Cell membrane GM, ganglioside is a functional
coreceptor for fibroblast growth factor 2

Marco Rusnati*, Chiara Urbinati*, Elena Tanghetti*, Patrizia Dell’Era*, Hugues Lortat-Jacob®, and Marco Presta**

*Unit of General Pathology and Immunology, Department of Biomedical Sciences and Biotechnology, School of Medicine, University of Brescia,

25123 Brescia, Italy; and TInstitute of Structural Biology, 38027 Grenoble, France

Edited by Erkki Ruoslahti, The Burnham Institute, La Jolla, CA, and approved February 1, 2002 (received for review December 6, 2001)

Free gangliosides bind fibroblast growth factor 2 (FGF2), thus
preventing cell interaction and biological activity of the growth
factor in endothelial cells. Here we investigated the role of cell-
associated gangliosides in mediating the biological activity of
FGF2. Treatment of endothelial cells of different origin with the
ganglioside biosynthesis inhibitors fumonisin B4, b-threo-1-phenyl-
2-decanoylamino-3-morpholino-1-propanol or p-1-threo-1-phenyl-
2-hexa-decanoylamino-3-pyrrolidino-1-propanol-HCl, impairs their
capacity to proliferate when exposed to FGF2. Also, the mitogenic
activity of FGF2 is inhibited by the GMs-binding cholera toxin B
subunit (CTB). Conversely, overloading of endothelial GM 7373 cell
membranes with exogenous GM, causes a 10-fold increase of the
mitogenic potency of FGF2. '25I-FGF2 binds to cell membrane GM,
(Ka = 3 nM) in complex ganglioside/heparan sulfate-deficient
Chinese hamster ovary (CHO)-K1-pgsA745 cell mutants that were
overloaded with exogenous GM1. Moreover, FGF2 competes with
FITC-CTB for the binding to cell membrane GM; in different CHO
cell lines independently of their capacity to express heparan sulfate
proteoglycans. Conversely, CTB inhibits cell proliferation triggered
by FGF2 in CHO cells overexpressing the tyrosine kinase FGF
receptor 1. Finally, GMj-overloading confers to FGF receptor
1-transfected, complex ganglioside-deficient CHO-K1 cell mutants
the capacity to proliferate when stimulated by FGF2. This prolif-
eration is inhibited by CTB. Cell proliferation triggered by serum or
by phorbol 12-myristate 13-acetate is instead independent of the
cell membrane ganglioside milieu. In conclusion, cell membrane
GM;, binds FGF2 and is required for the mitogenic activity of the
growth factor. Our data indicate that cell-associated gangliosides
may act as functional FGF2 co-receptors in different cell types.

angliosides are neuraminic acid-containing glycosphingo-

lipids and represent characteristic constituents of the
plasma membrane of eukaryotic cells. They are shed in the
microenvironment and found as free components in plasma (1).
In turn, free gangliosides are efficiently incorporated into the
plasma cell membrane (2).

Depending on their free or cell-associated status, gangliosides
modulate the activity of growth factors and cytokines inducing
opposite effects. Indeed, free gangliosides inhibit neurite out-
growth and cell proliferation induced by platelet-derived growth
factor (PDGF), insulin, nerve growth factor, and insulin-like
growth factor 1 (3, 4). On the contrary, cellular gangliosides
promote fibroblast proliferation induced by epidermal growth
factor, fibroblast growth factor 2 (FGF2), and PDGF (5). Also,
glucosylceramide synthesis is required for axonal growth stim-
ulated by FGF2 (6). The modulating capacity of gangliosides
relies, at least in part, on their ability to bind directly the growth
factors, as observed for IFN/gangliosides interaction (7). Ac-
cordingly, incorporation of gangliosides in the plasma membrane
of IFN-insensitive, ganglioside-deficient cells leads to an in-
crease in cell sensitivity to IFN (8).

FGF2 is a M, 18,000 heparin-binding polypeptide that induces
proliferation, migration, and proteases production in cultured
endothelial cells and neovascularization in vivo (9). FGF2 inter-
acts with endothelial cells through three distinct classes of
receptors: the high-affinity tyrosine-kinase receptors [FGF re-
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ceptor (FGFR); ref. 10], the low-affinity heparan sulfate pro-
teoglycans (HSPGs; ref. 11), and o33 integrins (12). All these
receptors must be engaged by FGF2 to induce a full biological
response (11, 12).

Free gangliosides bind FGF2 (13). The interaction occurs
between the neuraminic acid (NeuAc) residue(s) of the gangli-
oside and the C terminus of the growth factor. By sequestering
FGF2, free gangliosides prevent its interaction with FGFRs, thus
inhibiting FGF2-mediated proliferation in endothelial cells (13).
On the other hand, cellular gangliosides promote FGF2-
mediated fibroblast proliferation (5). These observations raise
the possibility that the alternative binding of FGF2 to free or cell
surface-associated gangliosides may result in the inhibition or
enhancement of its biological activity, respectively, as observed
for FGF2-heparan sulfate interaction (11).

In this paper we demonstrate that cell membrane-associated
gangliosides are required for the mitogenic activity of FGF2 and
interact directly with the growth factor, thus acting as FGF2
co-receptors.

Methods

Chemicals. Human recombinant FGF2 was expressed and puri-
fied from transformed Escherichia coli cells (14). GM,, asialo-
GM;, fumonisin B; (FB;), phorbol 12-myristate 13-acetate
(TPA), and unlabeled and FITC-cholera toxin B subunit (CTB)
were from Sigma. D-Threo-1-phenyl-2-decanoylamino-3-
morpholino-1-propanol (PDMP) and D-1-threo-1-phenyl-2-
hexadecanoylamino-3-pyrrolidino-1-propanol-HCI (PPPP) were
from Matreya (Pleasant Gap, PA).

Cell Culture. Chinese hamster ovary (CHO)-K1 cells do not
synthesize complex gangliosides, including GM; (15), whereas
CHO-K1-pgsA745 cell mutants also lack the ability to synthesize
heparan sulfate (16). Wild-type CHO, CHO-K1, and CHO-K1-
pgsA745 cells were stably transfected with FGFR1 ¢cDNA (17,
18), thus generating the CHOflg7G, CHO-K1fIgXB, and CHO-
K1-pgsA745flg1A clones, respectively. Cell surface expression of
the different molecules in the various CHO cell lines is summa-
rized in Table 1. Cells were grown in Ham’s F-12 medium
supplemented with 10% FCS.

Transformed fetal bovine aortic endothelial GM 7373 cells
(19) were obtained from the National Institute of General
Medical Sciences, Human Genetic Mutant Cell Repository
(Institute for Medical Research, Camden, NJ). They were grown
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Table 1. Differential expression of cell surface molecules in the
CHO cell lines utilized in the present study

Cell line FGFRs HSPGs GM,

Wild-type CHO - + +
CHO-K1
CHO-K1-pgsA745
CHOflg7G
CHO-K1flgXB
CHO-K1-pgsA745flg1A

+ o+ o+
I+ + 1+
+

See text for further details.

in Eagle’s MEM containing 10% FCS, vitamins, and essential
and nonessential amino acids.

BALB/c mouse aortic endothelial 22106 cells (MAE cells)
were grown in Dulbecco’s modified Eagle medium containing
10% FCS (13).

Incorporation of Exogenous GM; in Cell Membranes. This was per-
formed as described (13). Briefly, GM 7373 or CHO cells were
seeded at 2,500 cells per cm?. After 16 h, they were incubated for
further 96 h in fresh medium containing 0.4% FCS alone or
added with 100 uM GM; or asialo-GM;. At the end of incu-
bation, cells were washed, trypsinized, and used for further
experimentation.

Cell Proliferation and DNA Synthesis Assays. Cell proliferation assay.
GM 7373 cells were seeded at 60,000 cells per cm? in 48-well
dishes. After overnight incubation, cells were incubated for 24 h
in fresh medium containing 0.4% FCS in the absence or in the
presence of FGF2. Then, cells were trypsinized and counted.
Under these experimental conditions, both CHOflg7G cells and
GM 7373 cells treated with 0.4% or 10% FCS undergo 0.1-0.2
and 1.0 cell population doublings, respectively. FGF2 and TPA
(both at 10 ng/ml) cause instead 0.7-0.8 cell population
doublings.

DNA synthesis assay. MAE cells were seeded at 25,000 cells per
cm? in 24-well dishes and incubated for 2 days with 0.5% FCS in
the absence or presence of 1 uM PPPP. Quiescent cell cultures
were then supplemented with FGF2 (10 ng/ml) or 10% FCS in
the absence or in the presence of PPPP and incubated for further
16 h at 37°C. At the end of incubation, cells were pulse labeled
with 3H-thymidine (1 wCi/ml; 1 Ci = 37 GBq) for 6 h. The

amount of radioactivity incorporated into the trichloroacetic
acid-precipitable material was then measured.

125]-FGF2 Binding Assay. FGF2 was iodinated at a specific radio-
activity equal to 800 counts per minute (cpm)/fmol (20). Naive
and GM;-overloaded CHO-K1-pgsA745 cells were incubated at
4°C in serum-free medium containing 0.15% gelatin, 20 mM
Hepes (pH 7.5), and the indicated concentrations of '>I-FGF2.
After 2 h, free '*I-FGF2 was removed, and bound radioactivity
was extracted by a 5-min incubation with 2.0 M NaCl in 20 mM
Hepes (pH 7.5) and measured. Nonspecific binding was mea-
sured in the presence of 250 wg/ml suramin and subtracted from
all of the values.

CTB Binding Assay. CHO cells were seeded at 40,000 cells per cm?
on glass coverslips. After 16 h, cells were incubated at 4°C in PBS
containing 50 pwg/ml FITC-CTB and 1% BSA. After 30 min, cells
were fixed in 4% paraformaldehyde in PBS. For competition
experiments, cells were incubated for 30 min at 4°C with FGF2
or unlabeled CTB (both at 500 ug/ml in 1% BSA) before
FITC-CTB addition. Observations were carry out under an
epifluorescence photomicroscope and FITC-CTB binding was
quantified by computerized image analysis.

Results

The role of cell surface gangliosides in mediating FGF2 activity
was investigated in endothelial cells. In a first set of experiments,
we evaluated the capacity of a series of ganglioside biosynthesis
inhibitors to affect the mitogenic activity of FGF2 in endothelial
GM 7373 cells. The inhibitors were: the ceramide synthase
inhibitor FB; (21); the glucosyl ceramide synthase inhibitor
PDMP (22); and the PDMP analogue PPPP that inhibits gan-
glioside biosynthesis without affecting the intracellular levels of
ceramide (23). GM 7373 cells were preincubated at 37°C with 10
uM FB; for 5 h, with 10 uM PDMP for 72 h, or with 1 uM PPPP
for 48 h. Then, cells were incubated a further 24 h at 37°C with
FGF2 or TPA (both at 10 ng/ml), or with 10% FCS. At the end
of incubation, cells were trypsinized and counted. As shown in
Fig. 14, all of the inhibitors tested caused a significant decrease
of the mitogenic activity exerted by FGF2 but not of that exerted
by serum or TPA. In agreement with these observations, PPPP
pretreatment causes a significant inhibition of DNA synthesis in
FGF2-treated MAE cells without affecting *H-thymidine incor-
poration triggered by 10% FCS (Fig. 1B). Thus, the impairment
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Fig. 1. Role of endogenous gangliosides on the mitogenic activity of FGF2 in endothelial cells. (4) GM 7373 cells were pretreated with FB;, PDMP, or PPPP as
described in Methods. Then, cells were further incubated with 10 ng/ml FGF2 (black bars), 10 ng/ml TPA (open bars), or 10% FCS (shaded bars). After 24 h, cells
were trypsinized and counted. (B) MAE cells were serum-starved in the absence (shaded bars) or in the presence (black bars) of PPPP. Then, cells were incubated
for 24 h with 0.5% FCS, 0.5% FCS plus 10 ng/ml FGF2, or 10% FCS, and pulse labeled with 3H-thymidine during the last 6 h of incubation. The amount of
radioactivity incorporated into trichloroacetic acid-precipitable material was then measured. Each point is the mean =+ SE of two determinations performed in
triplicate. **, P < 0.05 (Student’s t test). (C) GM 7373 cells were treated with 10% FCS (), 0.4% FCS alone (O) or added with 10 ng/ml of FGF2 (@), or TPA (»)
in the presence of increasing concentrations of CTB. After 24 h, cells were trypsinized and counted. Each point is the mean = SE of two to five experiments
performed in duplicate. In A and C, data are expressed as percent of cell proliferation with respect to control cells treated with the corresponding stimulus in
the absence of any inhibitor.

4368 | www.pnas.org/cgi/doi/10.1073/pnas.072651899 Rusnati et al.



08

06

04/
04}

0.2} 0.2

a2 wd 0
0 00101 1 10 3.0 30

mitogenic activity
(cell population doublings)

FGF2 (ng/ml) TPA (ug/ml)

Fig. 2. Effect of GM; overloading on the mitogenic activity of FGF2 in
endothelial cells. Naive (open symbols) and GM;-overloaded (black symbols)
GM 7373 cells were incubated for 24 h with FGF2 (A) or TPA (B; both at 10
ng/ml). Then, cells were trypsinized and counted. Data are expressed as cell
population doublings. Each point is the mean = SE of five experiments
performed in duplicate.

of ganglioside biosynthesis leads to a decreased capacity of
endothelial cells to respond to FGF2.

Endothelial cells express neuraminic acid-bearing GM3 and
GM, gangliosides (24, 25). GM; binds FGF2 with a potency
significantly higher than GM3 (13). To assess the possibility that
the lack of cell surface GM; was responsible for the observed
modulation of FGF2 activity, we evaluated the capacity of the
GM;-binding CTB (26) to affect the mitogenic activity of FGF2
in GM 7373 cells. To this purpose, cells were treated with FGF2
or TPA (both at 10 ng/ml) or with 10% FCS in the presence of
increasing concentrations of CTB. As shown in Fig. 1C, CTB
inhibited the mitogenic activity of FGF2 in a dose-dependent
manner without affecting cell proliferation triggered by serum or
TPA. In keeping with previous observations (27), CTB alone
exerted a slight increase of cell proliferation at the highest doses
tested. Thus, the occupancy of cell surface GM; by CTB
specifically hampers the capacity of GM 7373 cells to proliferate
when exposed to FGF2, raising the possibility that a direct
GM;-FGF2 interaction is required for the biological activity of
the growth factor.

On this basis, GM 7373 cell surface was enriched with GM; by
incorporation of exogenously added ganglioside. To this pur-
pose, cells were incubated for 96 h at 37°C in 0.4% FCS in the
absence or in the presence of 100 uM GM;. Under these
experimental conditions, ~2% of the originally added exoge-
nous GM; is incorporated into the cell membrane (13). Then,
GM;-overloaded cells were compared with naive cells for their
capacity to proliferate in response to FGF2 or TPA. As shown
in Fig. 24, FGF2 exerted a mitogenic response in GM;-
overloaded cells that was approximately 10 times more potent
than in naive cultures (EDsy equal to 0.2 and 1.5 ng/ml,
respectively). In contrast, GM;-overloading did not affect the
EDs, of TPA (Fig. 2B).

The characterization of a possible interaction of FGF2 with
GM; present on the outer leaflet of the plasma membrane of
endothelial cells might be hampered by the presence of various
FGF2-binding sites, including FGFRs, HSPGs, and o33 integrin
(10-12). In particular, the elevated binding capacity of HSPGs
may represent a serious impediment for the study of alternative
FGF2-binding sites. Indeed, we did not observe any effect of
GM,; overloading (13) or of FB;, PDMP, PPPP, or CTB treat-
ment (data not shown) on the capacity of '*I-FGF2 to bind to
GM 7373 cell surface. CHO cell mutants instead, already
exploited for investigating the FGF2 co-receptorial function of
HSPGs (28), may represent an useful tool to overcome this
difficulty. Indeed, different CHO cell clones have been gener-
ated that are genetically deficient for the synthesis of complex
gangliosides (CHO-K1 cells) or of both complex gangliosides
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Fig. 3. '%I-FGF2 binding to GMj-overloaded CHO-K1-pgsA745 cells. (A)

Naive (open bars) and GM;-overloaded (black bars) CHO-K1-pgsA745 cells
were incubated for 2 h at 4°Cwith 2%I-FGF2. Then, the amount of radioactivity
bound to the cells was evaluated as described in Methods. Each point is the
mean = SE of three experiments performed in duplicate. In B, the values of the
binding of '?I-FGF2 to naive cells were subtracted from the corresponding
binding values obtained in GM;-overloaded CHO-K1-pgsA745 cells and the
differential binding data were expressed as femtomoles of '25I-FGF2 bound
per well. The experiment is representative of three independent experiments
that gave similar results.

and heparan sulfate (CHO-K1-pgsA745 cells) (refs. 15 and 16;
Table 1). Also, CHO cells express very low levels of FGFRs
(=1,000 binding sites per cell, data not shown).

On this basis, we evaluated the capacity of '*I-FGF2 to bind
to naive and GM;-overloaded CHO-K1-pgsA745 cells. As shown
in Fig. 34, GM; overloading increases significantly the 2°1-
FGF2-binding capacity of CHO-K1-pgsA745 cells. The differ-
ential binding between GM;-enriched and naive cells is dose-
dependent and saturable (Fig. 3B). Scatchard plot analysis of the
differential binding data revealed that the interaction between
FGF2 and GM;-overloaded cells occurs with high affinity (Kq =
3 nM). Thus, the data suggest that '>I-FGF2 interacts with
exogenous GM; incorporated into the cell membrane of CHO-
K1-pgsA745 cells.

To substantiate this hypothesis, we evaluated the capacity of
FGF2 to compete with FITC-labeled CTB for the binding to
GM;-enriched CHO-K1 cells and wild-type CHO cells. Naive
CHO-K1 cells express HSPGs but not GM;, whereas wild-type
CHO cells express both cell surface molecules (Table 1). As
shown in Fig. 4, FITC-CTB binds efficiently to the surface of
wild-type CHO cells and of GM;-enriched CHO-K1 cells but not
of naive CHO-K1 cells. The binding was competed by a molar
excess of FGF2 or of unlabeled CTB (Fig. 4). Specificity of the
inhibition was supported by the observation that heat inactivated
FGF2 does not compete with FITC-CTB for cell binding (data
not shown), in keeping with its inability to interact with free
gangliosides (13). These data confirm the ability of FGF2 to
interact with cell membrane GM;. This interaction occurs also
in the presence of cell surface HSPGs.

Finally, we evaluated the role of cell membrane GM; in
mediating the biological activity of FGF2 in CHO cells. As stated
above, CHO cells express very low levels of FGFRs. Accordingly,
wild-type CHO cells and CHO-K1 cells proliferate in response
to serum and TPA, but not to FGF2, when tested under the same
experimental conditions used to assess the mitogenic activity of
FGF2 in endothelial GM 7373 cells (data not shown). On this
basis, two FGFRI1 transfectants originated from wild-type CHO
cells and CHO-KI1 cells were used for further experimentation.
The clones, named CHOflg7G cells and CHO-K1flgXB cells,
respectively, express approximately 30,000 FGFR1 molecules
per cell (17). In a first set of experiments, CHOflg7G cells were
treated with FGF2, TPA, or 10% FCS. The three mitogenic
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Fig. 4. Effect of FGF2 on the binding of FITC-CTB to CHO cells. (A) Naive CHO-K1 cells (open bar), GMj-overloaded CHO-K1 cells (shaded bars), and wild-type
CHO cells (black bars) were incubated in the absence or in the presence of FITC-CTB alone or added with a molar excess of unlabeled CTB or FGF2. Then, the amount
of cell-associated fluorescence was evaluated by computerized image analysis. Each data is the mean = SE of three to six microscopic fields. The experiments were
repeated two to four times with similar results. (B) Representative microphotographs of naive CHO-K1 cells treated with FITC-CTB alone (a) and of
GMs-overloaded CHO-K1 cells treated with FITC-CTB in the absence (b) or in the presence of a molar excess of unlabeled CTB (c) or FGF2 (d). (Original

magnification, X200.)

stimuli exerted a significant increase of cell proliferation, ranging
between 0.7-1.0 cell population doublings during the 24 h
incubation period, when compared with 0.4% FCS (0.1-0.2 cell
population doublings). As observed in endothelial cells, CTB
caused a dose-dependent inhibition of the mitogenic activity of
FGF2 also in CHOflg7G cells, without affecting cell proliferation
triggered by 10% FCS or TPA (Fig. 54). CTB alone exerted only
a slight increase of cell proliferation. Also, PPPP pretreatment
abolished the capacity of CHOflg7G cells to proliferate in
response to FGF2, without affecting the mitogenic activity
exerted by 10% FCS (data not shown).

At variance with CHOflg7G cells, GM;-deficient CHO-
K1flgXB cells did not proliferate in response to FGF2 (Fig. 5 B
and C), despite the similar levels of FGFR and HSPG expressed
by the two cell lines. However, GM; overloading restored the
capacity of CHO-K1flgXB cells to proliferate in response to
FGF2 (Fig. 5 B and C). Preloading of CHO-K1flgXB cells with
asialo-GM; was instead ineffective, in keeping with its incapacity
to bind FGF2 (13). Also, no significant differences were ob-
served between naive and GM;-enriched CHO-K1fIgXB cells in
their capacity to proliferate when stimulated by 10% FCS or
TPA (Fig. 5C). As observed in CHOfIg7G cells, CTB was able
to inhibit the mitogenic activity exerted by FGF2 in GM;-
overloaded CHO-K1fIgXB cells with no significant effects on cell
proliferation triggered by 10% FCS or TPA (Fig. 5D).

Taken together, the data indicate that cell membrane GM;
plays a critical role in mediating the mitogenic activity of FGF2
also in CHO cells.

Discussion

In this paper we demonstrate that cell membrane-associated
GM; binds FGF2 and acts as a functional co-receptor for the
growth factor in endothelial and CHO cells. These data extend
previous observations from our laboratory about the capacity of
FGF?2 to interact with free gangliosides in cell-free systems and
in vitro cell cultures (13).

The cholera toxin subunit CTB is a specific GM;-binding
protein (26). Accordingly, FITC-CTB binds to wild-type CHO
cells and GM;j-overloaded CHO-K1 cells but not to naive
CHO-K1 cells that lack complex gangliosides on their cell
surface (15). In both wild-type CHO cells and GM;-overloaded
CHO-K1 cells, FGF2 efficiently competes with FITC-CTB for
cell surface GM; interaction. Specificity of the competition is
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Fig.5. Role of cell-associated GM; on the mitogenic activity of FGF2 in CHO
cells. (A) CHOflg7G cells were treated for 24 h with 10% FCS (OJ), 0.4% FCS
alone (O), oradded with 10 ng/mI FGF2 (®) or 10 ng/mITPA (») in the presence
of increasing concentrations of CTB. (B) Naive (O), GMj-overloaded (®), and
asialo-GM-overloaded (A) CHO-K1fIgXB cells were incubated for 24 h with
increasing concentrations of FGF2. (C) Naive (open bars) and GM;-overloaded
CHO-K1flgXB cells (black bars) were incubated for 24 h in the absence of
mitogenicstimulus (control) or with 10% FCS, 10 ng/ml FGF2, or 10 ng/mI TPA.
(D) GM;-overloaded CHO-K1flgXB cells were incubated for 24 h with 10% FCS
(d), 10 ng/ml FGF2 (@), or 10 ng/ml TPA (2) in the presence of increasing
concentrations of CTB. In each experiment, cells were trypsinized and counted
atthe end of incubation. Data are expressed as percent of cell proliferation in
respect to control cells treated with the corresponding stimulus in the absence
of CTB (A and D) or as cell population doublings (B and C). Each point is the
mean = SE of three to five experiments performed in duplicate.
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confirmed by the inability of heat denatured FGF2 to compete
with FITC-CTB, in keeping with its incapacity to bind free
gangliosides in vitro (13). These data may have their in vivo
counterpart in the observation that CTB binding sites codistrib-
ute with FGF2 immunoreactivity within the zona compacta of
the substantia nigra in rat brain (29).

In agreement with the FITC-CTB competition experiments,
I2]-FGF2 binds exogenous GM; incorporated into the cell
membrane of ganglioside-enriched CHO-K1-pgsA745 cells.
These cells do not express significant amounts of GM; or of
HSPGs on their surface (16) and express very low levels of
FGFRs, thus representing an almost ideal system to evaluate the
interaction of FGF2 with alternative binding sites. Scatchard plot
analysis of the differential binding between GM;-enriched and
naive CHO-K1-pgsA745 cells indicates that the interaction of
125]-FGF2 with GM; occurs with an affinity (K4 = 3 nM) similar
to that observed for FGF2/HSPG interaction (11) and ~3-10
times lower than that reported for CTB/GM; interaction
(30, 31).

Several experimental evidences point to a role for the inter-
action of FGF2 with cell membrane GM; in mediating the
mitogenic activity of the growth factor. (i) Pretreatment of
endothelial GM 7373 and MAE cells with inhibitors of gangli-
oside biosynthesis decreases their responsiveness to FGF2. This
is in agreement with previous observations indicating that
ganglioside metabolism impairment affects the mitogenic activ-
ity of FGF2 in cultured fibroblasts (5). FB; and PDMP inhibit
ganglioside biosynthesis leading to the accumulation of ceramide
that may alter the signal transduction generated by several
growth factors, including FGF2 (32). However, the novel com-
pound PPPP hampers ganglioside biosynthesis without affecting
intracellular levels of ceramide (5, 23). The capacity of these
inhibitors, independently of their effect on ceramide turnover, to
prevent cell proliferation induced by FGF2 without affecting
proliferation induced by serum or TPA strongly supports the
hypothesis that cell surface gangliosides are required for the
mitogenic activity of FGF2. (if) GM;-binding CTB inhibits cell
proliferation triggered by FGF2 in endothelial GM 7373 cells
and in FGFR1-transfected CHO cells (CHOfIg7G cells). Again,
the effect is specific because CTB does not affect cell prolifer-
ation induced by serum or TPA. Control experiments demon-
strated that CTB does not interact directly with FGF2 in vitro
(M.R., unpublished observations) and with cell surface HSPGs
(33). Also, CTB does not compete for the binding of '*I-FGF2
to FGFRs and HSPGs (data not shown). Taken together, the
data support the hypothesis that CTB exerts its FGF2 antagonist
activity by preventing its interaction with cell surface GM;. (iii)
GM; overloading confers to FGFR1-transfected CHO-K1 cells
deficient in complex ganglioside biosynthesis (CHO-K1flgXB
cells) the capacity to respond to the mitogenic stimulus exerted
by FGF2. Also in this case, CTB suppresses the mitogenic
activity of FGF2, thus confirming that exogenous GM; incor-
porated into the cell membrane is responsible for the respon-
siveness of these cells to the growth factor.

Previous observations had shown that membrane-bound
gangliosides modulate the biological activity of various growth
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factors by affecting receptor binding, dimerization, and/or
autophosphorylation (refs. 3, 4, and 13, and references there-
in). GM; overloading causes a 2-fold increase of the affinity of
I2]-FGF2-FGFR interaction in FGFR1-transfected, complex
gangliosides/HSPG-deficient CHO-K1-pgsA745flg1A cells
(data not shown), thus indicating that cell membrane GM; may
mimic HSPGs for the ability to present FGF2 to its tyrosine
kinase receptors (9, 11, 28). However, kinetics and dose—
response experiments did not reveal any significant difference
between naive and GM;-enriched CHO-K1-pgsA745fig1A
cells in the FGF2-dependent phosphorylation of extracellular
regulated kinase-1/2 (ERKj.), a key component of FGFR
signal transduction pathway (34). Similarly, ganglioside bio-
synthesis inhibitors did not affect FGF2-dependent ERK; .,
activation in endothelial GM 7373 cells (data not shown). The
possibility exists that FGF2 interaction with membrane-bound
GM,; activates signal transduction pathway(s) complementary
to those activated by FGFR engagement. Indeed, CTB binding
to GM; triggers intracellular signaling and cell proliferation
(27). Accordingly, we observed a slight increase in the prolif-
eration rate of endothelial and CHO cells treated with CTB
alone. Relevant to this point, myelin basic protein induces cell
proliferation via the engagement of both membrane GM; and
FGFRs (35).

Free and cell-associated sulfated glycosaminoglycans bind
FGF2 and play contrasting roles in modulating the activity of the
growth factor (9, 11). Similarly, free and membrane-bound
gangliosides interact with FGF2 and differently affect its bio-
logical activity. Free molecules, via a law of mass action,
sequester FGF2 and hamper its interaction with cell surface
binding sites. Membrane molecules, in contrast, promote the
biological activity of FGF2. We found that GM; overloading
increases endothelial cell responsiveness to subsaturating con-
centrations of the growth factor (see Fig. 24). FGF2 levels
ranging between 10 pg/ml and 1.0 ng/ml are observed in serum
of tumor-bearing patients (36, 37), thus suggesting that a similar
effect may occur also in vivo.

Our data demonstrate that cell membrane GM; acts as a
FGF2 co-receptor by interacting with the growth factor and
promoting its biological activity. Modulation of the synthesis,
shedding, and membrane incorporation of gangliosides, as well
as of heparan sulfate glycosaminoglycans, are part of a com-
plex interplay in the regulation of the bioavailability and
biological activity of FGF2.
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