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ABSTRACT: Basic fibroblast growth factor (bFGF) is a potent mitogen for vascular smooth muscle cells
(VSMC) and has been implicated in a number of vascular disorders. bFGF interacts with high-affinity
receptors and heparan sulfate proteoglycans (HSPG) at the cell surface. HSPG have been demonstrated
to enhance bFGF binding to its receptors, yet no known role for HSPG in modulating postbinding events
has been identified. In the present study, we analyzed bFGF internalization, intracellular distribution,
degradation, and stimulation of DNA synthesis within native and HSPG-deficient VSMC. HSPG-deficient
VSMC were generated by treating cells with sodium chlorate to inhibit the sulfation of HSPG. We found
that stimulation of DNA synthesis by bFGF in chlorate-treated VSMC was markedly reduced as compared
with native cells, even at doses of bFGF where receptor binding was similar in the two conditions. This
was not a general lack of mitogenic potential, as the addition of calf serum, or epidermal growth factor,
stimulated DNA synthesis to a similar extent in native and chlorate-treated cells. Analysis of the
accumulation of internalized bFGF within cytoplasmic and nuclear fractions of native and HSPG-deficient
VSMC showed striking differences. At early time points—@ h), nearly identical amounts of bFGF
were observed in the cytoplasmic fractions under both conditions, yet significant amounts of bFGF were
only found in the nuclear fractions of native cells. At later time points42 h), the amount of cytoplasmic
bFGF was significantly greater in the native compared to HSPG-deficient cells, and nuclear deposition of
bFGF began to reach similar levels under both conditions. Furthermore, the intracellular half-life of
bFGF was dramatically prolonged in native compared to HSPG-deficient cells, in part, due to decreased
bFGF degradation in native cells. Thus, HSPG appears to accelerate nuclear localization, increase
cytoplasmic capacity, and inhibit intracellular degradation of bFGF in VSMC. Modulation of intracellular
processing of bFGF by HSPG might control the biological activity of bFGF in VSMC.

Basic fibroblast growth factor (bFGF)s a prototypical (8—10). The FGF receptor family consists of four gene
member of a family of at least nine related polypeptides. products. Alternative splicing of the message gives rise to
bFGF induces pleiotropic effects in a variety of cell types many isoforms of receptors which can have different affini-
(1). These responses range from induction of cell dif- ties for the various members of the FGF family. FGF recep-
ferentiation in neuronal cell), to inhibition of differentia- tors (FGFR) have been shown to have tyrosine kinase ac-
tion in skeletal muscle cell$), to stimulation of proliferation tivity, leading to activation of the mitogen-activated protein
in many cell types including vascular smooth muscle cells kinase and phospholipase)Csignal transduction pathways
(1,4-7). Atthe cell surface, bFGF binds to tyrosine kinase (9). Furthermore, several recent studies have suggested that
receptors, as well as to heparan sulfate proteoglycans (HSPGEGF receptors might have additional signaling functions once
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surface 8—21). The binding of bFGF to large HSPG in  and resulted in significantly decreased bFGF stimulation of
solution or in the extracellular matrix has been shown to mitogenesis in these cells. The decreased mitogenic activity
protect bFGF from degradation and sequester it from the cell of bFGF in HSPG-deficient cells was not accounted for
surface 17, 22—24). Data have also been presented sug- solely by the decreased receptor affinity, suggesting that
gesting that HSPG and FGF receptors target internalizedHSPG modulate additional stages of the bFGF pathway.
bFGF to different intracellular location2%), suggesting the  Indeed, we observed significant differences in the amounts
possibility that HSPG play intracellular roles in modulating and kinetics of bFGF accumulation in the cytoplasmic and
bFGF activity. nuclear fractions of native and HSPG-deficient VSMC at
The events following the binding of bFGF to its cell 37 °C. Nuclear localization was accelerated, cytoplasmic
surface receptors include internalization as well as lysosomalcapacity was increased, and intracellular degradation of bFGF
degradation of both ligand and receptor resulting in down- was inhibited in native compared to HSPG-deficient VSMC.
regulation of FGF receptors. However, a considerable Modulation of intracellular processing of bFGF by HSPG
amount of bFGF has been reported to be translocated intomight play important roles in regulating the biological
the nuclear fraction of various cell types, including vascular activity of bFGF in VSMC.
endothelial and smooth muscle cel®6{-30). It has also
been reported that bFGF translocated to the nuclear fractionMATERIALS AND METHODS
is subject to lowered levels of degradatid2B). Nuclear
translocation appears to be cell cycle dependent, occurringN
in the G1-S transition in these cells, and has been correlated

Materials Human recombinant bFGF was from Scios-
ova, Inc. (Mountain View, CA).

with increased mitogenic activity2g, 29). There have also '#-bFGF was prepared by a modification of the Bolton
been several reports of translocation of FGF receptors to orHunter procedurel®). This method has been demonstrated
near the nucleus of various cell typesl( 12, 31—33). to produce activé?d-bFGF as determined by its ability to

Together, this information suggests that there might be Stimulate DNA synthesis in quiescent Balb/c3g’3 cells. The
intracellular roles for bFGF, its receptors, or a complex of SPecific activity ranged from 80 to 9@Ci/ug. [**S|Sulfate,
this ligand with its receptor. *?9-epidermal growth factor (EGF murine}?3-Bolton—

A clear role for HSPG in modulating the intracellular Hunter reagent, andijthymidine were from DuPont NEN
trafficking of bFGF and its receptor has not been established. (Boston, MA). Sodium chlorate (NaCtDwas obtained from
Several studies have suggested that HSPG impact theluka (Ronkonkoma, NY). Phenyl arsine oxide (PAO),
mechanism of internalization and processing of bF@g ( P-nitrophenyl phosphate (PNP), Nonidet P-40 [poly(ethylene
34-37). In bovine capillary endothelial cells, bFGF bound 9lycol)-p-isooctylphenyl ether; octylphenoxypolyethoxyetha-

to HSPG is rapidly internalized and metabolize85)( nol], and other reagent grade chemicals were from Sigma
however, HSPG appear to have no effect on the initial rate (St. Louis, MO).
of internalization in these and other cell typed5,(38). Cell Culture Vascular smooth muscle cells (VSMC) were

Gannon-Zaki et al.36) observed a saturable internalization used between passages 4 and 8. VSMC, isolated as described
process at concentrations of bFGF that bound principally to (49), were a generous gift of Drs. Edward Koo and Elazer
receptor sites, while a nonsaturable process was observed dedelman, Massachusetts Institute of Technology (Cambridge,
higher concentrations of bFGF, where binding was mostly MA), and Coriell Cell Repositories (Camden, NJ). Cells
to HSPG. Further, studies using toxin-conjugated bFGF were maintained in 75 ctrvented culture flasks (Costar,
revealed two distinct fates of internalized bFGF depending Cambridge, MA) in Dulbecco’s modified Eagle’s medium
on its interaction with receptors or HSPG5]. (DMEM-low glucose, Life Technologies, Inc.), supplemented
In the present study, we analyzed bFGF trafficking in Wwith 20% FBS (Life Technologies, Inc.), penicillin (100
vascular smooth muscle cells (VSMC) in the presence and units/mL), streptomycin (108g/mL), and glutamine (2 mM).
absence of HSPG. VSMC were chosen for these studiesCell number was determined with a Coulter Counter, or
since they have been shown to be very sensitive to growthrelative cell numbers were determined by acid phosphatase
regulation by bFGF, heparin, and HSPG in vitro and in vivo quantitation §0). Briefly, cells were incubated in 0.1 M
(6, 7, 22, 39—43). Addition of bFGF stimulates§ 7), and ~ sodium acetate (pH 5.5), 0.1% Triton X-100, and 10 mM
neutralizing antibodies to bFGF inhibi#4), the proliferation ~ p-nitrophenyl phosphate (Sigma 104 phosphatase substrate)
of vascular smooth muscle cells following denudation of for 45 min at 37°C. The reaction was stopped by the
arterial endothelium in vivo. It has been postulated that the addition d 1 N NaOH, and absorbance was determined at
endothelial cells produce factor(s) which inhibit bFGF at a 410 nm with a Schimadzu UWVis spectrophotometer.
biochemical level4, 6, 7, 39, 43, 45—-48). Indeed, we have Chlorate Treatment To obtain similar cell numbers for
recently demonstrated that large, perlecan core protein con-native and chlorate-treated VSMC at the end of the chlorate
taining, HSPG species from aortic endothelial cell cultures treatment procedure, chlorate-treated cells were plated at a
are potent inhibitors of bFGF binding and activity in VSMC  higher initial seeding density. VSMC were plated at 25 000/
(22). These results suggest that HSPG modulation of bFGF cn? for native and at 37 500/chfor chlorate-treated cells
function plays a significant role in regulating VSMC pro- in low-glucose DMEM, 0.5% DCS (Sigma), and glutamine
liferation. (2 mM). Following cell attachment{4 h), cells were treated
VSMC were treated with sodium chlorate to metabolically either with sodium chlorate (75 mM final concentration) or
inhibit glycosaminoglycan sulfation so that bFGF binding, with an equal volume of PBS. Cells were then incubated
trafficking, and activity could be quantitatively analyzed in for 48 h at 37°C. The optimal chlorate concentration was
a single cell type in the presence and absence of HSPG. Thaletermined by assaying®§]sulfate incorporation into gly-
elimination of HSPG reduced bFGF receptor binding affinity cosaminoglycan, in the presence of increasing concentrations
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Table 1: 3S-Proteoglycan Production by Native and for both native and chlorate-treated VSMQ_ were u_naffected

Chlorate-Treated VSMET by the treatment with PAO. Nonspecific binding was

determined empirically at four concentrations'&t-bFGF

. (0.07, 0.44, 0.66, and 1.11 nM) in the presence of excess

NANVE eateq o em 43T 32esEal 1560k 131 unlabeled bFGF (278 nM). Nonspecific binding'31-bFGF
was found to be negligible at concentrations below 0.55 nM

aVSMC were treated for 48 h with and without 75 mM chlorate in : :
the presence o*SQ; (100 £CilmL) to metabolically label sulfated on all fractions analyzed for both native and chlorate-treated

proteoglycan. The medium was collected and proteoglycan extracted VSMC.

media (cpm) ECM (cpm) cell surface (cpm)

from the extracellular matrix (ECM) and cell surfages-Proteoglycan Cellular Fractionation VSMC were plated at either
was quantitated by cationic nylon filter binding (52). The results 25 000/cm for native or 37 500/cthfor chlorate treatment
represent the average SE of triplicate determinations. in 12 well culture dishes (Costar) in DMEM supplemented

with 0.5% DCS and glutamine, treated with and without

of sodium chlorate. Cells were prepared as described abovechlorate, and incubated for 48 h, as described above. Cells
At the time of chlorate addition2§S]sulfate (10QuCi/mL) were exposed t6*1-bFGF, at various concentrations, and
was also added, and the cells were incubated &tC37or incubated at 37°C for the indicated times. After the
48 h. Sulfated proteoglycans were collected from media, incubation, cells were washed 3 times with ice-cold binding
extracellular matrix, and cell surface fractions and quantitated buffer (DMEM, 25 mM HEPES, 0.05% gelatin). Prior to
by cationic nylon filtration, as described previoushl{ cellular fractionation, cell surface associatédbFGF was
53). Greater than 97% of glycosaminoglycan sulfation was removed, as described abové*l-bFGF associated with
inhibited by 75 mM chlorate in all fractions analyzed (Table HSPG was released by extraction with a high-salt buffer (20
1). The inhibition of'?3-bFGF binding to HSPG sites on mM HEPES 1 M NaCl, pH 7.4; 0.5 mL/well for 5 s),
the cell surface of VSMC by 75 mM sodium chlorate was followed by a wash with PBS?4-bFGF associated with
comparable to, and in most cases more effective than,cell surface receptors was released by extraction with a high-
enzymatic digestion of GAG moieties by heparinase I. Cell salt/acid buffer (10 mM sodium acetate M NaCl, pH 5;
quiescence was verified through propidium iodide staining for 5 min), followed by a wash with PBS. Cells were
followed by flow cytometry with FACScan (Becton Dick-  trypsinized using 0.5 mL of 0.01% trypsin, 0.53 mM EDTA
inson). A total of 90% of native and 96% of chlorate-treated (Life Technologies, Inc.) per well. Trypsinization was
VSMC were in G—G;, with 1% of the cells in S phase. stopped by the addition of 50L per well of calf serum
Cell viability was determined by trypan blue exclusion. (Hyclone, UT). Cell suspensions were placed in a Model
Greater than 97% of both native and chlorate-treated VSMC 235C microcentrifuge (Fisher Scientific, NJ) and centrifuged
were viable. for 30 s at 10000. Cell fractionation proceeded through a

129-pFGF Cell Surface Binding *?3-bFGF binding to modification of a previously described proceduté)( Cell
VSMC was conducted as previously describd8)( with pellets were resuspended by briefly vortexing in 2000f
minor modifications. Cells were plated at 50 000 cells/well, homogenization buffer (10 mM HEPES, pH 7.9, 10 mM
in 24 well culture plates (Costar) in DMEM supplemented KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM
with 0.5% DCS and glutamine (2 mM). Chlorate treatment PMSF) and incubated on ice for 15 min. After this
was performed as described above, after cell attachmentincubation, 12.5«L of a 10% Nonidet P-40 solution was
When the cultures were quiescent, 48 h later, the mediumadded to each tube, and the samples were vortexed vigorously
was replaced with 0.5 mM phenyl arsine oxide (PAO) in for 10 s. This was followed by another centrifugation, 30 s
binding buffer (DMEM, 25 mM HEPES, 0.05% gelatin). at1000@. The supernatant was collected as the cytoplasmic
PAO is a potent inhibitor of internalization and was used to fraction. The crude nuclear pellet was washed 2 additional
allow characterization of binding at 3T (54, 55. A dose- times by repeating the procedure outlined above. The nuclear
dependent inhibition of uptake &-bFGF showed that no  pellet was then resuspended in 100 of homogenization
further inhibition was achieved with concentrations greater buffer. Radioactivity in these fractions was quantitated by
than 0.5 mM PAO. Cells were treated with PAO for 20 counting in a Packard Model 5650 gamma counter. Boiling
min and then incubated witi3-bFGF for various times untii  Laemmli sample buffer was added to the fractions obtained
60 min at 37°C in order to achieve steady-state cell surface for electrophoretic analysis.
binding. At each time point, medium was removed, and the As cell fractionation relies on plasma membrane lysis
plates were placed on ice. Cells were washed 3 times withfollowed by nuclear separation, we analyzed three separate
ice-cold binding buffer. This was followed by a high-salt lysis procedures each followed by two separate separation
wash (20 mM HEPESL M NaCl, pH 7.4) for approximately  procedures and found the method described above to be ideal
10 s and a rinse with PBS, to remove any HSPG-bdéd for VSMC based on recovery and quantitation of the
bFGF. Cells were then washed with a high-salt, low-pH lysosomal contaminant, acid phosphatase, in the nuclear
buffer (10 mM sodium acetatd M NaCl, pH 5) and PBS,  fraction 60). Virtually full recovery of the cytoplasmic
to remove receptor-bound-bFGF. To ascertain that the fraction was observed, based on acid phosphatase quantitation
above treatment removed all surface-bot#tdbFGF, cells in the cytoplasmic fraction as compared with nonfractionated,
were extracted with 0.1 M sodium phosphate, 0.5% Triton, whole cells, and less than 0.5% of lysosomal contamination
pH 8.1, and?d was quantitated. No significant radioactivity ~was found in the nuclear fraction using the above procedure.
was detected in the detergent-extracted cells. The inhibitionIntegrity of the nuclear fractions was confirmed by phase
of internalization by PAO at 37C, discussed above, was contrast microscopy. We verified that the pellet derived from
comparable to the inhibition of internalization observed when the fractionation described above contained nuclei. Immu-
the binding reaction was carried out at@. Cell numbers noblot analysis for proliferating cell nuclear antigen (PCNA)
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was performed on extracted nuclear fractions from quiescentbFGF binding to its high-affinity receptors, (eq 2) bFGF
and proliferating VSMC. PCNA was only present in the binding to its low-affinity receptors, and (eq 3) media
nuclear fraction of growing cells. Treatment of native and depletion of bFGF:

chlorate-treated VSMC witF3-EGF, a growth factor which

has not been reported to localize to the nucleus of these cells, d[FR] _ _ .

showed that while EGF can be internalized, it is not found dt 1[FIIR] — lelFR] (1)
in the nuclear fraction, confirming the fact that contaminating

129 from the cytoplasmic fraction is minimal in the nuclear d[F-H] = Ky[F][H] — k[F-H] )
fraction. To determine whether plasma membrane contami- dt 8 4

nation of*?9 in the cytoplasmic and nuclear fractions was
significant, equilibrium binding was carried out at°€.
Subsequently, cells were subjected to the fractionation dt dt
described above. We found negligible contaminatiotrf
in either the cytoplasmic or the nuclear fractions of both
native and chlorate-treated VSMC.

Gel Electrophoresis SDS-polyacrylamide gel electro-
phoresis (16% running gel, 5% stacking gel) was used to
further analyze the degradation patteri?8fbFGF collected in a computer simulation using FORTRAN on a 100 MHz

from cellular fractions. Bio-Rad Prestained SB®lyacryl- Think Pad 560 (IBM), which numerically integrates the

amide gel electrophoresis (PAGE) standards were used for X X L :
molecular mass calibratiori?i-Labeled protein bands were above equations, given a set of initial reaction rate constants,

. . : by a fourth-order Runge Kutta step method. The values
visualized through exposure of the gel onto a phosphorimager™” : S
SF phosphor plate (Molecular Dynamics). derived through the numerical integrator are then compared

Western Blot Analyses of FGF ReceptoKative and to experimental data, and the difference (chi squared) is

chlorate-treated cells were rinsed once with PBS. The cells minimized with every iteration._ The iterative procedgre USEd.
were then solubilized with Laemmli SDSPAGE sample continues to changg the reaction rate constants until theprgn-
buffer. Samples were then subjected to 7% SDBGE cal values are obt_alned that minimize chi squared. This is
and electrotransferred to an Immobilon-P membrane (Mil- done by reguessing for the values of the rate c_onstants
lipore Corp, Bedford, MA). Membranes were blocked thro_ugh the Levm_bergMarqu_:;\rdt r_nethod5(6) and reinte-
overnight in 5% milk and probed fd. h atroom temperature grating the equations. Theo lteration stops when t_he Va".]e
with a monoclonal antibody to FGF receptor 1 at 1:1000 g;lcjglr:guared is within 0.1% of the previously derived chi
dilution, followed ty 1 h incubation at room temperature S .
with horseradish peroxidase-linked anti-mouse IgG (from q Detgrmlnatlon Qf Degragatlon Constagtz at 3¢. The
sheep) at 1:1000 dilution. Bands were visualized with ECL egradation reaction can be represented by
chemiluminescence (Amersham, LIFE SCIENCE) on Hy- Kyeq
perfilm ECL (Amersham, LIFE SCIENCE). [Feyd — [Feed

Determination of Binding Constants at 37C. To ] ] )
determine the binding rate constants for FGEceptor ~ Where [Red is the concentration of degraded bFGF in the
binding at 37°C, the binding data with PAO-treated cells Media in intact bFGF equivalents (Jff is the concentration
were fit to a computer model. The reactions of binding of ©f BFGF in the cytoplasmic fraction, ankleq is the
bFGF to its cell surface receptors were represented by thedegradation rate constant.

dF] _ dIFR] _d[FH]

This model assumes uniform binding sites for bFGF on the
cell surface, for both the high- and low-affinity receptors.
These equations were solved simultaneously and compared
with experimental data, to yield kinetic rate constants for
the reactions they represent. We used an iterative process,

following: Equation 4 describes the above reaction:
k d[F,
[F] + [R] 3= [FR] d—‘;J = KaedFey @)

LY Equation 4 can be integrated to yield eq 5:
[F] + [H] 55 [F-H] q J yiel e

where [F] is the concentration of bFGF in the media, [R] is f d[FdEQ] o kde@IFCV‘] dt (5)

the concentration of cell surface high-affinity receptors that \hich, for experimental data, is estimated as

are available for binding, [R] is the concentration of

bFGF-receptor complexes at the cell surface, where any [Faed (D) = Kyegp [Feyl At (6)

bFGF bound to receptor and HSPG simultaneously is

included as [FR], [H] is the concentration of HSPG sites Thus, a plot of the concentrations of degraded bFGF at each

that are available for binding, {A] is the concentration of  time point vs the sum of the cytoplasmic concentrations of

bFGF-HS complexes at the cell surface, dndks, ks, and bFGF at each time yields a slope, which is equivalent to the

k4 are the reaction rate constants for the forwagdks) and kieg This model treats the cytoplasmic pool of bFGF as a

reverse K, ks) binding reactions for the chemical equilibria  single compartment of the cell. Even though this assumption

shown above for bFGF binding to two classes of sites, may not be entirely true, it allows us to observe an apparent

receptor and HSPG. kqegWhich can give comparative information regarding native
For the un-steady-state case of binding at °&7 the and HSPG-deficient cells. We have not observed any

following differential equations may be written for (eq 1) saturation of this pathway even at high doses of bFGF, which
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indicates that observed differences in the appakggtfor A.
native and chlorate-treated VSMC are not simply due to the 10
fact that native cells are internalizing higher levels of bFGF
which they are unable to process.

RESULTS

Off Rate of bFGF Binding to Its Receptors Is Significantly
Increased in HSPG-Deficient Cells at 3. Receptor
binding of bFGF has been shown to correlate with mitogenic
activity in many cell types§, 38, 57—59). However, these 2JD
studies have generally involved predicting receptor oc- P
cupancy levels based on equilibrium binding parameters .
determined at £C. To evaluate the relationship of bFGF 0 0 20 0 40 50
receptor occupancy to biological activity under various Time (min)
conditions, a better understanding of the kinetics of bFGF B.
binding at physiological temperatures is required. 10

In the present study, we evaluated the role of HSPG in
modulating the kinetics of bFGF binding to its cell surface
receptors at 37C in VSMC. HSPG-deficient VSMC were
generated by exhaustive treatment with sodium chlorate. To
isolate the cell surface binding reaction at°&7, native and
chlorate-treated VSMC were exposed to phenyl arsine oxide
(PAO) for 20 min, to inhibit internalization of bFGF. The 1
association kinetics of?3-bFGF with its receptors were 5] * ® )
measured until steady state was achieved (Figure 1). The
apparent forward and reverse binding rate constants were
then determined by fitting these data, along with the o 5 10 15 20 25 30
measured values of free bFGF in the media and bFGF bound
to HSPG S_ite_s, o a computer model._ The kinetics of bFGF FicUre 1: Kinetics of'?3-bFGF receptor binding at 37C. VSMC
recept_or blndlng were significantly different l_mder the_two were treated with@) (B) or without ©O) (A) chlorate (75 mM) for
conditions. This was revealed as a 20-fold increase in the 48 1y ar 37°C. 1 mM PAO was added for 20 min, to inhibit
apparent off rate constank.) in chlorate-treated cells internalization of bFGF prior to initiating the binding reactia?fi-
compared to untreated native cellgnative) = 0.038 bFGF was then added to cells at a final concentration of 0.28 nM,

min~?, kor(chlorate)= 0.79 mirml]. The apparent on rate and cells were incubated for the indicated times at"@7 until

: : ) steady state was reached. Receptor-béttdFGF was determined
constant Kon) was also increased in chlorate-treated cells, as described (see Materials and Methods). The results presented

but to a lesser extenkd,(native) =1.2 x 10° M~ min% represent the average SE of triplicate determinations. Rate
kon(chlorate) = 4.2 x 108 M~! min™1] (Table 2). The constants were determined, through computer simulation, by fitting
increased rate of dissociation of bFGfeceptor complexes  experimental data to produce a theoretical isotherm (line shown).
on chlorate-treated cells resulted in a more rapid approachr';ci’r':_rl‘?r:’;koceﬂsb tgs?skr']:‘iﬁ“l‘f ;ﬁé‘%’;‘gﬁloﬁ;réﬁeﬁ égﬁ&'\"j

i H ff — Y. ’ - n—
to steady state in the;e cells compared to native ceIIs.4_2 « 108 M1 min-* andky = 0.79 min™.
However, the concentration of occupied receptors was lower
in Chlorate'treat?d pells as compared W'th, native _VSMQ ","t Table 2: Kinetic Constants for bFGF Binding and Degradation in
steady state as indicated by the increase in the dissociatiorNative and Chlorate-Treated VSMC

binding constant (Table 2). The decreased level of bFGF

bFGF bound (nM)
—0—

bFGF bound (nM)

Time (min)

Lo 2 ) constants native chlorate treated
binding in chlorate-treated cells was apparent over a wide Py p— 7% 10 ENET
range of bFGF concentrations with the difference being less " ((minfg'n ) 0638 57
pronounced at very high bFGF concentrations as saturation K:(nM) 0.32 1.9
is approached under both conditions (data not shown). To  kgeg(min™?) 5.6x 1073 20.0x 10°3

evaluate the total level of FGF receptor expression directly,  aThe results of the receptor binding studies (Figure 1), along with
immunoblot analyses were conducted with anti-FGF-R1 data for the amounts of bFGF in the media and bound to HSPG sites
(Figure 2). A single immunoreactive band with an apparent on the cell surface (data not shown, defined by eg8)l were entered
molecular mass of 110 kDa was present in lanes containing'” the computer simulation which minimized t_he difference between

. hlorate-treated f tract Th the model and the data. Apparent degradation rate constants were
n.atl\_/('a and .C ora ef reated cell extracts. ere was . NO getermined analytically (see eq 6) using the data presented in Figure
significant difference in the levels of FGF receptor expression 10A along with data for the internalizéd@i-bFGF fraction from this
in native and chlorate-treated cells. Thus, decreased bindingstudy (data not shown).

of bFGF on chlorate-treated cells was the result of the altered

binding kinetics and not a reflection of a change in receptor HSPG-deficient conditions results in an identical decrease
number. in sensitivity to bFGF-stimulated mitogenesis. While the
bFGF Stimulation of DNA Synthesis in HSPG-Deficient dose response curve for chlorate-treated Balb/c3T3 cells for
VSMC Is Significantly Reducedt has been shown, in Balb/  stimulation of DNA synthesis was shifted by approximately
c3T3 cells, that a decrease in FGF receptor affinity under 1 order of magnitude, the maximal response was identical
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Lane 12 3 4 5 6 Table 3: Stimulation of DNA Synthesis by EGF and Calf Serum in

Chlorate - - - + o+ 4+ Native and Chlorate-Treated Célls

127kD ! treatment native (cpm) chlorate treated (cpm)

> —————— ”
W - 110D no addition 16874 764 23309k 9274

85kD —pm EGF (0.8 nM) 179004 7519 139837 11456
FIGURE 2: Immunoblot analysis of FGF receptor 1 levels in native _ calf serum (10%) 175012 4702 267066t 49856
and HSPG-deficient VSMC. VSMC were treated witir)(or aVSMC were treated with or without chlorate (75 mM) for 48 h at
without (=) chlorate (75 mM) for 48 h at 37C(~) After chlorate 37°C. EGF or calf serum was added along witHthymidine (1uCi/
treatment, cells were extracted, subjected to 5% SPSGE, and 1) and cells were incubated for 48 h at 37. Cells were fixed with

transferred to Immobilon-P membranes. Membranes were hybrid- methanol, DNA was precipitated with TCA, and radioactivity was
ized with an anti-FGF receptor 1 antibody followed by horseradish measured in a scintillation counter. The results presented represent the
peroxidase-conjugated anti-lgG. Bands were visualized using ayeraget SE of triplicate determinations.

enhanced chemiluminescence. A single prominent band was
observed with an apparent molecular mass of 110 kDa.
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Ficure 4: Correlation between FGF receptor occupancy and
stimulation of DNA synthesis by bFGF in native and chlorate-
treated VSMC. The percent maximal DNA synthesis stimulatory
activity of bFGF (Figure 3) was determined relative to the maximal
[®H]thymidine incorporation in native cells (100%). The percent
receptor occupancy was determined for nati@ &nd chlorate-
reated @) cells using theKy's determined in Figure 1 (Table 2)
nd the following relationship: % receptor occuparcy{bFGF]/
(Kq + [bFGF])] x 100. Receptor binding correlated with activity
for both native and chlorate-treated celR? (= 0.938 and 0.923
to that for native cells38). To determine if the altered bFGF  for native and chlorate-treated cells, respectively). However, the

binding kinetics in chlorate-treated cells result in a change relationship between binding and activity under the two conditions
in bEGF response, bFGF stimulation of DNA synthesis was W&s significantly different over the range of bFGF concentrations
evaluated in native and chlorate-treated cells (Figure 3). ;Jessegeéfil\?gi 0.8 and 0.3 for native and chlorate-treated cells,
Chlorate-treated cells showed significantly decreadei [

thymidine incorporation at all doses of bFGF as compared ation in cell cycle entry kinetics, as longer or shorter labeling
to native VSMC. The maximal response of chlorate-treated periods with fH]thymidine did not reveal significantly
cells to bFGF was only 20% of the native response. The different results (data not shown). Together these results
decreased responsiveness to bFGF was not simply an artifactuggest that HSPG modulate bFGF activity within VSMC
of chlorate treatment, as chlorate-treated cells responded asit stages in addition to the initial receptor binding event.
well as native cells to serum or a non-HSPG-binding growth  HSPG Control the Intracellular Distribution of Internal-
factor such as epidermal growth factor (EGF) (Table 3). The ized bFGF in VSMC To determine if HSPG are playing a
decreased responsiveness of chlorate-treated VSMC to bFGFole in modulating the bFGF pathway at stages after receptor
is not fully accounted for by the decreased receptor affinity. binding, the intracellular localization of internalized bFGF
At concentrations of bFGF where native and chlorate-treated within cytoplasmic and nuclear fractions was compared in
cells bind similar amounts of bFGF, based on the receptor native and chlorate-treated cells. Cells were incubated with
Kd's (Table 2), the native cells showed a&-fold greater 129-bFGF far 6 h at 37°C; then the cell surface bouriéfl-
response (Figures 3 and 4). For example, at the lowest bFGFOFGF was removed (high ionic strength, low-pH wash), the
concentration used (13.8 pM), only 4% of the available cells were extracted and fractionated, and samples were
receptors on the native cells would be predicted to be bound,subjected to SDSPAGE to visualize the internat-bFGF

yet the stimulation of DNA synthesis was almost equal to (Figure 5). A significant difference in the relative distribu-
that observed in chlorate-treated cells treated with 2.8 nM tion of bFGF was observed in native and chlorate-treated
bFGF where 60% of the receptors are predicted to be boundvSMC. While significant'?8-bFGF was present in the
(Figure 4). The difference in the mitogenic responsiveness cytoplasmic fractions for both conditions, significant amounts
under these two conditions does not appear to reflect an alter-of 29-bFGF in the nuclear fraction were observed only in

Ficure 3: Stimulation of DNA synthesis in native and HSPG-
deficient VSMC. VSMC were treated with®] or without ©)
chlorate (75 mM) for 48 h at 37C. The indicated concentrations

of bFGF were added along witH]thymidine (1xCi/mL), and
cells were incubated for 48 h at 3T. Cells were fixed with
methanol, DNA was precipitated with TCA, and radioactivity was
measured in a scintillation counter. The results presented represen
the averaget SE of triplicate determinations.
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v ] -+ and HSPG-deficient VSMC. VSMC were treated wit®)(or
2000 without (O) chlorate (75 mM) for 48 h at 37C. 129-bFGF was
then added to cells at a final concentration of 0.28 nM, and cells
. were incubated for indicated times at 3Z. At each time point,
1000 3 cell surface bound bFGF was removed, and cells were extracted
] and fractionated into cytoplasmic and nuclear poB:bFGF was
] i_ extracted from cytoplasmic fractions (A), and from nuclear fractions
07 (B) for quantitation as described (see Materials and Methods). The
results presented represent the averadeE of triplicate determi-
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decreased nuclear localization in the chlorate-treated cells

Ficure 5: Differential localization of bFGF in cytoplasmic and ~was not simply a consequence of decreased surface binding.
nuclear fractions of native and HSPG-deficient VSMC. VSMC were  The SDS-PAGE analyses also revealed the presence of
treated with ¢) or without (-) chlorate (75 mM) for 48 h at 37 hEGF degradation products in the cytoplasmic fractions. No

o 125 i I . . . P
0(:28 2,\2 F((li';gysaig)‘egr a(?ggdnt& C('falllrsle";t gg)'nin%oréceﬁgtﬁg?g of significant degradation products were observed within the
incubated fo 6 h at 37°C. 125-bFEGF was extracted and quantitated Nuclear fractions. These results suggest that localization of

by gamma counting from cytoplasmic (lanes 1, 2, 5, and 6) and bFGF to the nuclear fraction might be accompanied by
nuclear (lanes 3, 4, 7, and 8) fractions as described (see Materialsdecreased degradation.
and Methods) and applied to a 16% SERAGE. The gel was To determine the level at which HSPG is involved in

S,r::g sir;i:ﬁfgji‘iifgaapgﬁgggﬁgmﬁgggﬁl?ée) ngrﬂﬁgﬁb%A%fBandsmodulating bFGF intracellular localization, the kinetics of
bFGF in each sample treated with 0.56 A¥-bFGF is presented  these processes were measured in native and chlorate-treated

as the average: SE of triplicate determinations. cells. The accumulation of bFGF within the cytoplasmic
fraction occurred at similar initial rates in native and chlorate-
native cells. The effects of chlorate treatment on bFGF lo- treated cells (Figure 6A). However, native VSMC were able
calization were reversible, indicating that chlorate treatment to maintain a nearly linear rate of bFGF incorporation
did not cause a permanent disruption in the bFGF processingthroughout the time course, while cytoplasmic accumulation
machinery in these cells. Chlorate was removed from chlor- reached a steady state after8h in chlorate-treated cells.
ate-treated VSMC, and the cells were allowed to recover The kinetic profile for bFGF in the nuclear fraction was
for 48 h then exposed #89-bFGF followed by fractionation.  significantly different than the cytoplasmic fraction. Whereas
There was no significant change in the incorporatiot?®f native VSMC approached steady state in the nuclear fraction
bFGF in the cytoplasmic fraction; however, the ability to at a faster rate, and incorporated high levels of bFGF rapidly,
accumulate bFGF within the nuclear fraction had substan- chlorate-treated VSMC showed a slower steady rate of
tially recovered, to near control levels, in the chlorate-pre- nuclear incorporation of bFGF (Figure 6B). The distinctions
treated cells (data not shown). between native and chlorate-treated VSMC, and between the
Since there were similar amounts of bFGF in the cyto- cytoplasmic and nuclear fractions, were consistent over a
plasmic fractions from native and chlorate-treated cells, the large number of experiments using various bFGF concentra-
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Ficure 8: EGF localization in cytoplasmic and nuclear fractions
§ of native and HSPG-deficient VSMC. VSMC were treated with
(m) or without @) chlorate (75 mM) for 48 h at 37C. *4-EGF

% o % was added to cells at a final concentration of 3.3 ng/mL, and cells
were incubated fio3 h at 37°C. 129-EGF was extracted from

cytoplasmic and nuclear fractions as described (see Materials and

Methods) and radioactivity was measured in a gamma counter. The

L] results presented represent the averadgE of triplicate determi-
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FIGURE 7: Long-term time course of cellular localization of bFGF nuclear’ remalned. incorporated in protein over the tlm(.:"
in nativé and HSPG-deficient VSMC. VSMC were treated with COUrS€ of these studies. Thus, the TCA-soluble degradation
(®) or without ©O) chlorate (75 mM) for 48 h at 37C. 129-bFGF products of bFGF, which are observed in the incubation
(0.28 nM) was added to cells and the incubation continued for the media, are apparently rapidly exported once generated within
indicated times at 37C. Cells were washed anéf-bFGF extracted the cell.
gzger?g)? egh'g 'r:é%ﬂ'lrg 655&%?&??1?;5’5&? t(ﬁg ’ Qféﬁ;g 5|o-f _ To ensure that the effec_ts of chlorate on bFGF internaliza-
triplicate determinations. tion and intracellular localization were related to the loss of
HSPG and not a general effect of chloraf@d-EGF

tions with cells from several separate isolations. However, localization within native and chlorate-treated VSMC was
we did note quantitative differences in the kinetic profiles evaluated. Chlorate had no effect on the cellular accumula-
from one experiment to another. For example, the length tion of EGF. A similar amount of EGF accumulated in the
of time after which the cytoplasmic accumulation in native cytoplasm of native and chlorate-treated VSMC. Further-
and chlorate-treated cells began to deviate from one anotheimore, there was no significant incorporation of this growth
ranged from 2 to 6 h. The point where the nuclear accumu- factor in the nuclear fraction of either native or chlorate-
lation in native and chlorate-treated VSMC became similar treated cells (Figure 8). The lack of EGF within the nucleus
was found to vary from 6 to 12 h, and in some instances, even in the presence of high cytoplasmic levels helps confirm
the amount of bFGF in the nuclei of chlorate-treated cells the integrity of the fractionation method used since EGF is
never reached that of the native at any time point measured.not believed to be translocated to the nucleus in VSMC. As

Longer term experiments were also conducted to determinean additional control, we also conducted Western blot
if the accumulation of bFGF in the cytoplasmic fraction in analyses for proliferating cell nuclear antigen (PCNA) on
native cells and the nuclear fraction in chlorate-treated cells cytoplasmic and nuclear fractions from quiescent and
is subject to saturation (Figure 7). Cytoplasmic bFGF con- exponentially proliferating VSMC. PCNA was only ob-
tinued to accumulate in native cells, increasing0% from served in the nuclear fraction of growing cells, even though
12 to 24 h, and was followed by an20% decline from 24 it was present in the cytoplasmic fractions of both quiescent
to 48 h. In chlorate-treated cells, cytoplasmic bFGF was and growing VSMC (data not shown). Thus, the bFGF
unchanged from 2 to 12 h and then showed a steatly%o observed within the nuclear fraction is not simply a
decline up to 48 h. The amount of nuclear bFGF remained consequence of cytoplasmic contamination.
unchanged in native and chlorate-treated cells from 12 to bFGF Degradation Is Increased in HSPG-Deficient VSMC
24 h, after which a steady50% decline was observed over The increased accumulation of bFGF in the cytoplasmic
the next 24 h. Thus, native cells showed accelerated nuclearfraction of native compared to chlorate-treated cells after long
uptake kinetics and a higher capacity for cytoplasmic bFGF incubation periods could be the result of increased uptake

compared to HSPG-deficient VSMC (Figures 6 and 7). of bFGF from the cell surface or decreased clearance of

To confirm that the analyses of radioactivity in the intra- bFGF. Pulse-chase experiments were conducted to deter-
cellular fractions were indicative of the presencé=@fbFGF mine the bFGF clearance rates in native and chlorate-treated
and were not significantly weighted by dissociat&tdwithin cells. Cells were incubated witl3-bFGF for a period of

the intracellular fractions, trichloroacetic acid (TCA) pre- 9 h to allow for significant cytoplasmic accumulation’éil-
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FiIGUre 9: Intracellular bFGF clearance kinetics in native and e ]
HSPG-deficient VSMC. VSMC were treated wit®) or without 2 3000 -
(O) chlorate (75 mM) for 48 h at 37C. 129-bFGF was then added 2 ]
to cells at a final concentration of 0.28 nM, and the cells were 2 2000 4 "
incubated fo 9 h at 37 °C (pulse), to allow forl23-bFGF 5 | $
internalization. After this time, cells were washed with binding = 1000 | .
buffer and high-salt, low-pH buffer (see Materials and Methods), 1 o
to remove all soluble and cell-bou#ti-bFGF. Medium was added 0l®
T T T T T

back to the cells together with unlabeled bFGF at a final concentra-

L L L T
tion of 0.28 nM (chase). Cells were incubated for the indicated 0 02 04 06 08 L 12 14

times at 37°C. Cytoplasmic fractions were isolated, and radioactiv- 1251 pbFGF (nM)
ity was measured in a gamma counter. The results presented
represent the average SE of triplicate determinations. Ficure 10: bFGF degradation kinetics in native and HSPG-

deficient VSMC. VSMC were treated with®] or without ©)
bFGF (pulse period). After this pulse period, th#-bFGF- chlorate (75 mM) for 48 h at 37C. (A) 1239-bFGF was added to

for the indicated times at 37C. Medium was collected and
remove all surface-bountk-bFGF, and the cells were subjected to TCA precipitation and the inter#&l-bFGF extracted

incubated for various times (chase period) in medium ang quantitated as described (see Materials and Methods). The
containing unlabeled bFGF (0.28 nM). At each chase point, results presented represent the amount of TCA soluble (degraded)
the amount of cytoplasmié?l-bFGF was measured. A  '?3-bFGF in the culture medium plotted against the sum of the
significant difference in clearance was observed in native w;im;‘éégm;”tﬁéeiﬁ‘éti‘cgtrgg %glgééﬁtergtﬁ)%ss@'a%? ﬁlbé:éﬁg were
and Chlorate't_reated cells. Wh_'le a large amount (80%) of incubated fo2 h at 37°C. Medium was collected and subjected to
the cytoplasmic bFGF was lost in chlorate-treated cells over Tca precipitation, and the amount of soluble radioactivity is
the chase period, only a minimal amount of bFGF was lost presented as degraded bFGF. The results presented represent the
from the native VSMC (Figure 9). Estimates of the observed averaget SE of triplicate determinations.
clearance rates indicate that HSPG prolonged the cytoplasmic .
lifetime of bFGF~8-fold. measured the amount of TCA-soluble bFGF degradation
The increase in the apparent stability of cytoplasmic bFGF Products in the media (Figure 10B). We found that the
in native cells as compared to chlorate-treated cells may resul@mount of bFGF degraded increased linearly over this range
from decreased bFGF degradation. Itis known that a portion ©f PFGF concentrations, suggesting that the degradation
of internalized growth factors are degraded in lysosomes. Pathway is not nearing saturation under these conditions.
To assess the bFGF degradation rates in cells in the presencEurthermore, the amount of degraded material in the media
and absence of HSPG, we carried out TCA precipitation of 'émained the same for both native and HSPG-deficient
the incubation media from native and chlorate-treated VSMC VSMC over this range of bFGF concentrations. Thus,
at various times, normalized to the amount of internal bFGF decreased degradation appears to be one factor contributing
(Figure 10A, see eqs—45). The accumulation of TCA- 0 the altered intracellular distribution and lifetime of bFGF

soluble radioactivity in the media fraction of both native and I cells that contain HSPG compared to HSPG-deficient cells.

HSPG-deficient VSMC were similar, yet chlorate-treated
cells contained significantly less internal bFGF under these DISCUSSION

conditions. Apparent degradation rate constakig)(cal- Heparan sulfate proteoglycans have been known to
culated from these data reveal much higher rates of bFGFmodulate the activity of bFGF both in the extracellular
degradation within the chlorate-treated cells compared to theenvironment, by maintaining large reservoirs of active bFGF,
native. We find that thekyeq for native VSMC was 5.6  and on the cell surface, by increasing the affinity of bFGF
(£0.8) x 1072 min!, whereas that for chlorate-treated for its receptors [0, 18) for review]. The presence of HSPG
VSMC was 20.04£1.5) x 103 min~%. To determine if the at the cell surface has also been suggested to affect bFGF
increased uptake of bFGF in native VSMC was simply trafficking events, such as internalization and localization
saturating a degradatory pathway, we exposed native and25, 34, 36, 37). We have investigated the role of HSPG in
chlorate-treated VSMC to increased doses of bFGF andmodulating the bFGF pathway after initial binding to
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receptors in VSMC. While we and others have shown that enous and endogenous aFGF and bFGF are able to partition
the effects of HSPG on bFGF activity can be attributed to into the nuclei in a variety of cell types, this process has
altered surface binding in some instancg® 60), we show been less well characterized for other ligands. Evidence
here that the ability of bFGF to stimulate DNA synthesis in exists that interleukin 1, a ligand that like FGF remains within
HSPG-deficient VSMC was not recovered to native levels cells for prolonged perioddi. ~ 8 h), also accumulates
in the presence of high bFGF concentrations (Figure 3). The within nuclear fractions 14—76). In addition, there is
decreased mitogenic activity of bFGF in HSPG-deficient evidence that EGF, insulin, nerve growth factor, platelet-
VSMC might relate to altered intracellular trafficking and derived growth factor, and the receptors for these ligands
degradation of bFGF within these cells (Figuresr5 9, 10). are localized to, or associated with, the nucleus in some cell
We observed a reduced initial rate of bFGF accumulation systems {7—79). However, definitive nuclear localization
within the nuclear fraction of chlorate-treated cells compared of some of these ligands and receptors awaits confirmation.
to native cells during the first-06 h of bFGF treatment  The function of nuclear accumulation of growth factors and/
(Figures 5-7). We also observed that intracellular bFGF or their receptors remains unclear. FGF has been proposed
had a significantly prolonged lifetime in cells that contain to regulate gene expression through direct interaction with
HSPG compared to chlorate-treated cells, in part, becauseDNA [see (/3) for review]. It has also been demonstrated
of reduced degradation rates (Figures 9 and 10, and Tablethat bFGF binds the protein kinase CK2 and stimulates its
2). Thus, critical functions of HSPG in VSMC might involve  activity toward nucleolin, a natural substrate found in the
the protection of intracellular bFGF from degradation and nucleus 69). The interaction of bFGF with CK2 was
rapid nuclear incorporation during a limited period of time correlated with mitogenic activity. Nuclear-associated FGF-
after initial FGF receptor engagement and activation. PreciseR1 tyrosine kinase activity has also been detected in aFGF-
coordination of the sequence and timing of a series of growth treated Balb/c3T3 cells during the entire G1 period of the
factor induced events within a target cell might be necessarycell cycle (2). These studies, together with the data
for an end point biological response such as mitogenesis.presented here, suggest that bFGF and its receptors might
Furthermore, this type of complex cellular instruction system have functions that depend on their subcellular localization
could also provide for a wide range of distinct biological during specific periods within the cell cycle. Furthermore,
activities induced by a single growth factor determined by our studies indicate that the HSPG coreceptors for bFGF
the combined presence of a number of intersecting pathwaysmight play critical functions in controlling the kinetics and
Many previous studies with bFGF and other growth factors distribution of bFGF within cells. More detailed kinetic
have indicated that growth factor induced mitogenesis often analyses of these processes will need to be conducted to
appears to involve events that occur after receptor internal-clearly identify the relationship of cellular response to
ization. Activation of FGF receptors on the cell surface quantitative differences in the kinetics of these intracellular
results in rapid and transient activation of the intrinsic growth factor trafficking events.
receptor tyrosine kinase and phospholipase, @llowed We found significantly decreased nuclear accumulation
by activation of the mitogen-activated protein kinase pathway of bFGF in HSPG-deficient VSMC during the first several
(8, 61). While some of these events appear to be necessaryhours of treatment, as compared to native cells (Figuré§ 5
for bFGF-mediated stimulation of cell proliferation, signifi- This difference was not simply a consequence of decreased
cant data exist suggesting that additional bFGF-mediatedcell surface binding of bFGF since, under these conditions,
events are also required. Since the half-life of bFGF inside the differences between surface-bound and cytoplasmic bFGF
the cell is unusually long (3824 h) compared to other in native and HSPG-deficient cells were much less pro-
growth factors, such as EGF which has an intracellular half- nounced than for the nuclear fractions. Thus, HSPG appear
life on the order of 16-20 min, it is possible that bFGF and  to initially play a selective function at directing bFGF to the
its receptors play important intracellular roles. Indeed, nucleus in VSMC. However, it is important to note that at
intracellular loops for growth factors have long been later time points, the relative amount of nuclear bFGF in
postulated to provide a mechanism for autocrine stimulation. HSPG-deficient cells is greater than that in native cells. This
The bFGF gene lacks a conventional signal sequence forcould be, in part, the result of the potential presence of
secretion §2), and endogenous bFGF often accumulates saturable bFGF binding sites on or in the nucleus. In native
within cytoplasmic and nuclear regions of producing cells cells, these sites might become rapidly saturated4(h)
(63—66). NIH-3T3 cells expressing a bFGF gene containing such that the continued accumulation of cytoplasmic bFGF
a fused signal sequence were transformed, yet secreted naloes not result in increased nuclear bFGF, while in chlorate-
detectable bFGF6(). Further, transformation of these cells treated cells this process is delayed—( h). These
could be reversed by suramin, which disrupts growth factor possibilities as well as the biological/biochemical significance
receptor complexes, suggesting that the endogenous bFGef the altered rates of nuclear accumulation await further
was actively stimulating the cells through intracellular experimentation.
receptor complexe$8). In addition to these observations, It is possible that the increased nuclear localization of
studies conducted using toxin-fused FGFs, mutant receptors pFGF in native cells is a consequence of increased stability
and fibroblast variants have indicated that FGEceptor of intracellular bFGFreceptor complexes. The ability of
complexes need to be internalized and FGF localized to theHSPG to stabilize bFGFreceptor binding, reflected by a
nucleus in order for FGF to stimulate mitogene&i8<72). 20-fold decrease in the apparent off rate constant for bFGF
Localization of growth factors and their receptors to the receptor complexes on native cells as compared to HSPG-
nuclear region of cells has been an area of intense recentdeficient cells (Figure 1 and Table 2), might limit dissociation
study [see T3) for review]. While a large number of of bFGF within endosomal compartments, preventing even-
approaches have been employed to demonstrate that exogtual lysosomal degradation. Furthermore, high-affinity ter-
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nary complexes, involving bFGF simultaneously bound to which cells use to distinguish between various growth factors,
its receptor and HSPG, generated on the cell surface of nativethat activate similar signaling pathways, may rely on the

cells, unlike binary bFGFreceptor complexes, would be

timing and extent to which these pathways are activated.

resistant to disruption by the low-pH environments encoun- Also, these studies add to the growing evidence that not only

tered in intracellular endosomal compartmeng, 38, 80).
Mechanisms might also involve partial degradation of HSPG
in lysosomes, releasing soluble bF&keparan sulfate com-
plexes that could have unique trafficking properties within

cell surface events are important in governing the cellular
response to growth factors, but also downstream intracellular
events are activated by the initial ligand receptor interaction.

In conclusion, we have shown that the VSMC response

cells. Hence, the effects of HSPG on the kinetics and natureto bFGF correlated with the ability of these cells to rapidly
of bFGF-receptor interactions that we and others have accumulate bFGF within nuclear fractions and stabilize
detailed might have extended consequences inside the celtytoplasmic bFGF against degradation. The ability to rapidly
after receptor internalization. Indeed, alterations in the pH accumulate nuclear bFGF was dependent on the cellular
sensitivity of ligand-receptor interactions have been dem- expression of HSPG. Thus, a function of HSPG in VSMC
onstrated to affect ligand trafficking and activity with EGF  might be to direct the intracellular trafficking of bFGF which
family growth factors §5). Alternatively, the well-known could dictate the eventual cellular response. These results
ability of HSPG to physically protect bFGF from proteolytic  suggest that VSMC might be extremely sensitive to growth
degradation §1, 82) could be involved in slowing bFGF  modulation by heparin and heparin binding growth factors
degradation within native VSMC. Together these events as the result of the presence of a multilayered system of
might increase the effective lifetime of a signaling bFGF  control. It will be important to determine the nature and
receptor complex within the cell, leading to the generation function of individual proteoglycan species on VSMC.

of a critical level of signal required to induce mitogenesis.
While the quantitative effects of HSPG on the kinetics of
bFGF binding and processing might be sufficient to explain

Furthermore, it is possible that HSPG function as general
modulators of the intracellular trafficking for the large family
of heparin binding growth factors in VSMC. Understanding

the qualitative differences in mitogenic responsiveness of how the particular composition of the cell surface modulates
native and HSPG-deficient VSMC, it is also likely that intracellular events, and ultimately the cellular response to
specific HSPG species present on VSMC have unique mitogenic factors, might provide important insight into the
functions within the bFGF pathway. For instance, informa- rational design of new therapies aimed at selectively

tion might reside within the core protein of a cell surface
HSPG that targets it and its ligand to the nucleus. In the

modulating cell proliferation.

present study, we have analyzed bFGF binding and processACKNOWLEDGMENT

ing in native (containing the full range of HSPG) and HSPG-
deficient (chlorate-treated cells containing non-sulfate pro-
teoglycan) VSMC. A more selective analysis is required to
identify the functions of each individual HSPG. 1t is
interesting to note that the selective effects of HSPG on
nuclear accumulation of bFGF were not observed in Balb/
c3T3 or bovine aortic endothelial cells (data not shown).
Mitogenic stimulation by bFGF in these cell types, in HSPG-
deficient states, was fully recoverable to the levels observed
for the native cells. These results suggest that levels of
control might exist for bFGF in some cell types but not
others. Cell type distinctions might be related to differential
expression of particular HSPG species.

Our analysis of the kinetics of the intracellular processing
of bFGF revealed a complex series of interrelated events. In
the cytoplasmic fraction, native VSMC accumulate bFGF
linearly for over 12 h, whereas HSPG-deficient cells reach
a rapid steady state {24 h) after which the levels of3-
bFGF are unaltered. In the nuclear fraction, the inverse
occurs; native VSMC incorporate bFGF rapidly and reach
steady state sooner-(4 h), whereas HSPG-deficient VSMC
incorporate bFGF slower over a prolonged period (12 h).
The clearance rate of cytoplasmiéd-bFGF was much
slower for native than for HSPG-deficient VSMC, in part,
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