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Abstract:

Procollagen C-endopeptidase (BMP-1) is one of two key enzymes crucial for conversion of fibrillar procollagens to self-assembling

collagen monomers. Recently, we have reported inhibition of the largest variant of BMP-1, a recombinant mammalian tolloid (mTld)

in vitro, on procollagen type I using peptides with amino acid sequences in chordin conserved across different species. Here, we

tested the same peptides as potent blockers of angiogenesis ex vivo in cultured rings of rat aorta, in vivo in chick embryos, and in vitro

in cell cultures. Our results revealed that the peptides inhibited the angiogenic activity in rat aorta explants at micromolar concentra-

tions; they also blocked blood vessel growth in chick embryos. The peptides were also tested on three types of human cells, e.g., um-

bilical vein endothelium, skin fibroblasts, and tumor HT-1080 cells. Since the three types of cells proliferated at a significantly lower

rate or did not proliferate at all, we conclude that the anti-angiogenic effect observed in rat aorta ring explants and in chick embryos

was related to inhibition of cell proliferation. In conclusion, we showed the ability to inhibit angiogenesis by blocking the activity of

procollagen C-endopeptidase. The results strongly indicate crucial role(s) of this metalloproteinase in the formation of new blood

vessels and maintenance of their growth.
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Abbreviations: ADAMTS-2 – a disintegrin and metalloprote-

inase with thrombospondin repeats-2, BMP-1, -2, and -4 – bone

morphogenetic protein 1, 2, and 4, CUB – sequences found in

complement, sea urchin Uegf protein and BMP-1, ECM – ex-

tracellular matrix, EGF – sequences present in epidermal

growth factor, mTld – mammalian tolloid

Introduction

Cells in most tissues are anchored to a highly organ-

ized scaffold referred to as the extracellular matrix

(ECM). During development and growth, new ECM

structures are produced in tissues. However, this pro-

duction is accompanied by the limited degradation of

ECM components, to enable cellular migration and

proliferation. The muscle cells in the blood vessel

walls interact with the underlying matrix [19, 20].

Angiogenesis, the development of new blood vessels

[26], strongly depends on matrix degradation and its

production. Under normal conditions, these two events

are in a dynamic balance. It strongly relies on endo-

thelial cell proliferation and migration and capillary

tube formation. New blood vessels are formed during

tissue growth and repair, such as during wound heal-
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ing, normal female reproductive cycle, and during fetal

development. Angiogenesis is also associated with patho-

logical conditions such as inflammation or tumor growth.

The walls of newly formed blood vessels are com-

posed mainly of vascular endothelial cells which, in

mature vessels, rarely divide. However, during angio-

genesis, the cells are stimulated by pro-angiogenic

signals, inducing rapid increases in vascular perme-

ability in surrounding blood vessels [9, 27]. The fibrin

network formed serves as a provisional matrix for the

increasing number of endothelial cells that will subse-

quently engage morphogenetic programs to generate

new blood vessels [9]. Subsequently, the endothelial

cells induce the expression of various proteolytic ac-

tivities, including serine proteinases and matrix met-

alloproteinases that regulate neovascularization by

breaking down the fibrin network, so that the endo-

thelial cells can migrate during endothelial tube for-

mation [7, 9]. The inner structure of the blood vessels

is formed by interactions of endothelial cell surface

with type I collagen. The endothelial cells form the

innermost layer of the blood vessel and then attach to

the fibrous part composed mainly of elastin and colla-

gen polymers. The collagen fibers composed of colla-

gen types I and III are the most abundant proteins in

the ECM. In the walls of blood vessels they form their

external layer and provide strength and elasticity. The

collagens are synthesized and secreted as highly solu-

ble precursors, which require conversion to form self-

assembling collagen monomers [23, 24]. This proc-

essing requires the action of two zinc metalloprote-

ases, procollagen N-endopeptidase (ADAMTS-2) that

cleaves the N-propeptides [10], and procollagen C-

endopeptidase (BMP-1) that removes the C-propep-

tides [11, 17].

The procollagen C-endopeptidase also acts further

as an upstream regulator of ECM quality by activating

pro-lysyl oxidase, an important factor for the cross-

linking of collagen fibrils and tropoelastin to elastin

[6, 22]. It also activates different ECM components,

such as monomers of laminin-5 [1], whose activation

is critical for building basement membranes, and pro-

collagen V [13], which is one of the first collagens

synthesized in the walls of micro-vessels. Previous

studies have shown that functional variants of BMP-1

are critical for survival during embryo development

[29]. These results suggest that BMP-1 variants play

a critical role in the formation of normal blood vessels

and skeletal components during tissue development.

Thus, here we have aimed to block angiogenesis

using rationally designed peptides that we previously

have reported to be inhibitors of procollagen C-endo-

peptidase activity on procollagen type I [15].

Materials and Methods

Preparation of synthetic peptides

The peptides used to inhibit angiogenesis were pre-

pared by Anova, formerly Cybersyn, or by Sigma.

The amino acid sequences of the peptides and their

biochemical characteristics were described previously

by Lesiak et al. [15]. Here, we have tested two pep-

tides that have been shown to inhibit procollagen C-

endopeptidase activity in vitro (peptides S1.16 and

AS1.11 in Tab. 1). As we determined in previous stud-

ies [15], the cyclic peptides with non-inhibitory action
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Tab. 1. Sequences of peptides tested as procollagen C-endopetidase inhibitors

Peptide name���

(Corresponding Residues in
Chordin)

Amino Acid Sequence M.W.��� Soluble in pH in water

S1.16 (720–735) Gln-Lys-Arg-Thr-Val-Ile-Cys-Asp-Pro-Ile-Val-Cys-Pro-Pro-Leu-Asn 2022 water neutral

AS1.11 (726–731) Cys-Asp-Pro-Ile-Val-Cys 874 water neutral

S1.16 c (720–735) Gln-Lys-Arg-Thr-Val-Ile-Cys-Asp-Pro-Ile-Val-Cys-Pro-Pro-Leu-Asn��� 2019 water neutral

AS1.11c (726–731) Cys-Asp-Pro-Ile-Val-Cys��� 871 water neutral

��� All peptides were conjugated with biotin on their amino-termini [see also 15]. ��� The molecular weight of the peptide. ��� The underlined Cys
are cysteines forming internal disulfide bridge



on the enzyme were used as controls (peptides S1.16c

and AS1.11c in Tab. 1).

Inhibition of angiogenesis in the rat aorta assay

system

Rings of rat aorta about 1 mm long were prepared as

described in detail elsewhere [21, 25]. Briefly, the

rings were prepared from aortas of two-month-old

male Fisher 344 rats of about 150 g in weight. The

animals were sacrificed by inhalation of CO2, accord-

ing to the protocol approved by the University Animal

Care Use Committee (Protocol No. 5/02). The aortas

were excised, rinsed in serum-free culture medium

(SFM) MCDB131 (Sigma, St. Louis, USA), and cut

into about 1 mm long fragments. Subsequently, the

rings were immobilized in a fibrin gel and cultured at

37oC, 5% CO2 for 10 days in serum-free MCDB131

medium (Sigma, St. Louis, USA). The fibrin gel pro-

vided a collagen-free growth-starting environment.

The fibrinolytic inhibitor epsilon aminocaproic acid

(Sigma, St. Louis, USA) was added to the culture me-

dium, at 300 µg/ml during the first 3 days of culture to

prevent fibrin matrix degradation until a new collagen

matrix could be formed. Then, the epsilon amino-

caproic acid concentration was decreased to 50 µg/ml

for the remainder of the experiment to preserve the in-

tegrity of the substrate. The cultures of rat aorta were

treated starting from day 2 of culture with active peptides

S1.16 and AS1.11 and control peptides S1.16c and

AS1.11c, at concentrations of 50 µM and 100 µM. The

half-life of the peptides in culture was around eight hours.

Therefore, every eight hours half of the appropriate initial

amount of the peptide was added to the tested samples.

The reorganization of the microtubules was moni-

tored and photographed with an Olympus IMT-2 mi-

croscope fitted with a digital camera. The total length

of the tubes longer than 100 µm in each randomly

selected area (2.0 × 1.3 mm) was measured with

a Bioquant-TCW image analysis system, and at least

6 measurements per group were recorded [30].

Inhibition of ex vivo angiogenesis in chick embryos

Shells of fertilized chicken eggs were crushed on the

third day of incubation, and the embryos were main-

tained on Petri dishes 100 mm in diameter and 20 mm

deep at 37°C in a humidified atmosphere consisting of

5% CO2 and 95% air. Discs 5 mm in diameter were

soaked with 50 µl of a given peptide solution at the

appropriate concentration, namely 50 µM and 100 µM.

Again, half of the original peptide amount was admin-

istered to the filter every eight hours, due to the pep-

tide’s half-life time. The embryos were photographed

with a digital camera at the end of treatment.

Cell cultures in the presence of peptides that

block angiogenesis

Human skin fibroblasts from healthy young adult in-

dividuals [23, 24], umbilical vein endothelial cells

(HUVEC) isolated according to the method described

elsewhere [14], and human fibrosarcoma HT-1080

cells (ATCC cat. No. CLL-121, Manassas, USA),

were used to test the inhibitory effect of the peptides

on cell proliferation. The cells were seeded in 96 well

microtiter plates at a density of 40,000 per well and

maintained in the appropriate culture medium. Spe-

cifically, the fibroblasts and HT-1080 cells were cul-

tured in high glucose (4.5 mg/ml) DMEM (Gibco,

Grand Island, USA) supplemented with 10% heat in-

activated FBS (Gibco, Grand Island, USA), and the

endothelial cells were maintained in MCDB131 me-

dium containing 0.7% dialyzed FBS (Sigma, St. Louis,

USA), EGF (10 ng/ml) (Sigma, St. Louis, USA), and

1 µg/ml hydrocortisone (Sigma, St. Louis, USA). Af-

ter 12 hours the medium was changed to serum-free me-

dium (SFM) for an additional 12 hours. Subsequently,

the cultures were maintained with SFM supplemented

with the appropriate peptide at concentrations of 11,

22, 50 or 100 µM. Every 8 hours, in order to maintain

a constant concentration of the peptide in the culture

medium, half of the incubation medium was replaced

with fresh media containing 16.5, 33, 75 or 150 µM of

the peptide, for the respective tested concentration of

the peptides. After a further 20 hours of incubation,

AlamarBlue (Biosource, Nivelles, Belgium) was

added to achieve a final concentration of 10% and the

cultures were maintained for an additional 4 hours.

Measurements of the metabolized AlamarBlue were

conducted using a plate reader (Fluoroscan Ascent Fl)

at excitation wave length 560 nm, and the emission

wavelength 590 nm [3]. The standard curves for cell

numbers were prepared according to the manufactur-

er’s recommendation. Briefly, the cells of a particular

cell line were placed in the 96 well plate, at numbers

2,000, 4,000, 8,000, 16,000, 32,000, and 48,000 per

well, in the appropriate standard media. After the cells

attached and spread, usually at the 12th hour after

seeding except for HT-1080 cells that attached be-
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tween the 5th and 6th hour after seeding, the media

was changed to the appropriate SFMs, and 10% Ala-

marBlue was added to the culture plate for 4 hours.

The fluorescence of the metabolite was then measured

as already described. The substrate is metabolized

only by living cells and is not harmful to them, as as-

sured by the manufacturer’s statement in the product

manual and published by others [3]. The percentile of

dead cells in the presence of any peptide was within

the range observed for control cells cultured without

peptides (Fig. 3A). To determine an effect of inhibi-

tory peptides on cell survival, the trypan blue exclu-

sion test was conducted. The cells were cultured in

the presence of the highest concentration (100 µM) of

a particular peptide as already described. At the end

of culture, the cells were lifted off the plate using

trypsin/EDTA (PAA, Pasching, Austria) under stan-

dard conditions. Termination of reagent activity was

achieved by the addition of two volumes of appropri-

ate culture medium. Cells were recovered by centrifu-

gation at about 500 × g and resuspended in 25 µl of

the culture medium. Finally, 25 µl of 0.4% trypan

blue (Sigma, St. Louis, USA) was added and the cells,

following a brief incubation, were counted in the

Bürker chamber for cell counting (Brand GmbH,

Wertheim, Germany), to determine the percentage of

dead cells (stained with trypan blue). The samples were

counted in quadruplicates; at least 100 cells were

counted, both unstained and stained, from each sample.

Statistical methods and analyses

The numbers used for statistical analyses were the

mean values with standard deviations (SD). The re-

sults were analyzed using Student’s paired t-test in the

Excel package in the Office 2003 version. The differences

in proliferation between types of cells, according to the

peptides used and their concentrations, were analyzed us-

ing one-way ANOVA with the MiniTab15 software.

Results

The peptide S1.16 and its short variant inhibit

outgrowth of endothelial microtubes from rings

of rat aorta

The angiogenesis assay using ring explants of rat

aorta revealed that peptide S1.16, which blocked the

human recombinant procollagen C-endopeptidase enzy-

matic activity on procollagen I in vitro [15], also inhib-

ited formation of endothelial microtubes in a concen-

tration-dependent manner (Fig. 1A). The maximal ob-

served decrease in the number of microtubes was

about 50% when compared to chambers containing

identical concentrations of non-inhibitory peptide

S1.16c [15]. The strongest inhibition of tube forma-

tion by peptide S1.16 was at a concentration of

100 µM throughout the entire duration of the test

(p � 0.046 on day 5, p < 0.03 on day 6 and 7, and

p < 0.04 on day 8). Similarly, the short peptide

AS1.11 blocked outgrowth of endothelial microtubes

from rat aorta rings, but to a lesser extent than S1.16

(Fig. 1B). At 50 µM the peptide S1.16 also inhibited

tube formation more than peptide AS1.11 but a statis-
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Fig. 1. The inhibition of microtube formation and their sprouting from
rings of rat aorta cultured in the presence of synthetic inhibitory pep-
tides. (A) The peptide S1.16 was tested from day 5 to day 8 of culture
at concentrations of 50 µM (open boxes) and 100 µM (dashed
boxes), (n = 4); (B) The peptide AS1.11 was tested from day 5 to day
8 of culture at concentrations of 50 µM (opened boxes) and 100 µM
(filed boxes), (n = 4). The controls were cultured in the presence of
S1.16c or AS1.11c and since there was no difference when com-
pared to rings of aorta cultured without peptides, the number of micro-
tubes formed in the presence of cyclic versions was considered as 100%



tically significant difference between the peptides was

observed only on day 5 (p < 0.046) (Fig. 1 A and B).

There was no difference between the peptides inhibi-

tory strength on day 6 but starting from day 7 AS1.11

peptide inhibited the tube formation to a greater ex-

tent (p < 0.04 on day 7 and p < 0.046 on day 8). As

expected, the cyclic form AS1.11c did not inhibit mi-

crotube formation since, as we previously reported

[15], it did not block procollagen C-endopeptidase ac-

tivity on procollagen type I.

Subsequently, both peptide S1.16 and its short vari-

ant AS1.11 were assayed for inhibition of angiogene-

sis in vivo, using chick embryos. New blood vessels in

growing embryos normally pass under the control fil-

ter, but they did not grow under filters containing

S1.16 or AS1.11 (Fig. 2); however, blood vessels did

grow normally under control filters soaked with

S1.16c or AS1.11c (upper panel in Fig. 2).

Inhibition of cell proliferation

To better understand the mechanism involved in the

inhibition of blood vessel formation and growth, the

same concentrations of S1.16, AS1.11 and their con-

trols, the cyclic S1.16c and AS1.11c, were tested with

cultures of endothelial cells. Results of the Ala-

marBlue metabolism assay were used as indicators of

cell number and thus, indirectly, of cell proliferation

[3]. Data revealed that the proliferation rate in the

presence of both control peptides did not show statis-

tically significant differences from the proliferation

rate of cells cultured without peptides (Fig. 3A). In

the presence of S1.16, the cells showed very slow, if

any, proliferation in comparison to cells cultured in

the presence of the control peptide S1.16c (Fig. 3B).

The peptide’s most profound inhibitory effect was on

the proliferation of HT-1080 cells, which did not pro-

liferate at all. After 24 hours of incubation in the pres-

ence of S1.16 at concentrations higher than 22 µM,

HT-1080 cells did not change in number (left bottom

panel in Fig. 3B). The HT-1080 cells responded simi-

larly to the presence of peptide AS1.11; however, the

complete blockage of their proliferation occurred at

22 µM in comparison to about 45% inhibition by pep-

tide S1.16 (p < 0.001) (right bottom panel in Fig. 3B).

The HUVEC cells and skin fibroblasts responded to

both peptides with the same trend but the proliferation

was not completely abolished, even at the highest

peptide concentration of 100 µM (Fig. 3B). The re-

sults of peptide toxicity using trypan blue test re-

vealed that none of the peptides used at the highest

concentration (100 µM) was significantly toxic for

any of the tested cell types (Tab. 2).

Discussion

Inhibition of angiogenesis is important for fighting tu-

mors and uncontrolled cell proliferation in tumorige-

nesis [12]. Numerous attempts have been undertaken

to develop specific inhibitors of angiogenesis. Some

of these inhibitors are based on peptides derived from

natural proteins [4], while others are synthetic mole-

cules directed against action of particular growth fac-

tors, such as VEGF or PDGF, preventing their binding

to respective receptors [28].

In the work presented here, we aimed to inhibit

angiogenesis by the disruption of correct ECM forma-

tion. A key role for ECM in both angiogenesis and tu-

mor growth has been widely reported [5, 8]. The pro-

collagen N- and C-endopeptidases are the key players
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Fig. 2. The assay of inhibition of angiogenesis by synthetic inhibitory
peptides in the chick embryos. The white circles visible on the yolks
are filters soaked with tested peptides: from the top to the bottom,
S1.16c, S1.16, AS1.11c, and AS1.11. For each peptide, six embryos
were tested and the representatives from each group are shown in
the figure
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Fig. 3. Effect of peptides and their
concentrations on cell proliferation
in cultures. (A) Control peptides
S1.16c (open boxes) and AS1.11c
(filled boxes) were added to the cul-
ture medium as described in the
methods section at concentrations
indicated in the graphs and com-
pared to the respective cell num-
bers grown without peptides, which
were assumed as 100%. (B) Effect
of inhibitory peptides S1.16 and
AS1.11 on proliferation of different
cell types and compared to respec-
tive cell type cultured in the pres-
ence of corresponding control pep-
tide

A

B



in collagen fibril formation and in collagen fibril qual-

ity control [10, 11]. The collagen fibrils are basic

structural compounds of ECM [23, 24]. Knockout

mice for either N- or C-procollagen endopeptidase

were severely affected; mice lacking active procolla-

gen C-endopeptidase activity died at birth and those

with inactive procollagen N-endopeptidase developed

symptoms of Ehlers Danlos Syndrome dermatospar-

axis type (formerly EDS VIIC) [16].

Here, we were able to inhibit sprouting of endothe-

lial tubes from rat aorta rings and inhibit the growth of

existing blood vessels in chick embryos using pep-

tides which in the test tube specifically blocked pro-

collagen I C-endopeptidase activity [15]. Assays on

both the rat aorta rings and in the chick embryos re-

vealed that the inhibitory peptides S1.16 and AS1.11,

which blocked activity of procollagen C-endo-

peptidase on procollagen I but did not block activity

of ADAMTS-2 on the same substrate [15], also could

inhibit the formation of endothelial microtubes. This

inhibition was presumably by decreasing proliferation

of endothelial cells, and possibly by influencing pro-

liferation of accompanying cells, such as fibroblasts.

There is also thought that the peptides, in addition to

disruption of blood vessel formation, might signifi-

cantly arrest tumor cell proliferation, as could be

judged from the inhibitory effect on tumor HT-1080

cells. The effect on tumor cell proliferation could be

related to the inhibition of procollagen C-endo-

peptidase activity on prolysyl oxidase, which has

a putative role in the regulation of various gene ex-

pression that has been previously postulated due to its

presence in the nuclei of fibrogenic cells [18]. Results

of our different studies on the distribution and expres-

sion of procollagen C-endopeptidase in different tu-

mor tissues revealed the presence of this antigen in

the nuclei of transformed cells but not in the nuclei of

normal cells in leiomyoma samples [2].

Although there are some other possible explana-

tions for the observed inhibition of angiogenesis, we

postulate that our results strongly support the hy-

pothesis that poor quality of ECM in blood vessels

might be a result of the lack of correct processing of

procollagen types I and V, and pro-lysyl-oxidase, the

matrices crucial structural and cellular components,

all activated by procollagen C-endopeptidase [13,

22–24]. Additionally, in previous work we have

shown that the inhibitory peptides in the experimental

system specifically blocked the procollagen C-

endopeptidase activity [15]. Here, we have verified

that the inhibitory peptides at the highest used con-

centration (100 µM) are not toxic for cells in culture.

In summary, results of our study indicate that the

activity of procollagen C-endopeptidase is crucial for

both initiation and maintenance of angiogenesis. Its

action is also critical for cell proliferation. Complete

inhibition of the enzyme activity slows down the cells

divisions, but the molecular mechanism of this phe-

nomenon needs further investigation.
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