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Abstract

Fibroblast growth factor 2 (FGF2) induces endothelial cell migration and angiogenesis through
two classes of receptors: receptor tyrosine kinases, such as FGF receptor 1 (FGFR1), and heparan
sulfate proteoglycans, such as syndecan 4 (S4). We examined the distinct contributions of FGFR1
and S4 in shaping the endothelial response to FGF2. S4 determined the kinetics and magnitude of
FGF2-induced mitogen-activated protein kinase (MAPK) signaling by promoting the
macropinocytosis of the FGFR1-S4-FGF2 signaling complex. Internalization of the S4 receptor
complex was independent of clathrin and dynamin, proceeded from lipid raft-enriched
membranes, and required activation of the guanosine triphosphatases RhoG and Rab5. Genetic
knockout of S4, disruption of S4 function, or inhibition of Rab5 led to increased endocytosis and
MAPK signaling. These data define the mechanism by which FGFR1 and S4 coordinate
downstream signaling upon FGF2 stimulation: FGFRL1 initiates MAPK signaling, whereas S4-
dependent FGFR1 macropinocytosis modulates the kinetics of MAPK activation. Our studies
identify S4 as a regulator of MAPK signaling and address the question of how distinct classes of
FGFRs individually contribute to signal transduction in endothelial cells.

INTRODUCTION

Syndecan 4 (S4) is a transmembrane proteoglycan involved in the regulation of various
cellular processes, including cell adhesion and migration (1, 2). This broad spectrum of
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activity is derived from the ability of S4 to regulate the signaling of fibroblast growth factor
(FGF) receptors (FGFRs) and integrins and to signal independently as a growth factor
receptor.

As with other syndecans, S4 bears heparan sulfate chains on its extracellular domain that can
bind various heparan-binding growth factors and other families of transmembrane growth
factor receptors, such as integrins (2, 3). S4 signals largely through its short intracellular
domain, which includes a C-terminal PDZ (postsynaptic density, Discs large, zona
occludens 1) binding region in one of its two conserved domains (4). This PDZ-binding
domain binds various intracellular partners, including synectin (5). A variable region that is
unique to S4 enables S4 to bind and activate protein kinase C a (PKCa) (6). The PDZ-
binding domain has been implicated in orchestrating endothelial migration through the Rho
family guanosine triphosphatases (GTPases) RhoG and Racl (7), whereas the interaction
between S4 and PKCa promotes mTOR (mammalian target of rapamycin) complex 2
assembly and Akt activity (8).

In vivo disruption of signaling initiated by S4 or its binding partners affects various
physiological processes such as arterial development (9, 10), post-infarct myocardial
dysfunction (11), recovery from endotoxic shock (12), wound healing (13), and neural crest
development (14). The mechanism by which S4 regulates FGFR signaling has not been
established. Typically, syndecans and other heparan sulfate—carrying proteins are thought to
bind FGFs through their heparan sulfate chains, thereby facilitating FGF-FGFR binding and
stabilizing the formation of the receptor-ligand complex (15). However, recent studies of the
cytoplasmic signaling capabilities of S4 have suggested that there may be additional
mechanisms of proteoglycan-mediated regulation (1, 16, 17).

One mechanism investigated in the present study is receptor trafficking. Although cell
surface receptors may initiate signaling cascades from the membrane, numerous signaling
events require cytoplasmic localization, and the process of endocytosis can exert fine
spatiotemporal control over signaling (18). Analogous to specialized cell membrane
microenvironments that facilitate the formation of signaling complexes and receptor
activation [such as cholesterol and sphingolipid-enriched lipid rafts (19)], cytoplasmic
signaling is likewise thought to occur at specialized signaling compartments (20, 21). In the
case of FGFR1 signaling, receptor activation occurs at the cell membrane upon ligand
binding (15), although intracellular activation of the mitogen-activated protein kinase
(MAPK) pathway has also been reported (22).

Other proteins affecting receptor trafficking are the Rab family of GTPases, which play a
key role in regulating vesicle maturation and in determining whether vesicles are recycled or
undergo degradation (23, 24). Rab5 in particular has been implicated in the preliminary
stages of vesicular development into early signaling endosomes and thus links receptor
endocytosis and signaling (25, 26).

Given that S4 forms a ternary complex with its co-receptor (FGFR1) and their shared ligand
(FGF2), we examined the role of S4 in the regulation of FGFR1 endocytosis and signaling.
We report that FGFR1 uptake in response to FGF2 proceeds through a macropinocytic
pathway that is directly controlled by S4-dependent activation of RhoG. Furthermore,
whereas canonical MAPK signaling is initiated by FGFR1, its kinetics and magnitude are
regulated by S4-directed endocytosis. Thus, the control of FGFR1 trafficking by S4
represents a previously unknown mechanism of MAPK signaling regulation.

Sci Signal. Author manuscript; available in PMC 2013 November 14.
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Here, we tested the hypothesis that FGF2-mediated FGFR1 signaling is regulated by
receptor-initiated endocytosis and that S4 controls this process. We first examined how
FGFR1 becomes internalized upon ligand binding. Because specific and functionally
inactive antibodies directed against extracellular FGFR epitopes are lacking, we created an
FGFR1 construct containing an extracellular hemagglutinin (HA) tag (FGFR1-HA) and
expressed it in rat fat pad endothelial cells (RFPECs), which have low amounts of native
FGFR.

FGFR1-HA tyrosine autophosphorylation and subsequent ERK1/2 (extracellular signal—
regulated kinases 1 and 2) activation were detected within 30 s, and ERK1/2 activation
occurred within 2.5 min of FGF2 treatment (fig. S1A). Because divalent anti-HA antibodies
were used to determine subcellular FGFR1-HA localization in this system, we examined
whether these antibodies alone were sufficient to induce FGFR1-HA oligomerization and
receptor activation. Incubation with anti-HA antibodies or the same antibodies followed by
secondary antibodies did not appear to induce appreciable receptor phosphorylation and
ERKZ1/2 activation, as compared with a positive control of FGF2 stimulation (fig. S1B).
Thus, divalent anti-HA antibodies did not mimic ligand-induced receptor cross-linking and
activation, rendering them suitable for receptor localization studies.

To exclude the possibility that the addition of an HA tag interferes with signal sequence
function or receptor localization to the cell membrane, we stained RFPECs expressing the
FGFR1-HA construct with anti-HA antibodies without first subjecting them to membrane
permeabilization (fig. S1C). This revealed extensive membrane localization of the tagged
construct. We also verified the ability to wash bound anti-HA antibodies from the cell
surface by washing the antibodies with phosphate-buffered saline (PBS) at pH 2.5 (fig.
S1D). Finally, because the modification of extracellular receptor epitopes frequently
diminishes effective ligand binding, we sought to determine whether FGF2 binding was also
preserved in the FGFR1-HA construct. After 10 min of fluorophore-labeled FGF2
incubation, ligand was endocytosed and extensively colocalized with FGFR1-HA (fig. S1E).
A previously characterized S4—Fc receptor (S4-FcR) chimeric construct, which contains the
cytoplasmic and transmembrane domains of S4 fused to an extracellular human FcR (27),
was also used in these cells to confirm that the FGFR1 co-receptor S4 associated with
FGFR1 upon FGF2 treatment. These cells showed extensive colocalization of FGFR1-HA
and S4-FcR after FGF2 treatment (fig. S1F). Together, these data indicate that RFPECs with
stable FGFR1-HA expression exhibit appropriate receptor activation, signaling co-receptor
association, and endocytosis in response to ligand binding.

We next concentrated on defining the mechanisms of endothelial FGF2—induced FGFR1
internalization. Signaling complexes are often organized in lipid rafts, discrete regions of the
plasma membrane enriched in cholesterol and sphingolipids (28). Because S4 is localized to
lipid rafts and taken up through the macropinocytic pathway (29), we evaluated the role of
lipid rafts and macropinocytosis in the uptake of FGFR1. FGFR1 colocalized with two
markers of lipid raft—-enriched membrane regions, cholera toxin B and a
glycosylphosphatidylinositol (GP1)—-anchored green fluorescent protein (GFP) construct
(30), thus demonstrating that FGFR1 was localized to these membrane microdomains (Fig.
1, A and B). Furthermore, cholesterol depletion by methyl -cyclodextrin revealed that
FGFR1 endocytosis was inhibited in the absence of membrane-associated cholesterol (Fig.
1C). We conclude that FGFR1 is present in lipid rafts, and dissolution of these membrane
subdomains by cholesterol depletion precludes receptor uptake.

Sci Signal. Author manuscript; available in PMC 2013 November 14.
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To evaluate the contribution of macropinocytosis to FGFR1 uptake, we used labeled neutral
70-kD dextran, a marker for macropinocytosis (31, 32). FGF2 was localized in
macropinocytic vesicles (Fig. 1D), and treatment with amiloride, an inhibitor of
macropinocytosis (33), resulted in decreased uptake of both 70-kD dextran and FGFR1 (Fig.
1, E and F). Transferrin, a marker of clathrin-mediated endocytosis, was used as a control in
these studies to demonstrate that amiloride selectively inhibits macropinocytosis, leaving
transferrin uptake unaffected.

To further confirm the key role of macropinocytosis in FGFR1 trafficking, we examined the
potential contributions of other endocytic pathways to FGFR1 uptake, beginning with
clathrin-mediated endocytosis. Cells transfected with a GFP-tagged clathrin light chain
construct exhibited minimal colocalization of this construct with FGFR1-HA after 5 and 15
min of FGF2 incubation (Fig. 2A). This lack of colocalization was also observed between
FGF2 and clathrin (Fig. 2B) and between FGF2 and transferrin (a marker of clathrin-
mediated endocytosis) in primary endothelial cells (Fig. 2C). The adaptor protein AP180 is
also an integral component of clathrin-mediated endocytosis (34). Transfection with a
dominant-negative form of AP180 (AP180C) had no effect on FGFR1-HA uptake (Fig. 2D),
further demonstrating that clathrin-mediated endocytosis is dispensable in FGFR1 uptake.
Because the use of anti-HA antibodies might influence the endocytic pathway taken by the
FGFR1-HA construct, we incubated cells with FGF2 alone and assessed the localization of
both FGFR1-HA and GFP-tagged clathrin light chain after cell fixation and permeabilization
(Fig. 2E). As in Fig. 2A, we did not observe substantial colocalization of clathrin and
FGFR1-HA. Finally, knockdown of clathrin heavy chain with small interfering RNA
(SiRNA) in primary endothelial cells did not affect the rate or degree of FGFR1
internalization (Fig. 2F). Thus, FGF2-induced FGFR1 endocytosis in endothelial cells is
clathrin-independent.

We next examined whether dynamin 2 is involved in FGFR1 endocytosis. Expression of a
dominant-negative (K44A) form of GFP—dynamin 2 did not impede the process of FGFR1
internalization (Fig. 3, A and B), whereas transferrin uptake was inhibited (Fig. 3C).
Similarly, siRNAs directed against dynamin 2 in primary murine endothelial cells did not
affect FGFR1 uptake (Fig. 3D).

Another mode of endocytic trafficking originates from flask-shaped membrane structures
denoted caveolae and is associated with the caveolin protein family (35). To exclude the
possibility that FGFR1 endocytosis is caveolin-dependent, we examined whether FGFR1
localizes with caveolin 1. We did not observe substantial colocalization between FGFR1-
HA and GFP-caveolin 1, particularly at the cell membrane (Fig. 3E). Furthermore,
endocytosis of FGFR1 was not affected in pulmonary endothelial cells from caveolin 1
knockout mice (Fig. 3F).

We next addressed the role of macropinocytosis of FGFR in FGF2-mediated signaling by
assessing activation of ERK1/2. The GTPase Rab5, which is required for vesicular
maturation, is critical for macropinocytosis (26) and FGFR1-mediated activation of ERK1/2
(36). We therefore explored the possibility that Rab5 is specifically required to link FGF2-
initiated internalization with downstream signaling. In agreement with previous observations
in HeLa cells (36), dominant-negative Rab5 inhibited FGF2-mediated activation of ERK1/2
in endothelial cells (fig. S2A). In endothelial cells, FGFR1-HA colocalized extensively with
GFP-Rab5 (Fig. 4A, second panel from the right). Overexpression of cytosolic fluorescent
proteins can result in nonspecific targeting toward multiple cytoplasmic compartments; to
exclude the possibility that Rab5-GFP and FGFR1-HA colocalization represented an
overexpression artifact, we concurrently introduced a red fluorescent protein (RFP)
construct as a control for nonspecific fluorescent protein localization. Calculation of the
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GFP-Rab5/RFP ratio at each pixel demonstrates that GFP-Rab5 was specifically enriched at
FGFR1-HA-positive endosomes (Fig. 4B, right-most panel).

Rab5 must be activated after it localizes to macropinosomes to facilitate vesicular
maturation to early or signaling endosomes (25). We used fluorescence resonance energy
transfer (FRET)—based imaging to visualize the activity of Rab5 (25) in living cells after
FGF2 treatment. The formation of cellular protrusions (Fig. 4B, arrowhead) and membrane
ruffling (inset) became apparent after 5 min of FGF2 treatment, and the internalization of
macropinosomes became prominent by 8 min (Fig. 4B, inset). Rab5 activity became a
predominant feature at macropinosomes after 9 min and exhibited an oscillating pattern of
activation and deactivation consistent with previous reports of live-cell Rab5 imaging during
phagocytosis (25). Vesicular Rab5 activity ceased after 13 min because the vesicle is
transported toward recycling or degradative endosomes. These results indicate that Rab5
localizes to FGFR1-HA—positive vesicles, becomes activated at these vesicles, and is
necessary for downstream ERK1/2 activation after FGF2 stimulation. Rab5-dependent
maturation of nascent vesicles into signaling endosomes thus represents the indispensable
link between FGF2-mediated endocytosis and canonical MAPK signaling.

Given that S4 promotes RhoG activation (7) and the role of RhoG in macropinocytosis (37),
we next concentrated on the role of S4 in regulating the endocytosis and signaling of
FGFR1. The amount of receptor uptake at 15 min was increased by expression of a
constitutively active RhoG construct (V12) and decreased by the RhoG-blocking peptide
RhoGIP122 (38) (Fig. 5A). To further assess whether RhoG is involved in FGFR1-HA
uptake, we introduced wild-type or mutant forms of SGEF, a RhoG-specific guanine
nucleotide exchange factor (GEF) (37). After 15 min of FGF2 stimulation, the presence of
dominant-negative SGEF inhibited uptake of FGFR1-HA (Fig. 5B).

Because RhoG activity is increased in the absence of S4 (7), we hypothesized that
macropinocytosis would be constitutively increased in S47/~ endothelial cells. Indeed,
uptake of endogenous FGFR1 was accelerated in $47/~ compared to wild-type primary lung
endothelial cells (Fig. 5C). Total endogenous FGFR1 abundance did not appear to differ
between wild-type and S4 knockout endothelial cells, thus suggesting that the differences in
uptake of FGFR1 were not due to variation in receptor abundance (fig. S2B).

Given that S4 forms a signaling complex with its co-receptor FGFR1, we examined the role
of S4 in the regulation of FGFR1 endocytosis. Using the S4-FcR chimeric construct (FcR-
S4) (27), we quantified FGFR1 uptake upon antibody-mediated chimera oligomerization of
the FCR-S4 construct (fig. S2C). S4 assembles a complex that inhibits RhoG activity through
S4’s intracellular PDZ domain by binding to synectin at this site. Deleting the terminal
cytoplasmic amino acid abrogates the binding ability of the PDZ domain and results in
constitutively high RhoG activity (7). We measured the effect of disrupting the PDZ domain
in S4 (FcR-PDZ™) and of synectin knockdown, both of which result in increased RhoG
activity (7). FcR-S4 uptake was increased in both cases, indicating that synectin and the
PDZ domain of S4 (both of which are required for the suppression of RhoG activity)
likewise regulate FGFR1 endocytosis. Collectively, these findings demonstrate that S4
controls the rate of FGFR1 and S4 co-receptor macropinocytosis through RhoG.

Consistent with the notion that the internalization of activated receptors into signaling
endosomes is required for effective ERK1/2 activation (21, 39), we found that ERK1/2
activation was enhanced and its deactivation was delayed in S4 knockout cells (Fig. 5, D and
E). Because previous studies have focused on FGFR1 activation and Rho GTPase activity in
epithelial cells, we conducted additional experiments to determine whether the effect of S4
on FGF2-mediated ERK1/2 activation is an endothelial cell-specific phenomenon. Using a
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well-characterized epithelial cell line (HeLa), we used a FRET-based biosensor to measure
ERK activity (40) after FGF2 stimulation. Compared to Western blotting, this approach
affords greater temporal resolution and the ability to monitor activity changes in living cells.
Cells expressing the form of S4-FcR lacking the PDZ-binding motif (PDZ-) exhibited a
prolonged time course of ERK1/2 activation compared with cells expressing the form of S4-
FcR with the full-length cytoplasmic tail. These data confirm our Western blot analyses of
ERKZ1/2 activation and demonstrate that S4’s influence over ERK activity is not unique to
endothelial cells.

Our findings demonstrate that S4 directs signaling and endocytosis of FGFR1 through
RhoG- and Rab5-dependent macropinocytosis of the ligand and co-receptor complex.
Abrogation of S4 signaling (either by genetic knockout or by mutation of the PDZ domain)
leads to heightened RhoG activity and a higher basal rate of receptor uptake, resulting in
enhanced ERK1/2 activation and slower ERK1/2 deactivation kinetics. Thus, S4 controls the
duration of ERK1/2 activation. These results establish a unified model by which S4 and
FGFR1 influence the cell’s response to FGF2 (Fig. 6).

DISCUSSION

Receptor endocytosis, trafficking, and signaling are inextricably linked processes that
influence the cellular response to growth factor stimulation. In the endothelium, FGF
signaling promotes cell survival and vascular stability (41). Although the magnitude and
kinetics of the involved signaling networks are stringently regulated, the mechanisms by
which these parameters are modulated have thus far remained poorly understood. Here, we
show that two FGFRs—a tyrosine kinase receptor FGFR1, the predominant FGFR in
endothelial cells (42), and a non-tyrosine kinase receptor S4—cooperate to modulate
MAPK activation. The cooperation is achieved by S4-dependent modulation of FGFR1
endocytosis through RhoG- and Rab5-dependent macropinocytosis.

Previous studies of FGFR trafficking have relied on indirect evidence from FGFR-GFP
fusion constructs (43) or immunohistochemistry with antibodies against the cytoplasmic
domains of FGFR (44) to determine subcellular localization. However, neither method can
distinguish between FGFRs originating at the cell membrane and those in nascent
cytoplasmic pools of recycling endosomes. Likewise, techniques of labeled ligand tracking
do not effectively isolate particular FGFR isoforms because these ligands bind to, and are
internalized with, all four high-affinity tyrosine Kinase receptors and heparan sulfate
proteoglycans (45).

We focused on S4-dependent activation of RhoG because RhoG promotes membrane
ruffling and macropinocytosis (37, 46). The effects of endocytic regulation upon ERK1/2
activation highlight the importance of S4 and RhoG in FGF signaling. In agreement with
enhanced activation of RhoG and, consequently, of macropinocytosis in S47/~ cells, we
observed enhanced ERK activation and delayed deactivation with both a FRET-based
approach and conventional Western blotting. These findings contrast with a recent study
using S4 siRNA in human umbilical vein endothelial cells (HUVECS), which showed by
Western blot analysis that activation of ERK is diminished in the absence of S4 (11). These
discrepancies could result from a nonspecific SiRNA effect on relevant signaling molecules.
They might also represent disparities in the signaling between endothelial cells derived from
different tissues or species. In our study, we used two endothelial models (primary
endothelial cells derived from S4*/* and S4/~ mice and immortalized rat endothelial cells
with S4 chimeric constructs to isolate the effect of its critical PDZ-binding domain) and both
Western blotting analysis and a more sensitive FRET-based quantitative approach to
independently characterize the role of S4 in shaping the dynamics of ERK1/2 signaling.

Sci Signal. Author manuscript; available in PMC 2013 November 14.
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Another controversy involves the endocytic fate of activated FGFR1. Using endothelial
cells, we observed FGFR1 uptake exclusively through a macropinocytic pathway. However,
other studies have shown that FGFRL is also able to undergo clathrin-mediated endocytosis.
For example, a synaptotagmin-related protein E-Syt2 has been reported to be involved in
FGFR1 uptake through clathrin-mediated endocytosis in Xengpus embryos and human
embryonic kidney (HEK) 293T cells (47). Another study with U20S cells likewise
suggested that uptake of FGF1 is diminished by clathrin knockdown, although receptor
uptake was not directly measured (48). Finally, a modestly increased surface—to—
cytoplasmic localization ratio of enhanced GFP (EGFP)-fused FGFR1 in PC12 cells was
observed after inhibition of clathrin-mediated endocytosis with chlorpromazine (49).
However, other studies support the present finding of clathrin-independent uptake of FGFR,
including the observation of FGFR4 in caveolin-containing compartments upon FGF1
stimulation (50) and the lack of effect of a dominant-negative Eps15 construct on the
nuclear translocation of FGFR1 (44).

Three interpretations potentially reconcile these findings. First, depending on cell type, both
clathrin-dependent endocytosis and macropinocytosis might represent predominant modes
of receptor uptake. Second, both pathways may exist as endocytic alternatives within the
same cell, depending on ligand type and concentration, specific co-receptor association, or
other protein factors that influence intracellular fate. Other transmembrane receptors, such as
the transforming growth factor—p receptors (TGFfBRS), can be internalized by both pathways
(51). Similarly, the epidermal growth factor receptor (EGFR) is internalized by different
pathways, including clathrin-dependent endocytosis [reviewed in (52)] and a pathway that
depends on membrane ruffling (53), potentially mirroring the endocytic possibilities
available to FGFRL1. Finally, clathrin-mediated endocytosis might represent an early stage of
receptor endocytosis, whereas macropinocytosis might encompass a delayed, more inclusive
mechanism of receptor internalization.

With these possibilities in mind, our studies in primary and immortalized endothelial cells
comprehensively address the endocytic regulation of FGFR1 signaling and suggest that
clathrin- and caveolin-mediated endocytosis are dispensable, whereas macropinocytosis
represents the predominant mode of both endocytosis and signal modulation of FGFR1 by
S4. Similarly, S4 can initiate caveolin-dependent endocytosis of integrins, another class of
S4 co-receptors (54). The study further highlights S4’s role as a regulator of co-receptor
internalization, in this case by a separate endocytic pathway. Thus, it appears that S4 can
direct various endocytic fates for receptors that are determined by specific co-receptor
binding.

Lipid rafts have been reported to be essential components of macropinocytosis (55, 56).
Previous studies have yielded indirect evidence to support the notion that cholesterol-
enriched membrane microdomains are required for effective FGFR1 signaling (57),
supporting our findings that FGFR1 localizes to lipid raft regions of the cell membrane and
that these microdomains are required for receptor uptake.

Finally, in our studies, Rab5 emerged as a salient feature of FGF2-mediated signaling and
endocytosis. Rab5 is a requisite component of macropinocytosis (26) and is required for the
maturation of nascent vesicles (25), leading to appropriate sequential trafficking. Rab5 is an
essential component of FGF signaling (36) and nuclear translocation of FGFR1 (44). Using
live-cell imaging, we demonstrated the ability of Rab5 to specifically localize to vesicles
containing FGFR1, S4, and FGF2 and to become activated at these nascent
macropinosomes, and confirmed the requirement for FGF2-mediated signal transduction
through the MAPK pathway. Thus, Rab5 represents an indispensable link between receptor
endocytosis and signaling. Its role in vesicular maturation suggests that, as has been
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speculated for various systems involving ERK activation, FGFR1-mediated signal
transduction is not optimally active at the membrane, but instead from within a mature
signaling endosome (21, 58).

Thus, FGFR1 and S4 are independent receptors with co-dependent signaling roles. S4-
mediated modulation of FGF2-induced FGFR1 endocytosis and MAPK signaling represents
a previously unappreciated mechanism of crosstalk between the two receptors binding the
same ligand.

Cell culture and transfection

RFPECs and HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Cambrex) containing 10% fetal bovine serum (FBS), penicillin (100 U/ml), and
streptomycin (100 pg/ml) (Mediatech). RFPECs with stable expression of FGFR1-HA were
selected by culturing cells in G418 (1 mg/ml) with subsequent fluorescence-activated cell
sorting. All experiments were performed with these pooled cell populations. RFPECs with
stable expression of the S4-FcR and S4-FcR (PDZ-) chimeras (27) were used for S4
clustering studies. The S4-FcR (PDZ-) mutant includes a single amino acid truncation at the
cytoplasmic terminus (59). Primary pulmonary or cardiac murine endothelial cells from
wild-type and S4 knockout mice were isolated by harvesting murine lungs or hearts and
subjecting them to fine mincing and digestion in 25 ml of 0.2% (w/v) collagenase at 37°C
for 45 min. The crude cell preparation was pelleted and resuspended in Dulbecco’s PBS
(DPBS). The cell suspension was incubated with PECAM-1 (platelet endothelial cell
adhesion molecule 1)—coated beads [immunoglobulin G (IgG) Dynal beads, Dynal
Corporation] at room temperature for 10 min with end-over-end rotation. The bead-bound
cells were recovered with a magnetic separator, washed with DMEM containing 20% FBS,
suspended in 12 ml of complete culture medium [DMEM containing 20% fetal calf serum
supplemented with heparin (100 pug/ml), endothelial cell growth factor growth supplement
(100 pg/ml, Biomedical Technologies), nonessential amino acids, sodium pyruvate, -
glutamine, and antibiotics at standard concentrations], and then plated in fibronectin-coated
75-cm? tissue culture flasks. Transfection of RFPECs was performed with FUGENE 6
(Roche) or Amaxa (Amaxa Inc.), and transfection of HeLa cells was performed with
293Fectin (Invitrogen) according to the manufacturers’ protocols.

Complementary DNA constructs, antibodies, and reagents

FGFR1-HA was created with complementary DNA for human FGFR1 Ilic. The HA
sequence (5'-TACCCATACGAIGTICCAGATTACGCT-3") was cloned distal to the first
extracellular immunoglobulin loop of the receptor by Hind I11 and Not I restriction digestion
and subsequently confirmed by nucleotide sequencing.

Mouse monoclonal anti-HA 1gG was obtained from Covance. Rabbit monoclonal phospho-
ERK1/2 and mouse monoclonal total ERK1/2 antibodies were from Cell Signaling. Rabbit
polyclonal B-actin antibodies were from Abcam. Rabbit polyclonal anti-FGFR1 was
purchased from Santa Cruz. GFP-tagged clathrin light chain was a gift from J. Keen
(Thomas Jefferson University). Myc-tagged AP180C was a gift from H. McMahon (Scripps
Institute). Wild-type dynamin 2 and K44A constructs were a gift from M. McNiven (Mayo
Clinic). GFP-tagged caveolin 1 was a gift from R. Stan (Dartmouth Medical School). Alexa
Fluor 647-labeled transferrin and Texas Red-labeled 70-kD dextran were from Invitrogen.
All Rab5 constructs and the EKAR (ERK activity reporter) FRET biosensor were described
previously (25, 40). RhoG wild type, V12, and A37 mutants were a gift from H. Katoh
(Kyoto University). RhoGIP122 was a gift from A. Blangy (Montpelier University). GFP-
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SGEF and GFP-SGEF (DN) were a gift from M. Schwartz (Yale University). GFP-GPI was
a gift from S. Mayor (National Centre for Biological Sciences, India). Methyl p-cyclodextrin
and amiloride were purchased from Sigma-Aldrich. Lipid rafts were labeled with cholera
toxin B from Invitrogen according to the manufacturer’s protocols.

FGF2 was labeled with Alexa Fluor 488 (Invitrogen) as follows. To protect the S4 binding
sites, we adsorbed FGF2 (1 mg) to 0.5-ml bed volume heparin-Sepharose beads (Amersham
Biosciences). The beads were washed with ice-cold 0.1 M NaHCO3 and resuspended in 1 ml
of ice-cold 0.1 M NaHCO3 (pH 8.2). Alexa Fluor 647 succinimidyl ester was added (0.5 mg
in 0.2 ml of 0.1 M NaHCO3) and the mixture was shaken for 1 hour at 4°C. The supernatant
was drained and the column was washed with 4 ml of tris-buffered saline (TBS) and 2 ml of
10 mM tris/0.3 M NaCl (pH 7.5). Labeled FGF2 was eluted with 2 ml of 10 mM tris/2 M
NaCl (pH 7.5) and desalted with two Hi-Trap desalting cartridges connected in series and
elution with tris-buffered saline. The FGF2-containing fraction was concentrated in an
Amicon 10-kD centrifugal filter (Millipore) and protein concentration was determined by
spectrophotometry. The dye/FGF2 labeling ratio was 0.5:1, which was intended to be low so
as not to interfere with the biological function of FGF2.

Western blotting and biotinylation studies

For Western blotting, cells were placed on ice and lysed with ice-cold NP-40 buffer
containing Complete Mini Protease Inhibitor Cocktail (Roche). The lysate was added to
sample buffer (Pierce), boiled for 5 min, and analyzed by SDS—polyacrylamide gel
electrophoresis (SDS-PAGE). For all Western blots, 12% polyacrylamide gels (Bio-Rad)
were used.

Biotinylation studies were performed as follows. Primary murine heart endothelial cells
were plated on fibronectin-coated dishes, grown to confluence, and starved 24 hours before
assay. The cells were placed on ice and were treated with biotin for 30 min before being
washed with ice-cold medium three times. Cells were then treated with FGF2 (50 ng/ml) and
returned to 37°C for the indicated times. Biotin remaining on the cell surface was then
stripped by reducing with glutathione, and glutathione was then quenched by rinsing with
PBS containing iodoacetamide (5 mg/ml). Cells were then lysed with NP-40 buffer
containing protease inhibitors, as above. The lysate was incubated with 75 pl of NeutrAvidin
agarose overnight at 4°C. The agarose beads were then washed three times with PBS, boiled
in sample buffer, and analyzed by SDS-PAGE.

Endocytosis assays

For microscopic imaging of endocytosis, cells were plated on glass-bottomed dishes, grown
to 75% confluence, transfected 48 hours before assay with the indicated constructs, and
serum-starved in medium containing 0.5% FBS for 24 hours before assay. Cells were treated
with FGF2 (50 ng/ml) and anti-HA mouse 1gG (1 pg/ml) to initiate endocytosis for the
indicated time points. They were then placed on ice and washed once with ice-cold acidic
PBS (pH 2.5) and three times with ice-cold PBS. Fixed sections were prepared by transfer of
cells growing on fibronectin-coated glass-bottomed dishes to ice, washing once with ice-
cold PBS, and fixation with 4% parafomaldehyde/PBS at room temperature for 10 min.
Samples were then washed three times with PBS and incubated with 0.1% Triton X-700 for
10 min for permeabilization where indicated. They were blocked with 1% bovine serum
albumin (BSA)/PBS for 30 min at room temperature before antibody incubation. Primary
antibody incubation with anti-mouse 1gG (1 pg/ml) and other indicated antibodies was 1
hour at room temperature followed by three washes with PBS, a secondary antibody
incubation (as indicated) for 1 hour at room temperature, and three successive washes with
PBS before imaging.
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Quantitative analyses of microscopy images were performed by imaging cells under
identical image acquisition settings for each experiment. Regions of interest were selected,
and mean luminance was measured as an estimate of endocytosed fluorophore. Standard
statistical analyses were then performed as described in each condition. Results were
normalized to positive control cells with maximal endocytosis measured at 45 min.

For quantitative analyses of endocytosis by flow cytometry, cells were plated on fibronectin-
coated dishes, grown to 75% confluence, transfected 48 hours before assay with the
indicated constructs, and serum-starved in medium containing 0.5% FBS for 24 hours before
assay. Cells were placed on ice and incubated with anti-HA mouse 19gG (1 pg/ml) for 10 min
to label cell surface FGFR1-HA. They were then washed three times with ice-cold PBS and
incubated with FGF2 (50 ng/ml) and anti-mouse 1gG (1 pg/ml) at 37°C for the indicated
times. The cells were then returned to ice and washed once with ice-cold acidic PBS (pH
2.5) and three times with ice-cold PBS. They were then trypsinized, incubated with PBS
containing 5% BSA, and analyzed by flow cytometry.

Live-cell imaging of FRET probes was performed by excitation of cyan fluorescent protein
(CFP) and measurement of both CFP and yellow fluorescent protein (YFP) emission in cells
transfected with the indicated probes (60). These studies were performed with an Olympus
IX-81 environment-controlled (set to 37°C) wide-field microscope with an Olympus oil
immersion 60x objective [numerical aperture (NA) = 1.4]. MetaMorph software was used
for acquisition. The filters used for the dual-emission imaging were obtained from Omega
Optical: an XF1071 (440AF21) excitation filter, an XF2034 (455DRLP) dichroic mirror,
and two emission filters [XF3075 (480AF30) for CFP and XF3079 (535AF26) for FRET].
The imaging medium was phenol red—free DMEM/F12 (1:1 ratio) supplemented with 1%
BSA and covered by mineral oil (Sigma-Aldrich) to prevent evaporation. The camera used
for these studies was a CoolSNAP HQ model (Roper Scientific).

Confocal imaging of fixed cells was performed at room temperature with PBS as imaging
medium by means of an Olympus FVV1000 system equipped with an Olympus oil immersion
60x objective (NA = 1.35) with Olympus FluoView software for acquisition. All figures
were assembled with Adobe Photoshop and Illustrator software.

Quantitative analyses

Western blots were scanned with either the G:Box (Syngene) or the Odyssey (Li-Cor) and
quantified with GelEval software (FrogDance). FRET ratio and total fluorescence ratio
analyses were performed with MetaMorph software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

FGFR1 endocytosis originates at lipid rafts and occurs via macropinocytosis. (A) Lipid raft—
enriched regions of the plasmamembrane were labeled in RFPECs with Alexa Fluor 594—
conjugated cholera toxin B. 7= 8 cells in three independent experiments. (B) RFPECs
expressing FGFR1-HA were transfected with GFPGPI and treated with FGF2 to initiate
endocytosis. /7= 12 cells per condition in three independent experiments. (C) Cells were
treated with vehicle or methyl B-cyclodextrin to deplete membrane cholesterol and then
labeled with anti-HA antibodies and treated with FGF2 to initiate FGFR1-HA endocytosis.
Staining is shown after 15 min of endocytosis. Quantification is for eight cells per condition.
P<0.01 by ¥ test. DIC, differential interference contrast. (D) Primary murine pulmonary
endothelial cells were incubated with neutral Texas Red—70-kD dextran and Alexa Fluor
647-FGF2. (E) Quantification of FGF2 and dextran colocalization from (D). (F) Cells were
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prepared for FGFR1 endocytosis assay and preincubated with either vehicle (left panels) or
amiloride (right panels) and then treated with FGF2, Texas Red-conjugated 70-kD dextran,
and Alexa Fluor 647—conjugated transferrin. (G) Quantification of (F) with eight cells per
condition. *P< 0.01, **P< 0.01 by X2 test. Scale bar, 10 ym. Insets represent
magnifications of bordered regions.
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Fig. 2.

FGFR1 endocytosis is clathrin-independent. (A) RFPECs stably expressing FGFR1-HA
were transfected with GFP-tagged clathrin light chain, serum-starved, and treated with FGF2
for the indicated times. Internalized FGFR1-HA was stained with anti-HA antibodies.
Twenty-two cells were imaged in three experiments. (B) Primary murine pulmonary
endothelial cells were transfected with GFP-tagged clathrin light chain, serum-starved, and
treated with Alexa Fluor 647-labeled FGF2 for the indicated times. Thirteen cells were
imaged in three experiments. (C) RFPECs with stable FGFR1-HA expression were treated
with FGF2 and Alexa Fluor 647—transferrin for the indicated time points. Twenty-one cells
were imaged in three experiments. (D) RFPECs stably expressing FGFR1-HA were
transfected with myc-tagged AP180C and treated with FGF2, as above. Eleven cells were
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imaged in two experiments. (E) RFPECs expressing FGFR1 and GFP-tagged clathrin light
chain were treated with FGF2 and labeled with anti-HA antibodies. Minimal colocalization
of the two constructs was observed except in perinuclear vesicles (white). Sixteen cells were
imaged in three experiments. Scale bar, 10 ym in all images. Insets represent magnifications
of the indicated regions. (F) Primary murine pulmonary endothelial cells were transfected
with either clathrin or control siRNA, serum-starved, exposed to surface biotinylation, and
treated with FGF2 for the indicated times. Western blotting was performed to measure
biotinylated internalized FGFR1. Quantification represents data from three Western blots.
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Fig. 3.

FGFR1 endocytosis is dynamin- and caveolin-independent and involves Rab5 activation. (A
and B) Internalized FGFR1-HA was imaged in RFPECs stably expressing FGFR1-HA that
were transfected with either GFP-tagged wild-type (WT) dynamin 2 or GFP-tagged dynamin
(K44A), serum-starved, and treated with FGF2. Quantification is for 13 cells in each
condition over three experiments. (C) Cells transfected with GFP-tagged dynamin 2 (K44A)
were prepared as above and incubated with Alexa Fluor 647—conjugated transferrin as a
positive control. 7= 11 cells over two experiments. (D) Primary murine pulmonary
endothelial cells were transfected with either dynamin 2 or control siRNA, serum-starved,
exposed to surface biotinylation, and treated with FGF2 for the indicated times. Western blot
analysis was performed to measure biotinylated internalized FGFR1. Quantification
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represents data from threeWestern blots. (E) RFPECs expressing FGFR1-HA were
transfected with GFP-tagged caveolin 1 and serum-starved before FGF2-induced receptor
endocytosis. Images shown were after 10 min of FGF2 treatment. Quantification represents
12 cells per condition over three experiments. (F) Primary pulmonary endothelial cells from
WT or caveolin 1 knockout mice were serum-starved, exposed to surface biotinylation, and
treated with FGF2 for the indicated times. Western blot analysis was performed to measure
biotinylated internalized FGFR1. Quantification represents data from three Western blots.
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FGFR1 endocytosis involves Rab5 activation. (A) RFPECs stably expressing FGFR1-HA
were cotransfected with RFP and GFP-Rab5. Cells were serum-starved, labeled with mouse
anti-HA antibody, stimulated with FGF2, and stained with Alexa Fluor 647—conjugated anti-
mouse antibodies. Five cells were imaged over two experiments. (B) Live-cell wide-field
imaging was performed on RFPECs expressing FGFR1-HA that were transfected with
Raichu-Rab5, and then cells were serum-starved and treated with FGF2. FGF2-initiated
cellular protrusions are indicated by an arrowhead. Seven cells were imaged over three
independent experiments. Scale bar, 10 pm.
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Fig. 5.

S4 regulates macropinocytosis and ERK activation. (A and B) Endocytosis was
quantitatively measured in RFPECs stably expressing FGFR1-HA with flow cytometry.
Cells in (A) were transfected with GFP, along with empty vector, RhoG WT, RhoG V12 (a
constitutively active form), or the RhoG blocking peptide RhoGIP122. In (B), cells were
transfected with either GFP, GFP SGEF (WT) (a RhoG-specific GEF), or GFP-SGEF (DN)
(a dominant-negative form). Bars represent percentage of total fluorescently labeled FGFR1-
HA internalized after 15 min. Panels represent four samples per condition with 10,000 GFP-
positive cells in each sample. Error bars are SEM. Asterisks represent two-tailed P values of
0.05 and 0.067 [(A) lower and upper bracket, respectively] and 0.046 (B) by x? test. (C)
Primary lung endothelial cells from wild-type or S4 knockout mice were surface-
biotinylated and treated with FGF2 for the indicated times. Western blotting was performed
to measure internalized biotinylated endogenous FGFR1. Quantification (lower panel)
shows the results from three independent experiments. S4 knockout cells exhibit faster
FGFR1 endocytosis kinetics than wild-type cells. Paired, two-tailed Pvalues from left to
right as follows: 0.005, 0.007, and 0.01. (D) Cells were prepared as in (C). FGF2 was added
for the indicated times, after which cells were lysed and subjected to Western blot analysis
to measure ERK1/2 phosphorylation. (E) Quantification of Western blotting performed as in
(D) (n=5 experiments). Error bars are SEM. Paired, two-tailed Pvalue at £= 15 min is
0.069. (F) HelLa cells expressing FGFR1-HA were transfected with a FRET-based biosensor
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and a chimera of the human FcR extracellular domain, the S4 transmembrane domain, and
either the wild-type cytoplasmic domain of S4 (S4-FcR; red line; n= 31 cells) or the
cytoplasmic lacking the terminal amino acid (PDZ-; blue line; n= 39 cells). Cells were
imaged for FRET fluorescence and stimulated with FGF2. The average FRET/CFP ratio
over the entire imaged region of a cell was measured and plotted over time. Error bars are
SEM. Paired, two-tailed Pvalue at =15 min is <0.0001. Traces for individual cells are
shown in fig. S2D.
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ERK1/2

Fig. 6.

S4 controls FGF2-mediated signaling through RhoG-dependent macropinocytosis of the
FGFR1-S4-FGF2 signaling complex. (A) Before FGFR1 and S4 are activated by FGF2,
RhoG is kept inactive by S4 (in complex with synectin and RhoGDI1), and Rab5 activity
and phosphorylation of ERK1/2 are low at baseline. (B) Upon ligand binding, FGFR1 and
S4 form a signaling complex, and independent signaling pathways are initiated by each co-
receptor: Tyrosine kinase phosphorylation of FGFR1 activates several parallel signaling
networks, and S4 releases inactive RhoG to become activated by GEFs such as SGEF. This
induces membrane ruffling and subsequent macropinocytosis of the entire receptor complex.
In the absence of functional Rab5, nascent vesicles cannot mature and become fully
functional signaling endosomes, which leads to inadequate activation of the MAPK pathway
(as indicated by diminished phosphorylation of ERK1/2). (C) Physiological signaling
(designated by a double-border) is restored as functional Rab5 localizes to nascent
macropinosomes containing FGFR1-S4-FGF2 and becomes activated, facilitating vesicle
maturation. This permits effective activation of the MAPK pathway (as indicated by
ERK1/2 phosphorylation). (D) In the absence of S4 or S4°s cytoplasmic PDZ domain, RhoG
activity is high at baseline, causing increased membrane ruffling and macropinocytosis.
Enhanced macropinocytosis leads to increased co-receptor internalization. Rab5 promotes
vesicular maturation, leading to potentiated ERK1/2 activity with slower deactivation
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kinetics upon FGF2 stimulation. Green and black denote activation, and purple denotes the
process of vesicular maturation into early/signaling endosomes.
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