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Herein, we report that vascular endothelial growth factor
A (VEGF-A) engages the PI3K/Akt pathway by a pre-
viously unknown mechanism that involves three tyrosine
kinases. Upon VEGF-A-dependent activation of VEGF
receptor-2 (VEGFR-2), and subsequent TSAd-mediated ac-
tivation of Src family kinases (SFKs), SFKs engage the
receptor tyrosine Kkinase Axl via its juxtamembrane
domain to trigger ligand-independent autophosphoryla-
tion at a pair of YXXM motifs that promotes association
with PI3K and activation of Akt. Other VEGF-A-mediated
signalling pathways are independent of Axl. Interfering
with Axl expression or function impairs VEGF-A- but not
bFGF-dependent migration of endothelial cells. Similarly,
AxI null mice respond poorly to VEGF-A-induced vascular
permeability or angiogenesis, whereas other agonists
induce a normal response. These results elucidate the
mechanism by which VEGF-A activates PI3K/Akt, and
identify previously unappreciated potential therapeutic
targets of VEGF-A-driven processes.
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Introduction

Vascular endothelial growth factor A (VEGF-A) is critical for
vascular development and angiogenesis, that is, formation of
new blood vessels from existing capillaries (Cross et al, 2003;
Olsson et al, 2006). Loss of a single vegfa allele leads to
abnormal blood vessel development and embryonic lethality
at embryonic day 11-12 (Carmeliet et al, 1996; Ferrara et al,
1996). As a pro-angiogenic factor, VEGF-A stimulates survi-
val, proliferation and migration of endothelial cells, and
promotes vascular permeability (Pandya et al, 2006). Due
to its essential role in angiogenesis, VEGF-A has received
great attention as a target for therapeutics in the past decade.
The FDA approved bevacizumab (Avastin), a humanized
monoclonal anti-VEGF-A antibody, for the first-line treatment
of patients with several cancers, in combination with
conventional chemotherapy (Kerbel, 2008; Ferrara, 2009).
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In addition, intravitreal anti-VEGF-A therapy has emerged as
a new approach to treat neovascular eye diseases.
Ranibizumab (Lucentis), an antibody fragment developed
from bevacizumab, is an FDA-approved treatment for neo-
vascular age-related macular degeneration (AMD) (Brown
et al, 2006; Rosenfeld et al, 2006). A disadvantage of
anti-VEGF-A therapy is that it may inference with the phy-
siological functions of VEGF-A. For example, in animal
models of ischaemia-induced neovascularization, anti-
VEGF-A therapy resulted in a significant loss of retinal gang-
lion cells (Nishijima et al, 2007). In this regard, approaches
that prevent VEGF-A-dependent neovascular pathology
without affecting the physiological functions of VEGF-A
would be a welcome addition to current anti-VEGF-A therapy.

Many pro-angiogenic effects of VEGF-A are mediated by
VEGF receptor 2 (VEGFR-2, also known as KDR or Flk-1)
(Ferrara et al, 2003; Holmes et al, 2007). Binding of VEGF-A
to VEGFR-2 activates the receptor’s kinase activity and
engages signalling enzymes such as Type Ia phosphoinositide
3-kinase (PI3K) and its downstream effector Akt, which are
essential for cellular responses intrinsic to angiogenesis such
as survival, migration and tube formation (Matsumoto and
Claesson-Welsh, 2001; Im and Kazlauskas, 2006; Rahimi,
2006). Forced expression of a constitutively active mutant
of Akt in endothelial cells leads to formation of hyperperme-
able blood vessels in multiple non-tumour tissues, which
recapitulates the structural and functional abnormalities of
tumour blood vessels (Phung et al, 2006). While these studies
identify PI3K/Akt as viable therapeutic candidates, using
existing pharmacological inhibitors to block neovasculariza-
tion would probably cause a plethora of intolerable adverse
side effects due to the fact that the PI3K/Akt pathway is
intrinsic to many physiological functions. A more plausible
way to inhibit VEGF-A-driven neovascularization would be to
selectively block VEGF-A/VEGFR-2-dependent PI3K/Akt acti-
vation. The roadblock to implementing such a strategy is our
incomplete understanding of the mechanism by which
VEGFR-2 activates PI3K/AKkt.

Axl is a member of the TAM family of receptor tyrosine
kinases (RTKs), which also includes Tyro3 and Mer. Studies with
mice lacking multiple members of this family demonstrate a key
role in regulating innate immunity (Rothlin et al, 2007). The
ligand for all three TAM family members is Gas6 (Varnum et al,
1995). Axl is also implicated in metastasis of tumours, which
often overexpress Axl (Holland et al, 2010). AxI is expressed in
many cell types but is most prominent in the vasculature
(Melaragno et al, 1999). While it is known that silencing AxI
impaired angiogenesis, tube formation and cellular responses
intrinsic to angiogenesis (Holland et al, 2005; Li et al, 2009), how
Axl contributes to these events has not been investigated.
Furthermore, there are no publications implicating a role for
Axl in VEGF-A-mediated activation of the PI3K/Akt pathway.

RTKs typically activate Type Ia PI3K by inducing tyrosine
phosphorylation of a Tyr-Xaa-Xaa-Met (YXXM) motif, which
creates a docking site for SH2 domains of the p85 regulatory
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subunit of PI3K (Cully et al, 2006). This process is currently
known to proceed either by autophosphorylation at tyrosine
residues within a YXXM motif (e.g., PDGFRs; Kazlauskas and
Cooper, 1989), or by receptor-mediated phosphorylation of
YXXM motif-containing adaptor proteins (e.g., insulin recep-
tor substrates; Whitehead et al, 2000). Since VEGF-A does not
trigger autophosphorylation of VEGFR-2 within a YXXM
motif, it is likely that VEGFR-2 promotes tyrosine phosphor-
ylation of a YXXM motif-containing adaptor protein. Our
efforts to identify such a protein revealed a novel mechanism
by which RTKs engage the PI3K/Akt pathway. VEGFR-2,
acting through Src family kinases (SFKs), activates Axl in a
ligand-independent manner leading to its autophosphoryla-
tion at YXXM tyrosines and consequent activation of the
PI3K/Akt pathway.

Results

Identification of a candidate adaptor protein for
VEGF-A-dependent activation of PI3K/Akt

Grb2-adaptor binder 1 (Gab1) has been implicated in mediating
VEGF-A-dependent activation of PI3K/Akt at early time points
post VEGF-A stimulation (Dance et al, 2006; Laramee et al,
2007). Surprisingly, when we silenced Gabl expression in
porcine aortic endothelial (PAE) cells stably expressing
human VEGFR-2 (PAE/KDR cells) using two different Gabl
shRNAs, activation of Akt was not significantly changed at 5,
20 or 60 min post VEGF-A stimulation (Supplementary Figure
S1). We thus speculated that in PAE/KDR cells, YXXM motif-
containing proteins other than Gabl are inducibly tyrosine
phosphorylated by VEGF-A to activate PI3K/Akt. Note that
VEGF-A-dependent activation of Akt in PAE/KDR cells was
completely blocked by the PI3K inhibitor LY294002 (unpub-
lished observations), indicating that Akt is a good indicator of
PI3K activation in response to VEGF-A stimulation. In addition,
VEGF-A did not induce activation of Akt in parental PAE, which
do not express a detectable level of VEGFR-2 (unpublished
observations), indicating that VEGFR-2 receptor is required for
VEGF-A-induced activation of PI3K/Akt in PAE/KDR cells.

To identify proteins that are inducibly tyrosine phosphory-
lated by VEGF-A and associate with the p85 regulatory
subunit of PI3K, we performed a Glutathione-S-Transferase
(GST) pull-down assay with lysates of PAE/KDR cells using a
fusion protein of GST and the N-terminal SH2 domain of
human p85a (GST-p85SH2). The pull-down assay recovered
three species (250, 140, 70 kDa) that were inducibly tyrosine
phosphorylated by VEGF-A and associated with the SH2
domain of p85 (Figure 1A). The size of Gabl is 110kDa, and
therefore it was unlikely to be one of the three species. The most
prominent of the three was the 140-kDa species and its intensity
was temporally correlated with Akt activation (Figure 1B).
Moreover, the 140-kDa species was the only one that was
tyrosine phosphorylated by VEGF-A and recovered with the
p85 SH2 domain in human umbilical vein endothelial cells
(HUVECs) (Supplementary Figure S2). Collectively, these data
identified the 140-kDa species as a candidate adaptor protein
that couples activated VEGFR-2 to PI3K activation.

Axl is required for VEGF-A-dependent activation of
PI3K/Akt

The SH2 domain (http://sh2.uchicago.edu/) site lists 125
proteins that interact with the p85a subunit of PI3K, and 51
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of them have a YXXM motif (http://scansite.mit.edu/).
Fifteen of these YXXM motif-containing proteins are ex-
pressed in endothelial cells and have molecular mass of
120-150kDa. One member of this list is the RTK Axl, which
harbours two YXXM motifs that are needed for Axl to
associate with the p85 subunit of PI3K (Braunger et al,
1997). Axl has been implicated in angiogenesis because of
its ability to promote angiogenically related cellular re-
sponses in endothelial cells (Holland et al, 2005).
Furthermore, an AxI kinase inhibitor suppresses angiogenesis
driven by a VEGF-A-laden pellet implanted in the corneas of
mice (Holland et al, 2010). While these reports support the
idea that Axl is in some way pro-angiogenic, one group
reported that the Axl ligand Gas6 antagonized VEGF-A-de-
pendent signalling and cellular responses (Gallicchio et al,
2005). No publications address if Axl contributes to VEGF-A-
dependent activation of PI3K/Akt.

We initiated a series of experiments to investigate the role
of Axl in VEGF-A-dependent activation of PI3K/Akt. In PAE/
KDR cells, HUVECs and human retinal microvascular en-
dothelial cells (HRMECs) VEGF-A promoted Axl tyrosine
phosphorylation and its association with p85 in a manner
that temporally correlated with Akt activation (Figure 1C and
D; Supplementary Figure S3). Furthermore, in Axl knock-
down PAE/KDR cells or HUVECs, VEGF-A-dependent activa-
tion of Akt was suppressed (Figure 2A; Supplementary Figure
S4). A pharmacological approach, using the Axl kinase
inhibitor R428 (Holland et al, 2010), indicated that the Axl
kinase activity was required for VEGF-A-dependent activation
of Akt in HUVECs (Figure 2B). Furthermore, a dominant-
negative mutant of Axl (consisting of the extracellular, trans-
membrane and juxtamembrane (JM) domains) suppressed
Akt activation in response to VEGF-A in PAE/KDR cells
(Supplementary Figure S5). Re-expressing wild type (Axlwt)
in Axl knockdown PAE/KDR cells rescued VEGF-A-dependent
activation of Akt (Supplementary Figure S6), supporting the
idea that Axl was the relevant target of the Axl shRNA. We
also isolated mouse heart endothelial cells (MHECs) from
wild-type and AxI knockout (KO) mice. In Axl KO mice, exons
1-11 of axl are replaced by a bacterial lacZ gene. Axl KO mice
are viable and fertile (Lu et al, 1999); and as expected, no Axl
protein was detected in MHECs or the lung lysates prepared
from Axl KO mice (Figure 2C; Supplementary Figure S7).
VEGF-A-dependent activation of Akt was greatly attenuated
in MHECs isolated from Axl KO mice (Figure 2C). Thus, four
different approaches indicate that Axl is required for VEGF-A-
dependent activation of Akt.

To test the importance of the tyrosines in the YXXM motif
for VEGF-A-dependent activation of PI3K/Akt, we re-
expressed the F73/15 mutant (Y773 and Y815 mutated to
phenylalanine) in Axl knockdown cells. In contrast to the WT
AxI, this mutant failed to rescue activation of Akt in response
to VEGF-A stimulation (Supplementary Figure S6). These
studies support the idea that Axl is the YXXM motif-contain-
ing protein that promotes VEGF-A-dependent activation of
PI3K/Akt.

Unlike the reliance of Akt activation on Axl, VEGF-A-
dependent engagement of other signalling enzymes was
unaffected by any of the approaches that interfere with Axl
expression or function (Figure 2; Supplementary Figure S4).
For instance, the Axl kinase inhibitor R428 did not prevent
VEGF-A-triggered activation of Src in HUVECs (Figure 2B).
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Figure 1 Identification of a candidate adaptor protein for VEGF-A-dependent activation of PI3K/Akt. (A) Three VEGF-A-dependent species are
recovered in a GST-p85SH2 pull-down assay. Serum-starved PAE/KDR cells were pretreated with 100 uM sodium orthovanadate (an inhibitor of
protein tyrosine phosphatases) for 1h, then either left resting, or stimulated with 2.5ng/ml VEGF-A for 5, 20 or 60 min. The clarified lysates
were incubated with glutathione-agarose beads containing GST alone (C) or GST-p85SH2 fusion protein (SH2). The proteins bound to the GST or
GST-p85SH2 fusion protein were resolved by SDS-PAGE and analysed by western blot analysis with an anti-phosphotyrosine (1:1 of PY20 and 4G10)
antibody. The molecular weights of the three VEGF-A-dependent phosphoprotein bands that were recovered with the GST-p85SH2 fusion protein
were ~ 250, 140 and 70 kDa. The membrane was stripped and reprobed with a GST antibody to assess the amount of fusion protein in each sample
(bottom panel). (B) Total cell lysates used for the pull-down assay were blotted with pAkt (S473) antibody; the membrane was subsequently stripped
and reprobed with a pan-Akt antibody. (C) VEGF-A promotes tyrosine phosphorylation of Axl and its association with p85. Serum-starved PAE/KDR
cells were pretreated with sodium orthovanadate (100 uM) for 1h, then stimulated with 2.5 ng/ml VEGF-A for the indicated times. The clarified
lysates were immunoprecipitated with an anti-Axl antibody. The resulting samples were subjected to western blot analysis using the indicated
antibodies. pY, 1:1 of PY20 and 4G10. (D) Total cell lysates used for immunoprecipitation were blotted with pAkt (S473) antibody, and the
membrane was stripped and reprobed with a pan-Akt antibody. Figure source data can be found in Supplementary data.

Furthermore, other pro-angiogenic growth factors that acti- comparable in HUVECs stimulated with VEGF-A alone or

vated Akt did so in an Axl-independent manner; bFGF with the combination of VEGF-A and Gas6 (Supplementary

promoted comparable activation of Akt in control and AxIl Figure S8). Furthermore, the combined stimulation resulted

knockdown PAE/KDR cells, and in MHEC cells from WT and in greater activation of certain signalling events (e.g., Src) as

Ax] KO mice (Figure 2A and C). compared with the response achieved when only one agent
Taken together, the data demonstrate that Axl mediates was added (Supplementary Figure S8).

activation of PI3K/Akt, but not Erk or Src in VEGF-A-stimu-
lated cells. In addition, the reliance on Axl maybe unique to

VEGF-A, as it is not shared with other pro-angiogenic growth SFKs and Axi collaborate to activate PI3K/Akt in

response to VEGF-A

factors. We considered the mechanism by which VEGFR-2 engages
Axl/Akt. One possibility is that activated VEGFR-2 promotes
Axl does not appear to modulate VEGFR-2 secretion of Gas6, which activates Axl and hence PI3K/Akt.
In light of the findings described above, we further investi- However, this does not appear to be the case. While a Gas6
gated the relationship between VEGFR-2 and Axl. In contrast trap (AxIFc) effectively blocked Gas6-induced activation of
to the ability of VEGF-A to increase tyrosine phosphorylation AKkt, it did not interfere with this event in VEGF-A-stimulated
of Axl (Figure 1C; Supplementary Figures S3 and S8), activa- cells (Supplementary Figure S10). In light of these findings,
tion of Axl with its ligand Gas6 did not promote tyrosine and the absence of publications indicating a pro-angiogenic
phosphorylation of VEGFR-2 (Supplementary Figure S8). role for Gas6, we abandoned the possibility that Gas6 con-
Furthermore, Gas6-mediated tyrosine phosphorylation of tributes to VEGF-A-dependent activation of Axl/Akt.
Axl was comparable in cells that do and do not express Instead of an extracellular mechanism, we wondered if
VEGFR-2 (Supplementary Figure S9). These data indicate VEGFR-2 engaged Axl/Akt intracellularly. We focused on
that while VEGF-A promotes tyrosine phosphorylation of SFKs because they are activated by VEGF-A (Olsson et al,
Axl, the reciprocal relationship does not appear to exist. In 2006; Figures 2B and 3A) and Gas6-mediated activation of
addition, Gas6-mediated activation of Axl proceeds indepen- Ax] requires SFKs (Supplementary Figure S11). To focus on
dently of VEGFR-2. the pool of SFKs that are activated by VEGF-A/VEGFR-2, we
An additional facet of the Axl/VEGFR-2 relationship that generated HUVECs with reduced expression of T cell-specific
we considered was the previously reported ability of Gas6 to adaptor protein (TSAd; also called VRAP or SH2D2A), which
inhibit VEGF-A-dependent activation of VEGFR-2 (Gallicchio is required for VEGF-A-dependent activation of SFKs
et al, 2005). We did not find this to be the case. VEGFR-2 (Matsumoto et al, 2005). In TSAd knockdown HUVECs,
tyrosine phosphorylation and activation of Akt and Erk were VEGF-A-dependent activation of Axl/Akt was reduced
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Figure 2 Axl is required for VEGF-A-dependent activation of PI3K/Akt. (A) Silencing Axl expression attenuates VEGF-A-dependent activation
of Akt. Serum-starved PAE/KDR cells stably expressing either an empty vector (pSIREN) or Axl shRNA were treated with VEGF-A (2.5 ng/ml),
bFGF (10 ng/ml), or the endogenous AxI ligand Gas6 (100 ng/ml) for the indicated times. Cell lysates were subjected to western blot analysis
using the indicated antibodies. Axl shRNA reduced Axl level by ~86% (AxI levels were normalized to RasGAP levels). The ratios of pAkt/Akt
and pErk/Erk are shown at the bottom; the pAkt/Akt or pErk/Erk ratio for unstimulated cells is normalized to 1.0. Silencing Axl reduced Gas6-
and VEGF-A-induced Akt activation, but not bFGF-induced Akt activation. In addition, the kinetics and amplitude of Erk activation were not
markedly influenced by suppressing expression of Axl. (B) VEGF-A-dependent activation of PI3K/Akt is suppressed by the AxI inhibitor R428.
Serum-starved HUVECs were pretreated with the Axl inhibitor R428 (50 nM) or DMSO for 30 min, then treated with VEGF-A (2.5ng/ml) or
Gas6 (100ng/ml) for the indicated times. Cell lysates were subjected to western blot analysis using the indicated antibodies. R428 markedly
inhibited both Gas6- and VEGF-A-induced activation of Akt, but not VEGF-A-induced activation of VEGFR-2 and Src. (C) VEGF-A-dependent
activation of Akt is attenuated in MHECs prepared from Axl null mice. Serum-starved MHECs cells were treated with VEGF-A (10 ng/ml), bFGF
(10 ng/ml) or Gas6 (100 ng/ml) for the indicated times. Cell lysates were subjected to western blot analysis using the indicated antibodies. AxI
was not detected in MHECs prepared from Axl KO mice. Eliminating Axl in MHECs attenuated VEGF-A-induced activation of Akt, but not
activation of VEGFR-2 and Erk. Responses to bFGF remained intact in Axl null MHECs. Figure source data can be found in Supplementary data.
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Figure 3 SFKs are essential to VEGF-A-dependent activation of PI3K/Akt. (A) TSAd signals upstream of SFKs, Axl and PI3K/Akt in response to
VEGF-A. Serum-starved HUVECs stably expressing GFP shRNA or TSAd shRNA were treated with VEGF-A (2.5 ng/ml) for the indicated times.
Cell lysates were subjected to western blot analysis using the indicated antibodies. TSAd shRNA reduced TSAd level by ~80% (TSAd levels
were normalized to RasGAP levels). Silencing TSAd markedly decreased VEGF-A-driven activation of Src, Axl and Akt. (B) VEGF-A-dependent
activation of PI3K/Akt is dependent on SFKs. Serum-starved PAE/KDR cells were pretreated with the SFK inhibitor PP2 (10 uM) or DMSO for
30 min, then treated with VEGF-A for the indicated times. Total cell lysates were subjected to western blot analysis using the indicated
antibodies. The upper band in the pSrc blot (arrow) is the specific pSrc band in PAE/KDR cells. (C) VEGF-A promotes tyrosine phosphorylation
of the JM domain of Axl and its association with Src. Serum-starved PAE/KDR cells expressing AxlJdn (includes the extracellular,
transmembrane and JM domains of mouse Axl) were pretreated with sodium orthovanadate (100 uM) for 1h, and pretreated with the SFK
inhibitor PP2 (10 uM) or DMSO for 30 min, then either left resting, or treated with 2.5ng/ml VEGF-A for 20 min. The clarified lysates were
immunoprecipitated with an anti-Axl antibody that recognizes the extracellular domain of mouse Axl. This antibody does not recognize
endogenous, porcine Axl. The resulting samples were subjected to western blot analysis using the indicated antibodies. pY, 1:1 of PY20 and
4G10. VEGF-A stimulated AxlJdn tyrosine phosphorylation and its association with Src, which were suppressed by the SFK inhibitor PP2.
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Figure source data can be found in Supplementary data.

(Figure 3A). Furthermore, globally inhibiting SFKs with
either PP2 (Figure 3B) or SU6656 (unpublished observations)
also blocked VEGF-A-induced activation of Akt. To determine
if activation of SFKs was sufficient to activate PI3K/AKkt,
we made use of a mutant version of Src (R388A) whose
kinase activity is rescued upon binding the small molecule
imidazole (Qiao et al, 2006; Im and Kazlauskas, 2007).
Imidazole increased Src activity and phosphorylation of Akt
in R388A-expressing cells, but not in control cells, which
expressed D386N Src mutant that is unresponsive to imida-
zole (Figure 4A), indicating that activating Src is sufficient to
activate PI3K/Akt. Furthermore, the pathway by which Src
activated PI3K/Akt was at least in part dependent on Axl,
since reducing expression of Axl in R388A cells attenuated
imidazole-dependent phosphorylation of Akt (Figure 4B).
Taken together, these studies support the idea that VEGFR-2
engages Axl/Akt intracellularly, and that SFKs are an essen-
tial member of this pathway.

In light of the fact that the Axl JM domain contains
tyrosines within an SFK consensus phosphorylation site
(http://scansite.mit.edu/), we tested the possibility that
SFKs phosphorylated Axl in the JM domain. Indeed, VEGF-
A promoted tyrosine phosphorylation of dominant-negative
Axl in which the JM domain constitutes the entire intracel-
lular portion, and this event was blocked by the SFK kinase
inhibitor PP2 (Figure 3C). The SH2 domain of SFKs prefers
phosphotyrosines in a context corresponding to the SFK

VOL 31 | NO 7 | 2012

consensus phosphorylation site (Songyang et al, 1995).
Consequently, it was likely that SFKs would also bind to
Ax] after phosphorylating it, similarly to what is observed in
the relationship between SFKs and PDGFRs (Kypta et al,
1990). Indeed, in accordance with the VEGF-A-mediated
increase in tyrosine phosphorylation of the JM domain of
Axl, there was an increase in the amount of co-precipitating
Src (Figure 3C). These studies indicated that VEGF-A pro-
moted both SFK-dependent phosphorylation of, and associa-
tion with the JM domain of AxI.

Additional evidence for an involvement of the JM domain
of Axl and the tyrosine residues in particular emerged from
the observations that the efficiency of the dominant-negative
Ax]l mutant declined substantially when the JM domain was
eliminated (Supplementary Figure S5) or the three tyrosine
residues in the Axl JM domain were mutated to phenylala-
nines (Supplementary Figure S12).

It is known that SFKs can phosphorylate the JM domain of
RTKs and thereby relieve the autoinhibition that it exerts on
its kinase activity (Wybenga-Groot et al, 2001; Rohde et al,
2004). If SFKs were performing a similar function on Axl in
VEGF-A-stimulated cells, then kinase inactive Axl would be
unable to autophosphorylate and thereby engage the PI3K/
Akt pathway. Indeed, while re-expression of WT Axl in Axl
knockdown cells rescued VEGF-A-mediated activation of Akt,
kinase inactive Axl (AxIK561R) (McCloskey et al, 1997) did
not (Supplementary Figure S13).
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Figure 4 Selectively activating Src is sufficient to activate PI3K/
Akt, which is partially dependent on Axl. (A) Selectively activating
Src is sufficient to activate Akt. Serum-starved PAE/KDR cells
expressing R388A or D386N mutants were treated with imidazole
(SmM) for the indicated times. Total cell lysates were subjected to
western blot analysis using the indicated antibodies. Imidazole
induced activation of Src (arrow) and Akt in the R388A mutant
but not in the D386N mutant. (B) Src-induced activation of Akt is
partially dependent on Axl. PAE/KDR cells expressing Src R388A
were infected with a retrovirus harbouring Axl shRNA or the empty
vector pSIREN. Serum-starved cells were treated with imidazole
(5mM) for the indicated times. Total cell lysates were subjected to
western blot analysis using the indicated antibodies. The upper
band in the pSrc blot (arrow) is the specific pSrc band. Reducing Axl
expression attenuated the ability of Src to activate Akt. Figure
source data can be found in Supplementary data.

Taken together, our data indicate that activation of PI3K/
Akt in response to VEGF-A proceeds intracellularly and
involves the concerted action of three tyrosine Kinases:
VEGFR-2, SFKs and Axl (Figure 5). VEGFR-2 acts through
TSAd to activate SFKs, which communicate with Axl via its
JM domain to promote autophosphorylation of the two
YXXM motif tyrosines, and thereby engage the PI3K/Akt
pathway. Other VEGF-A-triggered signalling pathways (such
as Erk and SFKs) are independent of AxI.

VEGF-A-driven migration, permeability and tube
formation are dependent on Axl

The PI3K/Akt pathway is essential for several VEGF-A-
induced cellular responses including cell migration, perme-
ability and tube formation (Olsson et al, 2006). Our biochem-
ical studies predict that such responses will be compromised
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VEGFR-2

Figure 5 Model for VEGF-A-dependent activation of PI3K/Akt in
endothelial cells. VEGF-A triggers a series of intracellular events
that include activation of VEGFR-2 that activates SFKs in a TSAd-
dependent manner. Activated SFKs engage Axl via its JM domain
and thereby promote autophosphorylation at Y773 and Y815. These
tyrosines reside within the optimal motifs to bind to the SH2
domains of p85 to recruit p85 and activate PI3K, which produces
lipids that are essential for activation of Akt. Other VEGF-A-trig-
gered signalling pathways (such as Erk) are independent of Axl.
TSAd, T cell-specific adaptor protein; SFK, Src family kinase.

when Axl function or expression is inhibited. Indeed, silen-
cing Axl expression abolished VEGF-A-induced migration,
but left bFGF-induced migration unchanged (Figure 6A).
Similarly, VEGF-A- but not bFGF-induced migration was
reduced in dominant-negative Axl mutant-expressing cells
(Supplementary Figure S14). Consistent with the work of
other groups identifying either SFKs or PI3K/AKkt as essential
contributors to VEGF-A-mediated permeability (Eliceiri et al,
1999; Six et al, 2002; Ackah et al, 2005; Holmes et al, 2007),
pharmacologically inhibiting either Axl or PI3K blocked
VEGF-A-dependent permeability (Figure 6B). In contrast,
R428 or LY294002 did not significantly change histamine-
or thrombin-dependent permeability (Figure 6B). Finally,
silencing Axl expression in primary endothelial -cells
(HUVECs) greatly attenuated both VEGF-A-induced Akt acti-
vation (Figure 6C) and tube formation (Figure 6D;
Supplementary Figure S15). Collectively, these in-vitro find-
ings indicate that VEGF-A-driven cellular responses that
involve PI3K/Akt are also dependent on AxI.

VEGF-A-dependent vascular permeability and corneal
neovascularization are dependent on AxI
Next, we tested if Axl played a role in VEGF-A-induced
vascular permeability in vivo by subjecting wild-type and
Axl KO mice to the standard Miles assay (Miles and Miles,
1952; Six et al, 2002). VEGF-A or histamine was injected
intradermally into WT or Axl KO mice that had received an
intravenous injection of Evans blue dye. VEGF-A induced a
2.4-fold increase in Evans blue extravasation in WT mice,
whereas this response was reduced to 1.2-fold in Axl KO mice
(Figure 7A). There was no significant difference in histamine-
induced Evans blue extravasation between WT and Axl KO
mice (Figure 7A). We conclude that Axl is required for
maximal VEGF-A-driven vascular permeability.

We also investigated the requirement for Axl in VEGF-A-
driven angiogenesis in the standard mouse corneal
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Figure 6 PI3K-mediated cellular responses in response to VEGF-A are dependent on Axl. (A) VEGF-A-dependent migration/wound healing is
dependent on Axl. After a wound was made, PAE/KDR cells stably expressing pSIREN or Axl shRNA were treated with vehicle (white bars),
10ng/ml VEGF-A (black bars), or 20ng/ml bFGF (grey bars). The wound area at time 0 was normalized to 1, and ‘% wound closure’ is the
reduction of relative wound area after 18 h treatment. The data presented are mean+s.em. (N=12). ***P<0.001; ‘n.s.’, no significant
difference. (B) VEGF-A-dependent in-vitro permeability is dependent on Axl and PI3K. HUVEC monolayers were serum starved, and pretreated
with DMSO, R428 (200nM) or LY294002 (10 uM) for 30 min, then treated with vehicle (white bars), VEGF-A (25 ng/ml; black bars), histamine
(50 uM; grey bars) or thrombin (10 U/ml; cross-hatched bars) for 1 h. Permeability was determined by quantifying the fluorescence of FITC-
dextran that crossed the HUVEC monolayer. The data shown are mean + s.e.m. (N=5). ***P<0.001; ‘NS’, no significant difference. (C) Serum-
starved HUVECs stably expressing GFP or Axl shRNA were treated with VEGF-A (2.5 ng/ml) or Gas6 (100 ng/ml) for the indicated times. Cell
lysates were subjected to western blot analysis using the indicated antibodies. Silencing Axl decreased both Gas6- and VEGF-A-induced Akt
activation. (D) Fold increase in VEGF-A-stimulated tube formation compared with control. HUVECs stably expressing GFP or Axl shRNA were
plated within a collagen sandwich gel, and then medium with or without 10ng/ml VEGF-A was added. After 15h, the tubes were
photographed; representative photos are presented in Supplementary Figure S15. The data shown are mean + s.e.m. of three independent
experiments. **P<0.01. Silencing Axl significantly reduced VEGF-A-dependent tube formation. Figure source data can be found in
Supplementary data.

micropocket assay (Rogers et al, 2007). Control pellets, which Canonical adaptor proteins by which RTKs activate PI3K
did not contain growth factor, failed to promote angiogenesis (such as Gabl and insulin receptor substrates) typically do
(Figure 7D). In WT mice, pellets containing VEGF-A induced not have kinase activity. Identification of Axl, which is an
robust corneal neovascularization, and this response was RTK itself, expands our current definition of an adaptor
reduced by 64% in Axl KO mice (Figure 7B-D). In contrast, protein. In addition to passive adaptors that need only to be
there was no significant difference in bFGF-induced corneal phosphorylated to become functional, there also appear to be
neovascularization between WT and Axl KO mice participating adaptors, which use their own kinase activity to
(Figure 7D). Therefore, optimal VEGF-A- but not bFGF-driven achieve the functional state.

corneal neovascularization is dependent on AxI. Identification of Axl as a required contributor to VEGF-A-

driven responses provides novel insights. For instance, given
that transcription of axl is under the control of hypoxia-

Discussion inducible factor 1o (HIF-1ot) and the mRNA level of Axl in
Here, we report a novel mechanism by which RTKs engage endothelial cells increases in response to hypoxia (Manalo
the PI3K/Akt pathway (Figure 5). Upon activation with et al, 2005), hypoxia may coordinately upregulate the levels
VEGF-A, VEGFR-2 acts through SFKs to promote ligand- of VEGF-A (Forsythe et al, 1996), SFKs (Knock et al, 2008)
independent autophosphorylation of Axl at YXXM motif and Axl, and thereby maximize activation of PI3K/Akt,
tyrosine residues, and thereby associate with PI3K and acti- which is likely to enforce neovascularization.

vate Akt. These observations identify Axl as a previously Dance et al (2006) reported that Gabl plays an important
unappreciated contributor to VEGF-A-dependent signalling role in acute (Smin) activation of PI3K/Akt in VEGF-A-
pathways. Furthermore, we report that Axl is required stimulated PAE/KDR cells. Consequently, we were puzzled
for VEGF-A-dependent migration, tube formation, vascular by our results that silencing Gabl in these cells did not
permeability and corneal neovascularization. significantly change VEGF-A-dependent Akt activation, even
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at 5min post VEGF-A stimulation. Non-identical experimen-
tal conditions between the Dance et al study and our work
may account for the different results.

While our studies support the emerging idea that activa-
tion of PI3K/Akt is required for VEGF-A-dependent angiogen-
esis, it is important to note that activation of PI3K/Akt is not
sufficient to drive angiogenesis. Gas6 activates PI3K/Akt via
Axl; yet, we and others observed that Gas6 did not promote
tube formation (Gallicchio et al, 2005) (unpublished observa-
tions). Furthermore, there are no publications reporting that
Gas6 is pro-angiogenic. The finding that Gas6 did not engage
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certain VEGF-A-dependent downstream signalling effectors,
such as Erk (Figure 2A), may account for the inability of Gas6
to promote angiogenic responses.

Given the important role of Axl in VEGF-A-dependent
activation of PI3K/AKkt, it is a surprise that Axl KO mice are
viable and fertile (Lu et al, 1999). Additional examples of
genes whose critical function lies outside of viability and
fertility include placental growth factor (PIGF), which is
dispensable for embryonic angiogenesis, yet its deficiency
interferes with pathological angiogenesis (Carmeliet et al,
2001). We noticed that in the lung lysates and lung endothe-
lial cells prepared from Axl KO mice, basal Akt activation was
markedly increased (unpublished observations). Thus, en-
dothelial cells in Axl KO mice might elevate overall PI3K/Akt
activation to reduce their dependence on VEGF-A for PI3K/
Akt activation. It is also possible that Axl is not the only
mediator of VEGF-A-dependent activation of PI3K/Akt, or
that the function and/or expression of other adaptor proteins
(such as Gab1l and/or Shb) are elevated in the absence of Axl.

Materials and methods

Animals

Ax] KO mice were created and characterized by Deltagen, Inc. (San
Carlos, CA), and distributed by The Jackson Laboratory (Bar
Harbor, ME; Stock Number: 005777). In these KO mice, Axl
expression is disrupted by a bacterial lacZ gene. The KO mice had
been backcrossed at least eight generations to C57BL/6J mice. The
age of the Axl KO mice and background matched wild-type mice
that were used for the Miles assay and corneal micropocket
angiogenesis assay was 8-12 weeks. All animal use was approved
by the Schepens Animal Care and Use Committee and conducted in
accordance with the guidelines of the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of
Animals.

Antibodies and reagents

Recombinant human VEGF-A;ss and bFGF were generously
provided by the National Cancer Institute’s Biological Resources
Branch (Rockville, MD). The Axl inhibitor R428 was Kkindly
provided by Dr Sacha J Holland at the Rigel Pharmaceuticals, Inc.
(South San Francisco, CA). Gas6, AxlIFc, antibodies against TSAd
and the extracellular domain of Axl (used for AxlJdn, AxITdn and
Ax1Jdn3F), and horseradish peroxidase (HRP)-conjugated donkey
anti-sheep IgG secondary antibody were purchased from R&D
Systems (Minneapolis, MN). LY294002 and antibodies against
phospho-Axl (Y702), Axl (used to detect endogenous Axl),

Figure 7 VEGF-A-driven vascular permeability and corneal neovas-
cularization are dependent on Axl. (A) Miles assay showing VEGF-
A-dependent vascular permeability was greatly attenuated in Axl
KO mice. The right dorsal side of mice that had been intravenously
injected with Evans blue dye received four intradermal injections of
VEGF-A (100 ng in 50 pl PBS) or histamine (2.5nmol in 50 pl PBS).
The left dorsal side of mice received four intradermal injections of
PBS (50ul). The Evans blue extravasation induced by VEGF-A,
histamine or PBS was measured spectrophotometrically at
630nm. The data presented are the ratio of VEGF-A- or histamine-
induced Evans blue extravasation to PBS-induced extravasation
from the same animal. The horizontal bars indicate the mean*
s.eem. (N=6). *P<0.05; ‘NS’, no significant difference. (B, C)
Representative images of corneal neovascularization induced by
VEGF-A in WT (B) and Axl KO (C) mice. Pellets containing vehicle,
VEGF-A (160ng) or bFGF (80 ng) were implanted into the corneas.
Corneal neovascularization was imaged 7 days after pellet implan-
tation with a slit lamp camera. (D) Quantification of total length of
blood vessels induced by vehicle (N=3), VEGF-A (N=6) or bFGF
pellet (N=6). The horizontal bars indicate meanzs.e.m.
***P<0.001; ‘NS’, no significant difference.
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phospho-Akt (S473), Akt, phospho-Erk, Erk, phospho-Src (Y416),
Src, phospho-VEGFR-2 (Y1175), Gabl were purchased from Cell
Signalling Technology (Beverly, MA). Mouse monoclonal antibodies
4G10 and anti-p85 were purchased from Millipore (Temecula, CA).
The other anti-phosphotyrosine antibody PY20 was purchased from
BD Transduction Laboratories (San Diego, CA). Rabbit polyclonal
anti-RasGAP and anti-VEGFR-2 antibodies were produced in the
Kazlauskas laboratory as previously described (Klinghoffer et al,
1996; Rahimi and Kazlauskas, 1999). HRP-conjugated goat anti-
rabbit IgG, goat anti-mouse IgG and goat anti-rat IgG secondary
antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Enhanced chemiluminescent substrate for detection
of HRP was purchased from Pierce Protein Research Products
(Rockford, IL). SU6656 was purchased from Calbiochem (La Jolla,
CA). All other chemicals and reagents were obtained from Sigma
(St Louis, MO) unless otherwise indicated.

Cell culture

PAE/KDR cells (Waltenberger et al, 1994) were cultured in a 1:1
mixture of low-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Grand Island, NY) and Ham’s F-12 Nutrient
Mixture (Gibco), which was supplemented with 10% fetal bovine
serum (FBS; Lonza, Walkersville, MD), and 100 U/ml penicillin G
and 100 pg/ml streptomycin (Gemini BioProducts, West Sacramen-
to, CA). HUVECs (Lonza) and HRMECs (Cell Systems, Kirkland,
WA) were plated on tissue culture dishes that had been precoated
with 0.2% gelatin, and cultured in Medium 199 (Sigma) supple-
mented with 20% bovine calf serum (BCS; HyClone, Logan, UT),
100 pg/ml heparin, 12 pg/ml bovine brain extract (BBE; Hammond
Cell Tech, Windsor, CA), and penicillin G and streptomycin.
293GPG cells (Ory et al, 1996) were cultured in high-glucose
DMEM supplemented with 10% FBS, 1 ug/ml tetracycline, 2 pg/ml
puromycin, 0.3mg/ml G418, 16.7mM HEPES (Lonza), and
penicillin G and streptomycin. The medium used to collect
retroviral supernatant from 293GPG cells was high-glucose DMEM
supplemented with 10% FBS, 16.7 mM HEPES, and penicillin G and
streptomycin. 293T cells were cultured in high-glucose DMEM
supplemented with 10% FBS, and 10 U/ml penicillin G and 10 pg/ml
streptomycin. The medium used to harvest lentiviral supernatant
from 293T cells was high-glucose DMEM supplemented with 30%
FBS, and 100U/ml penicillin G and 100 pg/ml streptomycin. All
cells were cultured at 37°C in a humidified 5% CO, atmosphere.

Retroviral shRNA knockdown of Axl and Gab1 in PAE/KDR
cells

To suppress the expression of Gabl and Axl in PAE/KDR cells, two
shRNAs against Gabl and one shRNA against Axl (sequences are
listed in Supplementary Table S1) were synthesized as single-
stranded DNA oligos by the DNA core facility of Massachusetts
General Hospital (MGH), annealed into double-stranded oligos, and
cloned into the BamHI-EcoRI sites of the retroviral vector RNAi-
Ready pSIREN-RetroQ (Clontech, Mountain View, CA). The
plasmids were transfected into 293GPG cells using Lipofectamine
Plus (Invitrogen) to obtain retroviral supernatants, which were used
to infect PAE/KDR cells. The successfully infected cells were
selected for the ability to proliferate in medium containing
puromycin (1 pg/ml).

Lentiviral shRNA knockdown of Axl and TSAd in HUVECs
The hairpin-pLKO.1 retroviral vector containing shRNAs for GFP,
Axl or TSAd (sequences are listed in Supplementary Table S1), the
packaging plasmid (pCMV-AR8.91), the envelope plasmid (VSV-G/
pMD2.G) and 293T packaging cells were obtained from iLab
Solutions (Dana-Farber Cancer Institute, Harvard Medical School,
Boston, MA).

To prepare shRNA lentivirus, a mixture of packaging plasmid
(900 ng), envelope plasmid (100 ng), hairpin-pLKO.1 vector (1 pg),
and Mirus TransIT-LT1 reagent (Mirus Bio, Madison, WI) was
incubated at room temperature for 30 min and transferred to the
293T packaging cells (in low-antibiotic growth medium). At 18h
post transfection, the medium was replaced with DMEM containing
30% FBS, and retroviral supernatant was harvested 40 and 64 h
post transfection. The retroviral supernatant was pooled and
used to infect HUVECs. The successfully infected cells were
selected for the ability to proliferate in medium containing
puromycin (1 pg/ml).
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Stable expression of Axiwt, Axlkd and F73/15 mutants in
Axl-deficient PAE/KDR cells

Mouse Axl cDNA (clone ID: 6418252) was obtained from Open
Biosystems (Huntsville, AL), and subcloned into the NotI-BamHI
sites of the retroviral vector pLXSHD?* vector. Point mutations of
LysS561 to Arg (Axlkd), or Tyr773 and Try815 to Phe (F73/15) were
introduced into the pLXSHD*-Axlwt plasmid using the QuikChange
XL site-directed mutagenesis kit following manufacturer’s instruc-
tions (Stratagene, La Jolla, CA). The primer sequences used for site
mutations are listed in Supplementary Table S1. The mutations
were confirmed by DNA sequencing at the MGH DNA core facility.
The plasmids were transfected into 293GPG cells using Lipofecta-
mine Plus to obtain retroviral supernatant, which was used to infect
Axl-deficient PAE/KDR cells. The successfully infected cells were
selected for their ability to proliferate in histidine-free medium
supplemented with 1 mM histidinol.

Stable expression of AxlJdn, AxITdn and AxIJdn3F in
PAE/KDR cells

The 1-529 amino-acid fragment of Axl (AxlJdn) and the 1-469
amino-acid fragment of Axl (AxITdn) were each cloned into the
HindllI-Notl sites of pLPCX. Point mutations of Tyr475, Tyr492 and
Try498 to Phe (Ax1Jdn3F) were introduced into the pLPCX-AxlJdn
plasmid using the QuikChange XL site-directed mutagenesis kit
(Stratagene). The primer sequences used for site mutations
are listed in Supplementary Table S1. The mutant sequences were
confirmed by DNA sequencing at the MGH DNA core facility.
The plasmids were transfected into 293GPG cells using Lipofecta-
mine Plus to obtain retroviral supernatant, which was used to infect
PAE/KDR cells. The successfully infected cells were selected for
their ability to proliferate in the presence of 1 ung/ml of puromycin.

R388A and D386N Src mutants

The Src mutants SrcR388A/Y527F (R388A) and SrcD386N/Y527F
(D386N) were previously described (Qiao et al, 2006; Im and
Kazlauskas, 2007). The cDNAs were subcloned into the EcoRI-
BamHI sites of the retroviral vector pLXSHD? vector. The resulting
plasmids were transfected into 293GPG cells using Lipofectamine
Plus to obtain retroviral supernatant, which was used to infect PAE/
KDR cells. The successfully infected cells were selected for their
ability to proliferate in histidine-free medium supplemented with
1 mM histidinol.

Western blot analysis

Cells plated in 24-well plates were grown to 80% confluence, serum
starved for 24h and then treated with reagents specified in each
figure. The dose of VEGF-A that we routinely used in biochemical
experiments was 2.5 ng/ml VEGF-A. The responses observed at this
dose were comparable to those seen with 50ng/ml VEGF-A
(Supplementary Figure S4). The cells were washed twice with ice-
cold PBS, and then lysed in sample buffer (100 mM Tris-HCI (pH
6.8), 5SmM EDTA, 100mM dithiothreitol (DTT), 10% glycerol, 2%
sodium dodecyl sulphate (SDS), 0.5% bromophenol blue) supple-
mented with 2 mM sodium orthovanadate, 1 mM phenylmethylsul-
phonyl fluoride (PMSF), and 100 mM 2-mercaptoethanol. The total
cell lysates were subjected to SDS-PAGE and then immunoblotted
with desired antibodies. The resultant data were quantified
densitometrically with Quantity One software (Bio-Rad Labora-
tories, Hercules, CA). To reprobe a blot, the membrane was first
stripped by incubating for 30min at 60°C in stripping buffer
(62.5mM Tris-HCI (pH 6.8), 2% SDS, 100 mM 2-mercaptoethanol),
and then reprobed with desired antibodies. The blotting data that
are shown are representative of at least three independent
experiments.

GST pull-down assay
The N-terminal SH2 domain (residues 334-430) of human p85a
(accession number: AAH94795) was cloned into the BamHI-EcoRI
sites of the GST expression vector pGEX-2T (GE Healthcare,
Piscataway, NJ). The nucleotide sequences were confirmed by
sequencing at the MGH DNA core facility. Expression of GST or GST-
p85SH2 fusion protein was induced with 0.1 mM isopropylthio-
galactopyranoside (IPTG) overnight at 25°C, and purified using
glutathione-agarose 4B beads according to the manufacturer
instructions (GE Healthcare).

Cells plated on 10cm culture dishes were grown to 70-80%
confluence, serum starved, pretreated with 100 uM sodium ortho-
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vanadate for 1h, and then left resting, or treated with VEGF-A
(2.5ng/ml) for 5, 20 or 60 min. The cells were washed three times
with ice-cold PBS, lysed in extraction buffer (10mM Tris-HCl
(pH 7.4), 5mM EDTA, 50 mM NaCl, 50 mM NaF, 1% Triton X-100,
20 pug/ml aprotinin, 2 mM sodium orthovanadate, 1 mM PMSF). For
GST pull-down assay, 4 ug of GST or GST-p85SH2 fusion protein
bound to glutathione-agarose beads was incubated with 100 ug of
clarified cell lysate at 4°C for 1h on a rocking platform. After
incubation, the resin was washed twice with 1ml of RIPA buffer
(150 mM NaCl, 10 mM Na,HPO,, 10 mM NaH,PO,4, 2 mM EDTA, 1%
sodium deoxycholate, 1% NP-40, 0.1% SDS, 20pug/ml aprotinin,
50mM NaF, 14 mM 2-mercaptoethanol, 2 mM sodium orthovana-
date, 1 mM PMSF), followed by one wash with 1ml of extraction
buffer. Bound proteins were eluted by boiling in sample buffer,
separated by SDS-PAGE and immunoblotted with indicated
antibodies.

Immunoprecipitation

Precleared cell lysate (500 pg) collected as in ‘GST Pull-down Assay’
was combined with anti-Axl antibody as the precipitating antibody
and the sample was incubated overnight at 4°C on a rocking
platform. Protein A-Agarose (Santa Cruz Biotechnology) was then
added and incubated at 4°C for another 1h. Beads were then
sedimented, washed three times with extraction buffer. Bound
proteins were eluted by boiling in sample buffer, separated by SDS-
PAGE and immunoblotted with indicated antibodies.

Preparation of MHECs

MHECs were isolated from 8- to 12-week-old wild-type and Axl KO
mice as outlined in a previously described protocol (Lim and
Luscinskas, 2006). Cells at passage 3 were used in the current study.

Wound healing assay

The wound healing assay was performed as previously described
(Rodriguez et al, 2005) with some modifications. Once cells reached
80% confluence in 24-well plates they were starved for 24h. A
wound was created by scraping the cell monolayer with a sterile
pipette tip. The cells were washed twice to remove detached cells,
and then 1ml of serum-free medium containing vehicle, VEGF-A
(10ng/ml) or bFGF (20ng/ml) was added. The wound was
photographed at time 0 and 18h post wounding with a SPOT
camera attached to a Nikon Eclipse TE2000-S inverted microscope
(Nikon, Melville, NY). Quantification was done by measuring the
number of pixels in the wound area using Adobe Photoshop (Adobe
Systems, San Jose, CA).

In-vitro permeability assay

The permeability assay was performed according to the product
manual (In vitro Vascular Permeability Assay from Millipore:
ECM642). HUVEC at passage 5 was seeded at 80000 cells per
insert and cultured for 72 h in HUVEC culture medium. Cells were
serum starved for 3 h, pretreated with DMSO, R428 (200nM) or
LY294002 (10 uM) for 30 min, then treated with vehicle, VEGF-A
(25ng/ml), histamine (50 uM) or thrombin (10 U/ml) for 1 h. FITC-
dextran was added to the semipermeable insert and incubated at
room temperature for 30min. The extent of permeability was
determined by measuring the fluorescence (excitation/emission
wavelength of 485nm/530nm) in the medium beneath the cell-
coated inserts.

Tube formation assay

A collagen gel mixture consisting of 80% (by volume) collagen
(Devro Pty, Sydney, Australia), 1.6 mg/ml NaOH, 2 mg/ml NaHCO3,
20mM HEPES (Lonza), 0.5pg/ml fibronectin, 0.5pug/ml laminin
and 10.4 mg/ml RPMI powder (GIBCO) was prepared. For the lower
gel layer, 200 ul of the gel mixture was added to each well of the
48-well plates and incubated at 37°C for 1h. After polymerization,
3 x10* HUVECs stably expressing GFP shRNA or Axl shRNA were
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seeded in each well and incubated with EBM (Lonza) containing
5% horse serum (Sigma) and 12 pg/ml BBE for 24h at 37°C. The
medium was removed and 80 ul of the gel mixture was added to
each well. The plates were incubated at 37°C for 1h to polymerize
the upper gel layer. EBM with or without 10 ng/ml VEGF-A was then
added to each well. Tubes were photographed 15h after treatment
with a SPOT camera attached to a Nikon Eclipse TE2000-S inverted
Microscope. After calibration with a stage micrometer, the total tube
length within a field was quantified using the Image J software
(NIH, Bethesda, MD).

Miles assay

Miles assay was performed as previously described (Eliceiri et al,
1999) with slight modifications. Briefly, under anaesthesia, mice
were intravenously injected with 100 ul of 0.25% Evans blue. VEGF-
A16s (100 ng in 50 ul PBS) or histamine (2.5nmol in 50 pl PBS) was
injected intradermally into the skin on the right dorsal side of the
preshaved mouse, while 50 pl of PBS was injected intradermally on
the left dorsal side. After 30min, mice were euthanized and
epidermis surrounding the injection site (~5mm in diameter) was
surgically removed. The evans blue was eluted from the surgical
specimens by incubating in 500 ul of formamide for 24 h at 55°C.
The amount of evans blue was measured spectrophotometrically at
630nm using a standard curve of Evans blue in formamide.

Corneal micropocket angiogenesis assay

Corneal micropocket angiogenesis assay was performed as pre-
viously described (Rogers et al, 2007; Im et al, 2010). Briefly, corneal
micropockets were created with a modified von Graefe knife.
Hydron pellets containing 160ng of VEGF-A;¢s, 80ng of bFGF or
hydron pellets without growth factor were implanted into the
corneal pockets. Corneal neovascularization was photographed
with a slit lamp biomicroscope (model FS-2; Nikon) on day 7 after
pellet implantation. The blood vessels were quantified using the
Image J software.

Statistical analysis

Data are presented as the mean + s.e.m. Comparisons between two
groups were performed using Student’s t-test. Comparisons for
multiple groups were performed using one-way ANOVA followed by
Tukey’s HSD post hoc test.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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