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Abstract: Angiogenesis is central to the growth of cancers and VEGFR-1/FIt-1 plays an important role during the
neovascularization under pathological conditions. We previously founded a VEGFR1 antagonistic peptide, F56, by
screening the phage peptide library. We showed that DHFR-F56 chimeric protein displayed anti-tumor activity and
inhibited angiogenesis, however the anti-tumor activity of monomeric F56 and the mechanism remain unclear. In
this study, we found that the F56 didn’t affect VEGF-A induced endothelial cell proliferation, but reduced migration
and tube formation of endothelial cells. F56 also inhibited the sprout of rat aortic endothelial cells, the angiogenesis
of chicken embryo chorioallantoic membrane as well as the generation of subintestinal vein vessels (SIV) in zebraf-
ish embryos. We found that F56 inhibited VEGF-induced phosphorylation of VEGFR1, as well as the phosphorylation
of the downstream of PI3K-AKT axis. However, F56 had no effect on the phosphorylation of VEGFR2. Correlating
with these effects, F56 inhibited xenograft growth of HT-29 and MGC-823 cells in BALB/c nude mice, and sig-
nificantly suppressed the lung metastasis of B16 cells in C57BL/6 mice. Our study demonstrated that monomeric
peptide F56 had a significant anti-tumor activity by inhibiting angiogenesis, and laid the foundation for its clinical

application.
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Introduction

Besides serving as channels for transporting
oxygen and nutrients required for metabolism
as well as discharging the metabolite, blood
vessels can also serve as an accomplice for
cancer metastasis [1]. Angiogenesis, the for-
mation of new blood vessels from existing
ones, is a critical process for both physiological
and pathological conditions [2]. Without the
support of vessels, tumors are “starved” dor-
mant and unable to migrate to distance through
bloodstream. Therefore, angiogenesis plays an
important role in the growth and metastasis of
tumors [3].

The endothelial cells participate in various pro-
cesses of angiogenesis, including endothelial

cell proliferation, migration, adhesion, invasion,
and tube formation [4-6]. Many cytokines can
regulate the functions of vascular endothelial
cells [7, 8]. Of all these cytokines, the best
known is VEGF-A [9]. VEGF-A binds to both
Vascular Endothelial Growth Factor Receptor 1
(VEGFR 1) and Vascular Endothelial Growth
Factor Receptor 2 (VEGFR 2), and induces
angiogenesis by activating the tyrosine kinase
activities of these receptors [10, 11]. Since
VEGFR2 has a stronger tyrosine kinase activity
[12], it is usually viewed as the major player in
the process of angiogenesis. VEGFR1, also
named as fms-like tyrosine kinase receptor 1
(FIt-1), is a receptor of 180 kDa with seven
Ig-like domains [13]. Compared with VEGFR2,
VEGFR1 has a much higher affinity with VEGF-A,
but with lower tyrosine kinase activity, making it
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more complex and subtle in the regulation of
angiogenesis. Itis reported that VEGFR1 played
a dual role in the regulation process of angio-
genesis [13]. At embryogenesis stage, with a
high VEGF-A affinity, VEGFR1 can serve as a
decoy receptor and negatively regulates the
binding of VEGF-A with VEGFR2, thus avoiding
the excessive proliferation of blood vessels. In
adulthood, VEGFR1 positive regulates the pro-
cess of angiogenesis. The expression of
VEGFR1 is not limited to endothelial cells [14].
Themonocytes/macrophages, endothelial pro-
genitor cells, mesangial cells, vascular smooth
muscle cells, dendritic cells (DC), and even
some tumor cells can express VEGFR1 [14].
VEGFR1 can regulate the migration of endothe-
lial cells. In addition, VEGFR1 positive hemato-
poietic progenitors could initiate the formation
of pre-metastatic niche [15], which was closely
related to the initial process of tumor metasta-
sis. Many signaling pathways are involved in
angiogenesis, and some proangiogenic cyto-
kines regulate angiogenesis via PI3K/Akt sig-
naling pathway [16, 17].

In our previous study, we obtained the 12-mer
VEGFR1 antagonistic peptide F56 via phage
display library screening, and found that
DHFR-F56 chimeric protein had anti-tumor
activity in the in vitro and in vivo assays [18].
Some groups utilized F56-conjugated nanopar-
ticles for cell imaging or utilized the high speci-
ficity and affinity of F56 to improve the effects
of cytotoxic drugs by directing them to target
cells [19-22]. However, the anti-tumor efficien-
cy of F56 peptide remains to be explored. In the
present study, we found that F56 significantly
inhibited the migration and tube formation of
HUVEC cells, suppressed the sprout of endo-
thelial cells in a 3D rat aortic ring assay, dis-
rupted the embryo angiogenesis of chick
embryo chorioallantoic membrane (CAM),
reduced the generation of subintestinal ves-
sels (SIVs) in zebrafish, inhibited the growth of
BGC-823 and colon HT29 tumors in nude mice,
and counteracted metastasis of B16 melano-
ma cells to lungs in C57BL/6 mice. Correlated
with these actions, F56 suppressed the
VEGFR1-PI3K-Akt signaling pathway.

Experimental procedures
Reagents

EGM-2 Bulletkit (CC-3162), which includes
Endothelial Basal Medium (EBM-2) (CC-3156),
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EGM-2 SingleQuot Kit Suppliment and Growth
Factors (CC-7176), was obtained from Lonza
(Basel, Switzerland). Bovine serum albumin
(BSA) (0175) was purchased from Amresco.
The Fluorescein Isothiocyanate-labeled Phall-
oidin was obtained from Sigma (St. Louis).
Collagenase was from was bought from Solarbio
(Beijing, China). The recombinant human
VEGF165 (239-VE-010) was obtained from
R&D (Minneapolis). The Basement Membrane
Matrix, Growth Factor Reduced (GFR) Matrigel,
was obtained from BD Biosciences (New
Jersey). Peptides were synthesized by A Peptide
Co. Ltd (Shanghai, China). Scrambled F56 (scr-
F56) peptide sequence was: LEHDGWSWLYMW.
F56 peptide sequence was: WHSDMEWWYLLG.
Both F56 and scr-F56 have a MW of 1622.84.
The purity of the peptides was above 99% as
confirmed by high-performance liquid chroma-
tography (HPLC).

Antibodies

Anti-VEGFR1 rabbit monoclonal antibody (Clone
ID: Y103, Catalog#1303-1) was ordered from
Epitomics  (California).  Anti-phospho-FIt-1
(Tyr1213) rabbit antibody (#07-758) was pur-
chased from Millipore (Massachusetts). Anti-
VEGF Receptor 2 (55B11) rabbit monoclonal
antibody (#2479), anti-phospho-VEGF Receptor
2 (Tyr1175) (19A10) rabbit monoclonal anti-
body (#2478), anti-PI3 Kinase p85 Antibody
(#4292), anti-Phospho-PI3  Kinase p85
(Tyrd58)/p55 (Tyrl99) Antibody (#4228), anti-
Akt (C67E7) Rabbit mAb (#4691) and anti-
Phospho-Akt (Ser473) (D9E) Rabbit mAb
(#4060) were from Cell Signaling Technology
(Boston). The rabbit anti-CD31 monoclonal
antibody and the rabbit anti-factor VIII antibody
were purchased from Zhongshan Golden Bridge
(Beijing, China).

Cells

Human umbilical vein endothelial cells (HUVEC)
were isolated from undamaged section of fresh
umbilical cords with collagenase [23]. Written
Informed Consents were obtained from parturi-
ent women prior to delivery.

HUVEC cells were maintained in EBM-2 medi-
um with 2% FBS and used between passages 2
to 5 for all experiments. The verification of
HUVEC as endothelial cells was confirmed by
morphological characteristics of cobblestone-
like pattern and the immunoreactivities for
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Platelet endothelial cell adhesion molecule-1
(PECAM-1/CD31) and factor VllI-related anti-
gens. The human colorectal adenocarcinoma
cell line HT-29 and the mouse melanoma cell
line B16 were obtained from ATCC. The human
gastric cancer cell line BGC-823 was kept in
our lab. These cells were maintained in
Dulbecco’s modified Eagle’s medium with 10%
FBS.

Small interference RNA (siRNA) transfection

Control and VEGFR1-specific siRNAs (siRNA-
NC: 5-UUCUCCGAACGUGUCACGUTT-3’; siRNA-
VEGFR1: 5-GGCCAAGAUUUGCAGAACUTT-3)
were synthesized by GenePharma (Shanghai,
China). siRNAs were transfected into HUVEC
using siRNA-Mate reagent (GenePharma) for
48 hr. Efficiency of knock-down was validated
by Western blotting.

Animals

Female C57BL/6 mice (8 weeks old), BALB/c
nude mice (6 weeks old) and male Sprague-
Dawley rats (6 weeks old) were purchased from
Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). All animals used in the
experiments were treated humanely under the
supervision of the Research Ethics Committee
of Peking University Cancer Hospital and
Institute.

Cell proliferation assay

Cell growth was evaluated by CCK-8 assay.
HUVEC cells were seeded into 96-well plates in
triplicate at a density of 3.5 x 102 cells per well
in 150 pl EBM-2 medium with 2% FBS and
other supplements of the SingleQuot Kit except
growth factors. The cells were cultured over-
night for adherence to the surface of plate and
were exposed to indicated drugs and incubated
at 37°C in 5% CO, for 72 hr. Then 15 ul CCK-8
liquids were added into wells. After incubation
for 3 hr, the absorbance was measured at 450
nm by a microplate reader.

Immunofluorescence

Cells were seeded onto sterile glass-coverslips
in 24-well plates at about 30% confluence
before serum starvation overnight. Then cells
were treated with peptides for 2 hr before VEGF
stimulation. After being incubated with VEGF
for 1 hr, the culture medium was immediately
aspirated. Cells were fixed with 4% paraformal-
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dehyde for 30 min at room temperature, and
then permeabilized with 0.5% Triton X-100 for 5
min. Then coverslips were washed twice with
PBS for 10 min, and incubated with FITC-
conjugated phalloidin at the concentration of 5
g/ml in dark for 1 hr. Cells were washed again
with PBS, incubated with DAPI (5 mg/ml) for
nuclear staining at room temperature for 6 min
and visualized and photographed by a Leica
SP2 confocal system.

Migration assay

HUVEC cell migration was tested in the Corning
polycarbonate membrane transwell system
(8.0 um pore size) with 24-well plates. Cell
monolayers were washed twice with serum free
culture medium, trypsinized mildly, and resus-
pended in the serum free EBM-2 culture medi-
um containing 0.1% BSA. Cell suspensions
were pre-incubated with peptides as indicated
at 37°Cin 5% CO, for 30 min prior to migration
assays. The bottom chambers were filled with
750 pl culture medium containing 0.1% BSA
with or without peptides and VEGF (10 ng/ml).
After the pretreatment process, each top cham-
ber was seeded with 50,000 cells in a final vol-
ume of 250 pl. The cells were allowed to migrate
at 37°C in 5% CO, for 8 hr. Then, cells were
fixed with cold methanol for 30 min and stained
with 0.1% crystal violet for 40 min. The unmi-
grated cells remained on the top surface of the
membrane were scraped with a cotton swab.
The migrated cells were photographed and
counted in 6 random fields under a micro-
scope.

Tube formation assay

A 96-well plate coated with 50 ul growth factor
reduced Matrigel was incubated at 37°C for 1
hr to solidify. Cells were trypsinized and resus-
pended in basal serum free EBM-2 culture
medium containing 0.1% BSA. Then cell sus-
pensions were pre-incubated with peptides as
indicated for 30 min before exposure to VEGF
(10 ng/ml). Each well with polymerized Matrigel
was filled with 100 ul cell suspensions contain-
ing 20,000 cells. After 6 hr, the tubes were
observed and photographed under a micros-
cope.

Chicken embryo chorioallantoic membrane
(CAM) assay

CAM assay was performed as previously de-
scribe [18]. Briefly, fresh fertilized SPF white
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leghorn chicken eggs (Meri Avignon Laboratory
Animal Technology Co., Ltd, Beijing, China) were
washed mildly with 95% ethanol. After incuba-
tion for 3 days in a 60% relative humidified envi-
ronment at 37°C, eggs were sterilized and
opened with the help of an electric drill. The
whole egg contents were removed into Petri
dishes, and incubated at 37.5°C. The folded fil-
ter papers were punched by a puncher at the
size of 5.5 mm in diameter and were autoclaved
and used as carriers for peptides and VEGF
applied to the CAM. At least 5 embryos were
used for each group. Then the embryos were
cultured for 48 hr after drug administration.
The vascular response to drugs was estimated
by counting the number of large vessels, small
vessels and capillaries of the photographed
areas around the filter papers.

Rat aortic ring assay

A 48-well plate coated with 120 ul growth fac-
tor reduced Matrigel was incubated at 37°C for
1 hr to allow the Matrigel to solidify. 6 weeks
old rats were killed and the thoracic aortas
were isolated and washed with PBS. After
remove of the excess perivascular adipose tis-
sues, aortas were cut into 1 mm length seg-
ments and each fragment was embedded in
polymerized Matrigel with additional fresh lig-
uid of 60 pl Matrigel. The plate was then incu-
bated at 37°C for 3 hr to allow the Matrigel
polymerized firmly. Serum free culture medium
(0.5 ml) with agents as indicated was adminis-
trated to the wells containing aortic rings, and
the media were changed every 2 days. After 6
days of incubation, microvessel-like structures
sprouting from the aortic rings were observed
and photographed under an inverted micros-
cope.

Zebrafish embryos assays

The vascular fluorescent transgenic zebrafish
was used to perform the angiogenesis assay.
The emission fluorescent of the vasculature
endothelial cells can be observed under a fluo-
rescence microscope. Zebrafish embryos were
acquired by a natural pair-wise mating way. We
prepared 4-5 pairs of adult zebrafish for mating
every time, an average of 200 to 300 embryos
were obtained from each pair. Six hr after fertil-
ization (6 hpf) and 24 hpf, we surveyed the
embryos and removed dead embryos. Embryos
with suitable developmental stages were
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selected for experiment, and incubated at 28°C
to maintain. With abundant nutrition of the yolk
sac, there is no need to feed until 9 dpf. The
drugs were injected into the yolk sac of 2 dpf
zebrafish by a microinjection method. There
were 30 zebrafish treated in each experimental
group. When incubated to 3 dpf, 10 zebrafish of
each group were randomly selected, fluores-
cence of the SIVs (subintestinal vein vessels)
was detected using a fluorescence microscope
and the images were photographed. Image
analysis was performed by calculating the SIVs
area with Nikon NIS-Elements D 3.10 Advanced
image processing software. According to the
rule of American Veterinary Medical Association
(AVMA), embryos were sacrificed by anestheti-
zing.

Tumor growth assay in nude mice

Confluent HT-29 and BGC-823 cells were tryp-
sinized and then resuspended in PBS. The sin-
gle cell suspension was confirmed under the
phase-contrast microscopy survey. 1 x 107 via-
ble tumor cells were inoculated subcutaneously
on the left dorsal flank region of 8-week-old
female athymic nude BALB/c/nu/nu mice. After
the tumor volume reached about 100 mm?,
mice were daily intravenously injected with
F56, srcF56, Endostatin (Simcere Inc., Jiangsu,
China) and Vehicle. The drugs were adminis-
tered for consecutive 14 days. Cyclophospha-
mide (CTX) was served as a positive control by
subcutaneous injection weekly. The length and
width of tumor nodules were measured every 2
or 3 days with a caliper, and the tumor volumes
were calculated by the following formula: vol-
ume = length x (width)? x 0.5. After drugs with-
drawal, mice were observed for a week and
then sacrificed. Tumor nodules were moved
and weighted. Each experimental group had 8
mice.

Tumor metastasis assay in C57 mice

After inoculation of melanoma cells B16 in C57
mice by veins, drugs were delivered. Be-
vacizumab (Roche, Germany) was administered
intravenously, at the dosage of 100 ug per
mouse weekly. The administration of other
groups was as mentioned before. Each group
had 7 mice. After continuous administration of
drugs for 14 days, mice were killed, lungs were
dissected and the number of metastatic foci
per lung was counted carefully by naked eyes.

Am J Cancer Res 2015;5(10):3149-3161
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Figure 1. F56 inhibited the migration of HUVECs. A. HUVECs were treated with VEGF alone or in combination with
F56 or scr F56 for 24, 48 and 72 hr. The proliferation of HUVECs was measured by CCK-8. B. The migration of
HUVECs was measured by the transwell system. Representative images of migrated were shown (left) and the bar
graph (right) showed the number of migrated cells. C. The migration of HUVECs was measured by the wound healing
assay. Representative images of wound closure were shown (left) and the bar graph (right) showed the percentages
of wound closure. Data are expressed as mean + SEM. *P < 0.05.

Western blotting

After different treatment, total protein of HUVEC
cells was extracted in 1x loading buffer. Equal
amounts of protein were subjected to (8-10%)
reducing sodium dodecyl sulfate-poly acryl-
amide gel (SDS-PAGE) according to proteins’
molecular weight, followed by electro-transfer-
ring onto a polyvinylidene difluoride (PVDF)
membrane. Membranes were blocked for 1 hr
in 5% nonfat dry milk in TBST at room tempera-
ture and incubated with primary antibodies
over-night at 4°C, the dilution ratio of the pri-
mary antibodies in blocking buffer were accord-
ing to the manufacturer’s instructions. The
membranes were then washed three times for
about 15 min with TBST, and incubated with
corresponding HRP-conjugated secondary anti-
bodies for 45 min at room temperature. After
three additional washes with TBST, the mem-
branes were incubated with enhanced chemilu-
minescence reagent (Pierce) and the bands
were visualized by exposing to Kodak film.
GAPDH or pB-actin was used as a loading
control.
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Statistical methods

The differences between the groups were sta-
tistically analyzed with ANOVA by a student’s
two-tailed t-test. In all experiments, P-value <
0.05 was identified as statistically significant.

Results
F56 reduced the migration of HUVEC cells

To examine the effect of F56 in vitro, we firstly
detected the proliferation of HUVEC cells. The
results showed that VEGF enhanced the prolif-
eration of HUVEC cells, but F56 couldn’t inhibit
VEGF-induced endothelial cell proliferation
(Figure 1A). To minimize the influence of VEGF-
promoted cell growth, migration assay was ter-
minated at 8 hr after seeding cells in the top
chamber. Compared with the vehicle control,
VEGF promoted HUVEC cells migration, which
was inhibited by F56 (Figure 1B), while Scr-F56
had no effects on VEGF promoted migration
(Figure 1B). Similar results were obtained by
wound heal assay (Figure 1C).

Am J Cancer Res 2015;5(10):3149-3161
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Figure 2. F56 inhibited VEGF induced HUVEC tube formation and endothelial cell sprouting in 3D rat aortic ring as-
say. A. HUVEC suspensions were pre-incubated with peptides for 30 min before exposure to VEGF (10 ng/ml). Each
well with polymerized Matrigel was filled with 100 pl cell suspensions containing 20,000 cells. After 6 hr, the tubes
were photographed and analysed. B. Rats were killed and the thoracic aortas were cut into 1 mm length segments
and embedded in polymerized Matrigel with additional fresh liquid of 60 yl Matrigel. The plate was then incubated
at 37 °C for 3 hr to allow the Matrigel polymerized firmly, and then 0.5 ml serum free culture medium with agents as
indicated was added, the media were changed every 2 days. After 6 days of incubation, microvessel-like structures
sprouting from the aortic rings were photographed and analysed. Data are expressed as mean + SEM. P < 0.05.

F56 disrupted VEGF-induced HUVEC tube for-
mation and endothelial cells sprouting in 3D
rat aortic ring assay

The tube formation assay can mimic the reor-

ganization stage of angiogenesis with direct
view. We examined the effect of F56 on the
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tube formation ability of HUVEC cells by plant-
ing the HUVEC cells on Matrigel. As showed in
Figure 2A, F56 inhibited the tube formation of
endothelial cells induced by VEGF, but scr-F56
had no inhibitory effect. We further examined
the effect of F56 on angiogenesis by using the
3D model of rat aortic ring (Figure 2B). In the

Am J Cancer Res 2015;5(10):3149-3161
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Figure 3. Inhibitory effects of F56 on angiogenesis of the CAM and zebrafish embryo. A. Chicken eggs (n = 5 per
group) were incubated for 3 days and then opened with electric drill, whole egg contents were removed into Petri
dishes. The autoclaved filter papers were used as carriers for peptides and VEGF applied to the CAM. After cultured
for 48 hr, areas around the filter papers were photographed and the number of large vessels, small vessels and
capillaries were counted. B. Embryos with suitable developmental stages were selected, then drugs were injected
into the yolk sac of 2 dpf (2 days after fertilization) zebrafish. There were 30 zebrafish treated each experimental
group. When incubated to 3 dpf, 10 zebrafish of each group were randomly selected, fluorescence of the SIVs (sub-
intestinal vein vessels) was detected and photographed. Image analysis was performed by calculating the SIVs area.
Data are expressed as mean + SEM. "P < 0.05; P < 0.01; ""P < 0.001.

serum-free condition, VEGF promoted endothe-
lial cell sprout to matrix, which was reduced by
F56, but not by scr-F56 (Figure 2B).

F56 inhibited the angiogenesis of CAM and
zebrafish embryo SIVs

To further verify the anti-angiogenesis ability of

F56, we utilized the CAM and zebrafish models.
We observed that F56 significantly inhibited
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the growth of capillaries and small blood ves-
sels in CAM, whereas with minimal effect on
large vessels (Figure 3A). Due to the sufficient
supply of endogenous growth factors to embryo
by yolk, the additional VEGF-induced pro-angio-
genic efficacy was not very obvious (Figure 3A).
Meanwhile, we didn’'t detect signs of disappear-
ing of existing vessels (Figure 3A), indicating
F56 is an anti-angiogenesis drug rather than a
vascular disrupting agent.

Am J Cancer Res 2015;5(10):3149-3161
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We next used the endothelial cell fluorescently
labeled transgenic zebrafish to examine the
effect of F56 on angiogenesis (Figure 3B). The
data showed that, both F56 and the endostatin
(as a positive control) inhibited the angiogene-
sis of sub-intestinal vascular plexus in zebrafish
embryos. F56 reduced the angiogenesis of
zebrafish embryos in a dose-dependent way,
and at the dosage of 250 ng, the inhibition
effect of F56 was comparable to endostatin
(Figure 3B). Based on the results from CAM and
zebrafish models, we concluded that F56 had
anti-angiogenic effect in vivo.

F56 associated with HUVEC cells in VEGFR1-
dependent fashion and reduced phosphoryla-
tion of VEGFR1, PI3K and Akt in HUVEC cells

Consistent with F56’s effects on endothelial
cells, FITC-conjugated F56 associated with
HUVEC cells (Figure 4A). It's of note that F56
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FITC-F56 DAPI

MERGE B

si-NC  si-VEGFR1

VEGFR1 | — 180kD

Pt —42kD

e Figure 4. Effects of F56 on VEGFR1, VEGFR2,
180kD PI3K and AKT signaling pathways. A. HUVECs
seeded on coverslips were transfected with
170kD indicated siRNAs for 48 hr, treated with FITC-
F56 (green) for 30 min, followed by immunos-
170kD taining of VEGFR1 (red) and counterstaining
of DNA with DAPI (blue). B. HUVECs were
transfected with indicated siRNAs for 48 hr,
80kD followed by Western blotting. C. HUVECs were
30kD starved overnight, after the treatment of F56
or scr-F56 at the concentration of 50 g/mL for
60kD 30 min, 10 ng/mL VEGF-A was added to the
medium for 10 min stimulation, and the ex-
60KD pression of indicated proteins were assayed
by western blotting.
35kD

colocalized with VEGFR1 (Figure 4A). When
VEGFR1 expression was ablated by transfec-
tion with a specific siRNA (Figure 4B), F56 failed
to associated with HUVEC cells (Figure 4A),
indicating that VEGFR1 facilitates binding of
F56 to HUVEC cells. To clarify the signaling
events associated with F56’s functions, we
investigated the effect of peptides on the phos-
phorylations of VEGFR1, VEGFR2, PI3K and
AKT in HUVEC cells. It turned out that, the phos-
phorylation of VEGFR1 induced by VEGF was
markedly down-regulated by F56 treatment,
and the phosphorylations of PI3K and AKT were
also reduced, but VEGF-induced phosphoryla-
tion of VEGFR2 was unchanged (Figure 4C).
These results further support the specificity of
F56 in counteracting VEGFR1 signaling.

F56 suppressed tumor growth and metastasis

Using xenograft model in Balb/c nude mice, we
examined the anti-tumor effect of F56 on HT-29

Am J Cancer Res 2015;5(10):3149-3161
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Figure 5. F56 inhibited tumor growth and metastasis in xenograft mice model. A. BALB/c nu/nu mice were im-
planted subcutaneously with 1 x 107 HT-29 cells. After the tumor volume reached about 100 mm?, these mice were
treated daily with vehicle or indicated drugs for consecutive 14 days. The tumor nodules were isolated one week
after drug withdrawal. B. The weight of tumor nodules from A (n = 8). C. Tumor nodules formed by BGC-823 cells in
the BALB/c nu/nu mice models were shown. D. The weight of tumor nodules from C (n = 8). E. C57 mice (n = 7) were
injected with 4 x 10° B16 melanoma cells via tail vein. Indicated drugs were delivered as described in the Methods.
After continuous administration of drugs for 14 days, mice were killed, lungs were dissected and the number of
metastatic foci per lung was counted carefully by naked eyes. F. The number of metastatic foci per lung from E was
counted and analyzed. Data are expressed as mean + SEM. "P < 0.05.

(Figure 5A and 5B) and MGC-823 (Figure 5C
and 5D). As a positive control, cyclophospha-
mide effectively inhibited xenograft growth
compared with the negative vehicle control.
Endostatin also suppressed MGC-823 tumor
growth well, but not as effectively as F56 at the
same dosage of 2.5 mg/kg. Moreover, F56
inhibited MGC-823 xenograft growth in a dose-

3157

dependent way (Figure 5C and 5D), and at the
dosage of 2.5 mg/kg, the inhibitory rate of F56
was more than 50% for both HT-29 and MGC-
823 (Figure 5B and 5D). To further investigate
the effect of F56 on tumor metastasis, we
injected B16 melanoma cells in C57 mice via
caudal veins, and then observed the lung
metastasis. As shown in Figure 5E and 5F, F56
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significantly inhibited lung metastasis of B16
cells as effective as cyclophosphamide and
endostatin. Bevacizumab also inhibited the
lung metastasis in our observation, but its effi-
ciency was much lower than that of F56, cyclo-
phosphamide, or endostatin.

Discussion

Angiogenesis is one of the hallmarks of tumor
[24]. Ever since Folkman raised the hypothesis
that anti-angiogenesis strategy would have
anti-tumor effect [3], researchers and pharma-
ceutical companies tried to develop anti-angio-
genic drugs with great enthusiasm. Because
the VEGF/VEGFR signaling pathway is the key
driver of angiogenesis, numerous therapies
have been developed to target angiogenesis by
blocking this pathway [2]. There are four major
strategies to target this signaling system: (1)
Monoclonal antibodies targeting VEGF or the
VEGF receptors. (2) Chimeric soluble receptors
such as the “VEGF-trap”. (3) Extracellular inhibi-
tors such as aptamers that bind the heparin-
binding domain of VEGF. (4) A variety of small-
molecule VEGF receptor tyrosine kinase
inhibitors that suppress ligand-dependent
receptor autophosphorylations of VEGFR1 and
VEGFR2. Currently, the antibodies and small-
molecular inhibitors are most widely used in
clinical settings.

Besides the above mentioned methods to tar-
get angiogenesis, peptides emerge as a new
class of anti-tumor agents. Peptides are capa-
ble of eliciting a therapeutic response by modu-
lation of targets within or on the surface of
cells. Unlike the protein drugs such as antibod-
ies that have high molecular weights, low tissue
penetration and poor cellular uptake, or the
small molecule inhibitors with cardiotoxicity or
other toxicity symptoms, peptides are more
amenable to rational design, and thus usually
possess favorable pharmacokinetic profiles,
distinct tissue distribution patterns, and good
solubility properties. These characteristics
could ensure high uptake into target tissues
and rapid clearance from non-target tissues.
Besides, peptides have high specificity for their
targets and can be made to target almost any
protein of interest, including proteins without
small-molecule drugs. Owing to this versatility,
peptides have a great potential for cancer ther-
apy. Up until now, there are already several pep-
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tides that are found to possess anti-tumor and
anti-angiogenesis properties, and several ther-
apeutic peptides for cancer have been
approved for clinical usage. However, in the
process of cancer therapy with anti-tumor pep-
tides, there are still many challenges, such as
short half-lives in systemic circulation, suscep-
tibility to proteolytic digestion, and low mem-
brane permeability. Therefore, it is still urgent
to find ways of overcoming these hurdles and
discover new tumor-targeting peptides with
good effect and stability.

Previous research of our group using phage dis-
play library screening have identified a VEGFR1
specific peptide F56, and found that DHFR-F56
chimeric protein showed both in vitro and in
vivo anti-tumor effect. Since the discovery of
F56, many groups have tried to utilize the high
affinity of F56 to VEGFR1 to target cytotoxic
agents to tumors, or use fluorescein conjugat-
ed F56 to image VEGFR1 positive cancers in
vivo [19]. However, the anti-angiogenesis or
anti-tumor effect of F56 peptide alone has yet
to be explored. VEGFR1 and VEGFR2 have dif-
ferent roles in angiogenesis. Previous studies
showed that, compared with physiological
angiogenesis, VEGFR1-mediated signaling in-
volved more in pathological conditions, such as
cancer, ischemia and inflammation. Therefore,
VEGFR1 might be a good target for anti-angio-
genesis strategy [14]. In the present study, we
focused on the anti-angiogenesis and anti-
tumor effect of F56. As endothelial cells play a
key role in angiogenesis, including proliferation,
migration and tube formation, we first studied
the effect of F56 on HUVEC. We found that F56
significantly inhibited VEGF induced migration
of HUVEC, including the formation of pseudopo-
dia and the elongation of cell, while with no
effect on HUVEC proliferation. These results
suggest that the F56 may exert the anti-angio-
genesis effect through endothelial cell migra-
tion inhibition.

Angiogenesis is a complex and sequential pro-
cess which involves at least three components,
endothelial cells, stromal cells and extracellu-
lar matrix [14]. However, most of the in vitro
two-dimensional angiogenesis assays measure
only one or two components of this process.
The 2D nature of these assays also ignores the
differences in endothelial phenotype seen in
vivo. Therefore, we performed the in vitro
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serum-free three-dimensional rat aortic model.
This 3D model closely approximates the com-
plexities of angiogenesis in vivo, such as endo-
thelial activation, basement membrane degra-
dation, endothelial sprouting from the existing
vessel, and invasion [25]. In consistent with the
results of the 2D angiogenesis assays, we
observed significant inhibition of branching and
anatomosing of microvessel networks after
F56 pretreatment even though in the presence
of VEGF. Therefore, both the 2D and 3D in vitro
assays demonstrated the potent inhibitory
effect of monomeric F56 on angiogenesis.

A substrate which has efficacy in vitro, may not
show any activity in vivo [26], therefore the in
vivo evaluation of agents is a vital step in drug
development. CAM and zebrafish embryo SIVs
assays are good measures for the in vivo effi-
cacy of an agent. Because of its extensive vas-
cularization and living system, the CAM pro-
vides a physiological platform to study the
morpho-functional aspects of the angiogenesis
process in vivo and to investigate the efficacy
and mechanisms of pro-angiogenic and anti-
angiogenic agents [27, 28]. The zebrafish share
many genes and mechanisms of angiogenesis
regulation with mammals, making this organ-
ism a valuable system to analyze the develop-
ment and function of vasculature [29]. Our data
show that although F56 had no effect on large
vessels, it could inhibit the growth of capillaries
and small blood vessels markedly in CAM, fur-
ther supporting the idea that the anti-angiogen-
esis of F56 resides on its effect of blocking the
migration of endothelial cells from existing ves-
sels. Moreover, the zebrafish embryo SIVs
assay showed that F56 had as comparable
inhibitory effect as endostatin. Taken together,
these results indicate that F56 is a potent anti-
angiogenesis agent in vivo.

Like normal tissues, tumors require nutrients
and oxygen to grow as well as the ability to dis-
card metabolic waste. The tumor-associated
neovasculature, the process of angiogenesis,
addresses these needs [24]. Besides, in order
to metastasize, cancer cells must invade the
tumor-associated neovasculature to gain
access to distant site in the body [30]. This
event occurs partly through induced outgrowth
of the preexisting vasculature, which is con-
trolled by countervailing factors that either
induce or oppose angiogenesis [31, 32]. In
nude mice that bear the human colorectal ade-
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nocarcinoma cell line HT-29 and gastric carci-
noma cell line BGC-823, treatment with F56
resulted in inhibition of tumor growth. The
CCK-8 assay showed no direct suppression of
F56 on the proliferation of both cell lines (data
not shown), suggesting that the reduction in the
size of tumor nodules was most likely the con-
sequence of inadequate formation of neovas-
culature as a result of the anti-angiogenic effect
of F56. Besides, with a melanoma mouse
model, F56 significantly inhibited the lung
metastasis of B16 cells as effective as cyclo-
phosphamide and endostatin, validating F56
as a potential anti-tumor agent

PI3K/Akt signaling has been implicated in mul-
tiple cellular functions, including cell survival,
growth, glucose metabolism and protein syn-
thesis. PI3K/Akt serves as a signal transducer,
channeling information from cell surface,
including growth factors, hormones and cyto-
kines, to downstream changes [33]. Abid et al.
showed that VEGF could activate PI3K/Akt sig-
naling in endothelial cells [34]. In endothelial
cells, the PI3K/Akt signaling pathway is crucial
in mediating cell migration and angiogenesis
[35]. Therefore, F56 might exert its anti-angio-
genesis effect through suppressing the PI3K/
Akt signaling. Indeed, in our study, we found
that VEGF could activate the PI3K/Akt signal-
ing, as well as both of it receptors, whereas
treatment with F56 reduced the phosphoryla-
tion of PI3K/Akt.

In conclusion, our findings demonstrate a role
for the monomeric peptide F56 in inhibiting the
angiogenesis as well as the growth and metas-
tasis of tumor. Because of easy accessibility
and low immunogenicity of F56, it might be a
good candidate for anti-tumor drugs.
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