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Abstract

Basic fibroblast growth factor (bFGF) has been shown to
stimulate cell proliferation after vascular injury. The mito-
genic activity of bFGF requires interactions with both a
high affinity receptor and a cell-surface heparan sulfate pro-
teoglycan. We tested the ability of platelet factor 4 (PF 4)
and other platelet heparin-binding proteins to modulate
bFGF-stimulated [3H]thymidine incorporation into fibro-
blasts. The supernatant of thrombin-stimulated platelets
contained an inhibitor of bFGF-induced mitogenesis; this
activity coeluted with PF 4 upon gel filtration, heparin-aga-
rose, and ion-exchange chromatography. Purified throm-
bospondin and j-thromboglobulin did not inhibit the mito-
genic activity of bFGF. PF 4 inhibited the activity of 5 pM
bFGF with 50% inhibitory concentration of 75 nM. Purified
PF 4 also inhibited the basal incorporation of [3H]thymidine
into 3T3 fibroblasts and the increased [3H]thymidine incor-
poration occurring after wounding of a cell monolayer. PF
4 did not affect the mitogenic activity of serum. Inhibition
of bFGF activity by PF 4 could be overcome by exogenous
heparin or chondroitin-4-sulfate, suggesting that inhibition
of mitogenesis is caused by binding of PF 4 to cell-surface
glycosaminoglycans. These results indicate that an im-
portant role of PF 4 released at sites of vascular injury and
platelet activation is to control cellular proliferation caused
by the release of bFGF from ruptured cells. (J. Clin. Invest.
1994. 94:261-268.) Key words: platelet factor 4 * fibroblast
growth factor * heparan sulfate proteoglycan * atherogenesis
* cytokine

Introduction

Atherosclerotic plaque formation is a complicated multistage
process thought to involve vessel wall injury with subsequent
disruption of the endothelium and exposure of the underlying
intimal layers. According to the "response to injury" hypothe-
sis of atherogenesis, endothelial injury acts as a signal for mono-
cyte attraction and production of intimal cell mitogens (1, 2).
Subsequent proliferation of the underlying smooth muscle and
fibroblast cells along with foam cell formation are thought to
be precursors of fibrous plaque formation. An understanding of
how multiple cell growth regulators present at a site of vascular
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injury are able to send an interpretable signal will assist in
developing strategies for intervention in disease states such as
atherogenesis or in therapeutic complications such as restenosis
after coronary angioplasty (3).

Basic fibroblast growth factor (bFGF)' has been implicated
in the pathological overproliferation of the vessel wall during
arteriosclerosis (4). Direct infusion of bFGF into the vascular
wall leads to new capillary formation and proliferation of
smooth muscle cells (5). Anti-bFGF antibodies can inhibit en-
dogenous intimal cell proliferation after balloon catheter injury
(6). Release of endogenous bFGF from injured medial smooth
muscle cells or fibroblasts may contribute, therefore, to over-
growth and occlusion of the vessel lumen. In vivo, soluble
heparin inhibits smooth muscle cell proliferation after injury,
possibly by displacing endogenous bFGF bound to the arterial
wall and bringing it into the general circulation where it can no
longer stimulate proliferation at the site of injury (7).

Members of the FGF family signal through a specific trans-
membrane receptor with tyrosine kinase activity; mitogenic ac-
tivity is also dependent on the presence of heparan sulfate pro-
teoglycans or heparin (8-10). The increase in mitogenic activ-
ity in the presence of heparin was first described for acidic FGF
(10) and results from an increase in the binding of acidic FGF
to what was characterized as the high affinity receptor (11,
12). Heparin also potentiates the activity of bFGF (13, 14).
Recently, using heparan sulfate-deficient cell lines (9), under-
sulfated fibroblasts (8), or undersulfated myoblasts ( 15 ), it has
been shown that high affinity binding of bFGF to its tyrosine
kinase receptor requires heparin or heparan sulfates. The finding
that an FGF tyrosine kinase receptor contains a heparin-binding
region suggests that a ternary complex forms between the recep-
tor, bFGF, and heparin (16). Kinetically this implies that the
measured high affinity Kd for bFGF binding is a cooperative
interaction among all members of the ternary complex (17).
Disruption of one of the binding interaction could therefore
influence others.

Platelet factor 4 (PF 4) is one of several platelet a-granule
proteins synthesized in the developing megakaryocyte and re-
leased at the site of vascular injury. The localization of PF 4 to
the platelet a-granule along with platelet-derived growth factor,
transforming growth factor-, thrombospondin, and ,6-throm-
boglobulin suggests that PF 4 may play a role in tissue repair
processes. A number of functions have been described for PF
4 including growth inhibitory activity, antiheparin activity, che-
motactic activity, antiangiogenic activity, and inhibition of meg-
akaryocytopoesis (for review see reference 18). Many of the
activities regulated by PF 4 are processes thought to be im-
portant for wound repair.

The purpose of this study was to examine systematically
the ability of PF 4 and other platelet a-granule proteins to

1. Abbreviations used in this paper: bFGF, basic fibroblast growth fac-
tor; PF 4, platelet factor 4; SP, sulfopropyl.
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modulate mitogenesis induced by bFGF. PF 4, ,3-thromboglobu-
lin, and thrombospondin bind to, and compete for, cell-surface
heparan sulfate proteoglycans ( 19). We wanted to test whether
competition for cell-surface heparan sulfate proteoglycans by
these proteins changed the mitogenic activity of bFGF. Our
results indicate that PF 4 is a specific inhibitor of bFGF-stimu-
lated [3H] thymidine incorporation. Excess bFGF, heparin, or
chondroitin-4-sulfate overcame the PF 4 inhibition of bFGF.
Finally, it was found that PF 4 suppressed the baseline prolifera-
tion of serum-starved Swiss 3T3 cells, probably by inhibiting
the activity of endogenously released FGF. Inasmuch as bFGF
(7) and PF 4 (20) are colocalized in the subendothelial intima
of damaged vessels, the inhibition of mitogenic activity of bFGF

Figure 1. Copurification of a bFGF inhibitory
activity and PF 4. The releasate from thromb-

1.S in-stimulated platelets was separated by chro-
~ matography on heparin-agarose (A) or Bio-
i Gel A 0.5 M (B) columns. The PF 4-con-
= taining peak from heparin-agarose was fur-

1.0 ther separated on an SP column (C). Column
fractions were assayed for protein concentra-

j R tion and the ability to inhibit [3H]thymidine
if incorporation by 3T3 fibroblasts in the pres-

0.5 ° ence of 5 pM bFGF. (A) Purification on hep-
arin-agarose. Thrombin-released proteins

b from 8 units of platelets were loaded onto a
K 10 x 1.0 (i.d.) cm heparin-agarose column;

bound proteins were eluted first with 0.55 M
I0.0 NaCl (open arrowhead) and then 2.0 M

NaCl (solid arrowhead). Fractions of 0.7 ml
were monitored for protein by absorbance at

6 280 nm (triangles) and modulation of [3H] -
thymidine incorporation in the presence of 5

s ' pM bFGF (open squares). [3H]Thymidine
I incorporation is expressed relative to the
f

amount of incorporation in the presence of 5
v pM bFGF. Both duplicate determinations are

Z 2 shown; the line is drawn through the average.
3 , The amount of [3H]thymidine incorporation

o in the absence of added bFGF is shown (solid
2 a diamonds) and in the presence of 5 pM FGF

b alone (solid circles); both duplicates are
" shown. (B) Thrombin-released proteins from

4 units of platelets were loaded onto a 40
x 2.5 (i.d.) cm column of Bio-Gel A 0.5 M

0 equilibrated in 150 mM NaCl/20 mM Tris,
pH 7.4, buffer containing 0.3 mM CaCl2, and
fractions of 2.5 ml were collected. Fractions
were monitored for protein (squares) and

-02 modulation of [3H]thymidine incorporation
as in A. (C) Purification of PF 4 on an SP

i column. The active fractions from the hepa-
5 rin-agarose column were repurified on a 7.5-

0.15 o cm x 0.8-mm (i.d.) cm SP-FPLC column
T 8 and eluted with a continuous salt gradient
*. n from 0.3 to 1.0 M NaCl (open squares).

0.1 X Fractions were assayed for protein concentra-
tion (solid diamonds) and modulation of
bFGF-stimulated [3H]thymidine incorpora-

o.0s a tion (solid squares) as in A. For [3H]-
0 thymidine incorporation assays, 10 Hl of each

column fraction, along with concentrated
- 0.0 NaCl or buffer to equalize salt concentrations

40 and volume (350 ,tl final volume), was
added per 35-mm well.

by PF 4 may be important in preventing pathological overprolif-
eration of the vessel wall.

Methods

Platelets from the American Red Cross Blood Services, Badger Region,
were washed and stimulated with thrombin as described (21). The
supernatant of thrombin-stimulated platelets was purified by affinity
chromatography on heparin-agarose (Sigma Immunochemicals, St.
Louis, MO) or gel filtration on Bio-Gel 0.5 M (Bio-Rad Laboratories,
Hercules, CA). Some experiments were done with PF 4 that was further
purified on a sulfopropyl (SP) ion-exchange column (22). PF 4 purified
on heparin-agarose was diluted to 0.3 M NaCl in 30 mM Tris (pH 7.4)
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Figure 2. Effects of different concentrations of PF 4 on the mitogenic
activity of bFGF. Serum-starved Swiss 3T3 cells were treated with 5
pM bFGF alone (closed circle), buffer alone (open circle), or 5 pM
bFGF and increasing concentrations of PF 4 (open squares). [3H]-
Thymidine incorporation is expressed relative to the amount of incorpo-
ration in the presence of 5 pM bFGF. Inhibition of bFGF was detected
as a decrease in [3H]thymidine incorporation. Values are the average
of triplicates ± SE. Arrowheads indicate the concentrations of PF 4
used in Fig. 3.

and loaded in the same buffer onto an FPLC column (SP-5 PW; Waters

Chromatography Division, Milford, MA). PF 4 eluted at - 0.75 M
NaCl in a salt gradient from 0.3 to 1.0 M NaCl in 20 mM Tris buffer.
Protein concentration of column fractions was estimated both by A21*n
in a flow monitor and by using the BCA reagent (Pierce Chemical Co.,
Rockford, IL) with IgG as a standard. Fractions were also analyzed by
SDS-PAGE.

Serum amyloid P-component purified from recalcified serum (23)
was provided by Eliot Williams (University of Wisconsin-Madison).
Thrombospondin was purified from fresh human platelets by heparin-
agarose affinity chromatography followed by gel filtration chromatogra-
phy on Bio-Gel A 0.5 M (21). /3-Thromboglobulin eluted as a separate
gel filtration peak during the purification of thrombospondin (21). /l-
Thromboglobulin was further purified on an SP-FPLC column as de-
scribed above for PF 4, the only modification being that the buffer for
the sample and gradient (starting) was at 0.15 M NaCl, and the purified
protein eluted at 0.5 M NaCl. Protein concentrations were determined
using the BCA reagent.

Recombinant bFGF, recombinant epidermal growth factor, and re-
combinant platelet derived growth factor (AB heterodimer) expressed
in yeast were purchased from Upstate Biotechnology, Inc. (Lake Placid,
NY). bFGF (17.5 kD) was stored at 4°C as a stock solution of 1 /g/
ILI in Tris-buffered saline/0.1% 3-[(3-cholamidopropyl) dimethylam-
monio]-I-propanesulfonate. Heparin (- 10 kD) and chondroitin-4-sul-
fate were purchased from Sigma Immunochemicals and had been puri-
fied from porcine intestinal mucosa and bovine trachea, respectively.
The concentration of bFGF as stated by the supplier was used to calcu-

late the concentrations of bFGF after dilutions for experiments. The size
of the PF 4 used for all calculations was the 32-kD tetramer.

Swiss 3T3 cells were a gift from Alan Rapraeger (University of
Wisconsin-Madison). Cells were split 1:3 twice a week in DMEM/5%
FBS. 2 d before performing [3H]thymidine incorporation assays, cells
were plated in 24-well plates at 30-50% confluency in DMEM/5%
FBS and grown at 370C in 5% CO2 for 24 h. Then, cells were serum-
starved for 24 h in 0.32 ml DMEM/0.2% BSA. PF 4, other heparin-
binding proteins, or buffer (to ensure equal volumes and salt concentra-
tions) was added to cells just before bFGF or other growth factors. For
experiments with heparin and chondroitin-4-sulfate, the glycosamino-
glycans and PF 4 were preincubated with the cells for 1 h before the
addition of bFGF. Cells were incubated for 18 h at 370C in 5% CO2
before addition of 2 pCi/ml (final concentration) [3H]thymidine (New
England Nuclear, Wilmington, DE), sp act 740 GBq/mM. 6 h later,
the cells were washed three times with 5% trichloroacetic acid and
dissolved in 0.1 N NaOH before counting in 10 ml Biosafe II scintillation
cocktail (Research Products International Corp., Mount Prospect, IL).
All experiments were done at least twice with similar results. Experi-
ments are reported as the mean±SEM or as mean with both duplicates
shown. Student's t test calculations were performed using StatView'
512+ (Brain Power Inc., Calabasas, CA).

Wounding experiments were performed by scraping a sterile Pasteur
pipette tip from edge to edge twice perpendicularly within a well of a
35-mm dish (24). Cell counts were done with a hemocytometer.

Results

Copurification ofPF 4 and bFGF inhibitory activity on heparin-
agarose, gelfiltration, and SP columns. Platelet-released super-
natant was loaded onto a 2-ml heparin-agarose column and
washed with 0.55 M NaCl in 20 mM Tris, pH 7.4, followed by
2 M NaCl in 20 mM Tris, pH 7.4. The column fractions were
assayed for A28" , and effects on bFGF-simulated [3H]-
thymidine incorporation were quantified (Fig. 1 A). One protein
peak, containing thrombospondin and ,3-thromboglobulin,
eluted from heparin-agarose in the presence of 0.55 M NaCl
(21). A second protein peak was eluted with 2.0 M NaCl and
caused a decrease in [3H]thymidine incorporation by Swiss 3T3
cells in the presence of 5 pM FGF. The second peak contained
PF 4 that was a single homogeneous 8-kD band, as determined
by Coomassie brilliant blue staining of SDS-PAGE gels (data
not shown).

When the supernatant of thrombin-stimulated platelets was
separated by gel filtration, the first peak contained inhibitory
activity in the bFGF-stimulated [3H]thymidine-uptake assay
(Fig. 1 B). SDS-PAGE (not shown) indicated that this peak
contained thrombospondin and PF 4, presumably in complex
with chondroitin-4-sulfate-bearing proteoglycan (25, 26).

The fractions eluting at 2 M NaCl from the heparin column
(Fig. 1 A) were pooled and further separated on an SP-FPLC
column. PF 4 eluted at 0.75 M salt from the SP-FPLC column
(Fig. 1 C, diamonds). When column fractions were examined
for their effect on bFGF-stimulated [3H]thymidine incorpora-
tion, a single set of inhibitory fractions was found that coincided
with the fractions that contained PF 4 (Fig. 1 C, squares).

Concentration-dependent inhibition of bFGF-stimulated
growth by PF 4. To quantify the inhibitory activity of PF 4,
increasing concentrations of purified PF 4 were added to 3T3
fibroblasts in the presence of 5 pM bFGF. As shown in Fig.
2, bFGF growth activity was inhibited with increasing PF 4
concentrations. The 50% inhibitory concentration (IC50) was
seen at a PF 4 tetramer concentration of 75 nM. This concen-
tration is within the range (up to 160 nM) of PF 4 in serum
after platelet activation (27). The inhibitory effect of PF 4 on
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Figure 3. Effect ofPF 4 on mitogenic activity
in response to different concentrations of
bFGF. Increasing concentrations of bFGF
were added to wells containing 288 nM PF
4 (solid triangles), 96 nM PF 4 (solid
squares), or buffer alone (solid circles). Du-
plicate values are plotted, and lines are drawn
through the average of the duplicates. The
arrow indicates 5 pM bFGF, the concentra-
tion used in the experiment shown in Fig. 2.

m [3H]Thymidine incorporation is expressed
relative to the average seen with 5 pM bFGF

100 alone (arrow). Baseline incorporation in the
absence of added bFGF is also shown (solid
diamonds, duplicates are shown).

[3H] thymidine incorporation correlated with a similar inhibition
of cell growth as quantified by cell counts. Starting with 8,000
cells and counting after 48 h, final cell numbers (mean±SE,
n = 4) were: 24,500±1,600 in the presence of 5 pM bFGF;
14,500±1,000 for the no additions control; and 17,500±500 in
the presence of 5 pM bFGF and 450 nM PF 4.

The inhibitory activity ofPF 4 is overcome by excess bFGF.
[3H ] Thymidine incorporation in the presence of increasing con-

centrations of bFGF in the absence (closed circles) or presence
of either 96 (closed squares) or 288 nM (closed triangles) PF
4 is shown in Fig. 3. Maximal activity of recombinant yeast
bFGF alone was found at 5 pM bFGF (Fig. 3, arrow). Higher
concentrations of bFGF resulted in less [3H]thymidine incorpo-
ration. PF 4 at a concentration of 96 and 288 nM (Fig. 2,
arrowheads) shifted the activity curve for bFGF 10- and 25-
fold to the right, respectively.

Heparin or chondroitin-4-sulfate overcome PF 4 inhibition
of bFGF. The effects of exogenous heparin and chondroitin-
4-sulfate on the inhibition of bFGF-stimulated [3H] thymidine
incorporation by PF 4 are shown in Fig. 4. Heparin (4.2 Mbgl
ml, - 0.42 MM) or chondroitin-4-sulfate (4.2 Mg/ml) overcame

the inhibition seen with 130 nM PF 4. Heparin or chondroitin-
4-sulfate alone had no effect on bFGF-induced mitogenesis.

Other heparin-binding proteins do not inhibit the mitogenic
activity of bFGF. The effects of purified thrombospondin and
,6-thromboglobulin on bFGF-stimulated [3H] thymidine incor-
poration were examined at concentrations higher than these

proteins when found in platelet releasate (28). Fig. 5 shows that
only PF 4 was able to inhibit bFGF-stimulated [3H] thymidine
incorporation. The /3-thromboglobulin used in this experiment
contains the four amino acids at the amino terminus that are
associated with mitogenic activity (19). However, in the ab-
sence of bFGF, f6-thromboglobulin caused at most a 1.2-fold
increase in [3H]thymidine incorporation (data not shown). Se-
rum amyloid P-component, a potent heparin-binding protein in
anticoagulation assays (29), also showed no effect.

PF 4 has less effect on the activities ofother growthfactors.
To determine the specificity ofPF 4 inhibition of [3H] thymidine
incorporation, the effect of PF 4 on other growth factors was

examined. Table I shows that 243 nM PF 4 did not significantly
inhibit serum-stimulated [3H]thymidine incorporation or epi-
dermal growth factor-stimulated [3H]thymidine incorporation.
PF 4 inhibited incorporation due to platelet-derived growth fac-
tor by 37%.

PF 4 inhibits [3H]thymidine incorporation by Swiss 3T3
cells in the absence of added growth factors. The inhibition
of bFGF-stimulated [3H] thymidine incorporation by PF 4 was
consistent among experiments. In 10 experiments, 240 nM PF
4 reduced bFGF-induced [3H]thymidine incorporation an aver-

age of 46±6%, relative to that seen in the presence of 5 pM
bFGF alone (paired t test, P < 0.005, n = 10; see Fig. 6 A).

PF 4 also inhibited the baseline [3H] thymidine incorpora-
tion by serum-starved 3T3 fibroblasts, i.e., incorporation in the
absence of added growth factors. In the presence of PF 4 alone,
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SAI ////Figure 4. Effect of heparin and chondroitin-4-sulfate

BAIDDJ on PF 4 inhibition of bFGF. Heparin (4.2 ug/ml),
___._.__________________.______.________ chondroitin-4-sulfate (4.2 ig/ml), and/or 0.13 AM

PF 4 were added to 3T3 fibroblasts 1 h before 5 pM
+ + + + + + - bFGF as indicated. [3H]Thymidine incorporation
- + - + - + - values are the average of triplicates±SE and are
- ; -+ + expressed relative to the [3H] thymidine incorpora-

tion in the presence of 5 pM bFGF alone.

[3H]thymidine incorporation was 27±3.6% of that seen with 5
pM bFGF. In contrast, the average amount of [3H] thymidine
incorporation in the absence of any added cytokines (no addi-
tions) was 44±4% of that seen with 5 pM bFGF. The difference
between [3H] thymidine incorporation in the presence of PF 4
alone and in the no additions controls was significant (paired t
test, P < 0.005, n = 10).

The inhibition of baseline incorporation by PF 4 was con-
centration dependent and occurred over a similar concentration
range as the inhibition of bFGF by PF 4 (Fig. 6 B). Since cell
wounding has been shown previously to release endogenous
bFGF (24), and Swiss 3T3 cells contain bFGF under the culture
conditions used (30), we tested to see if PF 4 would inhibit
the growth stimulated by cell wounding (Fig. 6 C). The inhibi-
tion of thymidine incorporation in wounded cells was similar
to that seen in serum-starved cells without wounding.

Discussion

Our laboratory has previously examined the binding of throm-
bospondin to cell-surface heparan sulfate proteoglycans (19,
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31, 32) and has shown, using competitive binding assays, that
PF 4 and /l-thromboglobulin compete for thrombospondin bind-
ing to cell-surface heparan sulfate proteoglycans (19). One
consequence of this competition is blockage of the internaliza-
tion of thrombospondin (19). Data showing that the activity of
bFGF is dependent on the binding of heparin or heparan sulfate
glycosaminoglycans (8, 9) led us to examine the ability of
platelet heparin-binding proteins to inhibit the activity of bFGF.

PF 4 purified on a heparin column (Fig. 1 A) or an SP-FPLC
column (Fig. 1 C) attenuated bFGF-stimulated [3H]thymidine
incorporation. The sigmoidal inhibition curve, seen with in-
creasing concentrations of PF 4 on attenuation of bFGF-stimu-
lated growth (with an ICs of 75 nM; Fig. 2), is similar to that
published by Sato et al. (33) for displacement of bFGF by PF
4 from its high affinity cell binding site and our estimates of
PF 4 required to inhibit cell-surface binding of thrombospondin
( 19). It is also approximate to the concentration of fluorescein-
labeled PF 4 needed for 50% saturation of cell-surface binding
sites (Watson, J. B., and D. F. Mosher, manuscript in prepara-
tion). Further evidence that PF 4 inhibition of bFGF activity is
a competitive phenomenon is indicated by evidence showing

Figure 5. Effects of heparin-binding proteins
on mitogenic effect of bFGF. Serum amyloid

""4# .4 P-component protein (SAP, 300 nM),
I..#%.#% thrombospondin (TSP, 60 nM as a trimer),
"" PF 4 (243 nM tetramer), and ,B-thromboglo-
.,OF%.#% bulin (/3-TG, 900 nM dimer) were added be-
'

% 17, T. fore 5 pM bFGF. Results were normalized
"" [-""""i as a percentage of [3H] thymidine incorpora-
"" "",,* , tion relative to 5 pM bFGF alone. The 6-TG
.-- diZ', result was from a separate experiment. Val-
__~s,_ sss~ss,%, _ ues are either the average of triplicates±SE
& FGF PF 4 & FGF or the average of duplicates with both values

plotted (for /3-TG).
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Table I. Effect ofPF 4 on Other Growth Factors

Relative [3H]thymidine incorporation
Growth stimulus (% of control)

bFGF 36±1.9
EGF 91±3.3
PDGF 73±2.6
FBS 94±1.6

Swiss 3T3 cells were treated with or without 243 nM PF 4 and either
400 pM EGF, 1 nM PDGF, 5 pM bFGF, or 10% FBS. Values are
expressed as the relative [3H]thymidine incorporation (mean±SE, n = 3)
in response to the growth stimulus in the presence versus absence of
PF 4.

that increasing concentrations of bFGF were able to overcome
the inhibitory activities of increasing concentrations of PF 4
(Fig. 3 ). In contrast to the results with PF 4, ,B-thromboglobulin

1.2
A

1.0

>%O 0.8

F-
ai 0.2-

0.0
No Additions

and thrombospondin at concentrations greater than those found
in serum did not inhibit mitogenesis due to bFGF (Fig. 5).
bFGF has a higher affinity for some sequences within the sac-
charide component of heparan sulfate proteoglycans than others
(34, 35). These sequences, or heparin sequences that specifi-
cally bind the FGF receptor (see below), may bind PF 4 with
a higher affinity than thrombospondin or /3-thromboglobulin
and explain the specificity of PF 4.

Heparin, but not chondroitin-4-sulfate, can substitute for
cell-surface heparan sulfate in mediating bFGF binding to its
tyrosine kinase receptor (9). In this study, exogenously added
heparin and chondroitin-4-sulfate resulted in a loss of the inhibi-
tory activity of PF 4 (Fig. 4). This result implies that the in-
crease in [3H]thymidine incorporation seen in the presence of
the glycosaminoglycans and PF 4 (Fig. 4) is due to the neutral-
ization of the inhibitory effect of PF 4 and not superinduction
of bFGF activity in the presence of the added heparin.

PF 4 binds with higher affinity to heparan sulfates than to
chondroitin sulfates (25, 26) and is displaced from the chon-
droitin sulfate carrier if heparan sulfate glycosaminoglycans

FGF PF 4 + FGF

100 1000

PF 4 Concentration (nM)

- - FGF FGF Wounded Wounded

PF 4 Concentration (nM)

Figure 6. Effect of PF 4 on [3HIthymidine incorpora-
tion by Swiss 3T3 cells in the absence of added growth
factors. (A) [3H]Thymidine incorporation in the ab-
sence (No Additions) or presence of either 243 nM PF
4 or 5 pM FGF, or both, is expressed relative to that
seen in the presence of bFGF alone. Values for no addi-
tions, PF 4 alone, and PF 4 + bFGF are the average of
10 experiments±SE. (B) Relative [3H]thymidine incor-
poration seen with increasing concentrations of PF 4 in
the presence (open squares) or absence (closed dia-
monds) of 5 pM bFGF. The amount of [3H]thymidine
incorporation in the presence of 5 pM FGF alone
(closed rectangle) or no additions (open diamond) is
shown. Values are the average of triplicates±SE. (C)
Stimulant was 5 pM bFGF or wounding of monolayers
by scraping, with or without 243 nM PF 4. Values are
relative [3H]thymidine incorporation by Swiss 3T3 cell-
s±SE.
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are present (26). We found that the chondroitin sulfate-PF 4
complex from platelets inhibited bFGF-stimulated [3H]-
thymidine incorporation (Fig. 1 B). This indicates that PF 4
can also dissociate from the carrier and bind to the cell-surface
heparan sulfate proteoglycan important for the mitogenic activ-
ity of bFGF. The binding of purified PF 4 to endothelial cells
has been described by Rybak et al. (36), who reported a Kd of
700 nM and 9 X 107 sites/cell for the binding of tetrameric
"NI-labeled PF 4 to bovine aortic endothelial cells in suspension.
In contrast, only 5 x 105 thrombospondin sites were reported
using the same cell type ( 19). This is consistent with our finding
that PF 4 and thrombospondin vary in their ability to inhibit
bFGF activity.

PF 4 was specific in its high potency for inhibiting bFGF
compared with other growth factors (Table I). PF 4 had some
inhibitory activity towards PDGF, similar to the 50% inhibition
of PDGF-stimulated growth seen with protamine sulfate (37).
Inhibition of sulfation by chlorate has been shown to decrease
PDGF-stimulated growth of smooth muscle cells by 30% (38).
It is interesting to speculate that since PDGF also binds heparin
(39-41) cell-surface heparan sulfates may play a role in regu-
lating the activity of PDGF similar to that seen with bFGF.

There are at least two mechanisms by which PF 4 could
inhibit bFGF activity. First, since the interaction of bFGF with
its high affinity receptor is dependent on the binding of bFGF
to heparan sulfates (8, 9), it is possible that PF 4 acts by
disrupting bFGF-heparan sulfate binding. A second potential
mechanism for PF 4 inhibition of bFGF is to disrupt the binding
of heparan sulfate to the second immunoglobulin domain of the
FGF type 1 receptor (16). The latter possibility is supported
by data showing that the heparin-binding region of PF 4 is more
effective at displacing bFGF from its high affinity (tyrosine
kinase receptor) sites than from cell-surface heparan sulfate
proteoglycans (42).

bFGF is produced by a large number of cell types including,
in one study, all fibroblast cells tested (43). Our finding that
PF 4 inhibits both baseline mitogenesis and the increased mito-
genesis caused by wounding (Fig. 6) indicates that PF 4 is
inhibiting endogenously produced FGF. The wounding experi-
ment seems highly pertinent to in vivo situations. Both bFGF
(7) and PF 4 (20) are found in the subendothelial intima of
the injured vessel wall, an environment that would contain the
contents of both ruptured damaged cells and stimulated plate-
lets. Thus, activated platelets, by secreting PF 4, may serve to
downregulate mitogenesis due to FGF released from damaged
cells.
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