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Abstract

Recent findings have drawn attention to the role of membrane traffic in the signaling of vascular
endothelial growth factor (VEGF). The significance of this development stems from the pivotal
function of VEGF in vasculogenesis and angiogenesis. The outline of the regulation of VEGF
receptor (VEGFR) signaling by membrane traffic is similar to that of the epidermal growth factor
receptor (EGFR), a prototype of the intertwining between membrane traffic and signaling. There
are, however, unique features in VEGFR signaling that are conferred in part by the involvement of
the co-receptor neuropilin (Nrp). Nrpl and VEGFR2 are integrated into membrane traffic through
the adaptor protein synectin, which recruits myosin VI, a molecular motor that drives inward
trafficking [17,21,64]. The recent detection of only mild vascular defects in a knockin mouse
model that expresses Nrpl lacking a cytoplasmic domain [104], questions the co-receptor’s role in
VEGEF signaling and membrane traffic. The regulation of endocytosis by ephrin-B2 is another
feature unique to VEGR2/3 [18,19], but it awaits a mechanistic explanation. Current models do
not fully explain how membrane traffic bridges between VEGFR and the downstream effectors
that produce its functional outcome, such as cell migration. VEGF-A appears to accomplish this
task in part by recruiting endocytic vesicles carrying RhoA to internalized active VEGFR2 [58].
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1. Introduction

1.1. Overview: regulation of receptor tyrosine kinase (RTK) signaling by membrane traffic

Membrane traffic has been recognized for some time now as an essential component of RTK
signaling in general [1,2], and particularly in the vascular system, [3,4]. That recognition
represents a conceptual departure from the previously prevailing view where the sole effect
of endocytosis was thought to be the attenuation of cell surface receptors, including that of
RTKs [5,6]. To date, endocytosis and membrane traffic have been shown to regulate the
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signaling pathways of multiple RTKSs and their co-receptors. These include EGFR [6-8], the
platelet derived growth factor receptor (PDGFR) [9-11], the fibroblast growth factor
receptor (FGFR) [12,13] and its co-receptor syndecan-4 [14], VEGFR [15-19] and its co-
receptor Nrp [20-22], the insulin and insulin-like growth factor receptors [23-26], the
hepatocyte growth factor Met [27], the Eph receptors [28,29], and TrkA, the nerve growth
factor receptor [30]. All the RTKs that are internalized after binding their soluble ligands
undergo primarily clathrin-mediated endocytosis, and their trafficking is regulated by the
same adaptor proteins and small GTPases [3,4]. At the same time, the molecular pathways
that intertwine membrane traffic and their downstream phosphorylation cascades appear to
differ among RTK types, possibly reflecting the differences between their physiological
functions. The mechanism and functional role of membrane traffic is best understood in the
signaling pathway of EGFR, and to a lesser degree in VEGFR signaling [31,32]. This review
focuses solely on the endocytic pathways that are activated downstream of VEGF in
endothelial cells (ECs), in order to discuss the state of knowledge and the impact of this
relatively recent aspect of VEGF signaling on the understanding of angiogenesis.

1.2. EGFR as a prototype for the regulation of RTK signaling by membrane traffic

Though the reciprocal relation between EGFR signaling and membrane traffic has been
described in a detailed and up-to-date manner elsewhere [31,33], it is worth recapitulating its
main components (Fig. 1) because it is known in more detail than that of other RTKs. EGFR
undergoes mainly clathrin-dependent endocytosis that is triggered by the binding of its
ligand [34]. EGFR dimerization and tyrosine phosphorylation were required for its
recruitment to coated pits and clathrin-dependent endocytosis [35]. In the absence of
tyrosine phosphorylation, the rates of both coated-pit recruitment and endocytosis of EGFR
were reduced [36]. The mechanism that regulates endocytosis of tyrosine-phosphorylated
EGFR is complex and still not fully characterized. It appears that there are several redundant
and possibly interdependent mechanisms, which involve: (a) EGFR binding to the clathrin
endocytosis protein complex AP2, and to the phospho-tyrosine binding adaptor protein
growth factor receptor-bound protein 2 (Grb2); (b) ubiquitination of 15 lysines in the EGFR
kinase domain by the E3 ubiquitin ligase Casitas B-lineage lymphoma (Cbl), and of 6 other
lysines in the carboxy-terminus region; (c) acetylation of 3 of the latter lysines [37].
Knocking down Grb2, a phospho-tyrosine binding protein that interacts with several RTKSs,
including VEGFR2 [38], had the largest inhibitory effect on EGFR endocytosis. The
inhibition resulted from loss of the recruitment of Chl to EGFR [39], and loss of binding of
the Src homology (SH)-3 domain of Grb2 to an unidentified protein(s) containing poly-
proline motif(s), possibly subunits of the AP2 complex [40]. The latter was required for the
recruitment of EGFR to clathrin-coated pits [41]. Ubiquitination is required for the
recruitment of EGFR to clathrin via the adaptor protein epsin-1 [42]. The role of lysine
acetylation is not clear — it could have a positive effect, or it could inhibit EGFR endocytosis
by competing with the ubiquitination of these lysines.

Internalized EGFR follows the canonical clathrin-dependent endocytic route. EGFR
trafficked to early endosomes located in the cell periphery, where it remained dimerized,
bound to EGF [43], and phosphorylated [44]. From early endosomes, EGFR either recycled
rapidly to the plasma membrane [45], or remained in the same endocytic compartment
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during its maturation into multi-vesicular bodies (MVB). EGFR in MVBs was partitioned
into two populations. The EGFR population on the limiting MVB membrane underwent
slow, probably Rab11-dependent recycling that occurred within 15-20 min after the
initiation of endocytosis [46]. Another population was located in internal MVB vesicles that
fused with lysosomal vesicles, where EGFR was degraded [47]. EGFR regulates
concomitantly two major signaling pathways, the phosphoinositide 3-kinase (P13K)/Akt
pathway, and the extracellular signal-regulated kinase (ERK)/mitogen-activated protein
kinase (MAPK) pathway [39]. Despite a long-standing convention that optimal EGF-
triggered ERK/ MAPK signaling requires EGFR endocytosis, whereas PI13K/Akt signaling
does not (reviewed in Ref. [39]), recent studies reversed this view, showing that Akt
phosphorylation was severely reduced in cells expressing an internalization-deficient EGFR
mutant, but ERK1/2 phosphorylation level was increased [37]. The discrepancy has not been
explained. It may arise from the difference between the approaches used to inhibit
endocytosis. The studies in the first group used a dominant-negative dynamin mutant that
inhibited all clathrin-dependent endocytosis, whereas in the study of Goh et al. only the
endocytosis of EGFR was inhibited by mutating ubiquitin and AP2 binding motifs in its
cytoplasmic domain [37].

2. Endocytosis and trafficking of VEGFR

The evolving understanding of VEGFR membrane traffic appears to conform in some
respects with that of EGFR, though the understanding of VEGFR2 membrane traffic has not
reached the level of detail at which EGFR endocytosis is known. Some of the earliest
indications for the functional significance of VEGFR2 trafficking came from studies on
guided cell migration in Drosophila [15]. The spatial localization of PVR, an ortholog of
vertebrate PDGFR and VEGFR, in border cells of the Drosophila embryo, and the capability
of the receptor to guide cell migration depended on proteins known to regulate endocytosis.
Unlike EGFR, VEGFR signals in cooperation with the Nrp non-catalytic co-receptor, and
therefore the membrane traffic of both receptors is reviewed. Recently, the internalization of
VEGFR2 and VEGFR3 was found to depend on ephrin signaling, a pathway that was not
known before to be linked to VEGFR signaling [18,19]. The dependence on ephrin appears
to be unique to VEGFR internalization.

2.1. Endocytic pathway of VEGFR

The response to VEGF, a pivotal agonist of vasculogenesis and angiogenesis [48,49], is
mediated in mammals by a 3-member family of RTKSs, consisting of VEGFR1 (alternatively
named FMS-like tyrosine kinase, flt1), VEGFR2 (alternatively named kinase domain region,
KDR, or fetal liver kinase 1, flk1), and VEGFR3 (alternatively named flt4). Since VEGFR2
is the major isoform that regulates vessel growth in the vascular system, we will focus on its
endocytic pathway (Fig. 2). Similar to EGFR, VEGFR2 in ECs undergoes clathrin-
dependent endocytosis triggered by the binding of its ligand, VEGF-A [16]. The endocytosis
of VEGFR1 and VEGFRS3 has been studied to a lesser extent than VEGFR2. VEGFR1 also
appears to undergo clathrin-dependent endocytosis [50]. Though there is still no direct
evidence to determine the endocytic pathway of VEGFR3, it is very likely to be clathrin-
dependent.
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Aside from clathrin-dependence, VEGFR2 endocytosis shares several attributes with that of
EGFR: (1) In the absence of tyrosine auto-phosphorylation of the kinase region, VEGFR2
internalization rate slowed down significantly [51]. Though most studies concluded that
VEGFR2 underwent ligand-triggered endocytosis, it is possible that a lower rate clathrin and
AP2-dependent endocytosis persisted even in the absence of VEGF-A and tyrosine
phosphorylation of VEGFR2 [52], indicating that VEGFR2 undergoes constitutive
recycling. The VEGFR2 sub-population not present on the surface of quiescent cells was
localized mostly to early endosomes, from where VEGFR2 underwent rapid Rab4-
dependent recycling to the plasma membrane [53,54]. This sub-population is likely to have
undergone the VEGF-independent constitutive endocytosis observed by other studies in
human umbilical vein ECs (HUVECs) [52,55]. (2) Being clathrin-dependent, VEGFR2
internalization required the AP2 adaptor complex [52]. (3) Grb2 bound VEGFR2 in a
VEGF-dependent manner, either directly or through the adaptor proteins Src homology and
collagen homology (Shc), which bound auto-phosphorylated Tyrl17> of VEGFR2 [56]. Grb2
was involved also in VEGFR2 downstream signaling [57] and trafficking [58] (see Section
5).

The similarity between the endocytic pathways of EGFR and VEGFR2 also extends to early
trafficking, since both receptors underwent Rab5-dependent trafficking to early endosomes
[59,60]. The trafficking pattern of VEGF-triggered endocytosis was more complex
compared to constitutive VEGFR2 recycling, as it appeared to use each of several routes. In
VEGF-stimulated HUVECs, Rab4-dependent trafficking of VEGFR2 ensued from Rab5-
associated endosomes [54], similar to the constitutive recycling in quiescent ECs, but the
recycling of VEGFR?2 to the plasma membrane proceeded from Rab4 to Rabl11-associated
vesicles, whereas no direct Rab11-dependent recycling from early endosomes to the plasma
membrane was observed, in agreement with the canonical model of membrane traffic [61].
In other studies, the bulk of the recycling VEGFR2 population appeared to undergo Rab11-
dependent recycling. A recycling feature unique to VEGFR2 is the regulation by its
coreceptor, Nrp1, and by the interaction of Nrp1 through its PDZ-binding motif with the
adaptor protein synectin [17,54]. In HUVECs treated by the VEGF-A1g5b isoform that does
not bind Nrpl [62], VEGFR2 was absent from Rabl1-associated vesicles [54]. Similarly,
VEGFR?2 was not targeted to Rab11-associated vesicles in HUVECs expressing a Nrpl
mutant devoid of its carboxy-terminus PDZ binding motif [54]. These observations suggest
that Nrp1 and its interaction with PDZ domain-containing proteins are required for Rab11-
dependent recycling of VEGFR2. Synectin (also hamed neuropilin-1 binding protein, NIP,
and GAIP-interacting protein, C-terminus, GIPC) is the only known protein that binds to the
PDZ-binding motif of Nrp1 [63]. Synectin functions as a universal adaptor of the inward-
traffic molecular motor myosin VI [64]. This interpretation counters, however, previous
observations that narrowed down the role of both synectin and myosin VI to the inward
trafficking of uncoated vesicles up to their fusion with early endosomes [65], where
trafficking is regulated by Rab5 rather than by Rab11. Alternatively, other studies attributed
the dependence on synectin and myosin VI to VEGFR2 rather than Nrp1 [17]. Though
VEGFR?2 does not have a PDZ-binding motif, it was suggested that by analogy with the
nerve growth factor receptor TrkA, synectin could be recruited via the adaptor protein
phosphotyrosine interaction, PH domain, and leucine zipper containing (APPL) [66]. The
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study of Lanahan et al. [17] ruled out Nrp1-dependent trafficking of the VEGFR2-Nrpl
complex because VEGF-D, an isoform that does not bind Nrp1, produced a similarly lower
activation of ERK1/2 as in ECs isolated from synectin/~ mice. The reliance on VEGF-D
counters, however, evidence for VEGF-D binding to Nrpl [67]. Further, the putative absence
of Nrpl in the VEGFR2-VEGF-D complex could not rule out the dependence of VEGFR2
trafficking on Nrp1, because the experiment was carried out in synectin~ ECs. The absence
of synectin would prevent VEGFR2 trafficking even if Nrp1 had been present in the
VEGFR2-VEGF-D complex.

Interestingly, the study of Ballmer-Hofer et al. [54] found that once VEGFR2 entered the
Rab11-associated trafficking compartment, it was no longer phosphorylated at Tyrl175 a
post-translational modification that is required for both MAPK and Akt activation [68]. This
indicates that the endosomal compartment from which VEGFR2 signaled preceded Rab11-
dependent trafficking. The finding of Ballmer-Hofer et al. [54] concurs with the study of
Lanahan et al. [17], where Rab11 knockdown increased MAPK and Akt activation,
presumably because it slowed down the departure of VEGFR2 from a preceding
compartment. Collectively, these findings suggest that VEGFR2 signals from early or from
recycling Rab4/Rab5-associated endosomes. The two studies suggest different sites,
however, for the dephosphorylation of VEGR2. Whereas the study of Ballmer-Hofer et al.
[54] implies that VEGFR2 was dephosphorylated immediately after exiting the signaling
compartment and before Rab11-dependent recycling, the study of Lanahan et al. suggests
that VEGFR2 was dephosphorylated by the protein tyrosine phosphatase 1b (PTP1b) near
the plasma membrane. The localization of PTP1b activity near the plasma membrane is
supported by other studies [69], whereas no PTP was identified in the study of Ballmer-
Hofer et al. [54] as a candidate phosphatase of VEGFR2. There is consensus between
several studies that part of the VEGFR2 population progressed from either early or recycling
endosomes (Rab5 or Rab4-associated, respectively) to Rab7-associated late endosomes and
lysosomes, i.e. to degradation [17,54,60]. The lysosome-targeted VEGFR2 fraction was
small, however, as long as VEGFR2 co-trafficked with Nrpl. Once the VEGFR2-Nrpl
association was perturbed, a larger fraction of the VEGFR2 population was diverted to
Rab7-associated endosomes [54]. While a mechanistic explanation of the dependence of
VEGFR?2 routing on the association with Nrp1 is lacking, it is possible that the lateral
binding of VEGFR2 to Nrpl interfered with the lysine ubiquitination required for RTK
degradation [37,70]. When VEGFR2 degradation was inhibited by knocking down Rab7,
MAPK activation increased [17,60]. This observation is in agreement with the premise that
VEGFR?2 signals from early and/or Rab4-associated recycling endosomes. A caveat that
may be considered in regard to the studies on VEGFR2 trafficking discussed above is that
their time resolution was relatively low, particularly during the first 30 min after VEGF-A
treatment. Since most of the data was sampled at 30 min or later, it is possible that at least
part of the data corresponded to the steady state, and did not represent the transient phase of
trafficking. In fact, 30 min after endocytosis had been triggered, a large fraction of VEGFR2
in VEGF-A-treated mouse primary ECs had already recycled back to the plasma membrane
[21].

The colocalization of internalized VEGFR2 with Rab7, a GTPase required for late
endosome fusion with lysosomes [61], indicates that VEGFR2 was targeted to that

Cell Signal. Author manuscript; available in PMC 2017 January 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Horowitz and Seerapu

Page 6

compartment rather than to the proteasome. However, recent evidence indicates that
VEGFR2 was processed by the proteasome prior to undergoing final degradation in the
lysosome [32]. Proteolytic cleavage appears to have occurred immediately after VEGFR2
passed through the early endosomes, producing a fragment that corresponds to the
transmembrane and ectoplasmic domains of the receptor. Expectedly, inhibiting the
proteasome extended the duration of the activation of the downstream effectors Akt and
MAPK. The complementary fragment corresponding to the cytoplasmic domain of VEGFR2
could conceivably still function as a tyrosine kinase and activate downstream effectors.
Surprisingly, when the cytoplasmic domain was expressed as a chimera fused at its amino-
terminus to yellow fluorescent protein (YFP), Tyr}175 was phosphorylated in the absence of
VEGF, and Akt and MAPK were activated. However, the putative endogenous cytoplasmic
domain was not detected directly, and its phosphorylation state in either the presence or
absence of VEGF was not determined.

Similar to EGFR, the main downstream signaling pathways of VEGFR2 regulate either
PLC /MAPK or PI3-Kinase/Akt [68]. A confluence of evidence from numerous studies
established unambiguously that internalization was required for the optimal tyrosine
phosphorylation of VEGFR2 and for the subsequent activation of both pathways [17—
19,60,71-73]. Unlike EGFR signaling, the studies on VEGFR2 did not find differential
effects of the internalization on Akt versus MAPK activation, concluding, instead, that both
signaling pathways were upregulated by endocytosis of VEGFR2. Interestingly, exposure of
ECs to matrix-bound, rather than to soluble VEGF-A1g5 produced an increase in the
activation of p38 [72], a MAPK that remodels the actin cytoskeleton and induces cell
migration in response to VEGF [74]. The mechanism that accounts for the signaling
specificity of matrix-bound VEGF-A1g5 is unknown. An exception to the similarity between
the endocytic mechanisms of EGFR and VEGFR is the involvement of cerebral cavernous
malformation 3 (Ccm3) [75], an adaptor/scaffolding protein that is mutated in patients
suffering from vascular malformation in the brain. Ccm3 bound to and colocalized with
VEGFR?2 on the plasma membrane in quiescent ECs. Ccm3 remained colocalized with
VEGFR?2 in cytoplasmic punctae that seemed to be vesicles, upon VEGF treatment, but the
vesicles were not characterized by endocytic markers. Since knockdown of Ccm3 resulted in
the internalization of VEGFR2, and reduced the activation of MAPK and Akt, it was
deduced that Ccm3 was required for stabilizing VEGFR2 at the cell surface and, therefore,
prolonging its signaling. This conclusion is at odds, however, with the recent evidence that
endocytosis is required for VEGFR optimal signaling [17-19]. Since Ccma3 internalized and
colocalized with VEGFR?2, it could hypothetically be involved in VEGFR2 sorting, similar
to Ccm1. The latter binds sorting nexin 17 [76], which diverts membrane receptors away
from lysosomal degradation by preventing their entry into the internal vesicles of the MVB
[77]. This would explain the “destabilization” of VEGFR2 when Ccm3 was knocked down
[75].

It was recently observed that as much as a 30% fraction of the cellular VEGFR2 population
was localized to the trans-Golgi apparatus in quiescent HUVECs [78]. Upon treatment by
VEGF-A1g5, VEGFR2 exited almost completely from the trans-Golgi to cytoplasmic
vesicles. The trans-Golgi VEGFR2 pool was regulated by N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) syntaxin-6 [78]. Since syntaxin-6 regulates transport
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from the trans-Golgi to the plasma membrane [79], it is likely that the study of Manickam et
al. [78] detected the exocytosis of the trans-Golgi VEGFR2 pool to the plasma membrane in
response to VEGF.

VEGEF signaling is distinct from other RTK ligands in originating from intracellular pools in
an autocrine manner [80]. Despite the absence of exogenous VEGF, hypoxia increased the
tyrosine phosphorylation of VEGFR2 [80]. Since only a cell-permeable inhibitor of
VEGFR?2 had an effect on its tyrosine phosphorylation level, it appears that the receptor was
activated by the pool of internalized VEGF. The trafficking pathway of the VEGFR2
population activated by intracellular VEGF is unknown.

2.2. Regulation of VEGFR2 endocytosis and sorting by ubiquitination

2.3. Regulati

Aside from the well-known role in marking proteins for degradation, ubiquitination was
required for the recruitment of adaptor proteins that sort endocytosed RTKSs [81]. This has
been demonstrated particularly for EGFR [81]. Although it had been established that
VEGFR?2 was ubiquitinated in a ligand-dependent manner in response to VEGF [82], the
role of ubiquitination in VEGF signaling is less understood in comparison to EGFR. Early
studies established that the E3 homologous to E6-AP C terminus (HECT) domain ubiquitin
ligase Nedd4 mediated the proteasomal degradation of VEGFR2, and that this degradation
could be inhibited by the sequestration of Nedd4 by Grb10 [82], an adaptor protein that
bound and was phosphorylated by VEGFR2 [83]. However, Nedd4 was not shown to
ubiquinate VEGFR?2, or to regulate VEGFR?2 sorting during internalization. The E3 ligase
Cbl bound phosphorylated Try1052/1057 of VEGFR2 in porcine ECs, and ubiquitinated and
inhibited PLC 1 bound to Tyr!173, but it was not implicated in the endocytosis of VEGFR2
[84]. Recent studies established that activated VEGFR2 bound the E3 ligase B-transducin
repeats-containing protein (TRCP) via Ser!188/1191 |ocated in a VEGFR2 motif that appears
to conform to the PEST (rich in proline [P], glutamic acid [E], serine [S], and threonine [T])
consensus sequence [85]. While TRCP was shown to regulate the polyubiquitination of
VEGFR?2, it was not linked to VEGFR2 endocytosis [85]. RTK endocytosis is regulated by
mono-ubiquitination [86], whereas poly-ubiquitination regulates proteolysis. Similar to
EGFR [31], the endocytic sorting of VEGFR2 may be regulated by mono-ubiquitination of
yet unidentified lysines that would form binding sites to endocytic adaptor proteins such as
epidermal growth factor receptor substrate 15 (EPS15).

on of VEGFR endocytosis by ephrin

Eph receptors are RTKs that guide neuronal patterning and facilitate the segregation of
developing vessels into arteries and veins [87]. Eph signaling is triggered by binding in trans
to ephrin receptors on apposing cells. Eph-ephrin signaling is bi-directional, both forward,
via a tyrosine kinase phosphorylation cascade (Eph), and in reverse (ephrin), by binding
other cell surface receptors in trans (ephrin A subfamily), or by binding cytoplasmic proteins
(ephrin B subfamily). The expression patterns of EphB4 and ephrin-B2 in the vascular
system are complementary, so that EphB4 is expressed primarily arteries, whereas ephrin-B2
is expressed in veins [88,89]. Though the precise functions of Eph receptors and ephrin in
the vasculature have not been determined, their crucial role in vascular development was
demonstrated in loss-of-function murine models. Disruption of the genes coding for either
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protein resulted in severe angiogenesis defects and embryonic lethality [88,89]. The
angiogenic defects in the £phB4~'~ mouse were symmetric to those in the ephrinB2~
mouse, mirroring the complementary vein-artery distribution of EphB4 and ephrin-B2,
respectively.

Two recent studies revealed an unexpected connection between EphB4-ephrin-B2 signaling,
and between the internalization of VGFR2 [18] and VEGFR3 [19]. Engagement of ephrin-
B2 by its ligand, EphB4, was followed by internalization of VEGFR3 in lymphatic ECs
[19]. Other RTKSs, e.g. PDGFR, were not internalized, indicating that the effect of ephrin-
B2-EphB4 binding is specific to VEGFR. VEGFR3 failed to undergo endocytosis in ECs
from the ephrinB2™'~ mouse. VEGF-C-mediated tyrosine phosphorylation of VEGFR3 and
the activation of Akt and of MAPK were markedly reduced in the epArinB2"'~ ECs. Ephrin-
B2-EphB4 binding caused endocytosis of VEGFR3 in the absence of VEGF-C, but the
internalized VEGFR3 was not auto-phosphorylated. VEGFR2 was observed to undergo a
similar ephrin-B2-dependent endocytosis in vascular ECs, in the presence of VEGF-A [18].

It is unknown how ephrin-B2-EphB4 signaling induced the inter-nalization of VEGFR2/3,
but the above studies provide some insight into the underlying mechanism. VEGFR3
endocytosis appears to have been triggered by transient association in cis between ephrin-B2
and VEGFR3 at the plasma membrane, but once internalized, ephrin-B2 and VEGFR2/3 no
longer colocalized [19]. Notably, the interaction of ephrin-B2 with cytoplasmic proteins
through its PDZ-binding motif was required for VEGFR2 endocytosis [18]. To date, at least
nine PDZ domain-containing proteins that bind ephrin-B2 have been identified (http://
www.signaling-gateway.org). One of these, PDZ domain-containing RING finger protein 3
(PDZRN3), is an E3 ubiquitin-protein ligase [90]. Thus, the lateral association of
VEGFR2/3 with ephrin-B2 may facilitate the ubiquitination of VEGFR2/3 by ephrin-B2-
bound PDZRNS3. Though this has not been as well established as for EGFR [37], it is
conceivable that Cbl-mediated ubiquitination of VEGFR would be required for its
endocytosis, thus accounting for the dependence of VEGFR2 endocytosis on ephrin-B2.

3. Endocytosis and trafficking of Nrp1l

3.1. Association between Nrpl and VEGFR2

The uniqueness of the endocytic pathway of VEGFR is conferred mainly by its association
with Nrpl. This is demonstrated by the consequences of perturbing the association between
the two receptors on VEGFR?2 signaling, as described above. Unlike the transient
colocalization between ephrin-B2 and VEGFR at the cell surface [19], Nrp1 and VEGFR
were 50-60% colocalized even in quiescent mouse primary ECs, and remained so up to 30
min after stimulation by VEGF-A145 [21]. Once VEGF-A was applied, Nrpl and VEGFR2
became physically associated [21,91,92], and remained colocalized up to 30 min after the
application of VEGF-Ayg5 [21]. It is unknown whether the Nrp1-VEGFR2 association is
direct or indirect, and which amino acid sequences and structural motifs of each receptor are
required for VEGF-induced association. The dependence of the Nrp1-VEGFR2 association
on the binding of the PDZ adaptor protein synectin [93] suggests that the carboxy-terminus
of Nrp1 is required for the association. Since VEGFR2 is not known to bind synectin, it is
not clear why synectin would be required for the association. If APPL binds VEGFR2, as
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suggested by Lanahan et al. [17], Nrp1 and APPL-bound synectin dimers could cross link
the two receptors [64,94,95], thus explaining the dependence of the Nrp1l-VEGFR2
association on synectin.

3.2. Endocytic pathway of Nrpl

Since Nrpl colocalized extensively with VEGFR2 on the surface of quiescent ECs [21], it
could have conceivably accompanied VEGFR2 when the latter underwent constitutive
endocytosis [52]. There is direct evidence for VEGF-independent endocytosis and
trafficking of Nrpl together with integrin asp1 from adhesion complexes, including focal-
adhesions, to early endosomes [22]. The ligand-triggered endocytosis of Nrpl in response to
VEGF-A is clearly clathrin dependent, in contrast to semaphorin 3C-induced endocytosis,
which is lipid raft-dependent [21]. In agreement with the finding that Nrp1 and VEGFR2
remain largely colocalized throughout endocytosis and trafficking [21], Nrpl traversed the
same endocytic compartments as VEGFR?2, i.e. early endosomes [21,54], followed by
“slow” recycling via Rab11-dependent trafficking. Only a minor fraction of the VEGFR2-
Nrpl complexes was diverted via Rab7-associated endosomes to lysosomal degradation
[54].

3.3. Role of Nrp1 in VEGF signaling

Several lines of evidence suggest that Nrpl signals independently from VEGFR, or that it is
required for transducing aspects of VEGF signaling that are not mediated by VEGFR alone.
The putative contribution of Nrpl to VEGF signaling would obligately be mediated by the
cytoplasmic domain. Since the carboxy-terminus of the same domain is used by synectin to
cross-link Nrpl to myosin VI, the molecular motor that drives Nrpl trafficking [17,21], it is
likely that Nrp1-dependent signaling is tightly coupled to Nrp1 trafficking.

The first indications for Nrp1-triggered signaling came from studies where the ectoplasmic
domain of Nrpl was replaced with that of EGFR and expressed in HUVECs lacking
endogenous EGFR [96]. EGF treatment of these cells promoted their migration to a similar
extent as VEGF-induced migration. Interestingly, when the EGFR-Nrpl chimera consisted
of a Nrpl cytoplasmic domain lacking the carboxyterminus PDZ-binding motif, VEGF
failed to promote cell migration. These results imply that EGF-induced clustering of the
cytoplasmic domain of Nrpl was sufficient to trigger downstream signaling, presumably in a
P13K-dependent manner [96]. However, these conclusions rest on the finding that
immunoblotting did not detect EGFR in the HUVECs used by Wang et al. [96]. It is possible
that though EGFR was not detectable by immunoblotting, its expression level was sufficient
to activate PI3K and elicit cell migration. Moreover, HUVECSs are highly variable primary
ECs, and are known to express EGFR [97]. Thus, the results of Wang et al. [96] would be
valid provided the same EGFR-deficient batch of HUVECSs had been used throughout the
study.

The requirement for the binding of synectin to the carboxyterminus of Nrpl was suggested
also by studies where nrpI was knocked down in the zebrafish, inhibiting the angiogenesis
of the intersomitic vessels and the sub-intestinal vein [98]. Whereas this vascular phenotype
was rescued by the expression of human AVRPI mRNA, expression of a mutant Nrpl lacking
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the PDZ-binding was ineffective. The requirement for this motif in vascular development
was recapitulated by the similarity between the nrp and the synectin morphants.

While the above zebrafish studies suggest that Nrpl can signal, they do not implicate it
directly in transducing VEGF signaling. Evidence to that end was provided by studies in
which antibodies specific to the ectoplasmic domain of Nrpl were used to disrupt its
association with VEGFR2 [91]. Strikingly, while the tyrosine phosphorylation level of
VEGFR? and the proliferative and permeability aspects of VEGF signaling were unchanged,
the migration of HUVECs treated with Nrpl antibodies was reduced drastically. The same
antibodies strongly inhibited also the VEGF-driven outgrowth of HUVECSs from beads
encased in a fibrinogen matrix. These results suggest that Nrp1 was required for transducing
the motility aspect of VEGF signaling. Similar conclusions could be drawn from a
subsequent study from the same group, showing that binding of the VEGF-A1,1 isoform to
Nrpl was similarly required for sustaining EC migration [99]. Since VEGF-A1»4 binds Nrpl
but does cross-link it to VEGFR?2, this result can be construed to suggest that Nrpl can
signal independently from VEGFR2. Were this scenario correct, how then would a short
cytoplasmic domain lacking catalytic activity transduce the binding of VEGF to its
ectoplasmic domain? A conceivable mechanism is the recruitment of a cytoplasmic protein
complex that can signal once assembled. Aside from synectin, there is evidence for the
binding of focal-adhesion kinase (FAK) [100] and the non-receptor tyrosine kinase Fer
[101]. Both of these interactions do not appear to be involved in VEGF signaling, but other
studies implicated Nrpl in VEGF-induced tyrosine phosphorylation of FAK and,
consequently, in the regulation of focal-adhesion assembly [102]. The potential involvement
of Nrpl in the regulation of focal-adhesions was suggested also by its role in the
phosphorylation of p130Cas, an event that appeared to be mediated by PYK2, a tyrosine
kinase that is closely related to FAK [103]. Aside from the binding of synectin to the
cytoplasmic domain of Nrpl, there is no evidence to implicate endocytosis and membrane
trafficking of Nrpl in any of the putative signaling mechanisms described here.

Given the above convincing evidence for the migration/angiogenesis-specific role of Nrpl in
VEGF signaling, it is surprising that a mouse knockin (KI) model expressing a mutant nrpl
lacking the cytoplasmic domain (nrpZcytoA/A) was not embryonic lethal, and appeared
grossly normal [104]. Phenotyping of the embryonic vascular system of the nrpZcytoAA
mouse detected no major defects, and analysis of the retinal vasculature in the neonatal
nrpleytoNIA mouse found a relatively minor defect consisting of excessive artery-vein
crossovers. This defect did not interfere with the formation of an intact retinal vasculature.
While the analysis of other vascular beds in the nrpZcyfoN/A was not reported, the presence
of such minor defects is perplexing given that antibody-mediated disruption of the
association between Nrpl and VEGFR?2 interfered with the development of the retinal
vasculature [91]. The absence of vascular defects cannot be attributed to compensation by
Nrp2, since the retinal vasculature in mice expressing nrpIcytoAIA on a nrpZ-null
background was indistinguishable from that in mice expressing nrpZcytoA/A on a normal
genetic background [104]. The discrepancy between the mild vascular phenotype of the
nrpleytoNA Kl mouse and the abundant evidence for the role of the Nrpl cytoplasmic
domain in angiogenesis remains unreconciled. Further, the apparent failure to rescue the
zebrafish nrp1 vascular morphant by expressing human Nrpl lacking the PDZ binding motif
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(Nrp1-1ASEA) suggests that at least in this model system the cytoplasmic domain, and in
particular its PDZ-binding motif, is required for angiogenesis [98]. However, the
implications of the nrpIcytoA/A genetic in-vivo model for the function of Nrpl in
mammalian vascular development should arguably persevere over conclusions drawn from
the numerous in-vitro models, or from non-genetic in-vivo models [91]. It appears,
therefore, that at least during development, the primary signaling function of the Nrpl
cytoplasmic domain is not the regulation of angiogenesis. Conceivable VEGF-dependent
functions would be the regulation of vessel permeability [105,106] or of endothelial cell
adhesion via integrin [107]. There is no evidence to suggest that such functions entail Nrpl
endocytosis and trafficking.

4. Endocytosis of adhesion receptors

4.1. Endocyt

VEGF signaling induces the endocytosis of two major classes of adhesive receptors:
intercellular junction proteins, and ECM receptors. Both adherens and tight junction
proteins, i.e. vascular endothelial cadherin (VEcad) and occludin, respectively, are
endocytosed in response to VEGF [16,108,109]. Among ECM adhesion receptors, several
types of integrin a and B subunits are internalized in response to VEGF [110,111]. Though
it is known primarily for its function in the plasminogen activation cascade, the urokinase
plasmin activator receptor (UPAR) is also reviewed here, since it interacts with the ECM
protein vitronectin and with several integrin § subunits [112].

osis of intercellular adhesion receptors

One of the major cell functions regulated by VEGF-A through VEGFR2 is the dissociation
of EC junctions and the subsequent increase in vessel permeability. At the cellular level, the
loss of vessel patency is caused by the disassembly of EC adherens and tight junctions in a
process that involves the Src tyrosine kinase [113]. It appears that in quiescent ECs, VEcad
is associated with VEGFR2 via B-catenin [114], and functions to stabilize the receptor at the
cell surface [113,115] (Fig. 3). Once VEGFR2 was activated, VVEcad dissociated from it and
bound B-arrestin [108], an adaptor molecule known primarily for facilitating the endocytosis
of G-protein coupled receptors, which facilitates the formation of clathrin-coated vesicles
[116]. The recruitment of B-arrestin to VEcad was initiated by Srcdependent
phosphorylation and activation of the Rho GEF Vav2. The latter activated Rac, resulting in
the activation of p21-activated kinase (PAK), and the phosphorylation of VEcad on Ser565,
which served as a p-arrestin-docking site [108]. VEcad underwent clathrin-dependent
endocytosis [16,108] and trafficked to early endosomes [108], possibly employing myosin
X, an actin-based molecular motor [117]. VEcad did not colocalize after endocytosis with
VEGFR?2 [16], in agreement with the reported dissociation of VEcad from activated
VEGFR2 [118].

Similar to adherens junctions, the disassembly of tight junctions in response to VEGF is
mediated by the endocytosis of its components. Among the integral tight junction proteins,
the endocytic mechanism of the 4-pass transmembrane protein occludin has been elucidated
in primary bovine retinal endothelial cells [109]. Occludin endocytosis followed the VEGF
induced activation of protein kinase C (PKC) C, also a tight junction component [119], via
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an unknown pathway. PKCC phosphorylated occludin at Ser49°, resulting in its removal
from the cell borders and its colocalization with clathrin, with clathrin-binding adaptor
protein epsin-1, EPS15, and with hepatocyte growth factor-regulated tyrosine kinase
substrate (Hrs) (Fig. 4). The latter two proteins contain a ubiquitin-interacting motif and
facilitate the ubiquitination and targeting of their ligands to lysosomal degradation [120].
Following endocytosis, occludin reappeared in cytoplasmic punctae that colocalized with
early endosome and lysosomal markers [109]. After the Ser4%0 phosphorylation of occludin,
the PDZ domain-containing protein ZO1 dissociated from occludin [121]. Since ZO1
functions as a scaffold that cross-links tight junction transmembrane proteins and the actin
cytoskeleton [122], its dissociation from occludin is a key step in junction disassembly.
Interestingly, Murakami et al. [109] observed that claudin-5, a 4-pass and ZO1-binding
transmembrane protein like occludin, also underwent endocytosis in response to VEGF.

4.2. Endocytosis of extracellular matrix (ECM) receptors

As reviewed elsewhere [123], the endocytosis and trafficking of integrins is required for the
regulation of Rho GTPases, and for the regulation of the signaling of integrin-associated
growth factor receptors. VEGF-driven endocytosis and trafficking of integrin avp3, a
fibronectin and vitronectin receptor [124], was mediated in HUVECSs by protein kinase D1
(PKD1) [110]. PKD1 associated with integrin avp3 constitutively, regardless of VEGF-A
signaling [110,125]. VEGF-A activated PKD1 by inducing its phosphorylation of Ser744/748
in the activation loop, most likely by protein kinase Ca. [126] (Fig. 5). Additionally, VEGF-
A targeted PKD1 to nascent focal-adhesions (focal complexes) on cell protrusions by
inducing phosphorylation of Ser?16, Knockdown of PKD1 enhanced integrin avp3
recycling, while inhibiting the formation of focal-adhesions and the migration of HUVECs
[110]. It appears, therefore, that integrin avB3 underwent constitutive Rab5 and Rab4-
dependent recycling through early endosomes, and that the activation of PKD1 by VEGF-A
inhibited the endocytosis of avp3 via an unknown mechanism. As a result, PKD1
knockdown tipped the balance maintained by constitutive recycling between inward and
outward trafficking towards the latter, resulting in a higher apparent presence of integrin
avp3 on the cell surface. Though VEGF treatment resulted in a relatively small increase in
the recycling rate of integrin avp3 in comparison to constitutive recycling, the VEGF-
induced relative increase in EC migration rate was far larger [110]. Integrin can undergo
either clathrin or caveolin-dependent endocytosis [127], but the study of di Blasio et al.
[110] did not positively identify the endocytic pathway.

The VEGF-induced endocytosis of the B1 integrin subunit incorporated uPAR, a glycosyl
phosphatidylinositol (GPI)-anchored cell surface receptor noted primarily for its role in the
plasminogen activation cascade. UPAR binds uPA, which cleaves plasminogen to generate
plasmin [128]. Aside from binding uPA, uPAR functions as a receptor for numerous ligands,
including the ECM protein vitronectin, and binds in cis several integrin  subunits, including
B1 [128,129]. Whereas integrin p1 (in tandem with subunit a5) was localized in quiescent
HUVECs mainly at the cell periphery, treatment with VEGF-A g5 redistributed it to
cytoplasmic vesicular structures, where it colocalized with uPAR [111]. Since previous
studies had shown that uPAR underwent clathrin-dependent endocytosis [130], it is likely
that VEGF-A1g5 induced the endocytosis of integrin 1 in the same manner. VEGF-Aggs
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failed to induce clathrin-dependent endocytosis of integrin p1 in ECs of u2AR™'~ mice, or in
ECs treated with a peptide that inhibited the interaction of uPAR with lipoprotein receptor-
related protein (LRP) [130]. These results suggest that integrin p1 endocytosis required
coordination between LRP, uPAR, and integrin a5@1, as follows: LRP associated with UPAR
that was engaged by uPA bound to PAI-1, followed by the association of uPAR to integrin
B1 [130] (Fig. 6). Blocking the integrin p1-uPAR association inhibited EC migration
towards a VEGF-A1 5 gradient [111], indicating that VEGF-induced endocytosis of integrin
a5B1 was required for angiogenesis in-vivo. Though VEGF-A3gs also induced endocytosis
of integrin a3p1, this endocytosis did not require interaction of integrin f1 with uPAR
[111].

It should be noted that VEGFR2 and integrin p1 [131] or B3 [131-133] signaling were
shown to have reciprocal functional relations, but those were not reported to involve
endocytosis or trafficking of either receptor.

5. Endocytosis and trafficking of Rho GTPases

Recent studies found that VEGF signaling can induce the trafficking not only of cell-surface
receptors, but also of Rho GTPases [58]. A previous study showed that hepatocyte growth
factor, a ligand of the Met RTK, induced membrane trafficking of Rac1, and caused its
activation on endosomes by the Tiam1 GEF in a Rab5-dependent manner [134]. Similarly,
VEGF-A;65 induced the trafficking of RhoA, together with its GEF Syx [58]. Unlike Rac1,
the trafficking of RhoA was mediated by Rab13, a GTPase mainly known for regulating the
endocytosis of occludin from tight junctions [135]. In primary mouse ECs migrating in
response to a VEGF-A4g5 gradient, Rab13 as well as RhoA and Syx were localized not only
to endocytic vesicles, but also at the leading edge of the cells [58]. In agreement with
previous studies, it appears that Rab13 is involved not only in the regulation of tight
junctions but also in the remodeling of the actin cytoskeleton of migrating cells [136,137].
The hypothetical scenario of VEGF-A-driven trafficking starts with the induction of
clathrin-dependent endocytosis of tight junction proteins by VEGF (Fig. 7). Multi PDZ
domain protein (MUPP1)-1, which binds the integral tight junction transmembrane proteins
junctional adhesion molecule (JAM) and claudin [138,139], would then remain attached to
their cytoplasmic domains and would be removed from the tight junctions on vesicles
engulfing JAM and claudin. Muppl is known to bind Syx [140] and angiomotin (Amot).
Amot would facilitate the targeting of Muppl and Syx to the lipid bilayer of endocytic
vesicles due to its high affinity for phosphatidylinositol 3-phosphate [141], which is enriched
in the membranes of vesicles [142]. Rab13 would form a complex with the actin-binding
protein actinin-4 (Actn4) through their common binding partner, molecule interacting with
CasL-like 2 (Mical-12) [136]. The Rab13/Mical-12/Actn4 complex would target the Syx-
RhoA carrying vesicles to endocytosed tyrosine-phosphorylated VEGFR2, since Actn4
binds Grb2, which binds VEGFR?2 [38]. This mechanism can account for the localization of
RhoA, Syx, and Rab13 to the leading edge of migrating ECs [58]. Knockdown of rab13in
the zebrafish inhibited angiogenesis, thus supporting the in-vivo role of VEGF-induced
trafficking of RhoA [58].
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6. Concluding remarks

The unique attributes of VEGFR signaling and its regulation by membrane traffic are
conferred largely by the association with the co-receptor Nrp. The phenotyping of the
nrplcytoNA mouse ruled out, surprisingly, an obvious signaling role for the cytoplasmic
domain of Nrpl in vasculogenesis and angiogenesis, aside from arteriovenous patterning in
the retina. It is likely that there is more to the cytoplasmic domain of Nrp1l than the binding
via its PDZ motif to a single protein, synectin. One potential function is the regulation of
focal-adhesions in-vitro [102], but it is unclear what is the in-vivo equivalent of this
function, since the in-vivo analog of two-dimensional focal adhesions in not known. Another
aspect of VEGFR endocytosis that has not yet been determined is the mechanism by which
it is triggered by ephrin-B2-EphB4 signaling.

VEGFR and other RTKSs exploit the sorting mechanisms of the endosomal system to achieve
signaling specificity. The early endosomes appears to be the major sorting center for RTK
signaling (reviewed in [81]), and the site wherefrom the receptors signal in the cytoplasm.
The sorting tools employed by VEGFR signaling include Rab GTPases [60] and tyrosine
phosphorylation [52]. Although there is evidence for the involvement of ubiquitin ligases
and ubiquitin-adaptor proteins [82-84,143], this is probably only a part of the role of
ubiquitination in regulation of VEGFR membrane traffic and signaling. Similar to EGFR, it
is likely that VEGFR is regulated by mono-ubiquitination of lysines in its cytoplasmic
domain, and by ubiquitin-binding proteins such as epsin-1 and EPS15. Importantly, the
number of animal models that addressed directly the role of membrane traffic in VEGF
signaling is relatively small [17-19,58]. Hence, the impact of membrane traffic on the full
spectrum of VEGF signaling remains unknown.

Abbreviations

Actn4 actinin-4

Amot angiomotin

APPL adaptor protein phosphotyrosine interaction, PH domain, and leucine zipper
containing

Chl Casitas B-lineage lymphoma

EC endothelial cell

EGFR epithelial growth factor receptor

ECM extracellular matrix

EPS15 epidermal growth factor receptor substrate 15

FGFR fibroblast growth factor receptor
FAK focal-adhesion kinase
GIPC GAIP-interacting protein, C-terminus
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GPI
Grb2
HECT
Hrs
JAM

Kl

LRP
NIP
Mical-12
MUPP1
Nrp
PAK
PDGFR
PDZRN3
PEST
PAI
PTP1b
PKD
PKC
RTK
SNARE
SH

She
TRCP
uPAR
VEcad
VEGFR

YFP

glycosyl phosphatidylinositol

growth factor receptor-bound protein 2

E3 homologous to E6-AP C terminus

hepatocyte growth factor-regulated tyrosine kinase substrate
junctional adhesion molecule

knockin

lipoprotein receptor-related protein

neuropilin-1 binding protein

molecule interacting with CasL-like 2

multi PDZ domain protein 1

neuropilin

p21-activated kinase

platelet derived growth factor receptor

PDZ domain-containing RING finger protein 3

rich in proline [P], glutamic acid [E], serine [S], and threonine [T]
plasminogen activator inhibitor

protein tyrosine phosphatase 1b

protein kinase D

protein kinase C

receptor tyrosine kinase

N-ethylmaleimide-sensitive factor attachment protein receptor
Src homology

Src homology and collagen homology

B-transducin repeats-containing protein

urokinase plasmin activator receptor

vascular endothelial cadherin

vascular endothelial growth factor receptor

yellow fluorescent protein
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Fig. 1.
Scheme of membrane traffic and signaling of EGFR. Recruitment to clathrin-coated pits

requires autophosphorylation (on 5 Tyr residues), association with of Grb2, and the binding
of the AP2 complex to Tyr47, Lys!010 and Lys1911, The Cbl ligase ubiquinates (Ub) 21
lysines located in the cytoplasmic domain of the EGFR, which are required for
internalization, in part by recruiting the clathrin adaptor protein epsin-1 (Epsl).
Phosphorylated EGFR traffics via Rab5 to early endosomes (EE), from where it is recycled
to the plasma membrane via Rab4, or to recycling endosomes (RE) from where is recycled
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to plasma membrane, or to multi-vesicular bodies (MVB). EGFR located in the limiting
membrane of the MVB is recycled to the plasma membrane, whereas the EGFR pool in
internal vesicles is degraded when these vesicles fuse with the lysosome. Akt activation
requires endocytosis and proceeds from EGFR in early endosomes, whereas ERK activation
is not endocytosis-dependent.
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Ephrin-B2

.R .A !
@
Fig. 2.

Scheme of membrane traffic and signaling of VEGFR and Nrp. Binding of VEGFA induces
VEGFR2 auto-phosphorylation on multiple tyrosines and association of Nrp. Engagement of
ephrin-B2 by EphB4 is required for VEGFR endocytosis. Endocytosed VEGFR2 is
mobilized by myosin VI (myo6) cross-linked to Nrp via synectin, and traffics together with
Nrp to early endosomes (EE) via Rab5. From early endosomes, the Nrp-VEGFR complex
traffics to recycling endosomes (RE) via Rab4, followed by recycling to the plasma
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membrane via Rab11, or to lysosomes via Rab7. VEGFR signals from early endosomes and
activates Akt and ERK.
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Fig. 3.

ch;weme of the endocytic mechanism of VEcad. Activated VEGFR induces Src to activate
Vav2, which then activates Rac and PAK. The latter phosphorylates the VVEcad cytoplasmic
domain on Serb85, which serves as a docking site for B-arrestin (B-arr). B-arrestin facilitates
the formation of clathrin-coated vesicles. During or after endocytosis, p-catenin (pB-cat),
which cross-links VEGFR2 and VEcad, dissociates from VEGFR2. VEcad and VEGFR2
proceed to traffic separately to early endosomes (EE).
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Fig. 4.
Scheme of the endocytic mechanism of occludin. Activated VEGFR induces PKCC to

phosphorylate occludin on Ser#%0. Following the phosphorylation, ZO1, which was bound to
occludin in tight junctions, dissociates from it. Occludin undergoes clathrin-dependent
endocytosis.
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Fig. 5.

ch;weme of the endocytic mechanism of integrin a.,f3. In quiescent ECs, integrin a3
undergoes constitutive recycling to early endosomes. VEGF activation of PKD1 via
phosphorylation of Ser’44 and Ser’48, most likely by PKCa, results in the binding of PKD1
to the cytoplasmic domain of the B3 subunit, and inhibition of integrin a3 endocytosis.
This produces an apparent increase in the integrin a.,f3 presence on the cell surface.
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Fig. 6.

Sc%eme of the endocytic mechanism of integrin asp; and uPAR. Downstream of VEGF,
UPA binds together with PAI-1 to uPAR on the EC surface. The binding is followed by
lateral association with LRP, after which the uPAR-LRP complex associates laterally with
the integrin B1 subunit. Integrin asp; undergoes clathrin dependent endocytosis together
with UPAR, and possibly also with LRP.
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Fig. 7.

H)G/’pothetical mechanism of Syx and RhoA trafficking from cell junctions to the leading
edge. Step A: VEGF-A binding to VEGFR?2 triggers clathrin-dependent endocytosis of
junctional transmembrane proteins. Step B: Amot targets the Syx-associated complex,
containing also Muppl and RhoA, to the cytoplasmic leaflet of uncoated endocytic vesicles
enclosing the endocytosed junctional transmembrane proteins. Step C: Rab13 associates
with and mediates the trafficking of these vesicles. It recruits Grb2, which targets the Rab13-
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associated vesicles to Tyr-phosphorylated VEGFR2. Syx activates RhoA co-trafficking on
the same vesicles, at the leading edge of the migrating cell.

This figure was originally published in the Journal of Biological Chemistry by Wu et al.
[58]. The American Society for Biochemistry and Molecular Biology®©.

Cell Signal. Author manuscript; available in PMC 2017 January 20.



	Abstract
	1. Introduction
	1.1. Overview: regulation of receptor tyrosine kinase (RTK) signaling by membrane traffic
	1.2. EGFR as a prototype for the regulation of RTK signaling by membrane traffic

	2. Endocytosis and trafficking of VEGFR
	2.1. Endocytic pathway of VEGFR
	2.2. Regulation of VEGFR2 endocytosis and sorting by ubiquitination
	2.3. Regulation of VEGFR endocytosis by ephrin

	3. Endocytosis and trafficking of Nrp1
	3.1. Association between Nrp1 and VEGFR2
	3.2. Endocytic pathway of Nrp1
	3.3. Role of Nrp1 in VEGF signaling

	4. Endocytosis of adhesion receptors
	4.1. Endocytosis of intercellular adhesion receptors
	4.2. Endocytosis of extracellular matrix (ECM) receptors

	5. Endocytosis and trafficking of Rho GTPases
	6. Concluding remarks
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7

