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vascular diseases such as diabetic retinopathy.

Introduction

Over 25 million people in the United States have diabetes mellitus
(1) and are prone to suffer from its devastating sequelae. The met-
abolic derangements seen in diabetes lead to vascular pathology
including nephropathy and retinopathy, the latter being the lead-
ing cause of blindness in the developed world.

The VEGF signaling pathway plays an essential role in the
pathogenesis of diabetic retinopathy (2). VEGF binds to the recep-
tor VEGFR2 (an RTK) to activate multiple downstream signals
including ERK, PLCy/MARCKS, and p38. Effects of these signal-
ing pathways include endothelial cell proliferation, migration, and
barrier permeability. Direct targeting of VEGF using antibodies
(e.g., bevacizumab) has had some success in treating diabetic ret-
inopathy, but patients often develop resistance to the treatment
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The devastating sequelae of diabetes mellitus include microvascular permeability, which results in retinopathy. Despite
clinical and scientific advances, there remains a need for new approaches to treat retinopathy. Here, we have presented

a possible treatment strategy, whereby targeting the small GTPase ARF6 alters VEGFR2 trafficking and reverses signs of
pathology in 4 animal models that represent features of diabetic retinopathy and in a fifth model of ocular pathological
angiogenesis. Specifically, we determined that the same signaling pathway utilizes distinct GEFs to sequentially activate
ARFB6, and these GEFs exert distinct but complementary effects on VEGFR2 trafficking and signal transduction. ARF6
activation was independently regulated by 2 different ARF GEFs — ARNO and GEP100. Interaction between VEGFR2 and
ARNO activated ARF6 and stimulated VEGFR2 internalization, whereas a VEGFR2 interaction with GEP100 activated ARF6
to promote VEGFR2 recycling via coreceptor binding. Intervening in either pathway inhibited VEGFR2 signal output. Finally,
using a combination of in vitro, cellular, genetic, and pharmacologic techniques, we demonstrated that ARF6 is pivotal in
VEGFR2 trafficking and that targeting ARF6-mediated VEGFR2 trafficking has potential as a therapeutic approach for retinal

or do not respond adequately to inhibition of VEGF (3). Hence, a
deeper understanding of the pathogenesis of diabetic retinopathy
is needed to develop effective therapeutic strategies.

RTKs such as VEGFR2 bind their ligands at the plasma mem-
brane, and subsequent trafficking of these transmembrane pro-
teins to different subcellular compartments modulates signal
output (4-7). Notably, the binding of VEGFR2 to its coreceptor
neuropilin-1 (NRP1) leads to trafficking of activated VEGFR2/NRP1
away from RAB5-positive endosomes that contain a tyrosine phos-
phatase (thereby avoiding VEGFR2 dephosphorylation) and toward
EEA1-positive endosomes. This NRP1-dependent mechanism sus-
tains VEGFR2 activation and results in increased downstream acti-
vation of ERK1/2 compared with that observed in the absence of
NRP1 (8). This same coreceptor promotes VEGFR2 recycling back
to the plasma membrane instead of trafficking to the lysosome for
degradation (9). Thus, when and where RTKs are activated and traf-
ficked are important factors in these signaling cascades.

Trafficking of proteins from the plasma membrane and with-
in intracellular compartments is modulated by small GTPases,
including RABs and ARFs, which are members of the RAS super-
family. Interest in RABs and ARFs has grown in light of the inte-
gral role of trafficking in signaling cascades (10, 11). Wheeler et al.
(6) recently demonstrated that activating mutations in RAB35 are
found in some human tumors. These activating mutations act as

jci.org  Volume127  Number12  December 2017

4569



4570

RESEARCH ARTICLE

The Journal of Clinical Investigation

A P <0.0001 B c
P < 0.0001 — 800 4
0.254 P<0.0001 % 0.3, P=00010
2 0.20 o E 600 4 [ Adds  vVY :2‘ P'ﬂ?OS v
5 %% o0 2 = = 3 s v
- ® 7] woL R 5 A "VE' — © 0.2 =
mm0.15-% Q 4004 o [] v c O
o £ E
'-o% é O, = v -tq—s =
T go010{ O g > T3y
o .a S 200 2 0.1,
o v le) 1] o
g 0.05 1 Rs} © o o, 0
g 980 at, d%, @ > =
0.00 L — ; T ¥ 0 T T T , 0.0 ——2A VY o000
A \4 @ @ N \\/ @ @ & ¥ \4 @ @
J 9 Q ¢ 9 & ¢ o
AN PCIEIPN O & & RSP
& v & & {@\ {\\,
N N N
STZ-induced diabetes STZ-induced diabetes VEGF

Figure 1. Homozygous and heterozygous ablation of endothelium-specific Arf6 protects against permeability in a mouse model of diabetic retinopa-
thy. (A) STZ-induced diabetic retinal permeability in endothelium-driven Arf6-KO mice compared with that observed in littermate controls. (B) Glucose
levels of mice used for A. (C) VEGF-induced retinal permeability in Arf6-conditional KO mice compared with that observed in littermate controls. Error
bars represent the SEM. In A (n 28) and C (n 26), statistical significance was determined by Welch’s 1-way ANOVA and Games-Howell multiple compari-

sons test for unequal variances.

oncogenes that cause constitutive PI3K/AKT activation through
dysregulated endomembrane trafficking.

Small GTPases are guanine nucleotide-binding proteins that
cycle between active (GTP-bound) and inactive (GDP-bound)
conformations. GEFs bind GTPases and activate them by facili-
tating the exchange of GDP for GTP. Many GTPases can be acti-
vated by several GEFs; for example, the human genome encodes
16 ARF GEFs for the 5 ARF GTPases (12). Thus far, these mul-
tiple GEFs have been considered to have redundant functions,
be differentially expressed, or to activate the same GTPase as
a result of different upstream signaling pathways. For example,
the Rho GEF LARG activates RhoA (another RAS family mem-
ber) in response to SRC activation, while GEF-H1 activates RhoA
in response to ERK activation (13). In contrast, we present data
in which the same signaling pathway utilizes distinct GEFs to
sequentially activate ARF6 and exert distinct but complementary
effects on VEGFR2 trafficking and signal transduction. We show
that this pathway can be targeted therapeutically in 4 different
animal models of diabetic retinopathy as well as in a model for
ocular pathological angiogenesis.

Results

Conditional KO of Arf6 protects against vascular permeability in
2 mouse models of diabetic retinopathy. We hypothesized that the
small GTPase ARF6 may be involved in the enhanced vascu-
lar permeability seen in diabetic retinopathy, as ARF6 has been
shown to mediate permeability in other disease states (14, 15). We
recently discovered the essential role of ARF6 in uveal melanoma
and found upregulated protein levels of ARF6 in human tumor
samples (16). Therefore, as an initial experiment, we examined
ARF6 levels in postmortem whole-eye samples from patients with
diabetes. We found that ARF6 appeared to be upregulated in the
eyes of patients with diabetes compared with those from non-
diabetic age-matched controls, although these results were not
quite statistically significant (P = 0.05) (Supplemental Figure 1A
and Supplemental Table 1; supplemental material available online
with this article; https://doi.org/10.1172/JCI191770DS1). This find-
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ing paralleled what we discovered in tumors taken from the eyes of
patients with uveal melanoma and further suggests involvement
of ARF6 in disease-driven vascular remodeling.

To assess the involvement of ARF6 in diabetic retinopathy
in vivo, we used the streptozotocin (STZ) mouse model. STZ is a
toxic glucose analog that selectively kills pancreatic B cells. p Cell
death causes hypoinsulinemia, leading to hyperglycemia and a
phenotype strongly resembling human type 1 diabetes mellitus
and diabetic retinopathy (ref. 17 and Supplemental Figure 1B). We
tested the necessity of ARF6 in STZ-induced diabetic retinopathy
using conditional KO mice generated by the endothelial Cre driver
Tie2. Specifically, we crossed Arf6"# mice with Arf6*~ Tie2cre mice
to generate compound null offspring (Arf6"~ Tie2cre, referred to
hereafter as Arf6 cKO mice) and control littermates (Supplemen-
tal Figure 1C). We found that mice carrying either a single Arf6
allele or no Arf6 alleles in endothelial cells (Arf6*, Arf6"* Tie2cre,
Arf6"~, and Arf6" Tie2cre) showed a marked reduction in ARF6
protein levels compared with mice with 2 functional copies of Arf6
(Arf6*+, Arf6"+, and Arf6"#) (Supplemental Figure 1D). Our Arf6
cKO mice showed no developmental abnormalities. In particular,
their retinal vascular morphology (Supplemental Figure 1E) was
normal and consistent with observations made by others (18).
Basal glucose levels and urine and blood tests were also indistin-
guishable from those of their littermates (Supplemental Figure
1F and Supplemental Tables 2 and 3). Using Evans blue dye as a
marker of endothelial permeability, we found that deletion of even
a single allele of Arf6 protected mice from the marked increase in
retinal vascular permeability in STZ-induced diabetic retinopathy
(Figure 1A). This protection from excessive permeability could not
be explained by differences in blood glucose levels, because STZ
treatment induced fasting hyperglycemia to a similar degree in
both Arf6 cKO and littermate control mice (Figure 1B). Therefore,
endothelial ARF6 has a specific effect on the vascular sequelae of
diabetes rather than on the development of diabetes itself.

The mechanisms of diabetic retinopathy are complex, but it is
clear that VEGF is a key driver of pathological angiogenesis and
permeability in both type 1 and type 2 diabetes. Given the marked
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Figure 2. ARF6 is necessary for maximal VEGFR2
signaling in HRMECs. (A) ARF6 siRNA- or control
siRNA-treated HRMECs were stimulated with VEGF
for 5 minutes and assayed for VEGFR2 phosphor-
ylation. (B) ARF6 siRNA- or control siRNA-treated
HRMECs were stimulated with VEGF for 5 minutes
and assayed for PLCy, p38, ERK1/2, and MARCKS

VEGFR2 p-ERK1/2 - - phosphorylation. (€) HRMECs infected with
Control SRNA  +  + — — ERK1/2 M Ad-null, Ad-ARF6"", or Ad-ARF6%" were cultured
ARF6SiRNA — —  + 4+ _— in endothelial growth media and assayed for
VEGF - + - + p-MARCKS | b_ e VEGFR2 phosphorylation. (D) ARF6 siRNA-treated
MARCKS | s S HRMECs were assayed for VEGF-induced migration.
Control SRNA  +  +  — In C (n = 3), geometric means and 95% Cls (error
ARF6sSiRNA —  — + bars) of the ratios (each data point was normalized
VEGF -+ - to its respective Ad-null control) were plotted on
D a logarithmic scale. Statistical significance was

C
1175 [

assessed using the ratio paired, 2-tailed t test on

E
VEGFR2 § 31005 s non-normalized data, and the P values are shown
- .- -‘ § 0 E P=0.06 b= in the graph. (D) *P < 0.05, by 1-way ANOVA with
GAPDH EJ =8 11— 2 Tukey’s multiple comparisons test (n = 6). All error
%.2 10 3 i bars represent the SEM. p, phosphorylated.
ARFe v 8% g
v - 1 ©
(\“\\ GQ é}é § (u5 6 1 {eee- H-IL“ ------ °©
N ‘?‘Zg & § w2z 3 o
y§ b’v §’ i ~ ] Control siRNA  + + — -
v § 2T 4] ARF6SRNA — —  + +
B> 01 VEGF - + - +
22 > &5
o & & Qb
Y
K ¥
N yb

effect of Arf6 deletion in the STZ model, we hypothesized that
ARF6 may be necessary for VEGF signaling. To test this hypoth-
esis, we used a VEGF-induced permeability model, in which we
injected VEGF intravitreally (i.v.t.) into Arf6 cKO mice and their
control littermates. As seen in the STZ model, deletion of Arf6 pro-
tected mice against VEGF-induced retinal permeability (Figure
1C). Taken together, these data support the idea that ARF6 is nec-
essary for VEGF-induced vascular leakage in diabetic retinopathy.

ARF6 is necessary for maximal VEGFR2 signaling in human ret-
inal microvascular endothelial cells. Our in vivo results demonstrat-
ed the necessity of ARF6 in VEGF-induced permeability, suggest-
ing that ARF6 is required for VEGF-induced VEGFR?2 activation
in vivo. Indeed, we found that the eyes from Arf6”" Tie2cre mice
had reduced VEGF-induced VEGFR2 phosphorylation compared
with those from Arf6"/* mice (Supplemental Figure 2, A and B).
Consequently, we sought to determine the underlying mechanism
in vitro. We knocked down ARF6 in human retinal microvascu-
lar endothelial cells (HRMECs) using siRNA and observed that
VEGFR2 activation by VEGF was greatly diminished (Figure 2A,
and quantified in Supplemental Figure 2, C-G). Furthermore,
downstream signaling of VEGFR2 was inhibited upon ARF6
knockdown, as indicated by reduced phosphorylation of PLCy,
p38, ERK, and MARCKS (Figure 2B, and quantified in Supplemen-
tal Figure 2, H-K). These signaling cascades represent divergent
arms downstream of VEGFR2, and ARF6 knockdown inhibited
each of them, positioning ARF6 at an upstream nodal point in
VEGFR2 signaling. In a complementary experiment, we observed
that expression of a constitutively active ARF6 mutant (ARF67Y)
induced VEGFR2 phosphorylation when HRMECs were cultured
inendothelial growth medium, which contains only minimal VEGF
(Figure 2C). These results demonstrate that ARF6 is necessary for

maximal VEGFR2 phosphorylation and downstream signaling.
As a functional output, we measured the migration of HRMECs
in response to VEGF under different treatment conditions. ARF6
knockdown blocked VEGF-induced migration of HRMECs (Figure
2D). ARF6 knockdown also inhibited proliferation, but not apop-
tosis, of HRMECs in complete endothelial culture medium (Sup-
plemental Figure 2, L and M). These results demonstrate that the
effects of ARF6 on VEGFR2 have functional relevance.

Maximal VEGF signaling requires ARF6-mediated VEGFR2
trafficking in HRMEC:s. It has been suggested that ARF6 mediates
VEGF-induced phosphorylation of caveolin-1, which is important
for cell migration and proliferation in HUVECs (19). However,
the role of caveolin-1 in regulating endothelial VEGF signaling is
not clear and may differ among endothelial cells originating from
different vascular beds (20-22). In HRMECs, VEGF stimulation
did not lead to the phosphorylation of caveolin-1 (Supplemental
Figure 3A), suggesting that ARF6 may affect VEGF signaling via
an alternative mechanism. Previous work has shown that ARF6
functions in vesicular trafficking at the plasma membrane (16, 23).
To determine whether the effects of ARF6 on VEGFR2 signaling
were due to trafficking events, we measured endocytosis by label-
ing cell-surface proteins with biotin, allowing time for endocytosis
and then removing biotin from proteins remaining at the cell sur-
face. Using this assay, we found that ARF6 knockdown inhibited
the VEGF-induced internalization of VEGFR2 (Figure 3, A and B).
This result was confirmed by immunofluorescence microscopy
(Figure 3C and Supplemental Figure 3B). To determine wheth-
er this internalization is responsible for the effects of ARF6 on
VEGFR?2 phosphorylation, we treated HRMECs with Pitstop 2, a
small-molecule inhibitor of clathrin-mediated endocytosis. We
found that Pitstop 2 treatment markedly reduced ligand-induced
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Figure 3. Maximal VEGF signaling depends on ARF6-mediated receptor trafficking in HRMECs. (A and B) ARF6 siRNA- or control siRNA-treated HRMECs
were labeled with biotin, stimulated with VEGF for 5 minutes, and assayed for internalized VEGFR2. IB, immunoblot. (C) ARF6 siRNA- or control siRNA-
treated HRMECs were stimulated with VEGF for 5 minutes and assayed for colocalization of internalized VEGFR2 with endosome markers. Scale bar: 30
um; original magnification, x1,200. The images in € show a single optical confocal section through an internal region of the HRMECs; the Z-stacked images
are shown in Supplemental Figure 3B. (D) Pitstop 2-treated HRMECs were stimulated with VEGF for 5 minutes and assayed for VEGFR2, ERK1/2, and
MARCKs phosphorylation. In B (n = 5), geometric means and 95% Cls (error bars) of the ratios (each data point normalized was to its respective untreated
control) were calculated, and the ratios were plotted on a logarithmic scale. Statistical significance was assessed using the ratio paired, 2-tailed t test on

non-normalized data, and the P value is shown in each graph.

VEGFR2 phosphorylation and downstream signaling, phenocopy-
ing ARF6 knockdown (Figure 3D, and quantified in Supplemental
Figure 3, C-E). This result indicates that blocking clathrin-medi-
ated endocytosis is sufficient to inhibit VEGF-induced VEGFR2
activation and signaling. Taken together, these data support a
model in which ARF6 controls VEGFR2 endocytosis and conse-
quently affects its activation and downstream signaling.

The ARF GEF ARNO is required for VEGFR2 internalization.
Activation of small GTPases such as ARF6 depends on GEFs, which

jci.org  Volume127  Number12  December 2017

activate GTPases by triggering the exchange of GDP for GTP. The
ARF GEF ARNO was shown to be involved in VEGFR2 signaling in
an immortalized human microvascular endothelial cell line; howev-
er, ARF6 was not investigated in that study (24). We tested whether
ARNO was responsible for VEGF-induced ARF6 activation in our
system. Knockdown of ARNO decreased VEGF-induced ARF6 acti-
vation as measured by ARF6-GTP pulldown assays (Figure 4, A and
B, and Supplemental Figure 4A). Since we observed that ARF6 acti-
vation is necessary for maximal VEGFR2 activation and signaling,
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Figure 4. The ARF-GEF ARNO is required for VEGFR2 internalization. (A) VEGF-treated HRMECs were assayed for ARF6 activation using an ARF6-GTP-
pulldown assay. (B) ARNO siRNA-treated HRMECs were assayed for VEGF-induced ARF6 activation. (C) ARNO siRNA- or control siRNA-treated HRMECs
were stimulated with VEGF for 5 minutes and assayed for VEGFR2 phosphorylation. (B) ARNO siRNA- or control siRNA-treated HRMECs were stimulated
with VEGF for 5 minutes and assayed for PLCy, p38, ERK1/2, and MARCKS phosphorylation. (E) ARNO siRNA- or control siRNA-treated HRMECs were
labeled with biotin, stimulated with VEGF for 5 minutes, and assayed for internalized VEGFR2. (F) ARNO siRNA- or control siRNA-treated HRMECs were
assayed for VEGF-induced cell migration. (G) HRMECs infected with Ad-null, Ad-ARNO", or Ad-ARNOE"*¢ were stimulated with VEGF and assayed for
VEGFR2 phosphorylation. In A (n = 5) and E (n = 5), geometric means and 95%Cls (error bars) of the ratios (each data point was normalized to its respective
untreated control) were calculated, and the ratios were plotted on a logarithmic scale. Statistical significance was assessed using the ratio paired, 2-tailed
t test on non-normalized data, and the P value is shown in each graph. In B (n = 3), F (n = 4), and G (n = 3), a 1-way ANOVA with Tukey’s multiple compari-
sons test was used to assess statistical significance (*P < 0.05, **P < 0.01, and ***P < 0.001). All error bars represent the SEM.

we reasoned that knocking down the GEF that activates ARF6 would
have the same effect on VEGFR2. Indeed, we found that ARNO
knockdown inhibited VEGF-induced VEGFR2 activation (Figure
4C, and quantified in Supplemental Figure 4, B-E) as well as phos-
phorylation of PLCy, p38, ERK, and MARCKS (Figure 4D, and quan-
tified in Supplemental Figure 4, F-I). Furthermore, we observed that
ARNO knockdown blocked VEGFR2 internalization in our biotinyla-
tion assay (Figure 4E). Last, we found that ARNO knockdown inhib-
ited VEGF-induced migration of HRMECs (Figure 4F).

To complement these loss-of-function experiments, we used
adenoviral vectors to overexpress WI ARNO and a mutant of

ARNO that lacks GEF activity (ARNOE¢X) (25, 26). Compared with
HRMECs treated with an empty adenovirus (Ad-null), we found
that Ad-ARNOY treatment significantly increased VEGF-induced
VEGFR2 phosphorylation, while Ad-ARNOF*¢* treatment did not
(Figure 4G). These data indicate that ARNO overexpression poten-
tiates VEGF signaling and that this potentiation requires the GEF
activity of ARNO, supporting our model in which ARNO activates
ARF6 to facilitate VEGFR2 endocytosis and signaling.

GEPIOO is necessary for maintaining VEGFR2 protein levels.
GEP100 is another GEF that has been shown to activate ARF6 (16,
27). Given that ARNO activates ARF6 in our assays, we assumed
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Figure 5. The ARF-GEF GEP100 is important for VEGFR2 signaling and recycling. (A) GEP100 siRNA- or control siRNA-treated HRMECs were assayed for
VEGF-induced ARF6 activation. (B) GEP100 siRNA- or control siRNA-treated HRMECs were stimulated with VEGF for 5 minutes and assayed for VEGFR2,
ERK1/2, and MARCKS phosphorylation. A representative blot from at least 4 independent experiments is shown. (C) GEP100 siRNA- or control siRNA-treated
HRMECs were assayed for VEGF-induced cell migration. (D) GEP100 siRNA- or control siRNA-treated HRMECs were labeled with biotin, stimulated with VEGF

for 5 minutes, and assayed for internalized VEGFR2. (E) ARF6 siRNA-, ARNO siRNA-, GEP100 siRNA-, or control siRNA-treated HRMECs were stimulated with

VEGF for 60 minutes and assayed for VEGFR2 levels. (F) ARF6 siRNA-, ARNO siRNA-, GEP100 siRNA-, or control siRNA-treated HRMECs were stimulated
with VEGF for 5 minutes and assayed for colocalization of VEGFR2 with the lysosomal marker LAMP1. Scale bars: 30 um; original magnification, x1,200 and
additional x7 (inset). The images in F show a single optical confocal section through an internal region of the HRMECs, and the Z-stacked images are shown in
Supplemental Figure 4K. In D, the geometric means and 95% Cls (error bars) of the ratios (each data point was normalized to its respective untreated control)
were calculated, and the ratios were plotted on a logarithmic scale. Statistical significance was assessed using the ratio paired, 2-tailed t test, and the P value
shown in each graph. In A (n =3), C(n=4), and E (n = 3), a 1-way ANOVA with Tukey's multiple comparisons test was used to assess statistical significance for
each time point (**P < 0.01). All error bars represent the SEM.
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that GEP100 would not play a role in our HRMEC system. How-
ever, we found that knockdown of GEPI0O significantly inhibit-
ed VEGF-induced ARF6 activation (Figure 5A and Supplemental
Figure 4]), VEGFR2 phosphorylation at Y1175 (Figure 5B), down-
stream signaling (Figure 5B), and migration (Figure 5C). These sig-
naling data were consistent with those obtained upon knockdown
of ARNO. However, further studies revealed distinct functions of
GEP100 and ARNO with regard to VEGFR2 signaling. Specifi-
cally, we found that knockdown of GEP100 did not affect VEGF-
induced internalization of VEGFR2 (Figure 5D), a strikingly discor-
dant finding compared with our ARNO data. GEP100 knockdown
also resulted in accelerated VEGFR2 degradation. We found that
VEGFR2 protein levels decreased more rapidly after VEGF stimu-
lation in GEP100-knockdown cells compared with cells in which
ARNO or ARF6 had been knocked down (Figure 5E). Furthermore,
knockdown of GEP100 increased colocalization of VEGFR2 and
the lysosomal marker LAMPI, as determined by immunofluores-
cence microscopy (Figure 5F and Supplemental Figure 4K). These
data suggest that GEP100 knockdown, but not ARF6 knockdown,
accelerated VEGFR2 degradation, because knockdown of ARF6
also inhibited VEGFR2 internalization, which prevented subse-
quent endosomal sorting to the lysosome. Together, these data
indicate that GEP100 is necessary for maximal VEGFR2 activa-
tion and signaling through its role in maintaining VEGFR2 protein
levels, but is dispensable for VEGFR2 internalization.

GEPI00-ARF6 promotes binding of VEGFR2 with its coreceptor
NRP1, which regulates VEGFR2 intracellular trafficking and signal
output. Recent seminal studies have revealed the importance of
coreceptors in RTK trafficking. Specifically, it has been shown
that NRP1 acts as a coreceptor for VEGFR2. When VEGFR2 binds
NRP], itisrecycled to the plasma membrane rather than trafficked
to the lysosome for degradation (8, 9, 28). In light of these estab-
lished findings, we hypothesized that ARF6 might affect VEGFR2
trafficking by influencing its interaction with NRP1. Knockdown
of ARF6 prevented VEGF-induced binding of NRP1 and VEG-
FR2 (Figure 6A). To investigate which GEF was responsible for
this function of ARF6, we knocked down GEPIOO and ARNO
and found that only GEP100 knockdown affected VEGFR2-
NRP1 binding (Figure 6B). To test whether the ARF6-GEF activ-
ity of GEP100 is necessary for VEGFR2-NRP1 interaction, we
expressed constitutively active ARF6%" in cells in which GEP100
was silenced and showed that ARF6%™ rescued VEGFR2-NRP1
binding (Figure 6C). This result strongly suggests that the ARF6-
GEF activity of GEP100 is specifically required for the interaction
of VEGFR2 and NRP1.

We next asked whether GEP100 and ARF6 affect VEGFR2-
NRP1 binding at the plasma membrane or after internalization.
We found that GEP100 knockdown blocked VEGFR2-NRP1 bind-
ing, even in the presence of the clathrin-mediated endocytosis
inhibitor Pitstop 2, suggesting that GEP100 exerts its effects on
this interaction at the plasma membrane before internalization
(Figure 6D). These data indicate that the action of GEP100 is to
facilitate VEGFR2-NRP1 binding at the plasma membrane, but
that the consequence of this VEGFR2-NRP1 binding is manifest-
ed later during subsequent intracellular trafficking and recycling.
Thus, GEP100 is necessary for maximal VEGFR2 activation and
maintains VEGFR2 protein levels.
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To determine whether GEP100 and ARNO influence VEGFR2
trafficking at distinct locations, we examined their subcellular local-
ization by immunofluorescence. We found that GEP100 and ARNO
do not colocalize in HRMECs (Figure 6E). Upon VEGF stimulation,
both ARNO and GEP100 showed punctate staining with little over-
lap. Some of the GEP100 protein appeared to be located near the
plasma membrane, while the majority of ARNO was present in clus-
tered cytoplasmic and perinuclear pools. This result suggests the
presence of 2 spatially distinct pools of ARF-GEFs in HRMECs.

These in vitro data indicate that 2 ARF GEFs, GEP100 and
ARNO, activate ARF6 to exert distinct and complementary effects
on VEGFR? trafficking and signaling. Our findings further indi-
cate that ARNO activates ARF6 to induce VEGFR?2 internaliza-
tion and that GEP100 activates ARF6 to enable VEGFR2-NRP1
binding at the plasma membrane, which prevents trafficking of
VEGFR?2 to the lysosome for degradation after internalization.
Both of these trafficking mechanisms involve ARF6 and together
lead to maximal VEGFR2 signal transduction.

A small-molecule inhibitor of ARF6 reduces pathology in 2 mouse
models of diabetic retinopathy and a mouse model of ocular patholog-
ical angiogenesis. Our in vitro and in vivo genetic studies provide
a strong rationale for targeting ARF6 in diseases such as diabetic
retinopathy that feature hyperactive VEGF signaling. Our labora-
tory recently developed a small-molecule inhibitor of ARF6, NAV-
2729, that showed efficacy in a mouse model of uveal melanoma.
We also have shown that this compound is not toxic at efficacious
doses when administered systemically in several different mouse
strains (16). Pharmacokinetic studies using NAV-2729 were per-
formed in mouse eyes (Supplemental Figure 5A), and NAV-2729
was shown to be present at high levels in the eye for at least 1 week.
Injection of NAV-2729 into mouse eyes decreased VEGF-induced
VEGFR2 phosphorylation in vivo (Supplemental Figure 5B). Also,
treatment of cultured HRMECs with NAV-2729 reduced the lev-
els of the active, GTP-bound form of ARF6 (Figure 7A), blocked
VEGF-induced VEGFR2 phosphorylation (Figure 7B), and inhib-
ited VEGF-induced migration of HRMECs in a concentration-
dependent manner (Figure 7C).

To assess the therapeutic potential of inhibiting ARF6 in the
context of diabetic retinopathy, we administered this compound in
the STZ mouse model. We found that NAV-2729 treatment signifi-
cantly reduced vascular permeability in the retinae of diabetic mice
and was more efficacious than SU4312, a small-molecule inhibitor
of VEGFR?2 (Figure 7D and Supplemental Figure 5, C and D).

To provide a more complete clinical representation of diabetic
retinopathy in vivo, we tested the protective effects of the ARF6
small-molecule inhibitor NAV-2729 in oxygen-induced retinopa-
thy (OIR), which has been used as a mouse model for proliferative
diabetic retinopathy (29). We found that, as in mice treated with
SU4312, NAV-2729 treatment significantly inhibited the extent of
retinal neovascularization in OIR (Supplemental Figure 5E). To
further assess the therapeutic potential of ARF6 inhibition for oth-
er angiogenic ocular diseases, we tested the effects of NAV-2729
on laser-induced choroidal neovascularization (CNV) and found
that CNV was reduced when mice were administered this ARF6
inhibitor (Supplemental Figure 5F).

A small-molecule inhibitor of ARF6 abrogates vascular permea-
bility and pathologic angiogenesis in a rat model of diabetic retinopa-
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thy. To expand upon these findings, we further tested the efficacy
of NAV-2729 in a rat model of STZ-induced diabetes. In diabetic
rats, small-molecule inhibition of ARF6 significantly abrogated
multiple parameters of diabetic retinopathy, including neovascu-
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larization, pinpoint leaks, optic disc hyperfluorescence, and vas-
cular permeability in the retinae, without changing blood glucose
levels (Figure 7, E-G, and Supplemental Figure 5, G and H). Impor-
tantly, both our mouse and rat studies involved administration of
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Figure 7. Pharmacological inhibition of ARF6 reverses permeability in mouse and rat models of diabetic retinopathy. (A-C) Effects of NAV-2729 on
VEGF-induced ARF6-GTP levels (A), VEGFR2 phosphorylation (B), and migration (C) of HRMECs. (D) STZ-induced diabetic permeability in mice treated
with DMSO, SU4312, or NAV-2729. (E) STZ-induced diabetic neovascularization in rats treated with DMSO or NAV-2729. (F) STZ-induced diabetic pinpoint
leakage in rats treated with DMSO or NAV-2729. (G) STZ-induced diabetic optic disc hyperfluorescence in rats treated with DMSO or NAV-2729. Dotted lines
between data points represent the same animal after different treatments. In D (n >18), statistical significance was determined by Welch's 1-way ANOVA
and Games-Howell multiple comparisons test for unequal variances. In E-G (n >11), a paired, 2-tailed t test was used to assess statistical significance

(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). All error bars represent the SEM.

NAV-2729 in the setting of established diabetes. These findings
demonstrate therapeutic efficacy of ARF6 inhibition in diabetic
retinopathy in 2 species.

Discussion

Our model of VEGFR2 trafficking involves 2 functionally dis-
tinct pools of ARF6, each activated by a different GEF. There
is precedence for multiple GEFs working together on a single
GTPase, but such data are generally interpreted as evidence of
redundant, independent pathways with a common outcome (13).
Here, we instead describe the action of different GEFs acting at 2
control points during the intracellular trafficking of VEGFR2. As
depicted in Figure 8, activation of ARF6 by ARNO is necessary
for VEGF-induced VEGFR2 internalization. Furthermore, the
GEP100-dependent activation of ARF6 is necessary for VEGFR2-
NRP1 binding, which is required to maintain VEGFR2 protein
levels and recycling of the receptor. Given these data and previ-

ous reports (8, 9), we suggest that GEP100 functions to promote
VEGFR2 recycling and prevent its lysosomal degradation by induc-
ing the formation of VEGFR2-NRP1 complexes that are main-
tained throughout the signaling process. Importantly, these 2 func-
tions of ARF6 are distinct, but they cooperate to increase overall
VEGFR2 activity. ARNO-mediated internalization increases
VEGFR2 phosphorylation, while GEP100 acts to maintain this
phosphorylation and total VEGFR2 protein levels. These conclu-
sions represent a synthesis of conflicting data in the field: both
ARNO and GEP100 have been independently presented as medi-
ating VEGFR2 signaling (24, 27). By considering their common
downstream effector ARF6, we show here that both GEFs are nec-
essary for VEGFR2 trafficking and signaling.

In support of targeting ARF6 in diabetic retinopathy, we show
that deletion of even a single allele of Arf6 in mice significantly
(Figure 1A) abrogated retinal vascular leakage in the STZ model.
This is not surprising, given that partial knockdown of ARF6 in
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Figure 8. Schematic depicting the function of ARF6 and its GEFs in VEGFR2 trafficking and signaling. VEGF stimulation induces VEGFR2 dimerization
and phosphorylation as well as ARF6 activation. The effect of ARF6 on this pathway is specified by the particular GEF that activates it. GEP100-dependent
ARF6 activity promotes VEGFR2 binding to its coreceptor NRP1 at the cell surface, while ARNO-dependent ARF6 activity promotes VEGFR2 internaliza-
tion. When bound to NRP1, VEGFR2 exhibits decreased lysosomal localization and degradation and increased plasma membrane recycling. Thus, ARF6
mediates VEGFR2 internalization and coreceptor binding, 2 trafficking mechanisms that are necessary for maximal VEGFR2 phosphorylation and down-
stream signaling. Note: phosphorylation at Y1175 has been shown to increase upon internalization of VEGFR2 (41). For simplicity, we illustrate this increase
by showing only 1 of the 2 VEGFR2 chains phosphorylated at the plasma membrane. However, the true phosphorylation state of each chain at the plasma

membrane has not yet been elucidated.

HRMEG S significantly decreases VEGF signaling. This suggests
that pharmacological inhibition of ARF6 could be a valuable ther-
apeutic approach for treating diabetic retinopathy. A predicted
reduction of approximately 50% in ARF6 protein levels is suf-
ficient to rescue STZ-induced diabetic retinopathy, suggesting
that complete inhibition of ARF6 is not necessary for therapeutic
intervention. This provides us with a broad therapeutic window
for delivery of the small-molecule inhibitors, which increases our
chance of finding an efficacious dose that does not produce tox-
icity. Ablation of Arf6 using Tie2cre thus appears to inhibit patho-
logical VEGF signaling specifically, without having detrimental
effects on vascular development. In addition to our in vitro and
genetic data, we show that iv.t. injection of a small-molecule
inhibitor of ARF6 in mice reduces their diabetic vascular leak-
age. We did find, notably, that ARF6 inhibition through genet-
ic or pharmacological means did not alter blood glucose levels,
suggesting that the phenotype presented here reflects a blockade
of VEGF effects on the vasculature. These studies using STZ-
induced diabetes are representative of the upregulation of vascu-
lar permeability seen in early diabetic retinopathy. Given the short
timeline of these studies, however, we were not able to observe
differences in other pathologic signs of diabetic retinopathy such
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as thickening of the capillary basal lamina and neovascularization.
To address these hallmarks of more advanced diabetic retinopa-
thy, we also examined the effects of ARF6 inhibition in OIR and
found that neovascularization was reduced, suggesting that ARF6
inhibition may also be an effective therapeutic approach for later
stages of diabetic retinopathy.

Receptor trafficking is increasingly understood to potent-
ly regulate signal transduction. The present study changes our
understanding of RTKs and GTPases, showing how 2 GEFs can
use the same GTPase to exert distinct effects on a canonical RTK
signaling pathway via endocytosis and recycling. ARF6 is a nodal
point in the trafficking sequence of VEGFR2 and can be targeted
to block multiple downstream signaling pathways in a novel man-
ner. We show that receptor trafficking represents an effective ave-
nue for inhibiting signal transduction in disease.

Methods

Reagents. HRMECs at passage O (obtained from Cell Systems) were
cultured with EGM-2MV (Endothelial Cell Basal Medium-2 supplied
with EGM-2 MV SingleQuots; Lonza). The following rabbit antibodies
recognizing the indicated proteins were obtained from Cell Signaling
Technology: p-ERK1/2, VEGFR2, VEGFR2 p-Y1175, VEGFR2 p-Y951,
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VEGFR2 p-Y1059, VEGFR2 p-Y1212, p-MARCKS, p-PLCy, PLCy,
p-p38, p38, MARCKS, and VEGFR2 with Sepharose Bead Conjugate.
Mouse anti-ERK was also obtained from Cell Signaling Technology.
Mouse anti-ARF6 antibody was from MilliporeSigma or Cell Biolabs,
mouse anti-VEGFR2 was from R&D Systems, goat anti-NRP1 anti-
body was from Santa Cruz Biotechnology, and rabbit anti-GEP100
antibodies were from MilliporeSigma (Supplemental Tables 4 and 5).
siRNAs were purchased from QIAGEN (Supplemental Table 6).
ARF6-GTP-pulldown kits were from Thermo Fisher Scientific, VEGF-
165 was from Cell Signaling Technology, and the ChemoTx system for
monitoring cell migration was from Neuro Probe. Standard molecular
biology and cell culture reagents were primarily from Life Technolo-
gies (Thermo Fisher Scientific), and NAV-2729 was from Navigen Inc.

Human tissue samples. Human whole-eye samples were obtained
from the Utah Lions Eye Bank. Frozen issues were homogenized on
dry ice and lysed using RIPA buffer. ARF6 levels were assessed by
Western blot analysis. Investigators were blinded to the patients’
information and diagnosis.

Transfection and siRNAs. siRNAs were diluted in 12.5% HiPerFect
Transfection Reagent (QIAGEN) in OptiMEM (Invitrogen, Thermo
Fisher Scientific) and incubated for 10 to 20 minutes at room tempera-
ture. Passage 3-4 HRMECs were resuspended in EGM-2MV (Lonza)
and combined with siRNAs, such that the final concentration of
siRNA was 30 nM (all targets). The cells were plated and allowed to
grow overnight, and then the growth media were replaced. Three days
after the initial transfection, the cells were transfected a second time
using the same HiPerFect/siRNA concentrations as above.

Supplemental Table 4 lists all siRNAs used, along with their cata-
log numbers and sequences. We used most of these siRNAs in a pre-
vious study (14). The average knockdown was detected by Western
blotting and quantified in Supplemental Figures 2 and 4.

ARF6-GTP-pulldown assay. ARF6-GTP-pulldown assays were
performed as previously described (14). Briefly, HRMECs were trans-
fected with siRNA as described above. Cells were treated with VEGF
(20 ng/ml) or vehicle for 5 minutes 72 hours after the second siRNA
transfection. For assessment of the effects of small-molecule com-
pounds on the intracellular levels of active ARF6, HRMECs were
grown in EGM-2MV medium in 6-well tissue culture plates to 80%
to 90% confluence and exposed to the test compound NAV-2729 (25
uM) in basal EBM-2 medium supplemented with 1% FBS for 3.5 hours.
After treatment, media were aspirated, and cells were rinsed with
chilled UltraSaline (Lonza). The dishes were frozen on dry ice. Follow-
ing thawing, ARF6-pulldown lysis buffer (50 mM Tris-HCI, 100 mM
NaCl, 1 mM MgCl,, 1% NP-40, 10% glycerol, 1% protease inhibitors
[Roche] and phosphatase inhibitors [MilliporeSigmal) was added to
the cells. Lysates were centrifuged, and supernatants were added to
GGA3-conjugated beads (sta-40706; Cell Biolabs) and agitated at
4°C for 60 minutes. Beads were washed in ARF6-pulldown lysis buf-
fer and resuspended in 2x Laemmli buffer prior to loading onto 15%
SDS-PAGE gels. A fraction of the cell lysate was withheld for use as a
measure of total ARF6 in each sample.

Migration assay. HRMECs were grown under standard condi-
tions with EGM-2MV and incubated overnight in EBM-2 with 0.1%
fatty acid-free BSA (Equitech-Bio Inc.). Cells were then harvested
with Trypsin/EDTA (PromoCell) and resuspended at 6 x 10° cells/ml.
VEGF (20 ng/ml) was placed in the lower wells of a 48-well chemo-
taxis chamber (Neuro Probe). A fibronectin-coated (overnight at 4°C)
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polycarbonate membrane (10 pm; Neuro Probe) was placed between
the chemoattractant and the cells. HRMECs (50 ul, 30,000 cells) were
added to the upper wells. After incubation at 37°C for 2 hours with 20
ng/ml VEGEF, cells on the top surface of the filter were removed with
cotton swabs, and cells that had migrated through the filter onto the
undersurface were fixed and stained using a Diff-Quik stain set (Dade
Behring, Siemens). Migrated cells in 5 high-power fields were count-
ed, and migration was expressed as the percentage of migrated cells
relative to cells migrated toward EBM-2 media containing 0.1% fatty
acid-free BSA and no VEGF.

The pharmacologic effects on VEGF-induced motile activity of
HRMECs were assessed using a 96-well-based ChemoTx system
(Neuro Probe) (30). The basal medium EBM-2 used for this test was
supplemented with 0.1% FBS, ascorbic acid (1 pg/ml), and hydrocor-
tisone (0.2 pg/ml). Both polycarbonate membrane filters (8-um pore
size) and wells of the bottom (cell collector) plates were precoated
with fibronectin. The 45-ul aliquots of a suspension of serum-starved
retinal endothelial cells in the above medium (8 x 107 cells/ml) were
pipetted onto the membrane filter, which was assembled on top of the
collector plate. The wells of the latter were filled with the same medi-
um supplemented with 100 ng/ml of VEGF (30 pl/well). Each test
compound at a desired concentration or a DMSO control was added to
the matched samples on top of the membrane and in the bottom plate.
Each fully assembled ChemoTx system was incubated in a tissue cul-
ture incubator overnight, followed by aspiration of media from the top
of the membrane, cell staining on both sides of the membrane using
CyQUANT dye (Life Technologies, Thermo Fisher Scientific), and
removal of nonmigrated cells from the top of the membrane by wiping
and rinsing. Finally, the stained migrated cells were quantified fluo-
rometrically using a Synergy 4 plate reader (BioTek), with excitation
and emission wavelength settings of 485 nm and 528 nm, respectively.

Immunofluorescence visualization of VEGFR2 endocytosis. VEG-
FR2 accumulation in vesicles was visualized according to previously
described methods (8, 31) with the following modifications: HRMECs
at passage 4 were plated onto 2% gelatin 225 bloom-coated, 8-well
chambered coverglasses at a density of 8 x 10° cells/well for 24 hours
in complete EGM-2MV medium (Lonza). Monolayers were washed
twice in EBM-2 plus 0.1% fatty acid-free BSA and starved overnight
in the same media. Either 50 ng/ml VEGF,
ogy) or HBSS vehicle was given for 5 minutes at 37°C and 5% CO,, fol-

(Cell Signaling Technol-

lowed by 3 washes on ice for 7 minutes in ice-cold HBSS plus Ca and
Mg, 3% fatty acid-free BSA, and 50 mM glycine, pH 2.7. Cells were
immediately fixed for 20 minutes at room temperature in ice-cold
10% neutral buffered formalin and washed 3 times in 1x TBS plus Ca
and Mg. Primary antibodies against VEGFR2 (BioLegend), clathrin,
and RAB5 (Cell Signaling Technology) were diluted 1:50, 1:100, and
1:50, respectively, in TBS plus Ca and Mg, 1% BSA, and 0.1% sapo-
nin and incubated overnight at 4°C. Monolayers were rinsed 4 times
in 1x TBS plus Ca and Mg. Fluorescent secondary antibodies (Alexa
Fluor 488- or 594-conjugated donkey anti-mouse or anti-rabbit IgG)
were diluted to 10 ug/mlin 1x TBS plus Ca and Mg, 1% BSA, and 0.1%
saponin and applied for 1 hour at room temperature. Chambers were
rinsed 3 times in 1x TBS plus Ca and Mg and mounted in 80% glyc-
erol containing 20 mM Tris, pH 8.0, 2 ng/ml DAPI, 0.5% n-propyl
gallate, 0.02% DABCO, 0.01% p-phenylenediamine, and 0.02%
NaZ. Z-depth images of stained cells were collected on an Olympus
FV1000 confocal laser-scanning microscope, under oil immersion
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at x1,200 magnification, with seven 0.2-um slices per Z-stack and a
minimum of 5 fields imaged per condition.

Biotinylation assay. HRMECs were transfected with ARF6,
ARNO, GEP100, or control siRNA and grown to 100% confluence
on 60-mm dishes. Cells were washed twice with room-temperature
PBS and incubated with 0.6 mM primaquine (MP Biomedicals) at
37°C for 10 minutes to block recycling during the internalization step
(32, 33). The cells were washed twice with ice-cold PBS and labeled
with EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific) at 0.5
mg/ml in PBS at 4°C for 60 minutes. The excess biotin was removed
by washing the cells with ice-cold glycine in PBS with Ca* and
Mg?". The cells were then incubated with 20 ng/ml VEGF and 0.6
mM primaquine at room temperature for 5 minutes. They were then
exposed twice to GSH buffer (50 mM glutathione, 75 mM NaOH, 75
mM NaCl, 1 mM EDTA, 0.1% BSA, pH 9.0) on ice for 20 minutes to
remove surface biotin. GSH was quenched by washing with 5 mg/ml
ice-cold iodoacetamide in PBS with Ca* and Mg?". After an addition-
al wash with ice-cold PBS, cells were lysed on ice in Pierce IP Lysis
Buffer (Thermo Fisher Scientific) with a protease inhibitor cocktail.
Cell lysates were centrifuged at 13,000 xg for 5 minutes, and the
supernatant was incubated with High Capacity Streptavidin Agarose
Resin (Thermo Fisher Scientific) at 4°C for 60 minutes. Beads were
washed 3 times with Pierce IP Lysis Buffer. Bound proteins were
released in 2x Laemmli buffer with 5% B-mercaptoethanol at 95°C
for 5 minutes, and internalized VEGFR2 was analyzed by immuno-
blotting with VEGFR2 antibody.

Immunoprecipitation. Immunoprecipitation assays were per-
formed as previously described (34). Briefly, HRMECs were treated
with 20 ng/ml VEGF for 1 or 5 minutes. Cells were then washed with
ice-cold PBS and lysed with ice-cold lysis buffer (50 mM Tris-HCI,
250 mM NacCl, 1% NP-40, and 10% glycerol) with protease and phos-
phatase inhibitors (Thermo Fisher Scientific). Cell lysates were cen-
trifuged for 15 minutes at 13,000 xg and the supernatants saved. BCA
assays (Pierce, Thermo Fisher Scientific) were performed to deter-
mine protein concentrations. Lysates were precleaned with protein
A/G-Sepharose (Santa Cruz Biotechnology) for 2 hours at 4°C. Pre-
cleaned lysates were incubated with 8 mg of the indicated antibody
and protein A/G-Sepharose (Santa Cruz Biotechnology) for 1 hour
at 4°C. Beads were then washed 5 times in lysis buffer. The immu-
noprecipitates were assayed by Western blotting using peroxidase-
conjugated AffiniPure Light Chain Specific secondary antibody (Jack-
son ImmunoResearch) for signal detection.

Immunofluorescence. HRMECs, at passages 3 to 5, were plated onto
10 pg/ml fibronectin-coated (AlphaAesar), 8-well chambered cover-
glasses at a density of 5 x 10%/well and allowed to grow for 24 hours
before overnight serum starvation in EBM-2 (Lonza) plus 0.1% BSA.
Cells were treated for 5 minutes with 50 ng/ml recombinant human
VEGF

165

washing on ice in HBSS plus Ca and Mg containing 50 mM glycine and

(Cell Signaling Technology) or HBSS vehicle, followed by

3%BSA (pH 2.7) to clear ligands. Monolayers were fixed for 20 minutes
at room temperature in freshly prepared 10% v/v neutral buffered for-
malin. Formalin was cleared with 4 rinses in 1x TBS plus Ca and Mg.
Primary antibodies against GEP100 (IQSEC1, ab12242; Abcam) and
ARNO (Cytohesin 2, ab2728; Abcam) were simultaneously diluted
1:100 each in 1x TBS plus Ca and Mg containing 1% BSA and 0.1%
saponin and applied to monolayers overnight at 4°C. Unbound primary
antibodies were removed with 4 rinses in 1x TBS plus Ca and Mg. Sec-

jci.org  Volume127  Number12  December 2017

The Journal of Clinical Investigation

ondary antibodies, donkey anti-rabbit IgG, Alexa 488 conjugate, and
donkey anti-mouse IgG Alexa 594 (Molecular Probes) were used at
10 pg/ml each in 1x TBS plus Ca and Mg containing 1% BSA and 0.1%
saponin for 1.5 hours on ice, followed by 4 rinses in 1x TBS plus Ca and
Mg and mounting in 90% glycerol containing 5 ug/ml DAPI, 200 mM
Tris (pH 8.0), 0.5% n-propyl gallate, 0.05% DABCO, 0.01% p-phenyl-
enediamine, and 0.02% sodium azide.

Animals. The Arf6 gene was mutated by homologous recombina-
tion in mouse embryonic stem (ES) cells. Two alleles were generated.
The conditional (f]) allele contains 1 loxP site 5' of the Arf6 gene at
position 69,371,642 (UCSC genome browser) on chromosome 12 and
a second loxP site 3’ of the Arf6 ORF at position 67,373,928. The null (-)
allele was generated by deleting the sequences between the 2 1oxP sites
by Cre-mediated recombination using HPRTcre (The Jackson Labo-
ratory). Conditional KO of Arf6 was achieved by crossing Arf6"" mice
with Arf6*/~ Tie2cre mice (The Jackson Laboratory).

In vivo activation of VEGFR2. Twelve-week-old mice were anes-
thetized with ketamine-HCI (100 mg/kg) and xylazine (13 mg/kg)
and then administered tail vein injections of 3 ug VEGF in saline.
One minute later, the mice were sacrificed, and the eyes and lungs
were collected and snap-frozen in liquid nitrogen. The tissue was
ground and homogenized in IP lysis buffer (Pierce, Thermo Fisher
Scientific), centrifuged for 15 minutes at 13,000 xg, and the superna-
tants saved. VEGFR2 was immunoprecipitated from the eye lysates
as described above in the Immunoprecipitation section. Tissue lysates
were mixed in 2x Laemmli buffer with 5% B-mercaptoethanol at
95°C for 5 minutes, and activated VEGFR2 was analyzed by immuno-
blotting with VEGFR2 antibody.

Ocular pharmacokinetics. NAV-2729 (50 ng) in 1 pl of DMSO was
injected into the posterior chamber of each mouse eye. Assuming that
the volume of the posterior chamber of each eye is 5 ul (including the
1 pl injection volume), injection into both eyes will yield a NAV-2729
concentration of 100 ng/10 pl for each mouse. Eyes were harvested
1, 2, 4, and 7 days after injection (n = 3-4 mice per time point), and
both eyes from 1 mouse were pooled for pharmacokinetic analysis.
Eyes were weighed, diluted 10-fold w/v in 2% nonfat milk in Dulbec-
co’s PBS (final NAV-2729 concentration of 1,000 ng/ml at the time of
injection), and homogenized with an Omni Bead Ruptor 24 homoge-
nizer (zirconium oxide bead type, 2.8-mm bead size). Protein precipi-
tation was induced by acetonitrile/acetone (60:40 v/v), and phospho-
lipids were removed using PHREE 96-well plates. Concentrations of
NAV-2729 in eyeball and plasma samples were determined by liquid
chromatography/mass spectrometry (LC/MS) methods using an Agi-
lent 6545 Q-TOF mass spectrometer. The lower limit of quantitation
(LLOQ) was 10 ng/ml.

Retinal permeability. Retinal permeability was assessed as previ-
ously described by others (35-37). In brief, 8- to 10-week-old mice were
anesthetized with ketamine-HCI (100 mg/kg) and xylazine (13 mg/kg)
and then given intraocular injections of 1 ul of 50 ng VEGF-165 (Cell
Signaling Technology). An equivalent volume of VEGF in 100% DMSO
was injected into the eyes of the control animals. A half hour later, 50 pl
of 60 mg/ml Evans blue solution (MilliporeSigma) in UltraSaline was
injected into the tail vein. After 5 hours, mice were sacrificed, the eyes
were enucleated, and the retinae dissected. Dye was eluted in 0.4 ml
formamide for 18 hours at 70°C. The extract was centrifuged at 13,000
xg for 5 minutes. Absorbance at 620 nm was measured. Background
absorbance was measured at 740 nm and subtracted out.
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STZ-induced diabetic retinopathy. Diabetic retinopathy was induced
as previously described by others (35). Briefly, for 5 consecutive days,
6- to 8-week-old CD1 mice (Charles River Laboratories) or conditional
Arf6-KO mice were fasted for 4 hours and then injected i.p. either with
75 mg/kg STZ (MilliporeSigma) in sodium citrate buffer or with sodi-
um citrate buffer control. After 4 weeks, tail-snip blood glucose was
determined using a glucometer (Aviva) to verify hyperglycemia (blood
glucose concentrations >300 mg/dl) in the STZ-treated animals. The
animals were then divided into treatment groups, such that the groups
had similar distributions of body weight and blood glucose measure-
ments. Retinal permeability was assessed as explained above.

Rat diabetic retinopathy studies were conducted in brown Norway
rats by Absorption Systems, using their standard procedures. Three-
month-old male brown Norway rats (Charles River Laboratories) were
injected with a single i.p. dose of 60 mg/kg STZ (MilliporeSigma) in
sodium citrate buffer. Blood glucose levels were measured at least once
daily for the duration of the study. NAV-2729 (5 pg/5ul) or DMSO (5%)
was injected i.v.t. 7-8 weeks after STZ injection. A second NAV-2729
or DMSO i.v.t. injection was administered 1 week after the first i.v.t.
injection. Fluorescein angiographic images were taken 3-5 days after
the second i.v.t. injection. Optic disc hyperfluorescence, pinpoint leaks,
and neovascularization (38) were scored later (Supplemental Table 7).

Laser-induced CNV. CNV studies were conducted by Comparative
Ophthalmic Research Laboratories (University of Wisconsin, Madi-
son, Wisconsin, USA) using their standard procedures. Two- to three-
month-old mice were anesthetized with ketamine hydrochloride (100
mg/kg) and their pupils dilated with 1% tropicamide (Alcon). An Iri-
dex OcuLight GL 532-nm laser photocoagulator (Iridex) with a slit-
lamp delivery system was used to create 3 burns 3 disc diameters from
the optic disc at 3, 6, and 9 o’clock with the following parameters: 150
mW power, 75-mm spot size, and 0.1-second duration. Production of
a bubble at the time of laser treatment, indicating rupture of Bruch’s
membrane, is an important factor in obtaining CNV; therefore, only
burns in which a bubble was produced were included in this study.
Immediately after laser treatment and 7 days later, mice were given
an i.v.t. injection of NAV-2729, SU4312, or DMSO into both eyes (2 ul/
eye). Fourteen days after laser treatment, the mice were sacrificed,
and choroidal flat mounts were generated and stained with ICAM-2 to
visualize neovascularization by fluorescence microscopy. An investi-
gator blinded to the treatment examined the flat mounts using a Zeiss
LSM 510 confocal microscope (Carl Zeiss) and performed quantifica-
tion using Image] software (NIH) to calculate the area of CNV.

OIR. P7 pups, along with nursing mothers, were placed in 75% O,.
The O, concentration was maintained by a Pro-OX oxygen controller
(Bio-Spherix). Pups were removed on P12 and given an intraocular
injection of 5 pg NAV-2729 or SU4312. Mice were sacrificed on P17,
and their eyes were enucleated and fixed for 2 hours in 4% parafor-
maldehyde. Retinae were then dissected and stained overnight using
Alexa Fluor 488-conjugated isolectin (1:50; Invitrogen, Thermo Fish-
er Scientific). Retinal flat mounts were generated and images taken
using an Axiovert 200 fluorescence microscope (Carl Zeiss). Neovas-
cularization was quantified using Image] software by an investigator
blinded to the treatment.

Fluorescein angiography. After anesthesia, the pupils were dilated
with 1% tropicamide (Bausch & Lomb), and the cornea was kept moist
using Goniovisc 2.5% (hypromellose; MilliporeSigma). The mice were
injected i.p. with 10% fluorescein sodium (Lite; Apollo Ophthalmics)
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at a dose of 1.5 ml/kg. As is standard procedure in the field (39), sever-
al fundus images were acquired over a 5-minute period following the
injection of fluorescein sodium at a rate of 4 frames per second (fps)
using a Micro-III retinal imaging system (Phoenix Research Labs Inc.).

Statistics. Statistical analyses were performed using GraphPad
Prism 6.0 (GraphPad Software), and individual data points were
graphed using scatter plots as recommended by Weissgerber et al.
(40). For the majority of data, a 1-way ANOVA with Tukey’s or Dun-
nett’s multiple comparisons test was used to assess statistical sig-
nificance. A 2-tailed Student’s ¢ test was used when the experiment
involved only 2 groups, and the variation was similar in the 2 groups.
A 2-tailed Welch’s ¢ test was used when the variation in the 2 groups
was dissimilar. A paired, 2-tailed ¢ test was used for the data shown
in Figure 7, E-G. Welch’s 1-way ANOVA and Games-Howell multiple
comparisons test for unequal variances were used for the data shown
in Figure 1, A and C, and Figure 7D. In Figure 2C, Figure 3A, Figure 4,
A and E, Figure 5D, and Supplemental Figure 2C, Supplemental Figure
3A, and Supplemental Figure 4, A and J, each data point in the graphs
represents a single experiment in which the band intensity was nor-
malized to its control, thereby producing a ratio between the 2 band
intensities. We show the geometric mean and geometric 95% CIs of
these ratios (y axis is logarithmic). Statistical significance was assessed
using the ratio paired, 2-tailed ¢ test, and the P value is shown in each
graph. Quantification for Figure 2, A and B, Figure 3D, and Figure 4, C
and D, is provided in the supplemental materials. A Pvalue of less than
0.05 was considered statistically significant.

Study approval. All animal experiments were conducted in accor-
dance with the NIH Guide for the Care and Use of Laboratory Animals
(National Academies Press, 2011), and all protocols were approved by
the IACUCs of the University of Utah, the University of Wisconsin,
and Absorption Systems.
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