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HARP (heparin affin regulatory peptide) is a growth
factor displaying high affinity for heparin. In the
present work, we studied the ability of human recom-
binant HARP as well as its two terminal peptides
(HARP residues 1-21 and residues 121-139) to promote
angiogenesis. HARP stimulates endothelial cell tube
formation on matrigel, collagen and fibrin gels, stimu-
lates endothelial cell migration and induces angiogen-
esis in the in vivo chicken embryo chorioallantoic
membrane assay. The two HARP peptides seem to be
involved in most of the angiogenic effects of HARP.
They both stimulate in vivo angiogenesis and in vitro
endothelial cell migration and tube formation on ma-
trigel. We conclude that HARP has an angiogenic ac-
tivity when applied exogenously in several in vitro
and in vivo models of angiogenesis and its NH, and
COOH termini seem to play an important role. o© 2001
Academic Press
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HARP (heparin affin regulatory peptide), also called
pleiotrophin or HB-GAM (heparin binding-growth as-
sociated molecule), is a 18 kDa secreted protein with
distinct lysine-rich clusters within both the NH,- and
COOH-terminal domains (1). HARP has a high affinity
for heparin and is localised in the extracellular matrix
through interactions with glycosaminoglycans (2-5). It
is highly conserved among species (2, 4, 6) and shares
50% homology with midkine and the avian retinoic-
induced heparin binding protein (2, 7, 8). These pro-
teins constitute a new heparin-binding growth factor
family, structurally distinct from the FGF family (8).
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HARP is a developmentally regulated protein that
exhibits neurite outgrowth action in neonatal rat brain
cells (1, 2, 9). Concerning its mitogenic activity, contro-
versial results are reported, that vary according to the
type and the origin of the studied cells (10-14). HARP
was initially purified from bovine uterus (15) and neo-
natal rat brain (1). It is expressed in developing tissues
(1, 16) and displays important functions in the growth
and differentiation processes. In adults, HARP has
been found in neuronal tissues, heart, uterus, cartilage
and bone (17, 18), indicating that it may as well have
important physiological roles during adulthood. HARP
may also be an important regulator of tumour trans-
formation. It is detected in various carcinomas (human
breast and prostate cancer, neuroblastomas, benign
meningiomas, small cell lung cancer, rat mammary
tumours), exhibiting a protooncogene function (13, 19).
It is constitutively expressed in cell lines derived from
these tumours and is involved in tumour growth and
metastasis (19-21). Cells transformed by the HARP
cDNA, when implanted into nude mice, form highly vas-
cularised tumours. Moreover, many of the HARP ex-
pressing tumours become more invasive when HARP
gene is overexpressed (17) and reduction of HARP levels
reduces the number of blood vessels in primary tumours,
indicating a possible action of HARP related to the blood
vessel network formation of solid tumour mass (21).

We have recently demonstrated a mitogenic effect of
human recombinant HARP expressed in bacterial cells
when presented to endothelial cells as a substrate and
this effect was mimicked by two peptides correspond-
ing to its NH, and COOH termini (22). In the present
study, we investigated the effect of the above men-
tioned HARP and peptides on angiogenesis, using a
variety of in vitro and in vivo assays.

MATERIALS AND METHODS

Cell culture. Human umbilical vein endothelial cells (HUVEC),
rat adrenal medulla microvascular endothelial (RAME) cells, bovine
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retinal endothelial cells (BREC), bovine brain capillary (BBC) endo-
thelial cells and human foreskin microvascular endothelial cells
(hMVEC) were isolated and cultured as previously described (10, 22,
23). Cultures were maintained at 37°C, 5% CO, and 100% humidity.

Purification of human recombinant HARP and HARP peptides.
Expression of the recombinant HARP was induced in E. coli BL21
pLys cells transformed with the human HARP-pETHHS8 plasmid
(kindly provided by P. Bohlen), as previously described (22). The
bacterial product, similarly to the mammalian HARP, forms dim-
mers and oligomers that are stable in the presence of B-mercapto-
ethanol or dithiothreitol (data not shown). The formation of these
covalent complexes is induced by transglutaminase, similarly to
what has been described for midkine (24).

The sequences of the HARP peptides corresponding to the NH, and
COOH terminus of the protein were NH,-AEAGKKEKPEKKVK-
KSDCGEW-COOH (HARP residues 1-21) and NH,-AESKKKKK-
EGKKQEKMLD-COOH (HARP residues 121-139) respectively, as
previously described (22) and were obtained from (SYNT:EM, France).

Matrigel tube formation assay. The tube formation assay was
performed as previously described (25). Briefly, matrigel was used to
coat the wells of 24-well plates (0.25 ml/well) and was left to poly-
merise for 1 h at 37°C. After polymerisation, 40,000 cells suspended
in 1 ml of the corresponding medium supplemented with FCS (2% for
HUVEC and BBC cells and 10% for RAME cells, that wouldn’t form
any tubes at lower serum concentration) were added to each well.
HARP or the peptides were added to the corresponding wells just
prior to addition of the cells. After 18 h of incubation (except for
RAME cells that were incubated only for 6 h because of tube regres-
sion at longer incubations), the medium was removed, the cells were
fixed and the length of the tube network was measured as previously
described (25).

Collagen tube forming assay. Three dimensional type | collagen
gels were prepared as previously described, by mixing 8 vol of a
solution of rat collagen type I (4 mg/ml) with 1 vol of DMEM 10X and
1 vol of sodium bicarbonate (2.2 g/l) at 4°C to prevent immediate
gelation. 0.5 ml of the cold mixture was added to each well of a
24-well plate and allowed to gelify for 10 min at 37°C (26). 5 X 10*
BREC or 2 X 10* BBC cells were seeded on each collagen gel of a
24-well plate in DMEM supplemented with 2% (BREC) or 10% (BBC
cells) FCS and 1 ng/ml FGF-2. One day after reaching confluency,
different concentrations of HARP or each one of the peptides were
added to the cell culture medium. The reorganisation of the endo-
thelial cell monolayer was monitored and photographed with an
Olympus IMT-2 inverted phase contrast microscope equipped with a
digital camera.

Fibrin tube forming assay. Human fibrin matrices were prepared
as described (23). Highly confluent endothelial cells were detached
and seeded in a 1.25:1 split ratio on the fibrin matrices and cultured
for 24 h in M199 medium supplemented with 10% human serum,
10% NBCS, and penicillin/streptomycin. After 24 h, the medium was
replaced with medium containing 100 ng/ml HARP, 10 ng/ml FGF-2,
50 ng/ml vascular endothelial growth factor A (VEGF-A), 5 ng/ml
tumour necrosis factor (TNF), or combinations of these mediators
and cultured for a period of 7-9 days. The culture medium with the
mediators was refreshed every two or three days. Invading cells and
the formation of tubular structures of endothelial cells in the three-
dimensional fibrin matrix were analysed by phase contrast micros-
copy. The total length of tube-like structures of six randomly chosen
microscopic fields/well (7.3 mm?/field = 44% of the well) was mea-
sured using an Olympus CK2 microscope equipped with a mono-
chrome CCD camera (MX5) connected to a computer with Optimas
image analysis software.

Boyden chamber assay. Migration assays were performed as pre-
viously described (27), in a 24-well microchemotaxis chamber
(Costar), using untreated polycarbonate membranes with 8 um
pores. HUVEC, BBC and RAME cells were harvested and resus-
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pended at a concentration of 10° cells/0.1 ml, in the corresponding
medium containing 0.25% bovine serum albumin (BSA). The bottom
chamber was filled with 0.6 ml of the corresponding medium con-
taining 0.25% BSA and HARP or each of the peptides. The upper
chamber was loaded with 10° cells and incubated for 4 h at 37°C.
FGF-2 was used as a positive control at a concentration of 5 ng/ml.
After completion of the incubation, the filters were fixed with saline-
buffered formalin and stained using DiffQuick. The cells that mi-
grated through the filter were quantitated by counting the whole
area of each filter using a grid and an Optech microscope at a 20X
magnification.

The chicken embryo chorioallantoic membrane (CAM) assay. The
in vivo CAM angiogenesis model (28) was used with minor modifi-
cations. Leghorn fertilised eggs (Pindos, Greece) were incubated for
4 days at 37°C, when a window was opened on the egg shell, exposing
the CAM. The window was covered with tape and the eggs were
returned to the incubator until day 9, when the test molecules were
applied. HARP or the peptides were added as a solution containing
different amounts of the agents in a final volume of 20 nul of PBS, at
day 9 of chicken embryo development on an area of 1 cm? of the CAM,
restricted by a plastic ring. In a different group of eggs, which was
used as control, only PBS was applied. After 48 h of incubation at
37°C, the CAMs were fixed in situ with saline-buffered formalin,
excised from the eggs, placed on slides and left to air-dry. Pictures at
a 2.5X magnification were then taken through a stereoscope
equipped with a digital camera and the total length of the vessels
was measured as described above for the matrigel tube formation
assay. Assays for each test sample were carried out three times and
each experiment contained 10—-20 eggs per data point.

Statistical analysis. The significance of variability between the
results from various groups was determined by one-way analysis of
variance (ANOVA). Each experiment included triplicate measure-
ments for each condition tested, unless otherwise indicated. All re-
sults are expressed as mean = SEM from at least three independent
experiments.

RESULTS

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

HARP stimulates tube formation on collagen gels.
When seeded on collagen gels, BBC endothelial cells
formed a monolayer (Fig. 1, top, A). In the presence of
HARP, there was a complete change of phenotype and
the cells formed cord-like structures within 24 h, which
were observed on and at several levels under the mono-
layer (Fig. 1, top, B). The formation of cord-like struc-
tures seemed to be concentration-dependent, starting
at 10 ng/ml of HARP and reaching a plateau between
100 and 300 ng/ml. The effect was more intense when
HARP was added in the mass of the collagen gel in-
stead of being added in the cell culture medium. When
either the NH, or the COOH peptide was added to the
cell culture medium, there was only a weak stimula-
tion, observed after several days (data not shown).

Human recombinant HARP added to the cell culture
medium of BREC stimulated cord-like structures for-
mation in a concentration-dependent way, with the
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maximum effect observed between 100 and 300 ng/ml
(Fig. 1, top, C and D, and bottom).

RAME cells or HUVEC plated on collagen gels did
not survive and HARP did not improve their survival.

HARP stimulates tube formation on matrigel. The
ability of HARP or either of the two peptides to pro-
mote tube formation was also tested on matrigel, which
measures both migration and differentiation of the
cells (25). BBC endothelial cells on matrigel did not
form an extensive tubular network when cultured in
low serum medium (Fig. 3A). HARP stimulated tube
formation by BBC endothelial cells in a concentration-
dependent manner, with a maximum effect observed at
300 ng/ml (Figs. 2A and 3A and 3B). Both HARP pep-
tides stimulated tube formation by these cells in a way
similar to the intact molecule (data not shown). On the
contrary, HARP or each peptide had a small inhibitory
effect on HUVEC tube formation, which was not sta-
tistically significant (Figs. 2B and 3C and 3D). In
RAME cells, HARP or the peptides stimulated tube
formation in a concentration-dependent manner, with
maximal effect at 100 ng/ml (Figs. 2C and 3E and 3F).

HARP stimulates tube formation on fibrin gels. To
investigate the ability of HARP or its terminal peptides
to induce endothelial cell tube formation on fibrin gels,
hMVEC were cultured on top of three-dimensional fi-
brin matrices. In this in vitro model, the combination of
a growth factor (e.g. FGF-2 or VEGF-A) with the in-
flammatory mediator TNF« induces tube formation by
the hMVEC (23), whereas these mediators by them-
selves are not effective (data not shown, ref. (23).
HARP, either in the absence or presence of TNF« did
not induce tube formation. However, HARP was found
to have a marginally significant potentiating effect on
FGF-2/TNFa or VEGF/TNFa induced tube formation
in a concentration-dependent manner and the maxi-
mum effect was obtained with 100 ng/ml of HARP.
There was an increase of 1.7 = 0.29 folds (four inde-
pendent experiments, P < 0.05) and 1.5 *= 0.35 folds
(three independent experiments) in VEGF/TNFa- and
FGF-2/TNFa-induced tube formation respectively, by
the addition of HARP. Neither of the two terminal
peptides of HARP had any effect on tube formation in
this model, either alone or in combination with the
other compounds (data not shown).

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

HARP induces angiogenesis in vivo. The chicken
embryo CAM was used as a suitable in vivo model to
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FIG. 1. (Top) Effect of human recombinant HARP on endo-

thelial cells grown on collagen gels for 24 h (phase contrast
microscopy). (A) Control BBC cells, (B) BBC cells treated with
human recombinant HARP (100 ng/ml), (C) Control BREC,
and (D) BREC treated with human recombinant HARP (100
ng/ml). Bar represents 500 um. (Bottom) Effect of human re-
combinant HARP on BREC grown on collagen gels. Tube forma-
tion was assayed in the presence of varying amounts of HARP, as
described under Materials and Methods. Total tube length was
expressed as percent of the values obtained without stimulation.
Data are the mean = SEM of five independent experiments.
***p < 0.001.
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FIG. 2. Effect of human recombinant HARP on BBC cells (A) and
HUVEC (B) grown on matrigel. Tube formation was assayed in the
presence of varying amounts of HARP, as described under Materials
and Methods. (C) Effect of human recombinant HARP and two pep-
tides corresponding to its COOH- and NH,-termini (100 ng/ml), on
RAME cells grown on matrigel. Total tube length was expressed as
percent of the values obtained without stimulation. Data are the
mean = SEM of three independent experiments. ***P < 0.001.

study the angiogenic action of HARP and its terminal
peptides. Different concentrations of molecules were
tested and 48 h after effector molecule application, the
total length of the vessel network was measured, as
described under Materials and Methods. As can be
seen in Fig. 5, HARP and the COOH peptide induced
angiogenesis in a dose-dependent and statistically sig-
nificant manner. The NH, peptide also had a weak
angiogenic effect which is statistically significant at a
dose of 0.5 ug/ring. These results indicate that HARP is
a potent angiogenic factor in vivo and its NH, and
COOH termini may participate in this biological
action.
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DISCUSSION

In the present study, we investigated the effect of
human recombinant HARP expressed in bacterial cells
and two synthetic peptides (HARP residues 1-21 and
121-139) on angiogenesis, using in vitro and in vivo
experimental models. HARP has been shown to be

FIG. 3. Effect of human recombinant HARP on tube formation
on matrigel (phase contrast microscopy). (A) Control BBC cells, (B)
BBC cells treated with human recombinant HARP (100 ng/ml), (C)
control HUVEC, and (D) HUVEC treated with human recombinant
HARP (100 ng/ml). (E) Control RAME cells, (F) RAME cells treated
with human recombinant HARP (100 ng/ml).
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FIG. 4. Human recombinant HARP (100 ng/ml) and two pep-
tides, corresponding to its COOH- and NH,-termini (100 ng/ml),
stimulate migration of BBC (A) and RAME cells (B) but not HUVEC
(C). Results are expressed as percent of the values obtained without
stimulation. FGF-2, which was used as a positive control, caused a
140% stimulation of migration (data not shown). Data are the
mean = SEM of at least three independent experiments. *P < 0.05,
**p < 0.01, ***P < 0.001.

expressed in a variety of primary human tumours (13)
and has been correlated with enhanced tumour growth
and vascular density (21, 29). The notion that HARP
was angiogenic has been previously relied on an in-
creased vascularity of tumors that expressed HARP
(21, 29), the ability of human recombinant HARP ex-
pressed in a eucaryotic system to induce bovine aortic
endothelial cell tube formation on collagen gels (26),
and the angiogenic activity of HARP transfectant
MCF-7 cells in the rabbit corneal assay (29). However,
there was no direct and extensive evidence that HARP
itself is an angiogenic molecule. Angiogenesis impli-
cates many different actions, such as cell adhesion,
migration, proliferation, differentiation and degrada-
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tion of the basal lamina. In order to demonstrate the
possible angiogenic role of HARP, we tested the impli-
cation of HARP as well as its two terminal peptides in
endothelial cell processes involved in angiogenesis.

We have recently demonstrated that human recom-
binant HARP expressed in bacterial cells acts as a
mitogen for different endothelial cells, namely BBC,
RAME and HUVEC, when presented to them as a
substrate (22). The response of these cells to both
HARP and its terminal peptides is different, with
HUVEC being the less responsive (22 and present
study). Different cell surface molecules may interact
with HARP among the different cells, depending on
their origin and function. HARP could not be detected
either in the culture medium or in the extracellular
matrix of HUVEC (22). Other large vessel endothelial
cells, like those deriving from bovine aorta, secrete
HARP in both the culture medium and the extracellu-
lar matrix (data not shown) and are responsive to
stimulation by HARP (26).

HARP binds with high affinity to heparin and to
glycosaminoglycans, including heparan sulphate (4, 5)
and dermatan sulphate (5) derived from extracellular
matrix, functioning possibly as a mitogenic molecule
entrapped in the extracellular space. In the same line,
it had a greater tube formation activity when incorpo-
rated into the collagen gels than when added in the
medium of the cells, while when matrigel was used as
an in vitro angiogenesis assay, the effect was the same
whether HARP was in the medium or in the mass of
matrigel (data not shown). The difference could be due
to the different nature of the in vitro assays used to test
the implication of HARP on endothelial cell tube for-
mation. On collagen gels, the cells can attach, spread,
proliferate and finally form tubes (26), while on matri-
gel they do not proliferate, but migrate and finally
differentiate forming tubes (25). Moreover, matrigel
contains by itself several growth factors and other con-
stituents of the extracellular matrix, while collagen or
fibrin gels do not. It seems that HARP stimulates tube
formation in all of these systems, however through
different mechanisms. This is further strengthened by
the fact that the two peptides (HARP residues 1-21
and 121-139) have a stimulating effect on matrigel but
no effect on collagen or fibrin gel assays. The two
lysine-rich terminal domains of HARP are implicated
in multiple biological actions, since they stimulate en-
dothelial cell proliferation (22) and are required for
successful transformation of NIH 3T3 cells by HARP
residues 41-64 (30). In addition, we have recently
showed that the C-terminal part of HARP (HARP res-
idues 111-136) is clearly involved in both mitogenic
and cellular transformation effect (31). Both terminal
regions account for the ability of HARP to bind tightly
to heparin and to extracellular matrix (2, 4), although
it was recently suggested that binding to heparin oc-
curs 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 NH,-termini, in the
chicken embryo CAM assay. (Top) Different quantities of tested molecules in the same final volume (20 ul) were applied on an area of 1 cm?,
restricted 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
fixed, excised from the eggs, and photographed and the total length of capillaries network was measured. Data are the mean = SEM of three
independent experiments, each one with 20 eggs tested for each concentration used. *P < 0.05, **P < 0.01, ***P < 0.001. (Bottom)
Representative pictures showing the CAM vascular network when unstimulated or stimulated with 2 ug of HARP. Bar represents 500 pum.
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has been hypothesised that the positively charged NH,
and COOH termini of HARP interact with the receptor
or other cell surface molecules and facilitate HARP
binding to a high affinity receptor (30).

In the present study, both HARP peptides had by
themselves a significant effect, similar to the effect of
HARP and in some cases seem to be active even at
lower amounts than the whole molecule. As we have
recently reported, HARP can form covalently bound
dimmers and oligomers (33). Although the HARP do-
main involved in the dimerization process is unknown,
the positively charged NH, and COOH termini of
HARP, involved in its biological activity (22, 30), might
be masked and unable to bind to the HARP receptor.
Alternatively, in equal amounts of HARP and peptides,
the concentration of the peptides used is higher than
that of the whole molecule of HARP. Whether these or
similar peptides exist physiologically (e.g. after prote-
olysis of HARP), is not known at present and is under
investigation.

The mechanism of action of HARP is not yet clarified
and it is not clear whether its angiogenic effect is due to
interactions with cell surface proteoglycans or binding
to another cell surface receptor. Several HARP recep-
tors have been reported, the first being N-syndecan
(syndecan-3), a transmembrane heparin sulphate pro-
teoglycan which mediates the neurite-promoting signal
(14). Another receptor for HARP is the receptor protein
tyrosine phosphatase (RPTP)B/{ (34, 35), which in-
creases tyrosine phosphorylation through ligand-depen-
dent receptor inactivation (35). Concerning HARP mi-
togenic activity, a high affinity binding site for HARP
has been described in NIH 3T3 cells (36) and tyrosine
phosphorylation seems to play an important role (37).
No specific cell surface macromolecules related to
HARP angiogenic activity have been yet identified.
Glycosaminoglycans induce HARP dimerisation via co-
valent bonds, a key event in the activation of the trans-
membrane signalling receptors of several growth fac-
tors (33). It is possible that HARP interaction with
endothelial cells may involve both glycosaminoglycans
and a transmembrane specific receptor, although it is
not clear if and to what extent these interactions are
involved in the angiogenic effect induced by HARP.
Moreover, it is possible that HARP or its terminal
peptides have an indirect effect, potentiating the an-
giogenic effect of other growth factors or releasing
growth factors sequestered in the ECM, such as FGF-2,
by inducing stimulation of proteases (22, 38).

In conclusion, our findings emphasise the role of
HARP in angiogenesis both in vivo and in vitro. HARP
synthetic peptides representing native molecule resi-
dues 1-21 and 121-139 seem to be involved in the
angiogenic activity of HARP, suggesting that minimal
structures could be sufficient to trigger endothelial cell
activation if they are suitably presented to the cell.
Interestingly, the effect of HARP and both peptides
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was qualitatively different among the different angio-
genic assays tested.
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