
Characterization of the anti-angiogenic properties of arresten, an
α1β1 integrin dependent collagen-derived tumor suppressor

Pia Nyberga,b,*, Liang Xiea, Hikaru Sugimotoa, Pablo Coloradoa, Malin Sunda, Kathryn
Holthausa, Akulapalli Sudhakara, Tuula Salob,c, and Raghu Kalluria,d,e

a Center for Matrix Biology, Department of Medicine, Beth Israel Deaconess Medical Center and Harvard
Medical School, Boston, MA b Department of Diagnostics and Oral Medicine, Institute of Dentistry,
University of Oulu, Finland c Oulu University Hospital, Oulu, Finland d Department of Biological Chemistry
and Molecular Pharmacology and Harvard Medical School, Boston, MA e Harvard-MIT Division of Health
Sciences and Technology, Boston, MA

Abstract
Physiological and pathological turnover of basement membranes liberates biologically active cryptic
molecules. Several collagen-derived fragments possess anti-angiogenic activity. Arresten is the 26-
kDa non-collagenous domain of type IV collagen α1 chain. It functions as an efficient inhibitor of
angiogenesis and tumor growth in mouse models, but its anti-angiogenic mechanism is not
completely known. Here we show that arresten significantly increases apoptosis of endothelial cells
in vitro by decreasing the amount of anti-apoptotic molecules of the Bcl-family, Bcl-2 and Bcl-xL.
Although the pro-apoptotic effect of arresten is endothelial cell specific in vitro, in mouse tumors
arresten induced apoptosis both in endothelial and tumor cells. The tumor cell apoptosis is likely an
indirect effect due to the inhibition of blood vessel growth into the tumor. The active site of arresten
was localized by deletion mutagenesis within the C-terminal half of the molecule. We have previously
shown that arresten binds toα1β1 integrin on human umbilical vein endothelial cells. However, the
microvascular endothelial cells (MLECs) are more important in the context of tumor vasculature.
We show here that arresten binds also to the microvascular endothelial cells via α1β1 integrin.
Furthermore, it has no effect on Matrigel neovascularization or the viability of integrin α1 null
MLECs. Tumors implanted on integrin α1 deficient mice show no integrin α1 expression in the host-
derived vascular endothelium, and thus arresten does not inhibit the tumor growth. Collectively, this
data sheds more light into the anti-angiogenic mechanism of arresten.
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INTRODUCTION
Angiogenesis, the formation of new blood vessels, is a critical event in tumor growth and
metastasis [1]. Solid tumors will remain smaller than a few millimeters in diameter, if they are
not able to induce their own blood supply, and thus inhibition of tumor angiogenesis suppresses
tumor growth [1,2]. Capillary endothelial cells are supported by vascular basement membranes
(VBM), which influence several aspects of endothelial cell (EC) behavior, such as cell
proliferation [3,4]. Type IV collagen network is the structural backbone of the VBM [5].
Several cryptic fragments from non-collagenous (NC1) domains of type IV and XVIII
collagens, such as arresten, canstatin, endostatin and tumstatin, have been shown to possess
anti-angiogenic activity [6,7,8,9]. Although all these collagen-derived endogenous inhibitors
of angiogenesis have similar molecular sizes, and all of them are proteolytic cleavage products
from NC1 domains of VBM collagens, they bind to distinct cell surface receptors and affect
different parts of the angiogenic process [10,11].

Arresten is a 26 kDa anti-angiogenic fragment from the α1 chain of type IV collagen. This
molecule inhibits endothelial cell proliferation, migration, tube formation and Matrigel
neovascularization [9]. Furthermore, it inhibits the growth of human tumors in nude mice and
the development of tumor metastasis. Arresten was shown to bind to α1β1 integrin and heparan
sulphate proteoglycans (HSPG) [9]. Later, we showed that many of the anti-angiogenic
properties of arresten are mediated through α1β1 integrin [11]. Integrin α1β1 is the major
collagen and laminin receptor [12], and it is the only collagen receptor that is able to activate
the Ras/Sch/mitogen activated protein kinase (MAPK) pathway, thus promoting cell
proliferation [13]. Integrin α1β1 is abundantly expressed on microvascular endothelial cells,
but the expression is lower or even absent on endothelial cells lining larger blood vessels
[14]. Interestingly, when tumors were implanted into the α1 integrin deficient mice, the tumors
showed decreased tumor vascularization and growth [13].

In the present study, we have further characterized the anti-angiogenic properties of arresten.
We show that arresten significantly increases apoptosis of endothelial cells by down-regulating
the amount of anti-apoptotic molecules Bcl-2 and Bcl-xL. The active anti-angiogenic site of
arresten is located in the C-terminal part of the molecule. We confirm and further explore the
role of α1β1 integrin as a functional receptor of arresten on microvascular vessels essential for
tumor blood supply. Integrin α1 is required for the anti-survival effect of arresten. Furthermore,
the tumors implanted on integrin α1 deficient mice show no integrin α1 positive vasculature,
and consequently the growth of tumors and blood vessels in these mice is not inhibited by
arresten.

MATERIALS AND METHODS
Production of recombinant arresten and arresten deletion mutants

Human recombinant arresten was cloned and produced in Escherichia coli as previously
described [9]. Briefly, arresten was expressed in the pET22b (+) expression vector (Novagen,
Madison, WI) in BL21 cells (Novagen). Protein expression was induced by isopropyl-1-thio-
β-D-galactopyranoside (IPTG) to a final concentration of 1 mM. After a 3-hour induction, cells
were harvested, lysed with a lysis buffer (6 M guanidine, 0.1 M NaH2PO4, 0.01 M Tris-HCl,
pH 8.0), sonicated and centrifuged. The supernatant was passed through a Ni-nitriloacetic acid
agarose column (Qiagen, Chatsworth, CA). Arresten was eluted with an increasing
concentration of imidazole (10, 25, 40, 125 and 250 mM) in 8 M urea, 0.1 M NaH2PO4, 0.01
M Tris-HCl, pH 8.0, and refolded by dialyzing twice against PBS. The concentration and purity
of the soluble part of arresten was assayed with a bicichoninic acid assay (Pierce, Rockford,
IL, USA) and SDS-PAGE. The production of recombinant human his-tagged arresten resulted
in a predominantly soluble 29 kDa protein, consisting of the 26 kDa native arresten and 3 kDa

Nyberg et al. Page 2

Exp Cell Res. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



polylinker and 6-histidine tag sequences. In order to localize the active site of arresten, mutants
of arresten were generated by deletion mutagenesis, and these were termed Arr-1 (the first 115
amino acids) and Arr-2 (the last 115 amino acids). Both proteins were produced in E. coli using
the pET-28a vector expression system (Novagen), and purified by their his-tag sequence using
a Ni-Agarose column as described above. Polymyxin B (5 μg/ml) (Sigma) was used in all
assays to remove the possible endotoxin contamination of arresten purified from bacteria
[15].

Production of a synthetic T7 peptide
The synthetic T7 peptide (TMPFLFCNVNDCNFASRNDYSYWL) derived from tumstatin
[16] was synthesized at Tufts University Core Facility (Boston, MA), analyzed by mass-
spectrophotometer analysis and purified by analytical HPLC.

Cell lines
Calf pulmonary aortic endothelial (C-PAE) cells, HT1080 fibrosarcoma cells, and renal cell
carcinoma cells (786-0) were grown in DMEM containing 10% FBS 100 units/ml penicillin
and 100 μg/ml streptomycin. Primary gingival fibroblasts (GF) were isolated and grown as
previously [17]. Human prostate adenocarcinoma cells (PC-3) were grown in F12K containing
10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. Human tongue squamous cell
carcinoma cells (HSC-3) were grown as described previously [18]. Human umbilical vein
endothelial cells HUVEC (ATCC CRL-1730) and human primary microvascular endothelial
(HMVEC, Lonza) cells were cultured in EGM-2-MV supplemented media (Clonetics/Lonza).
CT26 colon carcinoma cells (CRL-2638 from ATCC) were cultured in DMEM supplemented
with 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. Primary mouse lung
endothelial cell lines (MLEC) from wild type (Charles River) and α1 integrin deficient Balb/
c mice [19,20] were prepared as previously [11]. Briefly, the mice were sacrificed with cervical
dislocation. The lungs were then perfused with ice-cold PBS-heparin (1U/ml), and the lung
and heart were collected into cold Ham’s F-12 (Life Technologies). The lungs were digested
with 0.1% collagenase for 1 hour at 37ºC, and plated to 0.1% gelatin coated flasks in MLEC
media (40% Ham’s, 40% DMEM low glucose, 20% FBS, 1% penicillin-streptomycin, 2 mM
L-glutamine, 100 μg/ml heparin (H3393, Sigma, St. Louis, MO) and 50 μg/ml endothelial
mitogen (Biomedical Technologies)). Negative selection was performed with magnetic beads
(Dynabeads M-450 Sheep anti-Rat IgG; Dynal, Oslo, Norway) conjugated with rat anti-mouse
FcγII/III (Pharmingen, San Diego, CA), and positive selection was done twice with beads
conjugated with rat anti-mouse ICAM-2 (Pharmingen).

Annexin V-FITC assay
C-PAE (0.5 × 105) cells were added to each well of a 6-well tissue culture plates in DMEM,
10% FBS for 12 hours. Fresh medium together with 175 nM of arresten, arresten deletion
mutants (Arr-1 and Arr-2) or 40 ng/ml TNF-α was added at 2 and 4-hour time points. Control
cells were treated with an equal volume of PBS. Subsequently, detached cells and adherent
cells were pooled together and centrifuged at 1500 rpm. Cells were then washed with binding
buffer (Clontech), and phosphatidyl-serine externalization (an early indicator of apoptosis) was
measured by labeling with FITC-labeled annexin V (Clontech) according to the manufacturer’s
instructions. Annexin-FITC labeled cells (1 × 104 cells/treatment) were counted using a
Becton-Dickinson FACStar plus flow cytometer, and the data was further analyzed using
standard Cell Quest software recording the shift in fluorescence peak corresponding to
increased apoptosis. Duplicate assays were performed (two parallel samples each time), and
the results are shown as a percentage of apoptotic cells ± SE. Additionally, the morphological
changes in the C-PAE cells upon arresten treatment were analyzed microscopically.
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The Caspase-3 assay
A suspension of 0.5×106 786-0, GF, HMVEC, HT1080, HSC-3 and PC-3 cells were plated on
a 10 cm2 tissue culture plate in normal culture media, and the cells were allowed to attach for
24 hours, followed by serum-starvation in DMEM containing 2% FBS overnight. Next, the
cells were treated in 2% serum with 3 ng/ml bFGF and arresten (350, 700 or 1400 nM), TNF
α (40 ng/ml) or 0.01% BSA (negative control) for 16–18 hours. The cells and the media were
then harvested and centrifuged for 10 minutes at 200×g. The ApoAlert CPP32/Caspase-3
Assay-kit (Clontech) was used to detect Caspase-3 enzyme activity in cells (4×107 cells/ml).
DEVD-fmk, an inhibitor of caspase-3 was used to ensure specificity of the results.

In vitro TUNEL assay
C-PAE cells (5×105 cells/well) were grown in a 6-well fibronectin-coated plates (10μg/ml) in
DMEM supplemented with 10% FBS and penicillin/streptomycin for 24 hours, followed by
serum starvation (DMEM containing 2% FBS) overnight, and subsequently fresh media
containing 3 ng/ml bFGF, 5 ng/ml VEGF and arresten (10–20 μg/ml) or TNF-α (40ng/ml) were
added. Control samples received DMEM with 2% FBS, 3 ng/ml of bFGF and 5 ng/ml VEGF.
After 24 hours, the floating and attached cells were collected, washed and resuspended in PBS
at a concentration of 20×106 cells, and assayed by the Apoalert DNA fragmentation-kit
(Clontech) according to the instructions of the manufacturer. The results were analyzed using
a digital microscope (Nikon Microphot-SA) with the SPOT digital camera and software
(Diagnostic Instrument Inc). Fifteen random fields were counted for each sample.

Immunofluorescence double staining for CD31 and TUNEL
Mice with subcutaneous CT26 tumors were treated with arresten or PBS, and sacrificed after
16 days. The tumors were removed, embedded in OCT and snap-frozen in liquid nitrogen.
Double stainings were done from 8 μm cryosections of the tumors. The CD31 (endothelial
cells, Pharmingen, clone MEC13.3) staining was done according to a previously published
method [21] followed by TUNEL staining for apoptotic nuclei according to the manufacturers
protocol (Roche) with a few modifications. Briefly, the TUNEL staining was done after the
CD31 staining in acetone and acetone/chloroform fixed sections, and the permeabilization (0.1
% Triton X-100, 0.1 % sodium citrate in PBS) incubation time was increased to 5 min in RT.
Finally the sections were mounted with Vectashield mounting media with DAPI (Vector
Laboratories). Immunofluorescence microscopy was performed and analyzed using the
Axioskop 2 fluorescent microscope, AxioCam HRC camera and the Axiovision 4.3 software
(Zeiss) (magnification 200×). Apoptotic cells were counted and averaged from three tumors
in control and arresten treated groups (three high power fields per tumor). The results are shown
as the number of apoptotic cells ± SE. All mouse experiments were performed according to
institutional animal care guidelines.

Western blotting of Bax, Bcl-2 and Bcl-xL
After a 24-h incubation with arresten (700 nM) or TNF-α (40 ng/ml) in low-serum media (2%),
the HMVEC endothelial cells (90% confluent) were washed with cold PBS, lysed on ice in 1×
lysis buffer (Cell Signaling) for 5 min, briefly sonicated and centrifuged for 10 min at 14000×g
at 4°C. Protein concentration in the supernatants was measured with BCA Protein Assay Kit
(Pierce) and 20 μg of proteins were separated using 12% SDS-PAGE followed by Coomassie
Blue staining to verify equal loading in all lanes. The gels were destained and proteins were
electrotransfered onto nitrocellulose membranes. Membranes were blocked with 5% non-fat
milk for 1 h. Polyclonal anti-human Bax (Cell Signaling) and Bcl-xL (Cell Signaling) primary
antibodies (dilution 1:1000) were incubated overnight at 4°C, and monoclonal anti-human
Bcl-2 (Dako, clone 124) antibody (1:1000) was incubated overnight at RT followed by
peroxidase-conjugated goat anti-rabbit or anti-mouse IgG (Dako, 1:200) for 1 h at RT.

Nyberg et al. Page 4

Exp Cell Res. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Immunoreactive proteins were visualized with ECL Western blotting detection reagents
(Amersham). The treatments with arresten or TNF-α and the Western blotting were performed
twice.

Cell attachment assay
The cell attachment assays were performed as previously described [22]. Briefly, 96-well plates
were coated with 10 μg/ml arresten, 10 μg/ml fibronectin or 0.5 μg/ml vitronectin (BD
Biosciences, San Jose, CA), followed by blocking with 30 mg/ml bovine serum albumin
(Sigma) for an hour. HUVEC or primary MLECs from wild type or α1 integrin deficient mice
(1×105 cells/ml) were incubated with a function blocking α1β1 integrin antibody (10 μg/ml)
(a generous gift from Dr Humphrey Gardner, clone Ha31/8) [23], 1 or 5 μg/ml of cRGD (Arg-
Gly-Asp) or RAD (Arg-Ala-Asp) peptides (Peptides International, Louisville, KY) for 15
minutes. Following this 100 μl of cell suspension/well was added onto plates and incubated
for 45 min at 37ºC. After washing, cells were incubated 5 h - overnight in full media and the
number of attached cells was determined with methylene blue staining [8]. Briefly, cells were
washed with 1×PBS, fixed with 10% formalin in neutral buffered saline (Sigma) for 30 min at
room temperature. After formalin removal, the cells were stained with 1% solution of
methylene blue (Sigma) in 0.01 M borate buffer (pH 8.5) for 30 min at room temperature,
followed by washing with borate buffer, and removal of methylene blue with 0.1 N HCl/ethanol
(1:1). The results were analyzed on a microplate reader (Bio-Rad, Hercules, CA) at 655 nm.

Cell viability assay
Cell viability was measured with the MTT (3-(4,5-dimethylthiatzol-2-yl)-2,5-diphenyl
tetrasolium bromide) (Chemicon, Temecula, CA, USA) assay. Wild type and α1 integrin
deficient MLEC (0.4×104 cells/well) were plated in a 96-well plate and were allowed to attach
overnight. The cells were then incubated with 0, 5, 50 and 500 nM of arresten for 24 h, after
which MTT reagent was added to the cells for 6 hours. 80 ng/ml of TNF-α (Clontech, Palo
Alto, CA) was used as a positive control for apoptosis. Viable cells produced black crystals in
the presence of MTT, and the crystals were dissolved in isopropanol with 0.04 N HCl or DMSO.
The resulting purple color was measured in a microplate reader (BioRad) at 570 nm.

Proliferation assay
Confluent C-PAE cells were trypsinized, and 0.4×105 cells/well were plated onto fibronectin-
coated (10 μg/ml) 96-well plates, in 0.5% FBS DMEM. The following day, the media was
changed to 20% FBS DMEM and stimulated with different concentrations of Arr-1 and Arr-2
(0.1, 0.5, 1, 5, 20 μg/ml; 7, 35, 70, 350 and 1400 nM respectively). Unstimulated cells were
treated with 0.1% FBS in DMEM. Cells were allowed to proliferate for 24–48 hours, and the
assay was stopped by formalin fixation before cells reached confluence, followed by methylene
blue staining as previously described. For primary MLEC 0.7 × 105 cells/well, were plated to
96-well plates coated with 0.1% gelatin and 10 μg/ml fibronectin. After the cells had attached,
they were serum starved (2% FBS) for 24 hours. The cells were then stimulated with media
containing VEGF (10 ng/ml) with 0, 5, 50 or 500 nM of recombinant arresten or T7 peptide
[16]. After 48 hours incubation, methylene blue staining was performed as described
previously.

Matrigel plug assay
Matrigel (BD Biosciences) was thawed at 4°C, and mixtures containing 3% DMSO, 20 U/ml
heparin (Pierce, Rockford, IL, USA), 100 ng/ml bFGF (R&D Systems, Minneapolis, MN) and
50 ng/ml VEGF (R&D Systems) with either PBS (control group, n=10 for wild type and n=9
for α1 integrin deficient mice), 200 μM T7 peptide (T7 group, n=9) or 200 μM recombinant
human arresten (arresten group, n=10 for wild type and n=9 for α1 integrin deficient mice)
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were prepared and injected subcutaneously into the flank of the mice. Six days later the mice
were sacrificed, the plugs removed and fixed in 10% formalin in neutral buffered saline (Sigma
Diagnostics), embedded in paraffin and stained with hematoxylin and eosin (HE) or periodic
acid-Schiff (PAS). The number of blood vessels per ten high power fields was counted and
averaged (200×magnification).

In vivo tumor studies
CT26 mouse colon carcinoma cells that are tumorigenic in syngeneic wild type and α1 integrin
deficient Balb/c mice [19,20,24] were used for the tumor studies. 0.5 × 106 viable cells were
injected subcutaneously in the flank of 3-month old α1 integrin deficient and wild type
littermates. Arresten, T7 peptide or PBS with 4% DMSO was injected intravenously daily at
an equimolar dosage of 10 mg/kg (arresten) or 1 mg/kg (T7) for 16 days. Tumor volumes were
measured using the standard formula, length ×width2× 0.52 [6]. The tumors were allowed to
grow to approximately 500 mm3. Each group contained 6 or 7 mice, and two individual
experiments were performed. To determine the amount of blood vessels in the tumors the CD31
immunohistochemical staining was performed as previously described [25]. Briefly, frozen
sections were fixed in acetone (−20°C). Samples were incubated with a rat anti-mouse CD31
(Pharmingen, clone MEC13.3), hamster anti-rat/mouse integrin α1 (Pharmingen, clone
Ha31/8) and hamster anti-mouse integrin β3 (Pharmingen, clone 2C9.G2) antibodies at room
temperature for 2 h, washed three times in PBS, followed by incubation with a FITC-conjugated
secondary antibody (Jackson ImmunoResearch Laboratories) at room temperature for 1 h.
After washing in PBS, the slides were mounted with Vectashield (VectorLaboratories) anti-
fade mounting medium and imaged. For controls, sections were directly incubated with
secondary antibody. In each group, the numbers of CD31 positive blood vessels were counted
in 20 to 30 fields at 400× magnification in a blinded fashion.

Statistical analysis
All values are expressed as mean ± SE. Student’s t test was used to identify significant
differences in multiple comparisons. A level of p < 0.05 was considered statistically significant.

RESULTS
Arresten induces apoptosis of endothelial cells in vitro

The effect of arresten on endothelial cell apoptosis has not been studied in detail before. We
show here that arresten treatment of endothelial C-PAE cells changed the cell morphology; the
cells rounded up and detached indicating increased rate of apoptosis (Figure 1A and B). In
order to study this induction of apoptosis in endothelial cells by arresten more closely, the
annexin V-fluorescein isothiocyanate assay was used. In this assay a fluorescein isothiocyanate
conjugate of annexin V that binds naturally to phosphatidylserine is used to detect the
externalization of membrane phosphatidylserine, which occurs in the early stages of apoptosis.
Arresten was shown to increase the amount of apoptotic cells 2.4-fold in 2 hours, and 3.9-fold
in 4 hours (p < 0.05) (Figure 1C). TNF-α was used as a positive control for apoptosis and as
expected it increased the amount of apoptotic cells 2.9-fold (2 hours) and 4.5-fold (4 hours)
(Figure 1C). To analyze whether the apoptosis inducing property of arresten is endothelial cell
specific, we performed a caspase-3 assay using various concentrations of arresten (350, 700
and 1400 nM) on HMVEC endothelial cells, HSC-3 oral carcinoma cells, PC-3 prostate
adenocarcinoma cells, 789-0 renal cell carcinoma cells, HT1080 fibrosarcoma cells and
primary gingival fibroblasts. TNF-α was used as positive control for apoptosis induction.
Caspase-3 (CPP32) becomes activated during the early stages of apoptosis, initiating cellular
breakdown by degrading structural and DNA repair proteins. We observed an increase in
caspase-3 activity at arresten concentration of 700 nM in HMVEC. (Figure 1D). The increase
was over 2-fold in HMVECs. Although the increase was not statistically significant, the p-
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value was less than 0.1 (Figure 1D). A specific inhibitor of caspase-3 (DEVD-fmk) decreased
the protease activity to baseline, indicating that the increase in activity was specifically due to
caspase-3. No increase in caspase-3 activity was observed in any of the non-endothelial cell
lines (Figure 2A–E), indicating that the pro-apoptotic effect of arresten is endothelial cell
specific in vitro.

TUNEL assay to study apoptotic activity of arresten in vitro and in vivo
In the extensive DNA degradation that is characteristic for apoptosis, double-stranded, small
DNA fragments as well as single strand breaks in the DNA are formed. These strand breaks
can be detected by enzymatic labeling of the free 3′-OH-termini with modified nucleotides in
the terminal deoxynucleotidyl transferase (TdT) reaction. We used the TUNEL (TdT-mediated
X-dUTP nick-end-labeling) method to further analyze apoptosis induced by arresten. In the in
vitro TUNEL assay we observed a 4-fold increase (p < 0.001) in the number of apoptotic C-
PAE cells upon arresten treatment, when comparing to the untreated control (Figure 3A–E).
TNF-α was used as a positive control and it induced apoptosis of the cells as expected (Figure
3E). In the in vivo TUNEL assay, tumor-bearing mice were sacrificed after 16 days of arresten
or PBS treatment and cryosections of the tumors were stained by the TUNEL method. When
the mice were treated with PBS only a very few apoptotic cells (green) were observed (Figure
3F, 3H). Arresten treatment (20 mg/kg) on the other hand significantly increased the number
of apoptotic cells in the tumors of treated animals (Figure 3G, 3H), when compared to the
control. Although the pro-apoptotic effect of arresten was endothelial cell specific in vitro,
double staining of the tumors with TUNEL (green) and CD31 (endothelial cells, red) revealed
that most of the apoptotic cells in arresten treated tumors were in fact tumor cells (Figure 3F-
G). This is possibly an indirect effect of arresten; the inhibition of blood vessel growth by
arresten starves the tumor cells and they undergo apoptosis. The quantification (mean ± SE)
represents the total number of TUNEL positive cells (Figure 3H). Hot spot areas for TUNEL
staining were selected for figures 3F–G.

Induction of HMVEC apoptosis via down-regulation of Bcl-2 and Bcl-xL by arresten
To understand the pathways involved in the pro-apoptotic activity of arresten, we evaluated
changes in the expression of Bcl-2, Bcl-xL and Bax. These Bcl-family members are
significantly involved in the balance of pro-apoptotic and anti-apoptotic signals at the
mitochondrial level. Bax is a pro-apoptotic molecule, whereas both Bcl-2 and Bcl-xL are anti-
apoptotic. The balance of their expression determines whether cells undergo apoptosis [26].
Western blot analysis of their expression was done after 24-hour incubation of HMVEC cells.
Arresten did not have any effect on the expression of Bax, but clearly decreased the expression
of Bcl-xL and Bcl-2 (Figure 3I), thus shifting the balance and favoring the pro-apoptotic
signaling. TNF-α was used as a positive control for apoptosis. Coomassie Blue staining of the
SDS-PAGE gel was used to verify equal loading in all lanes (not shown).

Arresten deletion mutants have distinct effects on endothelial cells
Deletion mutants of arresten were generated in order to localize the active site of this molecule.
By using deletion mutagenesis two arresten fragments were produced, and they were termed
Arr-1 (the first 115 amino acids) and Arr-2 (the last 113 amino acids) (Figure 4A). Arr-2 was
significantly more effective in inhibiting endothelial cell proliferation and inducing C-PAE
endothelial cell apoptosis than Arr-1. The Arr-2 fragment was able to inhibit proliferation and
return the number of cells to baseline at a concentration of 0.5 μg/ml (35 nM), while Arr-1 was
not able to cause the same effect until concentrations of 20 μg/ml (1400 nM) (Figure 4B).
Increased apoptosis can be detected in the annexin V assay by a shift in fluorescence peak.
Arr-1 was unable to cause this shift in the fluorescence peak at a concentration of 0.5 μg/ml
(35 nM) (Figure 4C), but at higher concentrations (5 μg/ml or 350 nM) apoptosis was also
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induced by Arr-1 (data not shown). On the other hand, Arr-2 caused a significant shift in
fluorescence at both 0.5 μg/ml (35 nM) (Figure 4D) and 5 μg/ml (350 nM) concentrations (data
not shown). These results strongly indicate that the active anti-angiogenic site is localized
within the last 113 amino acids of the arresten molecule.

Integrin α1 is required for the decreased microvascular endothelial cell attachment, survival
and Matrigel neovascularization by arresten

We have previously shown that human arresten inhibits tumor angiogenesis in mice [9] via
α1β1 integrin [11]. However, the in vitro experiments of these previous studies demonstrated
arresten binding to α1β1 integrin on larger blood vessels, and thus here we wished to study
arresten-integrin α1β1 interactions on microvascular endothelial cells that are more important
in the context of tumor angiogenesis. In addition, microvascular endothelial cells express
integrin α1β1 significantly more than the larger vessels [14]. In order to analyze the capacity
of primary microvascular lung endothelial cells (MLEC) to attach in the presence or absence
of α1β1 integrin blocking antibodies, we isolated cells from both wild type and α1 integrin
deficient mice. On arresten coating the α1β1 integrin blocking antibody had no effect on the
attachment of α1 integrin deficient MLEC (mean 107% of control, SE ±12%), but the
attachment of the wild type MLEC was reduced to half in the presence of the α1β1 integrin
blocking antibody (56% of control ±5%) (Figure 5A). The control IgG did not inhibit the
attachment of the cells (Figure 5A). The MLEC attachment on fibronectin ensured that the
observed decrease in cell attachment onto arresten by the α1β1 integrin blocking antibody, was
in fact due to the disruption of the arresten-α1β1 integrin interaction (Figure 5A).

If the pro-apoptotic action of arresten is mediated through the α1β1 integrin receptor, then cells
deficient of α1β1 integrin should not respond to arresten treatment. In these studies the T7
peptide, corresponding to the active site of tumstatin, was used as control, since it is well
established that it inhibits angiogenesis via binding to integrin αvβ3 [27], and thus the lack of
α1 integrin should not interfere in its efficacy. We studied the effect of arresten and T7 on the
survival of wild type and α1 integrin deficient MLEC using the MTT cell viability assay that
measures the mitochondrial functionality. Arresten inhibited cell survival of only the wild type
cells, whereas T7 had an inhibitory effect on both wild type and α1 integrin deficient cells
(Figure 5B). Endothelial cell survival was 34% (SE ± 2%) of the control (100%), when MLECs
from wild type mice were treated with 500 nM arresten. Treatment with 500 nM arresten had
no significant effect on the α1 integrin deficient MLEC survival, 88% (SE ± 7%) of control.
T7 peptide decreased the survival of both wild type and integrin α1 null MLECs. The
differences in the anti-survival response by arresten between wild type and null cells were
statistically significant at concentration of 50 nM (p < 0.01) and 500 nM (p < 0.001).

We used the Matrigel plug assay [28] to study the in vivo effect of arresten on the formation
of new capillaries in wild type and α1 integrin deficient mice. Matrigel was injected
subcutaneously into the flanks of mice in the presence of bFGF, VEGF, heparin and 3% DMSO,
with or without 200 μM arresten or T7 peptide. In wild type mice the number of blood vessels
decreased to 60% of control with arresten treatment, and to 56 % of control with T7 treatment
(Figure 5C). Interestingly, in the α1 integrin deficient mice, the T7 peptide reduced the number
of blood vessels to 72 % of control, but arresten even slightly increased the formation of blood
vessels to 115 % of control, although the increase was not statistically significant (Figure 5C).
All these results clearly demonstrate that α1 integrin is indeed important for the anti-angiogenic
function of arresten.

The RGD (Arg-Gly-Asp) sequence present in many ECM proteins is important for the binding
to certain integrins. However, integrin α1 β 1 does not bind to the RGD sequence [12]. To
address whether arresten might function via some RGD-dependent integrin in addition to
integrin α 1 β 1, a synthetic cyclic RGD peptide and a cyclic control peptide RAD (Arg-Ala-
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Asp) were used in cell attachment assays. Vitronectin coating was used as positive control,
since the binding between vitronectin and integrin αvβ3 is known to be RGD dependent [12].
As expected, in the presence of the RGD peptide the cell attachment to vitronectin was reduced
almost to half (not shown). However, neither the RGD peptide nor the negative control peptide
had any effect on the endothelial cell attachment on an arresten-coated surface (not shown).
This suggests that RGD-dependent integrins are not important for the function of arresten.

Arresten does not inhibit tumor growth in integrin α1 knock-out mice due to the lack of
integrin α1 expression in the tumor vasculature

It has previously been shown that colon and renal carcinoma tumors, implanted subcutaneously
into α 1 integrin deficient mice, are smaller and less vascularized than the same tumors in wild
type mice [20,29]. We have recently demonstrated that integrin α 1 β 1 is in fact essential for
the anti-angiogenic function of arresten in subcutaneous teratocarcinoma tumor SV129-mouse
model [11]. To determine whether this phenomenon is universal or depends on which tumor
cell line or mouse strain was used, we studied how arresten treatment affected colon carcinoma
cell growth in α 1 integrin deficient and wild type Balb/c mice. We also wished to characterize
the localization of integrins α 1 and β 3 in the tumor and tumor vessels. Half a million colon
carcinoma CT26 cells were injected subcutaneously onto the flanks of these mice. Arresten
and T7 peptide treatments were started when the tumors had reached the size of 50 mm3.
Equimolar amounts of arresten (10 mg/kg) or T7 (1 mg/kg) were injected intravenously daily
for 16 days. As expected, the tumors grew slower in the α 1 integrin deficient mice, when
compared to the wild type mice (Figure 6A). T7 peptide had a potent inhibitory effect on tumor
growth in both the α 1 integrin deficient and the wild type mice. Consistent with our previous
findings, arresten treatment did not inhibit tumor growth in the α 1 integrin deficient mice,
whereas it had potent effect on tumor growth in wild type mice (Figure 6A). To determine if
the vascular density in the tumors of the α 1 integrin deficient mice was altered, the number of
CD31 positive blood vessels was counted. The wild type mice demonstrated a statistically
significant decrease in the number of tumor blood vessels when treated with arresten or T7
peptide. The vascular density of the integrin α 1 null mice was slightly reduced compared to
the control and again arresten treatment of the α 1 integrin deficient mice had no effect on the
vascular density of tumors (Figure 6B). In wild type tumors there was a weak to moderate
integrin α 1 immunostaining that partially co-localized with the CD31-positive blood vessels
(Figure 6C). On the other hand, integrin α 1 staining was very weak or almost completely
absent in the tumors of integrin α 1 deficient mice, and this staining never colocalized with the
CD31-positive vessels suggesting that tumor stroma (derived from wild type mouse colon
carcinoma) produces small amounts of integrin α 1 (Figure 6C). We used β 3 integrin staining
as control, and found moderate staining in the tumor blood vessels both in wild type mice and
integrin α 1 deficient mice (data not shown).

DISCUSSION
Basement membrane- and especially collagen-derived endogenous inhibitors of angiogenesis
have raised a lot of interest as endogenous inhibitors of angiogenesis in the recent years. We
have studied the mechanism of arresten, an inhibitor of angiogenesis and tumor growth, derived
from the α 1 integrin chain of type IV collagen. We show here, with various methods, that
arresten potently induces endothelial cell (EC) apoptosis. This pro-apoptotic effect is mediated
by decreasing the expression of anti-apoptotic signaling molecules Bcl-2 and Bcl-xL. The
active anti-angiogenic site of arresten is found within the last 113 amino acids of the molecule.
We also confirm our earlier finding, that arresten binds to α 1 β 1 integrin, and furthermore
that α 1 β 1 integrin is a functionally relevant receptor for the anti-angiogenic function of
arresten regardless of what mouse strain or tumor cell line is used. In wild type mice α 1 β 1
integrin localizes both in tumor blood vessels and tumor cells themselves, but in integrin α 1
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deficient mice only weak staining is observed on the tumor stroma, and no staining on the host-
derived blood vessels.

It is important to note that even though the collagen derived endogenous angiogenesis inhibitors
are molecules of about the same size, come from similar parent molecules and have amino acid
sequence homologies [6,7,8,9], they all function via distinct mechanisms, bind different cell
surface receptors, and affect different parts of the angiogenic process. Endostatin, a fragment
of type XVIII collagen, binds to α 5 β 1 integrin, and inhibits EC migration by interfering with
cell signaling pathways through ERK1 and p38. Tumstatin, a fragment of the α 3 chain of type
IV collagen, on the other hand, binds to αvβ 3 integrin and inhibits the PI3-kinase/Akt/mTOR/
4EBP1 signaling pathway, resulting in decreased EC proliferation [10]. The receptors of
canstatin, a fragment of the α 2-chain of type IV collagen, are integrins α 3 β 1, αvβ 3 and
αvβ 5 [30]. It inhibits Akt activation and induces Fas-dependent apoptosis in EC [31]. We have
discovered that arresten binds to α 1 β 1 integrin and inhibits phosphorylation of FAK.
Inhibition of FAK leads to inhibition of Raf/MEK/ERK1/2/p38 MAPK pathways that lead to
inhibition of hypoxia inducible factor (HIF-1 α) and VEGF expression, resulting in inhibition
of EC migration, proliferation, and tube formation [11]. Here we found that arresten also
induced endothelial cell apoptosis by regulating mitochondrial Bcl-family signaling molecules.
As arresten decreases angiogenesis in several ways it is possible that this molecule affects
several distinct cell-signaling pathways.

Studies with canstatin show that within the same molecule, different parts of the molecule can
participate in the inhibition of angiogenesis in distinct ways. The C-terminal domain of
canstatin mainly associated with the specific inhibition of EC proliferation, whereas N-terminal
canstatin is associated with the potential apoptosis-inducing activity on EC [32,33]. A similar
phenomenon is also evident for tumstatin, it has two separate binding sites to αvβ 3 integrin,
the N-terminal one being associated with the anti-angiogenic properties and the C-terminal one
being associated with the anti-tumor activity [27,34]. Therefore, it is possible that also arresten
might have several receptor binding sites, and thus other receptors, in addition to α 1 β 1
integrin, that are able to affect the anti-angiogenic and anti-tumor properties of this molecule.
Our findings show that arresten induces apoptosis both in endothelial cells and in tumor cells
in a mouse tumor model, although in vitro the pro-apoptotic effect was EC specific. This effect
on the tumor cells might be an indirect effect induced by the lack of blood vessels promoting
tumor cell apoptosis or alternatively arresten might actually have a direct effect on the tumor
cells in vivo. It is possible that arresten is differentially processed in vivo and in vitro resulting
in exposure of novel cryptic receptor binding sites. In addition, we have previously shown that
arresten possess two binding sites on endothelial cell (C-PAE) surface, a high-affinity and a
low-affinity site. In addition to the high affinity binding to α 1 β 1 integrin, arresten also binds
to HSPG on the EC, but it is not yet known whether this binding is of functional significance
[9]. Recent studies have shown that HSPGs are important in the regulation of angiogenesis.
Particularly perlecan has both angiogenic and anti-angiogenic effects [35], and it has been
shown that endorepellin, the C-terminal part of perlecan inhibits angiogenesis by binding to α
2 β 1 integrin [36]. The ability of arresten to bind to both integrins and HSPGs is not unique
among the matrix-derived angiogenesis inhibitors. Endostatin has also been shown to bind both
to integrins (α 5 β 1 and αvβ 3 integrin), and to a HSPG (glypican-1) [10,37,38,39]. The minimal
recognition sequence of integrin α 1 β 1 is GFOGER (Gly-Phe-HydroxyPro-Gly-Glu-Arg),
which has to be in a triple helical conformation [40,41]. Recently, it was found that in the triple
helical type IV collagen molecule, the critical amino acids for the α 1 β 1 integrin binding were
Asp461 in the α 1(IV) chain and Arg 461 in the α 2(IV) chain [42]. When arresten is cleaved
from the type IV collagen, it is no longer in the triple helical form, and thus the GFOGER
recognition sequence cannot be relevant for the binding of arresten. However, although
remaining unknown, most likely the EC recognition sequence of arresten resides within the
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last 113 amino acids, shown here to possess the anti-proliferative and pro-apoptotic property
of this molecule.

Taken together, this shows that the extracellular matrix, the soluble small molecules derived
from the extracellular matrix and the cell surface receptors form an extremely complicated
network. Xu et al. have shown that the cleavage of triple helical collagen IV results in the
exposure of functionally important cryptic site associated with angiogenesis [43]. Intact type
IV collagen and especially the NC1 degradation products of type IV collagen can have opposite
effects on EC behavior. Whereas intact type IV collagen promotes cell migration and
proliferation via binding to α 1 β 1 and α 2 β 1 integrin, the binding of cleavage products to
the same receptors leads to inhibition of angiogenesis [44,45]. The absence of α 1 β 1 integrin,
or any other part of this network, can disturb an intricate balance, and especially in pathological
conditions cause surprising effects. In this regard, our results interestingly show that there were
slightly more blood vessels in the arresten containing Matrigel plugs when implanted on α 1
integrin deficient mice, and that the proliferation of VEGF stimulated wild type MLECs was
increased in the presence of 50 nM arresten (not shown). Furthermore, when the tumors in α
1 integrin deficient mice were treated with arresten, they surprisingly grew somewhat faster.
Even though these results were not statistically significant, the trend was consistent in three
distinct angiogenesis assays. What could explain this finding? The most obvious reason for
this accelerated growth of blood vessels and tumors upon arresten treatment in the α 1 integrin
deficient mice would be an up-regulation of another receptor on the EC surface that
compensates for the lack of α 1 β 1 integrin. Integrin α 2 β 1 has the same substrate specificity
as α 1 β 1 integrin, and therefore would be a likely candidate for compensation. However, it
has been shown that no compensatory up-regulation of α 2 integrin in the α 1 integrin deficient
tissue takes place [19]. Since arresten also binds to HSPG, the absence of α 1 integrin could
render more arresten available to bind HSPG, despite of the lower affinity. Additionally, the
increased amount of arresten could block the direct binding of VEGF or other growth factors
to HSPGs, thus resulting in increased amounts of bio-available unbound growth factors, which
then could bind receptors leading to pro-angiogenic effects on the EC.

Tumors implanted into the α 1 integrin deficient mice grow slower than those in wild type
mice. It was suggested that this might be due to the up-regulation of matrix metalloproteases
(MMPs), leading to an increased amount of angiostatin, an inhibitor of angiogenesis that is
proteolytically derived from plasminogen [29]. It thus appears that although the lack of α 1
integrin does not impair developmental angiogenesis, it does affect pathological angiogenesis
as shown in our work. Hamano et al. [25] showed a similar phenomenon with tumstatin. The
tumor suppressive effects of tumstatin require αvβ 3 integrin to be expressed on pathological,
but not on physiological angiogenic blood vessels. We show here that the tumor blood vessels
in the wild type mice are positive for integrin α 1 immunostaining, but in the integrin α 1
deficient mice, there are no integrin α 1 positive vessels, only some weak staining in the tumor
stroma (tumor cells were derived from a wild type mouse carcinoma). VEGF is known to
significantly induce the expression of α 1 β 1 integrin on the EC surface. Blocking the function
of α 1 β 1 integrin by antibodies selectively inhibits VEGF-driven angiogenesis in vivo, without
any effects on the pre-existing vasculature. Therefore, it has been suggested that α 1 β 1 integrin
is of particular importance in the pathological angiogenesis [22], and our results support this
notion. Interestingly, arresten binding to integrin α 1 β 1 inhibits HIF-1 α synthesis and thus
leads to inhibition on VEGF expression [11].

In conclusion, we have further analyzed the anti-angiogenic mechanism of arresten, a type IV
collagen derived endogenous inhibitor of angiogenesis and tumor growth. We show that
arresten significantly induces EC apoptosis by down-regulating the expression of anti-
apoptotic Bcl-family signaling molecules. The anti-angiogenic property of arresten is located
within the last 113 amino acids of this molecule. In addition, we confirmed our earlier finding
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that arresten binds to α 1 β 1 integrin, and that α 1 β 1 integrin is a functionally necessary
receptor for the anti-angiogenic and anti-tumorigenic nature of arresten in the microvascular
ECs in the tumor.
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ABBREVIATIONS
BSA  

bovine serum albumin

CPAE  
calf pulmonary aortic endothelial cells

cRGD  
cyclic Arg-Gly-Asp

DMSO  
dimethylsulpoxide

EC  
endothelial cell

FAK  
focal adhesion kinase

FITC  
fluorescein isothiosyanate

HIF  
hypoxia inducible factor

HMVEC  
human microvascular endothelial cells

HSPG  
heparin sulphate proteoglycan

HUVEC  
human umbilical vein endothelial cell

MAPK  
mitogen activated protein kinase

MLEC  
microvascular lung endothelial cell

NC1  
non-collagenous domain
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PBS  
phosphate buffered saline

RAD  
Arg-Ala-Asp

RT  
room temperature

TNF-α  
tumor necrosis factorα

VEGF  
vascular endothelial growth factor
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Figure 1. Arresten induces endothelial cell apoptosis
Annexin V-FITC staining was performed on C-PAE treated with 175 nM arresten for 0, 2 or
4 hours. Control cells received only PBS, and TNF- α (40 ng/ml) was used as a positive control
for apoptosis. A–B. Arresten treatment induced morphological changes typical for apoptosis
in the C-PAE cells (B) when compared to the control cells treated with PBS (A). C. The
percentage of annexin V positive cells was plotted after different time points (0, 2 and 4 hours).
Arresten induced apoptosis at a similar rate to TNF- α. This induction of apoptosis is
statistically significant when compared to the cells treated with PBS (* p < 0.05). D. Arresten
and TNF- α increased the activity of caspase-3 in HMVEC cells, when compared to cells treated
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with PBS alone (control) (p < 0.1). DEVD-fmk, a specific caspase-3 inhibitor (inhib), was used
to ensure specificity of the assay. The caspase-3 assay was performed twice.
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Figure 2. Arresten does not induce apoptosis in carcinoma, fibrosarcoma or fibroblast cell lines in
vitro
Arresten did not increase the activity of caspase-3 in HSC-3 oral squamous cell carcinoma
cells (A), PC-3 prostate adenocarcinoma cells (B), 786-0 renal cell carcinoma cells (C),
HT1080 fibrosarcoma cells (D) or primary gingival fibroblasts (E). Control cells received only
PBS, and TNF- α (40 ng/ml) was used as a positive control for apoptosis. DEVD-fmk, a specific
caspase-3 inhibitor (inhib), was used to ensure the specificity of the assay. The caspase-3 assay
was performed twice (A, D, E) or once (B–C).
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Figure 3. Increased apoptosis after arresten treatment in vitro and in vivo in the TUNEL assay
A-E. 0.5 × 106 C-PAE cells in 6-well plates were treated with arresten (350 and 700 nM), TNF-
α (40 ng/ml) or PBS in media containing 3 ng/ml bFGF and 5 ng/ml VEGF. The cells were
then collected and the TUNEL assay was performed. Apoptotic cells are shown in green (TdT
(+) staining, A–B) and all cells are stained with red (propidium iodine, C–D). Arresten
treatment (B) significantly increases the number of apoptotic cells, when compared to PBS
treatment (A). E. The number of apoptotic cells per high power field was counted. Both arresten
and TNF- α treatments significantly increase the number of apoptotic cells, when compared to
cells treated with PBS (*** p < 0.001). F–H. Balb/c mice were implanted with subcutaneous
CT26 tumors and treated with arresten or PBS injections for 16 days. Blood vessels in the
tumor sections were detected by CD31 staining. To detect the DNA strand breaks characteristic
to apoptotic cells, the TUNEL assay was performed. Double stainings of CD31 (red) and
TUNEL (green) show that arresten significantly increases the total number of TUNEL positive
apoptotic cells (G) compared to the control tumors (F) (200× magnification, hot spot areas for
TUNEL staining selected for F-G). H. The number of apoptotic cells per high power field was
counted (three tumors per experimental group, at least three fields were counted per tumor).
Arresten treatment significantly increased the number of apoptotic cells in the tumors (mean
± SE, * p < 0.05). I. HMVEC cells treated with PBS (control, lane1), 700 nM arresten (lane
2) and 40 ng/ml TNF- α (lane 3) for 24 hours were lysed and 20 μg of protein per lane was
separated and immunoblotted with primary antibodies against signaling molecules in the
mitochondrial apoptosis pathway: no effect on Bax (pro-apoptotic) by arresten, down-

Nyberg et al. Page 19

Exp Cell Res. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



regulation of Bcl-xL (anti-apoptotic) by arresten and down-regulation of Bcl-2 (anti-apoptotic)
by arresten.
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Figure 4. The localization of the site of the pro-apoptotic and anti-proliferative activity of arresten
A. Two peptides derived from the full-length arresten were generated by deletion mutagenesis
and named, Arr-1 (amino acids 1–115) and Arr-2 (amino acids 116–229). B. Equimolar
concentrations (0, 0.1, 0.5, 1, 5 and 20 μg/ml or 0, 7, 35, 70, 350 and 1400 nM, respectively)
of arresten peptides Arr-1 and Arr-2 were used for a C-PAE proliferation assay. The Arr-2
peptide decreased proliferation to half of the control (supplemented with 20 % FBS) at a
concentration of 0.5 μg/ml, whereas a concentration of 20 μg/ml of Arr-1 was needed for the
same inhibitory effect. C–D. The Annexin V-FITC assay was performed on C-PAE cells
treated with either Arr-1 or Arr-2 (0.5 μg/ml). The FL-1-height represents the annexin
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fluorescence intensity as a log scale. The Arr-2 peptide induced a shift of fluorescence intensity
indicating increased apoptosis, whereas Arr-1 caused no shift.
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Figure 5. Integrin α 1 is essential for the EC interactions with arresten in attachment, survival and
Matrigel neovascularization assays
A The attachment of wild type and α 1 integrin deficient MLECs on different substrata in the
presence of blocking antibodies. 96-well plates were coated with 10 μg/ml arresten or
fibronectin. MLECs (1 ×105 cells/ml) were incubated with the α 1 β 1 integrin antibody or
control IgG or equivalent amount of PBS (control) for 15 min. The cells were allowed to attach
to the wells for 45 min at 37ºC, un-attached cells were washed and the remaining cells were
incubated in full media over night. The cells were then stained with methylene blue, and the
OD655 was read on a microplate reader. The change in cell adhesion is presented as % of
control. The bars represent mean ± SE (triplicate wells in three separate experiments). Cell
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attachment onto BSA coated wells was used as a negative control. The α 1 β 1 integrin antibody
significantly prevented wild type cells from adhering to arresten coated plates, whereas it had
no effect on the adhesion of α 1 integrin deficient MLECs on these plates. B. For the MTT
survival assay the MLECs (0.4 ×104 cells per 96-well) were grown in 0.1 % gelatin coated
dishes for 24 h, after which the cells were treated with 0, 5, 50 or 500 nM of arresten or T7
peptide for 24 h. MTT staining was performed and the purple color was measured on a
microplate reader at 570 nm. The curves represent mean ± SE (triplicate wells in two separate
experiments). The loss of cell viability is presented as % of controls. Arresten treatment of α
1 integrin deficient MLECs had no effect on cell viability (ko arr), whereas it decreased the
viability of wild type cells (wt arr). The T7 peptide decreased viability of both cell types (wt
and ko T7). C. Matrigel solution mixed with 3% DMSO, bFGF (100 ng/ml), VEGF (50 ng/
ml), heparin (20 U/ml) and either PBS (control), T7 peptide (200 μM) or arresten (200 μM),
was injected subcutaneously into flanks of littermate wild type and α 1 integrin deficient mice.
Plugs were subsequently removed, embedded in paraffin, sectioned and stained with
hematoxylin and eosin. Blood vessels from 10 high power fields per each plug were counted
and averaged. The bars represent the average of 9 or 10 mice per each group ± SE. Arresten
treatment of α 1 integrin deficient mice showed no inhibition of neovascularization of the
Matrigel plugs. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.
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Figure 6. Expression of integrin α 1 in tumors with treatment of arresten or T7 peptide in wild type
and α 1 integrin deficient tumor-bearing mice
A CT26 colon carcinoma cells were injected subcutaneously into flanks of wild type and
integrin α 1 deficient Balb/c mice. When the tumors reached the size of 50 mm3 equimolar
amounts of recombinant arresten (278 μg), T7 peptide (30 μg) or PBS (control) was
intravenously injected into the tumor bearing mice daily for 16 days. The data presented is
representative of two independent experiments and shown as the mean of final tumor size at
day 16 ± SE (* p-value < 0.05). In the α 1 integrin deficient mice only T7 peptide significantly
reduced tumor growth, whereas no significant effect was observed upon arresten treatment.
B. The blood vessels were stained with CD31, counted and averaged for each experimental
group (mean ± SE, * p-value < 0.05, *** p-value < 0.001). C. Double staining of integrin α 1
(green) and CD31 (red) of CT26 colon carcinoma tumors implanted on wild type and integrin
α 1 deficient Balb/c mice. Mild integrin α 1 expression can be observed in wild type tumors
both in the tumor stroma and in the vasculature (co-localizing with the CD31 staining). CT26
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tumors on integrin α 1 deficient mice show no integrin α 1 expression in the vasculature (host-
derived) whereas some weak expression is detected in the tumor cells. The CD31 staining
shows reduced number of blood vessels upon arresten and T7 peptide treatment in the wild
type mice. In the integrin α 1 deficient mice, only T7 reduces the growth of vasculature, arresten
has no effect on the number of blood vessels. Magnification 400×.
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