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Antitumor and anti-angiogenic activity of the recombinant human
disintegrin domain of A disintegrin and metalloproteinase 15
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Abstract. A disintegrin and metalloproteinases (ADAMs),
a family of transmembrane glycoproteins, are expressed in
numerous tissues and organs, and have been implicated in a
variety of physiological and pathological processes. ADAMI15
is unique among the ADAMs in having an Arg-Gly-Asp
motif in its disintegrin domain. In the present study, the
antitumor and anti-angiogenic effects of the recombinant
human disintegrin domain (rhdd) ADAMI1S5, expressed by
Escherichia coli, were evaluated. rhddADAMI15 inhibited the
proliferation and migration of several tumor cells, with a half
maximal inhibitory concentration of 1.0-6.0 M. In addition,
rhddADAMIS5 inhibited the proliferation of Bel-7402 cells via
the mitogen-activated protein kinase pathway and reduced
the activation of Src. rhddADAMI15 (1-10 gM) inhibited
the proliferation, migration and tube formation of vascular
endothelial EA . hy926 cells. G,/G, arrest (10.96+1.40%) and
apoptotic cells (55.85+1.06%) were observed in the EA.hy926
cells treated with 4 yM and 6 uM rhdd ADAM15, respectively.
In vivo, thddADAMIS5 significantly inhibited angiogenesis
in zebrafish. thddADAMIS at concentrations of 20 nmol/fish
or 5 nmol/fish inhibited the angiogenesis of subintestinal
and intersegmental vessels in the zebrafish by 72+1.26 and
48+2.92%, respectively. In conclusion, the results of the
present study identified rhddADAMI15 as a potent inhibitor of
tumor formation and angiogenesis, rendering it a promising
tool for use in anticancer treatment.
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Introduction

A disintegrin and metalloproteinases (ADAMs) are a family
of transmembrane proteins, anchored to the cell membrane
surface (1), which are implicated in a variety of physiological
and pathological processes, including sperm-egg binding,
neuronal development and myotube formation (2). In addition,
ADAMs have been observed to be overexpressed in a variety
of types of tumor (3).

Human ADAMIS5 is unique among the ADAM family,
containing the integrin binding motif Arg-Gly-Asp (RGD)
sequence in its disintegrin domain (4). ADAMIS is important
in cell adhesion, extracellular matrix degradation, intracel-
lular signal transduction and pathological changes in tumors.
Previous studies have revealed that the disintegrin domain of
ADAMIS interacts with integrins avp3, a5p1 and a9p1, and
inhibits platelet aggregation and cell migration (3,5,6). The
downregulation or overexpression of ADAMIS5 alters cell-cell
interactions and cell behavior (6-8). In addition, ADAMIS is
overexpressed in several types of solid tumor and is closely
associated with tumor occurrence and development of (9,10).

Angiogenesis is essential in the process of tumor growth.
Certain proteolytic fragments of the extracellular matrix,
including endostatin and angiostatin have been found to
inhibit tumor angiogenesis (11,12). Previous studies have
observed that ADAMIS is overexpressed in the vascular
endothelial cells of tumors (13,14). In a previous investiga-
tion using a mouse model of retinopathy of prematurity,
neovascularization in ADAM157 mice was markedly reduced
compared with wild-type mice. In addition, the tumor sizes
in the ADAMI15” mice were significantly smaller than those
in the wild-type mice (15). Trochon-Joseph et al (10) found
that the recombinant disintegrin domain of ADAMI5 inhibits
in vitro angiogenesis and the growth of breast and lung cancer
metastases in melanoma.

In our previous investigations, the recombinant human
disintegrin domain of ADAMI15 (rhddADAMI15) was
expressed in Escherichia coli, and the inhibitory activity
of rhddADAM15 on Bel-7402 liver cancer cells was evalu-
ated (16,17). The present study aimed to assess the antitumor
and anti-angiogenic activities of rhddADAMIS in vivo,
using a zebrafish model. The human umbilical vein cell line
EAhy926, which is an adherent cell line and was established



HOU et al: ANTITUMOR AND ANTI-ANGIOGENIC ACTIVITY OF rthddADAM15

by fusing primary human umbilical vein cells with a
thioguanine-resistant clone of A549, was also used. The
mechanism underlying the inhibition of proliferation of the
Bel-7402 cells was investigated, and the inhibitory effects of
rhddADAMI15 on vascular endothelial cells were evaluated,
to determine whether rhddADAMI15 affects angiogenesis in
zebrafish.

Materials and methods

Cell culture. Human breast cancer MCF-7, mouse mela-
noma B16, human cervical cancer Hela, human pancreatic
cancer 8988, human liver cancer Bel-7402 and human liver
cancer HEPG-2 cells were all purchased from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China), and
doxorubicin resistant breast cancer MCF-7/ADM and taxol
resistant breast cancer MCF-7/PTX cells were produced in our
laboratory. All of the above cells were grown in RPMI 1640
essential medium (Gibco Life Technologies, Carlsbad, CA,
USA), supplemented with 10% fetal bovine serum (Gibco
Life Technologies) and penicillin-streptomycin (100 U/ml and
100 pg/ml, respectively; Gibco Life Technologies). The cells
were incubated in 5% CO, at 37°C. Technical support for the
zebrafish study was provided by Hunter Biotechnology, Inc.
(Hangzhou, China) and was approved by the ethics committee
of the Association for Assessment and Accreditation of
Laboratory Animal Care International (certificate no. 001458)
and Science and Technology Department of Zhejiang Province,
China (certificate no. SYXK20120171).

Cell proliferation assay. A sulforhodamine B assay (SRB;
Sigma-Aldrich, St. Louis, MO, USA) was used to assess
cell proliferation. The cells were seeded into a 96-well plate
(Corning Life Sciences, Shanghai, China) at a density of
6-7x10° cells/well and cultured for 24 h at 37°C. Subsequently,
the medium was removed and replaced with 100 I medium
containing rhdd ADAMI15 (produced in our laboratory; 0, 1.0,
1.5,2.0,4.0,5.0, 8.0 and 10.0 gmol/l). Following incubation
for 24 h, the medium was removed and the cells were fixed by
adding 100 ul cold 10% trichloroacetic acid (Sigma-Aldrich)
and incubated for 60 min at 4°C. The fixed cells were then
washed in water and stained with 100 pul 0.4% (w/v) SRB
at 37°C. After 30 min, the unbound SRB was washed off
with 1% acetic acid (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China), and the stained cells were solubilized with
100 p1 10 mM Tris-base (Sinopharm Chemical Reagent Co.,
Ltd.). The absorbance of the stained cells in the wells was
measured at 540 nm (Abssy, ,,,) using a Multiskan MK2
microplate reader (Thermo Fisher Scientific, Waltham,
MA, USA). The inhibitory rate of cell proliferation was
calculated using the following formula: Inhibitory rate =

(ADSs40nm, controt = AbSs40nm. rmaaapamis) / (ADSsaonm controt = AbSss00m,
slank) X 100%.

Cell migration assay. A wound-healing assay was used to
assess cell migration. The cells were seeded into a 24-well
plate at a density of 1-5x10°/well, and were incubated for 24 h
at 37°C. A ‘wound’ was formed by manually scraping the
monolayer in the middle of each well with a pipette tip. The
floating cells were washed off with phosphate-buffered saline
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(PBS) and the first set of images of each well were captured.
The location of each image was marked on the bottom of each
well. Fresh medium, or medium with rhddADAMI15 (0, 1.0,
1.5,2.0,4.0 and 8.0 umol/l), was added and the cells were incu-
bated for a further 24 h. Subsequently, a second set of images
were captured at the marked locations. The area of the wound
(A), indicating the ability of the cells to migrate, was measured
using ImageJ software, version 1.4.3.67 (National Institutes
of Health, Bethesda, MD, USA). The inhibitory rate of cell
migration was calculated using the following formula: Rate of
migration (MR) = (A, -A,4 1) / Ay, X 100%. The rate of inhibi-
tion of migration was calculated as: MR .o - MR aaapamis-

Western blot analysis.Following treatment withrhddADAMI15,
the cells were collected, lysed (Beyotime Institute of
Biotechnology, Nantong, China) and clarified by centrifuga-
tion (5418; Eppendorf, Hamburg, Germany) for 10 min at 4°C,
12,391 x g. Subsequently, the samples were incubated with an
equal volume of 2X sodium dodecyl sulfate (SDS; Sinopharm
Chemical Reagent Co., Ltd.) sample buffer and heated for 5 min
at 95°C. SDS-PAGE was then performed, following which
the proteins were transferred onto nitrocellulose membranes
(Pall Life Sciences, Ann Arbor, MI, USA). The membranes
were blocked with 5% bovine serum albumin in Tris-buffered
saline-0.1% Tween 20 for 1 h at room temperature. The blots
were then incubated with the following antibodies for ~2 h
at 4°C: Rabbit polyclonal phosphorylated Src Y416 (#2101;
1:1,000; Cell Signaling Technology, Boston, MA, USA),
rabbit polyclonal phosphorylated Src Y527 (#2105; 1:1,000;
Cell Signaling Technology), mouse monoclonal total Src
(ab16885; 1:100; Abcam, Cambridge, UK) and mouse
monoclonal B-actin (AA128; 1:1,000; Beyotime Institute of
Biotechnology). The blots were then incubated with horse-
radish peroxidase-conjugated goat anti-rabbit (A0208) and
goat anti-mouse (A0216) IgG secondary antibodies (Beyotime
Institute of Biotechnology) for 1 h at 37°C. The blots were
visualized using enhanced chemiluminescence reagents
(Beyotime Institute of Biotechnology). 3-actin was used as the
internal reference.

Tube formation assay. Matrigel basement membrane matrix
(Matrigel; BD Biosciences, Franklin Lakes, NJ, USA) was
thawed and 96-well plates and tips were precooled at 4°C over-
night. Subsequently, the plates were coated with 60 ul Matrigel
and incubated for 30 min at 37°C. The EAhy926 cells were
seeded at a density of 6-8x10*/well with different concentra-
tions of rhddADAMI1S5 (0, 1.0, 2.0, 4.0, 6.0 and 8.0 ymol/l).
After 6 h incubation at 37°C, the tube forming structures
were observed and images were captured under a microscope
(CKX41; Olympus, Tokyo, Japan). At least three images were
captured randomly in each group and the number of formed
tubes were counted.

Analysis of apoptosis. An Annexin V-Propidium lodide
(PI) Apoptosis Detection kit (Beyotime Institute of
Biotechnology) was used to detect the apoptosis induced by
rhddADAMIS5. The EAhy926 cells were seeded at a density of
3-5x10%/well in 6-well plates and cultured overnight, followed
by treatment with different concentrations of rhdd ADAMI15
(0, 4.0 and 6.0 gmol/l) for 6 h at 37°C. The cells were then
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Table I. Inhibitory effect of recombinant human disintegrin domain A disintegrin and metalloproteinase 15 on the proliferation

and migration of tumor cell lines.

Cell line

ICy, of proliferation (zmol/l)

ICy, of migration (zmol/l)

MCF-7 human breast cancer

MCEF-7/ADM doxorubicin resistant breast cancer
MCEF-7/PTX taxol resistant breast cancer

B16 mouse melanoma

HeLa human cervical cancer

8988 human pancreatic cancer

Bel-7402 human liver cancer

HEPG-2 human liver cancer

2.90 1.95
5.30 2.19
5.77 3.86
3.60 1.64
244 0.61
5.76 4.73
1.14 2.09
4.73 1.98

ICs, half maximal inhibitory concentration.

harvested and washed twice with PBS, followed by resuspen-
sion in binding buffer and staining with annexin V to detect
early apoptotic cells for 10 min. The annexin V was removed
via centrifugation at 1,000 x g for 5 min at room tempera-
ture, and the cells were washed and stained with PI, to detect
early and late apoptotic cells, for 5 min at room temperature.
The percentage of apoptotic cells was determined using flow
cytometry (BD Biosciences) and the data were processed using
Cell Quest software, version 6.0 (BD Biosciences).

Cell cycle analysis. PI staining was used to analyze the cell
cycle. The cells were seeded at a density of 3-5x10%/well in
a 6-well plate and cultured overnight, followed by treatment
with or without rhddADAMI1S5 for 24 h at 37°C. Subsequently,
the cells were harvested, washed twice with PBS and fixed
with 70% cold ethanol for at least 2 h at 4°C. The cells
were then washed and incubated with 50 pg/ml RNase
(Sigma-Aldrich) and stained using 10 yg/ml PI (Beyotime
Institute of Biotechnology) at 37°C for 30 min. The cell cycle
was then evaluated by flow cytometry and the data were
analyzed using Modfit software (Verity Software House,
Topsham, ME, USA).

Angiogenesis model in zebrafish. The flila: enhanced green
fluorescent protein (EGFP) transgenic zebrafish used in the
present study were raised and maintained according to the
guidelines of the ethics committees mentioned at Wenzhou
Medical University (Wenzhou, China), and the zebrafish
embryos were generated by natural pair-wise mating in a
light:dark cycle of 14:10 h/day (18). The zebrafish were fed with
Artemia and cultured in water containing sea salt (200 mg/1)
at ~pH 7.2 and 28°C in an experimental tank system made
of polycarbonate. The present study was approved by the
Association for Assessment and Accreditation of Laboratory
Animal Care (001458) and the Science and Technology
Department of Zhejiang Province, China (SYXK20120171).
The subintestinal vessels (SIVs) and intersegmental vessels
(ISVs) of the flila:EGFP transgenic zebrafish embryos
were observed to evaluate the anti-angiogenic activity of
rhddADAMI5. To assess the anti-SIV and anti-ISV angio-
genic activity of rhddADAMIS, flila:EGFP transgenic
zebrafish embryos were used at 48 h post-fertilization (hpf)

and 23 hpf, respectively. At least 10 zebrafish embryos,
allocated randomly, were used in each experimental group,
including a control group. Either rhddADAMI1S5, positive
control (endostatin; Simcere Pharmaceutical, Nanjing, China)
or PBS was microinjected into the yolk-sac of the flila:EGFP
transgenic zebrafish embryos. Images of the zebrafish
embryos in each group were captured at 0, 6, 12 and 24 h
post-injection, to evaluate the time course of rhddADAMI5
onset and to assess the area (AS) of the SIVs and the pairs
(P) of the ISVs, which are indicative of the angiogenic ability
of zebrafish. The inhibitory rates of angiogenesis of the
SIVs or ISVs were calculated using the following formulae:
Inhibitory rate of SIVs (%) = (1 - AS, aaapamis / ASconror) X 1
00% and, inhibition rate of ISVs (%) = (1 - Puaapamis / Peont
o) X 100%.

Statistical analysis. The results are presented as the
mean =+ standard error of the mean of triplicates from at
least three independent experiments. Statistical differences
were determined using Dunnett's t-test with GraphPad Prism
software, version 5.01 (GraphPad Software, Inc., La Jolla,
CA, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results

rhddADAM 15 inhibits the proliferation and migration of tumor
cell lines in vitro. The SRB assay revealed that rhddADAMI15
inhibited the proliferation of several tumor cell lines, with a
half maximal inhibitory concentration (ICs,) range between
1.04 and 5.77 uM (Table I). The most sensitive cells were the
Bel-7402 human liver cancer cells, with an ICs, of 1.04 uM.
rhddADAMIS5 also inhibited the migration of the eight tumor
cell lines, which was determined using a wound-healing assay,
the most sensitive of which were the Bel-7402 cells, with an
ICy, of 2.09 uM (Table I).

rhddADAM]15 reduces Src activation in Bel-7402 cells. It
has been demonstrated that rhdd ADAM15 inhibits the prolif-
eration and migration of Bel-7402 cells in vitro and in vivo,
and induces apoptosis and partial G,/M phase arrest (17).
To investigate the mechanism underlying the inhibition
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Figure 1. rhddADAMI15 reduces Src activation in Bel-7402 cells. (A) Effects of rhddADAM15, EGF and U025 on the proliferation of Bel-7402 cells.
'+' indicates presence of reagent and '-' indicates absence of reagent. (B) Changes in the levels of Src and pSrc in Bel-7402 cells following treatment with
rhdd ADAMIS5. Following treatment of the Bel-7402 cells with rhdd ADAMIS for 1 or 2 h, the levels of total Src, and pSrc Y416 and Y529 were detected using
western blot analysis. (C) Quantification of B ('P<0.05 and “P<0.01, vs. untreated control). Data are expressed as the mean + standard error of the mean. rhdd,
recombinant human disintegrin domain; EGF, epidermal growth factor; ADAMI15, A disintegrin and metalloproteinase 15; p, phosphorylated.
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Figure 2. rhdd ADAMIS5 inhibits the proliferation, migration and tube formation, and induces cell cycle arrest and apoptosis of Eahy926 cells. (A) Inhibitory
effect of rhddADAMIS5 on the proliferation and migration of EAhy926 cells. (B) Representative images of tube formation in the EAhy926 cells following
rhddADAMIS treatment. Cells were analyzed under a fluorescence microscope (magnification, x40). (C) Assessment of EAhy926 cell cycle following rhd-
dADAMIS treatment. (D) Assessment of apoptosis in EAhy926 cells treated with rhdd ADAM15. In the four-quadrant plots, normal cells are in the lower-left,
necrotic cells are in the upper-right, early apoptotic cells are in the lower-right, and late apoptotic cells in are the upper-right. Data are expressed as the
mean + standard error of the mean (n=3; "P<0.0, “P<0.01 and ““P<0.001, vs. untreated control). rhdd, recombinant human disintegrin domain; ADAMI5, A
disintegrin and metalloproteinase 15; FITC, fluorescein isothiocyanate; PI, propidium iodide.

of proliferation, the present study investigated whether
rhddADAMIS5 affected the mitogen-activated protein kinase
(MAPK) signaling pathway, one of the most important
pathways associated with cell proliferation and migration.
U0125, an inhibitor of extracellular signal regulated kinase
(Erk)1/2, and epidermal growth factor (EGF), an agonist of
MAPK, were used in the present study. The concentration

of rhddADAMI15, EGF and UO0125 were 1.0, 0.8 and 10 nM,
respectively. As shown in Fig. 1A, rhddADAMIS5 inhibited
the proliferation of the Bel-7402 cells, with an inhibitory
rate of 41.9% (column 1). Similarly, U0125 inhibited the
proliferation of the Bel-7402 cells, and the inhibitory effect
was increased when combined with rhddADAMI15 (columns
2 and 3). By contrast, EGF increased the proliferative effect
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Figure 3. rhddADAMIS inhibits ISV and SIV angiogenesis in zebrafish. (A) Representative images of ISV angiogenesis in zebrafish embryos following
treatment with rhddADAMIS5. Dotted lines indicate the ISVs in the zebrafish embryos. White arrowheads indicate (a) normal vessels in the control group and
the (b and c¢) absence and (d) random thinning of vessels following treatment with endostatin or rhddADAM15. (B) Inhibitory rates of ISV angiogenesis in
zebrafish following treatment with rhddADAMI15. (C) Representative images of SIV angiogenesis in zebrafish embryos following treatment. The border of the
SIVs (dotted lines) in the (e) control group was regular. Following treatment with (f) endostatin or (g) rhddADAMI15, the border was irregular and the area was
reduced. (D) Inhibitory rates of SIV angiogenesis in zebrafish following rhddADAM1S5 treatment. Data are expressed as the mean + standard error of the mean
(n=10; "P<0.05 and “P<0.01 vs. control). rhdd, recombinant human disintegrin domain; ADAM15, A disintegrin and metalloproteinase 15; SIV, subintestinal

vessels; ISV, intersegmental vessels.

(column 4) and weakened the inhibitory effect, partially
induced by rhdd ADAMI15 or U025 (columns 5-7). Src is an
integrator of divergent signals and channels phosphorylation
signals through the Ras/Raf/ERK1/2 signaling pathway
and, in certain cells, the phosphatidylinositol 3-kinase/AKT
signaling pathway (19). To investigate whether rhddADAMI15
affected the activation of Src, the phosphorylation levels of
Src at Tyrosine 416 (Y416) and Tyrosine 529 (Y529) of the
Bel-7402 cells were evaluated, following treatment with
rhddADAMI15. As shown in Fig. 1B, no significant differ-
ence was observed in the total level of Src in the Bel-7402
cells treated with or without rhddADAMIS5. Following
treatment with rhddADAMIS5, a significant reduction in
the phosphorylation levels of Y416 was detected in the
Bel-7402 cells, compared with the control cells. By contrast,
the phosphorylation levels of Y527 was increased (Fig. 1B).
The dephosphorylation of Src Y529 is a requirement for Src
activation. The present data revealed that rhddADAMI15
inhibited the phosphorylation of Y416 and dephosphorylation
of Y529, therefore, rhdd ADAMI15 downregulated the activa-
tion of Src.

rhddADAM15 inhibits the proliferation, migration and
tube formation of EAhy926 cells. To investigate the effect
of rhddADAMI15 on angiogenesis, its activity on the prolif-
eration, migration and tube formation of EAhy926 cells was
evaluated. rhddADAMI15 inhibited the proliferation and
migration of EAhy926 cells in a dose-dependent manner, and
the IC,, values were 3.78 and 3.18 uM, respectively (Fig. 2A).
The EAhy926 cells formed tube structures on the Matrigel
following 6 h incubation (Fig. 2B). Although the cells remained
adhered to each other, few tubes were identified in each image,
and the number of tubes formed was 79% lower following
rhddADAMIS treatment at a concentration of 4 uM (Fig. 2B).
This result demonstrated that rhddADAMIS5 inhibited the
formation of tube structures.

The cell cycle and apoptotic rates were analyzed to
determine how rhdd ADAMI15 inhibited the proliferation of
EAhy926 cells. The number of cells in the G,/G, phase increased
and the number in the G, and S phase decreased, indicating
that a proportion of the cells were arrested at G,/G, (Fig. 2C).
The annexin V-PI double-staining method was used to deter-
mine the percentage of apoptotic cells after 6 h rhdd ADAMI15
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treatment. thddADAMI1S5 induced apoptosis in the EAhy926
cells in a dose-dependent manner, with a maximum inhibitory
rate of 55.1+2.3% at 6 uM rhddADAMI15 (Fig. 2D), which
was a 7-fold increase compared with the controls (~8.8%),
suggesting that rhdd ADAM15 markedly induced apoptosis in
the EAhy926 cells.

rhddADAMI15 inhibits angiogenesis in zebrafish.
rhdd ADAM15-induced anti-angiogenic activity was evaluated
in the ISVs and SIVs of zebrafish embryos. A total of 28 pairs
of well-arranged ISVs in zebrafish embryos were observed in
the fluorescent-labeled vascular endothelial cells (Fig. 3A).
Following treatment with rhddADAM15 or endostatin for 24 h,
the zebrafish embryos exhibited a decreased in ISV formation
(Fig. 3A-D). Compared with the negative control, the zebrafish
embryos treated with rhddADAMI15 exhibited a thinning or
absence of ISVs, in a dose-dependent manner, with a maximum
inhibitory rate of 48+2.92% at 5.0 pmol/fish rhddADAMIS5.

The anti-angiogenic activity of thdd ADAMI15 on SIVs
was also assessed, which formed a regular basket-like network
(Fig. 3C and E). Following treatment with rhddADAM15 or
endostatin, the SI'Vs were irregular and the area was reduced
in a dose-dependent manner (Fig. 3C, F and G). The maximum
inhibitory rate was 72+1.26% at 20.0 pmol/fish rhddADAMI15
and 40+1.36% at 20 pmol/fish with endostatin. In addition,
as shown in Fig. 3C, the ISVs, which had formed in these
zebrafish did not exhibit any significant pathological changes,
indicating that rhddADAMI15 or endostatin inhibited the
process of angiogenesis, not the vessels that formed. These
results demonstrated that rhddADAMI15 caused marked inhi-
bition of the angiogenesis of ISVs and SI'Vs in zebrafish, with a
more marked effect compared with endostatin.

Discussion

The interaction between ECM and integrins is important
in tumor progression. The disintegrin domain of human
ADAMI15, which contains an RGD motif, is an important
functional domain and has been revealed to mediate cell-cell
and cell-matrix interactions (20,21). Previous studies have
demonstrated that ADAMIS5 is overexpressed in tumor cells
and vascular endothelial cells in multiple types of tumor.
However, the function of ADAMIS5 in tumor progression
remains to be elucidated, as do the potential anti-angiogenic
activities of rhddADAMI15 in vivo, as an exogenous thera-
peutic protein.

The present study demonstrated that, as an exogenous protein,
rhddADAMI1S5 inhibited the proliferation and migration
of several tumor cell lines in vitro. It was observed in our
previous study that trhddADAMI15 induces apoptosis via the
caspase 8 and caspase 9 pathways (17). Since rhdd ADAMI15
is considered to interact with integrins (5,6,22), the signaling
pathways associated with integrins and cell proliferation
were investigated. The results revealed that rhddADAMI5
downregulates the activity of c-Src and regulates the phos-
phorylation of cyclin-dependent kinase 2 (data not shown).
However, the specific target remains to be elucidated.

As anti-angiogenic therapies have the advantage of exhib-
iting broad-spectrum effects with a low risk for metastasis,
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there has been increasing attention on the identification of
anti-angiogenic drug treatments that control tumor growth.
Currently, the majority of anti-angiogenic drug treatments
target vascular endothelial growth factor (VEGF), and several
VEGEF inhibitors have been approved for clinical use in the
treatment of cancer and eye diseases (23,24). However, these
agents require optimization, and the development of novel
targets is required for several reasons: Certain patients do not
respond to the treatment, drug resistance may occur during
the course of the treatment and importantly, a previous study
revealed that tumor angiogenesis can occasionally become
VEGF-independent (25). Certain integrins are involved in
angiogenic processes, and cyclic RGD peptides have been
observed to inhibit angiogenesis, leading to tumor regression
via the targeting of integrins (14,26-29).

The disintegrin domain of human ADAMI15 contains
the RGD integrin binding motif. In addition, ADAMI5 has
been found to be upregulated on the angiogenic endothelial
cell surface (13). Therefore, the anti-angiogenic activity of
rhddADAMI15 was further evaluated in the present study.
Although the in vitro activity of rhddADAMI15 against
angiogenesis has been evaluated (10), investigation of angio-
genesis in vivo faces several challenges. The use of zebrafish
offers an intuitive and effective model in the investigation
of in vivo angiogenesis and tumor formation (30-32) for
advanced drug screening, owing to their small size, short life
cycle and transparency. In the present study, rhddADAMI5
inhibited the proliferation, migration and tube formation of
EAhy926 cells, which was in agreement with a previous study
by Trochon-Joseph et al (10). In addition, the present study
demonstrated that rhddADAMI1S5 induced apoptosis and G,/G,
phase arrest in the EAhy926 cells, which was responsible
for the inhibition of proliferation. In addition, rhddADAMI15
in the zebrafish exhibited superior anti-angiogenic activity
compared with endostatin.

ADAMIS is a multi-domain and multifunctional protein,
and several molecular pathways have been suggested to
explain its effects. The key mechanisms of rhddADAMI5
are considered to be associated with its integrin-binding
domain (10). Crociani ef al (33) identified a novel angiogenic
pathway in colorectal cancer, which is triggered by Bl inte-
grin-mediated adhesion and leads to the secretion of VEGF-A.
In addition, Lucena et al (34) found that the r-mojastin 1
and r-viridistatin 2 recombinant disintegrins, which bind to
avp3 and avfps, have anti-angiogenic activities. Although the
precise mechanisms underlying the anti-angiogenic activity
of rhddADAMIS5 requires further investigation, the results of
the present study demonstrated the anti-angiogenic activity
of rhddADAMI15 in vivo for the first time, to the best of our
knowledge, and revealed that, as a recombinant exogenous
protein, rhddADAMI15 is effective against angiogenesis
in vitro and in vivo and may be a potential anticancer agent.
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