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As a master regulator of endothelial cell function, vascular
endothelial growth factor receptor-2 (VEGFR2) activates multi-
ple downstream signaling pathways that are critical for vascular
development and normal vessel function. VEGFR2 trafficking
through various endosomal compartments modulates its signal-
ing output. Accordingly, proteins that regulate the speed and
direction by which VEGFR2 traffics through endosomes have
been demonstrated to be particularly important for arteriogen-
esis. However, little is known about how these proteins control
VEGFR2 trafficking and about the implications of this control
for endothelial cell function. Here, we show that Rab GTPase–
binding effector protein 2 (RABEP2), a Rab-effector protein
implicated in arteriogenesis, modulates VEGFR2 trafficking. By
employing high-resolution microscopy and biochemical assays,
we demonstrate that RABEP2 interacts with the small GTPase
Rab4 and regulates VEGFR2 endosomal trafficking to maintain
cell-surface expression of VEGFR2 and VEGF signaling. Lack of
RABEP2 also led to prolonged retention of VEGFR2 in Rab5-
positive sorting endosomes, which increased VEGFR2’s expo-
sure to phosphotyrosine phosphatase 1b (PTP1b), causing
diminished VEGFR2 signaling. Finally, the loss of RABEP2
increased VEGFR2 degradation by diverting VEGFR2 to Rab7-
positive endosomes destined for the lysosome. These results
implicate RABEP2 as a key modulator of VEGFR2 endosomal
trafficking, and demonstrate the importance of RABEP2 and
Rab4 for VEGFR2 signaling in endothelial cells.

The vascular endothelial growth factor receptor-2 (VEGFR2)2

signaling pathway plays a central role in vascular development.
Deletion of VEGFR2 causes embryonic lethality while haploin-
sufficiency of its major ligand, VEGFA, is incompatible with life
(1–3). VEGFR2 exerts its influential role in the formation of a

functional cardiovascular system by mediating multiple vascu-
lar processes, including vasculogenesis, angiogenesis, and arte-
riogenesis (4). The role of VEGF in regulating vasculogenesis,
the formation of the primitive vascular plexus, and angiogene-
sis, the sprouting of new blood vessels from pre-existing vascu-
lature, has been extensively studied (5–7). However, we are only
just beginning to understand VEGFR2-mediated signaling
mechanisms that govern the formation of arteries through the
process of arteriogenesis.

VEGFR2 mediates multiple cellular events involved in arte-
riogenesis, including endothelial cell proliferation, migration,
survival, and lumen expansion through a complex series of
downstream signaling pathways that include the phosphatidy-
linositol 3�-kinase (PI3K)/Akt and mitogen-activated protein
kinase (MAPK)/extracellular response kinase (ERK) signaling
cascades (8 –11). Activation of ERK signaling has been demon-
strated to be of particular importance for arteriogenesis, with
decreased activation of ERK leading to impaired artery forma-
tion during both development and disease (12–14).

Not surprisingly, VEGF signaling is tightly controlled at mul-
tiple levels (15). Recently, much attention has been given to
VEGF receptors endosomal trafficking in endothelial cells (16 –
18). The speed and direction by which VEGFR2 traffics through
different endosomal compartments add additional layers to
VEGFR2 signal modulation and output (19, 20). Upon ligand
binding,VEGFR2dimerizationinducesreceptorautophosphor-
ylation and internalization via clathrin-coated pits, after which
VEGFR2 traffics through different endosomal compartments
by a process mediated by Rab GTPases (Rab5, Rab4, Rab11, and
Rab7) and Rab effector proteins (21–24). VEGFR2 first enters
Rab5-positive (Rab5�) sorting endosomes to either be
returned to the cell surface by Rab4� (fast) or Rab11� (slow)
endosomal recycling pathways for additional rounds of signal-
ing, or to the lysosome for degradation via Rab7� endosomes
(25–27). In contrast to receptor tyrosine kinase dogma that
stipulates receptor tyrosine kinases signal exclusively at the
plasma membrane, VEGFR2 continues to signal following
internalization as it moves through these various endosomal
compartments (13, 28). Therefore, endothelial mutations that
alter VEGFR2 trafficking can consequentially impair VEGFR2
signaling, and thus endothelial cell function (13, 29, 30). For
example, genetic disruption of retrograde endocytic vesicle
transport slowed VEGFR2 trafficking through the Rab5 endo-
somal compartment and caused reduced VEGFR2 phosphory-
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lation, reduced ERK activation, and consequently, impaired
arteriogenesis (13).

In the absence of ligand, VEGFR2 is also internalized and
trafficked through the cell. Quiescent VEGFR2 has been docu-
mented to be constitutively internalized, first entering the
Rab5� endosomal compartment and then returned to the
plasma membrane by a fast-loop recycling process mediated by
Rab4� endosomes (26, 27). Little is known about constitutive
Rab4-dependent trafficking of VEGFR2 and its implications for
endothelial cell function.

Rab-GTPase effector protein-2 (RABEP2), a Rab effector
protein with putative Rab4- and Rab5-binding sites docu-
mented to regulate early endosomal fusion, has recently been
implicated in arteriogenesis (31). Analyses of congenic mouse
strains that display varying degrees of arteriogenesis revealed
an association between mutations in Rabep2 and impaired
artery formation (32). Moreover, mice deficient for Rapeb2 dis-
played significant arteriogenic defects (33). Here we examined
the role of RABEP2 in regulating VEGFR2 signaling in endothe-
lial cells. We demonstrate that RABEP2 is required to maintain
VEGFR2 protein expression and signaling. In the absence of
RABEP2, VEGFR2 fails to recycle to the plasma membrane and
is instead retained and de-activated in the Rab5� compartment
to then be trafficked to lysosomes for degradation. We show
that RABEP2 mediates Rab4-dependent trafficking of VEGFR2.
Thus, through its interaction with RAB4, RABEP2 plays a crit-
ical role in regulating VEGFR2 signaling events required for
arteriogenesis.

Results

RABEP2 regulates VEGFR2 expression and signaling

Activation of VEGFR2 signaling is central to new artery for-
mation. To evaluate the link between VEGFR2 expression and
arteriogenesis, we compared VEGFR2 expression in endothe-
lial cells derived from mice showing robust (C57Bl/6) and
decreased (BALB/c) arteriogenesis (34). In agreement with
these phenotypes, VEGFR2 levels were significantly higher in
C57Bl/6J endothelial cells (Fig. 1, A and B). A recent publication
linked a gene encoding the Rab-effector protein, RABEP2, to
the observed reduction in collateral blood vessel number and
impaired arteriogenesis displayed by the BALB/c congenic
mouse strain (33). In line with this observation, BALB/cJ endo-
thelial cells displayed a 50% reduction in RABEP2 protein
expression, as compared with C57Bl/6J (Fig. 1, A and B). These
findings suggested that the published in vivo arteriogenesis
phenotypes of RABEP2 mutant mice may be due to deficient
VEGFR2 activity. We thus hypothesized that RABEP2 regulates
VEGFR2 function in endothelial cells and proceeded to assess
this hypothesis in vitro.

To determine whether RABEP2 regulates VEGFR2 expres-
sion in endothelial cells, we used silencing RNA to target
RABEP2 transcripts (siRABEP2) and assessed VEGFR2 expres-
sion after validating knockdown efficiency and specificity (Fig.
1, C and D). We chose to use human umbilicus venous endo-
thelial cells (HUVEC) to assess RABEP2 function in endothelial
cells, since HUVEC are a firmly established cell model in vas-
cular biology; and despite their name, HUVEC are derived from

the lining of umbilical blood vessels that carry arterial blood
and express markers of arterial endothelial cells (35). HUVEC
with RABEP2 knockdown displayed statistically significant
reduced VEGFR2 protein expression, whereas expression of
VEGFR1 and the VEGFR2 co-receptor, Neuropilin-1 (NRP1),
remained unchanged (Fig. 1, E and F). In agreement with pre-
viously published work demonstrating that loss of VEGFR2
caused reduced VEGFR3 expression, we also observed reduced
VEGFR3 protein levels in HUVEC deficient for RABEP2 (Fig.
1E) (36, 37). To further support our finding that RABEP2 reg-
ulates VEGFR2 protein levels, overexpression of RABEP2
resulted in a dose-dependent increase in total VEGFR2 protein
expression (Fig. 1G). Immunocytochemistry and surface bioti-
nylation demonstrated that surface levels of VEGFR2 were
reduced in HUVEC following RABEP2 knockdown, as com-
pared with control (Fig. 1, H–J). Interestingly, VEGFR2 tran-
script levels were unchanged in HUVEC deficient for RABEP2
(Fig. 1K). Taken together, these data suggest that RABEP2 func-
tions post-transcriptionally to regulate VEGFR2 expression in
endothelial cells.

To assess the role of RABEP2 in regulating VEGFR2 signal-
ing, endothelial cells transfected with siRABEP2 were serum-
starved for 12 h and then stimulated with VEGF-A165 for 5, 15,
and 30 min, after which VEGFR2 phosphorylation and down-
stream signaling via MAPK/MEK/ERK and PI3K/Akt were
assessed by Western blot. After 5 min of VEGF-A stimulation,
phosphorylation of VEGFR2 at tyrosine 1175, an event critical
for VEGF signaling, was dramatically reduced in siRABEP2-
transfected HUVEC, as compared with control (Fig. 2A). Quan-
tification revealed a statistically significant reduction in phos-
phorylated VEGFR2 in siRABEP2 HUVEC when VEGFR2
phosphorylation levels were normalized to reduced total
VEGFR2 (Fig. 2B). Thus, RABEP2 regulates VEGFR2 signaling
independent of its role in maintaining total VEGFR2 expres-
sion. In line with these findings, we observed reduced activation
of downstream signaling pathways associated with VEGFR2,
including reduced pAKT and pERK in siRABEP2 HUVEC, as
compared with control cells (Fig. 2, C and D).

RABEP2-deficient endothelial cells display abnormal VEGFR2
endosomal trafficking

The magnitude of VEGFR2 phosphorylation and its activa-
tion of downstream signaling pathways is mediated, in part, by
its trafficking through various endosomal compartments (15).
Therefore, we next set out to explore if RABEP2 regulates endo-
somal trafficking of VEGFR2. To rule out a VEGFR2 internal-
ization defect, we performed a protein internalization assay
where HUVEC were incubated with biotin to label surface pro-
teins and then stimulated with VEGF-A for 5 min. We then
specifically probed the pool of internalized protein for VEGFR2
and observed no difference in VEGFR2 internalization between
control and RABEP2-deficient HUVEC (Fig. 3A).

Following internalization, VEGFR2 first traffics through
Rab5� endosomes to be sorted for additional rounds of signal-
ing or for degradation. To observe the movement of internal-
ized VEGFR2 through various endosomal compartments, we
employed a previously described method where HUVEC are
incubated prior to VEGF stimulation with a monoclonal
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Figure 1. RABEP2 regulates VEGFR2 expression. A, protein lysate isolated from either C57Bl/6J or BALB/cJ lung endothelial cells was probed for Vegfr2,
Rabep2, and VE-cadherin (VE-cad) to validate endothelial cell identity. Gapdh served as a loading control. B, quantification of Western blot showing relative
Vegfr2 and Rabep2 protein expression. Quantification based on 3 independent cell isolations (mean � S.D., **, p � 0.01; ***, p � 0.01). C, validation of RABEP2
siRNA. HUVEC were exposed to two different siRNA with unique human RABEP2 targeting sequences (RABEP2 siRNA #3 and RABEP2 siRNA #12). Both siRNA
constructs depleted RABEP2 expression and caused reduced VEGFR2 expression and activation. RABEP2 siRNA #12 was chosen for all future experiments, as it
had the least impact on cell growth. D, specificity of RABEP2 siRNA #12 validated by showing lentiviral infection with mouse RABEP2 construct (mRABEP2)
rescues VEGFR2 expression and activation. E, Western blot of protein lysates isolated from HUVEC transfected with scrambled siRNA (control) or siRNA targeting
RABEP2 (siRABEP2). F, quantification of the relative total VEGFR2 protein expression based on 3 independent experiments (mean � S.D., *, p � 0.05). G, Western
blot of total VEGFR2 expression following increasing levels of RABEP2 overexpression via lentiviral infection in HUVEC. H, immunocytochemistry of control or
siRABEP2 HUVEC stained for VEGFR2 (white) and DAPI (blue) to mark cell nuclei. I, Western blot probed for VEGFR2 of total surface-biotinylated protein isolated
from control or siRABEP2 HUVEC. J, quantification of relative surface VEGFR2 levels based on 3 independent surface biotinylation assays (mean � S.D., **p �
0.01). K, relative VEGFR2 transcript levels in control and siRABEP2 HUVEC (mean � S.D., NS, not significant).
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antibody that specifically binds the extracellular domain of
VEGFR2 (13). After VEGF stimulation, we then assessed co-lo-
calization of internalized, antibody-labeled surface VEGFR2
with different endosomal compartments by fluorescently label-
ing internalized VEGFR2 using an appropriate secondary anti-
body and co-staining with various endosomal markers. After 15
min of VEGF-A stimulation, a significantly higher proportion
of internalized VEGFR2 remained co-localized with Rab5�
endosomes (Fig. 3, labeled, in part, by white arrows) in RABEP2-
deficient HUVEC, whereas in control endothelial cells VEGFR2
moved on to other endosomal compartments (Fig. 3, B and C).
We observed no difference in internalized VEGFR2 and Rab5
co-localization after 5 min of VEGF-A stimulation, demon-
strating that loss of RABEP2 does not alter VEGFR2 entry into
Rab5� sorting endosomes (Fig. 3C).

Prolonged localization of VEGFR2 in Rab5� endosomes
increases its exposure to the phosphatase activity of PTP1b,
leading to reduced phosphorylation at the Tyr1175 site and
impaired arteriogenesis (13, 38). To test if a similar mechanism
contributes to the reduced VEGFR2 signaling displayed by
RABEP2-deficient endothelial cells, we tested the effect of
PTP1b knockdown in RABEP2-deficinent HUVEC. Additional
knockdown of PTP1b in siRABEP2-transfected HUVEC
restored VEGFR2 Tyr1175 and ERK phosphorylation levels to
control levels (Fig. 3, D–F). Collectively, these data suggest that
RABEP2 is required for VEGFR2 exit from the Rab5 endosomal
compartment. In the absence of RABEP2, VEGFR2 stalls in
Rab5� endosomes, thereby submitting VEGFR2 to prolonged
PTP1b-mediated de-phosphorylation resulting in reduced
VEGFR2 signaling.

Following its stay in Rab5� sorting endosomes, movement
of VEGFR2 through subsequent endosomal compartments is
mediated by Rab4, Rab11, or Rab7. To be recycled back to the
plasma membrane for additional rounds of signaling, VEGFR2
enters either Rab4� or Rab11� recycling endosomes, whereas
VEGFR2 destined for degradation enters Rab7� endosomes to
be trafficked to the lysosome. We assessed VEGFR2 movement
through these different endosomal compartments in response
to VEGFA stimulation. Although at 15 min post-stimulation
there were no differences in internalized VEGFR2 co-local-
ization with Rab7 (white arrows) in RABEP2-deficient versus
control cells, at 30 min there was a statistically significant
increase in VEGFR2 co-localizing with Rab7� endosomes in
siRABEP2 HUVEC (Fig. 4, A and B). Increased Rab7 co-lo-
calization of VEGFR2 suggested that a higher proportion of
internalized VEGFR2 is targeted for lysosomal degradation
in the absence of RABEP2. To test this possibility, siRABEP2
HUVEC were treated with the lysosomal inhibitor chloro-
quine. Chloroquine administration restored VEGFR2 to nor-
mal protein levels in HUVEC deficient for RABEP2 cultured
in complete media (Fig. 4, C and D). Furthermore, chloro-
quine rescued VEGFR2 protein levels in siRABEP2 HUVEC
stimulated with VEGFA, demonstrating that increased deg-
radation causes reduced VEGFR2 protein levels associated
with RABEP2 deficiency (Fig. 4E).

We next addressed whether RABEP2 affects VEGFR2 traf-
ficking through Rab11� recycling endosomes. Rab11-depen-
dent recycling appeared unchanged, as signaling by TGFR�,
which recycles exclusively by Rab11� endosomes was normal
in siRABEP2-transfected HUVEC (Fig. 4F). Furthermore, we

Figure 2. RABEP2 regulates VEGFR2 signaling. A, HUVEC were serum-starved for 12 h (0 min) and then stimulated with 50 ng/ml of VEGF-A165 for 5, 15, or 30
minutes (min). Protein lysates were collected and analyzed by Western blot using antibodies against the tyrosine 1175 phosphorylation site of VEGFR2
(pVEGFR2 Y1175), total VEGFR2, the serine 473 phosphorylation site of AKT (pAKT S473), total AKT, phosphorylated ERK1 and -2 (pERK1/2), total ERK1 and 2
(ERK1/2), RABEP2, and GAPDH as a loading control. B, quantification of pVEGFR2 (Y1175) normalized to total VEGFR2 levels. C, quantification of pAkt (S473)
normalized to total Akt. D, quantification of pERK1/2 normalized to total ERK1/2. B–D, quantification was based on 4 independent experiments (mean � S.D.,
*, p � 0.05).
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observed normal co-localization of internalized VEGFR2 and
Rab11 (white arrows) after 30 min of VEGF-A stimulation in
siRABEP2 HUVEC (Fig. 4, G and H). Thus, we conclude that
RABEP2 does not regulate VEGFR2 recycling through the
Rab11� endosomal compartment.

RABEP2 interaction with Rab proteins that mediate
endosomal trafficking

Altered endosomal trafficking of VEGFR2 caused by RABEP2
deficiency suggested that RABEP2 may selectively interact with
various Rab proteins involved in this process. To test this, we

Figure 3. RABEP2 regulates VEGFR2 endosomal trafficking. A, VEGFR2 internalization assay. Following incubation with biotin, cells were either harvested
prior to stimulation to assess total surface VEGFR2 (total) or stimulated with 50 ng/ml of VEGF-A165 for 0 or 5 min (internalized), then stripped of the remaining
surface biotin and lysed to assess levels of internalized biotin-labeled protein via Western blot probed for VEGFR2. B, HUVEC co-stained for internalized VEGFR2
(green) and Rab5 (red) after 15 min of stimulation with 50 ng/ml of VEGF-A165. White arrows point to Rab5� endosomes containing internalized VEGFR2. DAPI
marks cell nuclei in blue; scale bar, 10 �m. C, quantification of percent co-localization of internalized VEGFR2 and Rab5 after 5 and 15 min of VEGF-A165
stimulation. Quantification was performed using a co-localization plugin of Image J in at least 10 independent fields (mean � S.D., NS, not significant; **, p �
0.01). D, HUVEC transfected with scrambled siRNA (control), scrambled siRNA and siRNA targeting RABEP2 (siRABEP2), scrambled siRNA and siRNA targeting
PTP1b (siPTP), or siRNA targeting RABEP2 and PTP1b (siRABEP2/siPTP1b), serum starved for 12 h and then stimulated for 5 or 15 min with 50 ng/ml of VEGF-A165.
Protein lysates were assessed by Western blots to assess VEGF signaling using antibodies against the tyrosine 1175 phosphorylation site of VEGFR2 (pVEGFR2
Y1175), total VEGFR2, RABEP2, and PTP1b to validate knockdown and GAPDH as a loading control. E, quantification of pVEGFR2 Tyr1175 normalized to total
VEGFR2 of 3 independent experiments (mean � S.D., *, p � 0.05). F, quantification of pERK1/2 normalized to total ERK1/2 of 3 independent experiments
(mean � S.D., *, p � 0.05).
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pulled down endogenous RABEP2 in HUVEC and probed for
candidate binding partners. RABEP2 failed to precipitate Rab5,
although Rab5 did co-precipitate with its known binding partner,
early endosome antigen 1 (EEA1), suggesting that Rab5 and
RABEP2 do not co-localize in endothelial cells (Fig. 5A). This data
were confirmed by structural illumination microscopy (SIM),
which revealed only minimal co-localization of RABEP2 and Rab5
in serum-starved and VEGF-A-stimulated endothelial cells (Fig.
5B). RABEP2 also failed to co-precipitate Rab7 (Fig. 5A). In con-
trast, we observed a high level of co-precipitation of RABEP2 with
the recycling endosome marker Rab4 (Fig. 5A).

Rab4-positive endosomes mediate fast-loop recycling of
VEGFR2, which is not only responsible for the recycling
of ligand-activated VEGFR2, but also constitutive maintenance
of cell-surface VEGFR2 in the absence of ligand (39). This con-
trasts with Rab11-positive endosomes, which exclusively recy-
cle activated VEGFR2 via a ligand-dependent slow-loop path-
way. We hypothesized that Rab4 and RABEP2 interact to
mediate cell-surface VEGFR2 expression. Consistent with our
hypothesis, loss of either RABEP2 or RAB4 resulted in reduced
surface expression of VEGFR2 in serum-starved endothelial cells,

demonstrating a role for both RABEP2 and RAB4 in maintaining
constitutive VEGFR2 surface levels (Fig. 6A). Moreover, we
observed that knockdown of either Rab4 or RABEP2 decreased the
expression levels of the other; suggesting a reciprocal Rab-effector
correlation between Rab4 and RABEP2 (Fig. 6A).

Accordingly, when HUVEC transfected with siRNA target-
ing RAB4 were stimulated with VEGF-A following overnight
starvation, we observed reduced phosphorylation of VEGFR2
at Tyr1175 and reduced activation of VEGFR2 downstream sig-
naling pathways, a pattern reminiscent of HUVEC deficient for
RABEP2 (Fig. 6, B–E). Taken together, these data suggest that
RABEP2 and RAB4 interact to maintain VEGFR2 surface levels
in the absence of VEGF-A stimulation. Functionally, our
findings demonstrate that loss of RABEP2 and its ability to
promote Rab4-dependent VEGFR2 trafficking results in
reduced VEGFR2 expression and downstream signaling
events required for arteriogenesis.

Discussion

A balance is struck in endothelial cells between VEGFR2 syn-
thesis, recycling, and degradation to ultimately regulate total

Figure 4. Assessment of VEGFR2 trafficking mediated by Rab7 and Rab11. A, HUVEC co-stained for internalized VEGFR2 (green) and Rab7 (red) after 30 min
of stimulation with 50 ng/ml of VEGF-A165. White arrows point to Rab7� endosomes containing internalized VEGFR2. DAPI marks cell nuclei in blue; scale bar,
10 �m. B, quantification of co-localization of internalized VEGFR2 and Rab7 after 15 and 30 min of 50 ng/ml of VEGF-A165 stimulation. Quantification was
performed using a co-localization plugin of ImageJ in at least 10 independent fields (mean � S.D., NS, not significant, **, p � 0.01). C, Western blot probed for
VEGFR2 of lysates isolated from control and RABEP2 knockdown (siRABEP2) HUVEC grown in complete media and treated with either water (control) or 100
�mol/liter of the lysosomal inhibitor chloroquine for 6 h prior to lysate collection. D, quantification of 3 independent experiments of total VEGFR2 levels
normalized to GAPDH in siRABEP2 HUVEC treated with water or chloroquine, relative to control siRNA cells (mean � S.D., *, p � 0.05). E, Western blot probed
for VEGFR2 of lysates isolated from control and RABEP2 knockdown (siRABEP2) HUVEC serum starved for 12 h and then treated with either water (control) or 100
�mol/liter of the lysosomal inhibitor chloroquine for 6 h prior to stimulation for 5 or 15 min with 50 ng/ml of VEGF-A165. GAPDH used as a loading control. F,
Western blot of lysates isolated from control and siRABEP2 HUVEC serum starved for 12 h and then stimulated with 1 ng/ml of transforming growth factor �1
(TGF�1) for 0, 15, and 30 min. Western blots were probed for pSMAD3, a mediator of TGF� downstream signaling, total SMAD2/3, and GAPDH as a loading
control. G, HUVEC co-stained for internalized VEGFR2 (green) and Rab11 (red) after 30 min of stimulation with 50 ng/ml of VEGF-A165. White arrows point to
Rab11� endosomes containing internalized VEGFR2. DAPI marks the cell nuclei in blue; scale bar, 10 �m. H, quantification of co-localization of internalized
VEGFR2 and Rab11 after 30 min of 50 ng/ml of VEGF-A165 stimulation. Quantification was performed using a co-localization plugin of ImageJ in at least 10
independent fields (mean � S.D., NS, not significant).

Figure 5. Assessment of RABEP2 and Rab GTPase interaction. A, Western blot of lysates isolated from HUVEC grown in full media following immunoprecipita-
tion (IP) with antibody against RABEP2 (IP: RABEP2) or EEA (IP: EEA1) and then probed for Rab5, Rab7, and Rab4. 5% input is shown in the middle lane. B, HUVEC infected
with adenovirus expressing V5-tagged RABEP2, serum starved overnight, and stimulated for 0, 5, or 15 min with 50 ng/ml of VEGF-A165. Following fixation, cells were
co-stained for V5 to visualize RABEP2 (green), RAB5 (red), and VEGFR2 (white) and imaged using SIM with an x-y resolution of 130 nm.
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expression of the receptor and its presence on the plasma mem-
brane. The results of this study identify RABEP2 as a novel
regulator of VEGFR2 trafficking involved in maintaining this
balance. We show that RABEP2 interacts with Rab4 to maintain
constitutive VEGFR2 levels at the plasma membrane. When
RABEP2 is depleted (Fig. 7, red arrows), greater amounts of
VEGFR2 are localized in Rab5-positive sorting endosomes,
where VEGFR2 is partially deactivated by the phosphatase
PTP1b. Furthermore, in the absence of RABEP2, a dispropor-
tionately high amount of VEGFR2 is trafficked to the lysosome
for degradation by Rab7-positive endosomes (Fig. 7, thick red
arrows). Thus, knockdown of RABEP2 reduces total and cell-
surface VEGFR2 expression, mutes its intracellular signaling,
and promotes VEGFR2 degradation.

Several lines of evidence support these conclusions. We
demonstrated that loss of RABEP2 increased localization of
internalized VEGFR2 in Rab7� endosomes destined for the
lysosome and that subsequent inhibition of lysosomal degrada-
tion can rescue total VEGFR2 protein levels. We also observed

prolonged localization of internalized VEGFR2 in Rab5� endo-
somes after 30 min of VEGF-A stimulation and observed res-
cued VEGFR2 signaling with additional knockdown of PTP1b
in HUVEC deficient for RABEP2. Last, we documented that
RABEP2 specifically interacts with Rab4 and that knockdown
of Rab4 phenocopies knockdown of RABEP2, thus implicating
RABEP2 in Rab4-dependent VEGFR2 recycling.

To date, only a handful of proteins, such as Nrp1 and the
clathrin-associated proteins, Numb and Numb-like (Numbl),
have been connected to VEGFR2 recycling (17, 18). Like RABEP2
deficiency, loss of endothelial Numb expression reduced total
VEGFR2 protein levels and impaired VEGFR2 signaling due to
increased trafficking through Rab7-positive endosomes and sub-
sequent lysosomal degradation (18). This common phenotype
shared by deficiency of two VEGFR2 recycling mediators, RABEP2
and Numb, suggests that the Rab7-positive late endosomal com-
partment may be a default trafficking route for VEGFR2, and that
VEGFR2 recycling serves to maintain VEGFR2 expression by
diverting it from lysosomal degradation.

Figure 6. Analysis of RAB4-dependent VEGFR2 trafficking. A, assessment of surface VEGFR2 levels. HUVEC transfected with scrambled siRNA (control),
scrambled siRNA and siRNA targeting RABEPS (siRABEP2), scrambled siRNA and siRNA targeting RAB4a and RAB4b (siRAB4), or siRNA targeting Rab4a, Rab4b,
and RABEP2 (siRab4/siRABEP2). HUVEC were serum starved for 12 h, incubated with biotin to label surface proteins, and biotin-labeled proteins were probed
for VEGFR2 (surface VEGFR2). 5% input was loaded and probed for VEGFR2 (total VEGFR2), RABEP2, and Rab4 to validate knockdown. B, HUVEC transfected with
scrambled siRNA (control) and siRNA targeting RAB4a and RAB4b transcripts (siRAB4) were serum starved for 12 h and then stimulated with 50 ng/ml of
VEGF-A165 for 0, 5, or 15 min. Lysates were collected and probed using antibodies against the tyrosine 1175 phosphorylation site of VEGFR2 (pVEGFR2 Y1175),
total VEGFR2, the serine 473 phosphorylation site of AKT (pAKT S473), total AKT, phosphorylated ERK1 and -2 (pERK1/2), total ERK1 and -2 (ERK1/2), RAB4 to
validate knockdown, and GAPDH as a loading control. C, quantification of pVEGFR2 (Tyr1175) normalized to total VEGFR2 levels. D, quantification of pAkt (Ser473)
normalized to total Akt. E, quantification of pERK1/2 normalized to total ERK1/2. C–E, quantification based on 4 independent experiments (mean � S.D., NS, not
significant; *, p � 0.05).
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To avoid degradation, internalized VEGFR2 can be recycled
to the plasma membrane from the Rab5-positive endosomal
compartment by either the Rab4 or Rab11 endosome-associ-
ated Rab GTPase (27). Rab4 mediates a fast-loop recycling
route, whereas Rab11 controls slow-loop recycling to the
plasma membrane. These two recycling loops differ in multiple
ways. VEGFR2-phosphorylation status is maintained as it
moves through Rab4-positive endosomes, whereas VEGFR2 is
first de-phosphorylated before entering the slow-loop Rab11-
mediated recycling pathway (26). VEGFR2 can therefore con-
tinue to signal as it moves through Rab4, but not Rab11-medi-
ated recycling. Additionally, Rab4-mediated VEGFR2 recycling
is unique because it occurs not only following VEGF-A stimu-
lation, but also in the absence of ligand-activation (39). Our
work demonstrates that RABEP2 specifically regulates Rab4-
dependent VEGFR2 endosomal trafficking. We observed a
strong protein interaction between RABEP2 and Rab4, but not
Rab5 or Rab7, and we observed no difference in VEGFR2 co-lo-
calization with Rab11 in HUVEC deficient for RABEP2.

Impaired Rab4-mediated VEGFR2 trafficking in RABEP2-
knockdown cells manifested in several cellular phenotypes.
First, deletion of RABEP2 caused reduced VEGFR2 signaling,
even when normalized to reduced total VEGFR2 expression.
Second, loss of RABEP2 caused increased VEGFR2 degrada-
tion. Third, loss of RABEP2 caused reduced surface expression
of VEGFR2 both in the presence and absence of ligand. We
suggest that these phenotypes arise from a loss of VEGFR2 sig-
naling from the Rab4-positive endosomal compartment due to
the impaired capability of Rab4 to constitutively recycle
VEGFR2 to the plasma membrane in the absence of RABEP2.
Thus, RABEP2 functions in Rab4-mediated VEGFR2 traffick-
ing to enhance VEGFR2 signaling by three mechanisms: (i)
RABEP2 diverts VEGFR2 from degradation to maintain total
VEGFR2 levels, (ii) RABEP2 maintains VEGFR2 surface levels
in the absence of ligand, and (iii) RABEP2 promotes Rab4-de-
pendent VEGFR2 trafficking to prolong VEGFR2 signaling.
Overall, by serving these multiple functions in endothelial
VEGFR2 trafficking, RABEP2 is a potent supporter of VEGFR2

Figure 7. Schematic of RABEP2 function in VEGFR2 trafficking. Under normal conditions (black arrows), VEGFR2 is internalized by clathrin-coated pits and
then enters Rab5� sorting endosomes. From the Rab5� endosome compartment, there are 3 possible routes through which VEGFR2 can traffic: 1) VEGFR2 can
be recycled to the plasma membrane by Rab11� endosomes via a slow-loop recycling route; 2) VEGFR2 can be recycled to the plasma membrane by Rab4�
endosomes via a fast-loop recycling route; or 3) VEGFR2 can traffic through Rab7� endosomes to the lysosome for degradation. VEGFR2 continues to signal
from Rab4� endosomes. In the absence of RABEP2 (red arrows), Rab4-dependent trafficking of VEGFR2 to the plasma membrane is impaired (dashed red arrow),
Rab11-dependent trafficking is normal, and an increased level of VEGFR2 (thick red arrow) is trafficked by Rab7� endosomes to the lysosome for degradation.
Lack of RABEP2 also stalls VEGFR2 trafficking through Rab5� endosomes, prolonging its exposure to the phosphatase, PTP1b. As a result, loss of RABEP2 causes
reduced total VEGFR2 protein levels, reduced surface VEGFR2 expression, and impaired VEGFR2 signaling.
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signaling. Exactly how RABEP2 interacts with Rab4 to regulate
VEGFR2 recycling is an important vascular question that
remains to be determined.

The critical role played by RABEP2 in endothelial VEGFR2
signaling is apparent from the in vivo phenotypes that accom-
pany its deletion. Mice deficient for RABEP2 displayed signifi-
cantly impaired arteriogenesis; a process defined by arterial fate
specification, endothelial proliferation, and vessel lumeniza-
tion, and consequently, new artery formation (33, 40). In con-
trast, the process of angiogenesis governs capillary formation
through the sprouting, proliferation, and migration of endothe-
lia cells from pre-existing vessels (41, 42). Both arteriogenesis
and angiogenesis are driven by endothelial VEGFR2 signaling
and both processes are critical for the formation of a hierarchal
vascular network (40). Yet, an unresolved question remains:
how can VEGFR2, a single receptor tyrosine kinase, mediate
such divergent vascular outcomes?

We propose that modulators of VEGFR2 trafficking, such as
RABEP2, allow for the differential endothelial outcomes dic-
tated by VEGFR2 signaling. Data described here and previously,
show that endosomal trafficking of VEGFR2 specifically mod-
ulates arteriogenesis. Endothelial deletion of the retrograde
motor protein, myosin-VI or its binding partner synectin,
slowed VEGFR2 endosomal trafficking and resulted in reduced
VEGFR2 signaling (13). In mice, this translated to a marked
reduction in arteriogenesis, whereas angiogenic responses were
conserved (13, 29). Similarly, RABEP2-deficient mice displayed
normal angiogenesis, despite significantly impaired artery for-
mation (33). Moreover, RABEP2 deletion in mice caused an
enlargement of early endosomes in the brain pial vessels of mice
deficient for RABEP2, suggestive of impaired endosomal traf-
ficking. Thus, the speed and route by which VEGFR2 moves
through different endosomal compartments appears to be crit-
ical for arteriogenesis, yet dispensable for angiogenesis. In vivo
findings demonstrating a specific role for RABEP2 in arterio-
genesis, combined with our data showing that RABEP2 regu-
lates Rab4-dependent trafficking of VEGFR2 suggest that con-
stitutive, fast-loop VEGFR2 recycling may be specifically
required for new artery formation. The specificity of RABEP2
function in arteriogenesis is an exciting opportunity to develop
novel therapeutics that can specifically target artery formation
whereas avoiding off-target angiogenic effects. Accordingly,
continued exploration of how RABEP2 and Rab4 regulate
VEGFR2 trafficking may uncover novel strategies for the treat-
ment of diseases characterized by vascular obstruction, such as
stroke and coronary artery occlusions.

Experimental procedures

Animals

C57Bl/6J or BALB/cJ mice were obtained from Jackson Lab-
oratories. All animal husbandry and experiments were per-
formed with respect and in compliance with the guidelines
established by institutional review boards.

Reagents and antibodies

The following reagents were used: recombinant human
VEGF-A165 (R&D Systems, 293-VE-010), recombinant human
TGF-�1 (R&D Systems, 240-B-002/CF), fibronectin (Sigma,

F0895), and chloroquine diphosphate salt (Sigma, C6628). Cells
lysates were collected in 1% Nonidet P-40 Lysis Buffer (Boston
BioProducts, BP119) containing protease (Roche Applied Sci-
ence, Complete Mini, EDTA-free, number 11836170001) and
phosphatase inhibitors (Roche Applied Science, Phos STOP
Easy, number 04-906-837001). The following antibodies were
used for Western blot and/or immunocytochemistry (ICC)
(dilutions shown for Western blot, unless otherwise specified):
anti-VEGFR2 (Cell Signaling, number 2479, 1:1000), anti-hu-
man RABEP2 (Abcam, ab69045, 1:500), anti-mouse RABEP2
(Abcam, ab190003, 1:500), anti-Ve-cadherin (Santa Cruz,
sc-6458, 1:200), anti-GAPDH (cell signaling, number 21185,
1:1000), anti-VEGFR3 (R&D Systems, AF349, 1:2000), anti-
VEGFR1 (Abcam, ab32152, 1:2000), anti-NRP1 (Cell Signaling
number 3725, 1:1000), anti-pVEGFR2 (Tyr1175) (Cell Signaling
number 9106, 1:1000), anti-pAKT (Ser473) (Cell Signaling, num-
ber 4058, 1:1000), anti-AKT (Cell Signaling, number 9272,
1:1000), anti-pERK1/2 (Thr202/Tyr204) (Cell Signaling #9106,
1:1000), anti-ERK1/2 (Cell Signaling, number 9102, 1:1000),
anti-PTP1b (BD Biosciences, catalog number 610139, 1:2000),
anti-pSMAD3 (Abcam, ab52903, 1:2000), anti-SMAD2/3 (Cell
Signaling, number 8685, 1:1000), anti-Rab5 (Cell Signaling,
number 3547, 1:1000, 1:200 for ICC), anti-Rab7 (Cell Signaling,
number 9367, 1:1000, 1:200 for ICC), anti-Rab4 (Santa Cruz,
sc376243, 1:200), anti-Rab11 (Cell Signaling, number 3539,
1:1000, 1:200 for ICC), and anti-V5 (Abcam, ab27671, 1:1000
for ICC). The following antibodies were used for immunopre-
cipitation: anti-RABEP2 (Abcam, ab69045, 1:100) and anti-
EEA1 (Cell Signaling, number 3288, 1:100). Secondary antibod-
ies conjugated to horseradish peroxidase (Vector Laboratories)
were used for Western blots. Alexa Fluor-conjugated secondary
antibodies (Invitrogen) were used for immunocytochemistry.

Isolation of primary murine lung endothelial cells

Primary endothelial cells were isolated from mouse lungs
using a previously described protocol (43). Briefly, lungs were
isolated from either C57Bl/6J or BALB/cJ (Jackson Laborato-
ries) 5-week-old wildtype mice. Lungs from 3 mice were
pooled, mechanically disrupted, and digested with 2 mg/ml of
type 1 collegenase (Sigma, C-0130) for 45 min at 37 °C. Endo-
thelial cell sorting was performed using sheep anti-rat dyna-
beads (Invitrogen, 110.35) coated with rat anti-mouse CD31
(BD Pharmingen, 553370) antibody.

Human umbilicus venous endothelial cell culture

Passage (P)1 HUVEC were obtained from the Yale Vascular
Biology and Therapeutics Tissue Culture Core Laboratory.
HUVEC were maintained in EMG2 Endothelial Cells Growth
Media (Lozna, CC3162) on 0.1% gelatin (Millipore, ES-006-B)-
coated plates at 5% CO2. All experiments were performed on
HUVEC between P2 and P6. Overexpression of RABEP2 was
achieved using a lentiviral construct expression mcherry-
tagged (N-terminal) C57Bl/6 mouse RABEP2. Lentiviral infec-
tion was achieved by co-transfecting 293T cells with the
RABEP2 lentiviral construct and appropriate viral packaging
constructs. 48 h of transfection, HUVEC were infected with
varying quantities of media from transfected 293T and lysates
collected 48 h after infection.
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siRNA transfection

HUVEC were transfected with 25 pmol/liter of siRNA per well
of a 6-well plate using Lipofectamine RNAiMAX (Invitrogen,
13778) according to the manufacturer’s instructions. 24 h after
transfection, HUVEC were switched to either full media or serum-
starvation media containing 0.5% FBS (Invitrogen). The fol-
lowing siRNAs were used: AllStars Neg. Control siRNA (Qiagen,
1027281), HS_RABEP2_12 (Qiagen, S104776520), HS_RAB4A_6
(Qiagen, S102655030), HS_RAB4B_6 (Qiagen, S102662793), and
PTPN1 siRNA (Sigma, SAS1_Hs01_00230699). All experiments
were performed 48 h after transfection.

Immunocytochemistry

Immunocytochemistry was performed on cells grown on
fibronectin-coated 35-mm glass-bottom plates (MatTek, P35-
1.5-20C). Cells were first washed with PBS and then fixed and
permeabilized by incubation in 4% paraformaldehyde for 10
min, followed by incubation in 2% paraformaldehyde, 0.1% Tri-
ton X-100, 0.1% Nonidet P-40 for an additional 10 min. Block-
ing was performed by incubation in 3% BSA (in PBS) for 1 h at
room temperature. Cells were then incubated overnight at 4 °C
in 1% BSA (in PBS) containing appropriate primary antibodies.
The following day, cells were washed with PBS and incubated in
1% BSA (in PBS) containing appropriate Alexa Fluor-conju-
gated secondary antibodies used at a dilution of 1:400 for 1 h at
room temperature. After washing in PBS, cells were mounted
with glass coverslips using Vectashield containing DAPI (Vec-
tor, H1200). Imaging was performed using laser-scanning con-
focal microscopy with �63 objective (Zeiss LSM 510 Meta) or
SIM microscopy as described in detail below.

Surface biotinylation assays

To assess cell-surface expression of VEGFR2, cells were
grown to confluence on 0.1% gelatin-coated plates, placed on
ice, washed with cold PBS, and then incubated in 0.25 mg/ml of
EZ-Link Sulfo-NHS-SS-Biotin (Pierce, 21331) in PBS for 1 h at
4 °C. Biotin was quenched by washing with 50 mM glycine and
lysates were collected. To assess surface protein internalization,
cells were stimulated for appropriate amounts of time with
VEGF following biotin labeling. Residual surface biotin was
then removed by incubating in a stripping solution consisting of
45 mM L-glutathione, 75 mM NaCl, 75 mM NaOH, 1 mM EDTA,
1% BSA in PBS, followed by a quick wash with 5 mg/ml of
iodoacetamide in PBS, and lysates were collected. To determine
VEGFR2 levels, 200 �g of protein was incubated overnight at
4 °C with 50 �l of Immobilized NeutrAvidin protein beads
(Pierce, 29200) diluted in lysis buffer. Biotin-bound beads were
then washed multiple times with lysis buffer, spun down, resus-
pended in SDS-sample buffer (Boston BioProducts, BP110R),
boiled to denature, and assessed by Western blot.

Assessment by qualitative real-time PCR

RNA was isolated using the RNeasy Kit from Qiagen (catalog
number 74104). cDNA was obtained by performing reverse
transcription using the iScript cDNA Synthesis Kit (Bio Rad,
170 – 8890). For real-time PCR, iQ SYBR Green Supermix
(Bio Rad, 170 – 8880) and a CFX96 Real Time System (Bio

Rad) were employed. To assess VEGFR2 transcript levels, we
used QuantiTect primers for human VEGFR2 (KDR) from
Qiagen (QT00069818). GAPDH (5�GAGTCAACGGATT-
TGGTCGT-3�, 5�-GACAAGCTTCCCGTTCTCAG-3�) was
used for normalization.

Assessment of internalized VEGFR2 co-localization

HUVEC were plated on fibronectin-coated 35-mm glass-
bottom plates (MatTek, P35-1.5-20C). 24 h after transfection,
cells were starved overnight in 0.5% FBS and then placed on ice
for 20 min to stop constitutive receptor internalization. Cells
were then incubated with an antibody against the extracellular
domain of VEGFR2 (R&D, AF357, 1:50) diluted in starvation
media for 20 min on ice, and then washed with cold PBS. Cells
were stimulated with pre-warmed media containing 50 ng/ml
of VEGF-A165 at 37 °C for 5, 15, or 30 min to induce antibody-
bound VEGR2 internalization and trafficking. After stimula-
tion, residual antibody on the cell surface was removed by
washing cells with cold acidic PBS (pH 2.5) and cells were then
processed for immunocytochemistry.

Immunoprecipitation

HUVEC were grown to confluence on 10-cm plates, washed
twice with PBS, and cell lysates were collected in protein lysis
buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM

MGCl2, 1% Nonidet P-40 containing protease and phosphatase
inhibitors. To minimize unspecific binding, 500 �g of protein
lysate was first cleared by incubation with 100 �l of washed
Protein A/G-agarose (Thermo Fisher, 20423) for 1 h at 4 °C on
a rotator, samples were spun down and then the cleared protein
lysate was transferred to a new tube. Optimized amounts of
antibody were added to the cleared lysates and incubated over-
night at 4 °C on a rotator. The next day, antibody-bound pro-
tein was isolated by incubation with 100 �l of washed Protein
A/G-agarose overnight at 4 °C on a rotator. Samples were then
washed multiple times with lysis buffer, spun down, and resus-
pended in SDS-sample buffer, boiled to denature, and assessed
by Western blot.

Structural illumination microscopy

Because we were unable to obtain an effective antibody
against RABEP2 for immunocytochemistry, we infected
HUVEC with adenovirus expressing V5-tagged RABEP2 to
visualize RABEP2 cellular localization. We cloned the wildtype
C57Bl/6 mouse RABEP2 transcript into pAd/CMV/V5-DEST
vector (Invitrogen, V493-20) using the pENTR Directional
TOPO Cloning Kit (Invitrogen, K2400-20). This resulted in
expression of a adenoviral vector encoding RABEP2 under con-
trol of a cytomegalovirus promoter with a C-terminal V5 tag
(pAdRABEP2-V5). To produce RABEP2-V5 expressing adeno-
virus, we transfected 293A cells with pAdRABEP2-V5 using
Lipofectamine 2000 (Invitrogen, 11668) according to the man-
ufacturer’s instructions. 7 days after transfections, cells and
media were collected and lysed by performing several rounds of
freeze-thaws using liquid nitrogen. The collected supernatant
was passed through a cell strainer and then used to infect an
additional plate of 293A cells. 3 days after infection, cells and
media where collected, lysed by freeze-thaw, and filtered to be
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used for infection of HUVEC. For immunocytochemistry
assessment, HUVEC were plated on fibronectin-coated 35-mm
glass-bottom plates and infected with 10 �l of media from 293A
infected with adenovirus expressing RABEP2-V5. 48 h later,
cells were stimulated and processed for immunocytochemistry,
following the method described earlier. SIM images were
acquired on the OMX version 3 system (Applied Precision)
using a U-PLANAPO 603/1.42 PSF, oil immersion objective
lens (Olympus) and CoolSNAP HQ2 CCD cameras with a pixel
size of 0.080 mm (Photometrics). Samples were illuminated
with 488, 561, and 642 nm solid-state lasers (coherent, MPB
Communications) and acquired as described before (13). Raw
images were processed, reconstructed, and aligned to reveal
structures with 100 –125 nm resolution using Softworx soft-
ware (Applied Precision) (44).

Statistics

Statistical analysis was performed using a two-tailed
Student’s t test. Error bars represent mean � S.E. Statistical
significance determined as p � 0.05, p � 0.01, and p � 0.001, as
indicated.
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