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Abstract: VEGFR2 is the main receptor and mediator of the vasculogenic and angiogenic activity of
VEGF. Activated VEGFR2 internalizes through clathrin-mediated endocytosis and macropinocytosis.
As dynamin is a key regulator of the clathrin pathway, chemical inhibitors of dynamin are commonly
used to assess the role of the clathrin route in receptor signaling. However, drugs may also exert
off-target effects. Here, we compare the effects of three dynamin inhibitors, dynasore, dyngo 4a and
dynole, on VEGFR2 internalization and signaling. Although these drugs consistently inhibit clathrin-
mediated endocytosis of both transferrin (a typical cargo of this route) and VEGFR2, surprisingly,
they exert contradictory effects in receptor signaling. Thus, while dynasore has no effect on phospho-
rylation of VEGFR2, the other two drugs are strong inhibitors. Furthermore, although dyngo does
not interfere with phosphorylation of Akt, dynasore and dynole have a strong inhibitory effect. These
inconsistent effects suggest that the above dynamin blockers, besides inhibiting dynamin-dependent
endocytosis of VEGFR2, exert additional inhibitory effects on signaling that are independent of endo-
cytosis; i.e., they are due to off-target effects. Using a recently developed protocol, we comparatively
validate the specificity of two endocytic inhibitors, dynasore and EIPA. Our findings highlight the
importance of assessing whether the effect of an endocytic drug on signaling is specifically due to its
interference with endocytosis or due to off-targets.
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1. Introduction

Endothelial cells generate the inner wall of blood vessels and play a fundamental role
in vasculogenesis (de novo blood vessel formation) and angiogenesis (vessel formation
from pre-existing vessels) [1], as well as in blood vessel homeostasis [2]. Dysfunction of the
endothelial cells is implicated in the most life-threatening diseases, such as cardiovascular
and inflammatory diseases and cancer angiogenesis [2–4].

One of the most critical players of endothelial cells in the processes of vasculogenesis
and angiogenesis is the growth factor VEGF [5]. Among the three existing receptors of
VEGF, VEGFR-3 expression is restricted to lymphatic endothelial cells [6], while VEGFR-1
and VEGFR-2 are expressed in vascular endothelial cells [7]. Of the latter two, VEGFR1
has only a weak signaling potential and in fact acts as a decoy receptor via sequestration
of VEGFA, thus acting as a negative regulator of VEGFR2 [7], while VEGFR-2 is the main
receptor of VEGF and the main mediator of the vasculogenic and angiogenic properties of
the vascular system [7–9]. Binding of VEGF to VEGFR2 results in its autophosphorylation,
which leads to activation of downstream signaling molecules that control a number of
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cellular responses, such as the survival, migration, differentiation and proliferation of
endothelial cells [7].

Growth factor receptors are not permanent residents of the cell surface; upon activation
by their ligands, they become internalized via vesicular carriers that are generated at the
plasma membrane. The internalized ligand–receptor complexes are directed to endosomes,
and then the receptors are either guided to lysosomes for degradation or are recycled to the
plasma membrane for another round of ligand binding, activation and internalization [10].
While the receptors undergo this trafficking process, they explore a complex network of
endocytic compartments that mediate the intensity, duration and nature of downstream
signaling cascades [11,12].

Depending on the individual receptor, internalization of the ligand–receptor com-
plexes may take place through one or more different endocytic routes. Recent studies
from our group showed that, in the presence of VEGF, as much as 70% of the internalized
molecules of VEGFR2 are endocytosed via macropinocytosis, while the remaining 30%
internalize through the clathrin-mediated route [13]. Internalization of the receptor through
macropinocytosis is critical for downstream signaling, for endothelial cell functions and
for angiogenesis in vivo [14]. However, depending on the specific cell type, VEGFR2 may
explore additional pathways of entry, thereby controlling specific cellular functions via
independent endocytic routes [15,16].

In a recent study, we tested the importance of clathrin- and dynamin-mediated endo-
cytosis in VEGF signaling. We found that although clathrin or dynamin knockdown does
not affect VEGF-induced activation of ERK1/2, dynasore, which is a chemical inhibitor
of dynamin [17], besides exerting its specific effect in clathrin-mediated internalization of
VEGFR2, causes strong inhibition of VEGF-mediated phosphorylation of ERK1/2 via an
off-target effect (i.e., independently of its specific effect on endocytosis) [18].

In addition to dynasore, other dynamin inhibitors, i.e., dyngo 4a and dynole 34-2 [19],
have been widely used to block dynamin-dependent endocytosis, especially when cells are
resistant to transfection methods. However, since small molecule inhibitors may bind to
multiple targets, it cannot be excluded that these inhibitors exert off-target effects [20,21],
similarly to dynasore [18,22–28]. Here, by comparing the effect of the above drugs in VEGF-
induced internalization of VEGFR2 and downstream signaling to ERK1/2 and Akt, we
suggest that these inhibitors, besides exerting their specific effect in dynamin-dependent
endocytosis, cause inhibitory effects on signaling that are independent of endocytosis;
i.e., they are due to off-target effects.

2. Results

In this study, we assessed the specificity of the most known dynamin inhibitors,
i.e., dynasore [17], dyngo 4a [19] and dynole 34-2 [19], in VEGFR2 internalization and
signaling. To this end, we tested their role in clathrin-mediated endocytosis (transferrin
uptake), VEGFR2 internalization and VEGF-induced signaling to ERK1/2 and Akt (see
workflow in Figure 1). At first, we confirmed that these drugs block clathrin-mediated
endocytosis in endothelial cells. Indeed, dynasore and dynole 34-2 (Figure 2a), as well as
dyngo 4a [18], substantially inhibit the internalization of fluorescently labeled transferrin
in primary HUVECs.

Subsequently, we assessed the effect of these drugs on VEGFR2 uptake. We found
previously that, upon induction with VEGF, 30% of the molecules of VEGFR2 undergoing
endocytosis are internalized through the clathrin-mediated pathway [14]. Here, using an
internalization assay that is based on the pull-down of cell surface biotinylated proteins,
we found that treatment of HUVECs with VEGF, for 15 min, led to internalization of 80% of
the surface molecules of VEGFR2 (Figure 2b, vehicle-treated sample), while the inhibitors
of dynamin inhibited internalization by 25% (Figure 2b). These data are consistent with
previous reports showing that a fraction of VEGFR2 internalizes in a clathrin- and dynamin-
dependent manner [14,18,29–42].
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Figure 1. Overview of the workflow of this study. The figure outlines the experimental workflow used in the present study.
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Figure 2. Chemical inhibitors of dynamin consistently block endocytosis of transferrin and inhibit partially the internal-
ization of VEGFR2. (a) Serum-starved (2 h) HUVECs were treated with vehicle (DMSO) or dynasore (100 µM) or dyngo
4a (30 µM) or dynole 34-2 (20 µM) for 30 min. Subsequently, cells were incubated with FITC transferrin (15 min), fixed
and processed for fluorescence microscopy analysis. Prior to fixation, membrane-bound transferrin was removed by acid
wash (10 µm scale bars). (b) Analysis of VEGF-induced internalization of surface VEGFR2 through biotinylation of plasma
membrane proteins. Serum-deprived HUVECs were treated for 30 min with vehicle or inhibitors of dynamin, i.e., dynasore,
dyngo 4a or dynole 34-2, and incubated with VEGF for 15 min. Cells were transferred to 4 ◦C and surface proteins were
labeled with cell-impermeable biotin. Surface biotinylated proteins were pulled down by streptavidin beads and processed
for Western blotting analysis. Surface VEGFR2 was revealed by anti-VEGFR2 antibodies. Quantification of surface VEGFR2
is shown on the right of the Western blot (n = 3 independent experiments, mean ± S.E.M., *** p < 0.001, t-test).

Using a modified version of the above biotinylation assay, we confirmed that dynasore
partially inhibits endocytosis of VEGFR2, while a larger fraction of VEGFR2 internalization
is inhibited by EIPA (Figure 3), an inhibitor of macropinocytosis [43–46], consistently with
previous findings [14]. The two drugs together block completely endocytosis of VEGFR2
(Figure 3), confirming that endocytosis of this receptor is exclusively accomplished by these
two routes, i.e., clathrin-mediated endocytosis and macropinocytosis [14]. Altogether, the
above findings show that the inhibitors of dynamin block the internalization of a fraction
of surface molecules of VEGFR2, in agreement with earlier reports that documented the
involvement of clathrin- and dynamin-dependent internalization of VEGFR2 [14,18,29–42].
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Figure 3. Analysis of VEGFR2 internalization routes, using biotinylation of plasma membrane proteins. Surface proteins of
HUVECs were labeled at 4 ◦C with cell-impermeable, cleavable biotin. Then, the cells were treated with vehicle or inhibitors
of endocytosis (dynasore, EIPA or dynasore + EIPA) for 30 min, followed by incubation in the presence or absence of VEGF
at 37 ◦C for 10 min (to allow internalization). Surface biotin was cleaved, and internalized biotinylated proteins were
pulled down using streptavidin beads and processed for Western blotting analysis. Internalized biotinylated VEGFR2 or
biotinylated EphB4 was revealed by anti-VEGFR2 or anti-EphB4 antibodies, respectively. Quantification of internalized
VEGFR2 is shown on the right of the immunoblot (n = 3 independent experiments, mean ± S.D., * p < 0.05, ** p < 0.01,
*** p < 0.001, t-test).

To assess the effect of dynamin inhibitors on VEGF signaling, we tested their impact
on VEGF-mediated activation of VEGFR2 and downstream signaling kinases. Surprisingly,
the inhibitors of dynamin exerted differential effects on VEGF-induced phosphorylation
of VEGFR2 and on the downstream kinases ERK1/2 and Akt (Figure 4). More specifi-
cally, although dynasore had no effect on VEGFR2 phosphorylation, dyngo 4a and dynole
caused strong inhibition (Figure 4). On the other hand, dynasore and dynole inhibited
Akt phosphorylation, while dyngo had no effect (Figure 4). As dynamin inhibitors have
a consistent inhibitory effect on the internalization of VEGFR2 (see previous paragraph),
the above contradictory effects of the drugs in VEGF-induced phosphorylation of sig-
naling molecules suggest that their effect on signaling is independent of their impact in
endocytosis; i.e., it is due to off-target effects. This conclusion is consistent with earlier
reports showing that clathrin- or dynamin-dependent endocytosis is not essential for VEGF-
induced signaling [14,18,31,32,34,38,39] and that dynasore exerts an off-target inhibitory
effect on VEGF-induced phosphorylation of ERK1/2 [18].

Given that endocytic inhibitors are extensively used for testing the role of endocytosis
in signal transduction pathways, the above findings suggest that it is critical to evaluate
whether the effect of a drug on signaling is specifically due to its impact on endocytosis
or due to off-targets. To this end, we have recently developed a cell-based protocol called
“uncoupling assay”, owing to its ability to uncouple the specific inhibitory effect of a drug
in trafficking from the putative off-target effects on signaling molecules [18]. Here, we
used this assay to comparatively validate the specificity of the effect of two endocytic
inhibitors, dynasore versus EIPA, in VEGF-to-ERK1/2 activation. For reasons that will
become evident below, it is critical to test, at first, whether the effects of the drugs on
signaling are reversible. We have already shown the reversibility of the inhibitory effect
of dynasore in VEGF-induced phosphorylation of ERK [18]; that is, we found that VEGF-
induced activation of ERK is totally rescued after removal of the drug. Here, we tested
whether the same is true for EIPA, the inhibitor of macropinocytosis. As shown in Figure 5a,
VEGF-induced ERK1/2 phosphorylation is inhibited by EIPA (compare lanes 2 and 4 in
Figure 5a), while withdrawal of the drug followed by further incubation with VEGF
resulted in an almost complete rescue of ERK1/2 phosphorylation (lane 5). These data



Cells 2021, 10, 997 6 of 14

suggest that, similarly to dynasore [18], the inhibitory effect of EIPA is reversible upon
withdrawal of the drug.
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HUVECs were treated in different steps, as shown above the lanes of the blots. The first two lanes show control samples 
of vehicle-treated (lane 1) or VEGF-treated (lane 2) cells. In lane 5, HUVECs were treated first with EIPA for 30 min (step 
1, EIPA), washed and incubated in serum-free medium for 10 min to allow recovery from the drug (step 2, wash) and 
stimulated with VEGF (step 3, VEGF). To test that the reversibility of the effect of the drug still depends on activation by 
VEGF, an identically treated sample (as above), but without VEGF, was analyzed in parallel (lane 4). The arrow indicates 

Figure 5. Comparative validation of the specificity of two endocytic inhibitors (dynasore and EIPA) in VEGF-induced
phosphorylation of ERK1/2. (a) EIPA-mediated inhibition of ERK1/2 phosphorylation is reversible. Serum-deprived
HUVECs were treated in different steps, as shown above the lanes of the blots. The first two lanes show control samples
of vehicle-treated (lane 1) or VEGF-treated (lane 2) cells. In lane 5, HUVECs were treated first with EIPA for 30 min
(step 1, EIPA), washed and incubated in serum-free medium for 10 min to allow recovery from the drug (step 2, wash) and
stimulated with VEGF (step 3, VEGF). To test that the reversibility of the effect of the drug still depends on activation by
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VEGF, an identically treated sample (as above), but without VEGF, was analyzed in parallel (lane 4). The arrow indicates a
sample that was stimulated in the presence of the inhibitor to control the effectiveness of the drug (lane 4). Following the final
treatment step, all samples were subjected to immunoblotting analysis using antibodies against phosphorylated ERK1/2.
Sample loading was assessed by the total protein levels of ERK1/2. (b) Employment of the “uncoupling experiment“ to
comparatively validate the specificity of dynasore and EIPA in VEGF-induced phosphorylation of ERK1/2. HUVECs were
treated in three steps, as indicated in blue font. In step 1, cells were treated with vehicle + VEGF, dynasore + VEGF or
EIPA + VEGF, for 10 min. Inside the schemes, the active pathways for each condition are indicated in green font and the
inactive pathways are indicated in red font. On the left side of the top schemes, the text indicates that the drugs block both
endocytosis and the off-targets. In step 2, the cells were acid washed to remove membrane-bound VEGF and the drug. The
effectiveness of the acid wash was confirmed in Supplementary Figure S1. In step 3, the cells were incubated in serum-free
medium, for 20 min, to allow full recovery, thereby releasing possible off-target effects of the drug (indicated on the left
side of the schemes as “off-targets are released”, in green font). As there was no ligand in this step, DDE and MP could not
resume when the samples had been treated (in step 1) with dynasore or EIPA, respectively, despite removal of the drug.
Blocked pathways are indicated in the schemes with red font, while the active ones are indicated in green font. Thus, DDE
(lane 4) and MP (lane 6) did not take place throughout the whole experiment, even after removal of the drug (note that this
is the main difference from the reversibility experiment shown in Figure 5a, where VEGF was added after the removal of
the drug, thereby rescuing endocytosis of VEGFR2). Finally, the cells were lysed and subjected to immunoblotting analysis
using anti-phospho-ERK1/2 antibodies. Since DDE never took place in sample 4 (see above), recovery of the signal in this
sample (compare lane 4 with lane 2) upon release of the off-targets suggests that DDE is not essential for VEGF signaling;
thus, the inhibitory effect of dynasore shown in Figure 4 is due to the off-targets. On the other hand, in sample 6 (where
MP was inhibited), the signal did not recover despite removal of the drug (compare lane 6 with lane 2), which releases
possible off-targets, thus suggesting that MP is essential for VEGF signaling. Quantification is shown on the right of the
immunoblots (n = 3 independent experiments, mean ± S.E.M., * p < 0.05, ANOVA).

We then proceeded in using the “uncoupling experiment” to compare the specificity of
these two drugs in VEGF-induced phosphorylation of ERK1/2. The uncoupling experiment
consisted of three steps (drawn schematically in detail in Figure 5b). In step 1, HUVECs
were treated for 10 min with VEGF + vehicle, VEGF + dynasore (to prevent dynamin-
dependent endocytosis, DDE) or VEGF + EIPA (to inhibit macropinocytosis (MP)). As
clathrin-mediated endocytosis and macropinocytosis are the main routes of internalization
of VEGFR2 [14], treatment with dynasore inhibits both DDE and possible off-targets, while
the receptor can still internalize through MP. On the other hand, EIPA inhibits both MP
and possible off-targets, while the receptor can still internalize through DDE. The schemes
in Figure 5 depict the different pathways of entry of VEGFR2, namely dynamin-dependent
endocytosis (DDE) and micropinocytosis (MP), as well as the steps at which the off-targets
were inhibited or released. In step 2, the cells were twice acid-washed to remove any
remaining molecules of VEGF from the plasma membrane, followed by three washes with
saline buffer to withdraw the drug. The effectiveness of the acid wash was confirmed, as
shown in Supplementary Figure S1, consistently with earlier studies [17,47]. Subsequently,
in step 3, the samples were incubated in plain medium for 20 min to release possible
off-target effects of the drugs. Note that, in this last step (step 3), given that there was
no ligand in the medium, DDE and MP could not resume despite removal of the drugs
(indicated in the scheme as “DDE” or “MP” in red font), while the off-targets were released
(indicated in the scheme as “off-targets are released” in green font). Thus, DDE and MP did
not take place throughout the whole experiment in lanes 4 and 6, respectively, even after
removal of the drug. As DDE never took place in sample 4, and the signal was comparable
to vehicle-treated cells (compare lane 4 with lane 2), it is concluded that clathrin- or
dynamin-dependent endocytosis is not essential for VEGF signaling, consistently with
previous studies [14,18,31,32,34,38,39]. Thus, the inhibitory effect of dynasore in ERK
phosphorylation (Figure 4) is due to an off-target effect [18]. In cells treated with VEGF +
EIPA, where the receptor is not allowed to enter via macropinocytosis, the phosphorylation
of ERK was substantially inhibited (compare lane 6 with control lane 2), despite removal of
the drug, which releases putative off-targets. Thus, the inhibitory effect of EIPA was not due
to an off-target effect; it was rather due to the inhibitory effect of EIPA during the first step
(inhibition of trafficking). These data are in line with previous findings showing a crucial
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role of macropinocytosis in VEGF-mediated phosphorylation of ERK1/2 [14]. Altogether,
these data suggest that the inhibitory effect of dynasore in VEGF-induced activation of
ERK1/2 is due to an off-target effect on signaling, in agreement with a previous study [18],
while the effect of EIPA is specifically due to inhibition of macropinocytosis.

3. Discussion

Among the different endocytic pathways that have been described so far, clathrin-
mediated endocytosis (CME) is the most well known [48]. In this pathway, the large GTPase
dynamin is responsible for catalyzing the last step of the generation of clathrin-coated
vesicles, i.e., the pinching of the clathrin-coated pits from the plasma membrane [48,49].
Due to the central role of dynamin in mediating CME [50], as well as to its additional role
in other key cellular functions [48,50–52], a number of small-molecule inhibitors targeting
its activity have been generated [17,19,53,54]. These tools have proven to be valuable in
studying the role of dynamin in a large number of cellular functions [20,21], especially in
difficult-to-transfect cells [55]. As they offer the advantage of a rapid effect, these drugs
avoid the manifestation of compensatory trafficking pathways [56]. However, despite
their wide use and their undoubtful inhibitory effect on dynamin, the fact that they are
small molecules that could bind to multiple targets raises concerns about possible off-
target effects [18,20–28]. The most compelling evidence in favor of this concern comes
from experiments in dynamin triple knockout cells, where, although lack of all three
dynamins did not affect fluid-phase endocytosis and membrane ruffling, dynasore and
dyngo robustly inhibited these two processes both in wild-type and in the triple knockout
cells [22].

Here, we compared the specificity of the effects of three dynamin inhibitors (dyna-
sore, dyngo and dynole) on VEGFR2 internalization and signaling to ERK1/2 and Akt.
Surprisingly, although these drugs consistently inhibited clathrin-mediated endocytosis
of both transferrin and VEGFR2, they exerted differential effects on VEGF-induced phos-
phorylation of VEGFR2 and Akt (Figure 4 and [18]). More specifically, although dynasore
had no effect on VEGF-induced phosphorylation of VEGFR2, the other two drugs caused
strong inhibition. Additionally, despite the fact that dyngo did not interfere with VEGF-
induced phosphorylation of Akt, dynasore and dynole had a strong inhibitory action.
These contradictory effects between the three dynamin inhibitors suggest that although
these drugs are specific in inhibiting CME of transferrin and VEGFR2 (Figure 2), their
effects in VEGF-induced signaling are unrelated to inhibition of endocytosis; i.e., they are
due to off-target effects. This conclusion is in complete agreement with previous reports
showing that clathrin- and dynamin-mediated endocytosis of VEGFR2 is not essential for
VEGF-induced signaling and angiogenesis [14,18,31,32,34,38,39]. The off-targets of these
drugs could be either molecules playing a direct role in VEGF signaling (e.g., Ras, Raf or
PI3K) or molecules that may indirectly affect the correct positioning and/or activity of the
VEGF signaling machinery (e.g., cytoskeletal molecules or trafficking regulators).

The present study underscores the importance of using multiple endocytic in-
hibitors/drugs against a molecule or pathway when addressing its role in functional
assays. Using this approach, when all drugs exert the same effect, it is highly probable
that this effect is specific. On the other hand, when they have contrasting effects, it is
likely that these effects are unrelated to endocytosis. Other complementary approaches,
such as knockdown techniques, when cells are easy to transfect, are valuable in assessing
the specificity of the conclusions drawn from drug-based experiments. A recently devel-
oped alternative approach assesses whether the effect of a drug on signaling is solely and
specifically due to inhibition of endocytosis or due to an off-target effect [18]. Here, using
this assay, we compared the specificity of two endocytic inhibitors, dynasore and EIPA.
Interestingly, we found that although both dynasore and EIPA inhibit ERK1/2 phosphory-
lation, the effect of dynasore is unrelated to inhibition of dynamin-dependent endocytosis
(that is, it is due to an off-target effect), while the effect of EIPA in this assay is due to its
specific effect in inhibiting macropinocytosis (it cannot be excluded though that EIPA, in
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other cellular functions, may also exert unspecific effects). These data are consistent with
previous studies showing that clathrin- and dynamin-mediated endocytosis is not essential
in VEGF-induced signaling [14,18,31,32,34,38,39], while macropinocytosis is crucial [14].
This protocol could thus be applied in the study of other signaling pathways and/or other
cellular functions to address whether the effect of a drug on signaling is solely due to
inhibition of endocytosis or due to off-target blockage.

4. Materials and Methods
4.1. Reagents and Antibodies

The concentration of the reagents used in this study, unless stated otherwise, is in-
dicated below in parentheses. Recombinant human VEGF165 (50 ng/mL) was obtained
from Immunotools GmbH, Friesoythe, Germany. Dynasore (100 µmol/L) and 5-N-ethyl-N-
isopropyl amiloride (EIPA) (50 µmol/L) were from Sigma-Aldrich/Merck KGaA, Darm-
stadt, Germany, whereas dyngo 4a and dynole 34-2 were from Abcam plc, Cambridge, UK.
The antibodies against ERK1/2, p-ERK1/2, Akt, p-Akt, VEGFR2 (55B11) and p-VEGFR2
(tyr1175) (19A10) were from Cell Signaling Technology, Danvers, MA. The antibodies
against EphB4 were from R&D Systems R&D Systems Inc., Minneapolis, MN. The HRP-
conjugated antibodies used in Western blotting experiments were from Jackson Immunore-
search Europe Ltd., Cambridge, UK. All other reagents used in the present study were
obtained from Merck/Sigma, Darmstadt, Germany, unless stated otherwise.

4.2. Endothelial Cell Culture

Human umbilical vein endothelial cells (HUVECs) were cultured as described pre-
viously [57,58]. Briefly, HUVECs were seeded on 100 mm dishes coated with collagen
type I and were cultured in M199 medium supplemented with 20% fetal calf serum, 1%
penicillin–streptomycin, 0.05 mg/mL endothelial cell growth supplement and 0.05 IU/mL
heparin until they formed confluent cell monolayers. Then, cells were re-seeded in 24-well
plates and treated according to the needs of the different assays.

4.3. Direct Treatment of Cells with the Inhibitors

All VEGF-dependent experiments were carried out using 2 h serum-deprived HU-
VECs, followed by a 30 min pretreatment step with vehicle or inhibitors. Drug treatments
were carried out in serum-free M199 medium. For the VEGF-independent experiments,
HUVECs were treated with vehicle (DMSO) or with the drug for various durations, lysed
in PBS supplemented with 1% SDS and analyzed by Western blotting using rabbit anti-
VEGFR2 cytoplasmic domain antibodies (Cell Signaling Technology, #2479S) or other
antibodies as indicated.

4.4. Reversible Inhibition of Drug Treatment

To test the reversibility of the inhibitory effect of EIPA in VEGFR2 signaling, serum-
deprived cells (2 h) were treated with EIPA for 30 min. Following this treatment, the
cells were washed 3 times with Ca2+/Mg2+ HBSS, followed by incubation in serum-free
M199 medium for 10 min. Then, the cells were stimulated with VEGF for 10 min, lysed
and analyzed by immunoblotting using antibodies against ERK1/2 and phosphorylated
ERK1/2. Vehicle-treated cells were treated as above.

4.5. Uncoupling Experiment

This protocol consisted of three steps. During step 1, serum-starved HUVECs (2 h)
were treated with vehicle or inhibitors of endocytosis (dynasore or EIPA) for 30 min,
followed by stimulation with VEGF (50 ng/mL) for 10 min in the presence of the above
drugs. Then, the cells were processed further to rescue the off-target effects of the drugs
against signaling molecules. To this end, in step 2, cells were twice acid-washed (M199
medium, pH 2.0) to remove any remaining molecules of VEGF from the plasma membrane,
followed by 3 washes with Ca2+/Mg2+ HBSS. The effectiveness of the acid wash was
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confirmed, as shown in Supplementary Figure S1, consistently with earlier studies [17,47].
Then (in step 3), the cells were incubated in fresh serum-free medium for 20 min (this
incubation rescues any off-target effects of the drug), lysed and analyzed by Western
blotting using antibodies against ERK1/2 or phosphorylated ERK1/2.

4.6. Microscopy-Based Internalization Assay

HUVECs were cultured in plastic dishes that were obtained from ibidi, 35 mm round,
appropriate for microscopy, previously coated with collagen type I. For internalization
experiments, cells were washed 3 times with blocking buffer, treated for 30 min with vehicle
or inhibitors in blocking buffer, transferred to 37 ◦C and incubated with 50 µg/mL fluores-
cein isothiocyanate-conjugated transferrin (Invitrogen). Then, the samples were washed
3 times with Ca2+/Mg2+ HBSS, fixed in 3.7% PFA for 20 min and analyzed by microscopy.
Images of the cells were captured using a Leica TCS SP5 II scanning confocal microscope
and a Leica 63X HCX PL APO 1.4 NA objective. Imaging data were subsequently processed
using the LAS AF software, according to the manufacturer’s guidelines.

4.7. Biotinylation-Based Internalization Assays

The amount of surface or internalized VEGFR2, or internalized EphB4, was assessed
biochemically in serum-starved HUVECs (2 h). Following starvation, the cells were trans-
ferred to 4 ◦C and incubated with 0.5 mg/mL cleavable EZ-Link Sulfo-NHS-S-S-Biotin
(Thermo-Scientific) in Ca2+/Mg2+ HBSS for 20 min to label cell surface proteins. Then,
the samples were washed 2 times with 50 mM glycine in PBS, to quench unbound biotin,
and treated for 30 min with vehicle or inhibitors in serum-free M199 medium supple-
mented with 20 mmol/L HEPES. Cells were shifted to prewarmed media (in the presence
or absence of VEGF and inhibitors) and transferred to 37 ◦C for 10 min. Then, cells were
transferred back to 4 ◦C and incubated 2 × 15 min with biotin cleavage buffer (100 mM
sodium 2-mercaptoethanesulfonate, MESNA, 50 mM Tris pH 8.5, 100 mM NaCl, 1 mM
EDTA, 0.1% BSA) to strip biotin from the noninternalized proteins remaining at the cell
surface. MESNA was quenched with 50 mM iodoacetamide in PBS for 10 min, and cells
were lysed in lysis buffer (0.5% Triton X-100, 0.5% NP-40, 50 mM Tris pH 7.5, 100 mM NaCl,
5 mM EDTA and Roche protease inhibitor cocktail). Finally, the samples were processed
using standard pull-down protocol with streptavidin beads. Control samples were treated
at 4 ◦C to analyze the surface levels of VEGFR2, or EphB4, of nonstimulated cells and the
efficiency of biotin cleavage. Prior to all treatments at 4 ◦C, the cell samples were washed
3 times with ice-cold Ca2+/Mg2+ HBSS.

For the analysis of VEGFR2 uptake from the plasma membrane, serum-starved HU-
VECs were treated for 30 min with vehicle or inhibitors, stimulated with VEGF for 15 min,
transferred to 4 ◦C and labeled with biotin, as described above. Following biotin quenching,
cells were lysed and processed by pull-down using streptavidin beads.

4.8. Quantification and Statistical Analysis

The quantification of immunoblots was performed using the ImageJ software. The
values reported in the figures represent means ± S.E.M. or S.D. calculated from at least 3
replicates for each experimental setting. Statistical differences were evaluated using the
Student’s t-test for two-group comparison or analysis of variance (ANOVA) followed by
Dunnett’s post hoc analysis for comparisons of more than two groups.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10050997/s1, Figure S1: Assessment of the efficiency of acid wash in stripping surface
bound anti-VEGFR2 antibodies.
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55. Sadowski, Ł.; Jastrzębski, K.; Kalaidzidis, Y.; Heldin, C.; Hellberg, C.; Miaczynska, M. Dynamin Inhibitors Impair Endocytosis
and Mitogenic Signaling of PDGF. Traffic 2013, 14, 725–736. [CrossRef]

56. Damke, H.; Baba, T.; Van Der Bliek, A.M.; Schmid, S.L. Clathrin-independent pinocytosis is induced in cells overexpressing a
temperature-sensitive mutant of dynamin. J. Cell Biol. 1995, 131, 69–80. [CrossRef] [PubMed]

57. Papanikolaou, A.; Papafotika, A.; Christoforidis, S. CD39 Reveals Novel Insights into the Role of Transmembrane Domains in
Protein Processing, Apical Targeting and Activity. Traffic 2011, 12, 1148–1165. [CrossRef]

58. Zografou, S.; Basagiannis, D.; Papafotika, A.; Shirakawa, R.; Horiuchi, H.; Auerbach, D.; Fukuda, M.; Christoforidis, S. A complete
Rab screening reveals novel insights in Weibel-Palade body exocytosis. J. Cell Sci. 2012, 125, 4780–4790. [CrossRef]

http://doi.org/10.1038/nprot.2014.004
http://www.ncbi.nlm.nih.gov/pubmed/24385148
http://doi.org/10.1016/s0076-6879(07)38006-3
http://doi.org/10.1038/nrm3151
http://doi.org/10.1038/nrm3266
http://www.ncbi.nlm.nih.gov/pubmed/22233676
http://doi.org/10.1146/annurev-cellbio-100109-104016
http://doi.org/10.1111/tra.12116
http://doi.org/10.1038/nrm.2017.132
http://doi.org/10.1111/tra.12119
http://doi.org/10.1124/mol.107.034207
http://www.ncbi.nlm.nih.gov/pubmed/17702890
http://doi.org/10.1111/tra.12061
http://doi.org/10.1083/jcb.131.1.69
http://www.ncbi.nlm.nih.gov/pubmed/7559787
http://doi.org/10.1111/j.1600-0854.2011.01224.x
http://doi.org/10.1242/jcs.104174

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Reagents and Antibodies 
	Endothelial Cell Culture 
	Direct Treatment of Cells with the Inhibitors 
	Reversible Inhibition of Drug Treatment 
	Uncoupling Experiment 
	Microscopy-Based Internalization Assay 
	Biotinylation-Based Internalization Assays 
	Quantification and Statistical Analysis 

	References

