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Abstract

Angiogenesis is critical and indispensable for tumor 
progression. Since VEGF is known to play a central role 
in angiogenesis, the disruption of VEGF-VEGF re-
ceptor system is a promising target for anti-cancer 
therapy. Previously, we reported that a hexapeptide 
(RRKRRR, RK6) blocked the growth and metastasis of 
tumor by inhibiting VEGF binding to its receptors. In 
addition, dRK6, the D-form derivative of RK6, retained 
its biological activity with improved serum stability. In 
the present study, we developed a serum-stable 
branched dimeric peptide (MAP2-dRK6) with en-
hanced anti-VEGF and anti-tumor activity. MAP2-dRK6 
is more effective than dRK6 in many respects: in-
hibition of VEGF binding to its receptors, VEGF- and 
tumor conditioned medium-induced proliferation and 
ERK signaling of endothelial cells, and VEGF-induced 
migration and tube formation of endothelial cells. 
Moreover, MAP2-dRK6 blocks in vivo growth of 

VEGF-secreting colorectal cancer cells by the sup-
pression of angiogenesis and the subsequent in-
duction of tumor cell apoptosis. Our observations sug-
gest that MAP2-dRK6 can be a prospective therapeutic 
molecule or lead compound for the development of 
drugs for various VEGF-related angiogenic diseases.
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Introduction

Angiogenesis, the sprouting of new blood vessels 
from pre-existing vasculature, occurs during emb-
ryonic development and physiological processes 
such as wound healing and formation of the female 
reproductive system in a highly controlled manner 
by coordination of various pro- and anti-angiogenic 
factors (Liotta et al., 1991; Carmeliet, 2000). 
However, the balance between these factors is lost 
in pathological conditions like rheumatoid arthritis, 
diabetic retinopathy, and especially cancer, resul-
ting in abnormal and inadequate growth of blood 
vessels (Carmeliet and Jain, 2000). Among nume-
rous pro-angiogenic factors, VEGF is known to be 
specific to endothelial cells and critical for angio-
genesis (Yancopoulos et al., 2000). VEGF is a 
homodimeric glycoprotein that exerts its activity via 
binding to two receptors, VEGF receptor1 (VEGFR1) 
and VEGFR2, expressed on the surface of endo-
thelial cells (de Vries et al., 1992; Millauer et al., 
1993). There are substantial evidences that VEGF 
is a major factor in tumor angiogenesis (Millauer et 
al., 1993; Kondo et al., 1994). Therefore, anti-an-
giogenic approaches for cancer treatment by dis-
rupting VEGF-VEGFR system have been attempted 
(Kim et al., 1992; Aiello et al., 1995; Borgstrom et 
al., 1996; Strawn et al., 1996).
    We previously reported that a VEGF-binding 
hexapeptide (RRKRRR, RK6) identified by scree-
ning peptide library antagonizes the activity of 
VEGF, resulting in the inhibition of the growth and 
metastasis of VEGF-secreting tumor (Bae et al., 
2000). We then identified dRK6 (rrkrrr), a derivative 
of RK6 with D-amino acids having increased 
stability in serum and similar anti-VEGF activity as 
RK6 (Yoo et al., 2005). However, because of low 
anti-VEGF activity of RK6 and dRK6, the develop-
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Figure 1. Structures of RK6, dRK6, MAP2-RK6, and MAP2-dRK6. (A) RK6 (RRKRRR). (B) dRK6 (rrkrrr), an RK6 derivative composed of D-amino acids. 
MAP2-RK6 (C) and MAP2-dRK6 (D) are branched dimeric peptides with two RK6 and two dRK6 peptides, respectively, linked to α-amino group and 
ε-amino group of lysine in the lysine-β-alanine branching unit.

ment of more potent VEGF-antagonizing peptides 
with enhanced serum stability was necessary for 
effective inhibition of angiogenesis. Several modifi-
cations have been introduced to increase the 
activity and stability of various peptides (Sahu et 
al., 2000; Lee et al., 2005). Among the various 
modification approaches, multiple antigenic peptide 
(MAP) system has been used to enhance the 
potency of peptides (Nomizu et al., 1993; Iwamoto 
et al., 1996; Sadler and Tam, 2002). MAP is a 
multimeric peptide derivative in which several 
peptide molecules are assembled on the branches 
of a lysine tree (Tam, 1988). The core lysine is 
located in the middle allowing multimer of active 
peptides to be accessible for efficient interactions.
    In this study, we developed MAP2-dRK6, a 
branched dimeric peptide with two dRK6 peptides 
linked to α-amino group and ε-amino group of 
lysine in the lysine-β-alanine branching unit. We 
observed that MAP2-dRK6 more effectively inhi-
bited in vitro angiogenesis and in vivo tumor 
angiogenesis and subsequent tumor growth than 
dRK6 through the enhanced anti-VEGF activity. 

These results suggest that MAP2-dRK6 may be a 
potential anti-VEGF drug candidate for targeting 
angiogenesis in many VEGF-related disorders.

Results

Serum-stable MAP2-dRK6 has more potent 
anti-VEGF activity than RK6 and dRK6

In our previous reports, a VEGF-binding hexapept-
ide RK6 inhibited the binding of VEGF to its 
receptors (Bae et al., 2000), and dRK6, its 
derivative composed of D-amino acids, showed 
increased serum stability with similar activity in the 
inhibition of VEGF binding to receptors (Yoo et al., 
2005). To develop more potent anti-VEGF peptides 
with enhanced serum stability, we first synthesized 
four peptides, RK6, dRK6, MAP2-RK6, and 
MAP2-dRK6 (Figure 1). MAP2-RK6 and 
MAP2-dRK6 are branched dimeric peptides with 
two RK6 and two dRK6 peptides, respectively, 
linked to α-amino group and ε-amino group of 
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Figure 2. Inhibitory activity of MAP2-dRK6 on the binding of VEGF to HUVEC and its serum stability. (A) Binding of [125I]-VEGF165 to HUVECs in the pres-
ence of each peptide was determined as described in Methods. Nonspecific binding of VEGF to HUVECs was less than 1% of positive control. (B) The se-
rum stability of MAP2-RK6, composed of L-peptides, and MAP2-dRK6, composed of D-peptides. Peptides were incubated with rat serum at 37oC, and the 
mixture was fractionated by reverse phase HPLC as described in Methods. Peaks for serum (↓) and the peptides (▼) are indicated. The identity of 
MAP2-RK6 and MAP2-dRK6 was determined by mass spectrometry. ACN, acetonitrile.

lysine in the lysine-β-alanine branching unit. To 
evaluate which peptide has more potent anti-VEGF 
activity, we investigated the effects of those 
peptides on the binding of VEGF to their receptors 
on endothelial cells. The branched peptides, 
MAP2-RK6 and MAP2-dRK6, were more effective 
in the inhibition of VEGF binding to receptors than 
the non-branched ones, RK6 and dRK6 (Figure 
2A). 
    Next, we compared the stability of the two bran-
ched peptides in serum. MAP2-dRK6 showed higher 
serum stability than MAP2-RK6; MAP2-dRK6 was 
stable for 48 h whereas MAP2-RK6 was degraded 
after 14 h (Figure 2B). This result is consistent with 
the previous reports (Hamamoto et al., 2002; Yoo 
et al., 2005), in which peptides with D-amino acids 
are more stable in serum than the peptides 
composed of L-amino acids due to their resistance 
to enzymatic hydrolysis. Therefore, we chose 
MAP2-dRK6 which has more potent anti-VEGF 
activity with enhanced serum stability for further 
experiments and selected dRK6 as a control 
peptide.

MAP2-dRK6 inhibits VEGF-induced proliferation, 
ERK activation, migration, and tube formation of 
human endothelial cells

To examine whether MAP2-dRK6 affects the actions 

of VEGF on endothelial cells, we investigated the 
effect of the peptide on VEGF-induced mitogenic 
and migratory activity on endothelial cells. 
MAP2-dRK6 inhibited the VEGF-induced incorpo-
ration of [3H]-thymidine into DNA in human umbi-
lical vein endothelial cells (HUVECs) more signi-
ficantly than dRK6 (Figure 3A) without cytotoxicity 
(data not shown). Moreover, the anti-proliferative 
effect of MAP2-dRK6 was VEGF-specific as the 
peptide did not hinder the proliferation of HUVECs 
induced by basic fibroblast growth factor (bFGF). 
These results suggest that the inhibition was not a 
consequence of the positive charge of MAP2-dRK6 
as the peptide did not inhibit the proliferation of 
endothelial cells by bFGF which like VEGF165 
requires negatively charged heparin to bind to its 
receptor and induce proliferation of the cells. We 
next investigated the effect of MAP2-dRK6 on 
VEGF-induced ERK signaling, which mainly 
contributes to VEGF-induced proliferation of endo-
thelial cells. MAP2-dRK6 also inhibited the 
VEGF-induced ERK activation in a dose-depen-
dent manner, whereas dRK6 showed no inhibitory 
activity (Figure 3B). We further investigated the 
inhibitory activity of MAP2-dRK6 on VEGF-induced 
migration and tube formation of endothelial cells. 
MAP2-dRK6 more significantly inhibited the migra-
tion of HUVECs than dRK6 in a dose-dependent 
manner (Figure 3C). Moreover, the inhibitory 
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Figure 3. Inhibition of VEGF-induced proliferation, ERK activation, migration, and tube formation of endothelial cells by MAP2-dRK6. (A) The inhibitory ac-
tivity of MAP2-dRK6 and dRK6 on VEGF-induced HUVEC proliferation. The proliferation of HUVECs was assessed by VEGF (5 ng/ml)-induced in-
corporation of [methyl-3H]-thymidine into DNA in the presence of varying concentrations of MAP2-dRK6 or dRK6 as described in Methods. The effect of 
MAP2-dRK6 on bFGF (25 ng/ml)-induced proliferation was also investigated. (B) Effect of MAP2-dRK6 on VEGF-induced ERK signaling in HUVECs. 
HUVECs were stimulated by VEGF (10 ng/ml) in the presence of varying concentrations of MAP2-dRK6 and the proteins were separated by SDS gel 
electrophoresis. Western blotting was performed with anti-ERK and anti-phosphorylated ERK antibodies. (C) The inhibitory activity of MAP2-dRK6 and 
dRK6 on VEGF-induced HUVEC migration. HUVECs that migrated through the membrane (12 μm pore) were counted after incubation with VEGF (10 
ng/ml) in the presence of varying concentrations of MAP2-dRK6. (D) The inhibitory activity of MAP2-dRK6 and dRK6 on VEGF-induced HUVEC tube 
formation. HUVECs grown on Matrigel-coated plate were treated with VEGF in the presence of MAP2-dRK6 or dRK6 were quantified as described in 
Methods. * and ** mean P ＜ 0.05 and P ＜ 0.01, respectively.

activity of MAP2-dRK6 on the tube formation of 
HUVECs was more potent than that of dRK6 
(Figure 3D). These results obviously indicate that 
MAP2-dRK6 blocks angiogenesis in vitro more 
effectively than dRK6 by antagonizing VEGF.
    As various tumor cells secrete VEGF that 
contributes to tumor angiogenesis (Senger et al., 
1986), we evaluated the effect of MAP2-dRK6 on 
the endothelial cell proliferation and ERK signaling 

induced by conditioned medium derived from 
VEGF-secreting human colorectal cancer cells. 
The concentration of VEGF secreted from SW480 
cells in the conditioned medium was ∼1.5 ng/ml. 
We observed that MAP2-dRK6 effectively inhibited 
the proliferation and ERK signaling of HUVECs 
promoted by 2-fold concentrated SW480 condi-
tioned medium (Figures 4A and 4B). These inhi-
bitory activities were comparable to those of VEGF 
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Figure 4. Effect of MAP2-dRK6 on endothelial cell proliferation and ERK activation induced by conditioned medium derived from VEGF-secreting human 
colorectal cancer cells. (A) The inhibitory activity of MAP2-dRK6 and dRK6 on the proliferation of HUVECs induced by tumor cell conditioned medium. 
The proliferation of HUVECs in response to SW480 conditioned medium was assessed by the incorporation of [methyl-3H]-thymidine into DNA in the pres-
ence of MAP2-dRK6 or dRK6 as described in Methods. (B) Effect of MAP2-dRK6 and dRK6 on ERK signaling in HUVECs induced by SW480 conditioned 
medium. CM, conditioned medium.

neutralizing antibody and much higher than those 
of dRK6. These results suggest that MAP2-dRK6 
has a potent in vitro anti-angiogenic activity via 
neutralizing tumor-secreted VEGF bioactivity.

MAP2-dRK6 blocks in vivo growth of VEGF-secreting 
colorectal cancer cells by the suppression of 
angiogenesis

Since the acquisition of angiogenic phenotype is 
the decisive factor for tumor progression (Folkman 
et al., 1989; Hanahan and Folkman, 1996), we 
examined the effects of the peptides on the growth 
of SW480 cells xenografted in nude mice. 
MAP2-dRK6 (50 μg/day) reduced the tumor volume 
by 58% and 65% at day 14 and 20 whereas dRK6 
reduced the tumor volume by 42% and 41% at day 
14 and 20, respectively (Figure 5A). MAP2-dRK6 
did not show any cytotoxicity or anti-proliferative 
activity on SW480 cells in vitro (data not shown), 
suggesting that the inhibitory activity is most likely 
through the anti-VEGF activity. Although anti-tumor 
growth activity of dRK6 is less potent than that of 
MAP2-dRK6, its activity is comparable to that of 
RK6 (Bae et al., 2000). Note that dRK6 has similar 
anti-VEGF activity as RK6 (Yoo et al., 2005).
    To verify that this inhibition of tumor growth was 
due to the blockage of angiogenesis, we stained 
blood vessels in tumor tissues. MAP2-dRK6 
strongly inhibited tumor-induced neovascula-
rization; MAP2-dRK6 treatment more effectively 
decreased microvessel density within tumor when 
compared with untreated control or dRK6-treated 

group (Figure 5B). Next, we investigated if this 
blocking of angiogenesis could induce the apop-
tosis of tumor cells. As shown in Figure 5C, 
MAP2-dRK6 induced the apoptosis of tumor cells 
and its activity was more potent than dRK6. 
Although we can not completely exclude other 
possibilities, our results strongly suggest that 
anti-VEGF peptide MAP2-dRK6 inhibits tumor 
growth by blocking angiogenesis induced by the 
tumor-secreted VEGF.

Discussion

In this study, we have developed a serum-stable 
branched form of VEGF-antagonizing peptide, 
MAP2-dRK6. The peptide has more potent 
anti-VEGF activity than the original peptides, RK6 
and dRK6 (Bae et al., 2000; Yoo et al., 2005). 
MAP2-dRK6 inhibited in vitro angiogenic responses 
such as proliferation, ERK phosphorylation, migra-
tion, and tube formation of endothelial cells indu-
ced by VEGF and tumor conditioned medium more 
effectively than dRK6 through blocking VEGF 
binding to its cognate cell surface receptors. 
Moreover, MAP2-dRK6 blocks in vivo growth of 
VEGF-secreting colorectal cancer cells by the 
suppression of angiogenesis and by the sub-
sequent induction of tumor cell apoptosis.
    Peptide molecules play important roles in 
various biological phenomena. The use of peptide 
and its derivatives for the application to basic and 
medicinal research has been extensively studied 
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Figure 5. Inhibition of tumor growth through blocking angiogenesis by MAP2-dRK6. (A) Effect of MAP2-dRK6 and dRK6 on tumor growth in nude mice. 
After tumor volume reached ~100 mm3, peptide (50 μg) or saline control solution was injected subcutaneously and tumor volume was determined as de-
scribed in Methods. (B) Effect of the peptides on tumor angiogenesis. Tumor tissues were stained with antibodies against endothelial cell-specific mole-
cule (PECAM-1) and quantified. Arrows indicate the blood vessels. (C) Effect of the peptides on the apoptosis of tumor cells. Apoptotic cells are indicated 
by arrows. *, **, and *** mean P ＜ 0.05, P ＜ 0.01, and P ＜ 0.001, respectively.

(Bruckdorfer et al., 2004; Park et al., 2009). 
Synthetic combinatorial peptide libraries have been 
utilized successfully to discover bioactive peptides 
such as antimicrobial peptides (Blondelle et al., 
1996), ligands for cell surface receptors (Bae et al., 
2003), protein kinase inhibitors and substrates (Wu 
et al., 1994; Songyang et al., 1995), and peptide 
mimotopes of receptor binding sites (Bracci et al., 
2001). Moreover, a variety of modification methods 
have been developed and successfully applied to 
increase the activity and serum stability of the 

original peptides such as pegylation and acetyla-
tion (Sahu et al., 2000; Lee et al., 2005). For 
example, pegylation improved the pharmacological 
profile of glucagon-like peptide-1 (Lee et al., 2005), 
and acetylation increased the activity of compstatin 
through resistance to enzymatic degradation (Sahu 
et al., 2000).
    MAP system was initially introduced to enhance 
the antigenicity of peptides to be used as vaccines 
(Tam, 1988). Besides its original function, the effec-
tiveness of MAP with respect to corresponding 
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monomeric peptide was also elucidated in the 
peptide inhibitors of protein-protein interactions 
(Bracci et al., 2002; Pini et al., 2006). Especially, 
multimeric forms of laminin B1 peptide showed 
improved biological activity compared to the original 
peptide with enhanced tumor growth and meta-
stasis inhibition (Nomizu et al., 1993; Iwamoto et 
al., 1996). These observations suggest that the 
modification approach using MAP system may be 
useful in improving the activity of an anti-tumor 
peptide. MAP2-dRK6 has a lysine-β-alanine bran-
ching unit with two molecules of dRK6 attached. 
The VEGF-antagonizing activity of MAP2-dRK6 is 
several magnitudes higher than the activity expected 
from two molecules of dRK6. It is possible that the 
divalent structure of MAP2-dRK6 enables simul-
taneous interactions with VEGF dimer more effec-
tively than dRK6 monomer, resulting in the ampli-
fication of the inhibitory activity. In fact, by virtue of 
its dendritic structure, MAP can make polyvalent 
interactions through associating with two or more 
ligands and receptors (Tam, 1988; Sadler and Tam, 
2002). Such properties have been utilized for the 
development of more potent therapeutic agents 
(Nomizu et al., 1993; Iwamoto et al., 1996). On the 
other hand, a potential shortcoming of MAP 
system is that it might elicit antigenicity as it was 
originally developed to enhance the antigenicity of 
a peptide. However, we found that MAP2-dRK6 
was not antigenic when injected intraperitoneally to 
mouse (data not shown).
    Tumor-induced angiogenesis plays important 
roles in tumor growth and metastasis. Among the 
pro-angiogenic factors, the expression of VEGF 
has been reported to be strongly correlated with 
increased vascularity of tumor, advanced disease, 
and a worse prognosis (Takahashi et al., 1995, 
1997). VEGF binding to its receptors expressed on 
endothelial cells transduces signals to induce 
proliferation (Ferrara and Henzel, 1989) and 
migration (Waltenberger et al., 1994) of endothelial 
cells, resulting in the promotion of angiogenesis. 
Thus, disruption of VEGF signaling through VEGF 
receptors can be the prospective method for 
blocking angiogenesis, tumor growth and 
metastasis. Many scientists have been and still are 
working on the development of effective anti-tumor 
drugs such as protein VEGF inhibitors. 
Bevacizumab, the first approved humanized variant 
of monoclonal antibody against VEGF (Presta et 
al., 1997; Ferrara et al., 2004), DC101, another 
monoclonal antibody targeting mouse VEGFR2 
(Prewett et al., 1999), and VEGF-trap, a modified 
soluble VEGF receptor (Byrne et al., 2003), all 
significantly inhibited tumor growth in various 
cancer models. The efficacy of MAP2-dRK6 in the 

inhibition of tumor growth is comparable with 
protein VEGF inhibitors aforementioned in spite of 
infant stage of development. In addition, 
MAP2-dRK6 has an advantage of being synthe-
sized more readily and in a larger amount than 
those protein inhibitors. Moreover, the extended 
half-life of MAP2-dRK6 may overcome the main 
drawback of peptide drugs which is short half-life 
due to proteolysis. Therefore, MAP2-dRK6 affords 
high possibility to be utilized as a potent lead 
compound, so that when used in combination with 
other therapeutic approaches would greatly increase 
the efficacy of the anti-tumor therapy. Furthermore, 
modification of MAP2-dRK6 to strengthen in vivo 
activity, pharmacokinetics, and safety profiles would 
possibly open its way to a favorable candidate for 
therapeutic agent in many excessive angiogene-
sis-related disorders such as rheumatoid arthritis, 
diabetic retinopathy, atherosclerosis, and espe-
cially various tumors.

Methods

Materials

All peptides used in this study were synthesized by 
Peptron, Inc. (Daejeon, Korea) and the purity of each 
peptide was over 95%. Recombinant human VEGF and 
bFGF were purchased from R&D systems (Minneapolis, 
MN). Anti-VEGF antibody was obtained from R&D systems 
and anti-ERK and phosphos-ERK antibodies were from 
Cell Signaling Technology (Danvers, MA).

Cell culture and preparation of tumor conditioned 
medium

HUVECs were cultured in Medium 199 (M199, Invitrogen, 
Carlsbad, CA) containing 20% of FBS, 5 ng/ml of bFGF, 50 
μg/ml of heparin (Sigma-Aldrich, St. Louis, MO), and 6 μg/ml 
of endothelial cell growth supplement (Sigma-Aldrich). 
SW480 human colorectal cancer cells were cultured in 
DMEM (Invitrogen) containing 10% of FBS. The 
conditioned medium was collected from SW480 cells by 
centrifugation for 20 min at 4oC and 3,000 g after 
incubation in serum-free DMEM for 48 h.

Binding of [
125

I]-VEGF to VEGF receptors on the 
surface of HUVECs

Binding assay between labeled VEGF and HUVECs was 
performed as described (Bae et al., 2000). HUVECs were 
seeded in a gelatin-coated 48-well plate (4 × 104 
cells/well). Nonspecific binding sites on HUVECs were 
blocked with 200 μl of HUVEC binding assay medium 
(M199/25 mM HEPES/0.1% BSA, pH 7.4) for 1 h. 
[125I]-VEGF (20 nCi) was mixed with each peptide and 
preincubated at 4oC for 1 h. HUVECs were treated with the 
mixture and incubated at 4oC for 3 h. After the cells were 
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solubilized with lysis buffer (20 mM Tris-HCl/1% Triton 
X-100, pH 7.4), the radioactivity of receptor-bound 
[125I]-VEGF was determined in a gamma counter.

Stability of MAP2-RK6 and MAP2-dRK6 in rat serum

Stability of the peptides was investigated as described 
(Yoo et al., 2005). Serum was prepared from 16-week-old 
male Sprague Dawley rat. For estimating the stability of 
each peptide in serum, MAP2-RK6 or MAP2-dRK6 (100 μg 
in 50 μl PBS) was incubated with 50 μl of filtered rat serum 
at 37oC for the indicated time. The incubated sample was 
fractionated by C18 reverse phase HPLC with linear 
gradient of acetonitrile (0.1% trifluoroacetate in H2O for 
equilibration, and 0.1% trifluoroacetate in acetonitrile for 
elution). The identity of MAP2-RK6 and MAP2-dRK6 was 
determined by mass spectrometry.

Endothelial cell proliferation assay

VEGF (5 ng/ml), bFGF (25 ng/ml)/heparin (50 μg/ml), or 
SW480 conditioned medium in HUVEC proliferation assay 
medium (M199/5% FBS/10 mM HEPES, pH 7.4) was 
mixed and preincubated with each peptide at 37oC for 1 h. 
The mixture was added to HUVECs seeded in a 
gelatin-coated 96-well plate (5 × 103 cells/well), and the 
culture plate was incubated at 37oC for 1.5 days. To each 
well, [methyl-3H]-thymidine (0.5 μCi) was added. After 
additional 12 h incubation, cells were washed and solubi-
lized with 0.4 N of NaOH and neutralized with 2 N HCl. The 
radioactivity of incorporated [3H]-thymidine was determined 
in a liquid scintillation counter.

ERK signaling assay

HUVECs were stimulated with VEGF (10 ng/ml)/peptide or 
SW480 conditioned medium /peptide mixture for 10 min. 
Total proteins were collected using M-PER (Thermo 
Scientific, Rockford, IL), separated by 10% SDS-PAGE, 
and transferred to a PVDF membrane. The blocked 
membrane was then incubated with the indicated 
antibodies, and the immunoreactive bands were visualized 
using a chemiluminescent substrate. The concentration of 
anti-VEGF antibody for neutralization of VEGF used in the 
experiments was 100 ng/ml.

Endothelial cell migration assay

HUVEC migration assay was performed in a 48-well 
microchemotaxis chamber (Neuro Probe, Gaithersburg, 
MD) as described (Kim et al., 2002). Polycarbonate 
membrane with 12 μm pores was coated with 0.1% gelatin 
solution for 5 min and dried. The bottom chamber was 
loaded with HUVECs (3 × 104 cells) and the membrane 
was laid over the cells. The microchamber was then 
inverted and incubated at 37oC for 2 h. After reinverting the 
chamber to upright position, the upper wells were loaded 
with VEGF (10 ng/ml)/peptide mixture. The chamber was 
reincubated at 37oC for 4 h and then the membrane was 
fixed and stained using Diff-Quick solution (Baxter 
Healthcare, Deerfield, IL). The cells that migrated through 

the filter membrane were quantified by counting three 
random fields of each well.

Capillary-like tube formation assay

Tube formation assay was performed as described pre-
viously (Kim et al., 2002). HUVEC were plated in a GFR 
Matrigel (BD Biosciences, San Jose, CA)-coated 24-well 
plate (2 ×104 cells/well) and then VEGF (10 ng/ml)/peptide 
mixture was added. After 4 h incubation, three randomly 
chosen fields were photographed at 10-fold magnification. 
Total tube areas in the images were measured using Scion 
Image program.

Tumor growth inhibition assay in nude mice

Tumor growth inhibition assay in nude mice was performed 
as described (Bae et al., 2000). Viable SW480 cells (5 × 
106 cells) prepared in serum-free DMEM were injected 
subcutaneously over the right scapular region of 
pathogen-free, four-week-old male athymic nude mice 
(BALB/c/nu/nu, SLC, Japan). From the establishment of 
tumor (∼100 mm3 in tumor volume), mice received subcu-
taneous injection of each peptide (50 μg) or control normal 
physiologic saline daily for 14 days. Tumor volumes were 
measured and determined using the following formula: 
Volume = 0.5 × (width)2

× length. Each experimental 
group was consisted of six animals.

Immunohistochemistry

Immunohistochemistry of tumor mass was performed as 
described (Yoon et al., 2004). After mice were sacrificed at 
day 20 of peptide injection, tumors were removed and 
bisected. One part of the tumor was placed in formalin for 
paraffin block preparation, and the other part was frozen 
for cryocut sections. To immunolocalize tumor blood 
vessels, cryosections were stained with a rat anti-mouse 
CD31 antibody (BD PharMingen, San Diego, CA). 
Visualization of the antigen-antibody reaction was carried 
out using an anti-rat immunoglobulin horseradish pero-
xidase detection kit (BD PharMingen). Vessel density was 
determined by counting the stained vessels at 200×. The 
degree of apoptosis was evaluated using an ApopTag 
apoptosis detection kit (Intergen, Norcross, GA). The 
apoptotic index was calculated as the percentage of nuclei 
stained by peroxidase and showing nuclear halo or 
apoptotic bodies. Positive cells were counted among a 
minimum of 400 cells/histological section at 400×. All 
animal experiments were done in accordance with the 
guidelines issued by Chungnam National University about 
the ethics of animal experimentation.

Statistical analysis

Values of results were expressed as mean and standard 
deviation or standard error mean, and the significance was 
established by Student's t test. In all analyses, the level of 
statistical significance was more than 95% confidence level 
(P ＜ 0.05). *, **, or *** means P value less than 0.05, 0.01, 
or 0.001, respectively.
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