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RESEARCH ARTICLE

CELL BIOLOGY

A Ligand-Independent VEGFR2 Signaling Pathway
Limits Angiogenic Responses in Diabetes

Carmen M. Warren,' Safiyyah Ziyad,' Anais Briot,' Aaron Der,' M. Luisa Iruela-Arispe**

Although vascular complications are a hallmark of diabetes, the molecular mechanisms that underlie en-
dothelial dysfunction are unclear. We showed that reactive oxygen species generated from hyperglycemia
promoted ligand-independent phosphorylation of vascular endothelial growth factor receptor 2 (VEGFR2).
This VEGFR2 signaling occurred within the Golgi compartment and resulted in progressively decreased
availability of VEGFR2 at the cell surface. Consequently, the responses of endothelial cells to exogenous
VEGF in a mouse model of diabetes were impaired because of a specific deficiency of VEGFR2 at the cell
surface, despite a lack of change in transcript abundance. Hyperglycemia-induced phosphorylation of
VEGFR2 did not require intrinsic receptor kinase activity and was instead mediated by Src family kinases.
The reduced cell surface abundance of VEGFR2 in diabetic mice was reversed by treatment with the an-
tioxidant N-acetyl-L.-cysteine, suggesting a causative role for oxidative stress. These findings uncover a
mode of ligand-independent VEGFR2 signaling that can progressively lead to continuously muted re-

sponses to exogenous VEGF and limit angiogenic events.

INTRODUCTION

Diabetes is a prevalent metabolic disease and a growing health problem
worldwide (7). Although diabetic conditions result in various pathologies,
vascular complications account for most of the morbidity and mortality in
diabetes, with cardiovascular disease causing up to 75% of deaths in dia-
betic patients (2). Diabetes leads to both macro- and microvascular prob-
lems characterized by endothelial dysfunction with severe consequences
to wound healing (3, 4).

Increasing evidence suggests that oxidative stress, as a result of hyper-
glycemia, plays a key role in endothelial dysfunction (5). Several processes
that promote injury are driven by hyperglycemia-induced overproduction
of reactive oxygen species (ROS), including activation of protein kinase C
(6) and the generation of advanced glycation end products (7), but can be
prevented by overexpression of antioxidant enzymes (8).

ROS can activate many signaling components that modify endothelial
function. At low concentrations, ROS act as signaling messengers that me-
diate cellular responses such as growth and migration. Hydrogen peroxide
(H,0,) production is necessary for optimal receptor tyrosine kinase (RTK)
signaling. Binding of growth factors to their receptors can stimulate a burst
of ROS production, causing transient inhibition of phosphatases and in-
creased kinase activity (9—11). However, the effects of sustained, long-term
ROS on pathways that regulate normal endothelial cell function, as well as
provide endothelial protection to damage, are less clear.

As a pivotal molecule in endothelial cell function, vascular endothelial
growth factor (VEGF) regulates the formation, growth, and survival of
blood vessels during physiological and pathological settings (2, 13). Deletion
of a single allele of Fegf in mice results in early embryonic lethality due to
lack of vascular development (14, 15). This underscores that regulation of
VEGF signaling is sensitive to ligand abundance, and exquisite control is re-
quired at the transcriptional, translational, and posttranslational levels.

Proangiogenic signals initiated by VEGF are conveyed by the cell surface
RTK VEGFR2 (VEGEF receptor 2) (16). In the classical model of VEGFR2
activation, ligand binding results in dimerization and cross-phosphorylation
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of two receptor monomers. Two residues in the cytoplasmic domain of
VEGFR2, namely, Tyr'®* and Tyr'®, are required for autophosphorylation,
and mutation of these amino acids completely blocks ligand-dependent phos-
phorylation (7).

Inhibition of the VEGF-VEGFR?2 signaling axis has been correlated
with the state of endothelial dysfunction typical of diabetes (18, 19). How-
ever, it is largely unknown how VEGF signaling is affected at the molec-
ular level in diabetes. In our study, we evaluated VEGFR2 signaling under
high-glucose conditions using both in vivo and in vitro models. Com-
bined, the findings uncovered that high-glucose exposure induces ligand-
and intrinsic kinase-independent VEGFR2 phosphorylation in the Golgi
that impairs trafficking of receptors to the cell surface. The outcome is a
progressive reduction in VEGFR2 at the plasma membrane, muting angi-
ogenic responses in diabetes.

RESULTS

Endothelial cells of diabetic mice are less responsive
to VEGF in vivo

To understand the role of VEGF signaling in the compromised endothe-
lium during diabetes, we evaluated angiogenic responses in mice homozygous
for the obese spontaneous mutation (0b/ob), which develop hyperglycemia
at about 4 weeks of age (fig. S1A) (20). Consistent with previous reports,
ob/ob diabetic mice displayed impaired vascular growth in wound healing
and in matrix angiogenesis assays (Fig. 1, A to E) (21). This deficiency
occurred despite similar Fegfi2 (fig. S1B) and increased Vegfa transcript
abundance (fig. S1C) in the wounded skin of 0b/0b mice.

We also examined the ability of VEGF to activate VEGFR2 in vivo to
further investigate the underlying mechanisms for the differences observed.
A brief lung perfusion of 0b/ob mice with VEGF revealed a 2.5-fold reduc-
tion in the phosphorylation of VEGFR2 compared to wild-type littermate
controls (Fig. 1, F and G). Moreover, although transcript abundance was
similar, total VEGFR2 protein was twofold lower in 0b/0b mice than in
wild-type mice (Fig. 1, H and I). Jegfa mRNA was not significantly different
in the lungs of ob/ob mice (fig. S1D). These findings implied that post-
translational events were involved in the decreased abundance of VEGFR2
because total protein, but not mRNA, differed.
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To determine whether the effects on
VEGFR?2 in the endothelium of 0b/0b mice
were due to hyperglycemia, rather than as-
sociated with complications from obesity, we
used a second diabetic model. VEGFR2 phos-
phorylation and total receptor abundance were
evaluated in streptozotocin (STZ)-induced
diabetic mice (fig. S1E). Similar to ob/ob mice,
STZ mice also showed a greater than two-
fold decrease in VEGFR2 phosphorylation
(Fig. 1, J and K) upon perfusion with VEGE
In addition, STZ mice showed 40% less
VEGFR?2 at the protein level (Fig. 1L), but
did not exhibit statistically significant changes
in Vegfi-2 or Vegfa transcripts when compared
to control (Fig. IM and fig. SIF).

Exposure of endothelial cells to
high glucose impairs migration
and VEGFR2 activation

To assess the effects of hyperglycemia on
VEGFR?2 in vitro, we grew human umbilical
vein endothelial cells (HUVECs) under nor-
mal glucose (5 mM) or high-glucose (25 mM)
conditions. Consistent with the results ob-
tained from diabetic mice, exposure to high
glucose for 5 days reduced the ability of
HUVEC:s to respond to VEGF by fourfold
(Fig. 2, A and B). To determine the impact
of these changes on endothelial cell function,
we performed a wound closure migration as-
say. HUVEC:s cultured in the presence of high
glucose migrated at a slower rate than cells
cultured with normal glucose concentrations,
under both basal conditions and in response
to VEGF (Fig. 2, C and D, and fig. S2, A
and B).

Although endothelial cells exposed to
high glucose were functionally impaired in
their response to VEGE, total VEGFR2 pro-
tein was not significantly altered (Fig. 2E).
This was in contrast to the long-term diabetic
mouse models. We hypothesized that the
reduced response to VEGF was due to de-
creased VEGFR2 availability at the cell
surface. Indeed, cell surface biotinylation
assays revealed a marked decrease in the
surface abundance of VEGFR2 in HUVECs
exposed to high glucose (Fig. 2, F and G).
Furthermore, fractionation of HUVECs into
membrane, Golgi, and other vesicular pools
confirmed reduced VEGFR?2 at the cell mem-
brane upon high-glucose exposure (Fig. 2,
H and I). Additionally, Scatchard analysis
of VEGF-E, a ligand specific to VEGFR2,
revealed a decrease in the number of ligand-
binding sites in HUVECs cultured under
25 mM glucose (0.54 x 10* per cell) com-
pared to 5 mM glucose (3.5 x 10* per cell)
(Fig. 2J). Similar results were obtained for
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Fig. 1. Endothelial cells of diabetic mice are less responsive to VEGF in vivo. (A) Immunofluorescence of
vessels [platelet endothelial cell adhesion molecule (PECAM), green] 15 days after wounding. Arrows point
to wound area. WT, wild type. Scale bar, 50 um. (B) Quantification of wound area; n = 4 mice. (C) Quan-
tification of vessel density; n = 7 mice. (D) Immunofluorescence of vessels (PECAM, green) 7 days after
matrix gel implant. Scale bar, 50 um. (E) Quantification of vessel density; n = 6 mice. (F) Immunoblot of
phosphorylated (p) and total VEGFR2 after perfusion with VEGF or vehicle (veh), after immunoprecipi-
tation of VEGFR2 from lungs of ob/ob and WT mice. Tubulin immunoblot of input is shown. (G) Quan-
tification of pVEGFR2/total VEGFR2 from lungs of WT and ob/ob mice; n = 6 mice. (H) Quantification of
total VEGFR2/tubulin from lungs of WT and ob/ob mice; n = 4 mice. (l) Quantitative reverse transcription
polymerase chain reaction (RT-PCR) of Vegfr2in lungs from WT and ob/ob mice, relative to Hprt, n =
10 mice. (J) Immunoblot of total VEGFR2 and pVEGFR2 after perfusion with VEGF or vehicle, and
immunoprecipitation of VEGFR2 from lungs of STZ or control (ctrl) mice. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) immunoblot of input. (K) Quantification of pVEGFR2/total VEGFR2 from lungs of
control and STZ animals; n = 4 mice. (L) Quantification of total VEGFR2/GAPDH from lungs of control
and STZ animals; n = 3 mice. (M) Quantitative RT-PCR of Vegfr2in lungs of control and STZ mice, relative
to Hprt, n = 6 mice. Data represent means + SEM and were analyzed using a Student’s f test.

www.SCIENCESIGNALING.org 7 January 2014 Vol 7 Issue 307 ral 2


http://stke.sciencemag.org
http://stke.sciencemag.org

RESEARCH ARTICLE

***P =0.0006
A B 1.2q P =0.0008 % 40
Glucose (mM): 5 25 5 25 _—
veh veh veh veh VEGF VEGF VEGF VEGF E 109 T T 50l
S
pVEGFR2 - an § o8 g<
(Y1175 S 064 o & 20-
> 0
G 0.4 B8
VEGFR2 | 8 %% S g 858 ot one o il 8 10
2 0.24
A 0.0 0-
Tubulin [== s —— — — 5 25 Glucose (mM): 5 25 5 25
Glucose (mM e ——
( ) -VEGF +VEGF
Streptavidin
D E F bound Unbound G *P =0.0335
1.4m 1.2+ 60+
* qgd = Glucose(mM): 5 25 5 25 8 s L
o, 131 £ € -
£o 2 0.4 VEGFR2 | == = =n 3 & 401
5> 1.2+ 2 =
£d 5 061 , 2 & ]
28 114 i .4 By Integrin | vem = 2 & 2.
£z oo £5>
+ 1.04 —@— 5 mM Glucose > 0.2- © 104
= 25 mM Glucose GAPDH s = x
0. T T T 1 0.0 T o z
4 6 8 10 12 5 25 5 25
Time (hours) Glucose (mM) Glucose (mM)
Fraction 5
H s5mm | J ol ® Scatchard
Glucose Input3 4 5 6 7 8 9 10 11 12 0 3 Golgi R 25' VEGF-E
; 5 @@ Other o
VEGFR2 | ==* b & @@ Membrane £ 20-
L 804 ° ]
o S 154
w o
PECAM p—— > @ 101
n
< 40l 54
IE e ,‘\\
Giantin | == pp—p— = 204 0 1000 2000 3000 4000
Bound (fmol/mg)
Fraction 0- 4000
25 mM 5 25
Glucose NPut3 4 5 6 7 8 9 10 11 12 Glucose (mM) 2 o
Phahitidl 5~
VEGFR2 | == - - o £
© o 2000
SE
- — s
PECAM :l’- 1000 m 5 mM glucose
4 25 mM glucose
i i 0 T T T T 1
Giantin . 0 500 1000 1500 2000 2500

Fig. 2. Hyperglycemia impairs responses of endothelial cells to VEGF in vitro.
(A and B) HUVECs cultured under 5 or 25 mM glucose were exposed to
VEGF. Immunoblot of total VEGFR2, pVEGFR2, and tubulin (A). Quantification
of pVEGFR2/total VEGFR2 (B). n = 3 to 4 sets of cells. (C) Wound closure
migration assay of HUVECs grown under 5 or 25 mM glucose = VEGF.
Relative wound density was plotted 10 hours after wounding. n = 3 sets
of cells. (D) Wound closure migration plotted as fold difference of rela-
tive wound density in response to VEGF compared to untreated cells. n =
3 sets of cells, *P = 0.0126. (E) Quantification of VEGFR2/tubulin from
HUVECs grown in 5 or 25 mM glucose. n = 3 to 4 sets of cells. (F) Immu-

VEGF-A (fig. S2C). These findings explained the decreased extent of
VEGF-induced phosphorylation of VEGFR2 and the reduced migratory re-
sponses to the growth factor.

Hyperglycemia results in the production of ROS, which
induces VEGFR2 phosphorylation and degradation
Several lines of evidence suggest that the effect of hyperglycemia on endo-
thelial dysfunction is due to an increase in oxidative stress (5). HUVECs
cultured under high glucose exhibited increased ROS production, as
detected by fluorescence of dichlorodihydrofluorescein (DCF), compa-

Concentration (pM)

noblot of HUVECs grown under 5 or 25 mM glucose and subjected to
cell surface biotinylation assays. Streptavidin bound represents the cell sur-
face fraction, and unbound represents intracellular pool. B4 Integrin and
GAPDH are the cell surface and intracellular controls, respectively. (G) Quan-
tification of relative streptavidin-bound (cell surface) VEGFR2. n = 3 sets of
cells. (H) Immunoblot of VEGFR2 after cell fractionation of HUVECs grown un-
der 5 or 25 mM glucose. (I) Quantification of VEGFR2 in cell fractions as % of
total VEGFR2. n = 3 sets of cells. (J) Scatchard plot analysis of VEGF-E
binding to HUVECs grown in 5 or 25 mM glucose. n = 3 sets of cells. Data
represent means + SEM and were analyzed using a Student’s t test.

rable to direct treatment with glucose oxidase (GO), which catalyzes the
oxidation of glucose into H,O, (Fig. 3, A and B). Consistent with hyper-
glycemia in vivo, VEGFR2 abundance was also reduced by ROS in a time-
dependent manner in vitro (Fig. 3, C to G). In addition, treatment with
either GO or H,O, resulted in marked phosphorylation of VEGFR2 in
HUVECs and other endothelial cell types (Fig. 3, C, D, and H, and fig.
S3, A to C). ROS-induced phosphorylation, especially in the presence of
GO, was considerably greater than phosphorylation achieved by VEGF
stimulation (Fig. 3, C, D, and H) and coincided with a decrease in VEGFR2
abundance (Fig. 3, C to H).

www.SCIENCESIGNALING.org 7 January 2014 Vol 7 Issue 307 ral 3

$T0zZ ‘g Arenuer uo B1o Bewadusios ayls Woly papeojumoq


http://stke.sciencemag.org
http://stke.sciencemag.org

RESEARCH ARTICLE

A 5 mM Glucose 25 mM Glucose GO B P =00014
-
7]
<
)
]
<]
<
-
(8]
o
5 25
Glucose (mM)
C
H,0, GO
& veh VEGF 1 5 15 30 60 90 (min)
& .
KA 5 15 30 5 15 30 (min) =& o= pVEGFR2
VEGFR2 n7s
- - e D = p(Y1175) .
= oo oo VEGFR2
L 1 T § 1 1 Bl
——— — —— ~ | GAPDH
E VEGF F SR . .
_ 2= 800 -t VEGF
veh 1 5 15 30 60 (min) - == VEGF ~=-GO
T 1.004 L0 Z 0.0 &
pVEGFR2 ] a0 i 600
- (Y'"®) <75 Pi) g
g o 0.6 S 4004
& .50 x &
— VEGFR2 & i &
w w 0.3 1w 200+
> 0.25 > 2
———— | GAPDH  oood}p 0.0 Y
0 10 20 30 40 50 60 : 0 10 20 30 40 50 60

Time (min)

Fig. 3. High glucose generates ROS production, which induces VEGFR2
phosphorylation and degradation. (A) HUVECs grown in 5 or 25 mM glucose
or treated with GO as indicated were imaged with the ROS indicator DCF
(green) and Hoechst 33342 (blue) as a nuclear counterstain. Scale bar,
50 um. (B) Quantification of relative DCF fluorescence. n = 15 to 25 images
from three sets of cells. (C to E) Immunoblot of total VEGFR2 and pVEGFR2

ROS-induced VEGFR2 phosphorylation is ligand- and
VEGFR2 kinase—independent and requires Src kinases
To further dissect the mechanism of ROS-induced phosphorylation of
VEGFR2, we asked whether these phosphorylation events were triggered
by endothelial cell-derived VEGF (22). Treatment of cells with anti-VEGF
antibodies, which prevent VEGF from binding to its receptors, did not block
H,0,-mediated phosphorylation of VEGFR2 (Fig. 4A). Although neu-
tralizing antibodies can inactivate secreted VEGF, they are unable to block
intracellular pools of the ligand. Therefore, we compared the response of
cultured endothelial cells derived from wild-type mice and mice with an
endothelial cell-specific knockout of VEGF to ROS treatment. Wild-type
and VEGF-null endothelial cells showed comparable responses to H,O,,
suggesting that ligand was dispensable for ROS-induced VEGFR2 phos-
phorylation (Fig. 4B).

We next asked whether the intrinsic kinase activity of VEGFR2 was
required for ROS-induced VEGFR2 phosphorylation. Treatment with the
VEGEFR kinase inhibitor SU4312 completely impaired VEGF-mediated
activation of VEGFR2 but did not block phosphorylation of the receptor
upon exposure to ROS (Fig. 4C). The findings implied that VEGFR2 was
activated through a mechanism other than transphosphorylation.

Similar to other RTKSs, the cytoplasmic domain of VEGFR2 contains
several tyrosine residues that, when phosphorylated, act as docking sites

veh HO0, GO ' Time (min)

from HUVECs treated with H,O, (C), GO (C and D), or VEGF (C to E) for the
indicated times. (F) Kinetics of VEGFR2/GAPDH in HUVECS s treated with VEGF
or GO. n = 3 sets of cells. (G) Quantification of VEGFR2/GAPDH from HUVECS
treated with H,O, or GO. n = 3 sets of cells. (H) Kinetics of pVEGFR2/total
VEGFR2 in HUVECs treated with VEGF or GO. n = 3 sets of cells. Data rep-
resent means + SEM and were analyzed using a Student's ¢ test.

1054 1059
)

for second messengers. There are also two tyrosines (Tyr™ " and Tyr
that function as kinase regulatory residues and must be phosphorylated
for activation of the kinase domain (Fig. 4D). Accordingly, we evalu-
ated the status of the tyrosine residues in VEGFR2 that become phos-
phorylated as a consequence of ligand binding. Although the pattern of
tyrosine phosphorylation upon treatment with VEGF was similar to pre-
vious reports, the kinase regulatory tyrosine residues Tyr'®* and Tyr'®’
were not phosphorylated upon ROS exposure (either GO or H,0,) (Fig.
4E). These findings were further confirmed by expression of a kinase-
dead VEGFR2 construct (Y1054F/Y1059F) in 293 cells (Fig. 4F). Kinase-
dead VEGFR2 was not phosphorylated in the presence of VEGE, but was
still phosphorylated upon ROS treatment. Furthermore, complete deletion
of the extracellular domain of VEGFR2 did not impair ROS-mediated
VEGFR2 phosphorylation (Fig. 4F). Together, our data indicate that
ROS-induced phosphorylation is both ligand-independent and VEGFR2
kinase—independent.

Activation of another member of the VEGFR family, VEGFR3, can occur
in a ligand-independent manner and through the activity of Src (23, 24).
Therefore, we examined whether Src kinases were required for VEGFR2
phosphorylation upon ROS exposure. Treatment with H,O, resulted in phos-
phorylation of Src with kinetics similar to that of VEGFR2 (fig. S4A).
The Src kinase family inhibitor PP2 did not affect VEGF-induced VEGFR2
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Fig. 4. ROS-induced VEGFR2 phosphorylation is ligand- and intrinsic kinase—
independent and mediated by Src family kinases. (A) Immunoblot of total
VEGFR2 and pVEGFR2 in HUVECs treated with VEGF or H,O», + anti-VEGF
antibody. n = 3 sets of cells. (B) Immunoblot analysis of total VEGFR2 and
pVEGFR2 in VEGF-null and WT mouse liver endothelial cells treated with VEGF
or HyOs. n = 4 sets of cells. (C) Immunoblot of total VEGFR2 and pVEGFR2 in
HUVECs treated with VEGF or H,O,, + SU4312. n = 3 sets of cells. (D) Schema
of the tyrosine residues in the VEGFR2 cytoplasmic domain. (E) Immunaoblot of
each phosphotyrosine in the VEGFR2 tail after immunoprecipitation of

VEGFR2 in HUVECs treated with VEGF, H,O,, or GO. (F) Immunoblot of total
VEGFR2 and pVEGFR2 in 293 cells expressing WT, kinase-dead (Y1054F/
Y1059F), or extracellular domain—deleted (AECD) VEGFR2. n = 2 sets of
cells. (G) Immunoblot of total VEGFR2 and pVEGFR2 in HUVECs treated
with VEGF or H,O, = PP2. n = 3 sets of cells. (H and I) Immunoblot of total
VEGFR2 and pVEGFR2 in lungs from WT, src™ (H), or fyni™ (1) mice per-
fused with VEGF or H,0,. (J) Quantification of H,O>-mediated changes in
the pVEGFR2/total VEGFR2 ratio is shown relative to WT mice. n = 3 mice.
Data represent means + SEM and were analyzed using a Student’s t test.
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phosphorylation, but did prevent H,O,-mediated phosphorylation of
VEGFR?2 (Fig. 4G). Furthermore, ROS-induced VEGFR2 phosphoryl-
ation was decreased twofold in the lungs of Src or Fyn knockout mice
perfused with H,O, compared to those of wild-type controls (Fig. 4, H
to J). In addition, small interfering RNA (siRNA)-mediated knock-
down of Src, Fyn, or Yes blocked ROS-induced VEGFR2 phosphoryl-
ation by roughly twofold (fig. S4B). Inhibition of Src kinases by PP2
blocked activation of Tyr®®' and Tyr''”®> more effectively than the other
residues (fig. S4C). These results suggest that Src family kinases can
mediate ROS-induced VEGFR2 phosphorylation, although there ap-
pears to be redundancy and compensation between members.

An open question was whether other RTKs behave in a similar man-
ner. We found that Tie2, another RTK found on endothelial cells, is also
activated by ROS through Src (fig. S5, A to D), although this activation
does not result in reduction of Tie2 protein as it does with VEGFR2
(fig. S5B).

Finally, we examined whether ROS-mediated phosphorylation of
VEGFR2 resulted in downstream signaling. Phospholipase C—y (PLC-y)
and p38 are targets of VEGFR2 (25); however, PLC-y, but not p38, was
phosphorylated by Src-mediated ligand-independent VEGFR2 signaling
(fig. S5E). The findings indicate that ligand and ligand-independent acti-
vation of VEGFR?2 are likely to yield distinct signaling outcomes.

ROS-induced VEGFR2 phosphorylation occurs

in the Golgi

Next, to uncover how ROS-induced VEGFR2 phosphorylation affected
VEGFR2 abundance and localization, we performed immunofluorescence
for total and phosphorylated VEGFR2. ROS stimulation led to substantial
phosphorylation of VEGFR2 located in the Golgi (Fig. 5, A to D). In ad-
dition, the Golgi pool of VEGFR2 was reduced upon ROS treatment (Fig.
5, A and C). Furthermore, a fraction of activated Src was localized in the
Golgi upon ROS treatment (fig. S6, A and B), consistent with our results
implicating Src as an upstream activator of VEGFR2.

To confirm that phosphorylation of VEGFR2 in response to ROS was
predominantly intracellular, rather than at the cell surface, we performed
cell surface proteolysis assays. As expected, shedding of cell surface VEGFR2
before VEGF stimulation blocked VEGFR2 activation. In contrast, cells
subjected to external proteolysis still exhibited VEGFR2 phosphorylation
when exposed to ROS (Fig. 5E).

We then determined the abundance of VEGFR?2 at the plasma mem-
brane and within intracellular stores after ROS treatment using cell surface
biotinylation assays. Upon GO stimulation, intracellular VEGFR2 was sub-
stantially reduced, whereas cell surface VEGFR2 was largely unaffected
(Fig. 5, F and G). As previously reported (26), we also noted that stim-
ulation with VEGF promoted a transient increase or stabilization of cell
surface VEGFR2 protein abundance (Fig. 5F). Because activation of
VEGFR?2 results in receptor degradation (27), the reduction in intracellular
VEGFR?2 protein abundance is consistent with a burst of VEGFR2 phos-
phorylation in the Golgi compartment, and not at the cell surface.

Subsequently, we sought to reconcile results from initial experiments
(Fig. 2, F and J) indicating that chronic hyperglycemia leads to reduction
of cell surface VEGFR2, whereas a burst of ROS leads to decreased abun-
dance of an intracellular, Golgi-localized pool of VEGFR2. In this regard,
it is important to recall that disruption of endosomal trafficking from the
Golgi to the plasma membrane initially triggers degradation of the Golgi
pool of VEGFR2, which eventually results in decreased cell surface VEGFR2
(28). We predicted that hyperglycemia and ROS might yield a similar out-
come, whereby acute exposure to ROS is unlikely to alter cell surface abun-
dance of VEGFR2; however, in a chronic situation, a concurrent reduction
in plasma membrane—localized VEGFR?2 is likely to occur. To test this hy-

pothesis, we performed pulse-chase experiments in which VEGFR2 abun-
dance was monitored in HUVECs subjected to an acute burst of ROS.
Similar cultures received a short treatment with extracellular VEGF, which
results in a transient reduction of cell surface VEGFR2. We also used a
combination of VEGF and GO stimulation to deplete both plasma mem-
brane and Golgi pools and predicted an enhanced effect. Indeed, with acute
ROS stimulation and a recovery time of 12 hours, we observed that the cell
surface pool of VEGFR2 was reduced (Fig. 5, H and I) and that HUVECs
were less responsive to VEGE, using phosphorylated VEGFR?2 as a readout
(Fig. 5, J and K).

Antioxidants rescue the effects of ROS on

endothelial cells

To further test whether the effects observed on endothelial cells under hy-
perglycemic conditions were in fact due to ROS production, we performed
experiments in the presence of the antioxidant N-acetyl-L-cysteine (NAC)
(9, 29). NAC effectively blocked ROS production in endothelial cultures
as a result of H,O, and GO treatment (Fig. 6, A and B). NAC also decreased
VEGFR2 phosphorylation in response to H,O, (ligand-independent sig-
naling), whereas it had no effect on VEGF-mediated phosphorylation of
VEGFR?2 (ligand-dependent activation) (Fig. 6C). Furthermore, in cell sur-
face biotinylation assays, NAC treatment under high-glucose conditions res-
cued the abundance of cell surface VEGFR2 similar to that observed under
normal glucose (Fig. 6, D and E). Moreover, cells cultured under high glu-
cose and exposed to NAC showed increased response to VEGF stimulation,
as indicated by phosphorylation of VEGFR2 (Fig. 6, F and G), compared to
cells treated with high glucose alone. In addition, NAC rescued the func-
tional defects observed in endothelial cells under high-glucose conditions.
In wound closure migration assays, cells cultured with NAC and in the pres-
ence of high glucose migrated faster than cells grown in high glucose alone,
and to a similar rate as cells grown under normal glucose (Fig. 6H).

The experiments in vitro supported the conclusion that hyperglycemia-
generated ROS promoted ligand-independent VEGFR2 signaling. Further-
more, under long-term exposure to glucose, this phosphorylation resulted in
extensive use of VEGFR2 in the Golgi, depleting intracellular stores and
subsequently affecting cell surface abundance of VEGFR2. To confirm these
results in vivo, we assessed cell surface and intracellular pools of VEGFR2
protein in ob/ob and wild-type mice, using an in vivo cell surface biotinylation
assay. In addition to the significant decrease in total protein abundance (Fig.
1H), we found that the ratio of cell surface to total VEGFR2 was also affected
in ob/ob mice, despite equivalent biotinylation of the endothelial cell sur-
face as shown by biotin immunofluorescence (Fig. 7, A and B). ob/ob mice
showed a 40% reduction in the cell surface abundance of VEGFR2, as
well as a significant decrease in intracellular VEGFR2 (Fig. 7C). Subse-
quently, we evaluated the abundance of VEGFR2 at progressive ages, rang-
ing from 2 to 6 months. The findings demonstrated that the cell surface
abundance of VEGFR2 protein was progressively reduced in older ob/ob
mice (Fig. 7, D and E). This effect was not detected for other cell surface
proteins (B; integrin and PECAM).

Finally, we treated ob/ob mice with the antioxidant NAC to determine
whether the effects of hyperglycemia on VEGFR2 phosphorylation in re-
sponse to VEGF could be rescued. Although ob/ob mice exposed to constant
NAC remained hyperglycemic, phosphorylation of VEGFR2 in response to
VEGF was comparable to that in wild-type mice (Fig. 7, F and G).

DISCUSSION

Although vascular complications have long been associated with diabetes,
the complex series of events that lead to endothelial dysfunction in a hyper-
glycemic setting are less understood. Here, we showed that high-glucose
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exposure results in a buildup of ROS, which induces ligand- and intrinsic ~ receptor at the cell surface and decreased angiogenic responses. The findings
kinase-independent VEGFR2 phosphorylation. In time, this promotes reduc-  demonstrate the remarkable versatility of the VEGFR2 signaling system and,
tion of VEGFR2 in the Golgi compartment, which eventually results in less  in particular, uncover a ligand-independent function of the receptor.
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Fig. 6. Antioxidants can rescue the effects of ROS and hyperglycemia on
VEGFR2 in endothelial cells. (A) HUVECs treated with HO, or GO + NAC
were imaged for the ROS indicator DCF (green) and the nuclear stain
Hoechst 33342 (blue). Scale bar, 50 um. (B) Quantification of relative DCF
fluorescence. n = 12 images from three sets of cells. (C) Immunaoblot for total
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It has been well documented that the outcome of RTK activation can
vary depending on location. Activation of VEGFR2 and epidermal growth
factor receptor (EGFR), among others, can occur in distinct areas depart-
ing from the plasma membrane, for example, in lipid rafts, caveolae, and
endosomes. Compartmentalization of signaling offers spatial control with
potentially important consequences for localized activation, as well as con-
trol of the extent and duration of the signal (30, 37). In addition, qualita-
tive differences in cell function arise because of recruitment of different
sets of effectors that might not be equally represented in distinct parts of
the cell.

are the membrane and intracellular controls. (E) Quantification of rela-
tive cell surface VEGFR2 after cell surface biotinylation. n = 3 sets of cells.
(F and G) Immunoblot (F) and quantification (G) of total VEGFR2 and
pVEGFR2 in HUVECs grown in 5 or 25 mM glucose + NAC, after stimulation
with VEGF. n = 3 sets of cells. (H) Wound closure migration assay in HUVECs
grown in 5 or 25 mM glucose + NAC. Relative wound density was plotted
10 hours after wounding. n = 3 sets of cells. Data represent means + SEM
and were analyzed using a Student’s t test.

Activation within the Golgi is unprecedented for VEGFR2, but has
been reported for other intracellular signaling molecules such as eNOS
(endothelial nitric oxide synthase) and Src (32, 33). Whereas it was pre-
viously thought that signaling proteins found in the Golgi were either in-
active or immature forms en route to the plasma membrane, increasing
evidence supports a role for active signaling from the Golgi that plays dis-
tinct functional roles. For example, eNOS can be phosphorylated in the
Golgi in endothelial cells in vitro (32) and in vivo (34), and Golgi-localized
eNOS is necessary for optimal nitric oxide production. VEGF signaling can
activate eNOS both at the cell surface and in the Golgi (32); however,
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Fig. 7. Antioxidants can rescue the effects of ROS and hyperglycemia on
VEGFR2 in diabetic mice. (A) Immunofluorescence of lungs from WT
and ob/ob mice after perfusion with biotin (green). Scale bar, 25 um. n =
10 mice. (B) Immunobilot of in vivo cell surface biotinylation to separate
cell surface (streptavidin bound) and intracellular (unbound) VEGFR2
in lungs from ob/ob and WT mice. B4 Integrin is a control. (C) Quanti-
fication of relative cell surface and intracellular VEGFR2 in lungs from WT
and ob/ob mice. n = 10 mice. (D and E) Lungs from ob/ob mice of the

whether Golgi activation occurs locally has not been explored. The findings
presented in this study open this possibility.

Src is another protein that is activated in association with the Golgi
compartment, which is of particular importance because our findings im-
plicate this kinase in the phosphorylation of VEGFR2. Activation of Src
family kinases at the Golgi can regulate retrograde trafficking (33, 35). Src
activation at the Golgi can be induced by growth factor stimulation (36) or
oxidative stress (37). The findings reported here show a mode of VEGFR2
signaling that is Src-dependent and occurs under oxidative stress. Similar
Src-dependent activation of VEGFR2 has been reported under conditions
of fluid sheer stress (38) and for VEGFR3 upon endothelial cell adhesion
to the extracellular matrix (23) and in sprouting angiogenesis (24). In ad-
dition, Src-dependent activation of EGFR under oxidative stress has been
reported to occur in a ligand-independent manner and cannot be blocked

indicated ages evaluated by immunoblot (D) and quantification (E) of
cell surface and intracellular abundance of VEGFR2. n = 4 mice per con-
dition. B4 Integrin and PECAM are membrane controls. (F and G) WT and
ob/ob mice exposed to NAC or vehicle throughout their lifetime were
perfused with VEGF or vehicle control. Immunoblots (F) and quantifica-
tion (G) of total VEGFR2 and pVEGFR2 after immunoprecipitation of
VEGFR2. n = 3 to 9 mice per condition. Data represent means + SEM and
were analyzed using a Student’s ¢ test.

by inhibitors against EGFR kinase activity. However, ROS-mediated phos-
phorylation of EGFR occurs at the cell surface and induces stabilization of
the receptor at the plasma membrane (39). Together, these findings (EGFR,
VEGFR3, and VEGFR?2, in this work) provide an alternate mechanism
of signaling by RTKs. In addition to activation through receptor dimeri-
zation induced by ligands, the option of ligand-independent phosphoryl-
ation through other kinases can also occur, which appears to require Src.
However, the downstream consequences of ligand-independent Src-mediated
signaling might be distinct for individual RTKs.

Induction of VEGFR?2 signaling by ROS has been reported previously,
although in a manner requiring VEGF ligation (11, 40—42). Through a
mechanism common to other RTKs, VEGF binding to VEGFR2 induces
ROS production, which is necessary for activation of downstream signal-
ing. Activation of RTK signaling programs by low concentrations of ROS
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likely aids in normal cell function in the short term, but as shown here,
long-term ROS exposure results in the exhaustion of these pathways,
leading to endothelial damage. In agreement with this concept and our
observations, down-regulation of the antioxidant peroxiredoxin II also
results in inactivation of VEGF-VEGFR2 signaling (43).

The VEGF-VEGFR?2 axis controls various endothelial cell functions
ranging from migration to proliferation to survival. Differences in sig-
naling outcomes by the same receptor are dictated by varying the modes
of activation. For example, the manner in which VEGF is presented to
VEGFR?2 directs the formation of functionally and molecularly distinct
complexes resulting in distinct modes of vascular expansion (44). Activa-
tion of VEGFR2 by soluble VEGF leads to preferential activation of Akt
and receptor association with neuropilin 1 and B; integrins (45—47). In
contrast, activation of VEGFR2 by VEGF that is bound to the extracel-
lular matrix results in receptor binding with B, integrins and activation of
p38. Furthermore, activation of intracellular VEGFR2 by VEGF produced
by endothelial cells promotes endothelial cell survival (22). This work
presents an additional layer of versatility in the modes of VEGFR?2 signaling,
whereby its phosphorylation in the Golgi compartment occurs in a ligand-
and intrinsic kinase—independent fashion, offering the option for rapid and
perhaps monomeric signaling at a site far from the cell membrane.

MATERIALS AND METHODS

Mice

ob/ob (48) and STZ mice were obtained from The Jackson Laboratory.
VE-Cadherin-Cre transgenic mice (49) were crossed to VEGF'Y°* mice
(50) to generate VEGF endothelial cell knockout (VEGF“¥©) mice (22).
sre”’” (51) and fym™" (52) mice were obtained from J. Cooper (Fred
Hutchinson Cancer Research Center). Experimental procedures were per-
formed in accordance with university guidelines.

Cells

HUVECsS (Vec Technologies) and liver endothelial cells from VEGFFCK©
or wild-type mice (22) were cultured in MCDB 131 (Vec Technologies)
with 10% fetal bovine serum (FBS). 293 cells (American Type Culture
Collection) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen) with 10% FBS. Cells were maintained at 37°C with 5% CO,.
Cells cultured under high glucose were grown in the presence of 25 mM
glucose for a minimum of 5 days.

Angiogenesis assays

For wound-healing assays, full-thickness, excisional skin wounds were per-
formed under sodium pentobarbital (160 mg/kg) by biopsy punches on
the back of the mouse. Wounds were imaged daily with a Nikon Coolpix
995 digital camera. Images were analyzed with ImageJ (National Insti-
tutes of Health). For matrix gel assays, mice were injected subcutaneously
with collagen type I (3 mg/ml) (BD Biosciences), fibrinogen (1 mg/ml)
[with aprotinin (0.1 U/ml) and thrombin (0.5 U/ml)], VEGF (1 pg/ml), and
DMEM. After 7 days, explants were removed and fixed in 2% paraformal-
dehyde. Confocal images of sections stained for PECAM were processed
by Image] to generate average Z-projected images. Vascular density was
quantified with AngioTool (53).

Tyrosine phosphorylation assays

Cells were starved in serum-free medium overnight. Cells were treated with
200 uM Na3;VO, in MCDB 131 for 5 min at 37°C, then VEGF (100 ng/ml)
in MCDB 131 for 5 min, or with GO (1 U/ml) or 500 uM H,0, in MCDB
131 for 5 to 90 min at 37°C. In experiments using inhibitors, cells were

pretreated with the indicated inhibitor for 2 hours at 37°C. Cells were
lysed in modified radioimmunoprecipitation assay (mRIPA) buffer as de-
scribed previously (47). For in vivo assays, mice were perfused with 10 ml
of 200 uM Na3;VOy in serum-free DMEM, then either 10 ml of VEGF
(200 ng/ml), 1 mM H,0,, or vehicle in serum-free DMEM. Total lungs
were lysed in mRIPA (100 pl mRIPA/10 mg lung), homogenized, and cen-
trifuged to clear debris. The following inhibitors were used at the indicated
concentrations: anti-VEGF antibody, 10 pg/ml (Genentech); SU4312, 20 uM
(Sigma); PP2, 10 uM (Millipore); NAC, 0.2 to 4 mM for in vitro exper-
iments, 5 mg/ml for mouse experiments (Sigma).

Quantitative real-time PCR

The following primers were used: Jegfi2, 5-GATGAGCGCTGTGAACGCTT-3
(forward) and 5'-CTGCCTCAATCACTTGGCCG-3' (reverse); Vegfa, 5'-
CAGGCTGCTGTAACGATGAA-3' (forward) and 5’-GCATTCACATCT
GCTGTGCT3' (reverse); Hprt, 5'-CTGGTTAAGCAGTACAGCCCCAA-3’
(forward) and 5'-CGAGAGGTCCTTTTCACCAGC-3’ (reverse). Each reaction
was run in duplicate, normalized, and calculated relative to Hprt.

Migration assay

Cells were starved in MCDB 131 + 0.1% FBS overnight. Wounds were
created with a 96-pin WoundMaker (Essen). Cells were washed and
grown in MCDB 131 +0.1% FBS with 5 or 25 mM glucose, + NAC, £ VEGF
(100 ng/ml). Images were taken every 2 hours with an IncuCyte Imaging
System (Essen).

Cell surface biotinylation

HUVECs were washed with Hanks’ balanced salt solution (HBSS) and
then labeled with sulfo-NHS-SS-biotin (0.5 mg/ml) (Pierce) in HBSS for
30 min at 4°C. The labeling reaction was stopped with MCDB 131. Cells
were harvested in mRIPA. Lysates (100 pg) were incubated with 30 pl
of streptavidin-agarose (Pierce) for 2 hours at 4°C. Unbound supernatant
was separated. Bound proteins were washed with mRIPA and eluted with
Laemmli buffer. In vivo biotinylation was performed as described previ-
ously (54).

Subcellular fractionation

HUVECs (2 x 100-mm plates per condition) were harvested, and fractiona-
tion was done as described previously (32). Fractions (1 ml) were taken from
the top of the gradient and concentrated with StrataClean beads (Stratagene).

Ligand-binding assays for Scatchard analysis

VEGF-A (PeproTech) and VEGF-E (ProSpec) were iodinated with the
chloramine-T method. Free iodine was less than 2%, and the specific ac-
tivity was calculated as 172,000 cpm/ng for VEGF-A and 243,000 cpm/ng
for VEGF-E. For Scatchard analysis, confluent cultures were exposed to either
5 or 25 mM glucose for 5 days. Cells were washed and incubated with
labeled VEGF for 30 min at 4°C in binding buffer [DMEM, 1% bovine serum
albumin, 25 mM Hepes (pH 7.4)] with increasing amounts of unlabeled
VEGE Cultures were washed and lysed (0.1% SDS and 0.3 M NaOH).
Radioactivity was determined with a gamma counter. Nonspecific binding
was determined with 100-fold molar excess of unlabeled growth factor.

DCF assay

HUVECs were exposed to 5 or 25 mM glucose for 5 days. Cells exposed
to exogenous ROS were treated with GO (1 U/ml) or 500 uM H,0, for
15 min, washed in HBSS, and incubated with DCF (Molecular Probes)
for 30 min and Hoechst 33342 during the last 5 min. After washing, cells
were imaged with Axiovert 200M fluorescence microscope (Zeiss) and
analyzed with Imagel.
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Cell surface proteolysis assay

HUVECs were serum-starved overnight and then treated with 0.25% trypsin +
0.02% EDTA in phosphate-buffered saline for 45 s to cleave cell surface pro-
teins. The reaction was stopped with MCDB 131 + 1% FBS. Cells were treated
with VEGF or ROS as described above.

Statistical analyses

Computation and examination of normal quantile (percentile) plots for the
distribution of continuous data were done to determine that the data follow
normal distribution on the original scale. Data were evaluated with unpaired
two-tailed Student’s 7 tests, where *P < 0.05, **P < 0.01, and ***P < 0.001.
Data are presented as means + SEM.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/7/307/ra1/DCA

Fig. S1. Blood glucose concentrations and Vegfa and Vegfr2 transcript abundance in diabetic
mice.

Fig. S2. Images of wound closure migration and Scatchard plots for VEGF-A under normal
and high-glucose concentrations.

Fig. S3. ROS-mediated activation of VEGFR2 in different endothelial cell types.

Fig. S4. Activation of Src family members.

Fig. S5. Activation of Tie2 and signaling downstream of VEGFR2 by ROS.

Fig. S6. Immunofluorescence of phosphorylated Src within the Golgi compartment.
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