Receptor tyrosine kinases
Cell surface receptors that, on
binding ligands, dimerize and
undergo a conformation
change that activates
intracellular tyrosine kinase,
leading to tyrosine
phosphorylation of the
receptor’s intracellular domain
as well as signal transducers.
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REVIEWS I

Mechanisms and regulation of
endothelial VEGF receptor signalling

or stimulation of vascular growth.

Vascular endothelial growth factors (VEGFs) include
vertebrate VEGFs A-D, placenta growth factor (PIGF),
parapoxvirus VEGFE and snake venom VEGFF'.
Vertebrate VEGFs are broadly expressed, structurally
related dimeric molecules that have crucial roles in the
formation, function and maintenance of the vascula-
ture. VEGFs also have important roles in other organ
systems, including the central nervous system (CNS),
kidney, lung and liver, where they directly influence
organ function and development'?.

VEGFs bind with high affinity to the receptor tyrosine
kinases (RTKs) VEGFR1-R3, and VEGFR?2 is the main
signalling VEGFR in blood vascular endothelial cells.
VEGFR1-R3 show a similar overall structural organ-
ization, including the common features of seven extra-
cellular immunoglobulin homology domain repeats,
a transmembrane domain and a split tyrosine kinase
domain. Still, the receptors display differences in their
mode of activation, signalling and biological effects
(BOX 1; TABLE 1).

VEGFs also bind with high affinity to the neuropilin
(NRP) family members NRP1 and NRP2 and to heparan
sulfate proteoglycans (HSPGs); these are denoted VEGF
co-receptors. The ability of VEGFs to simultaneously
bind to various types of transmembrane proteins initi-
ates formation of multiprotein complexes that include,
in addition to receptors and co-receptors, several non-
VEGF-binding auxiliary proteins, such as integrins and
ephrin B2 (REF. 3).

According to the consensus model for ligand-
induced activation of RTKs*, VEGF binds to a cog-
nate VEGEFR to induce receptor homodimerization or
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Abstract | Vascular endothelial growth factors (VEGFs) and their receptors (VEGFRs) are uniquely
required to balance the formation of new blood vessels with the maintenance and remodelling of
existing ones, during development and in adult tissues. Recent advances have greatly expanded
our understanding of the tight and multi-level regulation of VEGFR2 signalling, which is the
primary focus of this Review. Important insights have been gained into the regulatory roles of
VEGFR-interacting proteins (such as neuropilins, proteoglycans, integrins and protein tyrosine
phosphatases); the dynamics of VEGFR2 endocytosis, trafficking and signalling; and the crosstalk
between VEGF-induced signalling and other endothelial signalling cascades. A clear
understanding of this multifaceted signalling web is key to successful therapeutic suppression

heterodimerization, leading to activation of the tyrosine
kinase and autophosphorylation of tyrosine residues in
the receptor intracellular domains. Phosphotyrosines and
surrounding amino acid residues constitute binding sites
for adapter molecules, which initiate various intracellular
signalling pathways. These pathways mediate immediate
responses, such as vascular permeability, and longer-term
responses that require gene regulation, such as endothelial
cell survival, migration and proliferation. Non-canonical
VEGER signalling is initiated by non-VEGF-dependent
activation of VEGFRs. Examples include VEGFR2 phos-
phorylation by the shear-stress-activated cytoplasmic
SRC tyrosine kinases or binding of non-VEGF ligands*>*.
VEGEFR signalling is tightly regulated at numerous
different levels, including receptor expression levels,
the availability and affinities for binding of its different
ligands, the presence of VEGF-binding co-receptors,
non-VEGF-binding auxiliary proteins and inactivat-
ing tyrosine phosphatases, the rate of receptor cellular
uptake, extent of degradation and speed of recycling.
VEGER endocytosis and trafficking regulate the speci-
ficity as well as the duration and amplitude of the signal-
ling output. Once they are in the cytoplasm, VEGFRs are
either shuttled to lysosomes for degradation or recycled
back to the membrane via fast or slow recycling pathways.
In the case of VEGFR2, the activation of ERK1/2 signal-
ling, which is essential to VEGFR2 biology, is dependent
on the speed of the receptor’s intracellular trafficking”*.
In addition, VEGEFR signalling output is directly
or indirectly regulated by crosstalk between VEGFRs
as well as between VEGFR-dependent and VEGEF-
independent intracellular signalling pathways, thus
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Neuropilins

(NRPs). Transmembrane
glycoproteins that can bind to
vascular endothelial growth
factors (VEGFs) and
semaphorins and act either as
receptors or co-receptors
(together with VEGF receptors
and plexins) to modulate
intracellular signalling.

Heparan sulfate
proteoglycans

creating complex positive and negative feedback loops.
Together, these regulatory mechanisms control the
activation of specific pathways and the strength and
duration of the signal.

Here, we review recent studies that shed new light
on these mechanisms and their biological relevance,
presenting our current understanding of the function
and regulation of this important family of receptors. The
primary focus of this Review is VEGFR2, which is the
principal endothelial VEGF signalling receptor, although
other VEGFRs are mentioned when appropriate.

as the processed forms of the related VEGFC and VEGFD
ligands. The mode of VEGFR2 activation is influenced by
the different variants of VEGFA that differ in their ability
to interact with NRPs and with HSPGs, in which the latter
may be present on the cell surface or in the extracellular
matrix (ECM). For example, VEGFA121 fails to bind to
the ECM, whereas VEGFA165 contains basic amino
acid motifs in exon 8 that confer ECM-binding ability;
binding to the ECM is even stronger for VEGFA189 and
VEGFA205, which contain additional ECM-binding
sequences’. Moreover, VEGFA121, unlike other VEGFA

(HSPGs). Proteoglycans
carrying heparan sulfate chains
that can bind to various
heparin-binding growth factors
found on the plasma
membrane or the extracellular
matrix. They can function as
vascular endothelial growth
factor co-receptors or signal
independently.

VEGFR2 activation mechanisms

of stimuli).

Canonical VEGFR2 activation. The classical ligands for
VEGFR2 include the alternatively spliced variants of the
prototype VEGE which is now denoted VEGFA, as well

Box 1| Key features and functions of VEGFR1 and VEGFR3

Several mechanisms function together to regulate the
activation of VEGFR?2, involving both canonical medi-
ators (that is, the classical VEGF ligands) and non-
canonical mediators (non-VEGF ligands or other types

isoforms (see below), does not bind to NRP1. This greatly
increases the spatial range of action for VEGF121, as it
is not tethered to the ECM nor to NRP1. The biologi-
cal effects of VEGFA", VEGFC and VEGFD" are fur-
ther modulated by proteolytic processing. The complex
interactions of VEGF ligands with accessory molecules
and co-receptors (FIC. 1) are thought to influence VEGF
biology by stabilizing ligand-receptor complexes, leading
to prolonged signalling duration. This may be true in par-
ticular for HSPGs'2. However, the roles of these accessory
molecules are often more intricate, as described below.

VEGFR1 as a negative regulator in endothelial biology

Vascular endothelial growth factor receptor 1 (VEGFR1; also denoted
Fms-Llike tyrosine kinase (FLT1)) is widely expressed in various cell types,
including monocytes and macrophages, vascular smooth muscle cells
and neuronal cells'”. It binds to VEGFA, VEGFB and placenta growth
factor (PIGF) and exists as a homodimer or a heterodimer with
VEGFR2, depending on the ligand®’. A synthetic heterodimer-specific
ligand fails to induce endothelial cell proliferation but stimulates cell
migration and nitric oxide production'’®. Moreover, VEGFR1-VEGFR2
heterodimers block VEGFA-induced ERK1/2 activation and Ca?* entry,
suggesting that heterodimers act as a negative regulator of VEGFR2
homodimer activity'’°.

Although VEGFR1 binds to VEGFA with a high affinity (10 pM), the
induction of VEGFR1 phosphorylation is weak. VEGFR1 tyrosine
phosphorylation sites have been determined'”’ (TABLE 1), but downstream
signalling remains largely unexplored. However, both PIGF and VEGFB
promote signalling in sensory nerves through VEGFR1 (REF. 175), indicating
that VEGFR1 can transduce signals in certain cell types, if not in endothelial
cells. Vegfr1”- mouse embryos die at embryonic day 8.5-9 from excessive
endothelial cell proliferation and disorganized vasculature''’, owing to
increased availability of VEGFA to bind to VEGFR2 and increased VEGFR2
signalling. Expression of a splice variant encoding a soluble VEGFR1
(sVEGFR1) reduces VEGFR2 signalling by acting as a VEGF trap®. Thus, both
full-length and sVEGFR1 are largely viewed as decoys that control the
amount of VEGFA available to bind to and activate VEGFR2. The regulation
of endothelial cell surface VEGFR1 expression and sVEGFR1 secretion
are of paramount importance. A clinically relevant example is the
association of peripartum cardiomyopathy and pre-eclampsia with
increased expression and secretion of sVEGFR1 (REFS 178,179).

Unlike VEGFA, VEGFR1 ligands PIGF and VEGFB are dispensable for
vascular development. PIGF is crucial for inflammation-associated
angiogenesis'®®, whereas VEGFB is implicated in fatty acid uptake in
endothelial cells, particularly in the heart'*'%2. The mechanism underlying
the different biological repertoires of the VEGFR1 ligands remains to
be clarified.

VEGFR1 has also been reported to bind to native low-density lipoprotein
(LDL), which induces VEGFR1 autophosphorylation, clathrin-independent
endocytosis and degradation'®®. The apolipoprotein B particle

downregulates VEGFR1 expression', leading to reduced endothelial
VEGFR1 expression in atherosclerotic lesions, which may promote plaque
growth by increased VEGFA-VEGFR2 signalling.

VEGFR3 in blood and lymphatic vessel biology

VEGFR3 is expressed in several endothelial cell types, including capillary,
venous and lymphatic endothelium and also in neuronal progenitors*®,
macrophages and osteoblasts'®. VEGFR3 is expressed by both blood and
lymphatic endothelial cells during early development®®” and it is re-
introduced in blood endothelial cells during angiogenesis in certain
settings?, such as during angiogenic sprouting in the retina®®.

VEGFR3 binds to unprocessed VEGFC and VEGFD, whereas
proteolytically processed ligands bind to both VEGFR2 and VEGFR3 with
high affinity, promoting VEGFR2-VEGFR3 heterodimerization'®2’.
Heterodimerized VEGFR2 fails to phosphorylate VEGFR3 on carboxy-
terminal tyrosines, which has potential consequence for the binding of the
adapter molecule SHC and the activation of the RAF-ERK1/2 pathway.
In agreement with this, VEGFC-induced VEGFR2-VEGFR3 heterodimers
activate AKT signalling, whereas VEGFR3 homodimers induce ERK1/2
activation®. VEGFR2-VEGFR3 heterodimers have been identified in intact
tissues?, but their in vivo role remains to be clarified.

Prospero homeobox protein 1 (PROX1)-positive lymphatic progenitors in
the cardinal vein migrate and differentiate during embryogenesis to form
lymphatic vessels in a VEGFC/VEGFR3-dependent process'®, and
VEGFC-mediated AKT activation is required for embryonic and adult
lymphangiogenesis'*®. VEGFC-induced AKT activation involves VEGFR3-
VEGFR2-NRP1 (neuropilin 1) complex formation, whereas ERK1/2
activation is primarily driven by VEGFR3 homodimers without contribution
from NRP1 or NRP2 (REF 18). Downstream effectors that regulate lymphatic
endothelial cell migration have been studied in zebrafish and include the
SoxF transcription factors and the transcriptional modulator MafBa'®".

The involvement of protein tyrosine phosphatases (PTPs) in VEGFR3
signalling largely remains to be defined. A PTP non-receptor type 14
(PTPN14) has been implicated in lymphatic development, but its role in
VEGFR3 signalling is not established'*’. Moreover, vascular endothelial PTP
(VEPTP) has been shown to act as a VEGFR3 tyrosine phosphatase in
lymphatic endothelium and to modulate VEGFC-induced ERK1/2 and
AKT activation®®.

612 OCTOBER 2016 | VOLUME 17

www.nature.com/nrm

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



REVIEWS

Table 1| VEGFR features in the endothelium

Canonical ligands

Non-canonical
activation

Dimerization forms

Soluble forms

Expression pattern in
the vasculature
VEGF-binding
co-receptors

Molecular partners

(Auto)phosphorylation
sites

(mouse sequence
number)

Key biology in
endothelial cells

Constitutive knockout
phenotype

Established therapeutic
target

VEGFR1
VEGFA, VEGFB and PIGF

Unknown

R1 homodimers and R1-R2
heterodimers

sVEGFR1 splice variant

Blood vascular endothelial cells*
NRPs and HSPGs
Unknown

JM: None

Kinase insert: No Tyr (Y) in the
sequence

Kinase domain: Y914*

C-terminal tail: Y1213,Y1242,Y1327
and Y1333

Negative regulation of VEGF
signalling

Embryonically lethal at embryonic
day 9 from uncontrolled endothelial
cell overgrowth

Under preclinical and early
phase clinical development for

VEGFR2
VEGFA, processed VEGFC and VEGFD

Shear stress, gremlins, galectins, lactate
and LDLs

R2 homodimers, R1-R2 and R2-R3
heterodimers

sVEGFR2 processed and splice variants

Blood vascular and lymphatic
endothelial cells

NRPs and HSPGs

Integrins, VE-cadherin, PTPs, TIE2
and ephrinB2

JM: Y799*

Kinase insert: Y949

Kinase domain: Y1052 and Y1057
C-terminal tail: Y1173 and Y1212

Transduces all known effects of VEGFA

Embryonically lethal at embryonic
day 8.5 owing to deficient endothelial
celllineage commitment

Neutralizing VEGFA antibodies in
retinopathy and VEGFR2 kinase
inhibitors in cancer

VEGFR3
VEGFC and VEGFD

Shear stress

R3 homodimers and R2-R3
heterodimers

Unknown

Blood vascular and lymphatic
endothelial cells

NRPs and HSPGs
Integrins, VE-cadherin and PTPs

JM: None

Kinase insert: No Y in the sequence
Kinase domain: Y1063 and Y1068*
C-terminal tail: Y1230, Y1231,
Y1265,Y1337 and Y1363

Transduces all known effect of
VEGFC and VEGFD

Embryonically lethal at

embryonic day 9.5 due to

vascular remodelling defects

and pericardial fluid accumulation

Under preclinical and early
phase clinical development

inflammation-related diseases, such as
cancer, obesity and type 2 diabetes

for lymphangiogenesis-related
disease

*For complete information on VEGFR expression patterns, please refer to UniProt and other databases. *Certain phosphorylation sites have been suggested, for
example, from the phenotype of mutants, but are not directly demonstrated in the full-length receptor. C-terminal, carboxy-terminal; HSPG, heparan sulfate
proteoglycans; JM, juxtamembrane; LDL, low-density lipoprotein; NRP, neuropilin; PIGF, platelet growth factor; PTP, protein tyrosine phosphatase; sVEGFR, soluble
vascular endothelial growth factor receptor; VE-cadherin, vascular endothelial cadherin.

Integrins

Transmembrane receptors that
link the extracellular matrix to
the cell and transmit signals to
communicate the
characteristics of the
surrounding environment
across the membrane.

Extracellular matrix
(ECM). The non-cellular
component of tissues and
organs comprising proteins
and carbohydrates that
provide structural and
biochemical support for
cellular structures.

Ligand binding is thought to induce VEGFR dimer-
ization. However, pre-formed VEGFR2 dimers with a
certain level of kinase activity have been shown to exist
in vitro®. The dimer is stabilized upon ligand binding
through several points of contact between the different
receptor domains. Moreover, ligand binding induces
a switch to a particular configuration of the trans-
membrane domains, which is accompanied by rotation
of the dimers?, of critical importance for full activation of
kinase activity. Different ligands can influence the degree
of rotation of the receptor molecules differently, and
thereby the extent of receptor activation. For example,
VEGEFB has been shown to lack the ability to optimally
rotate its receptor, VEGFR1, compared with PIGF* and
so is a weaker activator of VEGFR1 signalling. In addi-
tion to classical VEGF ligands, the alternatively spliced
VEGFxxxb forms contain a unique exon 8b conferring
anti-angiogenic effects'. However, the VEGFxxxb vari-
ants are also weak VEGFR2 agonists'®, and it is at this
point unclear how they exert their anti-angiogenic effects.

Signalling studies and computational modelling'”’
suggest the existence of VEGFR1-VEGFR2 (REF. 18)
and VEGFR2-VEGFR3 heterodimers'*?. VEGFR2-
VEGFR3 heterodimers are induced in response to
VEGFC and VEGFD on lymphatic endothelial cells both
in vitro and in vivo and may promote a different pattern

of signalling from VEGFR3 homodimers" (BOX 1).
Furthermore, VEGFA, in particular, the VEGFA189
isoform, can induce VEGFR2-VEGFR3 heterodimers?,
indicating that receptor heterodimerization may not
require the ligand to simultaneously bind to both
receptors in the dimer.

Much less is known about VEGFR1-VEGFR2
heterodimers. Several factors are thought to control their
formation, including relative distribution of the recep-
tors on the apical versus basolateral plasma membrane
and their levels of expression. There is a tenfold excess
of VEGFR2 over VEGFR1 molecules on the surface of
cultured endothelial cells?, but the binding affinity of
VEGFA to VEGFRI is higher (10 pM) than to VEGFR2
(100 pM)*. Thus, it is hard to predict a priori whether
most VEGFRI proteins form R1-R1 homodimers or
R1-R2 heterodimers. VEGFR1-VEGFR2 crosstalk can
also occur through pre-sensitization of endothelial cells
to VEGFA by transphosphorylation of VEGFR2 by the
VEGEFRI kinase*. Whether this transphosphorylation
requires heterodimerzation of receptors or involves
other mechanisms is not clear.

Activation of the receptors leads to trans-
phosphorylation of tyrosine residues on the receptor
intracellular domain (that is, phosphorylation of one
receptor molecule by the other molecule in the dimer).
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Semaphorins

Secreted or membrane-bound
guidance proteins that control
cell movement through
multimeric cognate receptor
complexes.

Figure 1| VEGFR2 structure and receptor signalling complexes. Vascular endothelial growth factor (VEGF) ligands
(VEGFA: light green; VEGFC or VEGFD: dark green) bind to the second and third extracellular immunoglobulin (Ig) loops
(purple) of VEGFR2, inducing receptor dimerization. Note that the fifth Ig loop in VEGFR3 is not disulfide-bonded.
Differential phosphorylation of tyrosine residues in the intracellular domain of VEGF receptor 2 (VEGFR2; consisting

of a juxtamembrane domain, a split tyrosine kinase domain and carboxy-terminal tail) results in differential biological
outcomes. VEGFR2 can form a homodimer or heterodimers with VEGFR1 or VEGFR3, which bind to VEGF ligands through
their second Ig loop (purple) with contribution from the third (Ig) loop (light purple). VEGFR2 homodimer signalling is
modulated by different VEGF-binding co-receptors, such as heparan sulfate (HS) proteoglycans (syndecan or glypican)
and neuropilins (NRPs), as well as non-VEGF-binding auxiliary proteins, such as vascular endothelial cadherin
(VE-cadherin), integrins, ephrin B2 and protein tyrosine phosphate (PTP), which form multiprotein complexes with
unknown constellations (BOX 2). VEGFR2 may also form trans-complexes with NRP1 expressed on adjacent cells. Different
receptor configurations influence VEGFR2 signalling output. The biological context in which each receptor complex is
known to function is indicated. Note that, although it is well known that NRP1 binds to VEGEF, it is shown as a monomer
interacting indirectly with VEGF and VEGFR2. DEP1, density-enhanced phosphatase 1; myoVI, myosin VI; VEPTP, vascular

endothelial protein tyrosine phosphatase.

Cytoplasmic tyrosine kinases, such as SRC, can also
phosphorylate VEGFR2 (REF. 25) (TABLE 1 lists known
VEGEFR tyrosine phosphorylation sites). In vitro,
VEGFR2 is also phosphorylated on serine and threonine
residues in response to VEGFA, which is of importance
for degradation of the receptor®.

Modulation of canonical VEGFR activation by co-
receptors. VEGF co-receptors can qualitatively and
quantitatively modulate VEGFR signalling. In particular,
the roles of the NRPs have received considerable atten-
tion. Both NRP1 and NRP2 bind to VEGFs as well to the
axonal guidance molecules denoted class 3 semaphorins,
which also bind to plexin receptors?*. Specific motifs in
VEGFA exon 7 and exon 8 bind to NRP1 and NRP2, and
a 50-fold stronger affinity is shown for NRP1 compared
with NRP2 (REF. 29). The exon 8-encoded C-terminal
arginine is essential for the interaction of VEGFA with
the L1 loop of NRP1, and additional contributions from
exon 7-encoded electronegative residues contribute to
the high affinity of this binding. However, in the case of
NRP2, direct repulsion between its electronegative L1
loop (absent in NRP1) and the electronegative
exon 7-encoded residues of the VEGFA heparin-binding
domain lead to a lower affinity for VEGFA.

VEGFA simultaneously binds to NRPs and VEGFRs
on endothelial cells, inducing the formation of NRP-
VEGEFR complexes***!. However, it should be noted that
the configuration of the NRP1-VEGFA-VEGFR2 com-
plexes is not known — that is, which interactions are
directly or indirectly mediated by, for example, HSPGs
— and it is also unclear whether higher-order complexes
are formed and how they are regulated (BOX 2). NRP1
has a key role in VEGFR2 intracellular trafficking by
binding of its C-terminal PDZ-binding domain to the
PDZ-domain-containing protein synectin (also known
as GIPC1). NRP1-guided endosomal translocation of
VEGFR?2 is crucial for VEGFA-induced ERK1/2 activ-
ation**. Other VEGFA downstream pathways, such as
the p38 MAPK, also require NRP1, possibly through
endosomal signalling®. By contrast, when binding
in trans, between adjacent cells, inclusion of NRP1 in
the VEGFA-VEGFR2 complex retains the receptor
on the cell surface and suppresses angiogenesis®.

In addition to its role in regulating VEGFR?2 traffick-
ing, NRP1 affects VEGF signalling in several other ways.
As it is capable of binding to VEGF without involve-
ment of VEGFR2, NRP1 can sequester the ligand.
In retinal neurons, VEGFA binds to NRP1 and VEGFR2
(REF. 36), but in hindbrain neurons, which do not express
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Focal adhesions

Contact points between the
cell and the extracellular
matrix comprising integrins
and actin filament bundles.

Tetraspanin
Transmembrane-4
glycoproteins that interact
both with themselves and with
other transmembrane
receptors to regulate various
cellular processes, such as
fusion, receptor trafficking and
motility.

VE-cadherin

Adherens junction type Il
cadherin expressed on
endothelial cells and localized
at cell—cell junctions. Involved
in the regulation of vascular
integrity and permeability.

VEGFRs, NRP1 sequesters VEGFA**¥. NRP1 may
also signal independently of VEGF; VEGFA has been
reported to induce ERK1 and AKT activation and to
regulate neuronal survival independently of VEGFRs?*.
Whether VEGFR-independent VEGF-NRP1 signal
transduction occurs in the endothelium has not
been established.

Mice with homozygous disruption of Nrpl die
in utero with extensive cardiovascular and CNS
defects®**°. Surprisingly, mutations of the sequence in
Nrpl that encodes the VEGFA-binding site (Tyr297
(Y297) or Ser320) is compatible with normal vascu-
lar development®**". Mice carrying a knock-in of an
Nrpl mutant that is devoid of its cytoplasmic domain
also display normal vasculogenesis and angiogenesis*.
However, these mice have a profound postnatal arterio-
genic defect owing to decreased VEGFA-induced
ERK1/2 signalling™. These findings may be explained,
in part, by recent reports demonstrating that NRP1
functions in conjunction with the transforming growth
factor-P (TGFp) family of receptors, independently of
VEGEFR?2, to control vascular sprouting**.

Another very important VEGFR2 partner is the
integrins, particularly integrin-B1 and integrin-p3. Note
that sequence motifs for VEGF-integrin binding remain
to be identified. VEGFA induces VEGFR2-integrin-{33

Box 2 | Outstanding questions in VEGFR signalling and biology

* Protein tyrosine phosphatase (PTP) regulation of vascular endothelial growth factor
receptor (VEGFR) downstream signalling pathways:

- Is there PTP specificity for certain VEGFR phosphotyrosine sites and pathways?

- Is there a temporal regulation of the VEGFR2-PTP interaction: would a transient
VEGFR2-PTP contact (for example, PTP1B) favour a specific VEGFR2 phosphosite
deactivation site, whereas a prolonged contact (for example, vascular endothelial
PTP (VEPTP)) would lead to pan-phosphotyrosine dephosphorylation?

- Is PTP activity regulated by VEGFR signalling, or is it merely a matter of proximity
and level of expression?

* Uniqueness of VEGFR signalling pathways:

- Why does VEGFR-induced signalling (for example, via ERK activation) result in a
different biological effect than when the same pathway is induced by another
growth factor (for example, fibroblast growth factor (FGF))?

- Does it depend on the amplitude and/or longevity of the signal, or crosstalk with
other pathways?

e Differences in homodimeric versus heterodimeric VEGFR signalling:
- Do VEGFR1-VEGFR2 heterodimers exist in vivo? What is their biological activity?
- When are VEGFR2-VEGFR3 heterodimers formed? What is the consequence?

* The role of spatial organization of VEGFR2 signalling complexes:
- Does it localize signalling to specific subcellular compartments?
- Does it influence signalling amplitude and time course by either preventing or
directing VEGFR?2 intracellular trafficking?
- How are the various components in the signalling complex packaged together?
Is the complex configuration stable or dynamic? If dynamic, how is this regulated?
* Plasma membrane versus cytosol signalling:
- What determines activation of a specific signalling pathway on the plasma
membrane versus the cytosol?
- What is the implication of this specificity?
¢ Details of VEGFR2 signalling pathways:
- How is receptor proximal activation of the p38 MAPK, SHB, STAT3 and small
GTPases signalling regulated?
- To what extent are VEGFR2 pathways modulated by flow? Does this regulation result
in different outcomes than what is observed after static ligand-induced activation?

REVIEWS

association, which is required for full VEGFR?2 activa-
tion*. VEGFR?2 activation in turn induces integrin-f3
tyrosine phosphorylation and directs interactions
between the two*. The VEGFR2-integrin-3 complex
may contain additional partners, such as syndecan 1
and SRC, promoting both VEGFR2 and integrin-avf33
activation®’. ECM-binding VEGFA isoforms also pro-
mote VEGFR2-integrin-f1 complex formation, thus
shifting cell surface localization of VEGFR2 to focal
adhesions, which is accompanied by prolonged recep-
tor activation’. Tetraspanin CD63 is another member of
the VEGFR2-integrin-f1 complex; CD63 binds to both
VEGFR2 and integrin-B1 and loss of CD63 expression
impairs VEGFR2 signalling*.

Non-canonical VEGFR2 activation. Non-VEGF lig-
ands, as well as mechanical forces, such as shear stress,
can induce tyrosine phosphorylation and activation
of VEGFR2 (that is, non-canonical VEGFR2 activ-
ation)**°. Mechanical stimuli activate VEGFR2 sig-
nalling at least in part through the formation of a
mechanosensory complex that includes, in addition to
VEGEFR?2, platelet endothelial cell adhesion molecule 1
(PECAML1, also known as CD31) and vascular endothe-
lial cadherin (VE-cadherin)>*. The purinergic receptor
P2Y2 and G proteins Gq and G11 (G,/G,,) have also
been implicated in fluid shear-stress-induced endothe-
lial responses by activation of SRC and AKT, leading to
endothelial nitric oxide synthase (eNOS) activation and
phosphorylation of PECAM1 and VEGFR2 (REF. 50).
A common denominator in these responses is the cyto-
plasmic tyrosine kinase SRC, which phosphorylates
VEGEFR?2, thus initiating downstream signalling®.

More-recent studies have shown that VEGFR3
may also be a part of the mechanosensory complex®"**
and that the transmembrane domain of VE-cadherin
binds directly to the transmembrane domain of
VEGFR2 and VEGFR3 (REF. 53). Shear stress induces
PECAMI1 phosphorylation, perhaps via the SRC-
related cytoplasmic tyrosine kinase FYN®, followed
by VEGFR2 phosphorylation and PI3K activation,
leading to a Kriippel-like factor 2-dependent increase
in VEGFA® and arterial marker expression®. In addi-
tion, there is evidence for shear-stress-induced matrix
metalloproteinase-dependent release of VEGFA from
the ECM, promoting VEGFR2 activation®’.

Several non-VEGEF ligands can activate VEGFR2,
although the underlying mechanisms and functions in
endothelial biology remain poorly understood. Among
these is the bone morphogenetic protein (BMP) antago-
nist gremlin (GREM1), which can induce endothelial
cell sprouting, migration and invasion®** by directly
binding to VEGFR2 with an affinity comparable to
that of VEGFA, resulting in receptor activation®.
GREM1 also promotes the formation of VEGFR2-
integrin-avp3 complexes that have a role in endothe-
lial cell polarization and basolateral localization of
VEGEFR2 (REF. 60).

Galectins, which are -galactoside-binding proteins,
can also induce VEGFR2 activation®. The main galec-
tins involved in VEGF signalling are VEGFR2-binding
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galectin 3 and NRP1-binding galectin 1. Galectin 3 is
ubiquitously expressed and crosslinks various glyco-
proteins to form a cell surface molecular lattice. The
glycosyltransferase B1,6-N-acetylglucosaminyl trans-
ferase 5 (MGATS5) promotes interactions between
galectin 3 and VEGFR2 on the plasma membrane that
leads to VEGFR2 phosphorylation. Reduced corneal
neovascularization in both Lgals3-knockout (the gene
encoding galectin 3) and Mgat5-knockout mice indicates
that this pathway is physiologically relevant®.

Lactate and low-density lipoproteins (LDLs) are other
known non-canonical inducers of VEGFR2 activation.
Endothelial cells exposed to lactate in vitro upregulate
their expression of VEGF and VEGFR2 (REF. 63). Lactate
also activates the PI3K-AKT pathway by upregulating
ligands for VEGFR2 and the RTKs AXL (ligand denoted
GAS6) and TIE2 (ligand denoted ANG1), but much
remains to be learned about these events®. LDL-treated
endothelial cells become less responsive to VEGFA and
show reduced VEGFR?2 expression that is secondary to
increased endocytosis and degradation®.

The biology of VEGFR2 proximal signalling

The canonical and non-canonical activation of
VEGFR?2 turns on intracellular signalling pathways
that are crucial to endothelial biology. These include
the phospholipase Cy (PLCy)-ERK1/2 pathway, which
has a central role during vascular development and in
adult arteriogenesis®*; the PI3K-AKT-mTOR pathway,
which is crucial for cell survival, regulation of vaso-
motion and regulation of barrier function®; and SRC
and small GTPases, which are involved in cell shape,
cell migration and polarization, as well as regulation
of endothelial junctions and the vascular barrier func-
tion®. In addition to these extensively studied signal-
ling events, VEGFR2 activates other pathways that are
poorly understood. These include stress kinases, such
as p38 MAPK, STATs and G protein-coupled receptor
(GPCR)-dependent signalling.

The PLCy-ERK1/2 pathway and Ca** signalling. VEGEF-
induced ERK1/2 signalling regulates endothelial cell
proliferation, migration, arterial fate specification and
homeostasis®**”" (FIC. 2). Phosphorylation of VEGFR2
Y1173 in mice (which is Y1175 in the human protein) is
crucial for ERK1/2 activation and its mutation to phenyl-
alanine (Y1173F) has the same effect as Vegfr2 gene
inactivation: namely, early embryonic lethality owing
to suppressed endothelial progenitor differentiation””’.
Phosphorylated Y1173 binds to and activates PLCy,
resulting in the generation of inositol 1,4,5-trisphosphate
(IP,) and diacylglycerol (DAG). IP, releases Ca** from the
endoplasmic reticulum, supporting DAG-induced activ-
ation of Ca?*-dependent protein kinase Cp2 (PKC[p2)"*7,
which then regulates the RAF1-MEK-ERK1/2 cascade.
This pathway bypasses the more common RTK-
induced RAS activation of the RAFI-MEK-ERK1/2
cascade®. In zebrafish, plcg knockdown leads to a com-
plete loss of VEGF-induced ERK1/2 activation. The
in vivo role of PKC is less clear, as mice with global
disruption of Prkcb, encoding both PKCB1 and PKCp2

isoforms, show no gross vascular defects”. This suggests
either compensation by other PKCs or the presence of
non-PKCpB-dependent pathways for VEGF-induced
ERK1/2 activation.

The PLCy-PKC pathway regulates many aspects of
endothelial cell biology, including cell fate specifica-
tion, proliferation and migration, in part by activating
transcription factors of the E26 transformation-specific
(ETS) family. ET'S factors are essential in transcriptional
regulation of many genes that are key for endothe-
lial cell function”7#-%!. The PLCy-PKC pathway also
mediates phosphorylation of histone deacetylase 7
(HDAC?), which activates genes involved in endothelial
cell proliferation and migration®. The pY1173 site also
binds to the adapters SH2 domain-containing adapter
protein B (SHB) and SHC-transforming protein 2 (SHC2;
also known as SCK)®. It remains to be determined how
each of the different pY1173-interacting proteins PLCy,
SHB and SCK contributes to signalling downstream of
pY1173 in VEGFR2.

Ca?* signalling is vital in VEGF biology, not only for
PLCy-mediated activation of the ERK1/2 pathway but
also for activation of the nuclear factor of activated T cell
(NFAT) family of transcription factors. Calmodulin,
which is a Ca?* sensor, and calcineurin, which is a
Ca**-dependent serine/threonine phosphatase, regulate
nuclear translocation and transcriptional activation of
NFAT proteins. NFAT reduces the expression levels of
VEGEFRI, resulting in increased signalling by VEGFR2,
owing to greater availability of VEGFA® (BOX 1). However,
NFAT activity represses VEGFA expression during early
myocardial valve formation*. Moreover, the NFAT path-
way balances VEGF signalling by an endogenous neg-
ative regulator of calcineurin activity, Down syndrome
candidate region 1 (DSCR1)*, with DSCR1 gene (Rcanl)
inactivation, leading to hyperactive NFAT signalling and
endothelial apoptosis®.

The PI3K-AKT pathway and small GTPases. The AKT
serine/threonine kinases AKT1-3 have a wide range
of substrates and influence many biological processes,
including cell survival, proliferation and apoptosis®*’.
Activation of AKT requires binding of its plextrin
homology (PH) domain to the lipid second messenger
phosphatidylinositol-3,4,5-trisphosphate (PIP,) gener-
ated by PI3K (FIC. 2). AKT1 is the predominant isoform
involved in the regulation of pathological and adult
angiogenesis as well as vascular maturation and metabo-
lism®* by the mTOR complex 2 (REF. 67). By contrast, the
Akt2 knockout lacks an overt phenotype®.

VEGFR2 lacks a binding site for the SH2-domain-
containing p85 subunit of PI3K and activates PI3K
indirectly, either by SRC and VE-cadherin® or by AXL*.
Embryos with a kinase-dead p110a catalytic subunit of
PI3K develop vascular defects owing to reduced activ-
ation of small GTPases and suppressed endothelial
migration®.

The small GTPases RHO, CDC42 and RACI affect
many cellular processes in endothelial cells, including
cytoskeletal organization, cell morphology, adhesion,
migration and junctional integrity. VEGF-driven
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Figure 2 | VEGFR2 signal transduction pathways. a | Schematic representation of vascular endothelial growth
factor (VEGF)-activated VEGF receptor 2 (VEGFR2)-Tyr1173 (Y1173) signalling. Phosphorylation of Y1173 in VEGFR2
induced by VEGF binding results in internalization of VEGFR2 into early endosome antigen 1 (EEA1)-positive
endosomes and subsequent Ca’*-dependent signalling in phospholipase Cy (PLCy) and nuclear factor of activated
T cells (NFAT) pathways, leading to changes in gene transcription that affect biological processes, such as cell
migration, proliferation and homeostasis. b | Schematic representation of VEGF-activated VEGFR2-SRC-AKT
signalling. Phosphorylation of Y949 in VEGFR?2 leads to the activation of SRC at cell-cell junctions and

subsequent downstream signalling events that determine cell shape, survival and vessel permeability. In addition to
signalling within endothelial cells, AKT-mediated activation of endothelial nitric oxide synthase (eNOS) induces
nitric oxide (NO) signalling in adjacent smooth muscle cells, leading to vasodilation (described in detail in the main
text). cPKC, conventional protein kinase C; DAG, diacylglycerol; ER, endoplasmic reticulum; FAK, focal adhesion
kinase; FOXO1, forkhead box protein O1; IP,, inositol 1,4,5-trisphosphate; PIP,, phosphatidylinositol
4,5-bisphosphate; PIP,, phosphatidylinositol-3,4,5-trisphosphate; TSAd, T cell-specific adapter; VE-cadherin,
vascular endothelial cadherin.
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migration requires RAC1 and RHOJ****, whereas three-
dimensional organization of endothelial cells in vivo
depends on activation of RHOA®. Vessel lumen forma-
tion, which depends on dramatic cytoskeletal reorgan-
ization and junctional maturation, involves RAC1 and
CDC42 and their exchange factors dedicator of cyto-
kinesis protein 4 (DOCK4) and DOCKOY, respectively”.
Endothelium-specific loss of CDC42 results in dis-
organized cell-cell junctions, reduced focal adhesion
and polarity®®. Although the details on how VEGFR2
proximal signalling regulates CDC42 remain to be
determined, recent data indicate that Slit homologue 1
protein (SLIT1) ligand acting through roundabout
homologue 1 (ROBO1) and ROBO2 modulates binding
of the adapters NCK1 and NCK2 to VEGFR2, thereby
controlling downstream CDC42 activity®. Moreover, it is
well established that shear stress induces the activation of
RAC', yet the VEGFR2 proximal signalling that regu-
lates the small GTPase activity during this process has
not been deduced.

The SRC pathway. The endothelial SRC family of cyto-
plasmic tyrosine kinases includes the highly related
SRC, YES and FYN. Activation of SRC by VEGFR2 is
dependent on pY949 (mouse sequence; Y951 in the
human sequence)'®! in the receptor kinase insert (FIC. 2;
TABLE 1), which binds to the SH2 domain of T cell-
specific adapter (TSAd)'?, which in turn binds to the
SH3 domain of SRC. Shear stress is also a powerful and
rapid inducer of SRC activity'®, but the exact mechanism
remains unknown.

SRC substrates include major cytoskeletal compo-
nents, such as actin and cell-cell adhesion components,
regulating vascular permeability—vascular leakage, as well
as cell-matrix components, regulating cell adhesion'*.
Cell adhesion occurs at focal contact points where ECM
receptors, such as integrins, link to the cell cytoskeleton.
Focal adhesions contain an array of specific signal trans-
ducers, notably focal adhesion kinase (FAK) and its
substrate paxillin. Whereas SRC activation may occur
downstream of FAK, SRC-dependent phosphorylation
of FAK is a prerequisite for the orchestration of cell shape
and adhesion'® in response to VEGF or mechanical stim-
uli. VEGF-induced activation of FAK is also implicated
in vascular leakage'®.

SRC regulates endothelial adherens junctions by
phosphorylating VE-cadherin in response to VEGFA'?’.
The phosphorylated VE-cadherin undergoes endocytosis
leading to disruption of adherens junctions and increased
vascular permeability'®'.

Finally, the blood-brain barrier (BBB) may be resist-
ant to VEGFR2-SRC signalling under normal con-
ditions. However, pathological processes, such as those
involved in glioblastoma, interrupt the BBB and vessels
become leaky owing to excessive production of VEGF'®,

Stress kinases and STATs. In addition to the signalling
pathways described above, VEGFR2 also activates the
p38 MAPK (that is, stress-activated protein kinase 2),
although the mechanism is poorly understood. This
affects numerous endothelial cell functions, including

109 110

shear-stress-induced angiogenesis'®”, migration', per-
meability'" and survival''>. Although p38 MAPK activ-
ation requires NRP1 (REF 34) and Ca?* entry into cells, it is
independent of PLCy, as inhibition of PLCy fully inhib-
its ERK1/2 but not p38 MAPK activation'". Ca*" influx
then activates protein tyrosine kinase 2p (PTK2p; also
known as RAFTK or PYK2), which acts in combination
with SRC to activate p38 MAPK. This sequence of events
is confirmed by observation of decreased p38 MAPK
activity following SRC inhibition or knockdown'*.

STATs form an SH2 domain-containing protein
family, including STAT1 and STAT3, which have impor-
tant roles in endothelial cell biology. VEGF mediates
phosphorylation of STAT proteins in endothelial cells,
leading to their nuclear translocation and regulation of
transcription'*. STATSs are broadly implicated in regula-
tion of the cell cycle and apoptosis and affect endothelial
activation and vascular inflammation'”®. STAT?3 tran-
scriptionally activates VEGF gene expression and thereby
promotes microvascular density''.

Regulation of signalling strength and duration
VEGER signalling is tightly regulated at numerous dif-
ferent levels, including the expression levels of its ligands
and receptors. Indeed, a 50% reduction in the levels of
VEGFA is embryonically lethal and various pathologies
are associated with decreased VEGFA bioavailability®.
Moreover, expression of a splice variant encoding a
soluble VEGFR1 (sVEGFRI1) reduces VEGFR2 signal-
ling by acting as a VEGF trap® (BOX 1). Further fine tuning
of VEGFR2 signalling includes regulation of the extent
and duration of its dephosphorylation by protein tyrosine
phosphatases (PTPs) and the rate of its endocytosis, as
well as crosstalk with other signalling pathways®.

VEGFA excess is equally detrimental to VEGFR2
signalling. Endothelial Vegfrl knockout results in
early embryonic lethality owing to excessive exuber-
ant angiogenesis'”. This is purely owing to the ability
of VEGFRI to function as a VEGFA trap as knock-in
mutants of VEGFR1 lacking its tyrosine kinase domain''®
or VEGFR1 mutants that lack the intracellular and
transmembrane domains are viable, although diseases
accompanied by inflammation, such as certain cancers,
are affected’.

Most RTKs induce very similar sets of signals to
regulate cell proliferation, survival, migration, and
so on. Yet the end results often differ dramatically for
various receptors. For example, although VEGF-driven
ERK1/2 activation is essential for the control of arterial
fate specification, fibroblast growth factor (FGF)-
dependent ERK1/2 activation does not have this effect.
Differential regulation of signalling can be a means to
attain biological specificity.

Moreover, VEGFR2 signalling is clearly influenced by
its numerous partners that localize signalling to speci-
fic subcellular compartments, such as focal adhesions,
endosomes and cell-cell junctions, in which potential
substrates may be preferentially lost or enriched, and
influence signalling amplitude and time course by either
preventing or directing VEGFR?2 intracellular trafficking,
which may switch signalling from productive to abortive.
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Thus, VEGFR2 signalling is hardly an event carried out
by VEGF ligands that activate solitary VEGFR2 dimers.
Yet the large number of known VEGFR2 partners raises
an important question of structural organization of the
signalling complex (BOX 2).

Crosstalk with receptors and intracellular signalling
pathways. Signalling pathways are often depicted as
linear cascades of interactions in which each pathway
acts separately from others. The reality is more complex,
as the pathways converge and are regulated in an intri-
cate manner by positive and negative feedback loops'”.
Moreover, many proteins in the linear phosphorylation
sequence described above receive additional signalling
inputs that can profoundly affect the final outcome.

Early observations pointed to a crucial interplay and
synergy between FGF and VEGEF signalling as the com-
bination of these two growth factors induced a much
stronger in vitro angiogenic response than either by
itself'®. In agreement, in many experimental settings,
FGEF-driven angiogenesis is blocked by VEGF inhib-
ition, implying that FGF controls angiogenesis upstream
of VEGF'*"'2, This hierarchical regulation seems to play
a similar part in lymphangiogenesis as FGF2-induced
lymphatic growth is inhibited by the blockade of
VEGFR3 signalling'®.

Several observations provide mechanistic insights
into FGF-dependent regulation of VEGF signalling
(FIC. 3a). FGF induces ERK1/2-dependent activation of
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ETS transcription factors, promoting binding to the
FOX:ETS motif in the first intron enhancer of Vegfr2,
thereby enhancing its transcription. In the absence of
this interaction, VEGFR2 expression rapidly declines™.
Another link is provided by the adapter protein FRS2a,
which is required for FGF receptor (FGFR) signalling
and has the ability to bind to several other RTKs, includ-
ing VEGFRs'**. VEGFRs phosphorylate FRS2a and its
endothelial knockout leads to reduced activation of both
VEGFA and VEGEFC signalling, resulting in impaired
angiogenesis, arteriogenesis and lymphangiogenesis'*.
Importantly, FRS2a phosphorylation by ERK1/2 activ-
ated by one RTK (for example, epidermal growth factor
receptor (EGFR)) inhibits its ability to mediate signal
transduction by another RTK (for example, FGFR)'*.
The functional impact of such crosstalk for FGF-VEGF
signalling pathways is yet to be examined.

VEGEF activation of ERK1/2, which is essential to
many of its biological functions, is modulated by the
crosstalk centred on the serine/threonine kinase RAF
(FIC. 3a). RAF1 activation requires dephosphorylation
of the inhibitory Ser259 site and phosphorylation of
the activating Ser338. Ser259 is phosphorylated under
normal conditions, thereby repressing MEK-ERK1/2
activation'®. Several kinases, including protein kinase A
(PKA), PKCa'¥, AKT1 (REFS 69,128) and LATSI (REF 126)
have been implicated in its phosphorylation, whereas pro-
tein serine/threonine phosphatase 1 and phosphatase 2A
can dephosphorylate Ser259 (REF. 66). These regulatory
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Figure 3 | Regulation of VEGFR2 signalling by receptor crosstalk.
a | Fibroblast growth factor (FGF) signalling modulates the sensitivity of
endothelial cells to vascular endothelial growth factor (VEGF) by inducing
Vegfr2 (which encodes VEGF receptor 2 (VEGFR2)) gene expression via the
adapter protein FRS2aq, in turn modulating the MEK-ERK1/2 pathway
induced by VEGF-VEGFR2. In addition, ERK1/2 signalling is modulated by
RAF and AKT crosstalk downstream of VEGFR activation. b | Notch
signalling acts both upstream and downstream of VEGFR2. Upon ligand
stimulation as a result of hypoxia, complex signalling networks regulate the

Stalk cell behaviour

expression of Delta-like protein 4 (DLL4; a Notch ligand) in highly migratory,
proliferative tip cells, activating Notch in neighbouring stalk cells. In turn,
Notch activity suppresses VEGFR2 expression and sensitivity to VEGF in
stalk cells, thereby suppressing the tip cell phenotype and allowing
formation of the stable, lumenized vasculature. Small vertical arrows
indicate protein expression levels and consequent activity of receptors and
downstream effectors. ALK, activin receptor-like kinase; ETS, E26
transformation-specific; FGFR2, FGF receptor 2; NRP1, neuropilin 1;
PKA, protein kinase A; PLCy, phospholipase Cy.
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Tip cells

Highly migratory endothelial
cells with polarized filopodial
extensions at the leading
position of the growing
angiogenic sprout.

Stalk cells

Highly proliferative endothelial
cells that follow tip cells and
contribute to the elongation,
lumenization and stabilization
of the nascent sprout.

Lipid rafts

Specialized, dynamically
assembled regions of the
membrane enriched in certain
proteins and lipids.

Clathrin-enriched pits
Invaginations in the plasma
membrane assembled by the
growth of a clathrin lattice that
are involved in receptor
endocytosis.

loops allow crosstalk between VEGFR2 and signalling
pathways such as PI3K-AKT**'** and LATS-Hippo'*
that can influence numerous processes, including vascular
development, angiogenesis and arteriogenesis'**'*,

Notch signalling is involved in cell fate control during
development, stem cell self-renewal and postnatal tissue
differentiation'*. Gene inactivation of either endothelial
Notchl or the Notch ligand Delta-like protein 4 (DLL4)
results in embryonic lethality'**!** as a consequence of
loss of artery—vein specification and deregulated angio-
genesis owing to a failure of specification of tip cells and
their neighbouring stalk cells. In the tip cell, at the vascu-
lar front of the growing vessel, VEGF stimulation of both
VEGFR2 and VEGFR3 promotes the expression of DLL4
(REFS 136-138) FIC. 3b). DLL4 induces Notch signalling in
adjacent stalk cells, resulting in higher levels of the Notch
ligand Jagged1, which antagonizes DLL4-Notch signal-
ling, allowing stalk cells to revert to tip cells in response
to VEGF'”. Although VEGF-VEGEFR signalling lies
upstream of Notch, the latter, in turn, provides signal-
ling feedback, as inhibition of the DLL4-Notch pathway
results in increased expression of VEGFR2 and VEGFR3
and decreased expression of sSVEGFR1 (REFS 137,140,141).
Thus, Notch controls the sensitivity of cells to VEGE

Crosstalk between Notch and VEGEFR is further
complicated by the fact that Notch inhibition results in
the upregulation of NRP1, which regulates tip and stalk
cell selection in a VEGFR2-independent manner*.
NRPI promotes tip cell behaviour by suppressing
stalk-cell-promoting SMAD2 and SMAD3 activation
downstream of ALK1 and ALKS5, as activation of ALK
receptors cooperates with Notch to enhance HES and
HEY expression, which regulate tissue-specific transcrip-
tion factors**'*2. Thus, there is a finely tuned feedback
loop between VEGFRs, ALK receptors and Notch that is
essential for proper patterning of the vasculature.

GPCRs modulate angiogenesis in certain cases by
positively modulating VEGFR?2 activation. P2Y purine
nucleotide receptors transactivate VEGFR2 in vitro'*
and the downstream G /G,, proteins are required for
VEGFR2 phosphorylation and activation of the ERK1/2
pathway'*“. A specific role for G /G,, in endothelial cell
mechanotransduction and regulation of blood pressure
involves phosphorylation of VEGFR2, possibly by SRC*.
However, the sphingosine 1 phosphate GPCR S1PR1
restricts VEGFR?2 signalling at least in part by stabiliz-
ing VE-cadherin and junctional quiescence'*®, which
brings VEGFR2 in close proximity to phosphatases, such
as VEPTP and density-enhanced phosphatase 1 (DEP1)
(see below).

Regulation by PTPs. Many PTPs have been implicated in
the regulation of VEGFR2 signalling. VEPTP (also known
as RPTPp), which is a highly conserved receptor-type
phosphotyrosine phosphatase, is of particular interest as
it is strictly required for endothelial development'*. Its
knockout results in embryonic lethality at embryonic
day 8.5 (E8.5) owing to endothelial hyperplasia and lack of
vascular organization. VEPTP dephosphorylates several
substrates, including TIE2, VE-cadherin and VEGFR2,
that are important for the maintenance of endothelial

barrier function'"”*8, VEPTP dephosphorylates junc-
tionally localized VEGFR2 without selectivity for a par-
ticular tyrosine residue in a manner that is dependent on
complex formation with TIE2 (REF. 149).

Unlike the transmembrane VEPTP, PTP1B is a
ubiquitously expressed intracellular PTP involved in
several metabolic processes'. PTP1B is anchored to the
endoplasmic reticulum by a C-terminal 35-amino acid
hydrophobic domain with its catalytic domain exposed
to the cytoplasm. Given its unique location, PTP1B can
regulate VEGFR2 activity in three distinct settings: when
PTP1B-containing segments of the endoplasmic reticu-
lum come into contact with the plasma membrane; when
VEGFR2-containing endosomes become positioned in
close proximity to the endoplasmic reticulum; and when
newly synthesized VEGFR2 is present in the endoplasmic
reticulum together with PTP1B'"".

PTP1B interactions with plasma membrane-localized
VEGFR2 have not been clearly defined, but — like what
has been observed with other RTKs — they probably
occur at defined ‘patches’ near the cell surface that repre-
sent sites of endoplasmic reticulum-plasma membrane
contact™'. Once endocytosed, VEGFR2-PTP1B contacts
exhibit a strong preference for early endosome antigen 1
(EEA1)-positive endosomes that tend to be more abun-
dant in the sub-plasma cell membrane compartment®>*.
Unlike VEPTP, PTP1B predominantly dephosphoryl-
ates Y1173 in VEGFR?2, thereby selectively regulating
RAF-MEK-ERK pathway activation'*.

An important and poorly understood issue in PTP-
dependent regulation of VEGF signalling is the specifi-
city of this control. Recent studies indicate that for some
phosphatases, there seems to be specificity for particular
VEGER phosphotyrosines'®. This raises several impor-
tant questions on how specificity is governed: for example,
by spatial constraints or specific recognition motifs to
direct the PTP effect (BOX 2).

Receptor endocytosis and trafficking. Although plasma
membrane residence is a prerequisite for activation of
many RTKs, including VEGFRs, their ultimate signal-
ling output depends on their interaction with various
partner proteins, which is affected by the residence time
of the activated VEGFR2 in the membrane, the rate of
its endocytosis and intracellular trafficking and its
degradation (FIC. 4).

There are different subcellular pools of VEGFRs,
including receptors in various intracellular compart-
ments', receptors diffusely distributed in the plasma
membrane (or in different regions thereof, such as
the apical or basolateral side of the cell**), lipid rafts,
focal adhesions and at cell-cell junctions'**'**, These
specialized regions in the plasma membrane have been
described as hotspots for signalling and may be distinctly
selected for specialized signalling involving, for example,
FAK, paxillin and integrin-linked kinase in focal adhe-
sions. Importantly, signalling by VEGFRs is probably
dependent on these different subcellular localizations;
however, this information is still largely lacking. The
VEGER pool in the plasma membrane is expected to be
freely diffusible and able to enter clathrin-enriched pits,
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Figure 4 | Plasma membrane versus endocytic VEGFR2 signalling. VEGFR2 signalling can occur both at the plasma
membrane and within endosomes. When in complex with VE-cadherin—-VEPTP-DEP1 at endothelial cell junctions,
VEGFR2 is maintained at the cell surface in a dephosphorylated state and signalling is inactive. Furthermore, VEGFR2
internalization is inhibited by NRP1 binding in trans, which leads to the activation of ERK2 and PLCy rather than
alternative downstream signalling occurring within endosomes. This results in decreased angiogenic signalling. When
VEGFR2 forms a complex with NRP1 in cis, VEGFR?2 is internalized and trafficked to RAB5-positive and EEA1-positive
endosomes by a NRP1-synectin-myoVI complex. Internalization of the activated VEGFR2 is further mediated by an
ephrin B2-DAB2-PAR3 complex, which promotes movement of VEGFR2 from the plasma membrane into the cell.
Signalling continues within endosomes until VEGFR2 is dephosphorylated by PTP1B, which is localized on the
endoplasmic reticulum but clustered close to endosomes. VEGFR2 can then be degraded by RAB7 endosome shuttling or
recycled back to the cell surface via RAB11 endosomes. VEGFR2 may also undergo ligand-independent, constitutive
recycling via RAB4 endosomes. DAB2, disabled homologue 2; DEP1, density-enhanced phosphatase 1; EEA1, early
endosome antigen 1; myoVI, myosin VI; NRP1, neuropilin 1; PAR3, partitioning defective 3 homologue; PLCy,
phospholipase Cy; PTP1B, protein tyrosine phosphatase 1B; VE-cadherin, vascular endothelial cadherin; VEGFR2, vascular
endothelial growth factor receptor 2; VEPTP, vascular endothelial protein tyrosine phosphatase; Y1173, Tyr1173.

lipid rafts and focal adhesions when activated by VEGE
VEGER trafficking to and from other subcellular sites has
not been studied. The functional importance of a Golgi-
associated VEGFR2 pool has not been fully investig-
ated, but available evidence suggests its importance to
VEGEF signalling'*"'>$,

A paradigm shift in our thinking of RTK signalling
came with the insight that, although VEGFRs as a rule
are activated when residing on the cell surface, they also
need to be internalized to transduce many; if not all, sig-
nalling pathways, such as the ERK1/2 pathway. However,
the many events involved in VEGFR?2 internalization
are still unclear. For example, we do not fully under-
stand which aspects of VEGFR2 signalling occur on the

plasma membrane versus the cytoplasm and the reasons
for this specificity. Understanding these processes is cru-
cial to our ability to specifically target selective aspects of
VEGFR?2 signalling machinery.

VEGFR2 endocytosis proceeds in a clathrin-
dependent manner. Clathrin does not directly bind to the
receptor but is recruited by binding to various adapters,
such as adapter protein 2 (AP2) or clathrin-associated
sorting proteins (CLASPs), including AP180 and epsins,
leading to the formation of clathrin-coated pits*** and
subsequent clathrin-coated vesicles. The clathrin-coated
vesicles fuse with early endosomes and then proceed
through a series of steps that can either direct their
recycling back to the plasma cell membrane via the fast
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(RAB4) or slow (RABI11) recycling pathways'® or target
them for degradation into lysosomes via the RAB7 path-
way. In addition to ligand-initiated endocytosis, VEGFR2
also undergoes constitutive endocytosis. The details of
this process are not well understood but the endocytosed
receptor pool seems to undergo rapid recycling via the
RAB4 pathway back to the plasma membrane's".

An important aspect of VEGFR signalling is its
entry into cells, which is a process that is still poorly
understood. The deletion of ephrin B2, which interacts
with both VEGFR2 and VEGFR3, leads to a complete
lack of VEGFR2 endocytosis, following VEGFA bind-
ing in blood vascular endothelial cells'®> or VEGFR3
uptake after VEGFC binding in lymphatic endothelial
cells'®. As a result, there is a profound disruption of
both developmental and postnatal angiogenesis and
lymphangiogenesis. At the molecular level, ephrin B2
regulates the movement of VEGFR2 from the plasma
membrane into endothelial cells. This is accomplished
by a complex with disabled homologue 2 (DAB2) and
the cell polarity regulator partitioning defective 3 homo-
logue (PAR3) and can be inhibited by an atypical PKC
phosphorylation of DAB2 (REF. 7).

VE-cadherin is another VEGFR2-interacting pro-
tein that controls its endocytosis. It is associated with
VEGEFR?2 at cell-cell junctions'®, and this association
maintains VEGFR2 in an inactive state, in part by expo-
sure to VE-cadherin-VEPTP or VE-cadherin-DEP1
complexes. Knockout of the gene encoding VE-cadherin
(Cdh5), leads to enhanced VEGFR2 endocytosis, pro-
longed receptor residence in early endosomes and
activation of ERK signalling'®.

Recently, epsins — which are highly conserved mem-
brane proteins that are involved in membrane curvature
regulations — have been reported to affect VEGFR2 and
VEGFR3 endocytosis. Endothelium-specific deletion of
both epsins leads to enhanced VEGFR2 signalling and
excessive non-productive angiogenesis'®, which can
be corrected by reduction of VEGFR2 expression'®’.
Similarly, lymphatic endothelial-cell-specific deletion
of both epsins results in overactive VEGFR3 signalling
and abnormal lymphangiogenesis, which can also be
corrected by deletion of a single VEGFR3 allele'®.

The PTB domain-binding proteins NUMB and
NUMB-like (NUMBL) interact and colocalize with
VEGFR2 and VEGFR3 in AP2-positive clathrin-coated
pits in endothelial cells'®. The NUMB proteins prolong
VEGFR?2 signalling after internalization by prevent-
ing its degradation. A combined deletion of NUMB
and NUMBL leads to a profound decrease in VEGFR2
recycling back to the membrane, which is a phenotype
further augmented by DAB2 knockdown'®.

One unusual aspect of NUMB-NUMBL function is
their differential effect on VEGFA-induced and VEGFC-
induced PI3K versus ERK1/2 activation. In the case of
VEGFA, the absence of NUMB and NUMBL results
in decreased ERK1/2 and AKT activation, whereas for
VEGEFC, only PI3K activation is reduced'®. One likely
explanation is the role of VEGFR2-VEGFR3 hetero-
dimers" in VEGFC-dependent activation of AKT but
not ERK1/2 (REF 18).

A hallmark of VEGFR?2 signalling is the depend-
ence on ERK1/2 activation for receptor endocytosis.
Upon cell entry, VEGFR?2 is found in RAB5-positive
early endosomes™'®®. These RAB5-positive endosomes
are in close contact with the endoplasmic reticulum-
resident PTP1B, which specifically dephosphorylates the
VEGFR2 Y1173 site®. Subsequently, VEGFR2 is found
in EEA1-positive subset of RAB5-positive early endo-
somes, in a manner that is dependent on the interaction
of VEGFR?2 via NRP1 with a synectin-myosin VI com-
plex that is responsible for this trafficking step. A delay in
the trafficking reduces VEGFR2-dependent ERK activ-
ation owing to prolonged contact of VEGFR2-containing
endosomes with PTP1B*>%>152,

Ubiquitylation has an important role in VEGFR2
clearance. Its activation leads to phosphorylation of the
ubiquitin ligase CBL, which in turn polyubiquitylates
the receptor'”’. Despite being a ubiquitin ligase, CBL
activity is dispensable for VEGFR2 ubiquitylation, sug-
gesting that another ligase is also involved. One candi-
date is the F-box-containing E3 ubiquitin ligase BTRCP1,
which is recruited to VEGFR?2 following phosphorylation
of its cytoplasmic PEST domain at Ser1188-Ser1191
(REF. 26) in agreement with the known structural require-
ment for F-box ubiquitin ligases. The functional impor-
tance of VEGFR?2 ubiquitylation has been demonstrated
in numerous settings, including regulation of angio-
genesis and tumour growth'”'"'7*. Furthermore, hyper-
glycaemia in mice has been shown to increase VEGFR2
ubiquitylation and reduce its expression, whereas
glycaemic control reversed these abnormalities'™.

Conclusions

The past 5 years have seen key advances in our under-
standing of VEGF signalling, mainly by VEGFR2, and
the consequential biological function. Some of the
most important findings include: VEGFR2 endocyto-
sis being a key regulator of signalling; the characteriza-
tion of permeability-related and arteriogenesis-related
signalling events; and the importance of PTPs.

A better understanding of the mechanisms that regu-
late VEGEFR signalling should facilitate further exploit-
ation of therapeutics to suppress or increase specific
aspects of vessel formation or function. Several such key
mechanisms still need to be unravelled. We now have
a fairly detailed, if not fully complete, understanding
of certain VEGFR?2 signalling pathways (for example,
VEGFR2 pY1173-PLCy-ERK1/2 and VEGFR2 pY949-
TSAd-SRC) and their roles in different VEGFR2 biol-
ogy. However, there are many other signal transducers
(such as p38 MAPK, SHB, STAT3 and small GTPases)
that are implicated in VEGFR2 signalling and that are
much less well characterized. There is still a lack of
insight into receptor proximal initiation and activa-
tion of these pathways, as well as their contributions to
endothelial biology. To verify or to exclude the participa-
tion of such signal transducers calls for ambitious in vivo
studies. Another very interesting question is to what
extent VEGFR2 pathways are modulated by flow, which
may result in entirely different outcomes than what is
observed under comparable static conditions.
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Although we regard VEGFR2 homodimers as being
the essential VEGF mediator in endothelial cells, there
are probably dynamic fluctuations in the VEGFR
dimeric constellations over time. The relative abun-
dance of the cell surface expression of different VEGFRs
and their affinities for the VEGF ligands will guide the
initial set of dimeric constellations. Ligand-induced
internalization of one particular type of VEGFR will
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