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Abstract

Growth factor binding to transmembrane protein receptors is generally understood to initiate cell
signaling. Receptor binding of heparin-binding growth factors (HB-GFs), such as fibroblast growth
factor-2 (FGF-2), is regulated by interactions with heparan sulfate proteoglycans. While there is some
specificity for binding to heparan sulfate, overlap in sites for different growth factors may allow for
cross regulation. Here we demonstrate, using experiments and computer simulations, that the HB-
GFs FGF-2 and heparin-binding EGF-like growth factor (HB-EGF) can cross regulate receptor
binding of the other despite having unique receptors. The ability of HSPG to stabilize HB-GF receptor
binding is critical for competing growth factors to modulate receptor binding with both enhanced
and reduced binding possible depending on this stabilization process. HSPG density and affinity for
HB-GF are also critical factors for HB-GF cross regulation. Simulations further reveal that HB-GF
can regulate receptor binding of non-HB-GFs such as EGF even when the two proteins share no
binding sites when other HB-GF are present within the network. Proliferation studies demonstrate
potentiation of HB-EGF-induced growth by FGF-2 indicating that competition networks can alter
biological response. Exogenous manipulation of cellular responses to growth factors in complex
living systems will require understanding the HSPG-controlled network.
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INTRODUCTION

Growth factors represent a large class of proteins that regulate cell proliferation, migration,
differentiation, and survival/apoptosis. For most growth factors, signaling is mediated, in large
part, via the binding and activation of cell surface receptor tyrosine kinases.11,13.26,33 |
addition to binding to receptors, a large class of growth factors has been observed to also bind
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to heparan sulfate proteoglycans (HSPGs) on cell surfaces and within the extracellular matrix.
4,15,25,32 The interaction of growth factors with HSPGs generally involves the binding to
heparan sulfate (HS) chains, and in many instances these interactions have been demonstrated
to modulate the cellular response to growth factors. For example, the ability of fibroblast
growth factor-2 (FGF-2), the prototypical heparin-binding growth factor (HB-GF), to bind and
activate its tyrosine kinase receptors is enhanced by HSPGs through the formation of stable
high-affinity ternary complexes.23 Moreover, aspects of FGF-2 signaling have been
demonstrated to be mediated by the HSPG syndecan-4 independent of FGF receptors.7’38’
41 The cellular activity of other HB-GFs, such as heparin-binding epidermal growth factor-
like growth factor (HB-EGF) and vascular endothelial growth factor (VEGF), has also been
shown to be modulated by interactions with HSPGs.17:22 While it is well accepted that
interactions with HSPGs play critical roles in mediating growth factor signaling to cells, it is
not clear what defines the specificity of growth factor-HS interactions or how unique and
exclusive those interactions are.

Heparan sulfate represents a class of linear polysaccharides that are comprised of repeating
1-4 linked uronic acid-glucosamine disaccharide units that can be modified at several positions
bg sulfation, N-acetylation, and epimerization through a complex biosynthetic process.lov?’o-
39 More than 200 extracellular proteins have been shown to bind with high-affinity to HS, and
in many instances these interactions have been demonstrated to require distinct HS chemical
characteristics.#9 As one extreme example, the binding of antithrombin 111 to heparin and HS
requires a specific pentasaccharide sequence containing a unique 3-O sulfate on the central
glucosamine residue.12:27 However, the highly stringent requirements for antithrombin 111
binding to HS appears to be the exception, as most proteins show preferences for certain
structures without clear requirements. Hence, most growth factor-HS interactions likely
involve the binding to multiple structures within the array of HS chains presented on a particular
cell.2S Moreover, while specific growth factors may have certain preferences for particular
HS structures, they are also likely to show overlapping binding to sites containing
characteristics that allow multiple growth factor interactions. Indeed, we have recently reported
that FGF-2 and HB-EGF can compete for some but not all of the binding of one another to
HSPG sites on vascular smooth muscle cells (SMCs).5 We noted that the majority of the HS
binding sites, termed “common” binding sites, could bind both FGF-2 and HB-EGF. There
were also HS-binding sites that were specific for either FGF-2 or HB-EGF, which were termed
“unique” sites. The importance of these two classes of HS-binding sites with regard to signaling
and receptor stabilization is unknown.

Inthe present study, we investigated the potential functions of “common” growth factor binding
sites on HSPGs. Models of growth factor inter-competition were developed to evaluate the
possibility that growth factors can influence one another even though they do not share tyrosine
kinase receptors (Fig. 1). Specifically, models were established to describe the binding of
FGF-2 and HB-EGF to their respective receptors as well as to “unique” and “common” HSPG
sites using parameters determined with SMCs (Fig. 2). Simulations were run to investigate the
influence of each growth factor on receptor binding of the other and the results were compared
to experimental findings. Our results indicate that HB-GFs can influence the binding,
activation, and biological response of other HB-GFs in a complex manner even when the
growth factors do not share the same receptors. These studies indicate that the response of cells
to a particular HB-GF is not only dependent on the concentration of the growth factor and the
cellular expression level of its receptors, but also can be modulated by the presence of other
HB-GFs as well as the particular array of HS structures present. We further show that in a
complex environment when multiple factors may be present, HB-GFs can impact the binding
of non-HB-GFs even when they do not share a common receptor. Accurate predictions of
growth factor response within complex in vivo environments will require a detailed
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METHODS

Materials

Cell Culture

characterization of the levels of competing growth factors and an appreciation of their HS-
binding properties.

Recombinant human FGF-2 was from Chiron, Inc. (Mountain View, CA, USA). Murine
recombinant epidermal growth factor (EGF) was from InVitrogen Corp. (Carlsbad, CA, USA)
and recombinant human HB-EGF was from R&D Systems (Minneapolis, MN, USA). 125]-
FGF-2 and 1251-HB-EGF were prepared using amodified Bolton-Hunter procedure.8 125|-EGF
was made using lodobeads (Pierce Endogen; Rockford, IL, USA).40 [125]]-Bolton-Hunter and
Nal25] were from Perkin-Elmer (Boston, MA, USA). Heparinase 111, from Flavobacterium
heparinum, was a gift from Dr. E. Denholm at Biomarin Technologies (Montreal, Canada).

Bovine aortic vascular SMCs were obtained from Coriell Cell Repositories (Camden, NJ,
USA). For growth factor binding experiments, SMC (passages 6-15) were used at confluence
and maintained as described previously.5'7'36'37 Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM-low glucose, Invitrogen), supplemented with 10% bovine
calf serum (CS, Hyclone), penicillin (100 U/mL), streptomycin (100 xg/mL), and glutamine
(2 mM). Cell number was determined with a Coulter Counter (Miami, FL, USA) and cell
viability was determined by trypan blue exclusion.

Dominant Negative FGFR1 Mutant

Dominant negative FGFR1 (cytoplasmic domain deletion) expressing SMC were generated
using retroviral infection as described.’ Briefly, the pLNCX?2 viral vector was used to create
retrovirus containing truncated FGFR1 (A) or with no insert (X2) and SMC were infected in
the presence of polybrene overnight. Infected SMC were trypsinized and grown in media
supplemented with G418 (500 xg/mL) for 4 days. At day 4, SMC (X2 and A) were trypsinized
and plated for experiments or frozen in liquid nitrogen. Frozen stocks of SMC (X2 and A) were
thawed and used for experiments after one passage.

Growth Factor Cell Surface Equilibrium Binding

Equilibrium cell surface binding of 12°I-labeled growth factors was conducted essentially as
described.>:6:12,18,19,36,37 g\pc were plated at 75,000 cells/2 cm? (24-well plate) and
cultured for 2 days in DMEM supplemented with 10% CS, penicillin (100 U/mL), streptomycin
(100 wg/mL), and glutamine (2 mM). In some experiments, cells were treated with and without
heparinase 111 (0.1 unit/mL) for 60 min at 37 °C prior to conducting growth factor binding
assays. Following heparinase treatment, the cells were washed once with binding buffer to
remove the HS degradation products. In preparation for growth factor binding analysis, cells
were washed once with ice-cold binding buffer (DMEM-low glucose, 0.05% gelatin, 25 mM
HEPES, pH 7.4), and incubated on ice for 10 min in fresh cold binding buffer (0.5 mL/well)
to inhibit internalization. Unlabeled and radiolabeled growth factors were added directly to the
binding buffer and the cells were incubated for 2.5 h at 4 °C. Unbound growth factor was
removed by washing the cells with ice-cold binding buffer three times. To release HSPG-bound
growth factor, cells were subjected to a brief (10 s) high salt, neutral pH extraction (2 M NaCl,
20 mM HEPES, pH 7.4) followed by a PBS rinse.12:29:31 To remove receptor-bound growth
factor, a high salt, low pH extraction (2 M NaCl, 20 mM sodium acetate, pH 4) was conducted
for 5 min followed by a PBS rinse. 1251-radiolabeled growth factor was quantitated in an Auto-
Gamma Cobra Il series gamma counter (Packard Instruments, Meriden, CT, USA).
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Cell Growth Studies

The growth of SMC (X2 and A) was evaluated by plating cells (500 cells/well) into 96 well
plates in DMEM, supplemented with 5% CS, penicillin (100 U/mL), streptomycin (100 g/
mL), and glutamine (2 mM) (200 wl/well). After an overnight incubation, the medium was
changed to DMEM, 0.5% CS, penicillin (100 U/mL), streptomycin (100 xg/mL) and glutamine
(2 mM) plus and minus the following growth factors (EGF, HB-EGF, and FGF2) in the
indicated combinations. The cells were allowed to grow for 7 days and the number of cells in
each well was determined by assaying for acid phosphatase activity.8

Model Development

Statistics

RESULTS

In this paper, we propose two models with alternative mechanisms for regulation of growth
factor binding by “common” HSPG (Fig. 1). Both models are based on our previous efforts
looking at FGF-2 regulation14 but were modified to include additional competing and non-
competing growth factors (Fig. 2 Table 1). The models are based on mass-action kinetics
describing binding and cell surface trafficking interactions for HB-GFs such as FGF-2 and HB-
EGF. Binding to growth factor receptors and both unique and common HSPG sites were
included as well as dimerization of bound receptors and receptor-unique site HSPG-growth
factor triads and triad dimers. Dimerization and triad formation occurs in the model via cell
surface diffusion and coupling. Coupling rates were assumed to be constant, reflecting
diffusion-limited binding and both coupling and uncoupling rates were equivalent for all
species.22 The value used was similar to that obtained recently by Gavutis et al.16 using
simultaneous reflectance interferometry and total internal reflection fluorescence spectroscopy
along with FRET to analyze tethered extracellular receptor domain interactions on solid-
supported lipid bilayers. No coupling independent of growth factor was included nor were
mixed growth factor dimers permitted within the model. A 1:1 stoichiometry of growth factor
to receptor or HSPG site was maintained in both models. Common site HSPG are unable to
interact with receptors in the “non-receptor-coupling model” but are able to form higher order
complexes in the “receptor-coupling model.” Each site is considered independent with no
clustering of sites as might be found on large heparan sulfate glycosaminoglycan chains.
Synthesis of both receptors and HSPG are included as are internalization of receptors and
HSPG, both free and ligand bound. The models are composed of a set of nonlinear ordinary
differential equations and these are included in the Appendix. Simulations were run in Matlab
R2006b (The Mathworks, Inc., Natick, MA, USA) using the stiff ordinary differential equation
solver odel15s with the backwards differentiation formulas option and an absolute tolerance
criteria of 1 x 10720, Parameter values are listed in Table 2. Values were used as reported in
the literature with no attempt to adjust based on temperature.

Figures show the mean + standard error of the mean (SEM) from triplicate samples from a
single experiment. Experiments were repeated at least three times and data from one
representative experiment are shown. Differences between treatment means were identified by
onetailed Student’s t-test assuming equal variance with p values less than 0.05 considered
significant.

Inclusion of FGF-2 Reduces HB-EGF Receptor Binding and Vice Versa

Heparin-binding growth factors such as FGF-2 and HB-EGF are characterized by their ability
to bind heparin and cellular HSPGs. Growth factors bound to HSPGs can generally be released
via incubation with a high salt solution capable of disrupting the critical ionic interactions while
release of receptor bound growth factors often requires exposure to a low pH solution.

Ann Biomed Eng. Author manuscript; available in PMC 2008 December 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Forsten-Williams et al. Page 5

Elimination of HS moieties with heparinase I11 or by treating cells with chlorate has been shown
to reduce FGF-2 and HB-EGF binding to both HSPGs (salt releasable) and receptors (pH
releasable).6 These same treatments do not alter binding of non-HB-GFs such as EGF (Fig.
3). Previously we have shown that both FGF-2 and HB-EGF bind to “unique” HSPG sites
(specific for each growth factor) and to “common” sites that are capable of binding either
growth factor, albeit with different affinities.® Given that receptor binding is critical for growth
factor-mediated cell signaling, we were interested in how the presence of competing HSPG-
binding growth factors would affect receptor interactions. Cellular binding studies at 4 °C with
radiolabeled growth factors in the presence of unlabeled growth factors were performed and
the quantity of labeled growth factor bound to receptors was quantified (Fig. 4). 12°51-FGF-2
receptor binding on SMC was reduced in the presence of HB-EGF while, in contrast, EGF had
negligible effect on 1251-FGF-2 binding to its receptors. HB-EGF and EGF, but not FGF-2,
share affinity for the same transmembrane receptor.a4 125].HB-EGF receptor binding was
inhibited by EGF as expected, but was also reduced by FGF-2. 1251-EGF receptor binding was
reduced by HB-EGF but not FGF-2. Thus, FGF-2 and HB-EGF, despite binding to distinct
receptors, influence the binding of one another to their respective receptors.

Models Predict Opposing Effects on Receptor Binding

The binding of most HB-GFs to their specific receptors is modulated by interactions with
HSPG,; thus, we proposed that HSPG common sites could serve as a control element through
which HB-GFs regulate other growth factor receptor binding. Two possible mechanistic
scenarios were examined (described in “Methods” section, Fig. 1). In both models, cells express
FGF receptors and HB-EGF/EGF receptors as well as “common” HSPG sites (i.e., sites that
bind both FGF-2 and HB-EGF) and “unique” HSPG sites (i.e., sites that bind either FGF-2 or
HB-EGF specifically) (Fig. 2). Unique sites were able to interact with receptors via growth
factor coupling to form higher-affinity complexes. Treatment of the common sites is what
differentiates the models. In the “non-receptor-coupling” model, common sites were not able
to interact with receptors to form a higher-affinity complex while in the “receptor-coupling”
model they were. Both models showed a reduction in receptor bound growth factor under 4 °
C conditions (i.e., no synthesis or degradation of receptors or HSPG and no internalization—
corresponding parameters were set to zero) following cell treatment with heparinase I11 (i.e.,
removal of both unique and common HSPG sites) as found experimentally (Fig. 3). Only the
“non-receptor-coupling” model results are shown in Fig. 5a since results for the “receptor-
coupling” model are qualitatively similar exhibiting the same trends with regard to plus and
minus heparinase. While the overall reduction in HB-EGF receptor binding in the simulations
was similar to that found experimentally, the FGF-2 reduction was much smaller than that
found experimentally. We hypothesized that the FGF-2 model might be more sensitive to
parameter values and ran simulations over a range of FGF-2 concentrations. As shown in Fig.
5b, higher reductions were found when the FGF-2 concentration was reduced indicating that
the model could capture the salient features of the experiment qualitatively if not exactly
quantitatively.

We next investigated the effects of inclusion of FGF-2 on HB-EGF receptor binding for our
two models. Simulations of HB-EGF binding at 4 °C were performed as a function of FGF-2
concentration using 5 ng/mL HB-EGF as in the experimental study (Fig. 4). With both models,
inclusion of increasing concentrations of FGF-2 resulted in a decrease in HB-EGF bound solely
to HSPG (Fig. 6). This would correspond experimentally to a decrease in the salt releasable
HB-EGF and includes HB-EGF bound to both unique and common sites but not that bound to
complexes including both HSPG and receptors. This decrease results from a reduction in HB-
EGF binding to common sites due to competition from FGF-2. In contrast, the effect of FGF-2
on HB-EGF receptor binding differs markedly between the two models. With the “non-
receptor-coupling” model, FGF-2 competition for common HSPG sites resulted in an increase
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in receptor-bound HB-EGF while a decrease was found with the “receptor-coupling” model.
With the “non-receptor-coupling” model, only unique sites are able to interact with HB-EGF
receptors thereby stabilizing the interaction. Common sites are at a high density, but lower
affinity in our system and serve as a “sink” for HB-EGF in this model. The reduction in binding
to the common sites due to FGF-2 competition facilitates binding of HB-EGF to the unique
sites leading to receptor stabilization. With the “receptor-coupling” model, common sites are
also able to interact with HB-EGF receptors and therefore FGF-2 competition for these sites
leads to a decrease in HB-EGF bound receptors. Note however the difference in the scales and
how the effects are more prominent with the receptor-coupling model. Using the raw simulation
data from Fig. 6, with both models, more than 98% of the total HB-EGF bound to receptors is
atriad or a triad dimer, a receptor-ligand complex stabilized via unique HSPG. With the “non-
receptor-coupling” model, ~53% of cell bound HB-EGF binds to HSPG alone in the absence
of FGF-2 and this is reduced to ~6.5% at high concentrations of FGF-2. In contrast, the
“receptor-coupling” model has only ~5% of cell bound HB-EGF bound to HSPG alone in the
absence of FGF-2 and this drops to ~3% at high concentrations of FGF-2. Similar effects of
HB-EGF on FGF-2 bhinding were found for both models (data not shown) indicating that the
phenomenon was not strictly dependent on the baseline set of parameters.

HSPG Common Site Density Critical for Regulation of Receptor Binding

In order to maximize the effect of the competing growth factors on each other a lower
concentration of HB-EGF (0.5 ng/mL) was selected for our parameter studies. We asked how
the density of HSPG common sites affects HB-EGF-receptor binding. Low densities (<104
sites/cell) of common site, with a constant density of specific HSPG sites, had a negligible
effect on HB-EGF receptor binding either in the presence or absence of FGF-2 (Fig. 7). At
these levels, binding of HB-EGF to the common sites is not high enough to significantly impact
receptor binding. With the “non-receptor-coupling” model, higher densities of common sites
in the absence of FGF-2 resulted in decreased receptor binding due to sequestering of HB-EGF
on HSPG sites not able to couple with receptors. Note that the experimentally measured value
falls within this range.6 Addition of FGF-2 reduces HB-EGF binding to common sites and thus
increases HB-EGF availability for binding to specific HB-EGF HSPG sites and receptors. In
contrast, higher densities of common sites, which are capable of stabilizing HB-EGF receptor
binding with the “receptor-coupling” model, results in increased receptor bound HB-EGF.
FGF-2, by binding common sites, increases the HB-EGF available for HB-EGF specific sites
and receptor binding but reduces the HSPG available for stabilized binding. With both models,
FGF-2 counters the effect of increased common sites on HB-EGF receptor binding toward
levels found in the absence of common sites. Again, the effects are more prominent for the
“receptor-coupling” model as evident by the differences in scale. Similar effects are seen for
FGF-2 receptor binding in the presence and absence of HB-EGF (data not shown). Specific
receptors also altered the level of receptor-bound HB-EGF, particularly with the “non-receptor-
coupling” model, but did not lead to differences in regulation by FGF-2 in either model than
what has been shown at the baseline density (data not shown)

HSPG Affnity Ratio Impacts Regulation

Given the importance of the common site HSPG levels to FGF-2 regulation of HB-EGF
receptor binding, we investigated how the relative affnity of the HSPG sites contributed to the
competition. Maintaining the baseline receptor and HSPG common and unique sites densities,
we varied the affnity of HB-EGF for the common sites. Note that the coupling rate was assumed
to be independent of the species and this rate was maintained throughout all simulations. The
effect of FGF-2 on HB-EGF binding is most pronounced when the affnity of the common sites
is strong with only a minimal effect evident when the common site affnity for HB-EGF is an
order of magnitude lower than that for the unique sites (i.e., ratio of Kp (unique) to Kp
(common) is <0.1) (Fig. 8). This is particularly true with the “non-receptor-coupling” model
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where the effect of FGF-2 disappears as the affinity of HB-EGF for the common HSPG sites
becomes small and hence binding to these sites becomes unlikely. The affinity ratio for HB-
EGF to unique and common sites measured experimentally for our cell system was 0.14 putting
it within the range for which a dose-dependent effect of FGF-2 should be evident. With the
“receptor-coupling” model, the common sites can form high-affinity receptor complexes
through coupling of an unbound common site with an HB-EGF bound receptor which is
independent of the affinity of the growth factor for the HSPG site in our model (Table 2). Thus,
even at essentially negligible affinity of HB-EGF for the common sites (i.e., ratio of Kp(unique)
to Kp(common) approaching 0) the presence of FGF-2 impacts the receptor bound level of
HB-EGF as the coupling rate within the model is independent of ligand affinity. We are,
however, aware of no experimental evidence to either support or disprove this observation and
do not suggest it is necessarily more than a function of our model structure at this extreme
limit. We do note though that Shraga-Heled et al. recently showed that neuropilin modulate
VEGF121 activity despite it not being a receptor for this isoform of VEGF suggesting receptor-
coupling independent of ligand affinity can be biologically relevant.3°

FGF-2 Impacts EGF Binding in the Presence of HB-EGF

We next asked, using simulations, how FGF-2 might impact binding of EGF, a non-HB-GF,
in the presence of HB-EGF, postulating that competition for common site HSPG would alter
the availability of HB-EGF to compete for EGF receptors. In the absence of HB-EGF, FGF-2
had no effect on EGF binding with either model (Fig. 9), as would be expected. Moreover, in
the absence of HSPG common sites, FGF-2 had no impact on EGF binding even in the presence
of HB-EGF (data not shown). However, when model cells expressed HSPG common sites,
FGF-2 impacted EGF binding in the presence of HB-EGF. With the “non-receptor-coupling”
model, FGF-2 decreased EGF binding albeit the reduction was small compared to EGF binding
in the presence of HB-EGF alone (~3%). With the “receptor-coupling” model, FGF-2
increased EGF binding in the presence of HB-EGF and the effect was significant compared to
binding in the presence of only HB-EGF (~88%). With both models, HB-EGF at the
concentration chosen (1 ng/mL or 0.083 nM) reduced EGF (1 ng/mL or 0.16 nM) receptor
binding by ~50% in the absence of HSPG common sites through direct competition of the two
growth factors for the same receptor species (data not shown). Simulations performed at higher
EGF and HB-EGF concentrations (5 ng/mL each) as used in earlier experimental figures
yielded similar trends (~99% and 77% reduction in EGF binding by HB-EGF for the “receptor-
coupling” and “non-receptor-coupling” models, respectively, with high FGF-2 addition
leading to an ~80% reduction for both models).

FGF-2 Enhances HB-EGF-induced Proliferation

Given the reduction in HB-EGF receptor binding found experimentally in the presence of
FGF-2 (Fig. 3B), we hypothesized that the presence of FGF-2 would reduce HB-EGF-induced
proliferation. This, however, was not the case (Fig. 10). Control SMCs (SMC-X?) or cells that
have been engineered to express the dominant negative FGF receptor (SMC-Delta) were
cultured in the presence of EGF, HB-EGF, and FGF-2 or combinations of these growth factors
for 7 days and the proliferative effects evaluated. SMC-X2 responded to all three growth factors
(FGF-2, EGF, and HB-EGF) with increased proliferation compared to control and an additive
effect was evident when cells were cultured with FGF-2 in the presence of EGF or HB-EGF.
In contrast, the growth of SMC-Delta cells was increased in response to EGF and HB-EGF but
not to FGF-2 confirming the specific effect of the dominant negative FGF receptor expression
on proliferation. Treatment of SMC-Delta cells with both EGF and FGF-2 showed no increased
response compared to EGF alone while HB-EGF-induced proliferation was enhanced by the
presence of FGF-2. While these data do not directly correlate with the ability of FGF-2 to
reduce HB-EGF binding, they do indicate an ability of FGF-2 to modulate HB-EGF response
possibly through HSPG competition.
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Impact of FGF-2 on HB-EGF Receptor Binding with Active Receptor Traffcking

Simulations from the “receptor-coupling” model agreed well with the experimental 4 °C
growth factor binding data (Fig. 3B), yet reduced receptor binding would not generally predict
the enhanced HB-EGF-mediated proliferation observed in the presence of FGF-2 at 37 °C (Fig.
10). Thus, simulations were performed including synthesis and internalization. It is possible
that these cellular trafficking events could impact ligand, receptor, and HSPG site availability
and hence alter regulation by FGF-2. All other parameter values were maintained at their
baseline values. The levels of HB-EGF receptor dimers as a function of time with and without
FGF-2 inclusion were evaluated (Fig. 11). We focused on HB-EGF receptor dimers since EGF
receptor signal transduction is generally accepted to require dimerization.3 At high HB-EGF
concentration (>1.0 nM), peak levels of HB-EGF receptor dimers occurred relatively quickly
(<10 min) with this level being reduced to ~25% of peak level in <40 min (data not shown).
FGF-2 had negligible effects on the overall process with minimal changes evident over the
time frame studied. At high HB-EGF concentrations, there are sufficient HB-EGF molecules
present such that competition for common sites by FGF-2 was not critical with regard to
receptor binding and dimerization. At low HB-EGF concentration (<0.1 nM or 1.2 ng/mL),
the peak level of HB-EGF receptor dimers was reduced compared to that seen when 1.0 nM
HB-EGF was added and the time to reach the peak concentration was delayed (>25 min) (data
not shown). The addition of FGF-2 reduced both peak HB-EGF receptor dimer levels as well
as the overall level of bound dimers over the entire time course (150 min). However, at the
intermediate HB-EGF concentration (0.25 nM or 3 ng/mL), an interesting effect of FGF-2 on
HB-EGF dimerization was found. FGF-2 addition muted the peak level of bound HB-EGF as
it had for the lower HB-EGF concentration, however there was a significant period of time
(40-120 min) where the number of surface HB-EGF receptor dimers was greater in the presence
of FGF-2 than in the absence (Fig. 11). While it is not clear how, or even if, these levels translate
to the proliferative response, the observation that there are some regimes where the presence
of FGF-2 results in increased HB-EGF receptor dimers, despite inhibiting steady-state HB-
EGF bound receptor levels at 4 °C, indicates that the “receptor-coupling” model might be able
to accommodate conditions whereby signaling through receptors is enhanced at 37 °C. We also
noted a small increase in peak HB-EGF-receptor dimers with FGF-2 when simulations at 37
°C were performed using the “non-receptor-coupling” model (data not shown).

DISCUSSION

Binding and dimerization of cell surface tyrosine kinase receptors is the paradigm by which
growth factors initiate signal transduction. With HB-GFs, this situation is complicated by the
importance of HSPGs in regulating receptor binding, ligand availability, and, in some cases,
direct signaling.7v38’41 In this paper, we analyze how the presence of competing HB-GFs can
impact cell surface interactions and show, using simulations, that the ability of “common”
HSPG binding sites to couple with receptors to stabilize binding determines whether the
competing growth factors increase or decrease receptor binding. While the computational
simulations used parameters for FGF-2 and HB-EGF, the model of competition by which
accessory proteins impact receptor binding and dimerization could be applicable to any number
of growth factor systems. Further, our simulations demonstrate how receptor binding of non-
HB-GFs may also be impacted by HB-GFs which do not share a common receptor. Our results
suggest that “common” binding sites such as HSPGs hold the key to enhanced or diminished
receptor binding in growth factor networked systems.

Certainly agreement with the experimental data is desirable but given the variability in
glycosaminoglycan structure, the inherent diffculty with experimental parameter measurement
as well as the simplifying assumptions, quantitative agreement is unlikely. The structural
modifications to the critical glycosaminoglycan sidechains provide the very moieties that
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dictate growth factor binding and specificity, but the forces that regulate these modifications
are not well understood and not easily controlled. Models, such as we present here, describe
subsets of these populations that act in like manner and increase our knowledge of the dynamic
role of proteoglycans on cell surfaces and in extracellular matrices. As our abilities to control
glycosaminoglycan expression become more advanced, more complex analyses can be
incorporated to understand the individual contributions of each moiety. This information will
add to the details of the model and undoubtedly result in greater correlation with experimental
data but will not likely undermine the fundamental strategy of competitive binding described
within it.

Our simulations were based on simple models wherein the pivotal difference was in the ability
of these HSPG “common” sites to facilitate receptor coupling (Fig. 2). When common sites
were not allowed to couple with receptors to form high-affinity complexes, the addition of
FGF-2 and its competitive binding for common sites resulted in increased availability of HB-
EGF for binding to both unique HSPG sites and specific receptors (Fig. 6). When common
HSPG sites were able to couple with receptors to form high-affinity sites, addition of FGF-2
and its competitive binding of common sites resulted in increased availability of HB-EGF for
direct binding to both unique HSPG sites and specific receptors, but the overall receptor binding
level was reduced due to a loss of high-affinity common site-mediated receptor complex
formation. While the overall density and affinity of the common sites was important (Figs. 7
and 8), it was the ability to couple and stabilize growth factor-receptor interactions that
ultimately led to the difference in responses. These findings suggest a very different response
regulation by ECM versus cellular HSPG as well as indicating that “fencing” or “patching” of
HSPG in cell surface domains inaccessible to receptors or vice versa would be quite different
from freely accessible interactions.

We have assumed that all surface coupling reactions occur at the same rate in our model.
Differences in the coupling rate via diffusion or affnity differences could also impact the
resulting effect. Ligand-independent coupling was not included for either FGF-2 or HB-EGF
as our simulations previously showed a negligible effect on FGF-2 binding distribution.20
Recent work from Mac Gabhan and Popel 8 looking at dimerization of VEGF receptors
(VEGFR1 and VEGFR?2) in the presence of VEGF and placental growth factor (PIGF) suggest
though that competition for binding to VEGFR1 and VEGFR2 and pre-coupling of these
receptors can impact the homo- and heterodimerization process and likely impact signal
generation. This suggests that dimerization and its ligand independent and dependent rates
maybe require future attention for this more complex system. Further experimental and
computational studies investigating coupling and cell localization of binding sites would
provide valuable insight into how these factors can influence growth factor responsiveness.

In contrast to the inhibition of HB-EGF binding by FGF-2 (Fig. 3), enhanced HB-EGF-induced
proliferation by FGF-2 was found (Fig. 10). These findings indicate that steady-state binding
levels at 4 °C are not necessarily indicative of proliferation in our cell system. It is important
to note that the proliferation studies were performed at 37 °C when membrane trafficking and
cell activity are not negligible. Further, proliferation is a complex downstream response
induced by growth factor binding that is dependent on a complex series of steps that remain
incompletely understood for HB-EGF. For example, in our cell system we have previously
shown that FGF-2 activates MAPK, but not proliferation, through HSPG interactions that
suggests that HB-EGF could also generate signals through cellular HSPGs.” We were,
however, intrigued by the simulation results suggesting that there are conditions, based on time
and dose of FGF-2, where HB-EGF receptor surface dimers are enhanced in the presence of
FGF-2 compared to the absence of FGF-2 (Fig. 11). Of course this does not account for
endocytic dimers which have been demonstrated to be capable of signaling in some growth
factor systems.21 Clearly there is need for more experimental measurements in this area in
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order to reveal the underlying controlling elements that dictate the proliferative response to
growth factors. In this regard, the use of computational models in conjunction with
experimental studies can help focus the proposed studies.

Our most intriguing result may be the prediction that HB-GFs are able to impact the binding
of non-HB-GFs even when they do not share a common receptor (Fig. 9). For example, FGF-2
does not directly impact EGF receptor binding (Fig. 4) however our simulations suggest that
FGF-2 can impact EGF binding when HB-EGF is present via competition for HSPG “common”
sites. When common sites are unable to couple to receptors (“non-receptor-coupling” model),
FGF-2 competition with HB-EGF for HSPG “common” sites increases the available HB-EGF
for binding to both unique HSPG sites and receptors leading to reduced binding of EGF to
these same receptors. When receptor-coupling is also included (“receptor-coupling” model),
FGF-2 competition with HB-EGF for HSPG “common” sites reduces the probability of HB-
EGF forming high-affinity receptor complexes and, thus, increases EGF receptor binding. For
our parameter values, this effect was particularly significant for the “receptor-coupling” model
where almost four times as much EGF is predicted to be bound to receptors when FGF-2 and
HB-EGF are present compared to that bound when only HB-EGF is there. This certainly
suggests that care must be used in interpreting complex system results as well as in vivo studies
where unknown components may directly or indirectly alter results. Heparin-binding and non-
binding growth factors and their receptors may be intimately connected through cell and ECM
HSPGs forming a regulatory signaling network.
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APPENDIX

dP,

H_

dt

SH— kM HP +kNG koo T, — kePyCyy = keCopy Pytkuc Xy, — ke Xy Pyytkoc Ty, — kiPy,

We developed two related models for this work and the equations are listed below. For HB-
EGF binding in the “non-receptor-coupling” model:

dR
dl‘h :Sll;l - kFHHRH +kFHCH +kucTH - kCGHRH - kiRH (1)
dc
j:kFHHRH _ kFHCH — kCCHCH+2kUCC2H+kUCTH - kCPHCH - kiCH (2)
dac,
dt-” =0.5k.C,,Cyy — kuc Coyythuc Xy — ke PyCopy — ki Gy ®

2H" H

(4)

dG

d—t”:kaHPH — kNG +koe T,y — kG R, — kiGy, (5)

dj;” =keCoy Py = kueXyy ke Ty — ke Xy Py — ki X, ®)
%zkccﬂ Ry, — kyeTyy+kePyCyy — ke Ty — ke Ty T+ 2k Ty — ki T, (1)
d;ﬂn ke X,y Py — koo Ty +.0.5ke Ty Ty +hoe Ty — ki T, ®)
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=S C—kfF FPAkEFGE—k{ P H P+ M GE ko C Ptk TE ke C oy P ke XE—k XE P ke TS ~ke X, Potkye TE, —ke Cyy Porkyc TE ~ke Cy

C
H

dt

dH
V—=—k"MHR, - kM C, - KUHP, +kMG,,

dt (9)

Nine additional equations identical in structure are written for FGF-2 binding with H replaced

by F
For HSPG common sites:
dp* PcF 1 pc | 1 PcF PcH PcH
— = kPP TG = kT HP kTG 10

C

dG—”:kaHHPC — kNG

dt (11)

ﬁi‘:kfcF FP° — MG

dt (12)

In the “receptor-coupling” model, HSPG common sites are able to interact with receptors to
form higher order complexes. Hence Eqs. (10-12) are replaced by Egs. (13-15)

(13)

C

dG
—L=kfMHPC - iNGE — keGSR +hu TS — kG,

dt (14)

dGE PcF C PcF ~c c C C
— L=k FFP — KPFGE — keGSR Ak TE — kiGE

dt (15)

Plus the addition of:

=keG Ry — kue TS +ke PCCyy — ke TS — ke TS TS +2ky T

H™H 2H

— ke T T+ 2k Ty, — KiT, (16)

dTlCH =0.5k TETC — kyo TS
dr ¢ n n - tuctoy

+heXSPC — kue TS, — ki TS, o

C

dT,
— =k T Ty — 3k T,

0 kXD Py — ke Xy PC — ki T,

HH (18)

C

—l” =kcCpyy P’ — kuc X, — kXS P,

y °Pytkoc TS

— kXS Pe bk TS, — ki X

(19)
and four additional identical equations for FGF-2 with H replaced by F.

Also, note that additional terms reflecting the interactions of the HSPG common sites with
HB-EGF and FGF-2 receptors were added to Egs. (1-9) and the accompanying FGF-2 equations
to balance the system.

The parameter symbols and values are given in Table 2. Unbound receptors (Ry, Rg), ligand
bound receptors (Ch, Cg), receptor-ligand dimers (Con, Cog), unbound ligand-specific
proteoglycans (P, Pg), unbound common site proteoglycan (P°), ligand bound proteoglycans
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(Gh. Gr, G;, G}), receptor-ligand-proteoglycan complexes (Ty, Tg, 7}, 7}), receptor-ligand

H’ H' ° F
dimers bound to a proteoglycan site (Xn, Xg, X;,, X;), dimers of receptor-ligand-proteoglycan
complexes (Ton, Tor, THH, Ty T Ty)» @nd ligand concentration (H, F) form the variables in

HH' © 2H’

the system with subscripts H and F representing HB-EGF and FGF-2, respectively. The
superscript ¢ indicates HSPG common site.
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FIGURE 1.

Competition model schematic. Binding of a heparin-binding growth factor (e) to its
transmembrane protein receptor could be impacted by the presence of another heparin-binding
growth factor (o) capable of competing for HSPG common sites. (1) Competition could result
in binding of the competitor to the common sites (thick arrow) thus reducing ligand (e) binding
to the common sites (thin arrow) and the subsequent ligand-mediated coupling with a receptor.
(2) Competition could increase ligand (e) availability (thick arrow) for binding to HSPG
unique sites and thus increase ligand-mediated coupling with receptors.
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FIGURE 2.

Schematic diagram illustrating species within “non-receptor-coupling” and “receptor-
coupling” models. Base model interactions show the ligand (i), receptor (R), ligand-receptor
complex (C), unbound (P) and ligand bound (G) unique HSPG site, ternary complex (T), and
ligand-receptor dimers (C,) with one (X) and two (T5) unique HSPG sites which are common
to both models. Identical sets are included for each ligand i. In the “Non-receptor-coupling”
model, the common HSPG sites (P°) bind ligand (G°) but do not interact with receptors. In the
“receptor-coupling” model, the common HSPG (P°®) hind ligand (G°) and form higher order

complexes with receptors (T¢, XC, TC Tc) Specific reactions are shown in Table 1.
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FIGURE 3.
Heparinase reduces HSPG and receptor binding of HB-EGF and FGF-2 but not EGF. SMC

were cultured, treated with heparinase (Hep) (0 (o) or (m) 0.1 units/mL), and incubated for 2.5
h with radiolabeled growth factor (0.28 nM 125]-FGF-2 (a), 0.42 nM 125]-HB-EGF (b), or 0.83
nM 125-.EGF (c)—corresponds to 5 ng/mL of each) as described in “Methods” section.
Proteoglycan bound (‘salt”) and receptor-bound (‘pH’) growth factor were isolated using
sequential washes. Radiolabeled growth factor bound in the presence of excess unlabeled
growth factor (5 «g/mL) and released with respective wash is shown in the neighboring gray
bar. Measurements (mean + SE, n = 3) are representative of at least three independent
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experiments. *Treatment is significantly different than no heparinase (o) treatment within
group (salt or pH).#Treatment is significantly different than heparinase (m) treatment (p < 0.05).
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Effect of competitors on receptor binding. SMC Binding studies at 4 °C with 125]-FGF-2
(a), 1251-HB-EGF (b) and 12%1-EGF (c) in the presence of FGF-2 (o), HB-EGF (o) and EGF
() were performed as described in “Methods” section. Radiolabeled growth factor bound is

plotted scaled to the amount of radiolabeled growth factor found in the absence of any
competing unlabeled growth factor. All radiolabeled growth factors were used at a

concentration of 5 ng/mL or 0.28 nM 125]-FGF-2 (a), 0.42 nM 1251-HB-EGF (b), or 0.83

nM 125]-EGF (c). Measurements (mean + SE, n = 3) are representative of at least three

independent experiments. *Significantly (p < 0.05) different from binding with no competitor.

Ann Biomed Eng. Author manuscript; available in PMC 2008 December 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Forsten-Williams et al. Page 20

(a)
= 16,000 . .
@ L ]
L L ]
# 14,000 L) -Hep | -
£ 12,000 [ W +Hep | 1
o] C ]
(TN L J
< 10,000 F ]
2 ool :
S 8,000 | .
Q] C ]
2 6,000 F ]
S A ]
(@] r ]
@ 4,000 - .
8 I ]
S 2,000 F -
(@] L i
0] B ]
o 0 L
FGF HB-EGF EGF
16,000 . .
(b) 4 . ]
_ 14,000 o T
D r @ ]
O r ]
::EE, 12,000 s a f ]
(a] r | ] i
10,000 [ n :
G - -Hep . 1
L 8,000 5 - ]
2 r g ]
3 6,000 o = +Hep .
0 L u ]
T 4000F . ]
9 : a u :
2,000 F , . .
= . -
ot "I : n " .I I | ]
0.0001  0.001 0.01 0.1 1 10
FGF-2 (nM)

FIGURE 5.

Heparinase Treatment reduces receptor binding for FGF-2 and HB-EGF (simulations).
Simulations were performed using “non-receptor-coupling” model under 4 °C conditions (no
synthesis or internalization of receptors or HSPG) and growth factor bound to receptor at 2.5
h under normal (o) and heparinase (m) conditions are shown. Simulations for (a) used 5 ng/
mL or 0.28 nM FGF-2, 0.42 nM HB-EGF, and 0.83 nM EGF as used experimentally in Fig.
3. Receptor-bound FGF-2 as a function of FGF-2 treatment is shown for normal (o) and
heparinase (m) conditions in (b).
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FIGURE 6.

Effect of FGF-2 on HB-EGF binding (simulations)-HB-EGF (5 ng/mL or 0.42 nM) binding
to SMC at 4 °C after 2.5 h incubation with FGF-2 for “non-receptor-coupling” model (a) and
“receptor-coupling” model (b). HB-EGF bound to HSPG alone (salt releasable—e,m) and
bound to EGF receptors (pH releasable—o,0) is shown. Results are from simulations with
(circles) and without (squares) common HSPG sites.
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FIGURE 7.

Effect of HSPG common sites density on HB-EGF receptor binding (simulations)—HB-EGF
(0.5 ng/mL or 0.042 nM) bound to receptors after 2.5 h incubation at 4 °C with FGF-2 (0, 100,
1000 nM as listed on plot) for “non-receptor-coupling” (a) or “receptor-coupling” (b) model
with varying density of HSPG common sites.
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FIGURE 8.

Effect of HB-EGF affinity for common site HSPG with FGF-2 added (simulations)—HB-EGF
(0.5 ng/mL or 0.042 nM) bound to EGFR after 2.5 h incubation at 4 °C with FGF-2 (0 nM (o),
10 nM (e), 100 nM (@), and 1000 nM (m) for “non-receptor-coupling” (a) or “receptor-
coupling” (b) with varying affinity of HB-EGF for HSPG common sites. All other parameters
as listed in Table 2.
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FIGURE 9.

Effect of FGF on EGF binding in the presence of HB-EGF. EGF (1 ng/mL or 0.16 nM) bound
to EGFR after 2.5 h incubation at 4 °C with (e, m) and without (o, o) HB-EGF (1 ng/mL or
0.083 nM) for “non-receptor-coupling” (o, m) and “receptor-coupling” (o,e) models. All other
parameters as listed in Table 2. Note direct overlap of binding of EGF in the absence of HB-
EGF for both models (o,0).
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FIGURE 10.

FGF-2 potentiates HB-EGF mitogenesis on FGF receptor-negative cells (SMC-Delta). SMC

X2 (a) or SMC-Delta (b) were grown in DMEM, 4% CS for 7 days in the presence of EGF

(2.5 nM), HB-EGF (2.5 nM), FGF-2 (60 nM) or combinations. Cell number was determined

by acid phosphatase and is related to the no growth factor control (100%). Measurements (mean

+ SE, n = 3) are representative of at least three independent experiments. *Significantly

different than “no add”. #Significantly different than FGF-2 alone. @Significantly different

than HB-EGF alone.
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FIGURE 11.

Effect of FGF-2 on HB-EGF binding at 37 °C (simulations)—cell surface dimers of HB-EGF
bound EGFR as a function of time when HB-EGF (0.25 nM) is with (e) and without (o) FGF-2
(60 nM) using “receptor-coupling” model. All parameters are as listed in Table 2 except that
there are more FGFR (1.6 x 10° receptors/cell) reflecting an increased receptor levels due to
expression of the dominant negative receptors in the SMC-Delta cells.”14
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