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Abstract

Excessive vascular endothelial growth factor-A (VEGF-A) signaling induces vascular leakage and angiogenesis in diseases.
VEGFR2 trafficking to the cell surface, mediated by kinesin-3 family protein KIF13B, is essential to respond to VEGF-A
when inducing angiogenesis. However, the precise mechanism of how KIF13B regulates VEGF-induced signaling and
its effects on endothelial permeability is largely unknown. Here we show that KIF13B-mediated recycling of internalized
VEGFR2 through Rab11-positive recycling vesicle regulates endothelial permeability. Phosphorylated VEGFR?2 at the cell-
cell junction was internalized and associated with KIF13B in Rab5-positive early endosomes. KIF13B mediated VEGFR2
recycling through Rab11-positive recycling vesicle. Inhibition of the function of KIF13B attenuated phosphorylation of
VEGFR2 at Y951, SRC at Y416, and VE-cadherin at Y685, which are necessary for endothelial permeability. Failure of
VEGFR?2 trafficking to the cell surface induced accumulation and degradation of VEGFR2 in lysosomes. Furthermore, in
the animal model of the blinding eye disease wet age-related macular degeneration (AMD), inhibition of KIF13B-mediated
VEGFR?2 trafficking also mitigated vascular leakage. Thus, the present results identify the fundamental role of VEGFR2
recycling to the cell surface in mediating vascular permeability, which suggests a promising strategy for mitigating vascular
leakage associated with inflammatory diseases.
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Introduction 5]. We have developed a new strategy to inhibit pathologi-

cal angiogenesis in cancer [6] and wet age-related macular

Leakage from blood vessels at the level of endothelial cell
junctions causes tissue inflammation in many diseases,
including cancer and blinding eye diseases [2]. Endothe-
lial cells lining the vessel wall have adherens junctions and
tight junctions, which serve as barriers limiting the permea-
tion of molecules and liquid [2, 3]. In diseased conditions,
excessive vascular endothelial growth factor-A (VEGF-A)
induces unchecked angiogenesis and vascular leakage [2, 4,
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degeneration (wet AMD) [7], the leading cause of blind-
ness. However, it remains unknown whether this approach
also prevents endothelial permeability and the mechanism.
Here we show that inhibition of VEGFR?2 trafficking to the
plasma membrane was critical in controlling endothelial
permeability.

The cell surface receptor for VEGF-A, VEGFR?2, is traf-
ficked between the cell surface and intra-endothelial domains
[8]. VEGFR2 in the quiescent endothelium is normally pre-
sent in a dephosphorylated inactive state on the endothelial
cell surface [8]. Upon binding to VEGF-A, phosphorylation
of VEGFR?2 rapidly induces internalization [9, 10] and traf-
ficking into early endosomes and its colocalization with Rab5
[11]. VEGFR?2 is subsequently dephosphorylated [12] before
entering Rab11 recycling vesicles [13]. Part of the VEGFR2
pool is sorted for recycling to the cell surface [8] to make
the receptor available for another round of ligand binding [11,
14, 15]. The non-cycled part of VEGFR2 undergoes degra-
dation through Rab7-positive late endosomes and lysosomal
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membrane-associated protein 2 (LAMP2)-positive lysosome
[8]. To restore VEGFR?2 levels on the plasmalemma, newly
synthesized VEGFR?2 is trafficked from the Golgi apparatus to
the cell surface [14, 16]. We found that trafficking of VEGFR2
from the Golgi apparatus to the cell surface is mediated by
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a kinesin-3 family molecular motor KIF13B [16]. KIF13B
knockout mice (Kifl13b%°) showed reduced angiogenesis [7].
Endothelial-specific inducible KIF13B knockout (KifI 35°K0)
also showed reduced angiogenesis, vascular leakage, and
cancer metastasis [17]. Furthermore, the pharmacological
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«Fig. 1 KIF13B is essential for VEGF-induced permeability in hREC.
A, B, C Transendothelial electrical resistance (TEER) measurement
of confluent hRECs transduced with scrambled shRNA (red and pink
lines) or shRNA-K/FI3B (blue and light blue) expressed as nor-
malized resistance of the TEER basal values. Cells were stimulated
with VEGF-A (50 ng/mL) at time zero, and TEER was measured
every 30 s over time (4000 Hz of frequency). Normalized resistance
changes overtime were shown in graph A. Normalized resistance at
15 min after VEGF-A stimulation and 12 h after VEGF-A stimulation
were shown in B, and C as mean+ SE. N=35, 6, 18, 18, for scrambled
shRNA, shRNA-KIF13B, scrambled shRNA + VEGF-A, and shRNA-
KIF13B+ VEGF-A, respectively. The graphs in B and C show N=5,
6, 9, 10 and N=5, 6, 9, 14, respectively, by excluding outliners of
mean=+4 X SE. Note, including outliners and excluding outliners did
not affect statistical analyses. One-way ANOVA with post hoc mul-
tiple comparisons. ***¥p <0.001. D-F TEER measurements of hREC
treated with KAI (10 uM), an inhibitor for VEGFR?2 trafficking, or
control peptide (10 uM) followed by VEGF-A (50 ng/mL) stimula-
tion. Changes of normalized resistance over time were shown in
graph D. Normalized resistance at 15 min and 12 h after VEGF-A
stimulation were shown in E and F as mean+SE. N=12, 10, 13, 8,
16, 15, for no peptide, ctrl, KAI, no peptide+ VEGF-A, ctrl + VEGF-
A, KAI+ VEGF-A, respectively. The graphs in E and F show N=10,
9,7,10, 11, 12 and N=38, 8, 9, 11, 13, 13, respectively, by excluding
outliners of mean+4xSE. Note, including outliners and excluding
outliners did not affect statistical analyses. One-way ANOVA with
post hoc multiple comparisons. *p <0.05, **p <0.01

disruption of the interaction between KIF13B and VEGFR2
inhibited vascular leakage [17] and neovascularization [7].

Although VEGF-A induces angiogenesis and endothe-
lial permeability, the signaling pathways are different [2, 8].
Phosphorylation of VEGFR2 at Y951 recruits T cell-specific
adaptor (TSAd), which regulates activation of c-SRC tyrosine
kinase [18]. SRC-mediated phosphorylation of Y685 of VE-
cadherin is essential to increase endothelial permeability by
VEGF-A [19-21]. Although the importance of VEGFR?2 traf-
ficking for angiogenesis is well known, we surmised whether
VEGFR?2 trafficking might also regulate endothelial perme-
ability, relatively rapid response occurring within minutes [2]
as contrasted with angiogenesis requiring hours [8]. Here we
addressed mechanisms regulating VEGF-A-induced endothe-
lial permeability. Among the approaches employed was the
peptide KAI (kinesin-derived angiogenesis inhibitor), which
inhibits KIF13B-mediated VEGFR2 trafficking [6] as well as
knockdown of the molecular motor KIF13B in endothelial
cells that traffics the receptor to the plasma membrane. We
showed the crucial role of KIF13B mediated VEGFR2 traffick-
ing to plasma membrane in regulating VEGF-A endothelial
permeability.

Results

KIF13B regulates VEGF-induced endothelial
permeability

KIF13B transports newly synthesized VEGFR2 from
Golgi to the cell surface [16], and the VEGFR?2 traffick-
ing is essential for angiogenesis [6, 7, 16]. We showed that
KIF13B also plays an important role in VEGF-induced
vascular leakage, as VEGF-A fails to induce vascular leak-
age in Kif13b*K° or when KIF13B-mediated VEGFR2
trafficking is blocked by KAI [17]. However, VEGF-
induced endothelial permeability is an early response of
ECs to VEGF-A, occurring within 15 min. It cannot be
explained by the known function of KIF13B, which is
the release of synthesized VEGFR2 from Golgi and its
trafficking to the cell surface, taking several hours after
VEGF-A stimulation [16]. To explore whether KIF13B has
any role in the relatively rapid response to VEGF-A, we
used lentivirus-based shRNA-K/F'13B to knockdown (Sup-
plemental Fig. S1A, B) [16], and tested VEGF-induced
endothelial permeability in human retina endothelial cells
(hREC) using transendothelial electric resistance (TEER)
assay. VEGF-A transiently reduced TEER at 15 min after
VEGF-A stimulation in control hREC, transduced with
scrambled shRNA (Fig. 1A, B), whereas knockdown of
KIF13B suppressed VEGF-induced endothelial permeabil-
ity compared to controls (Fig. 1A, B). After initial perme-
ability, the endothelial barrier function recovered in both
scrambled and shRNA-KIF13B treated cells (Fig. 1A, C).
Next, we tested whether the inhibition of VEGFR2 traf-
ficking also affects endothelial permeability (Fig. 1D-F).
KAI is a synthetic peptide designed to disrupt the interac-
tion between VEGFR2 and KIF13B [6]. We confirmed
the effect of KAI on the interaction between KIF13B and
VEGFR?2 by co-immunoprecipitation (co-IP). Consistent
with a previous report [16], VEGF induced the interaction
between KIF13B and VEGFR2 in control cells, whereas
KAI prevented their interaction (Supplemental Fig. S1C,
D). After pretreatment with the control peptide (scrambled
KAI) or KAI (10 uM) for 2 h, hRECs were stimulated with
VEGF-A. The TEER of confluent hAREC was monitored
before and after VEGF-A stimulation (Fig. 1D). KAI treat-
ment prevented VEGF-induced endothelial permeability,
compared to no-peptide control and control peptide-treated
hREC (Fig. 1D). KAI-treated hREC showed higher electri-
cal resistance values than both no peptide and control pep-
tide-treated cells 15 min and 12 h after stimulation with
VEGF-A (Fig. 1D-F). This data demonstrates that KIF13B
is required for VEGF-induced endothelial permeability.
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«Fig.2 KIF13B is required to regulate VEGFR2 signaling pathway. A,
B VEGF-induced phosphorylation of signaling molecules in hREC
transduced with either scrambled shRNA or shRNA-KIFI3B. After
stimulation with VEGF-A (50 ng/mL) for indicated time points, cell
lysates were analyzed by western blotting for p-VEGFR2 (Y951),
p-VEGFR2 (Y1175), VEGFR2, p-SRC (Y416), SRC, p-VE-cad-
herin (Y658), p-VE-cadherin (Y685), VE-cadherin, KIF13B, and
GAPDH (p indicates the phosphorylated form). Representative blots
were shown in A. Quantification of blots of phosphorylated proteins
expressed relative to total proteins were shown as mean + SE in graph
B. N=3. One-way ANOVA followed by post hoc multiple compari-
sons. *p<0.05, **p<0.01. No significant difference (n.s.) indicates
p>0.05. C, D VEGF-induced phosphorylation of signaling mol-
ecules in hREC treated with either control peptide or KAI (10 uM).
After stimulation with VEGF-A (50 ng/mL) for indicated time points,
cell lysates were analyzed by western blotting for phosphorylated and
total proteins. Representative blots were shown in C. Quantification
of phosphorylated proteins relative to total proteins was shown as
mean =+ SE in graph D. N=4. One-way ANOVA followed by post hoc
multiple comparisons. **p <0.01. n.s. indicates p > 0.05

KIF13B regulates VEGFR2 signaling pathways
mediating endothelial permeability

To examine how KIF13B regulates endothelial permeability,
we examined the activation of the signaling pathway regulat-
ing endothelial permeability and tested the effect of knock-
down of KIF13B (Fig. 2A, B). VEGF-A treatment increased
phosphorylation of VEGFR2 (at Y951 and Y1175), SRC (at
Y416), and VE-cadherin (at Y658 and Y685) in scrambled
shRNA transduced control hREC. Compared to scrambled
shRNA transduced cells, ShARNA-KIF13B transduced cells
showed significantly lower phosphorylated/total protein ratio
in p-VEGFR2 (Y951 and Y1175), p-SRC (Y416), and p-VE-
cadherin (Y658 and Y685) through 3-15 min of VEGF-A
treatment (Fig. 2A, B). Although knockdown of KIF13B
increased basal phosphorylation of SRC, stimulation with
VEGF further increased phosphorylation of SRC in both
control and KIF13B knockdown cells (Fig. 2A, Supplemen-
tal Fig. S2A). Knockdown of KIF13B prevented VEGF-
induced phosphorylation of SRC to some extent in all time
points (Fig. 2B, Supplemental Fig. S2A).

Next, we tested the effect of KAI compared with the
control peptide (Fig. 2C, D). Similar to scrambled shRNA
treated control above, VEGF-A induced p-VEGFR2 (at
Y951 and Y1175), p-SRC (at Y416), and p-VE-cadherin (at
Y658 and Y685) in control peptide-treated hREC (Fig. 2C,
D). KAI treatment significantly decreased phosphorylation
of VEGFR2 (Y951), SRC (Y416), and VE-cadherin (Y685)
compared with control peptide treatment (Fig. 2C, D). KAI
treatment also decreased p-VEGFR2 (Y1175) and pY658-
VE-cadherin, although the difference was not statistically
significant. Then, we tested the effect of KAI on another
phosphorylation site of VEGFR2, Y1059. VEGF-induced
autophosphorylation on Y1059 indicates dimerization and
kinase activity of VEGFR2 [8]. Pretreatment with KAI did

not affect the initial phosphorylation of VEGFR2 at Y1059
at 3 min after VEGF stimulation (Supplemental Figure
S2B, C), indicating proper dimerization and activation of
its kinase activity of VEGFR2. At 15 min after VEGF stimu-
lation, p-VEGFR?2 at Y1059 was decreased in KAl-treated
cells compared to control, suggesting faster dephosphoryla-
tion/inactivation. Together, this data suggests the important
role of KIF13B in regulating VEGF/VEGFR?2 signaling to
regulate endothelial permeability.

KIF13B regulates translocation of internalized
VEGFR2

As KIF13B mediates VEGFR2 trafficking to the cell sur-
face [16], we hypothesized that KIF13B tunes the degree
of VEGF/VEGFR?2 signaling by regulating the amount of
VEGFR2 on the cell surface. We examined the effect of
the knockdown of KIF13B on cell surface VEGFR2 before
and after VEGF-A stimulation (Fig. 3). First, hREC were
transduced with scrambled shRNA or shRNA-KIF13B, and
stimulated with VEGF-A for indicated times. Cell surface
proteins were biotinylated and precipitated with streptavidin
beads, and biotinylated cell surface VEGFR2 was detected
by western blotting (Fig. 3A, B). Cell surface VEGFR2 was
decreased at 15-30 min after VEGF-A stimulation in both
control and shRNA-KIF13B transduced hRECs, indicating
VEGF-induced internalization (Fig. 3A, B). Interestingly,
the knockdown of KIF13B further decreased the amount of
VEGFR2 on the cell surface (Fig. 3B).

We further examined the effect of KAI on cell surface
VEGFR2 by immunostaining with the antibody against
the extracellular domains of VEGFR2 (Fig. 3C, D). Cells
were mildly fixed to avoid cell membrane permeability as
described [16], and stained with antibodies against VEGFR2
and VE-cadherin. The intensity of cell surface VEGFR2 was
gradually decreased after VEGF stimulation in both control
peptide-treated cells and KAl-treated cells. KAI treatment
accelerated the decrease of cell surface VEGFR2 at 30 min
after VEGF stimulation (Fig. 3C, D), showing a similar
observation seen by knockdown of KIF13B (Fig. 3A, B).

As a portion of internalized VEGFR2 is recycled back to
the cell surface [8], the reduction of cell-surface VEGFR2
may be the result of increased internalization or less recy-
cling. Thus, we used another biotinylation assay [22] to
quantify internalized VEGFR2 (Fig. 3E-G). hRECs were
transduced with scrambled shRNA or shRNA-KIFI3B.
After the serum starvation of cells, cell surface proteins
were biotinylated. Then, cells were stimulated with VEGF-
A to let VEGFR?2 internalize. After removal of cell surface
biotin, internalized VEGFR?2 was detected by western blot-
ting in streptavidin precipitates (Fig. 3E-G). After VEGF-A
stimulation, VEGFR2 was internalized in both control and
shRNA-KIF13B transduced cells without any difference

@ Springer
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«Fig. 3 KIF13B deficiency reduces cell-surface VEGFR2 after VEGF
stimulation. A, B Cell surface VEGFR2 levels detected by cell sur-
face biotinylation of hREC transduced with either scrambled shRNA
or shRNA-KIFI3B, followed by VEGF-A stimulation (50 ng/mL)
for indicated time periods. Total lysates (total) and streptavidin pull-
down (surface), western blotting for VEGFR, p-VEGFR2 (Y1175)
were shown in A. GAPDH was used as a loading control. Quantifi-
cation of cell surface VEGFR2 was normalized by total VEGFR2,
and shown as mean+SE in graph B. N=4. One-way ANOVA fol-
lowed by multiple comparisons. *p <0.05. n.s. indicates p >0.05. C,
D Immunostaining of cell surface VEGFR2 (green) and VE-cadherin
(red) in hREC pretreated with control peptide or KAI peptide fol-
lowed by VEGF stimulation for indicated times. Goat antibody for
extracellular domain of VEGFR2 and mouse antibody for extracel-
lular domain of VE-cadherin were used for staining of cells without
detergent-permeabilization. Intensity of VEGFR2 was quantified by
Image J and shown as mean =+ SE in the graph. N=11, 11, 15, 15, 15,
15, 15, 15 for control 0 min, KAI 0 min, control 3 min, KAI 3 min,
control 15 min, KAI 15 min, control 30 min, KAI 30 min, respec-
tively. N is number of pictures analyzed from 3 independent experi-
ments. Student's t test. *p<0.05. E-G The internalized pool of
VEGFR?2 after VEGF-A treatment (50 ng/mL) of hREC transduced
with either scrambled shRNA or shRNA-KIFI3B. Cell surface
biotinylation was performed prior to VEGF-A stimulation. At indi-
cated time points, the remaining cell surface biotin was removed,
and the internalized pool of VEGFR2 was collected by streptavidin
pull-down. Western blotting of the total lysate (total) and streptavi-
din pull-down (internalized) for VEGFR2 was shown in E. Internal-
ized VEGFR2 was normalized by total VEGFR2 or loading control
GAPDH, and shown as mean + SE in the graph F and G, respectively.
N=3. One-way ANOVA followed by multiple comparisons and Stu-
dent's t test did not find any statistical significance between shScr and
shKIFI13B

(Fig. 3E-G), suggesting the possibility of KIF13B mediat-
ing recycling of internalized VEGFR2.

To further examine the question of localization of
VEGFR2 and p-VEGFR2, we stained hRECs with their
respective antibodies (Supplemental Fig. S3). Before
VEGF-A stimulation, the majority of VEGFR?2 localized
near nuclei as in [14, 16]. And a portion of VEGFR2 was
also observed at cell—cell junctions in both control pep-
tide-treated and KAlI-treated cells (Supplemental Fig. S3).
Three min after VEGF-A stimulation, phosphorylation of
VEGFR?2 (Y1175) was mainly observed at cell—cell junc-
tions (Supplemental Fig. S3). To confirm the localiza-
tion of p-VEGFR2 (Y1175) at the cell-cell junctions, we
also stained the confluent cells with the antibodies against
p-VEGFR?2 (Y1175) and VE-cadherin (Fig. 4A). Phospho-
rylation of VEGFR?2 at cell—cell junctions, co-localized with
VE-cadherin, was observed in both control-peptide treated
cells and KAl-treated cells 3 min after VEGF stimulation
(Fig. 4A, B). In control peptide-treated hREC, p-VEGFR2
was rapidly internalized and distributed in the cells 15 min
after VEGF-A stimulation (Fig. 4A, Supplemental Fig. S3).
However, p-VEGFR2 accumulated in KAlI-treated hREC
15 min and 30 min after VEGF-A stimulation. The num-
ber of cells showing p-VEGFR2 accumulation was signifi-
cantly increased in KAl-treated cells 15 min and 30 min

after VEGF-A stimulation (Fig. 4D). The fluorescence inten-
sity of p-VEGFR?2 was not different between the two groups
3 min after VEGF stimulation, and decreased in KAI-treated
cells 15 min after VEGF stimulation (Fig. 4C). Although the
amount of p-VEGFR2 was reduced in KAI-treated hREC
at 15 min, it strongly accumulated as vesicles-like in KAI-
treated hREC, whereas p-VEGFR?2 was distributed through-
out in the control cells. Thus, the question arises about the
disposition of VEGFR2 during the inhibition of VEGFR2
trafficking.

Inhibition of VEGFR2 recycling localizes VEGFR2
in late endosomes

Rab family GTPases localize to specific intracellular com-
partments where they regulate cargo trafficking [23]. Inter-
nalized VEGFR?2 localizes at Rab5 positive early endosome,
then post-dephosphorylation, VEGFR?2 enters either Rab11-
mediated recycling pathway or Rab7-mediated degradation
pathway. To determine how KIF13B contributes to VEGFR2
trafficking, we performed co-IP with Rab family proteins,
Rab5, Rabl1, and Rab7, and analyzed binding proteins
by western blotting (Fig. 5). Co-IP with Rab5, Rab7, and
Rabl11 could separate each endosomal compartment, as
endosomal markers for early endosome (EEA1), late endo-
some (LAMP2), and recycling endosome (EXOC6) were
selectively detected in co-IP with Rab5, Rab7, and Rabl1,
respectively (Supplemental Fig. S4). In control peptide-
treated control hREC, VEGFR2 and KIF13B were co-
immunoprecipitated with Rab5 (Fig. 5SA). KAI treatment
decreased KIF13B in co-IP with Rab5, whereas VEGFR2
remained co-precipitated with Rab5 (Fig. 5A, B). KAI
treatment reduced VEGFR2 associated with Rabl1, recy-
cling endosome marker (Fig. 5C, D), suggesting reduced
recycling in KAl-treated cells. The result was consistent
with the biotinylation assay (Fig. 3) and showed the cru-
cial role of KIF13B in mediating recycling of internalized
VEGFR2. Upon inhibition of VEGFR?2 trafficking by KAI
treatment, we observed accumulation of p-VEGFR2 near
nuclei (Fig. 4A). Inhibition of VEGFR?2 recycling may thus
traffic it to the degradation pathway.

To address this concept, we performed co-IP with a late
endosome marker, Rab7 (Fig. SE, F). In control hREC,
p-VEGFR?2 (Y1175) was detected in co-IP with Rab7 3 min
after VEGF-A stimulation and dephosphorylated at 15 min
(Fig. SE). Interestingly, in KAI-treated hREC, accumulation
of p-VEGFR2 was observed 3—15 min after VEGF stimula-
tion in co-IP with Rab7, late endosome marker (Fig. SE).

To confirm the western blotting results, we stained hREC
with Rabl1 and VEGFR2 (Supplemental Fig. S5A, B). In
control peptide-treated cells, colocalization of VEGFR?2 with
recycling vesicle marker Rab11 was observed, but KAI treat-
ment seemed to reduce colocalization 3 min and 15 min after
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VEGF-A stimulation (Supplemental Fig. SSA, B). However,
the immunostaining of endogenous Rab11 was like a cloud
of vesicles throughout the cytoplasm, which prevented
accurate quantification of the colocalization. To overcome
the issue, we expressed Rabl1-mCerulean at a low level

@ Springer

in hREC (Supplemental Fig. S5C, Fig. 6), stained the cells
with KIF13B and VEGFR?2 to analyze their co-localization
(Fig. 6). In control peptide-treated cells, colocalization of
KIF13B and VEGFR2 was increased after VEGF stimu-
lation (Fig. 6B), consistent with previous observation of
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«Fig.4 KIF13B regulates endosomal trafficking of phosphorylated
VEGFR2. A, B Immunostaining for p-VEGFR2 (Y1175, red) and
VE-cadherin (green) in hREC pretreated with either control peptide
or KAI (10 pM) and stimulated with VEGF-A (50 ng/mL) for indi-
cated time periods. Scale bars; 10 um. The intensity of p-VEGFR?2 at
cell—cell junction (colocalized with VE-cadherin) was quantified by
Image J and shown as mean+ SE in graph B. N=13, 14, 14, 14, 13,
11, 13, 12 for pictures (from 3 independent experiments) in ctrl (0,
3, 15, 30 min), KAI (0, 3, 15, 30 min), respectively. Unpaired t test,
n.s. indicates p>0.05. C The intensity of p-VEGFR2 was quantified
by Image J and shown as mean+ SE in graph C. N=17, 18, 16, 17,
18, 17 (from 3 independent experiments) for pictures in ctrl (3, 15,
30 min), KAI (3, 15, 30 min). One-way ANOVA with post hoc multi-
ple comparisons. *p <0.05, and n.s. indicates p>0.05. D The number
of cells with p-VEGFR2 accumulation (accumulated particles big-
ger than 5 um?) among the total number of the cells was counted and
shown as mean+SE in graph C. N=17, 17, 20, 18, 17, 18, 20, 19
(from 6 independent experiments) in ctrl (0, 3, 15, 30 min), KAI (0,
3, 15, 30 min), respectively. One-way ANOVA with post hoc multiple
comparisons. ¥*¥*p <0.001 and n.s. indicates p >0.05

VEGF-induced interaction between KIF13B and VEGFR2
(Supplemental Fig. S1C, D) [16]. KAI treatment reduced
VEGF-induced colocalization of KIF13B and VEGFR2
(Fig. 6B), as KAI prevents the interaction between KIF13B
and VEGFR2 (Supplemental Fig. S1C, D) [6]. VEGF
increased colocalization of KIF13B and Rab11-mCerulean
(Fig. 6C) and VEGFR2 and Rabl11-mCerulean (Fig. 6D) in
control cells. KAI treatment significantly reduced localiza-
tion of VEGFR2 and KIF13B in Rab11-positive recycling
vesicles (Fig. 6C, D).

To further study the role of Rabl1-mediated slow recy-
cling of VEGFR2, we examined the effect of knockdown
of Rablla on localization of VEGFR2 and p-VEGFR2
(Y1175) (Supplemental Fig. S6A). Initial phosphoryla-
tion of VEGFR?2 at cell—cell junction was observed 3 min
after VEGF stimulation in both control (scrambled siRNA-
treated cells) and siRablla-treated cells. Phosphorylation
of VEGFR2 was still observed at cell-cell junction 7 min
and 15 min after VEGF stimulation in control cells, whereas
such localization of p-VEGFR?2 at cell-cell junction was
markedly reduced by knockdown of Rab11a (Supplemental
Fig. S6A). Note: VEGFR2 is known to be dephosphoryl-
ated before entering Rab11 recycling vesicles [13]. Thus,
recycled VEGFR?2 to the cell—cell junction needs to receive
VEGEF to be autophosphorylated again. Next, the contribu-
tion of recycled VEGFR2 on VEGF-induced permeability
was examined by TEER. VEGF-induced permeability was
mitigated by knockdown of Rablla (Supplemental Fig. S6
B, C). The effect of knockdown of Rablla phenocopied
the effect of knockdown of KIFI13B (Fig. 1A, B). In both
cases, knockdown was still observed at the late time points
(12 h or 18 h) (Supplemental Fig. S1A, B, and S6D, E),
however, VEGF-induced permeability at a late time point
was not affected by knockdown of KIFI3B or Rablla
(Fig. 1A, C and Supplemental Fig. S6B). Nonetheless,

the data showed that Rabl1-mediated slow recycling of
VEGEFR?2 is necessary for VEGF-induced endothelial per-
meability (15-30 min). In contrast, knockdown of Rab4,
which mediates fast recycling of VEGFR2, did not affect
VEGF-induced permeability (Supplemental Figure S6F, G,
H, I). Knockdown of Syntaxin 6 (STX6), which mediates
post-Golgi trafficking of VEGFR2, also did not inhibit but
rather enhanced VEGF-induced permeability (Supplemental
Fig. S6F, G, H, I).

The effect of pharmacological inhibition of VEGFR2
internalization on VEGF-induced permeability was also
examined (Supplemental Fig. S7). VEGFR?2 is known to
internalize via Clathrin-mediated endocytosis, micropi-
nocytosis, and Caveolin-mediated endocytosis, which are
inhibited by Pitstop2 [24], EIPA [25], and Filipin III [26],
respectively. Pitstop2 and Filipin IIT only slightly inhibited
VEGF-induced permeability, and they did not affect inhibi-
tory effect of KAI (Supplemental Fig. S7A, B, C, D). In
contrast, EIPA, the inhibitor for micropinocytosis, elimi-
nated the effect of KAI (Supplemental Fig. S7E, F). In the
presence of EIPA, VEGF could still induce permeability, but
the timing to fully open the barrier was significantly delayed
(Supplemental Fig. S7G). Taken together, KIF13B mediates
recycling of internalized VEGFR?2 via the micropinocytosis
pathway to induce permeability in response to VEGF.

Next, we examined localization of p-VEGFR2 in late
endosome and lysosome by co-immunostaining. Consist-
ent with the observation in co-IP with Rab7 (Fig. 5E, F),
p-VEGFR2 (Y1175) was highly colocalized with the late
endosome marker Rab7 15 min after VEGF stimulation in
KAlI-treated cells (Supplemental Fig. S8). At 3 min after
VEGF-A stimulation, phosphorylation of VEGFR2 was
observed at cell-cell junctions in both control and KAI-
treated hREC, consistent with Fig. 4. KAI treatment induced
accumulation of p-VEGFR2, which was colocalized with
Rab7 (Supplemental Fig. S8A, B). We further analyzed
colocalization of p-VEGFR2 (Y 1175) and lysosome marker
LAMP?2 (Fig. 7). KAI induced accumulation of p-VEGFR2
in LAMP?2 positive lysosomes 15 min and 30 min after
VEGF-A stimulation, compared with control (Fig. 7A, B).
Together, these data show that inhibition of VEGFR?2 traf-
ficking by KAI treatment traffics VEGFR2 to late endosome
and lysosome for degradation.

We also quantified the total amount of VEGFR2 after
VEGF-A stimulation in control peptide-treated hREC and
KAI-treated hREC (Fig. 7C, D). Compared to control, KAI
treatment reduced the total amount of VEGFR2 at 15 min
after VEGF-A stimulation (Fig. 7C, D). Degradation of
VEGFR?2 was also tested in scrambled shRNA-transduced
control and shRNA-KIF13B-transduced cells (Fig. 7E, F).
Knockdown of KIF13B tended to decrease the total amount
of VEGFR2, although it was not statistically significant
(Fig. 7E, F). These results together show that KIF13B

@ Springer



91 Page 10 of 21 H.-D. Cho et al.
A Total Input IP: Rab5A B
Ctrl KAI Ctrl KAI
T 3 53 octl  mKAl
VEGF (min) 0 315 0 3 15 0 315 0 315 g 5
o a *
VEGFR? | smem e spemes (| &= &= - - < 2 22 N ns
o po n.s. r
1 Q1M
KIF13B | == ooes == | iboway -----= & =
m g <
Rab5 | =sesan oo 0 0
C Total Input IP: Rab11 D
Ctrl KAI Ctrl KAI
S2[ ocd  mKAl S
VEGF (min) 0 315 0 3 15 0 315 0 315 2 . o
< ns, 1 &
VEGFR2 | emem == emms— |l woomws ooy -(’5‘1 s T £
20 3
[T
KIF13B | R meme ﬂ.r_ o 0] L
@ g <
— — — Y ——— 0
Rab11 0 3 15 0 3 15
GAPDH | ™= "t == o= e o VEGF (min) VEGF (min)

E Total Input IP: Rab7 F
Ctrl KAI Ctrl KAl
VEGF(min) 0 315 0315 0315 0315 £6 =3 ool mKAl
T 5 g
P-VEGFR2 - | *ee c 4 &2t n.s.
] . — c n.s.
E 3 [E ,_| n.s. ,—|
KIF13B | S s === }.-.-.-_.- Lo, @ L [
@ G L
> 4
Rab7 Q. 0 0
0 3 15 0 3 15
GAPDH o CHD Em o= @D Cme, B —— _
VEGF (min) VEGF (min)

contributes to recycling of internalized VEGFR2. Inhibi-
tion of KIF13B traffics VEGFR?2 to lysosomal degradation
instead of recycling and limits the amount of VEGFR2 on
the cell surface. Overall, the results show that VEGFR2
recycling is essential for VEGF-A signaling and endothe-
lial permeability.
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Inhibition of VEGFR2 trafficking ameliorates
pathological vascular leakage

We examined whether inhibition of VEGFR?2 trafficking is
an effective strategy to inhibit vascular leakage in wet AMD.
We tested the efficacy of KAI on laser-induced vascular
leakage in the mouse model (Fig. 8). C57BL/6 mice received
laser burns on Bruch's membrane, which mimics disruption
of Bruch's membrane in wet AMD, and induces vascular
leakage and neovascularization [27, 28]. Mice were treated
with eyedrops of either control peptide or KAI (5 pg/eye in
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«Fig.5 Association of VEGFR2 to Rab family proteins is impaired
by KAI an inhibitor for KIF13B-mediated VEGFR?2 trafficking. A,
B Association of VEGFR2 and KIF13B with Rab5-positive early
endosome in hREC pretreated with either scrambled control peptide
or KAI (10 pM). After VEGF-A stimulation (50 ng/mL) for indi-
cated time periods, proteins were co-immunoprecipitated (IP) with
Rab5 and analyzed by western blotting. Representative blots were
shown in A. Quantification of the proteins co-immunoprecipitated
with Rab5 was normalized by proteins in the total lysate and shown
as mean=+ SE in the graph B. N=4. Student's t test was performed
for statistical analysis in ctrl and KAI groups with the same time
point of VEGF stimulation. *p <0.05. n.s. indicates p>0.05. C, D
Association of VEGFR2 and KIF13B with Rab11-positive recycling
vesicles in hREC pretreated with either scrambled control peptide or
KAI (10 uM). After VEGF-A stimulation (50 ng/mL) for indicated
time points, proteins were co-immunoprecipitated with Rabl1 and
analyzed by western blotting. Representative blots were shown in C.
Quantification of the proteins co-immunoprecipitated with Rab11 was
normalized by proteins in the total lysate and shown as mean=+ SE in
the graph D. N=4. Student's t test. *p <0.05. n.s. indicates p>0.05.
E, F Association of phosphorylated VEGFR2 (Y1175), and KIF13B
with Rab7-positive late endosome in hREC pretreated with either
scrambled control peptide or KAI (10 uM). After VEGF-A stimula-
tion (50 ng/mL) for indicated time points, proteins were co-immu-
noprecipitated with Rab7, and analyzed by western blotting. Rep-
resentative blots were shown in E. Quantification of the proteins
co-immunoprecipitated with Rab7 was normalized by proteins in the
total lysate and shown as mean =+ SE in the graph F. N=4. Student's t
test. *p <0.05. n.s. indicates p>0.05

5 ul in PBS) once a day for 3 days. Three days after laser
burns, Evans blue was injected i.p. to examine the Evans
blue extravasation on the following day. The control peptide-
treated mice showed extravasation of Evans blue at the site
with laser burn (Fig. 8A top panel). KAI treatment reduced
the extravasation of Evans blue (Fig. 8A bottom panel and
8C). Laser-induced neovascularization at day 4 was also ana-
lyzed by staining with isolectin B4 (ILB4), an endothelial
marker. Compared to the control mice, laser-induced neo-
vascularization was also reduced by daily treatment with
KAI but it was not statistically significant (Fig. 8A, D).
Note, neovascularization at the late stage was significantly
reduced by continuous KAI treatment for 14 days [7]. As
laser-induced vascular leakage also facilitated macrophage
recruitment [27], we observed macrophages by staining with
marker CD68 (Fig. 8B, E). Thus, it appears that KAI treat-
ment also inhibited macrophage recruitment.

Discussion

Herein we showed that VEGF-A stimulation first induced
phosphorylation of VEGFR?2 at cell—cell junction. Internal-
ized p-VEGFR?2 then trafficked to Rab5 positive early endo-
some to induce signaling [9—11]. Our data show that KIF13B
interacted with internalized VEGFR?2 at Rab5-positive early
endosome to escort VEGFR2 to the recycling pathway (see
Fig. 8F). Blocking the interaction between VEGFR2 and

KIF13B prevented VEGFR2 dephosphorylation, a necessary
step for the receptor to enter the Rab11 recycling pathway
[12, 13]. Thus, inhibition of VEGFR?2 trafficking caused
aberrant accumulation of phosphorylated VEGFR?2 in lys-
osomes to be degraded. This recycling of VEGFR?2 to the
cell surface may be important in tuning VEGF signaling
and regulating endothelial permeability, as both KAI treat-
ment and knockdown of KIF13B inhibited VEGF-induced
endothelial permeability.

Endocytosis of phosphorylated VEGFR?2 is mediated by
ephrin-B2, PAR-3, Dab2, and aPKC [9, 10]. Internalized
VEGFR2 is then transported to early endosomes by myo-
sin family molecular motor MYO6 and Synectin [11]. In
contrast, VEGFR2 trafficking to the cell surface is medi-
ated by KIF13B [16], t-SNARE Syntaxin 6 [14], SUMO
endopeptidase SENP1 [29], and another myosin family
molecular motor MYOI1C [15]. The potential interaction and
cooperation of KIF13B with these molecules needs further
investigation. Nonetheless, we demonstrated the requisite
role of KIF13B in VEGFR?2 trafficking during recycling, in
addition to the known role of KIF13B trafficking of newly
synthesized VEGFR2 from the Golgi apparatus [16].

Failure of trafficking misdirect VEGFR2 to the degrada-
tion pathway [14-16, 30, 31]. Thus, KAI peptide decreased
VEGFR?2 in early endosomes and recycling endosomes and
increased VEGFR?2 in Rab7-positive late endosomes 15 min
after VEGF-A stimulation (Fig. 5F). To keep functional
VEGFR?2 in the cycle, unfunctional VEGFR2 needs to be
rapidly and efficiently removed to avoid disruptive signal-
ing. Ubiquitin isopeptidase USP8 [32] and ER-resident ubig-
uitin E3 ligase RNF121 mediate degradation of immature
VEGFR2 [33]. How failed trafficking of VEGFR2 induces
its ubiquitination and subsequent degradation remains an
open question.

The interaction between Rab family proteins and KIF13B
or its homolog has been reported [34-36]. KIF13B interacts
with the early endosome through its tail domain (832-1826
aa) [35], which includes the VEGFR2 binding domain
(1238-1260 aa) and Cap-gly domain (1703-1768 aa). As
internalized VEGFR2 enters Rab5-positive early endosomes
[9-11], KIF13B may interact with early endosomes via
VEGFR2. Alternatively, KIF13B may directly interact with
Rab5 through its Cap-gly domain, as in the case of kine-
sin-73, Drosophila homolog of KIF13B [34]. In KAI-treated
hRECsS, association of KIF13B to Rab5-positive vesicles was
not observed before and after VEGF stimulation (Fig. 5A,
B). KAI also reduced VEGFR2 in co-IP with Rab5 at a
later time point (15 min after VEGF stimulation). Thus,
the interaction of KIF13B to early endosome likely occurs
via VEGFR2, not directly through Rab5. KIF13A, the clos-
est homolog of KIF13B, interacts with the active form of
Rab11 via stalk (351-1307 aa) and tail (1307-1770 aa) [36].
Similarly, KIF13B may interact with Rab11. Alternatively,
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KIF13B and KIF13A may form a heterodimer [37] for the
recycling of VEGFR?2. It is noteworthy that KIF13B did not
interact with the lysosome [35]. Together, our data show that
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KIF13B interacts with internalized VEGFR?2 in early endo-
some and escorts VEGFR2 to the Rabl1-mediated recy-
cling pathway. Thus, inhibition of the function of KIF13B
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«Fig. 6 Inhibition of KIF13B reduced association of VEGFR2 to recy-
cling vesicle. A-D Immunostaining for VEGFR2 (red pseudo color,
stained with Alexa 647) and KIF13B (green pseudo color, stained
with Alexa 594) and fluorescence of mCerulean-Rabl1 (cyan) in
hREC pretreated with either control peptide or KAI (10 uM), and
stimulated with VEGF-A (50 ng/mL) for indicated time periods.
The colocalizations of KIF13B and VEGFR2, KIF13B and Rabl1,
VEGFR2 and Rabll were quantified by Image J and shown as
mean=+ SE in graph B-D, respectively. N=6, 6, 9, 7, 6, 7, 7, 7 for
pictures (from 3 independent experiments) in ctrl (0, 3, 15, 30 min),
KAI (0, 3, 15, 30 min), respectively. Student's t test. *p <0.05, and
n.s. indicates p> 0.05

prevents recycling of VEGFR?2 and leads to lysosomal deg-
radation of VEGFR2.

KALI is designed to disrupt the interaction between
KIF13B and VEGFR?2 [6], and KAl is specific to VEGFR2
with high affinity [7]. We observed similar defects by both
KALI treatment and knockdown of KIF13B with slight dif-
ferences; reduced phosphorylation of VEGFR2 at Y1175
was observed by knockdown of KIF13B, but not by KAI
treatment (Fig. 2). KIF13B has multiple cargo binding
domains, and previously shown to transport PIP3 [1] and
hDlg [38—40]. The aforementioned possible interaction with
Rab proteins [34, 36], or even function of KIF13B as a scaf-
folding protein (not requiring motor function) is also sug-
gested [41]. Thus, defects seen by knockdown of KIF13B but
not KAI treatment can be explained by VEGFR2-independ-
ent function. Although function of KIF13B on endocytosis
of LRP1 was suggested in liver cells [41], endocytosis of
VEGFR?2 was KIF13B independent (Fig. 3E-G), and KAI
treatment did not affect phosphorylation of ERK1/2 by inter-
nalized VEGFR?2 (data not shown). As kinesins have multi-
ple cargoes, it is important to inhibit trafficking of each cargo
by using the dominant-negative approach, and we designed
KAI for such purpose. KAI inhibited VEGF-induced
endothelial permeability in vivo [17] and in laser-induced
permeability, as a model of wet AMD (Fig. 8). Thus, inhibi-
tion of KIF13B-mediated VEGFR?2 trafficking can provide
precise understanding of regulation mechanisms of VEGF
signaling by VEGFR2 trafficking as discussed below. And
inhibition of VEGFR?2 trafficking is also promising thera-
peutic strategy for cancer metastasis [17] and wet AMD [7].

Several types of VEGFR2 trafficking occur simultane-
ously: constitutive (ligand-independent) internalization and
recycling through Rab4 or Rabl1 pathways [42], VEGF-
induced internalization [9, 11, 25, 43] and recycling [13].
There is a technical limitation to separating all events to see
the specific one. As KIF13B has both functions of post-Golgi
trafficking of VEGFR?2 [16] and VEGFR?2 recycling (shown
in this study), the effects of KAI or knockdown of KIF13B
may be due to inhibition of both post-Golgi trafficking and
recycling of VEGFR2. For VEGF-induced endothelial per-
meability, recycling of VEGFR2 plays a major role, but not
post-Golgi trafficking of newly synthesized VEGFR2, as

knockdown of Rab11 inhibited VEGF-induced permeability,
but not knockdown of Syntaxin 6 (Supplemental Fig. S6 B,
C, F, G). Knockdown of Syntaxin 6 rather enhanced VEGF-
induced endothelial permeability. Probably inhibition of traf-
ficking of newly synthesized VEGFR2 increased ratio of
recycled VEGFR2/total amount of VEGFR?2 on the cell sur-
face. As the recycled VEGFR?2 via the Rab11 pathway plays
a major role in endothelial permeability (Supplemental Fig.
S6B, C), an increased ratio of recycled VEGFR2 enhances
the downstream signaling for endothelial permeability.
Internalized VEGFR?2 by different pathways may play
different roles in EC. VEGFR2 is known to internalize
via Clathrin-mediated endocytosis [24], micropinocytosis
[25], and Caveolin-mediated endocytosis [26]. None of the
inhibitors prevented VEGF-induced endothelial permeabil-
ity (Supplemental Fig. S7), suggesting other pathways com-
pensate for the role when one of the pathways is inhibited.
Interestingly, only EIPA, the inhibitor for micropinocytosis,
eliminated the effect of KAI, and also delayed the timing of
endothelial permeability (Supplemental Fig. STE, F). In the
presence of EIPA, internalized VEGFR?2 via micropinocy-
tosis is gone, while the pool of internalized VEGFR?2 via
Clathrin- and Caveolin-mediated endocytosis are still pre-
sent. Although internalized VEGFR2 through all pathways
goes to Rab5 early endosomes, only a pool of internalized
VEGFR?2 via micropinocytosis can be recycled by KIF13B,
as the effect of KAI was eliminated only by EIPA (Sche-
matic figure in Supplemental Fig. S9). It is still a puzzle
how KIF13B can distinguish different pools of VEGFR2.
There may be differences in the associated molecules with
VEGFR?2 in different pathways. Nonetheless, internalization
of VEGFR?2 via micropinocytosis is known to be crucial for
downstream signaling and function in EC [44]. In this study,
KAI could inhibit VEGF-induced signaling and permeabil-
ity (Figs. 1, 2), suggesting that internalization via micro-
pinocytosis and recycling of VEGFR2 plays a major role
in VEGF-induced permeability. Although VEGF-induced
permeability still occurred in the presence of EIPA, it took
longer time to induce full opening of the endothelial bar-
rier (Supplemental Fig. S7), also suggesting the importance
of internalized VEGFR2 via micropinocytosis. It is still
unknown how other pools of internalized VEGFR2 (after
Clathrin- and Caveolin-mediated endocytosis) are recycled,
and how such recycled VEGFR2 can compensate for the role
of recycled VEGFR?2 via micropinocytosis/Rab11 pathway.
Regarding the timeframe of internalization and recycling,
activation of ERK1/2 by internalized VEGFR2 is observed
2-5 min after VEGF stimulation [45]. Colocalization of
internalized VEGFR2 with Rab5 was examined 10 min [46]
or 15 min after VEGF stimulation [31]. Our data showed
their interaction even earlier, 3 min after VEGF stimulation
(Fig. SA, B). After that, dephosphorylated VEGFR2 is sent
to Rabl1-mediated recycling endosomes 15-30 min after

@ Springer



91 Page 14 0f 21 H.-D. Cho et al.

A Ctrl KAl

Original Magnified Original Magnified

¢

VEGF (3 min) VEGF (0 min)

VEGF (15 min)

<
S
o
23
L
O
L
S
p-VEGFR2 LAMP2 DAPI p-VEGFR2 LAMP2 DAPI
B C i wka E shScr_ shKIF13B
VEGF (min) 0 3150 315 VEGF (min) 0 315 0 315
VEGFR2|====9—| VEGFRz‘ggg—_‘.—.“-f‘
b u Ctrl m KAl GAPDH | —m————— | GAPDH ‘.———‘.-—._‘
lll 1 *kk
S = s — D = ShSCR
O X2 M . s i .
O om0 L. ns Ls mctl m shKIF13B
NENE) - F L F T e aKAL £ 29 n.s.
e | % R L — 8 n.s
L <C “’3 "u N A:A ¢ 0 154 ® A | — o 1.5 —_—
O R BT ! é :KF i & °e i A oo 5 e - A
wc b % . *’ A AA * <
> = o s (X3 O 1.0 N ] A *
A e “?ﬂrﬁ&.:g“’“‘%%ﬁg@.
0 3 15 30 & o5 *% A4 |G o 3 s
VEGF (min) w N .« = O e
T et oo
0 3 15 0 3 15
VEGF (min) VEGF (min)

@ Springer



KIF13B mediates VEGFR2 recycling to modulate vascular permeability

Page 150f21 91

«Fig. 7 Failure of VEGFR?2 trafficking sends p-VEGFR2 to lysosome.
A Immunostaining for p-VEGFR2 (Y1175, red) and LAMP2 (green)
in hREC pretreated with either control peptide or KAI (10 uM), and
stimulated with VEGF-A (50 ng/mL) for indicated time periods.
Scale bars; 10 pm. B The colocalization of p-VEGFR2 and LAMP2
was quantified by Image J and shown as mean+SE in graph B.
N=14, 16, 15, 16, 16, 17, 16 and 16 for pictures in ctrl (0, 3, 15,
30 min), KAI (0, 3, 15, 30 min), respectively, from 3 independent
experiments. One-way ANOVA with post hoc multiple compari-
sons. ***p<(.001 and n.s. indicates p>0.05. C, D Degradation of
VEGFR2 after VEGF-A stimulation (50 ng/mL) in hREC treated
with either scrambled control peptide or KAI peptide (10 uM). Rep-
resentative blots were shown in C. Quantification of VEGFR2 was
normalized by loading control GAPDH, and shown in graph D as
mean+SE. N=13. T test was performed for statistical analysis in
ctrl and KAI groups with the same time point of VEGF stimulation.
*#*p<0.01. E, F Degradation of VEGFR?2 after VEGF-A stimulation
(50 ng/mL) in hREC transduced with scrambled shRNA or shRNA-
KIF13B. Representative blots were shown in E. Intensity of the bands
of VEGFR2 was normalized by loading control GAPDH, and shown
in graph F as mean+SE. N=8. T test was performed for statistical
analysis in scrambled shRNA and shRNA-KI/FI3B groups with the
same time point of VEGF stimulation. N.s. no significant difference

VEGF stimulation (Fig. 6D), which is consistent with previ-
ous papers showing colocalization of VEGFR2 with Rabl11
30 min after VEGF stimulation [13, 31, 46]. Recycling of
VEGFR?2 to the cell surface can occur within 10-20 min
[42], with a half-time of approximately 12—15 min [47, 48].
Inhibition of KIF13B-mediated VEGFR2 trafficking reduced
cell surface VEGFR2 15-30 min after VEGF stimulation
(Fig. 3A, B). This timeframe fits the recycling of VEGFR2
[42, 47, 48]. In contrast, release of VEGFR2 from Golgi
was observed ~ 30 min after VEGF stimulation [14, 16, 49].
Post-Golgi trafficking of VEGFR2 may take longer time
but induces further expression of VEGFR2 and restore the
amount of VEGFR?2 on the cell surface, as part of VEGFR2
is degraded after VEGF stimulation [16]. Both recycling of
VEGFR?2 and post-Golgi trafficking are required for continu-
ous activation of VEGFR2 [13, 16], however, possibly medi-
ate different downstream events, as knockdown of Synraxin 6
did not block VEGF-induced endothelial permeability (Sup-
plemental Fig. S6F, G).

Then, what is the function of slow recycling of VEGFR2
through Rabl1 pathway? Rab4-mediated fast recycling
can bring VEGFR2 to the cell surface while being still
phosphorylated [13, 31], so that recycled p-VEGFR2 can
immediately activate local signaling. In contrast, VEGFR2
needs to be dephosphorylated to enter Rab11-mediated slow
recycling pathway [13], and then be further phosphorylated
again after recycling to the cell surface for the next cycle.
Knockdown of Rabl1 reduced phosphorylated VEGFR2
at the cell—cell junction 7-15 min after VEGF stimulation
(Supplemental Fig. S6A), suggesting recycling of VEGFR2
via Rabl1 pathway can contribute to maintaining VEGF
signaling at the cell—cell junction at 7-15 min after VEGF
stimulation. Keeping phosphorylated VEGFR?2 at cell-cell

junction or fast-recycling of phosphorylated VEGFR2 would
be faster and simpler than internalization of phosphoryl-
ated VEGFR2 followed by dephosphorylation, recycling
via Rabl1 pathway, and phosphorylation again. However,
VEGF-induced endothelial permeability needs Rabl1-
mediated slow recycling of VEGFR2, not Rab4-mediated
fast recycling (Supplemental Fig. S6B, C, F, G). Maybe
slow recycling of VEGFR?2 plays a role in recruiting down-
stream signaling molecules from cytosol to the specific area
of the plasma membrane. It needs further investigation in
the future. VEGFR?2 trafficking seems to regulate selective
downstream events, among the multiple signaling events
induced by VEGF/VEGFR2. Interestingly, co-receptor
of VEGFR2, NRPI, is required for escorting VEGFR2 to
Rab11-mediated recycling pathway [13], and VEGF-induced
endothelial permeability [27]. These findings also suggest
importance of Rab11-mediated slow recycling of VEGFR2
to regulate endothelial permeability.

Our previous studies showed that KIF13B-mediated
VEGFR?2 trafficking regulated EC migration and sprout-
ing angiogenesis [16] and VEGF-induced vascular leak-
age over periods of up to weeks [17]. The present results,
however, show a rapid response to VEGF-A occurring
within 3 min. As shown in the present study, the interaction
between VEGFR2 in the early endosomes with molecular
motors KIF13B and MYOIC restore VEGFR?2 at the cell
surface within minutes. Kinesins transport their cargo for
50-200 mm per day [50], that is, 35—-140 pm/min. The speed
of kinesins is sufficiently rapid to transport cargo to the
cell surface within minutes in endothelial cells (50-70 um
diameter). Thus, recycled VEGFR2 by KIF13B can induce
downstream signaling, such as SRC-mediated phosphoryla-
tion of VE-cadherin (15 min) and endothelial permeability
(15-30 min). However, inhibitory effect of KAI on phos-
phorylation of VEGFR2 specifically at Y951 (3 min) cannot
be explained by inhibition of VEGFR2 recycling, as this
timeframe is likely before recycling.

Then, how is VEGF signaling regulated by VEGFR?2 traf-
ficking? Abrogation of KIF13B-mediated VEGFR2 traffick-
ing reduced phosphorylation of VEGFR2 greater degree at
Y951 than Y1175 sites, even though the initial cell-surface
VEGFR?2 levels were not altered. VEGF stimulation simul-
taneously induces auto-phosphorylation of VEGFR2 at
multiple tyrosine residues, Y951, Y1054/1059, Y1175, and
Y1214 [51]. Each phosphorylation site has unique function
to induce VEGFR2 activation or downstream signaling path-
ways. Phosphorylation at Y1175 regulates cell migration,
proliferation, and homeostasis, whereas phosphorylation at
Y951 regulates permeability and survival [8]. Autophospho-
rylation at Y1054/1059 indicates dimerization of VEGFR2
and activation of its kinase activity[52]. Phosphorylation
of VEGFR2 at Y1059 3 min after VEGF stimulation was
not inhibited by KAI treatment (Supplemental Fig. S2B,
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«Fig. 8 Pharmacological inhibition of VEGFR2 trafficking amelio-
rates vascular leakage in mice. A-E Effects of KAI eyedrop on the
pathological vascular leakage in mice. After receiving laser burns,
mice were treated either control peptide (ctrl) or KAI (5 pg/eye in
5 ul PBS) daily. On day 3, Evans blue was injected i.p., and Evans
blue leakage was measured 24 h after injection. Cryosections of the
damaged area were also stained with ILB4 (A) and CD68 (B) to visu-
alize neovascularization and macrophage recruitment, respectively.
Representative images were shown in A and B. Scale bars; 50 um.
The intensity of the Evans blue extravasation, ILB4, and CD68 was
quantified and shown in the graph as mean+SE in C-E. N=8 and
10 for ctrl and KAI, respectively. F Schematic showing the working
model in this study. VEGF induces internalization of phosphoryl-
ated VEGFR2 to Rab5-positive early endosomes. Dephosphoryl-
ated VEGFR2 is transferred to Rabll-positive recycling vesicle
by KIF13B and further trafficked to the cell surface. When KIF13B
function is blocked by either knockdown or pharmacological inhibitor
KAI, VEGFR? trafficking is failed, and phosphorylated VEGFR?2 is
sent from early endosomes to late endosome and lysosome for degra-
dation. Recycling of VEGFR?2 is required for VEGF-induced signal-
ing for endothelial permeability. Thus, this pathway can be a thera-
peutic target for vascular leakage-related diseases such as wet AMD

C), thus the reduced phosphorylation at Y951 by KAI or
knockdown of KIF13B is not due to defects in dimerization
nor reduced kinase activity. Rather, selective dephospho-
rylation is possible, as suggested by other research groups
[43, 53-55]. Dephosphorylation of VEGFR2 is mediated by
multiple phosphatases with overlapping and preferred tar-
get residues. Cell membrane phosphatase vascular endothe-
lial protein Tyr phosphatases (VE-PTPs) dephosphorylates
both Y951 and Y1175 of VEGFR?2 [51]. Intracellular phos-
phatases SRC homology-2 domain-containing phosphatase
1 (SHP1) dephosphorylates Y1175 and Y 1054/59, but not
Y951 [51]. In contrast, SHP2 dephosphorylates VEGFR2
at Y951, Y996, and Y1059, but not Y1175 [55]. Regulation
of phosphorylation status of VEGFR2 by its trafficking has
been demonstrated [11, 31, 43, 46, 56]. When trafficking
of internalized VEGFR2 from periphery to early endosome
is inhibited, VEGFR2 can be dephosphorylated by mem-
brane phosphatases [11, 46]. Similarly, when recycling of
internalized VEGFR?2 is inhibited, VEGFR2 can be dephos-
phorylated by intracellular phosphatases [31]. In this study,
we showed reduced phosphorylation of Y951 3 min after
VEGEF stimulation by inhibition of KIF13B function mediat-
ing VEGFR?2 trafficking, whereas phosphorylation of Y1175
was sustained. The timeframe is before recycling. Selective
dephosphorylation of Y951, 5 min after VEGF stimula-
tion, was also observed by knockdown of Syndecan-2 [43].
Syndecan-2 regulates the internalization of DEP1, which
selectively dephosphorylates Y951 of VEGFR2. Increased
cell surface DEP1 by knockdown of Syndecan-2 promotes
dephosphorylation of Y951 of VEGFR2 [43]. Similarly,
inhibition of KIF13B may keep VEGFR?2 in close contact
with phosphatases such as DEP1. The mechanisms of how
KIF13B-mediated VEGFR2 trafficking affects potential

interaction with selective phosphatases, and whether it is
SHP2 or DEP1 need further investigation in the future.

An alternative possibility is failure of VEGFR2 recycling
reduces the amount of VEGFR2 at the cell surface to be
ligated with VEGF. Impaired VEGFR2 trafficking caused
accumulation and degradation of VEGFR2 in lysosomes.
Thus, VEGF signaling was reduced and release of VEGFR2
from the perinuclear pool was inhibited. Both inhibition of
VEGFR?2 trafficking from the recycling pool and the newly
synthesized pool prevented VEGF signaling, thereby inhib-
iting downstream signaling mediating endothelial perme-
ability. Thus, targeting VEGFR?2 trafficking is potentially a
promising anti-endothelial permeability strategy.

Materials and methods
Antibodies and reagents

Rabbit antibodies against VEGFR2, p-VEGFR2 (Y1175),
p-VEGFR2 (Y951), p-VEGFR2 (Y1059), SRC, p-SRC
(Y416), Rab7, Rabl1, CD68 were from Cell Signaling
Technology (Danvers, MA, USA). Rabbit antibodies against
KIF13B and p-VE-cadherin (Y658) were from Invitrogen
(Carlsbad, CA, USA), p-VE-cadherin (Y685), VE-cadherin
and Rab5 were from Abcam (Cambridge, MA, USA). Rab-
bit antibodies against Rab11 (Proteintech, Rosemont, IL)
and GAPDH (Sigma-Aldrich, St. Louis, MO, USA) were
also used. The goat antibody against VEGFR2 was from
R&D Systems (Minneapolis, MN). Mouse antibodies against
VE-cadherin, Rab4 (Santa Cruz, Dallas, TX), Rab5A, Rab7
(Cell Signaling), Syntaxin 6, EEA1, and LAMP2 (BD Bio-
science, Franklin Lakes, NJ, USA), EXOC6 (Sigma) were
also used. Mouse monoclonal antibody against KIF13B was
kindly provided by Dr. Toshihiko Hanada [1, 37] (Tufts Uni-
versity, Boston, USA). Other reagents used were ILB4 (Vec-
tor Laboratories, Burlingame, CA, USA), Alexa 594 anti-
rabbit antibody, Alexa 488 anti-mouse antibody, Alexa 488
anti-goat antibody, Alexa 488-streptavidin (Invitrogen), and
HRP-conjugated secondary antibodies (Jackson Immunore-
search Laboratories, West Grove, PA, USA). Recombinant
human VEGF-A'! was purchased from Peprotech (Cran-
bury, NJ, USA). Pharmacological inhibitors, EIPA, Filipin
III, Pitstop2 were from Cayman Chemical (Ann Arbor,
MI). Silencer Select siRNA for human Rab4A (S224510),
Rabl1la (S16702), Syntaxin 6 (S19959), negative control
siRNA were from Invitrogen. Lipofectamine RNAi max
(Invitrogen) was used according to manufactures' procedure.

Cell culture

Human retinal endothelial cells (hRECs) (Cell Sys-
tems, Kirkland, WA, USA) were maintained with EGM2
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MYV supplemented with 5% FBS (Lonza Group, Basel,
Switzerland).

Plasmids and lentivirus preparation

Lentiviruses encoding shRNA for human KI/FI3B and
scrambled shRNA were as described [16]. mCerulean-
Rablla cDNA in mammalian expression vector was pur-
chased from Addgene (Watertown MA), and subcloned into
LeGo vector (Addgene). LeGo-mCerulean-Rabl1a was
transfected with pMD1G-VSV-G and pCMV-dr8.74G/P
into HEK293T17 (ATCC, Manassas, VA) to produce lenti-
virus particles. Titer of the lentiviruses was measured with
a lentivirus titration kit (Takara Bio USA, San Jose, CA,
USA). The same multiplicity of infection (MOI) of lenti-
viruses encoding scrambled shRNA and shRNA-KIFI3B
(MOI 100) were used for hREC. 72 h after infection, cells
were used for experiments.

Peptides

Biotin-KAI was as described [6, 7] Biotin-tagged scram-
bled KAI was also designed (TFLTLRDRRSHLPGVS-
QVPIEVV) and synthesized by a custom synthesized service
(Thermo Fisher Scientific, Waltham, MA, USA) and used
as control peptide.

Transendothelial electrical resistance (TEER) assay

To examine the function of KIF13B to regulate VEGF-
induced endothelial barrier relaxation, transendothelial
electrical resistance (TEER) was measured by electrical cell-
substrate impedance sensing (ECIS, Applied BioPhysis inc,
Troy, NY). Briefly, hRECs were infected with lentiviruses
encoding shRNA-KIF13B or scrambled shRNA, and seeded
in the 0.1% gelatin-coated electrode chamber (SW10E + C)
as 4 x 10* cells/well. TEER was measured every 30 s over-
night (4000 Hz of frequency) to monitor barrier relaxation
by VEGF-A (50 ng/mL). Resistance was normalized by
the resistance at time zero (when VEGF-A was added) and
shown in the graphs.

To examine the effect of KAI treatment, confluent hRECs
in the electrode chamber were pretreated with either control
peptide or KAI peptide (10 uM) for 2 h in the complete cul-
ture medium. The change of TEER by VEGF-A (50 ng/mL)
was measured as described above. Similarly, the effects of
pharmacological inhibitors were tested by pretreatment of
confluent hREC with inhibitors or DMSO vehicle (<0.01%)
for 2 h followed by VEGF stimulation.

@ Springer

Western blotting analysis

Confluent hRECs were treated with either control peptide
(ctrl) or KAI (10 pM) for 2 h in the serum starvation media.
After stimulation with 50 ng/mL of VEGF-A for indicated
time points, cells were lysed by RIPA lysis buffer (Cell Sign-
aling) supplemented with 10 mM sodium fluoride (Sigma),
1 mM sodium orthovanadate (Sigma), 1 mM beta-glycer-
ophosphate (Sigma), and protease inhibitor cocktail (Sigma).
Protein concentrations were measured by BCA protein assay
kit (ThermoFisher), equal amounts of proteins were ana-
lyzed for western blotting. The intensity of the bands was
quantified with Image Studio Lite software (LI-COR, Lin-
coln, NE, USA).

Immunostaining

Confluent hRECs in 0.1% gelatin-coated EZ slide 4-well
chamber (Millipore, Burlington, MA, USA) were pretreated
with either scrambled or KAI peptides in serum starvation
media for 2 h. After stimulation with VEGF-A (50 ng/mL)
for the indicated time points, cells were fixed with 4% PFA
for 20 min at room temperature. Cells were permeabilized
with 0.1% triton-X, and incubated with 4% BSA, 10% nor-
mal serum for the host of secondary antibodies in PBS 0.1%
Tween 20. Cells were incubated with specific primary anti-
bodies overnight, followed by incubation with fluorescently
labeled secondary antibodies with Alexa-594 and Alexa-488
(Invitrogen). Stained cells were observed under a Zeiss con-
focal LSM 880 META with 63 X oil immersion objective
lens. The confocal images were all obtained in the same
microscope settings, such as gain and scanning time. The
intensity was quantified with Image J (NIH).

For staining of cell surface VEGFR2, confluent hREC
were fixed with 1.3% PFA for 4 min at room temperature fol-
lowed by washing twice with PBS, quenching with 50 mM
ammonium chloride for 2 min and washing twice with PBS.
Without permeabilization, cells were incubated with 4%
BSA, 10% normal serum in PBS for 1 h at room temperature,
followed by incubation with antibodies in 4% BSA in PBS.

Cell surface biotinylation studies

To measure the cell surface pool of VEGFR2, we covalently
labeled cell-surface proteins using a membrane-impermea-
ble biotinylation reagent (NHS-SS-biotin; Thermo Fisher) as
described previously [16] Total cell proteins and biotinylated
surface proteins were analyzed by western blotting using
anti-VEGFR?2 antibody.
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Biotinylation of internalized VEGFR2

For assessment of the internalized pool of VEGFR?2 after
VEGF stimulation, biotinylation of cell surface proteins was
performed before VEGF-A stimulation as described [22].
Briefly, after serum starvation for 2 h, cells were incubated
0.2 mg/mL of sulfo-NHS-SS-biotin for 20 min at 4 °C. After
biotin labeling on the surface proteins, cells were stimulated
with VEGF-A (50 ng/mL) for indicated time points. Cells
were washed with cold PBS, and cell surface biotin was
cleaved off by incubating the cells on ice with 100 mM of
membrane-impermeable reducing agent MESMA (2-mer-
captoethane sulphonic acid (Sigma) as described [22]. Cells
were lysed with lysis buffer (10 mM HEPES, 150 mM NaCl,
1% TritonX100, 0.5% NP40, 1 mM EGTA, 1 mM EDTA,
10 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM
beta-glycerophosphate, and protease inhibitor cocktail).
Equal amounts of protein lysates were precipitated with
streptavidin-agarose beads. After washing the beads exten-
sively with lysis buffer, proteins were analyzed by western
blotting.

Co-immunoprecipitation (co-IP)

After stimulation of the cells with VEGF-A (50 ng/mL) for
indicated time points, cells were lysed with IP-lysis buffer
(50 mM HEPES pH 7.4, 150 mM NacCl, 2.5 mM EDTA,
0.25% NP40, 2.5% glycerol, protease inhibitor cocktail,
1 mM f-glycerophosphate, 10 mM sodium fluoride, 1 mM
sodium orthovanadate). Total protein lysates were precleared
with normal IgG conjugated with agarose (Santa Cruz) for
1 h at 4 °C, then proceeded for co-IP with specific antibodies
(Rab5A, Rab 11 and Rab7) and Protein A/G bead (Thermo
Fisher) for overnight at 4 °C. After washing with IP-lysis
buffer with reduced detergent (0.025% NP40), proteins co-
immunoprecipitated with Rab family antibodies were ana-
lyzed by western blotting.

Laser-induced vascular leakage

Under anesthesia, C57BL/6 received the laser burns as
described [7]. Mice received eyedrop of either KAI (5 pg/
eye in 5 uLL PBS) or ctrl (5 pg/eye) daily on the eyes with
laser burns from day O to day 3. On day 3 post-lasering,
250 uL of Evans blue (1% in saline) was injected i.p. Eyes
were isolated 24 h later, fixed in 2% paraformaldehyde
(PFA) for 30 min and frozen in optimal cutting density com-
pound (OCT) (Sakura Finetek USA, Torrance, CA, USA)
in 2 methyl 1 butane in liquid nitrogen. Cryosections of the
damaged area were stained with biotinylated ILB4 followed
by Alexa 488-streptavidin, or CD68 antibody and Alexa
594-anti-rabbit antibody and counterstained with DAPI. The
intensity of Evans blue, ILB4, CD68 was measured using

Image J and plotted in the graph using GraphPad Prism 9
(GraphPad, San Diego, CA, USA).

Statistical analysis

Data were analyzed with GraphPad Prism 9 (GraphPad).
Two samples were compared by Student's ¢ test. More than
2 samples were analyzed by one-way analysis of variance
(ANOVA), followed by post hoc comparisons.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-023-04752-5.
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