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Gaubius Laboratory TNO-PG, Zernikedreef 9, 2333 CK Leiden, The Netherlands

eceived February 15, 2001
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HARP (heparin affin regulatory peptide) is a growth
actor displaying high affinity for heparin. In the
resent work, we studied the ability of human recom-
inant HARP as well as its two terminal peptides
HARP residues 1–21 and residues 121–139) to promote
ngiogenesis. HARP stimulates endothelial cell tube
ormation on matrigel, collagen and fibrin gels, stimu-
ates endothelial cell migration and induces angiogen-
sis in the in vivo chicken embryo chorioallantoic
embrane assay. The two HARP peptides seem to be

nvolved in most of the angiogenic effects of HARP.
hey both stimulate in vivo angiogenesis and in vitro
ndothelial cell migration and tube formation on ma-
rigel. We conclude that HARP has an angiogenic ac-
ivity when applied exogenously in several in vitro
nd in vivo models of angiogenesis and its NH2 and
OOH termini seem to play an important role. © 2001

cademic Press

Key Words: HARP; angiogenesis; endothelial cells;
hicken embryo chorioallantoic membrane.

HARP (heparin affin regulatory peptide), also called
leiotrophin or HB-GAM (heparin binding-growth as-
ociated molecule), is a 18 kDa secreted protein with
istinct lysine-rich clusters within both the NH2- and
OOH-terminal domains (1). HARP has a high affinity

or heparin and is localised in the extracellular matrix
hrough interactions with glycosaminoglycans (2–5). It
s highly conserved among species (2, 4, 6) and shares
0% homology with midkine and the avian retinoic-
nduced heparin binding protein (2, 7, 8). These pro-
eins constitute a new heparin-binding growth factor
amily, structurally distinct from the FGF family (8).
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niversity of Patras, Patras, GR26504 Greece. Fax: 30-61-994797.
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xhibits neurite outgrowth action in neonatal rat brain
ells (1, 2, 9). Concerning its mitogenic activity, contro-
ersial results are reported, that vary according to the
ype and the origin of the studied cells (10–14). HARP
as initially purified from bovine uterus (15) and neo-
atal rat brain (1). It is expressed in developing tissues
1, 16) and displays important functions in the growth
nd differentiation processes. In adults, HARP has
een found in neuronal tissues, heart, uterus, cartilage
nd bone (17, 18), indicating that it may as well have
mportant physiological roles during adulthood. HARP

ay also be an important regulator of tumour trans-
ormation. It is detected in various carcinomas (human
reast and prostate cancer, neuroblastomas, benign
eningiomas, small cell lung cancer, rat mammary

umours), exhibiting a protooncogene function (13, 19).
t is constitutively expressed in cell lines derived from
hese tumours and is involved in tumour growth and
etastasis (19–21). Cells transformed by the HARP

DNA, when implanted into nude mice, form highly vas-
ularised tumours. Moreover, many of the HARP ex-
ressing tumours become more invasive when HARP
ene is overexpressed (17) and reduction of HARP levels
educes the number of blood vessels in primary tumours,
ndicating a possible action of HARP related to the blood
essel network formation of solid tumour mass (21).
We have recently demonstrated a mitogenic effect of

uman recombinant HARP expressed in bacterial cells
hen presented to endothelial cells as a substrate and

his effect was mimicked by two peptides correspond-
ng to its NH2 and COOH termini (22). In the present
tudy, we investigated the effect of the above men-
ioned HARP and peptides on angiogenesis, using a
ariety of in vitro and in vivo assays.

ATERIALS AND METHODS

Cell culture. Human umbilical vein endothelial cells (HUVEC),
at adrenal medulla microvascular endothelial (RAME) cells, bovine



retinal endothelial cells (BREC), bovine brain capillary (BBC) endo-
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helial cells and human foreskin microvascular endothelial cells
hMVEC) were isolated and cultured as previously described (10, 22,
3). Cultures were maintained at 37°C, 5% CO2 and 100% humidity.

Purification of human recombinant HARP and HARP peptides.
xpression of the recombinant HARP was induced in E. coli BL21
Lys cells transformed with the human HARP-pETHH8 plasmid
kindly provided by P. Bohlen), as previously described (22). The
acterial product, similarly to the mammalian HARP, forms dim-
ers and oligomers that are stable in the presence of b-mercapto-

thanol or dithiothreitol (data not shown). The formation of these
ovalent complexes is induced by transglutaminase, similarly to
hat has been described for midkine (24).
The sequences of the HARP peptides corresponding to the NH2 and

OOH terminus of the protein were NH2-AEAGKKEKPEKKVK-
SDCGEW-COOH (HARP residues 1–21) and NH2-AESKKKKK-
GKKQEKMLD-COOH (HARP residues 121–139) respectively, as
reviously described (22) and were obtained from (SYNT:EM, France).

Matrigel tube formation assay. The tube formation assay was
erformed as previously described (25). Briefly, matrigel was used to
oat the wells of 24-well plates (0.25 ml/well) and was left to poly-
erise for 1 h at 37°C. After polymerisation, 40,000 cells suspended

n 1 ml of the corresponding medium supplemented with FCS (2% for
UVEC and BBC cells and 10% for RAME cells, that wouldn’t form
ny tubes at lower serum concentration) were added to each well.
ARP or the peptides were added to the corresponding wells just
rior to addition of the cells. After 18 h of incubation (except for
AME cells that were incubated only for 6 h because of tube regres-
ion at longer incubations), the medium was removed, the cells were
xed and the length of the tube network was measured as previously
escribed (25).

Collagen tube forming assay. Three dimensional type I collagen
els were prepared as previously described, by mixing 8 vol of a
olution of rat collagen type I (4 mg/ml) with 1 vol of DMEM 103 and
vol of sodium bicarbonate (2.2 g/l) at 4°C to prevent immediate

elation. 0.5 ml of the cold mixture was added to each well of a
4-well plate and allowed to gelify for 10 min at 37°C (26). 5 3 104

REC or 2 3 104 BBC cells were seeded on each collagen gel of a
4-well plate in DMEM supplemented with 2% (BREC) or 10% (BBC
ells) FCS and 1 ng/ml FGF-2. One day after reaching confluency,
ifferent concentrations of HARP or each one of the peptides were
dded to the cell culture medium. The reorganisation of the endo-
helial cell monolayer was monitored and photographed with an
lympus IMT-2 inverted phase contrast microscope equipped with a
igital camera.

Fibrin tube forming assay. Human fibrin matrices were prepared
s described (23). Highly confluent endothelial cells were detached
nd seeded in a 1.25:1 split ratio on the fibrin matrices and cultured
or 24 h in M199 medium supplemented with 10% human serum,
0% NBCS, and penicillin/streptomycin. After 24 h, the medium was
eplaced with medium containing 100 ng/ml HARP, 10 ng/ml FGF-2,
0 ng/ml vascular endothelial growth factor A (VEGF-A), 5 ng/ml
umour necrosis factor (TNF), or combinations of these mediators
nd cultured for a period of 7–9 days. The culture medium with the
ediators was refreshed every two or three days. Invading cells and

he formation of tubular structures of endothelial cells in the three-
imensional fibrin matrix were analysed by phase contrast micros-
opy. The total length of tube-like structures of six randomly chosen
icroscopic fields/well (7.3 mm2/field 5 44% of the well) was mea-

ured using an Olympus CK2 microscope equipped with a mono-
hrome CCD camera (MX5) connected to a computer with Optimas
mage analysis software.

Boyden chamber assay. Migration assays were performed as pre-
iously described (27), in a 24-well microchemotaxis chamber
Costar), using untreated polycarbonate membranes with 8 mm
ores. HUVEC, BBC and RAME cells were harvested and resus-
307
edium containing 0.25% bovine serum albumin (BSA). The bottom
hamber was filled with 0.6 ml of the corresponding medium con-
aining 0.25% BSA and HARP or each of the peptides. The upper
hamber was loaded with 105 cells and incubated for 4 h at 37°C.
GF-2 was used as a positive control at a concentration of 5 ng/ml.
fter completion of the incubation, the filters were fixed with saline-
uffered formalin and stained using DiffQuick. The cells that mi-
rated through the filter were quantitated by counting the whole
rea of each filter using a grid and an Optech microscope at a 203
agnification.

The chicken embryo chorioallantoic membrane (CAM) assay. The
n vivo CAM angiogenesis model (28) was used with minor modifi-
ations. Leghorn fertilised eggs (Pindos, Greece) were incubated for
days at 37°C, when a window was opened on the egg shell, exposing

he CAM. The window was covered with tape and the eggs were
eturned to the incubator until day 9, when the test molecules were
pplied. HARP or the peptides were added as a solution containing
ifferent amounts of the agents in a final volume of 20 ml of PBS, at
ay 9 of chicken embryo development on an area of 1 cm2 of the CAM,
estricted by a plastic ring. In a different group of eggs, which was
sed as control, only PBS was applied. After 48 h of incubation at
7°C, the CAMs were fixed in situ with saline-buffered formalin,
xcised from the eggs, placed on slides and left to air-dry. Pictures at

2.53 magnification were then taken through a stereoscope
quipped with a digital camera and the total length of the vessels
as measured as described above for the matrigel tube formation
ssay. Assays for each test sample were carried out three times and
ach experiment contained 10–20 eggs per data point.

Statistical analysis. The significance of variability between the
esults from various groups was determined by one-way analysis of
ariance (ANOVA). Each experiment included triplicate measure-
ents for each condition tested, unless otherwise indicated. All re-

ults are expressed as mean 6 SEM from at least three independent
xperiments.

ESULTS

The ability of human recombinant HARP produced
n bacterial cells and both peptides corresponding to its
erminal domains to stimulate tube formation in vitro
as tested using three different assays of angiogenesis,
amely the collagen gel (26), the matrigel (25) and the
brin gel (23).

HARP stimulates tube formation on collagen gels.
hen seeded on collagen gels, BBC endothelial cells

ormed a monolayer (Fig. 1, top, A). In the presence of
ARP, there was a complete change of phenotype and

he cells formed cord-like structures within 24 h, which
ere observed on and at several levels under the mono-

ayer (Fig. 1, top, B). The formation of cord-like struc-
ures seemed to be concentration-dependent, starting
t 10 ng/ml of HARP and reaching a plateau between
00 and 300 ng/ml. The effect was more intense when
ARP was added in the mass of the collagen gel in-

tead of being added in the cell culture medium. When
ither the NH2 or the COOH peptide was added to the
ell culture medium, there was only a weak stimula-
ion, observed after several days (data not shown).

Human recombinant HARP added to the cell culture
edium of BREC stimulated cord-like structures for-
ation in a concentration-dependent way, with the
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Fig. 1, top, C and D, and bottom).
RAME cells or HUVEC plated on collagen gels did

ot survive and HARP did not improve their survival.

HARP stimulates tube formation on matrigel. The
bility of HARP or either of the two peptides to pro-
ote tube formation was also tested on matrigel, which
easures both migration and differentiation of the

ells (25). BBC endothelial cells on matrigel did not
orm an extensive tubular network when cultured in
ow serum medium (Fig. 3A). HARP stimulated tube
ormation by BBC endothelial cells in a concentration-
ependent manner, with a maximum effect observed at
00 ng/ml (Figs. 2A and 3A and 3B). Both HARP pep-
ides stimulated tube formation by these cells in a way
imilar to the intact molecule (data not shown). On the
ontrary, HARP or each peptide had a small inhibitory
ffect on HUVEC tube formation, which was not sta-
istically significant (Figs. 2B and 3C and 3D). In
AME cells, HARP or the peptides stimulated tube

ormation in a concentration-dependent manner, with
aximal effect at 100 ng/ml (Figs. 2C and 3E and 3F).

HARP stimulates tube formation on fibrin gels. To
nvestigate the ability of HARP or its terminal peptides
o induce endothelial cell tube formation on fibrin gels,
MVEC were cultured on top of three-dimensional fi-
rin matrices. In this in vitro model, the combination of
growth factor (e.g. FGF-2 or VEGF-A) with the in-

ammatory mediator TNFa induces tube formation by
he hMVEC (23), whereas these mediators by them-
elves are not effective (data not shown, ref. (23).
ARP, either in the absence or presence of TNFa did
ot induce tube formation. However, HARP was found
o have a marginally significant potentiating effect on
GF-2/TNFa or VEGF/TNFa induced tube formation

n a concentration-dependent manner and the maxi-
um effect was obtained with 100 ng/ml of HARP.
here was an increase of 1.7 6 0.29 folds (four inde-
endent experiments, P , 0.05) and 1.5 6 0.35 folds
three independent experiments) in VEGF/TNFa- and
GF-2/TNFa-induced tube formation respectively, by
he addition of HARP. Neither of the two terminal
eptides of HARP had any effect on tube formation in
his model, either alone or in combination with the
ther compounds (data not shown).

HARP stimulates RAME cell migration. The Boy-
en chamber test was used to estimate the migratory
ffect of HARP and the two peptides. As a positive
ontrol, FGF-2 was used at a concentration of 5 ng/ml
data not shown). All three molecules significantly in-
uced migration of BBC (Fig. 4A) and RAME cells (Fig.
B). HUVEC migration was not significantly affected
y HARP or any of its peptides (Fig. 4C).

HARP induces angiogenesis in vivo. The chicken
mbryo CAM was used as a suitable in vivo model to
308
FIG. 1. (Top) Effect of human recombinant HARP on endo-
helial cells grown on collagen gels for 24 h (phase contrast
icroscopy). (A) Control BBC cells, (B) BBC cells treated with
uman recombinant HARP (100 ng/ml), (C) Control BREC,
nd (D) BREC treated with human recombinant HARP (100
g/ml). Bar represents 500 mm. (Bottom) Effect of human re-
ombinant HARP on BREC grown on collagen gels. Tube forma-
ion was assayed in the presence of varying amounts of HARP, as
escribed under Materials and Methods. Total tube length was
xpressed as percent of the values obtained without stimulation.
ata are the mean 6 SEM of five independent experiments.
**P , 0.001.
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tudy the angiogenic action of HARP and its terminal
eptides. Different concentrations of molecules were
ested and 48 h after effector molecule application, the
otal length of the vessel network was measured, as
escribed under Materials and Methods. As can be
een in Fig. 5, HARP and the COOH peptide induced
ngiogenesis in a dose-dependent and statistically sig-
ificant manner. The NH2 peptide also had a weak
ngiogenic effect which is statistically significant at a
ose of 0.5 mg/ring. These results indicate that HARP is
potent angiogenic factor in vivo and its NH2 and

OOH termini may participate in this biological
ction.

FIG. 2. Effect of human recombinant HARP on BBC cells (A) and
UVEC (B) grown on matrigel. Tube formation was assayed in the
resence of varying amounts of HARP, as described under Materials
nd Methods. (C) Effect of human recombinant HARP and two pep-
ides corresponding to its COOH- and NH2-termini (100 ng/ml), on
AME cells grown on matrigel. Total tube length was expressed as
ercent of the values obtained without stimulation. Data are the
ean 6 SEM of three independent experiments. ***P , 0.001.
309
In the present study, we investigated the effect of
uman recombinant HARP expressed in bacterial cells
nd two synthetic peptides (HARP residues 1–21 and
21–139) on angiogenesis, using in vitro and in vivo
xperimental models. HARP has been shown to be

FIG. 3. Effect of human recombinant HARP on tube formation
n matrigel (phase contrast microscopy). (A) Control BBC cells, (B)
BC cells treated with human recombinant HARP (100 ng/ml), (C)
ontrol HUVEC, and (D) HUVEC treated with human recombinant
ARP (100 ng/ml). (E) Control RAME cells, (F) RAME cells treated
ith human recombinant HARP (100 ng/ml).
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xpressed in a variety of primary human tumours (13)
nd has been correlated with enhanced tumour growth
nd vascular density (21, 29). The notion that HARP
as angiogenic has been previously relied on an in-

reased vascularity of tumors that expressed HARP
21, 29), the ability of human recombinant HARP ex-
ressed in a eucaryotic system to induce bovine aortic
ndothelial cell tube formation on collagen gels (26),
nd the angiogenic activity of HARP transfectant
CF-7 cells in the rabbit corneal assay (29). However,

here was no direct and extensive evidence that HARP
tself is an angiogenic molecule. Angiogenesis impli-
ates many different actions, such as cell adhesion,
igration, proliferation, differentiation and degrada-

FIG. 4. Human recombinant HARP (100 ng/ml) and two pep-
ides, corresponding to its COOH- and NH2-termini (100 ng/ml),
timulate migration of BBC (A) and RAME cells (B) but not HUVEC
C). Results are expressed as percent of the values obtained without
timulation. FGF-2, which was used as a positive control, caused a
40% stimulation of migration (data not shown). Data are the
ean 6 SEM of at least three independent experiments. *P , 0.05,

*P , 0.01, ***P , 0.001.
310
ossible angiogenic role of HARP, we tested the impli-
ation of HARP as well as its two terminal peptides in
ndothelial cell processes involved in angiogenesis.
We have recently demonstrated that human recom-

inant HARP expressed in bacterial cells acts as a
itogen for different endothelial cells, namely BBC,
AME and HUVEC, when presented to them as a
ubstrate (22). The response of these cells to both
ARP and its terminal peptides is different, with
UVEC being the less responsive (22 and present

tudy). Different cell surface molecules may interact
ith HARP among the different cells, depending on

heir origin and function. HARP could not be detected
ither in the culture medium or in the extracellular
atrix of HUVEC (22). Other large vessel endothelial

ells, like those deriving from bovine aorta, secrete
ARP in both the culture medium and the extracellu-

ar matrix (data not shown) and are responsive to
timulation by HARP (26).
HARP binds with high affinity to heparin and to

lycosaminoglycans, including heparan sulphate (4, 5)
nd dermatan sulphate (5) derived from extracellular
atrix, functioning possibly as a mitogenic molecule

ntrapped in the extracellular space. In the same line,
t had a greater tube formation activity when incorpo-
ated into the collagen gels than when added in the
edium of the cells, while when matrigel was used as

n in vitro angiogenesis assay, the effect was the same
hether HARP was in the medium or in the mass of
atrigel (data not shown). The difference could be due

o the different nature of the in vitro assays used to test
he implication of HARP on endothelial cell tube for-
ation. On collagen gels, the cells can attach, spread,

roliferate and finally form tubes (26), while on matri-
el they do not proliferate, but migrate and finally
ifferentiate forming tubes (25). Moreover, matrigel
ontains by itself several growth factors and other con-
tituents of the extracellular matrix, while collagen or
brin gels do not. It seems that HARP stimulates tube
ormation in all of these systems, however through
ifferent mechanisms. This is further strengthened by
he fact that the two peptides (HARP residues 1–21
nd 121–139) have a stimulating effect on matrigel but
o effect on collagen or fibrin gel assays. The two

ysine-rich terminal domains of HARP are implicated
n multiple biological actions, since they stimulate en-
othelial cell proliferation (22) and are required for
uccessful transformation of NIH 3T3 cells by HARP
esidues 41–64 (30). In addition, we have recently
howed that the C-terminal part of HARP (HARP res-
dues 111–136) is clearly involved in both mitogenic
nd cellular transformation effect (31). Both terminal
egions account for the ability of HARP to bind tightly
o heparin and to extracellular matrix (2, 4), although
t was recently suggested that binding to heparin oc-
urs primarily to the b-sheet domains of HARP (32). It
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FIG. 5. Induction of angiogenesis by human recombinant HARP and two peptides, corresponding to its COOH- and NH2-termini, in the
hicken embryo CAM assay. (Top) Different quantities of tested molecules in the same final volume (20 ml) were applied on an area of 1 cm2,
estricted by a plastic ring, at CAMs of day 9, as described under Materials and Methods. After 48 h of incubation at 37°C, the CAMs were
xed, excised from the eggs, and photographed and the total length of capillaries network was measured. Data are the mean 6 SEM of three

ndependent experiments, each one with 20 eggs tested for each concentration used. *P , 0.05, **P , 0.01, ***P , 0.001. (Bottom)
epresentative pictures showing the CAM vascular network when unstimulated or stimulated with 2 mg of HARP. Bar represents 500 mm.
311
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2

nd COOH termini of HARP interact with the receptor
r other cell surface molecules and facilitate HARP
inding to a high affinity receptor (30).
In the present study, both HARP peptides had by

hemselves a significant effect, similar to the effect of
ARP and in some cases seem to be active even at

ower amounts than the whole molecule. As we have
ecently reported, HARP can form covalently bound
immers and oligomers (33). Although the HARP do-
ain involved in the dimerization process is unknown,

he positively charged NH2 and COOH termini of
ARP, involved in its biological activity (22, 30), might
e masked and unable to bind to the HARP receptor.
lternatively, in equal amounts of HARP and peptides,

he concentration of the peptides used is higher than
hat of the whole molecule of HARP. Whether these or
imilar peptides exist physiologically (e.g. after prote-
lysis of HARP), is not known at present and is under
nvestigation.

The mechanism of action of HARP is not yet clarified
nd it is not clear whether its angiogenic effect is due to
nteractions with cell surface proteoglycans or binding
o another cell surface receptor. Several HARP recep-
ors have been reported, the first being N-syndecan
syndecan-3), a transmembrane heparin sulphate pro-
eoglycan which mediates the neurite-promoting signal
14). Another receptor for HARP is the receptor protein
yrosine phosphatase (RPTP)b/z (34, 35), which in-
reases tyrosine phosphorylation through ligand-depen-
ent receptor inactivation (35). Concerning HARP mi-
ogenic activity, a high affinity binding site for HARP
as been described in NIH 3T3 cells (36) and tyrosine
hosphorylation seems to play an important role (37).
o specific cell surface macromolecules related to
ARP angiogenic activity have been yet identified.
lycosaminoglycans induce HARP dimerisation via co-
alent bonds, a key event in the activation of the trans-
embrane signalling receptors of several growth fac-

ors (33). It is possible that HARP interaction with
ndothelial cells may involve both glycosaminoglycans
nd a transmembrane specific receptor, although it is
ot clear if and to what extent these interactions are

nvolved in the angiogenic effect induced by HARP.
oreover, it is possible that HARP or its terminal

eptides have an indirect effect, potentiating the an-
iogenic effect of other growth factors or releasing
rowth factors sequestered in the ECM, such as FGF-2,
y inducing stimulation of proteases (22, 38).
In conclusion, our findings emphasise the role of
ARP in angiogenesis both in vivo and in vitro. HARP

ynthetic peptides representing native molecule resi-
ues 1–21 and 121–139 seem to be involved in the
ngiogenic activity of HARP, suggesting that minimal
tructures could be sufficient to trigger endothelial cell
ctivation if they are suitably presented to the cell.
nterestingly, the effect of HARP and both peptides
312
enic assays tested.
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