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Essential Role for Endocytosis in the Growth Factor-stimulated
Activation of ERK1/2 in Endothelial Cells™
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Background: Growth factor receptors in endothelial cells are an important therapeutic target for anti-angiogenic therapy.
Results: Inhibitors of endocytosis suppress ERK1/2 activation downstream of growth factor receptors in endothelial cells.
Conclusion: Receptor internalization is required for pro-angiogenic growth factors to activate ERK1/2 in endothelial cells.
Significance: Agents that disrupt receptor internalization could be developed as a means to inhibit angiogenesis in cancer.

Vascular endothelial growth factor (VEGF) stimulates angio-
genesis by binding to VEGF receptor 2 (VEGFR2) on endothelial
cells (ECs). Downstream activation of the extracellular related
kinases 1/2 (ERK1/2) is important for angiogenesis to proceed.
Receptor internalization has been implicated in VEGFR2 signal-
ing, butits role in the activation of ERK1/2 is unclear. To explore
this question we utilized pitstop and dynasore, two small mole-
cule inhibitors of endocytosis. First, we confirmed that both
inhibitors block the internalization of VEGFR2 in ECs. We then
stimulated ECs with VEGF in the presence and absence of the
inhibitors and examined VEGFR2 signaling to ERK1/2. Activa-
tion of VEGFR2 and C-Raf still occurred in the presence of the
inhibitors, whereas the activation of MEK1/2 and ERK1/2 was
abrogated. Therefore, although internalization is not required
for activation of either VEGFR2 or C-Raf in ECs stimulated with
VEGF, internalization is necessary to activate the more distal
kinases in the cascade. Importantly, inhibition of internaliza-
tion also prevented activation of ERK1/2 when ECs were stimu-
lated with other pro-angiogenic growth factors, namely fibro-
blast growth factor 2 and hepatocyte growth factor. In contrast,
the same inhibitors did not block ERK1/2 activation in fibro-
blasts or cancer cells stimulated with growth factors. Finally, we
show that these small molecule inhibitors of endocytosis block
angiogenesis in vitro and in vivo. Therefore, receptor internal-
ization may be a generic requirement for pro-angiogenic growth
factors to activate ERK1/2 signaling in human ECs, and target-
ing receptor trafficking may present a therapeutic opportunity
to block tumor angiogenesis.

The development of new blood vessels from the existing
vasculature, termed angiogenesis, is required for tumors to
grow beyond a microscopic size and is an important therapeu-
tic target in cancer (1-3). The vascular endothelial growth fac-
tor (VEGF) family of growth factors is the most studied growth
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factor family involved in this process. VEGF is expressed by
almost all solid cancers and drives the process of angiogenesis
through two cognate receptor tyrosine kinases that are
expressed on vascular endothelial cells: VEGF receptor 1
(VEGFR1) and VEGF receptor 2 (VEGFR2)? (4—6). Numerous
inhibitors of the VEGF signaling axis have been developed,
including the VEGF-neutralizing antibody bevacizumab and
the VEGF receptor tyrosine kinase inhibitor, sunitinib. These
inhibitors have been shown to suppress tumor growth in pre-
clinical models and have shown promising results in patients (1,
7-9). However, despite strong evidence that VEGF inhibition
can control tumor growth, the presence of innate and acquired
resistance to these drugs significantly limits their clinical effi-
cacy (10-14).

Because VEGF is not the only growth factor that is able to
stimulate tumor angiogenesis, redundancy between pro-angio-
genic growth factors may be one mechanism that limits the
efficacy of VEGF-targeted therapy (13—15). For example, fibro-
blast growth factor 2 (FGF2) is a potent pro-angiogenic growth
factor that signals through two FGF receptors expressed on
endothelial cells, FGFR1 and FGFR2 (16). Hepatocyte growth
factor (HGF) can also stimulate angiogenesis by signaling
through the MET receptor expressed on endothelial cells (17,
18). Both FGF2 and HGF can mediate resistance to VEGF
receptor inhibition by providing an alternative pro-angiogenic
signal for endothelial cells (18-20), and increased tumor
expression of both FGF2 and HGF has been linked with resis-
tance to VEGF pathway inhibitors in both preclinical and clin-
ical studies (21-24). Therefore, drugs that are designed to
inhibit multiple pro-angiogenic growth factors may prove to be
more effective than anti-angiogenic agents that block the VEGF
pathway alone (13-15). Pro-angiogenic growth factors activate
multiple downstream signaling pathways that coordinate the
angiogenic response in endothelial cells (6, 25). For example,
VEGEF, FGF2, and HGF all activate the classical Raf-MEK-ERK
signaling cascade. This pathway has been reported to exert con-
trol on angiogenesis through multiple mechanisms in endothe-
lial cells, including activation of gene transcription, stimulation

2The abbreviations used are: VEGFR2, VEGF receptor 2; HGF, hepatocyte
growth factor; TPA, 12-O-tetradecanolyphorbol-13-acetate; HUVECs,
human umbilical vein endothelial cells.
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of proliferation and migration, pro-survival signaling, and con-
trol of cell contractility (26 —29). Moreover, suppression of the
Raf-MEK-ERK signaling cascade selectively in the tumor vas-
culature can suppress tumor growth in animal models (28, 30,
31).

VEGEFR?2 is one of many receptor tyrosine kinases that under-
goes endocytosis in response to ligand stimulation. After VEGF
stimulation, VEGFR2 is internalized within clathrin-coated
vesicles (32, 33). The fission of clathrin-coated vesicles from the
plasma membrane is dependent on the GTPase dynamin I1 (34).
These vesicles then become uncoated and deliver their contents
to the early endosomes. There is a growing appreciation that
the endocytosis of receptor tyrosine kinases plays a critical role
in their signaling (35—37). First, ligand-induced receptor inter-
nalization can attenuate signaling both by reducing the bio-
availability of the receptor at the cell surface and by mediating
the delivery of receptors to degradation compartments. In the
case of VEGFR2, receptor internalization has been reported to
facilitate the degradation of the receptor by lysosomes and the
proteasome (32, 38, 39). Second, internalization may regulate
the amplitude and/or duration of downstream signaling. For
example, several studies have demonstrated that inhibition of
internalization can dampen VEGFR2 signaling (33, 40, 41).
Third, recycling of receptors back to the plasma membrane
may regulate the amplitude of the biological response. We pre-
viously showed that pharmacological stimulation of VEGFR2
recycling leads to enhanced endothelial cell migration and
angiogenesis in response to VEGF (42). However, it is still not
precisely clear how receptor trafficking in endothelial cells is
coupled to the activation of downstream signaling pathways.
Here, we utilize two small molecular inhibitors of endocytosis
to address how inhibition of internalization affects activation of
ERK1/2 in endothelial cells.

EXPERIMENTAL PROCEDURES

Reagents—Fetal calf serum (FCS) was from Invitrogen, and
bovine brain endothelial cell mitogen was from Serotech (Kid-
lington, Oxfordshire, UK). The clathrin inhibitor Pitstop 2,
referred to as “pitstop” throughout the manuscript, and the
Pitstop 2 negative control compound, were obtained from
Abcam Biochemicals (Cambridge, UK). The dynamin inhibitor
dynasore monohydrate, referred to as “dynasore” throughout
the manuscript, and 12-O-tetradecanolyphorbol-13-acetate
(TPA), were both obtained from Sigma. Human VEGF-165A,
EGF, and HGF were from R&D systems (Abingdon, Oxford-
shire, UK), and human FGF2 and PDGF-BB were from Pepro-
tech (London, UK). Antibodies were obtained from the fol-
lowing sources: phospho-Thr-202/Tyr-204-ERK1/2 (Sigma),
dynamin II, EEA1, endomucin, HSC70, VE-cadherin (Santa
Cruz Biotechnology, Santa Cruz, CA), VEGFR2 extracellular
domain (R&D Systems, Abingdon, Oxfordshire, UK), clathrin,
ERK1/2, phosho-Ser-217/Ser-221-MEK1/2, VEGFR2 intracel-
lular domain, phospho-Tyr-1175-VEGFR2 (Cell Signaling
Technology, Danvers, MA), phospho-Tyr-340/Tyr-341-C-Raf
(Invitrogen), C-Raf, MEK1 (BD Biosciences), and fluorescently
conjugated secondary antibodies (Invitrogen). Unless other-
wise stated, all other reagents were obtained from Sigma.
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Tissue Culture—For standard culture, human umbilical vein
endothelial cells (HUVECs) from pooled donors (TCS Cell
Works, Buckingham, Buckinghamshire, UK) were seeded onto
tissue culture flasks precoated with 0.1% gelatin and grown in
M199 medium supplemented with 20% FCS, 0.1 mg/ml bovine
brain endothelial mitogen, 1 ng/ml heparin, and antibiotics at
37 °Cin 10% CO,. HUVECs were used for experiments at pas-
sages 4—8. The murine fibroblast cell line 10T1/2 and the
human breast cancer cell line MDA-MB-231 were both cul-
tured in DMEM supplemented with 10% FCS and antibiotics at
37°C in 5% CO,,.

Antibody Feeding Assay and Immunofluorescence—HUVECs
were seeded onto glass coverslips precoated with 0.1% gelatin.
After 48 hin culture, the cells were incubated for 2.5 h in serum-
free M199 medium at 37 °C and then surface-labeled in PBS
supplemented with goat anti-VEGFR2 (extracellular domain
specific) antibody for 30 min at 4 °C. After labeling, coverslips
were briefly washed with PBS and then either directly fixed (to
confirm that the antibody labeling was restricted to the cell
surface) or transferred to prewarmed serum-free M199
medium at 37 °C for 30 min to permit internalization to pro-
ceed and then fixed. For the purposes of quantifying VEGFR2
internalization, four different conditions were tested: 1) cells
were antibody-labeled at 4 °C in the presence of vehicle alone
(0.1% DMSO) and then allowed to internalize in the presence of
vehicle alone, or 2) cells were antibody labeled at 4 °C in the
presence of vehicle and then allowed to internalize in the pres-
ence of 50 ng/ml VEGF and vehicle, or 3) cells were antibody
labeled at 4°C in the presence of 10 um pitstop and then
allowed to internalize in the presence of 50 ng/ml VEGF and 10
M pitstop, or 4) cells were antibody-labeled at 4 °C in the pres-
ence of 80 uM dynasore and then allowed to internalize in the
presence of 50 ng/ml VEGF and 80 um dynasore. Fixation was
performed in 4% w/v formaldehyde for 20 min at room temper-
ature. After washing in PBS, cells were permeabilized in PBS
plus 0.1% Triton X-100 for 10 min and then incubated with
primary antibody (1:500 anti-EEA1 in PBS) for 30 min. After
washing 3 X 5 min in PBS, coverslips were incubated for 30 min
with Alexa555-conjugated anti-goat secondary antibody to
detect VEGFR2 and Alexa 647-conjugated anti-rabbit second-
ary antibody to detect EEA1 in PBS supplemented with DAPI.
After washing 3 X 5 min in PBS, coverslips were mounted on
glass slides in MOWIOL mounting medium plus anti-fade
(0.1% w/v 1,4-diazabicyclo[2.2.2]octane). Images were cap-
tured using a Zeiss laser scanning confocal microscope. Quan-
tification of VEGFR?2 internalization was performed by manu-
ally counting the number of VEGFR2/EEA1 dual-positive
endosomes per cell.

Western Blotting—Cells were seeded onto 10-cm-diameter
tissue culture dishes and grown for 48 h to obtain 70-80%
confluency. In all experiments cells were serum-deprived for
3 h in serum-free medium before stimulation. Dynasore, pit-
stop, pitstop negative control compound (at the indicated con-
centration), or vehicle alone (0.1% DMSO) was added to the
medium at 15 min (pitstop or pitstop negative control) or 30
min (dynasore) before stimulation. Stimulation was achieved
by adding growth factor, FCS, or TPA to the medium (final
concentrations in the medium were 50 ng/ml VEGF, 25 ng/ml
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FGF2, 10 ng/ml HGF, 10 ng/ml platelet-derived growth factor
(PDGEF), 100 ng/ml epidermal growth factor (EGF), 10% FCS, or
10 um TPA). At the appropriate time point, cells were trans-
ferred to ice, washed twice with ice-cold PBS, and lysed in 100
wl of lysis buffer (150 mm NaCl, 20 mm Tris pH 7.5, 10% glyc-
erol, 1% IGEPAL CA-630, 1 mMm Na;VO,, 10 mm NaF 1 mm
4-(2-aminoethyl)benzenesulfonyl fluoride, 0.8 mm aprotinin,
0.05 mM bestatin, 0.015 mMm E-64, 0.02 mM leupeptin, and 0.01
mM pepstatin). Lysates were obtained by scraping and spun
down at 15,000 X g, and the supernatant was collected and
stored at —20 °C.

For Western blotting, lysates were prepared by the addition
of 4X Laemmli sample buffer (final concentration 1X), then
boiled at 95 °C for 5 min before loading on precast 7% or 10%
SDS-PAGE gels (Invitrogen). Gels were run at 150 V for 90 min
at room temperature and then transferred to nitrocellulose
membranes (GE Healthcare) at 12 V overnight at 4 °C. Mem-
branes were blocked in appropriate blocking buffer (TBS-T or
PBS-T supplemented with 5% milk or 5% BSA, depending on
the antibody) and incubated for either 1 h at room temperature
or overnight at 4 °C with primary antibody diluted in the same
blocking buffer. After 3 X 5-min washes in PBS-T or TBS-T,
membranes were incubated with appropriate HRP-conjugated
secondary antibody in blocking buffer. After 3 X 5-min washes
in PBS-T or TBS-T, membranes were incubated with chemilu-
minescence substrate for 1 min before being exposed to films.
Densitometry was performed using Image] software. For stand-
ard Western blots, the phospho immunoblot signal was nor-
malized to the total immunoblot signal for the protein of inter-
est. Densitometry results are presented as the fold change
relative to the non-stimulated control.

Lentiviral shRNA—shRNA oligonucleotides were ligated
into the pENTR/U6 Gateway system entry vector (Invitrogen)
according to the manufacturer’s instructions. The following
shRNA oligonucleotides were utilized: clathrin (5'-AAAA-
GCTTCAGTACCCTGACTATGGTTCGCCATAGTCAG-
GGTACTGAG-3'); dynamin II, (5'-AAAAGGCTGACCA-
TCAACAACATCATTCGTGATGTTGTTGATGGTCAGCC-
3"); non-targeting (5'-CACCGGAGCCTTCAGGATTACAA-
GACGAATCTTGTAATCCTGAAGGCC-3').

Oligonucleotide sequences were verified by sequencing and
then transferred together with the U6 promoter into a Gate-
way-modified pSEW lentiviral vector backbone according to
the manufacturer’s instructions. Viral supernatants were gen-
erated by Lipofectamine co-transfection of the expression vec-
tor and two packaging vectors (psPAX2 and pMD2.G) into
HEK293T cells. Viral supernatants were collected and stored
at-80 °C until use. HUVECs were plated on 6-well plates or onto
10-cm-diameter tissue culture dishes and transduced the next
day with virus. Cells were used for experiments at 72 h post-
infection. Stimulation of cells and Western blotting was per-
formed as described above.

Cell Surface Biotinylation—For assessing the effects of the
inhibitors on cell surface VEGFR2 levels, HUVECs were serum-
deprived for 2.5 h in serum-free medium and then treated as
follows; 1) cells were treated with vehicle alone (0.1% DMSO)
for 45 min and then biotinylated, or 2) cells were treated with
vehicle alone for 30 min followed by 50 ng/ml VEGF and vehicle
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for 15 min and then biotinylated, or 3) cells were treated with 10
M pitstop for 30 min followed by 50 ng/ml VEGF and 10 um
pitstop for 15 min and then biotinylated, or 4) cells were treated
with 80 um dynasore for 30 min followed by 50 ng/ml VEGF and
80 wm dynasore for 15 min and then biotinylated. For assessing
the effects of the sShRNA knockdown on cell surface VEGFR2
levels, cells were infected with lentivirus for 72 h, serum-de-
prived for 3 h in serum-free medium, and then treated as fol-
lows; 1) control shRNA-infected cells were directly biotiny-
lated, or 2) control shRNA-infected cells were stimulated with
50 ng/ml VEGF for 15 min and then biotinylated, or 3) clathrin
shRNA-infected cells were stimulated with 50 ng/ml VEGF for
15 min and then biotinylated, or 4) dynamin II sShARNA-infected
cells were stimulated with 50 ng/ml VEGF for 15 min and then
biotinylated. Biotinylation was performed by washing the cells
twice with ice-cold PBS then incubating for 15 min at 4 °C with
0.2 mg/ml Sulfo-NHS-Biotin in PBS (Thermo Scientific, Rock-
ford, IL). Biotinylation was quenched with ice-cold 50 mwm gly-
cine in PBS. After further washing in ice-cold PBS, cells were
lysed in 150 ul of lysis buffer (150 mm NaCl, 20 mm Tris, pH 7.5,
10% glycerol, 1% IGEPAL CA-630, 1 mm Na,VO,, 10 mMm NaF,
1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 0.8 mm apro-
tinin, 0.05 mM bestatin, 0.015 mm E-64, 0.02 mM leupeptin, and
0.01 mM pepstatin). Lysates were obtained by scraping and spun
down at 15,000 X g, and the supernatant was collected. Protein
quantification of the lysates was determined using a BCA pro-
tein quantification kit (Thermo Scientific). 20 ug of the lysate
was reserved and probed for total VEGFR2 (loading control
lysate). Biotinylated proteins were immunoprecipitated from
200 pg of lysate using 50 ul of NeutrAvidin beads (Thermo
Scientific) at 4 °C overnight. Beads were washed 4 times with 1
ml of lysis buffer and then resuspended in Laemmli sample
buffer. Inmunoprecipitates were analyzed by Western blotting
for VEGFR2.

Densitometry was performed using Image] software. Levels
of immunoprecipitated VEGFR2 were normalized to total
VEGEFR?2 levels (which were determined by blotting the loading
control lysate for VEGFR2). Densitometry results are presented
as the fold change relative to the non-stimulated control.

In Vitro Angiogenesis Assay—Tube formation assays were
performed using a modified version of a previously published
protocol (19, 43). In brief, HUVECs were cultured for 24 h in
EGM2 complete medium (Lonza, Slough, Berkshire, UK), and
then cells were trypsinized and resuspended in EGM2 at a con-
centration of 2 X 10° HUVECs per ml. Cytodex3 beads (GE
Healthcare) were coated with HUVECs by incubating 2 X 10°
HUVECs with 3 X 10* beads for 4 h with gentle agitation every
20 min. Coated beads were then diluted to a volume of 5 ml in
EGM2 and placed in a tissue-culture incubator overnight. The
next day beads were washed in EGM2 and resuspended in 50 ml
of sterile 2 mg/ml fibrinogen in PBS. A volume of 500 ul of bead
fibrinogen solution was then transferred to each well of a
24-well plate (~100 beads per well) containing 6.25 ul of 50
units/ml thrombin to initiate gel polymerization. Fibrinogen
gels were allowed to set for 15 min at 37 °C, and then 2 X 10*
fibroblasts in EGM2 were seeded on top of each well. After 24 h,
medium was exchanged for EBM2 (Lonza) plus 2.5% FCS sup-
plemented with growth factors (10 ng/ml VEGF and 50 ng/ml
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FGF2) and inhibitor at the indicated concentration or vehicle
(0.1% DMSO). The plates were re-fed every 2 days. After 7 days,
cultures were fixed in 4% w/v formaldehyde for 20 min and
then washed twice with PBS. The number of tubules sprouted
per bead was counted in random fields using a light micro-
scope. For staining of cultures, fixed preparations were permea-
bilized for 20 min with PBS plus 0.1% Triton X-100 and then
incubated overnight at 4 °C with rhodamine-phalloidin conju-
gate and DAPI. After 3 X 5 min washes in PBS, cultures were
transferred to PBS supplemented with anti-fade (0.1% w/v 1,4-
diazabicyclo[2.2.2]octane) and then imaged on a Zeiss inverted
laser scanning microscope.

In Vivo Sponge Assay of Angiogenesis—Female C57/BL6 mice
were obtained from Charles River UK Ltd (Margate, Kent, UK).
The assay was performed essentially as described (44, 45).
Briefly, C57/BL6 mice were anesthetized with isofluorane fol-
lowed by the subcutaneous implantation of 2 sterile sponge
discs (measuring 10 X 5 X 5 mm) into both flanks (Caligen
Foam Ltd, Accrington, Lancashire, UK). The sponges were
injected 3 times per week with 100 ul of PBS containing 1)
vehicle alone, 2) 160 um dynasore, 3) 10 ng/ml VEGF, 10 ng/ml
FGF-2, and vehicle or 4) 10 ng/ml VEGF, 10 ng/ml FGF-2, and
160 um dynasore. After 21 days animals were sacrificed by cer-
vical dislocation, and the sponges were rapidly excised, fixed in
4% w/v formaldehyde at 4 °C overnight, and then transferred to
70% ethanol the next day. For analysis of vessel infiltration,
staining for endomucin was performed as described (45). In
brief, paraffin-embedded, 5-um tissue sections were deparaf-
finized by immersing the slides twice in 100% xylene followed
by incubating twice in 100% ethanol and rehydrating with
decreasing concentrations of ethanol (90 and 70%) before a
final incubation in water. Sections were then incubated with 3%
hydrogen peroxidase in methanol to quench endogenous per-
oxidase activity, and antigen retrieval was carried out using a
citrate buffer. This was followed by blocking the sections using
PBS supplemented with 3% BSA. Sections were incubated with
endomucin antibody in PBS supplemented with 1% BSA, and
after washing with PBS, sections were incubated with a biotiny-
lated secondary antibody followed by incubation with strepta-
vidin-biotin peroxidase solution. Antibody binding was
revealed using 3,3’-diaminobenzine, and sections were lightly
counterstained using Mayer’s hematoxylin. Sections were
dehydrated by immersing in increasing concentrations of eth-
anol (70, 90, 100%) followed by immersing in 100% xylene.
Blood vessel infiltration was determined by counting endomu-
cin-positive vessels across each tissue section in a blind fashion
using a light microscope. Vessel density was calculated as num-
ber of vessels per section/area of section.

Ethical Approval for Animal Experimentation—Ethical
approval for animal experimentation was granted by the Insti-
tute of Cancer Research Animal Ethics Committee, and all pro-
cedures were performed in accordance with UK Home Office
regulations.

Statistical Analysis—Analyses of statistical significance were
performed using the Student’s ¢ test (p values of less than 0.05
were considered to be statistically significant).
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RESULTS

Small Molecule Inhibitors of Endocytosis Suppress the Inter-
nalization of VEGER2 in Endothelial Cells—To address the role
of receptor internalization in the activation of ERK1/2, we uti-
lized pitstop and dynasore, two small molecule inhibitors of
endocytosis (46, 47). To confirm that pitstop and dynasore can
inhibit the internalization of VEGFR2 in endothelial cells, we
used an “antibody feeding” assay similar to that used to monitor
the fate of internalized VEGF receptors in other studies (33, 40,
41, 48). Plasma membrane VEGFR2 molecules were labeled on
ice with a VEGFR2 extracellular domain-specific antibody.
Examination of cells fixed directly after this labeling period
demonstrated the retention of the VEGFR2 antibody at the cell
surface and no colocalization with endosomes (Fig. 14). How-
ever, when labeled cells were warmed to 37 °C for 30 min, the
internalization of VEGFR2 antibody to endosomes was
observed (Fig. 1B). This was expected, because VEGFR2 under-
goes ligand-independent constitutive internalization in endo-
thelial cells (36). When the labeled cells were warmed to 37 °C
for 30 min in the presence of VEGF, the quantity of VEGFR2
internalized to early endosomes was significantly increased
(Fig. 1C). This is consistent with a ligand-induced enhancement
inreceptor internalization (32, 33). However, when labeled cells
were incubated with VEGF in the presence of pitstop or dyna-
sore, the internalization of VEGFR2 to endosomes was sup-
pressed, and the majority of VEGFR2 antibody labeling
remained restricted to the plasma membrane (Fig. 1, D and E).
Quantitative analysis of VEGFR2 colocalization with endo-
somes confirmed that both pitstop and dynasore significantly
suppressed VEGFR2 internalization in endothelial cells (Fig.
1F). Importantly, when comparing treatment groups, there was
no discernable difference in either the appearance of the endo-
somal compartment or the number of endosomes present per
cell (supplemental Fig. 1).

We also performed surface biotinylation assays to confirm
that pitstop and dynasore treatment resulted in retention of
VEGEFR2 at the cell surface. Cells were either incubated with
vehicle alone, or they were incubated with VEGF in the pres-
ence of vehicle, pitstop, or dynasore. Cells were then subjected
to cell surface biotinylation with a membrane-impermeant
biotinylation reagent. The biotinylated fraction was immuno-
precipitated and probed for VEGFR2. The amount of cell
surface VEGFR2 was significantly reduced in cells incubated
with VEGF and vehicle compared with cells incubated with
vehicle alone (Fig. 1G, supplemental Fig. 2). However, in the
presence of VEGF and pitstop or VEGF and dynasore, the
quantity of cell surface VEGFR2 was significantly increased
compared with cells treated with VEGF and vehicle (Fig. 1G,
supplemental Fig. 2). These data show that both pitstop and
dynasore are able to suppress VEGFR2 internalization in
endothelial cells, resulting in the retention of VEGFR2 at the
plasma membrane.

Internalization Is Required for Activation of MEKI1/2 and
ERK1/2 in VEGF-stimulated Endothelial Cells—We then eval-
uated the activation of VEGFR2, C-Raf, MEK1/2, and ERK1/2
in VEGF-stimulated endothelial cells in the presence and
absence of pitstop. To evaluate VEGFR2 activation, we blotted
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FIGURE 1. Pitstop and dynasore inhibit VEGFR2 internalization in endo-
thelial cells. A-F, shown is an antibody feeding assay. Cell surface VEGFR2
was labeled in HUVECs with a VEGFR2 extracellular domain-specific antibody
for 30 min at 4 °C. Cells were then either fixed directly or shifted to 37 °Cfor 30
min and then fixed. Fixed cells were stained with a fluorescently tagged sec-
ondary antibody to detect anti-VEGFR2 (VR2) antibody (green) and co-stained
for the endosomal marker EEA1 (red). A, localization of anti-VEGFR2 anti-
body in cells after labeling was performed in the presence of vehicle for 30
min at 4 °C. B, localization of anti-VEGFR2 antibody after labeling in the
presence of vehicle for 30 min at 4 °C followed by warming to 37 °C for 30
min in the presence of vehicle is shown. C, localization of anti-VEGFR2
antibody after labeling in the presence of vehicle for 30 min at 4 °C fol-
lowed by warming to 37 °C for 30 min in the presence of VEGF and vehicle
is shown. D, localization of anti-VEGFR2 antibody after labeling in the
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for Tyr(P)-1175 in VEGFR2, because phosphorylation of this
residue is required for activation of ERK1/2 in endothelial cells
(6, 49). To evaluate activation of C-Raf, we blotted for Tyr(P)-
341 in C-Raf because phosphorylation of this site is induced by
VEGF stimulation in endothelial cells, whereas phosphoryla-
tion of the Ser-338 site is not (26). Importantly, because VEGF
does not significantly activate B-Raf in HUVECs, we did not
examine activation of this protein (26). To evaluate MEK1/2
and ERK1/2 activation, we blotted for Ser(P)-217/Ser(P)-221 in
MEK1/2 and Thr(P)-202/Tyr(P)-204 in ERK1/2, respectively,
the activation loop phosphorylation sites that are required for
kinase activation (50). Pitstop had no effect on the amplitude or
duration of VEGFR2-Tyr(P)-1175 phosphorylation in VEGE-
stimulated cells (Fig. 2, A and B). Phosphorylation of Tyr(P)-
341-C-Raf was equivalent at 1, 5, 10, and 15 min of VEGF stim-
ulation in the presence and absence of pitstop (Fig. 2, A and C).
However, phosphorylation of C-Raf was suppressed in pitstop-
treated cells after 30 and 60 min of VEGF stimulation (Fig. 2, A
and C). Importantly, phosphorylation of the activation loop in
both MEK1/2 and ERK1/2 was abrogated in cells stimulated
with VEGF in the presence of pitstop (Fig. 2, A, D, and E). A
pitstop negative control compound did not prevent VEGF from
activating ERK1/2 in endothelial cells (supplemental Fig. 3).
Moreover, the ability of pitstop to inhibit phosphorylation of
ERK1/2 was pitstop dose-dependent (Fig. 2F).

Activation of VEGFR2, C-Raf, MEK1/2, and ERK1/2 in
response to VEGF was also assessed in endothelial cells treated
with dynasore. The inhibitor did not alter the amplitude or
duration of VEGFR2-Tyr(P)-1175phosphorylation (Fig. 3, A
and B). Moreover, although phosphorylation of Tyr(P)-341-C-
Raf was significantly suppressed in dynasore-treated cells at
base line and at 1 min of VEGF treatment, phosphorylation of
this site at 5, 10, and 15 min of stimulation was equivalent to
cells treated with VEGF alone (Fig. 3, A and C). Phosphoryla-
tion of C-Raf at the longer time points of 30 and 60 min was
suppressed in dynasore-treated cells compared with VEGF
alone (Fig. 3, A and C). Phosphorylation of MEK1/2 and ERK1/2
was abrogated in cells stimulated with VEGF in the presence of
dynasore (Fig. 3, A, D, and E). Inhibition of ERK1/2 phosphor-
ylation was dynasore dose-dependent (Fig. 3F).

Knockdown of Clathrin or Dynamin II Also Suppresses the
Activation of ERK1/2 in VEGF-stimulated Endothelial Cells—
Next, we utilized an shRNA approach to independently verify

presence of 10 um pitstop for 30 min at 4 °C followed by warming to 37 °C
for 30 min in the presence of VEGF and 10 um pitstop is shown. E, localiza-
tion of anti-VEGFR2 antibody after labeling in the presence of 80 um dyna-
sore for 30 min at 4 °C followed by warming to 37 °C for 30 min in the
presence of VEGF and 80 um dynasore is shown. F, quantification of
VEGFR2 internalization in endothelial cells treated as indicated (same con-
ditions as shown in panels B-E) is shown. The graph shows the number of
intracellular structures labeling dual positive for VEGFR2 and EEA1 per
cell = S.E. Quantification of 20 cells from 2 independent experiments was
used to generate each data point. *, p < 0.05; **, p < 0.001. Scale bar = 5
um. G, cell surface biotinylation is shown. HUVECs were treated as follows;
vehicle for 45 min (lane 1), vehicle for 30 min followed by VEGF and vehicle for 15
min (lane 2), 10 um pitstop for 30 min followed by VEGF and 10 um pitstop for 15
min (lane 3), or 80 um dynasore for 30 min followed by VEGF and 80 um dynasore
for 15 min (lane 4). Cells were then surface-biotinylated and lysed, and the bioti-
nylated fraction was immunoprecipitated (/P) and probed for VEGFR2. IB, immu-
noblot. In panels A-E arrowheads indicate VEGFR2-positive endosomes. Arrows
indicate VEGFR2 membrane staining.
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whether suppressing internalization blocks signaling from ERK1/2 activation in endothelial cells stimulated with VEGF
VEGFR2 to ERK1/2 in endothelial cells. Importantly, ssRNA  (Fig. 4, A—F). However, the suppression of ERK1/2 activation
knockdown of clathrin or dynamin II significantly suppressed observed with the shRNA knockdown approach was less pro-
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nounced than that observed with the small molecule inhibitors.
This is most likely because the sShARNA approach only partially
depletes clathrin and dynamin II protein levels, whereas the
small molecule inhibitors are used at saturating concentrations
that are expected to yield a stronger effect on receptor internal-
ization. To address this, we quantified the retention of VEGFR2
at the cell surface in clathrin and dynamin II knockdown cells
and compared it with that observed in the inhibitor treated
cells. Significantly less VEGFR2 was retained at the plasma
membrane in knockdown cells stimulated with VEGF com-
pared with inhibitor-treated cells stimulated with VEGF (sup-
plemental Fig. 2). These results most likely explain the differ-
ence in potency between the shRNA knockdown approach and
the inhibitor treatment approach with respect to inhibition of
ERK1/2 activation.

Internalization Is Required for ERK1/2 Activation in Stimu-
lated Endothelial Cells but Not in Non-endothelial Cells—We
then examined whether internalization is required for ERK1/2
activation in endothelial cells stimulated with other pro-angio-
genic growth factors, namely FGF2 and HGF. Although recep-
tors for FGF2 and HGF are well known to undergo internaliza-
tion in cells (51, 52), it is not known whether internalization of
these receptors is important for signal transduction in endothe-
lial cells. Stimulation of endothelial cells with FGF2 or HGF
resulted in activation of ERK1/2, but this was abrogated by pit-
stop and dynasore (Fig. 5, A and B). To exclude the possibility
that these inhibitors block ERK1/2 activation non-specifi-
cally, endothelial cells were stimulated with FCS or with
TPA. Neither pitstop nor dynasore blocked the activation of
ERK1/2 that was induced by these treatments (Fig. 5, C and
D). We also tested the ability of pitstop and dynasore to block
signaling in non-endothelial cell types. Importantly, neither
compound inhibited the activation of ERK1/2 in fibroblasts
stimulated with FGF2 (Fig. 6A), fibroblasts stimulated with
PDGF (Fig. 6B), or in human breast cancer cells stimulated
with EGF (Fig. 6C).

Small Molecule Inhibitors of Endocytosis Can Suppress
Angiogenesis in Vitro and in Vivo—Given that endocytosis
inhibitors suppressed the activation of ERK1/2 in endothelial
cells stimulated with pro-angiogenic growth factors, we pro-
ceeded to examine whether these drugs could also inhibit vessel
formation. First we used a well characterized three-dimen-
sional in vitro assay of endothelial tubule formation (19, 43).
Latex beads coated with endothelial cells were embedded in a
three-dimensional fibrinogen matrix and then incubated with
VEGF and FGF2 in the presence of vehicle, pitstop, or dynasore.
Tubule formation was inhibited by dynasore and pitstop in a
dose-dependent fashion (Fig. 7, A-C). We then examined the
ability of dynasore to inhibit angiogenesis in vivo using the sub-
cutaneous sponge assay (44). Inert sponges implanted subcuta-
neously under the back skin of mice were injected three times a

Receptor Internalization in Angiogenesis

week with control solution (vehicle in PBS), dynasore (dynasore
in PBS), growth factors (VEGF, FGF2, and vehicle in PBS), or
growth factors plus dynasore (VEGF, FGF2, and dynasore in
PBS). Microvessel density in the group receiving growth factor
treatment was significantly enhanced compared with the group
that received control solution (Fig. 7, D and E). However,
microvessel density in the group receiving growth factors plus
dynasore was significantly impaired when compared with the
group that received growth factors plus vehicle (Fig. 7, D and E).
These data confirm that small molecule inhibitors of endocy-
tosis can suppress endothelial tubule formation in vitro and
angiogenesis in vivo.

DISCUSSION

The intracellular trafficking of growth factor receptors can
control the amplitude and duration of downstream signaling
(35, 53). Although receptor internalization has been implicated
in the control of VEGFR2 signaling, the precise details of how
this occurs are unclear (36). Here we examine how receptor
internalization regulates activation of ERK1/2 in endothelial
cells stimulated with VEGF. Our data indicate that although
internalization is not required for the activation of VEGFR2 and
C-Raf, internalization is required for the activation of MEK1/2
and ERK1/2. This suggests that the efficient activation of
MEK1/2 by C-Raf requires receptor endocytosis. We also show
that internalization is required for FGF2 and HGF to activate
ERK1/2 in endothelial cells. However, internalization was not
required for growth factors to activate ERK1/2 in fibroblasts or
breast cancer cells. Inhibition of internalization blocked the
angiogenic response to growth factors both in vitro and in vivo.
These data suggest that internalization may be a generic
requirement for pro-angiogenic growth factor receptors to
activate angiogenesis in endothelial cells.

Previously published studies have examined the role of inter-
nalization in VEGFR?2 signaling. Lampugnani et al. (33) showed
that siRNA silencing of clathrin attenuated phosphorylation of
both VEGFR2 and ERK1/2 in VE-cadherin™/~, but not in wild
type, mouse endothelial cells. In a more recent study dynasore
treatment abrogated the phosphorylation of both VEGFR2 and
Akt in VEGF-stimulated mouse endothelial cells (40). More-
over, Lanahan et al. (41) used mouse aortic endothelial cells
deficient in synectin or myosin to show that delayed internal-
ization of VEGFR2 suppressed the phosphorylation of
VEGFR2, Akt and ERK1/2. These studies suggest that VEGFR2
internalization is required for optimal phosphorylation of
VEGFR2 and subsequent optimal activation of downstream sig-
naling. However, this is in contrast to other work demonstrat-
ing that internalization is not required for optimal phosphory-
lation of VEGFR2 (54, 55). Therefore, it is not precisely clear
how receptor internalization couples VEGFR?2 to the activation
of downstream signaling pathways.

FIGURE 2. Activation of MEK1/2 and ERK1/2 in VEGF-stimulated endothelial cells is abrogated by pitstop. A, HUVECs were pretreated with vehicle
or 10 um pitstop for 15 min and then stimulated for the times indicated with 50 ng/ml VEGF. Cell lysates were analyzed by Western blotting for
phosphorylated (Tyr(P)-1175) and total VEGFR2, phosphorylated (Tyr(P)-341) and total C-Raf, phosphorylated (Ser(P)-217/Ser(P)-221) and total MEK1/2,
phosphorylated (Thr(P)-202/Tyr(P)-204) and total ERK1/2. B-E, quantification of phosphorylation is shown. White bars represent vehicle, gray bars
represent pitstop.n = 3independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001, ns = no significant difference. F, HUVECs were pretreated with
the indicated concentrations of pitstop for 15 min and then stimulated with 50 ng/ml VEGF for 10 min. Lysates were analyzed by Western blot for

phosphorylated (Thr(P)-202/Tyr(P)-204) and total ERK1/2.
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In the current study we addressed this issue by carefully
examining how inhibition of internalization affects signal
transduction from VEGFR2 to ERK1/2. Importantly, we
show that phosphorylation of VEGFR2 at Tyr-1175, which is

A

required for ERK1/2 activation in endothelial cells (49), is not
suppressed when internalization is blocked. Shc and Grb2 bind
to phosphorylated Tyr-1175, which in turn bind SOS, leading to
activation of Ras (6, 50). The subsequent activation of C-Raf
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FIGURE 4. Activation of ERK1/2 in VEGF-stimulated endothelial cells is suppressed by clathrin or dynamin Il knockdown. A-F, HUVECs infected with
lentivirus encoding either control non-targeting, clathrin targeting, or dynamin Il (dyn /l) targeting shRNA oligos were stimulated for the indicated times with
50 ng/ml VEGF. Cell lysates were analyzed by Western blotting (A and D) for phosphorylated (Thr(P)-202/Tyr(P)-204) ERK1/2, total ERK1/2, and clathrin or
dynamin Il. Band E, shown is quantification of ERK1/2 phosphorylation. n = 3 independent experiments. Cand F, shown is quantification of clathrin or dynamin
expression. n = 3 independent experiments. *, p < 0.05.

involves the recruitment of C-Raf to the plasma membrane by  phorylation of the Ser-338 site in C-Raf, VEGF stimulation does
activated Ras followed by phosphorylation of C-Raf at Ser-338  induce phosphorylation of the Tyr-341 site (26). Importantly,
and Tyr-341 (50). Previous studies have shown that although  we found that phosphorylation of C-Raf at Tyr-341 still occurs
VEGF stimulation of endothelial cells does not induce phos- in response to VEGF stimulation when internalization is

FIGURE 3. Activation of MEK1/2 and ERK1/2 in VEGF-stimulated endothelial cells is abrogated by dynasore. A, HUVECs were pretreated with vehicle or
10 um dynasore for 30 min and then stimulated for the times indicated with 50 ng/ml VEGF. Lysates were analyzed by Western blotting for phosphorylated
(Tyr(P)-1175) and total VEGFR2, phosphorylated (Tyr(P)-341) and total C-Raf, phosphorylated (Ser(P)-217/Ser(P)-221) and total MEK1/2, and phosphorylated
(Thr(P)-202/Tyr(P)-204) and total ERK1/2. B-E, quantification of phosphorylation is shown. White bars represent vehicle, gray bars represent dynasore. n = 3
independent experiments. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001; ns = no significant difference. F, HUVECs were pretreated with the indicated concentrations
of dynasore for 30 min and then stimulated with 50 ng/ml VEGF for 10 min. Lysates were analyzed by Western blot for phosphorylated (Thr(P)-202/Tyr(P)-204)
and total ERK1/2.
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FIGURE 5. Activation of ERK1/2 in endothelial cells by FGF2 and HGF is abrogated by pitstop and dynasore, whereas activation of ERK1/2 by FCS or TPA
is unimpeded. A-C, HUVECs were pretreated with vehicle, 10 um pitstop, or 80 um dynasore and then stimulated for the times indicated with 50 ng/ml FGF2
(A), 10 ng/ml HGF (B), or 10% FCS (C). Cell lysates were analyzed by Western blotting for phosphorylated (Thr(P)-202/Tyr(P)-204) and total ERK1/2. D, HUVECs
were pretreated with vehicle, 10 um pitstop, or 80 um dynasore and then stimulated for 15 min with 10 um TPA. Cell lysates were analyzed by Western blotting
for phosphorylated (Thr(P)-202/Tyr(P)-204) and total ERK1/2.

blocked. However, downstream phosphorylation of MEK1/2
and ERK1/2 in response to VEGF was completely abrogated
when internalization was blocked.

These data suggest that although internalization is not
required for activation of either VEGFR2 or C-Raf in human
endothelial cells stimulated with VEGF, internalization is nec-
essary for activation of the more distal kinases in the cascade,
i.e. MEK1/2 and ERK1/2. Interestingly, similar results were
observed when the endocytosis of G-protein-coupled receptors
was inhibited in HEK-293 cells, which led the authors to con-
clude that internalization is required for Raf to activate MEK
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(56). We speculate that a signaling complex containing both
VEGFR2 and activated C-Raf must become internalized for
C-Raf to efficiently phosphorylate MEK1/2 in VEGEF-stimu-
lated endothelial cells. However, the mechanism may not be as
simple as this. For example, although the activation of MEK1/2
and ERK1/2 can occur at the plasma membrane in HeLa cells
stimulated with EGF, the sustained activation of these kinases
was shown to require their relocalization to endosomes (57).
Therefore, another interpretation of our data is that although
activated C-Raf can transiently phosphorylate MEK1/2 at the
plasma membrane in endothelial cells stimulated with VEGF,
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FIGURE 6. Activation of ERK1/2 in fibroblasts and breast cancer cells is not abrogated by pitstop or dynasore. A and B, 10T1/2 cells were pretreated with
vehicle, 10 um pitstop, or 80 um dynasore and then stimulated for the times indicated with 50 ng/ml FGF2 (A) or 10 ng/ml PDGF-BB (B). Cell lysates were
analyzed by Western blotting for phosphorylated and total ERK1/2. C, MDA-MB-231 cells were pretreated with vehicle, 10 um pitstop, or 80 um dynasore
and then stimulated for the times indicated with 100 ng/ml EGF. Cell lysates were analyzed by Western blotting for phosphorylated (Thr(P)-202/Tyr(P)-

204) and total ERK1/2.

sustained phosphorylation of MEK1/2 and ERK1/2 may require
endocytosis of VEGFR2-Raf-MEK-ERK signaling complexes in
endothelial cells.

In contrast to these findings, recently published work indi-
cates that receptor internalization is not required for growth
factors to activate ERK1/2 in cells (58 —60). Across these stud-
ies, several methods were employed to block receptor internal-
ization, including treatment of cells with dynasore, deletion of
the dynamin II gene, dynamin II shRNA, or the use of internal-
ization-defective EGF receptors. Regardless of the method uti-
lized, activation of ERK1/2 in response to EGF was unimpeded
when internalization was blocked. However, only immortalized
cells were used in these studies, and none examined growth
factor signaling in primary endothelial cells (58 —60). Interest-
ingly, although we observe here that inhibition of endocytosis
prevented growth factors from activating ERK1/2 in endothe-
lial cells, these same inhibitors did not prevent ERK1/2 activa-
tion when immortalized fibroblasts or cancer cells were stimu-
lated with growth factors. Therefore, although our data indicate
that receptor internalization is required for growth factors to
activate ERK1/2 in primary endothelial cells, receptor internal-
ization may not be required to activate this pathway in other
cell types.

MARCH 15,2013 +VOLUME 288+NUMBER 11

There must be a strong biological rationale as to why endo-
thelial cells need to internalize growth factor receptors to com-
plete signal transduction to ERK1/2. One possible explanation
is that this mechanism may help to limit the chance that angio-
genesis is activated inappropriately in endothelial cells in vivo.
Of note, the internalization and recycling of VEGF receptors in
endothelial cells is controlled by interactions with numerous
other transmembrane proteins involved in angiogenesis,
including avB3-integrin, EphB2, neuropilin-1, and VE-cad-
herin (33, 40, 42, 48, 61). Because internalization is required for
the activation of ERK1/2, these receptor interactions may be
able to control the amplitude and duration of ERK1/2 signaling
in endothelial cells through control of receptor trafficking. This
extra level of control may be required not only to control the
onset of angiogenesis but also to coordinate one or more
aspects of the complex process that is blood vessel formation,
such as cell migration, cell proliferation, cell survival, tube for-
mation, vessel branching, vessel anastomosis, or vessel matura-
tion (3, 37).

Agents that target VEGF receptor signaling have taken cen-
ter stage in the clinical translation of angiogenesis inhibitors.
However, multiple pro-angiogenic growth factors exist in the
tumor microenvironment. Therefore, agents that inhibit sig-
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FIGURE 7. Small molecule inhibitors of internalization suppress angiogenesis. A-C, beads coated with adherent HUVECs were embedded in a fibrinogen
gel and then cultured in the presence of growth factors (VEGF and FGF2) and vehicle or growth factors and the indicated concentrations of drug for 7 days.
Graphsin A and Bshow the number of tubules formed per bead quantified after 7 days =+ S.E. Quantification of 20 beads from 2 independent experiments was
used to generate each data point. Examples of beads treated as indicated after 7 days are shown in C. Beads are stained with rhodamine-phalloidin (red) and
DAPI (blue). D and E, sponges were subcutaneously implanted into mice and were injected three times per week with vehicle alone, dynasore alone, growth
factors and vehicle (VEGF, FGF2, and vehicle), or growth factors and dynasore (VEGF, FGF2, and dynasore). After 21 days sponges were removed for analysis of
blood vessel infiltration by staining for endomucin. The graph in D shows the number of blood vessels per mm? quantified in sponges from mice treated as
indicated (n = 6 mice per treatment group). Representative images of the endomucin staining are shown in E. *, p < 0.05; **, p < 0.001. ND = none detected.
Scale bar = 200 pm.

naling from a broader range of pro-angiogenic growth factor
receptors may inevitably prove to be more effective than drugs that
target VEGF signaling alone (10, 13-15). This can be achieved by
designing kinase inhibitors that target multiple receptors. For
example, kinase inhibitors that target signaling from both VEGF
and FGF receptors or from both VEGF and MET receptors have
been developed and are currently being tested in the clinic (62—
64). Another potential strategy may be to target an alternative
process besides kinase activity that is also a generic requirement
for signaling from pro-angiogenic growth factor receptors. The
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data presented here suggest that disrupting the trafficking of
growth factor receptors in endothelial cells may be an alternative
strategy for abrogating tumor angiogenesis.
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