothelial
ECM produced in vitro and from Descement’s
membrane of bovine corneas. Whereas the
ECM system was used as a model for release
of exogenously added bFGF, bovine corneas
were utilized to study release of endogenous
bFGF from basement membranes.

Release of ECM-bound FGF by platelets

Incubation (3 h, 37°C) of increasing amounts of
lysed platelets with ECM that was first incu-
bated with '2I-bFGF resulted in release of up
to 60% of the ECM-bound FGF in a dose-de-
pendent manner (Figure 1). This release was in-
hibited by 85-95% in the presence of 10 ug/ml
carrageenan lambda (Figures 1 and 2), which
also completely inhibited release of HS degra-
dation products by means of the platelet hepa-
ritinase (Figure 3A). In contrast, both degrada-
tion of HS and release of ECM-bound bFGF
were not inhibited in the presence of carra-
geenan kappa. We have previously demon-
strated that HS in subendothelial ECM is avail-
able for degradation by the platelet heparitinase

% Release of ECM-bound bFGF

Platelets (ul)

Figure 1. Release of ECM-bound '*I-bFGF by lysed plate-
lets. ECM-coated wells (4-well plates) were incubated (3 h,
24°C) with '®I-bFGF (2.5 X 10* cpm/well). Unbound FGF
was washed (4 times), and the ECM was incubated (2 h,
37°C) with increasing amounts of lysed platelets (1 ul = 1.5
X 10° lysed platelets) in the absence () or presence (m) of
10 ug/ml carrageenan lambda. Released '*°I-bFGF was
counted in a y-counter. Radioactivity released into the in-
cubation medium is expressed as percent of total ECM-
bound '**I-FGF (100% = 75 pg).
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Figure 2. Effect of carrageenan and protease inhibitors
on release of ECM-bound bFGF by heparin, trypsin, and
platelets. ECM that was preincubated with '?°|-bFGF and
washed free of unbound FGF (legend to Figure 1) was in-
cubated (2 h, 37°C) with PBS alone or with PBS containing
10 ug/ml heparin, 10 ug/ml trypsin, or 3.5 X 107 lysed plate-
lets. Incubations were performed in the absence (O) or
presence of either 10 ug/ml carrageenan lambda (O), pro-
tease inhibitors (2 mM PMSF and 100 KIU/ml aprotinin) (£3),
or both (). Released '#5I-bFGF was counted in a y-counter.
Radioactivity released into the incubation medium is ex-
pressed as percent of total ECM-bound '?°I-FGF.

(Yahalom et al., 1984). As demonstrated in Fig-
ure 3A, incubation (3 h, 37°C) of sulfate-labeled
ECM with platelets resulted in release of low-
M., sulfate-labeled degradation products (peak
Il, Kav ~ 0.75 on Sepharose 6B). This material
has previously been characterized as HS deg-
radation fragments, five to eight times smaller
than intact ECM-derived HS side chains (Ya-
halom et al.,, 1984). Carrageenan lambda, but
not protease inhibitors (2 mM PMSF and 100
KIU/ml aprotinin), inhibited both degradation of
HS (Figure 3A) and release of ECM-bound bFGF
by lysed (Figure 2) or intact (Figure 4) platelets.
Incubation of ECM with phosphate-buffered sa-
line (PBS) or carrageenan (10-25 ug/ml) alone
resulted in release of 10-15% of the ECM-
bound '?°I-bFGF (Figures 1 and 2). This basal
release of FGF may be due to an endogenous
proteolytic activity (Bar-Ner et al., 1986) be-
cause it was reduced to <5% when the ECM
was heat treated (70°C, 10 min) before incu-
bation with the labeled bFGF. Exposure of ECM
to heparin resulted in release of 60-70% of the
ECM-bound bFGF. This release was, however,
not affected by carrageenan (Figure 2), indicat-
ing that carrageenan does not hinder release of
bFGF because of a possible masking of the
ECM-bound FGF. Trypsin-mediated release of
bFGF from ECM was inhibited by serine pro-
tease inhibitors, but not by carrageenan lambda
(Figure 2). Accordingly, digestion of *H-globin
(Bar-Ner et al., 1986) by trypsin was completely
blocked by protease inhibitors, but there was
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no inhibition, and even a slight stimulation, in
the presence of carrageenan lambda. Lysed
platelets incubated with 3H-globin exhibited
<3% of the proteolytic activity expressed by 10
ug/ml trypsin under the same conditions. This
proteolytic activity was inhibited by protease
inhibitors, but there was no effect to carra-
geenan.
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Figure 3. Effect of carrageenan and protease inhibitors
on heparanase-mediated degradation of HS in ECM. Sul-
fate-labeled ECM (35-mm plates) was incubated (3 h, 37°C,
pH 6.8) with (A) 2.5 X 10°® platelets; (B) supernate fraction
of 5 X 10° neutrophils that were preincubated (4 h) at 4°C;
and (C) 5 X 10f intact neutrophils. Incubations on the labeled
ECM were performed in the absence (m) or presence of either
10 pg/ml carrageenan lambda (O) or a mixture of protease
inhibitors (2 mM PMSF, 10 ug/ml leupeptin, 100 KIU/ml
aprotinin, 100 ug/ml benzamidine, and 5 mM EGTA) (A).
The ECM was also incubated with PBS alone in the absence
of cells (O). Labeled degradation products released into the
incubation medium were analyzed by gel filtration on Seph-
arose 6B, as described in Materials and methods.
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Figure 4. Heparanase-mediated release of ECM-bound
bFGF. ECM-coated wells (4-well plates) were incubated
(3 h, 24°C) with '®I-bFGF (1.5 X 10* cpm/well). Unbound
bFGF was removed and the ECM incubated (3 h, 37°C, pH
6.8) with PBS, human polymorphonuclear neutrophils (PMN),
supernate fraction of neutrophils (sup. PMN), or platelets,
as described in the legend to Figure 3. Incubations were
performed in the absence (O) or presence of either 10 ug/
ml carrageenan lambda (O), a mixture of protease inhibitors
(legend to Figure 3) (7), or both (£). Released '*°I-bFGF,
expressed as percent of total ECM-bound '?°I-bFGF, was
counted in a y-counter. 100% = 44 pg.

Efficient release of ECM-bound '?°I-bFGF was
induced by a purified preparation of bacterial
heparitinase (EC 4.2.2.8, Flavobacterium hepa-
rinum) and by a nearly pure preparation of hep-
aranase isolated from a human hepatoma cell
line (Sk-hep-1). This release was inhibited by
carrageenan lambda. In contrast, bacterial
heparinase (EC 4.2.2.7) or chondroitinase ABC
failed to release '*°I-bFGF from ECM above the
basal amount of bFGF released during incuba-
tion with PBS alone (not shown). Release of
ECM-bound '?’I-bFGF occurred also on incu-
bation of the ECM with intact platelets. Results
were similar to those obtained with cell lysates
in that carrageenan lambda, but not protease
inhibitors, inhibited release of both bFGF (Figure
4) and HS degradation fragments from the ECM
(Figure 3A).

Release of ECM-bound FGF by neutrophils

Human polymorphonuclear neutrophils (PMN)
express heparanase activity, which degrades
heparan sulfate in the subendothelial ECM
(Matzner et al., 1985). The enzyme is found
mainly in the PMN-specific granules, and up to
25% of its cellular content is preferentially re-
leased on incubation of the cells at 4°C (Matzner
et al., 1985). As demonstrated in Figure 3B,
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degradation of the ECM HS by the released en-
zyme(s) was, unlike degradation by intact neu-
trophils (Figure 3C), inhibited by protease inhib-
itors. These inhibitors had no effect on the
neutrophil heparanase itself, but rather inhibited
the activity of protease(s) that generated a more
accessible substrate for subsequent degrada-
tion by the heparanase enzyme (Matzner et al.,
1985; Bar-Ner et al, 1986). This type of se-
quential degradation is reflected by the accu-
mulation of high-M, labeled material in the pres-
ence of carrageenan but not of protease
inhibitors, which inhibited release from ECM of
both high- and low-M, material (Figure 3B). We
compared the effect of carrageenan and pro-
tease inhibitors on degradation of HS (Figure 3)
and release of ECM-bound FGF (Figure 4) by
intact neutrophils and by a neutrophil supernate
fraction. As demonstrated in Figure 4, super-
nate fraction obtained after incubation (4 h) of
human neutrophils at 4°C released 70% of the
ECM-bound '?°I-bFGF. This release was inhib-
ited by ~809% (not taking into account spon-
taneous release from ECM alone) in the pres-
ence of either carrageenan lambda or protease
inhibitors, in correlation with the inhibition of
HS degradation under the same conditions
(Figure 3B). Incubation of ECM with intact neu-
trophils resulted in degradation of HS (Figure
3C) and release of '?°I-bFGF (Figure 4) to an
extent that was similar to that obtained by the
neutrophil supernatant. Release of ECM-bound
bFGF by intact PMN was inhibited by carra-
geenan, although to a smaller extent (55%)
compared with the neutrophil supernatant.
There was only a small inhibitory effect to a mix-
ture of protease inhibitors (Figure 4), as was
also observed when intact PMN were incubated
with sulfate-labeled ECM under the same con-
ditions (Figure 3C).

Growth-promoting activity of bFGF released
from ECM

We have previously reported that the ECM pro-
duced by cultured corneal EC contains bFGF
that promotes cell proliferation and differentia-
tion (Vlodavsky et al., 1987; Rogelj et al., 1989).
Preliminary experiments revealed that material
released from this ECM (2-cm? ECM-coated
wells) during incubation with heparanase exhib-
ited only a low mitogenic activity (~2% the ef-
fect of bFGF or 10% serum) when aliquots were
tested on vascular EC or 3T3 fibroblasts. This
was due to insufficient amounts of released
bFGF and/or to release of an inactive form of
bFGF. To investigate whether bFGF is released
from ECM in an active form, ECM was prein-

CELL REGULATION
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Figure 5. Mitogenic activity of ECM-bound bFGF released
by platelets and ESb lymphoma cells. ECM-coated wells
(4-well plates) were incubated (20 h, 4°C) with bFGF (20 ng/
well). ECM was washed free of unbound bFGF and incubated
(4.5 h, 37°C) (8) with PBS, 1.3 X 10° ESb lymphoma cells,
or 8 X 107 platelets. Cells were also incubated on regular
tissue culture plastic wells (0O), tissue culture plastic that
was preexposed to bFGF (0J), and ECM that was not exposed
to exogenous bFGF (@). Aliquots (20 gl) of the incubation
media were tested for stimulation of *H-thymidine incor-
poration in growth-arrested 373 fibroblasts.

Platelets

cubated (18 h, 4°C) with unlabeled FGF and
washed free of unbound FGF, and material re-
leased by cells and cell extracts was tested for
its growth-promoting activity. Incubation (3 h,
37°C) of ESb lymphoma cells (Vlodavsky et al.,
1983) or washed platelets with ECM that was
first exposed to excess of bFGF and washed
free of unbound bFGF resulted in release of 45—
80% (4.2-7.2 ng bFGF/well) of the ECM-bound
mitogenic activity, as indicated by a marked
stimulation of DNA synthesis in both growth-
arrested 3T3 fibroblasts (Figure 5) and sparsely
seeded bovine aortic EC (not shown). Incubation
of ESb lymphoma cells on ECM alone, or on
regular tissue culture plastic that was first ex-
posed to excess of bFGF, failed to elicit any mi-
togenic response in both 3T3 fibroblasts and
bovine aortic EC. A relatively low degree of mi-
togenic activity for 3T3 fibroblasts was released
during incubation of platelets with ECM that was
not exposed to exogenous bFGF, compared
with ECM that was first incubated with bFGF
(Figure 5). Because release of endogenous
bFGF from ECM could hardly be detected under
our experimental conditions, this activity may
be due primarily to platelet-derived growth fac-
tor (PDGF) released during incubation and ac-
tivation of platelets on the ECM.

In a second set of experiments, intact cells
or cell lysates were incubated in contact with
the Descemet’'s membrane side of bovine cor-
neas (Folkman et al., 1988; Bashkin et al., 1989).
Descemet’s membrane has been shown to
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contain ~10-fold higher amounts of bFGF per
unit area, compared with its in vitro counterpart,
the ECM produced by corneal EC (Folkman et
al., 1988). Based on the mitogenic activity of
corneal extracts compared with recombinant
bFGF, it was estimated that the average amount
of bFGF per cornea ranged from 30 to 40 ng.
Incubation of washed platelets on top of the
Descemet’s membrane surface of bovine cor-
neas resulted in a time-dependent release of
growth-promoting activity for 3T3 fibroblasts
(Figure 6) and vascular EC. Endogenous mito-
genic activity released from bovine corneas
during incubation with platelets was inhibited
by 70-80% in the presence of neutralizing rabbit
anti-human bFGF antibodies. Although Desce-
met’s membrane may contain growth-promot-
ing factors other than bFGF, the induction of
EC proliferation and its inhibition by anti-bFGF
antibodies indicate that the observed stimula-
tion of cell proliferation was elicited primarily by
FGF. Likewise, ESb lymphoma cells or neutro-
phils released mitogenic factor(s) from Desce-
met’s membrane that stimulated the prolifera-
tion of vascular EC (Figure 7) and 3T3 fibroblasts
(not shown). Based on the mitogenic effect of
aliquots of the incubation media relative to that
of recombinant bFGF, it was estimated that up
to ~20% (i.e., 5-8 ng) of the total amount of
bFGF per cornea was released under the ex-
perimental conditions described above. These

DNA Synthesis (cpm x 10 )

Time (h)

Figure 6. Release of growth-promoting activity from bo-
vine corneas by intact platelets. Platelets (1.5 X 10%in 0.5
ml medium) were incubated (37°C) on top of the inner side
of bovine corneas (OJ) or in regular tissue culture plastic
wells (a). Bovine corneas were also incubated with 0.5 ml
PBS alone (m). Aliquots (20 ul) of the incubation media were
taken at various time periods, centrifuged, and tested for
stimulation of *H-thymidine incorporation in growth-arrested
3T3fibroblasts, as described in Materials and methods. Each
point is the average of six wells (3 wells for each cornea).
The variation between different determinations did not ex-
ceed 15% of the mean.
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Figure 7. Release of endothelial cell growth-promoting
activity from bovine cornea by neutrophils and ESb lym-
phoma cells. Neutrophils (5 X 10%) (PMN), ESb lymphoma
cells (5 X 10°), or PBS alone were incubated (3 h, 37°C) on
top of the inner side of bovine corneas (@) or in regular
tissue culture plastic wells (0). Aliquots (20 ul) of the 0.5-
ml incubation medium were added to sparsely seeded en-
dothelial cells on days 2 and 4 after seeding and tested for
stimulation of endothelial cell proliferation as described in
Materials and methods. Endothelial-cell proliferation was
also measured in the absence (control) and presence (bFGF)
of 5 ng/ml bFGF added on days 2 and 4 after seeding. Each
point is the average of triplicate wells, and the variation in
cell number (i.e., uptake of metylene blue) was <10%.

results indicate that normal and malignant cells
are capable of releasing endogenous active
bFGF from its storage in the subendothelial
ECM.

Discussion

We have previously reported that the suben-
dothelial ECM (Viodavsky et al., 1987) and Des-
cemet’'s membranes of bovine corneas (Folk-
man et al., 1988) contain bFGF-like factors that
participate in induction of cell proliferation and
differentiation by the ECM (Rogelj et al., 1989).
We have also demonstrated that bFGF is bound
to HS in the ECM and is readily released when
the ECM HS is degraded by heparanase (Bash-
kin et al., 1989). Release of FGF was also
brought about by native heparin and by various
heparin-like molecules that bind FGF with high
affinity compared with HS in the ECM (Bashkin
et al., 1989). In the present study, we investi-
gated the ability of various normal and malignant
cells to release bFGF from the subendothelial
ECM and, in particular, the involvement of a
cellular endoglycosidase (heparanase) in this
release. Heparanase activity correlates with the
ability of blood-borne tumor cells and activated
cells of the immune system to leave the circu-
lation and reach their target sites (Parish et al.,
1987; Nakajima et al., 1988; Lider et al., 1990).
Native heparin and various heparin-like mole-
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cules are both potent inhibitors of heparanase
activity (Bar-Ner et al., 1987) and efficient re-
leasers of ECM-bound bFGF (Bashkin et al.,
1989). In contrast, N-acetylated heparin and, to
a higher extent, carrageenan lambda were
found to effectively inhibit heparanase-mediated
degradation of the ECM HS at concentrations
that released little or no bFGF from ECM. Using
carrageenan lambda as a potent inhibitor of
heparanase, we have demonstrated that hep-
aranase activity expressed by normal and ma-
lignant cells is involved in release of bFGF from
ECM and Descemet’s membrane of bovine cor-
neas. Although carrangeenan specifically inhib-
ited heparanase-mediated release of ECM-
bound FGF, it had no effect on FGF release
caused by high-affinity binding to heparin, or by
proteolytic digestion of the ECM.

A striking feature of bFGF is that it is mostly
an intracellular protein, consistent with the lack
of a consensus signal peptide in its gene (Abra-
ham et al.,, 1986). Although the mode of FGF
deposition into ECM has not yet been identified,
our studies on the FGF content and growth-
promoting activity of ECM that was denuded
from cells several hours compared with several
days after the ECM-producing cells had reached
confluency, strongly suggest that bFGF is de-
posited by intact EC (Rogelj et al., 1989). Apart
from deposition by cells that synthesize the
ECM, bFGF liberated in response to cell damage
or death is likely to be sequestered by the ECM
HS and is thereby stabilized and protected
(Gospodarowicz and Cheng, 1986; Saksela et
al.,, 1988). As demonstrated in the present
study, both endogenous and exogenously
added bFGF were accessible to release by hep-
aranase—although a more efficient release of
bFGF (up to 70% of the ECM-bound factor) was
achieved in the case of added bFGF compared
with endogenous bFGF, where up to about 20%
of the total amount of factor was released.
These results may reflect the different require-
ments for release of surface-bound factors, as
opposed to bFGF that is deeply embedded in
the tissue. It should be emphasized, however,
that the estimated amounts of endogenous
bFGF released from corneas during incubation
with cells are physiologically relevant, because
bFGF has been shown to induce EC proliferation
and angiogenesis at picomolar (1-10 ng/ml)
amounts (Folkman and Klagsbrun, 1987). Re-
gardiess of the source of heparanase and of
whether release of bFGF was brought about by
a pure enzyme, intact cells, or cell lysates, in-
hibition of FGF release correlated with inhibition
of heparanase activity as measured by release
from ECM of sulfate-labeled degradation prod-
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ucts. It should be noted, however, that whereas
heparanase activity was almost fully inhibited
by carrageenan lambda, release of ECM-bound
bFGF was inhibited to a lesser degree. In fact,
a strict correlation between the total amounts
of released sulfate-labeled material and iodin-
ated bFGF is not expected, mainly because
HSPG within the ECM may not bind the exog-
eneously added bFGF, but yet are susceptible
to degradation by proteases and heparanase.
Our results suggest, for example, that only some
of the high-M, material that accumulates in the
presence of carrageenan is associated with io-
dinated bFGF. Release of this high-M, material
occurs even in the absence of cells (Figure 3, B
and C) because of a proteolytic activity residing
in the ECM itself (Bar-Ner et al.,, 1986) and is
further stimulated by cellular proteases. Fur-
thermore, a proteolytic activity may release
bFGF that is bound to ECM components other
than HS.

We suggest that heparanase activity ex-
pressed by tumor cells may function not only in
cell migration and invasion (Vlodavsky et al.,
1983; Nakajima et al.,, 1988), but also, may at
the same time, elicit an indirect neovascular re-
sponse by means of releasing the ECM-resident
FGF. Likewise, platelets and activated cells of
the immune system (i.e., macrophages, neutro-
phils, and T lymphocytes) (Naparstek et al.,
1984; Yahalom et al., 1984; Matzner et al., 1985)
that are often attracted by tumor cells may in-
directly stimulate tumor angiogenesis by means
of their heparanase activity. These cells may
also elicit an angiogenic response in the process
of inflammation and wound healing. We have
recently reported that mast cells express hep-
aranase activity (Bashkin et al., 1990). It is con-
ceivable that mast cell heparin and/or heparan-
ase may be involved in angiogenesis by
liberating the ECM-resident bFGF. Mast cells
are widely distributed in perivascular connective
tissues, especially in areas of active tumor
growth and vascular reactivity. Heparanase, re-
leased on degranulation of mast cells (Bashkin
et al., 1990), may thus play a role in the long-
proposed mast cell-mediated stimulation of
neovascularization (Kessler et al., 1976).

Several studies and our own results indicate
that heparin and HS inhibit the mitogenic activity
of bFGF but at the same time stabilize and pro-
tect the molecule from inactivation (Gospoda-
rowicz and Cheng, 1986; Saksela et al., 1988).
It is therefore conceivable that bFGF is stored
in ECM in a highly stable but relatively inactive
form, as also indicated by the highly stable
ECM-resident growth-promoting activity com-
pared with that of bFGF in a fluid phase (Fridman
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et al., 1985). Release from ECM of bFGF as a
complex with HS fragment may yield a form of
bFGF that is more stable than free bFGF and
yet capable of binding the high-affinity plasma-
membrane receptors (Saksela et al, 1988).
Moreover, bFGF complexed to HS fragment
should diffuse through the stroma to the target
cells more readily than free bFGF because
bFGF-HS complexes do not bind to the ECM
(Rifkin and Moscatelli, 1989). Although the
present study emphasizes the role of heparan-
ase in bFGF release, it does not exclude the
involvement of other enzymes. Thus, ECM-
bound bFGF is released by plasmin as a non-
covalent complex with HSPG or glycosamino-
glycans (GAG) (Saksela and Rifkin, 1990). Basic
FGF complexed to HSPG stimulates production
of plasminogen activator (PA) by EC (Saksela et
al.,, 1988), possibly yielding an autocatalytic
process (Saksela and Rifkin, 1990). Moreover,
heparanase-mediated degradation of ECM-
bound HS has been shown to be facilitated
markedly by both cellular and ECM-associated
PA (Bar-Ner et al., 1986). Whereas proteolytic
digestion of the ECM releases bFGF (Bashkin
et al., 1989; Saksela and Rifkin, 1990)—but at
the same time degrades major constituents of
the ECM, resulting in significant structural and
functional alterations—heparanase activity is
restricted to cleavage of HS side chains so that
the treated ECM retains, to a large extent, its
native morphological appearance and biological
activity.

In addition to bFGF, both granulocyte-mac-
rophage colony-stimulating factor (GM-CSF)
and interleukin-3 also bind to HS on stromal
cells (Roberts et al., 1988). These factors may
be released by heparanase and presented to
hematopoietic cells. It has also been reported
that both TGF-8 and its proteoglycan receptor
(Betaglycan) are present in the ECM of various
cells and tissues (Andres et al., 1989). Likewise,
various heparin-binding growth factors are
tightly associated with bone matrix. Among
these is osteogenin, an ECM-associated bone-
inductive protein that was isolated from demin-
eralized bone by heparin affinity chromatogra-
phy (Sampath et al., 1987). Heparanase may
thus participate in cellular responses to inter-
action with the local environment by means of
releasing active growth and differentiation
factors that are firmly sequestered by HS in
the ECM.

Materials and methods

Materials

Partially purified bFGF was isolated from bovine brain, as
described (Gospodarowicz et al., 1978). Recombinant human
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bFGF was kindly provided by Takeda Chemical Industries
(Tokyo, Japan). Bacterial heparinase (EC 4.2.2.7) and he-
paritinase (EC 4.2.2.8) (Flavobacterium heparinum) were
obtained from Seikagaku Kogyo (Tokyo, Japan). Dulbecco’s
modified Eagle’s medium (DMEM, 1. g glucose/l), calf serum,
fetal calf serum (FCS), penicillin, and streptomycin were ob-
tained from GIBCO (Grand Island, NY). Saline containing
0.05% trypsin, 0.01 M sodium phosphate, and 0.02% EDTA
(STV) was obtained from Biological Industries (Beit-Haemek,
Israel). Tissue culture dishes were obtained from Falcon
Labware Division, Becton Dickinson (Oxnard, CA). Four-well
tissue culture plates were from Nunc (Roskilde, Denmark).
3H-methyl thymidine (500 mCi/mmol) and Na,**SO, (540-
590 mCi/mmol) were obtained from New England Nuclear
(Boston, MA). N-acetylated heparin and totally desulfated
heparin were kindly prepared and provided to us by Dr. Lina
Wasserman (Beilinson Medical Center, Petah-Tikva, Israel),
as described (Bar-Ner et al., 1987; Bashkin et al., 1989).
Sodium heparin was from Diosynth (Oss, Holland) and apro-
tinin [Trasylol, 7142 Kallikrein inhibitor units (KIU)/mg] from
Bayer (Leverkusen, FRG). Carrageenan lambda, triton X-100,
dextran T-40, phenylmethylsulfonyl fluoride (PMSF), leu-
peptin and all other chemicals were of reagent grade, pur-
chased from Sigma (St. Louis, MO).

Cells

Cultures of bovine corneal endothelial cells were established
from steer eyes as previously described (Gospodarowicz et
al., 1977). Stock cultures were maintained in DMEM sup-
plemented with 10% bovine calf serum, 5% FCS, penicillin
(50 U/ml), and streptomycin (50 ug/ml) at 37°C in 10% CO,
humidified incubators. Brain-derived bFGF (100 ng/ml) was
added every other day during the phase of active cell growth.
Bovine aortic endothelial cells (BAEC) were cultured as de-
scribed (Vlodavsky et al., 1987). Mouse methyicholanthrene-
induced ESb T lymphoma cells were cultured as described
(Vlodavsky et al., 1983).

Preparation of platelet-rich plasma (PRP)

Blood from healthy individuals who had a history of no drug
ingestion for at least 10 d before testing was obtained by
venipuncture with the two-syringe technique and mixed with
0.1 vol of 3.2% trisodium citrate (Yahalom et al., 1984). PRP
was prepared by centrifugation at 150 g for 10 min at room
temperature. This preparation yielded a concentration of 2—
3 X 10° platelets/ul, as determined by counting with a Coulter
Counter (Coulter Electronics, Hialeah, FL). Crude prepara-
tion of the platelet heparitinase was obtained by subjecting
PRP to three cycles of freezing (liquid nitrogen) and thawing
(37°C). Ten-20 ul of the lysed platelet preparation were
taken for each determination of bFGF release and heparan-
ase activity. For preparation of washed platelets, PRP was
centrifuged (1100 g, 15 min, 20°C), the platelet-poor plasma
was removed, and the platelet pellet was washed twice and
resuspended in acid citrate dextrose (ACD)-buffered saline
(pH 6.5), to yield the original concentration of 2-3 X 10°
platelets/ul (Yahalom et al., 1984).

Neutrophils

Neutrophils were prepared from fresh blood samples ob-
tained from healthy human donors and were purified by
dextran sedimentation followed by hypotonic lysis of con-
taminating erythrocytes and centrifugation over Ficoll-Hy-
paque, as described (Matzner et al., 1985). The granulocyte
pellet was washed in Ca?*- and Mg?*-free PBS and sus-
pended at 5 X 10° cells/ml in PBS containing Ca?* and Mg?"*.
Preparations obtained in this manner contained >95% neu-
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trophils. Preferential release of the neutrophil heparanase
was obtained by incubation of the cell suspension at 4°C
for 4 h, followed by low-speed centrifugation (300 g, 10 min).
The supernate fraction contained 20-30% of the total cel-
lular heparanase activity (Matzner et al., 1985). Samples
(0.2-0.4 ml).of this supernatant were taken for determina-
tions of bFGF release and heparanase activity.

Preparation of dishes coated with ECM

Bovine corneal endothelial cells were dissociated from stock
cultures (2nd-5th passage) with STV and plated into 35-
mm or 4-well plates at an initial density of 5 X 10* cells/ml.
Cells were maintained as described above, except that 5%
dextran T-40 was included in the growth medium. Six-8 d
after the cells reached confluency, we exposed the sub-
endothelial ECM by dissolving (3 min, 22°C) the cell layer
with a solution containing 0.5% Triton X-100 and 20 mM
NH,OH in PBS followed by four washes in PBS (Viodavsky
et al., 1987). For preparation of sulfate-labeled ECM, we
added Na,[*S]O, (40 uC/ml) 3 and 7 d after seeding the
cells, and the cultures were incubated with the label with
no medium change. Ten-12 d after seeding, we dissolved
the cell layer and exposed the ECM as described above. Of
the total ECM-associated radioactivity, 70-75% was incor-
porated into HS side chains (Kramer et al., 1982; Vlodavsky
et al., 1983). The ECM remained intact, free of cellular debris,
and firmly attached to the entire area of the tissue culture
dish. The presence of nuclei or cytoskeletal elements could
not be detected in the denuded ECM when plates were
examined by phase-contrast microscopy, scanning electron
microscopy, or indirectimmunofluorescence using anti-actin
and anti-vimentin antibodies or the benzimidazole derivative
Hoechst 33258 for nuclear staining. No serum proteins could
be identified in the ECM (Gospodarowicz et al., 1983). Main
constituents of the corneal endothelial ECM were fibronec-
tin; laminin; collagen types |, lll, and IV; elastin; and sulfated
proteoglycans (i.e., heparan sulfate, dermatan sulfate, and
chondroitin sulfate proteoglycans).

Degradation of sulfated proteoglycans

[**S]0,~-labeled ECM was incubated (3 h, 37°C, 10% CO,
incubator) with intact cells, cell lysates, or heparanase
preparations in PBS containing 0.02% gelatin adjusted to
pH 6.8 with 20 mM phosphate buffer. To evaluate the oc-
currence of proteoglycan degradation, the incubation me-
dium was collected and applied for gel filtration on Sepha-
rose 6B columns (0.9 X 30 cm). Fractions (0.2 ml) were
eluted with PBS at a flow rate of 5 mi/h and counted for
radioactivity using Bio-fluor scintillation fluid. The excluded
volume (V,) was marked by blue dextran and the total in-
cluded volume (V,) by phenol red. The latter was shown to
comigrate with free [**S]0," (Kramer et al., 1982; Vlodavsky
et al., 1983; Matzner et al., 1985). Degradation fragments
of HS side chains eluted from Sepharose 6B at 0.5 < Kav
< 0.8 (peak Il) (Kramer et al., 1982; Vlodavsky et al., 1983).
A nearly intact HSPG released from ECM by trypsin—and,
to a lower extent, during incubation with PBS alone—was
eluted next to V, (peak I) (Vlodavsky et al., 1983). Recoveries
of labeled material applied on the columns ranged from 85
to 95% in different experiments. Each experiment was per-
formed at least three times and the variation of elution po-
sitions (Kav values) did not exceed +15%.

lodination of bFGF

Recombinant bFGF was iodinated with '?°| and lodoGen
(Pierce Chemical) as described (Bashkin et al., 1989). Briefly,
bFGF (3.3 ug in 50 ul of 10 mM tris(hydroxymethyl)-
aminomethane—-HCI (Tris-HCI), pH 7.1, and 2 M NaCl), to-
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gether with 60 ul of 0.2 M sodium phosphate, pH 7.2, was
added to a glass tube containing 1.6 ug lodogen. The re-
action was started by the addition of a twofold molar excess
of Na'?%| and stopped after 15 min at room temperature by
the addition of 60 ul of 0.1% sodium metabisulfite and 30
ul of 0.1 mM KI. The reaction mixture was applied onto a
small (0.3 ml) heparin-Sepharose column and the '?%I-FGF
eluted with 1.5 ml buffer containing 20 mM sodium phos-
phate, pH 7.2, 2 M NaCl, and 0.2% gelatin. The specific
activity was usually 1.2 X 10° cpm/ng FGF and the labeled
preparation was kept for up to 3 wk at 4°C. The iodinated
material yielded a single band (18.4 kDa) when subjected
to NaDodSO,-PAGE and autoradiography.

Release of ECM-bound FGF

ECM-coated wells (4-well plates) were ir\cubated with either
unlabeled bFGF (20 ng in 0.5 ml DMEM per well, overnight,
4°C) or with iodinated FGF (1.5-2.5 X 10* cpm/well, 3 h,
room temperature) and the unbound factor washed four
times with PBS containing 0.02% gelatin. ECM was then
incubated (3 h, 37°C) with intact cells, cell lysates, or hep-
aranase preparations; and aliquots (20 gl) of the 0.5 ml in-
cubation medium were tested for mitogenic activity on 3T3
fibroblasts and vascular EC, or amount of released iodinated
material. The remaining ECM was washed twice with PBS
and solubilized with 1 M NaOH, and the radioactivity was
counted in a y-counter. The percentage of released '?°|-FGF
was calculated from the total ECM-associated radioactivity.
“*Spontaneous’’ release in the presence of incubation me-
dium alone was 7-12% of the total ECM-bound bFGF. Each
data point is the average of triplicate wells, and the standard
deviation did not exceed 6%. Intact cells and heparanase
preparations were incubated under the same conditions with
sulfate-labeled ECM, and the released radioactivity was an-
alyzed for presence of HS degradation products, as de-
scribed above.

Release of FGF from bovine corneas

Bovine corneas were placed in 35-mm culture dishes with
their Descemet’'s membrane side upwards. The corneas
were washed three times in PBS and incubated (37°C) with
0.5 ml of PBS (0.02% gelatin) alone, intact cells, or cell ly-
sates. The incubation mixtures were tested for stimulation
of *H-thymidine incorporation by 3T3 cells and proliferation
of vascular EC. Mitogenic activity released from corneas in
the presence of PBS alone did not exceed 20% of that re-
leased by intact or lysed cells.

Growth factor activity

Assay for DNA synthesis in 3T3 cells was performed as
described (Vlodavsky et al., 1987). Briefly, Balb/C 3T3 cells
were seeded at half confluence into 0.3 cm? microtiter wells
in DMEM supplemented with 10% calf serum. After reaching
confluence (2-3 d), the cells were further incubated for a
minimum of 5 d. Samples and *H-thymidine (1 uCi/well) were
then added to the quiescent cells, and, after an incubation
period of 32-40 h, DNA synthesis was assayed by measuring
the radioactivity incorporated into trichloroacetic acid (TCA)-
insoluble material. For measurements of EC proliferation,
cells were seeded at a low density (2 X 10? cells per well of
a 96-well plate) in 0.2 ml DMEM containing 10% heat-in-
activated calf serum. Samples (10-20 nl) were added on
day 2 and 4, and the cultures were fixed (2.5% formaldehyde
in PBS) on day 6. The plates were immersed in 0.01 M borate
buffer (pH 8.5), stained (10 min, 24°C) with 0.1 ml/well
methylene blue (1% in 0.1 M borate buffer, pH 8.5), and
washed four times in borate buffer. This procedure removed
practically all non—cell-bound dye. Specific cell-incorporated
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methylene blue was dissolved with 0.2 ml of 0.1 N HCI (40
min, 37°C) and determined by reading the absorbance at
600 nm. Uptake of methylene blue was linearly correlated
to the number of viable cells (Goldman and Bar-Shavit, 1979).
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