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Vascular endothelial growth factor receptor 2 (VEGFR2) localized on the surface of endothelial cells
(ECs) is a key determinant of the magnitude and duration of angiogenesis induced by vascular endo-
thelial growth factor (VEGF). The kinesin family plus-end motor KIF13B transports VEGFR2 to the EC
surface, and as such, specific inhibition of polarized VEGFR2 trafficking prevents angiogenesis. We
designed a series of bioactive peptides based on deep analysis of VEGFR2-binding domain of KIF13B
that compete specifically with VEGFR2 binding of KIF13B and thereby potently inhibit angiogenesis.
Expression of these peptides by lentivirus prevents VEGF-induced capillary network formation in
Matrigel plugs and neovascularization in vivo. A synthetic soluble, cell-permeable, 23—amino acid
peptide termed kinesin-derived angiogenesis inhibitor (KAI) not only prevents interaction of VEGFR2
with KIF13B but also trafficking of VEGFR2 in the plus-end direction to the EC plasmalemma. Kinesin-
derived angiogenesis inhibitor also inhibits VEGF-induced EC migration and tumor growth in human
lung carcinoma xenografted in immunodeficient mice. Thus, we describe a novel class of peptides
derived from the site of interaction of KIF13B with VEGFR2 that inhibit VEGFR2 trafficking and thereby

starve cancer of blood supply. (Am J Pathol

Jj-ajpath.2016.09.010)

2017, 187: 214—224; http://dx.doi.org/10.1016/

Vascular endothelial growth factor (VEGF) plays a critical
role in the metastasis and growth of cancer by increasing
nutrient blood supply secondary to formation of new blood
vessels. ® VEGF signals through activation of the endo-
thelial cell (EC) surface—localized high-affinity tyrosine
kinase receptor VEGF receptor 2 (VEGFR2) (alias Flk-1).'
Poor vessel growth and maintenance cause ischemia in
myocardial infarction, stroke, and neurodegenerative- and
obesity-associated disorders, whereas excessive vascular
growth is essential for metastasis and growth of cancer,
inflammatory disorders, and retinal vascular diseases asso-
ciated with diabetes and macular degeneration.” > Thus,
angiogenesis is a key therapeutic target for these diseases.’”’
Anti-VEGF antibodies and kinase inhibitors’ prevented
VEGFR?2 signaling and EC migration. ” VEGF blockade
also prolonged survival in monotherapy or combined ther-
apy in patients with cancer’; however, the responses are
variable, and some patients were refractory or in time

acquired resistance.” The mechanisms of resistance and
variability have been discussed elsewhere.”* '~

VEGF'® binding to VEGFR2 induces VEGFR2 homo-
dimerization, autophosphorylation, and internalization of
VEGFR2." The internalized VEGFR2 is ubiquitinated and
degraded in lysosomes.'® VEGF in addition to ligating the
receptor signals the polarized trafficking of newly synthe-
sized VEGFR2 from Golgi apparatus to the plasma mem-
brane to continuously restore the cell surface receptor pool
for the next round of VEGF binding and receptor activation
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VEGFR?2 Trafficking Inhibits Angiogenesis

cycle.'*'® This is evident by findings that inhibition of

VEGFR2 trafficking prevented VEGF-mediated neo-
vascularization in ears of mice'* and vessel formation in
Matrigel plugs in vivo.'® The requirement for transport of
VEGFR?2 to the EC surface is especially important in the
outward sprouting tip ECs,'” which form filopodia as the
vessels grows outward while the stalk ECs just below the tip
cells undergo increased proliferation in response to VEGF.'*
Thus, VEGFR2 localization in tip cells is essential for
directional migration of ECs in newly forming vessels.'®
We recently found that KIF13B, a kinesin family motor,
unidirectionally transported VEGFR2 along microtubules in
response to VEGF.'® Furthermore, we found that inhibition
of VEGFR?2 trafficking by depletion of KIF13B abrogated
EC migration and sprouting angiogenesis; however, EC
survival and proliferation were unaffected.'® The tail of
KIF13B has multiple domains for cargo binding.'” > Be-
sides VEGFR2, KIF13B transports polarity determination
factors, such as PIP3.7%?* These cargoes bind distinct re-
gions of KIF13B often by bridge proteins, such as cen-
taurin-o.”’ This prompted us in the present study to target
specifically VEGFR?2 trafficking that would only prevent
VEGF-dependent angiogenesis. We describe the minimal
binding domain required for KIF13B interaction with
VEGFR?2 and define the role of peptides derived from this
domain in modulating VEGFR2 trafficking and their ther-
apeutic potential.

Materials and Methods

Antibodies and Reagents

Antibodies against KIF13B (Sigma, St. Louis, MO), extra-
cellular domain of VEGFR?2 (Fitzgerald, Acton, MA), E-tag
(Abcam, Cambridge, MA), von Willebrand factor based on
analysis of VEGFR2-binding site in KIF13B (Millipore,
Temecula, CA), and CD31 (Abcam) were used. Secondary
antibodies were horse radish peroxidase—conjugated
donkey anti-rabbit (Jackson ImmunoResearch, West Grove,
PA), Alexa594-conjugated anti-rabbit (Life Technologies,
Carlsbad, CA). WST-1 (Roche, Basel, Switzerland) and
terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling (TUNEL) kit (Life Technologies) were also
used.

Plasmids

Human KIF13B cDNA was purchased from the Kazusa
DNA Institute (Chiba, Japan).“’ Truncated mutants, lenti-
virus, and recombinant proteins were produced as described
by Yamada et al.'®

Peptides

Peptides were custom synthesized by Pierce Biotechnology
(Rockford, IL) at 95% purity, which was confirmed by
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reverse-phase high-performance liquid chromatography and
mass spectrophotometry. Bulk peptides were aliquoted in
glass vials (25 mg per vial) and kept in a desiccator at
—20°C. Once dissolved in sterile water in acidic condition
(by adding <10% sterile acetic acid), pH was adjusted by
adding sterile phosphate-buffered saline (PBS), and 10 mg/
mL of the peptide in sterile PBS was aliquoted and kept at
—20°C freezer. Once thawed, peptide solutions were used
within 2 to 3 days.

Cell Culture

Human primary umbilical vein endothelial cells (HUVECs:)
(Lonza, Walkersville, NJ), HEK293T/17, and human
fibroblast Detroit 551 (ATCC, Manassas, VA) were main-
tained as described by Yamada et al.'® H460 cells were from
ATCC and maintained in Dulbecco’s modified Eagle’s
medium (Life Technologies) supplemented with 10% fetal
bovine serum.

Angiogenesis Assays

Collagen invasion assay was performed as previously
described.” In vitro capillary network formation on Matri-
gel (BD Biosciences, San Jose, CA) and scratch wound
healing assay were performed as previously described.'®
Fibrin gel sprouting assay was performed as described by
Nakatsu and Hughes.% VEGEF (2.2 nmol/L) stimulation was
used for all in vitro angiogenesis assays. Transwell migra-
tion assay was performed as described by Kaplan et al,”’
using VEGF (4.4 nmol/L), sphingosine-1-phosphate (S1P)
(1 pmol/L), or basic fibroblast growth factor (bFGF) (50 ng/
mL) in the presence or absence of kinesin-derived angio-
genesis inhibitor (KAI) at varying concentrations.

In Vitro Binding

Truncated mutants of KIF13B were expressed in BL21
(DE3) or Rosetta-gami and purified as previously
described.'®'” Binding assay was performed with S-resin in
0.5% Triton-X100 and 1% bovine serum albumin at 4°C
and analyzed by Western blotting using anti-VEGFR2
antibody.

Proliferation, Viability, and Toxicity Assays

VEGF-induced proliferation and viability of HUVECs were
assessed by the WST-1 assay (Roche) as previously
described.”®” HUVECs were cultured in reduced serum
media (EBM2 supplemented with 0.1% fetal bovine serum
and EC supplements, except VEGF, epidermal growth fac-
tor, insulin-like growth factor, and fibroblast growth factor).
Then HUVECs were stimulated with VEGF (2.2 nmol/L),
with and without KAI (1, 3, and 10 pmol/L), or negative
control peptide (CT23, 3 pmol/L) for 48 hours to test
VEGF-induced proliferation by WST-1 assay in a 96-well
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format. Viability of HUVECs was assessed with and
without KAI (1, 3, and 10 pmol/L) after overnight incuba-
tion in growth medium. Apoptosis was measured by
TUNEL assay (Invitrogen) after incubation with and
without KAI in growth medium for 48 hours. As a positive
control, 50 ng/mL of tumor necrosis factor (TNF)-o was
also used in the apoptosis assay.

Endothelial Permeability Assay

A VEGF-induced increase in endothelial permeability was
assessed by leakage of fluorescein isothiocyanate—dextran
across HUVEC monolayers. Transwells (with 0.4-pm-pore
diameters) were coated with confluent HUVECs. After
serum starvation, cells were pretreated with KAI or CT23
(10 umol/L). Then the cells were stimulated with VEGF,
and at various time points transendothelial fluorescein iso-
thiocyanate—dextran permeability was measured using the
fluorescence plate reader PHER Astar (BMG Biotech, Cary,
NO).

Matrigel Plug Vessel Formation Assay and Mouse
Xenograft Model

For the Matrigel plug assay used to assess vessel formation
of mouse ECs, C57BL6 males (Jackson Laboratory) were
used as previously described.'®”’ For mouse xenograft
model, human lung carcinoma H460 (3 x 10° cells) s.c. was
inoculated in the right flank of immunodeficient BALBc
mice with severe combined immunodeficiency (Jackson
Laboratory) under anesthesia as described.”'”” After a
palpable tumor had developed, mice received either 200 pL
of PBS or peptide KAI (10 mg/kg dissolved in 200 pL of
PBS) by i.v. injection via tail vein 3 times per week. Tumor
size was measured 3 times per week using a caliper. After
the treatment period, the tumor was fixed and paraffin
embedded for immunohistologic analysis with anti-
VEGFR?2 antibody for assessment of tumor angiogenesis.
The mice were housed in pathogen-free conditions in the
University of Illinois Animal Care facility and treated in
accordance with institutional guidelines.

Postnatal Retina Angiogenesis

Neonatal C57B mice were given peptide (either KAI or
CT23, 10 mg/kg dissolved in PBS) or PBS vehicle at the
day of birth (postnasal day 0) and subsequent days (post-
nasal days 1 to 4) daily s.c. under eyelid as previously
described.” At postnatal day 6, the retina was isolated and
stained with anti-CD31 antibody (Abcam) as previously
described.™

Image Acquisition Protocol

Microscopes used for this study were Zeiss confocal LSM
880 META with 63 x oil immersion objective lens and Zeiss
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Axiovert phase-contrast microscope with Plan-Neofluar 5x
objective, 20x objective lens, and 40x oil immersion
objective lens. All fluorescence images were taken in the
same conditions and settings for all samples in the same set
of experiments.

Statistical Analysis

The r-test was used for intergroup comparisons. To analyze
more than two groups, one-way analysis of variance and
post hoc Bonferroni multiple comparisons were performed
with GraphPad Prism software version 5 (GraphPad Soft-
ware, San Diego, CA).

Results

Identification of Minimal KIF13B-Derived Peptide-
Inhibiting Angiogenesis

We used recombinant proteins to identify the binding sites on
KIF13B mediating the interaction with VEGFR2. KIF13B
has a motor, forkhead-associated, membrane-associated
guanylate kinase—binding stalk, 2 domains of unknown
function (DUFs) (DUF3694), and a proline-rich and
cytoskeleton-associated  protein  glycine-rich domain
(Figure 1A). The DUFs were identified from amino acid
sequence similarity on the Pfam database (hrp.://pfam.xfam.
org/family/DUF3694, last accessed August 28, 2016). We
previously found that both domains of DUF3694 directly
bind recombinant VEGFR?2 in vitro.'® To define the specific
peptide sequence inhibiting VEGFR?2 trafficking, we focused
on the second DUF3694 domain (DUF2, 1112-1281 amino
acids). This was based on stability of this domain and a
sequence distinct from binding sites for other cargoes of
KIF13B.?%?! We truncated DUF2 into 3 parts (A, B, C) and
expressed these as recombinant proteins in bacteria.
VEGFR2 was abundantly expressed in HUVECsS; thus, cell
lysate from HUVECs was incubated with these recombinant
proteins on beads, and VEGFR2 binding was determined
using the anti-VEGFR?2 antibody (Figure 1B). We observed
that DUF2C specifically binds VEGFR2, whereas DUF2A
and B and beads alone failed to bind (Figure 1B).

To test the bioactivity of the truncated mutant of KIF13B,
we expressed DUF2C by lentivirus vector in HUVECs.
Expression of DUF2C was sufficient to reduce VEGF-
induced capillary network formation in vitro, whereas
vector-infected control HUVECs formed characteristic
capillary networks in Matrigel plugs in the presence of
VEGF (Figure 1C). We also used the collagen invasion
system”” as another angiogenesis assay to test the peptides.
After infection with control lentivirus, FLAG-DUF2C, or
FLAG-DUF2, HUVECs were seeded on collagen gels. Cell
invasion in response to proangiogenic stimuli S1P and
VEGF in the gel was monitored for up to 24 hours
(Figure 1, D and E, and Supplemental Figure S1). Only the
expression of DUF2C or the entire DUF2 sequence
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Figure 1  Identification of KIF13B domains inhibiting the interaction of KIF13B with vascular endothelial growth factor receptor 2 (VEGFR2). A: Schematic
of the domains of KIF13B and truncated domains used in the study. B: For the in vitro binding assay, the domains of KIF13B [domains of unknown function
(DUFs) 2A, 2B, and 2C] were expressed in bacteria and tested for binding to VEGFR2 in human primary umbilical vein endothelial cell (HUVEC) lysates by the
pull-down assay. VEGFR2 was detected by Western blotting using an antibody. C: In vitro two-dimensional capillary network formation of HUVECs treated with
either control virus (FLAG vector) or virus encoding truncated mutants of FLAG-KIF13B in Matrigel supplemented with VEGF (2.2 nmol/L). D and E: Vascular
endothelial growth factor (VEGF)— and sphingosine-1-phosphate (S1P)—induced invasion in three-dimensional collagen matrices. HUVECs were infected
without virus or with control versus FLAG-DUF2C or FLAG-DUF2 for 2 days and tested for invasion into collagen in the presence of S1P or VEGF (2.2 nmol/L).
Results are representative of three individual experiments. Quantification of the collagen invasion assay is given in D by measuring distance of invading
endothelial cells. Data are expressed as means & SEM (C and D). n = 15 and 9 (C); n = 50 sprouts (D). *P < 0.05. Scale bars: 200 um(C); 100 pm (D). aa,
amino acid; Cap-Gly, cytoskeleton-associated protein glycine-rich; FHA, forkhead associated; GST, glutathione S transferase; MBS, membrane-associated

guanylate kinase—binding stalk; pro, proline rich; S, oligopeptide derived from RNase A (alias S-tag).

significantly reduced invasion of HUVECs into collagen gel
(Supplemental Figure S1), distance of invasion (Figure 1D
and Supplemental Figure S1), and number of lumen formed
(Supplemental Figure S1). Thickness of invading sprouts,
however, was not different among the groups (Supplemental
Figure S1).

We then followed up with further truncating DUF2C
(DUF2C1-9) to identify the minimum binding site on
VEGFR?2 (Figure 2A). Among these, we identified the core
binding region in 1238 to 1260 amino acids of KIF13B by
pull-down binding assay with endogenous VEGFR2 from
HUVEC lysates (Supplemental Figure S2, A—C) and
termed it DUF2CS5 (shorter name, C5) (Figure 2A). The
truncated proteins C6, C8, and C9 in contrast did not sup-
port stable interaction with VEGFR2 (Supplemental
Figure S2, A—C); thus, DUF2C5 was defined as the mini-
mum binding region within DUF2 domain of KIF13B that
mediated binding to VEGFR2.

The American Journal of Pathology m ajp.amjpathol.org

Next we determined bioactivities in two-dimensional
capillary network formation assay in HUVECs expressing
KIF13B truncated mutants or vector controls. HUVECs
were infected with lentiviruses encoding FLAG-C2, -C3,
-C5, -C8, -C9, or vector. In addition, C-terminus region of
KIF13B (1528 to 1826 amino acids), which does not bind to
bind to VEGFR2,'® was used as a negative control.
Expression of truncated mutants C2, C3, and CS5, which
bind VEGFR2, significantly reduced VEGF-induced
network formation, whereas vector-infected control
HUVECs and Ct -expressed HUVECs formed capillary
networks on Matrigel in the presence of VEGF (Figure 2, B
and C). DUF2C8 and C9, which weakly bind VEGFR2,
did not significantly reduce network formation (Figure 2,
B and C).

To address the role of KIF13B in mediating angiogenesis
in vivo, we next performed the Matrigel plug assay in

mice'®’’ using lentivirus expressing truncated mutants of
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Figure 2  Peptides derived from KIF13B inhibit vascular endothelial growth factor (VEGF)—induced angiogenesis. A: Schematic of the domains of KIF13B
and truncated domains used in the study. Domains of unknown function (DUF) 2C1 [1202-1240 amino acids (aa)], €2 (1221-1260 aa), (3 (1241-1281 aa), C4
(1226-1251 aa), €5 (1238-1260 aa), C6 (1238-1254 aa), (7 (1261-1281 aa), (8 (1251-1268 aa), and C9 (1235-1252 aa) were expressed as recombinant
proteins in bacteria and tested for binding to vascular endothelial growth factor receptor 2 (VEGFR2) by pull-down assay. O, X, and triangle indicate binding,
no binding, and partial or unstable binding, respectively. Binding region is indicated as pink shadow. B and C: In vitro two-dimensional capillary network
formation of human primary umbilical vein endothelial cells treated with either control virus or virus encoding truncated mutants of FLAG-KIF13B in Matrigel
supplemented with VEGF. C; (1528-1826 aa) was used as a negative control because it did not bind to VEGFR2."® D and E: Hematoxylin and eosin staining of
Matrigel plug was supplemented with 4.4 nmol/L VEGF, 50 ng/mL of basic fibroblast growth factor, 60 U of heparin, and 0.8 x 108 IFU lentivirus (vector
control, DUF2, or DUF2C5, or C7) and injected s.c. in C57BL6 mice. Data are expressed as means + SEM (Cand E). n = 15, 9, 6, 6, 6, 6, 6, and 3 for the groups,
respectively (C); n = 4, 4, 5, and 5 for vector control, DUF2, DUF2C5, and Cy, respectively (E). *P < 0.05 (one-way analysis of variance). Scale bars = 100 um
(B and D). IFU, infectious unit; KAI, kinesin-derived angiogenesis inhibitor.

KIF13B (Figure 2, D and E, and Supplemental Figure S2D).
High titer of lentivirus was injected with Matrigel s.c. into
C57BL mice in the presence of VEGF, bFGF, and heparin.
Interestingly, expression of DUF2C5 or full-length DUF2
significantly reduced the number of vessels, whereas vector
control or expression of Crp had no significant effect
(Figure 2, D and E, and Supplemental Figure S2D). These
results identifying the minimum binding site of KIF13B for
VEGFR?2 revealed that expression of the minimum binding
site inhibited angiogenesis in both the in vitro and in vivo
angiogenesis assays. We termed the minimum binding site
as a KAL

Antiangiogenesis Peptide KAI Derived from KIF13B
Prevents Tumor Angiogenesis

Protein BLAST search revealed that KAI did not overlap
with any other protein sequence. Using competitive binding
assay, we determined whether KAI competed for binding of
VEGFR?2 with endogenous KIF13B in HUVECs. VEGFR2
coimmunoprecipitated with KIF13B in control cells,

218

whereas preincubation with KAI prevented the interaction
of VEGFR2 with KIF13B (Figure 3A). Because interaction
of KIF13B and VEGFR?2 is necessary for trafficking of
VEGFR?2 to cell surface,'® we next examined the cell sur-
face expression of VEGFR?2 in the absence or presence of
KAI Serum-starved HUVECs were preincubated with the
peptide (3, 10 umol/L) or PBS control, and then the cells
were stimulated with VEGF for the indicated times. Cell
surface localized VEGFR2 was stained by antibody against
extracellular domain of VEGFR2 as described.'® In control
cells, VEGFR2 was detected on the cell surface before
VEGF stimulation, VEGFR2 disappeared at 1 hour after
stimulation, and cell surface pool was restored by the
transport of newly synthesized VEGFR?2. Initial VEGFR2
cell surface accumulation and internalization, however,
were unaffected by preincubation of KAI (data not shown);
that is, KAI only prevented the restoration of cell surface
VEGFR?2 after VEGF stimulation (Figure 3, B and C).

To examine the specificity of KAI, we designed a nega-
tive control peptide that does not bind to VEGFR2
(Figure 4A). Because the Cr region of KIF13B does not

ajp.amjpathol.org m The American Journal of Pathology
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genesis inhibitor (KAI) inhibits vascular endothe-
lial growth factor receptor 2 (VEGFR2) trafficking
to endothelial cell surface by preventing binding
of VEGFR2 cargo to KIF13B. A: Competitive binding
assay performed in human primary umbilical vein
endothelial cells (HUVECs). HUVECs were pre-
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vascular endothelial growth factor (VEGF) (2.2
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bind VEGFR2,'® we synthesized a 23—amino acid peptide
termed CT23 (1650- to 1672 amino acids) from the Cy re-
gion (Figure 4A). We first confirmed peptide interaction
with  VEGFR2 using the pull-down assay. Biotin-KAI
peptide immobilized on streptavidin beads pulled down
VEGFR2 from HUVEC lysates, whereas beads alone or
CT23 on beads did not interact with VEGFR2 (Figure 4B).
Next, we determined EC uptake of the peptides. Both KAI
and CT23 were designed to have high plI (pH at which the
molecules carry no net charge), pI 12.1 and 10.4, respec-
tively; thus, in neutral pH, both peptides have a positive
charge important for cellular uptake.”” We tested the cellular
uptake of KAI and CT23 in HUVECs. KAI and CT23 were
synthesized with biotin-tag and visualized using
streptavidin-Alexa418. After incubation with peptides for 2
hours, HUVECs having internalized peptides were quanti-
fied by flow cytometry (Supplemental Figure S3A).

Next, we tested the effects of KAI on VEGF-induced
proliferation by the WST-1 assay (Supplemental
Figure S3B). KAI inhibited VEGF-induced proliferation
at concentrations of 3 and 10 pmol/L, whereas CT23 at 3
pmol/L had no effect. VEGF-induced increase in endothelial
permeability was also determined using confluent HUVEC
monolayers (Supplemental Figure S3C). KAI inhibited
VEGF-induced increase in permeability, whereas CT23 did
not. Next, we determined HUVEC viability after incubation
with KAI (1, 3, 10 pmol/L) for 24 hours using WST-1 assay.
Even the highest KAI concentration of 10 pumol/L failed to
alter cell viability (Supplemental Figure S3D). After incu-
bation with KAI (10 pmol/L), PBS vehicle, or TNF-a (50 ng/

The American Journal of Pathology m ajp.amjpathol.org

+VEGF 4 h

peptide on VEGFR2 transport to the cell surface
after VEGF (2.2 nmol/L) treatment of HUVECs. Data
are expressed as means = SEM (A and B). n = 3
(A); n = 14, 11, and 23 for control, KAI 3 pmol/L,
and KAI 10 pmol/L, respectively. *P < 0.05 (t-test
and one-way analysis of variance). Scale bars =
50 um (C).

mL), we observed that only TNF-a, a positive control,
induced apoptosis (Supplemental Figure S3, E and F).

EC migration in response to KAI was also determined
using the scratch wound healing assay. Control HUVECs
(PBS vehicle or CT23) migrated and closed the wound in
response to VEGF; however, VEGF-induced migration of
HUVECs was markedly delayed in the presence of KAI
(Figure 4C). We also tested using the Transwell migration
assay whether the inhibitory effect of KAI on EC migration
was specific to VEGF. HUVECs were placed in the
Transwell chamber with or without KAI or CT23. KAI
inhibited VEGF-induced EC migration but did not alter
S1P- or bFGF-induced migration (Figure 4D). PBS and
CT23 had no effect on EC migration induced by all stimuli.

We then determined changes in VEGF-induced network
formation assay in Matrigel plugs. KAI prevented VEGF-
induced network formation in a concentration-dependent
manner, whereas CT23 had no effect (Figure 5A). VEGF-
induced EC sprouting was also determined by 3-
dimensional culture of HUVECs on beads.”® Control cells
and CT23-treated cells exhibited formation of long sprouts
and multiple branching points, whereas KAI treatment
markedly reduced the number of branching point structures
and sprouts per bead (Figure 5, C—E).

To determine whether VEGFR2 trafficking regulated
angiogenesis an in vivo cancer model, we used the tumor
implantation mouse model.”" Studies were made using lung
carcinoma because it depends on angiogenesis for tumor
growth.”’ Mice with severe combined immunodeficiency
xenografted with human lung carcinoma H460 s.c. received
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Figure 4 Kinesin-derived angiogenesis inhibitor (KAI) inhibits vascular endothelial growth factor (VEGF)—induced endothelial cell (EC) migration. A:
Schematic of domains of KIF13B and synthesized peptides used in the study. B: Pull-down assay for interaction of peptide KAI to vascular endothelial growth
factor receptor 2 (VEGFR2), whereas CT23 control peptide did not interact with VEGFR2. C: VEGF-mediated migration of human primary umbilical vein endothelial
cells (HUVECs) determined by wound healing scratch assay'® in the presence of 2.2 nmol/L VEGF with or without KAI (1 umol/L). At indicated times, cells were
fixed and stained with hematoxylin. D: Specificity of inhibitory effect of KAI determined by EC migration induced by different stimuli in Transwell migration assay
as described.”” HUVECs migrated toward 2.2 nmol/L VEGF, 50 ng/mL basic fibroblast growth factor (bFGF), or 1 pumol/L sphingosine-1-phosphate (S1P) were
visualized by hematoxylin staining, and number of migrated cells were counted. Data are expressed as means & SEM (C and D). n = 3 (C and D). *P < 0.05 (one-
way analysis of variance and Bonferroni multiple comparisons test). Scale bars = 200 pum (C and D). Cap-Gly, cytoskeleton-associated protein glycine-rich; FHA,
forkhead associated; GST, glutathione S transferase; MBS, membrane-associated guanylate kinase—binding stalk; pro, proline rich; S, oligopeptide derived from
RNase A (alias S-tag).

either PBS or peptide KAI (10 mg/kg) by i.v. injection 3 To address whether KAI also reduced angiogenesis in
times per week; this dosage is based on the in vitro testing another model, we tested effects in the model of postnatal
dose regimen described by us (Figures 4 and 5). KAI retina angiogenesis. The peptides KAI or CT23 were injected
inhibited tumor growth, whereas PBS-treated control tumor daily from postnatal day O to day 4, and retina angiogenesis
continued to grow (Figure 6A). Blood vessels in tumor was determined at day 6. KAI in contrast to the antiangio-
visualized by immunohistochemistry using anti-VEGFR2 genesis effect in tumors had no effect on developmental
and anti—von Willebrand factor antibodies revealed exten- angiogenesis in retina (Supplemental Figure S4).

sive vascularity in PBS-treated control tumor, whereas KAI

treatment significantly decreased tumor vessel number

(Figure 6, B and C). However, KAI did not directly affect Discussion

viability of the cancer cells (data not shown). TUNEL-

positive tumor cell number, however, was increased in We previously reported that VEGFR2 binds KIF13B and
KAlI-treated mice (Figure 6D). that expression of the KIF13B-binding domain inhibited
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Kinesin-derived angiogenesis inhibitor (KAL) inhibits endothelial cell migration, capillary network formation, and sprouting. A and B: In vitro two-

dimensional capillary network formation. Human primary umbilical vein endothelial cells (HUVECs) were treated with phosphate-buffered saline (PBS) vehicle,
synthetic peptides KAI, or CT23 at the indicated doses and tested for capillary network formation in Matrigel in the presence of 2.2 nmol/L vascular endothelial
growth factor (VEGF). C—E: In vitro three-dimensional sprouting assay in fibrin gel supplemented with VEGF (2.2 nmol/L). HUVECs were treated PBS, KAI, or CT23 1
umol/L as indicated. Data are expressed as means & SEM (B, D, and E). n = 10, 4, 6, 4, 4, 3, and 3 in the groups, respectively (B); n = 11, 9, and 6 for the
control, KAIL, and CT23 treated groups, respectively (D and E). *P < 0.05 (one-way analysis of variance). Scale bars: 200 um (A); 50 um (C).

capillary network formation in vitro.'® In the present study,
we extend these observations and describe a novel
23—amino acid water-soluble and cell-permeable peptide
termed KAI derived from the kinesin KIF13B sequence that
competes for binding of VEGFR2 to KIFI3B and that
potently inhibits tumor angiogenesis in a mouse xenograft
model. We found that KAI functioned by preventing
VEGFR?2 trafficking to the plasmalemma and thereby
inhibiting EC migration and sprouting.

VEGF/VEGFR2 signaling is an essential target for
angiogenesis-dependent diseases, such as cancer and diabetic
retinopathy.”® Anti-VEGF antibody (bevacizumab) and
tyrosine kinase inhibitors blocking VEGFR2 activity (suni-
tinib, pazopanib, sorafenib) are established drugs.”® Our
approach is different because it is based on specifically pre-
venting the trafficking of VEGFR?2 to the leading edge of ECs
that is mediated by the molecular motor KIF13B.'® The un-
derlying premise is that effectiveness of VEGFR2 signaling
depends on its localization at the surface of ECs.” *’ This is
evident in sprouting tip cells in which there is continuous
cycling of VEGFR?2 from the Golgi to the cell surface pool of

The American Journal of Pathology m ajp.amjpathol.org

VEGFR2."” VEGFR2 transport to the cell surface is thus
needed for each round of ligation by VEGF.'® It has been
surmised that inhibition of the transport mechanism is a
potentially important antiangiogenesis target.'"'**® We
identified a 23—amino acid peptide based on the truncated
mutant of KIF13B, which directly binds VEGFR2. This
peptide inhibited sprouting angiogenesis solely by blocking
transport of VEGFR2 to the EC surface as distinct from anti-
VEGF antibodies and kinase inhibitors, which decrease
VEGEF levels and dampen receptor activation.’*

Kinesin inhibitors that target the motor activity of kine-
sins responsible for mitosis are based on the unique struc-
ture of kinesins. Ispinesib, an inhibitor of the kinesin Eg5,””
is one such agent. The motor domains of kinesins are,
however, highly conserved among kinesin members,
whereas cargo binding regions are relatively specific for the
cargo. Thus, it is possible to design inhibitors for specific
cargoes. We studied KIF13B because it is a nonmitotic
kinesin essential for transport of molecules in nondividing
mature cells.”’ These kinesins regulate the trafficking of
specific signaling molecules and other cargoes that modify
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Figure 6  Kinesin-derived angiogenesis inhibitor (KAL) inhibits angiogenesis
and tumor growth in vivo. A: Study of human lung carcinoma H460 xenograft in
mice with severe combined immunodeficiency. Mice were treated with KAI (10
mg/kg) or phosphate-buffered saline (PBS), i.v. via tail vein, three times per week,
and tumor size is shown in the graph. B and C: Number of vessels in tumor in PBS-
treated control and peptide-treated tumor. Representative immunohistochemistry
of VEGFR2 and von Willebrand factor (vWF) are shown to visualize blood vessels. D:
Apoptotic cells visualized with terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay in tumor tissue treated with PBS vehicle
or KAL Data are expressed as means & SEM (A, B, and D). n = 8 in each group.
*P < 0.05, **P < 0.01 (t-test). Scale bars = 50 um (C and D).

cell function®*’ by transporting cargo in the plus or minus
end.” Despite the similarity of the motor domain, each
nonmitotic kinesin member has a distinct cargo-binding
domain that interacts with specific cargo.” KIF13B was
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known to transport polarity-determination factors, such as
hDIg,”' PIP3,” and VEGFR2.'® In the present study, we
identified KAI (1238 to 1260 amino acids of KIF13B) as a
minimum binding site for VEGFR2 trafficking in the plus
end. We found that it does not overlap with other cargo-
binding sites for PIP3 and hDIlg. We also found that KAI
inhibited VEGFR?2 trafficking to cell surface and in turn
mitigated angiogenesis. This property of KAI was specific
for VEGF-induced EC sprouting because KAI did not affect
EC migration induced by SIP or bFGF.

KAI was designed by defining the minimum binding site
for VEGFR2. KAI is cationic based on its amino acid
composition, and the peptide is water soluble (>10 mg/mL)
and cell permeable because of its cationicity. Cellular up-
take and delivery of the peptide are likely essential for its
effectiveness.”” Cationic peptides because of their interac-
tion with negatively charged plasma membrane have the
ability to penetrate phospholipid membranes.”’ Some
cationic peptides can also disrupt the membrane*”; however,
we observed that KAI was not itself toxic in ECs, and mice
treated i.v. with KAI did not experience any untoward ef-
fects. A concern is that KAI may also enter to other cell
types in vivo and have off-target effects. siRNA depletion of
KIF13B, however, did not affect cell survival or prolifera-
tion,'® and KIF13B knockout mice had no apparent angio-
genic abnormalities.”

We also observed that KAI, as opposed to the xenograft
cancer model, did not prevent postnatal retinal angiogenesis.
The reasons for this are unclear. One possibility is that, in
contrast to VEGF/VEGFR2 dependence of angiogenesis in
some tumors,’® ™’ postnatal retinal angiogenesis in mice
also relies on other factors, such as bFGF and hypoxia,””
which may be relatively more important.”’

In summary, we describe a novel KIF13B-derived peptide
selectively inhibiting VEGFR2 binding to KIF13B, which
prevents VEGF-induced angiogenesis in tumors by inhib-
iting VEGFR?2 trafficking to the plasma membrane. These
results provide the first proof of concept that a specific
peptide-reducing cell surface pool of VEGFR2 by blocking
KIF13B interaction with VEGFR2 in ECs is a potential
strategy for preventing inappropriate angiogenesis and
nutrient blood supply in cancer.
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