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Abstract. Angiogenesis-related treatments have a broad
spectrum of potential applications ranging from cancer to
macular degeneration, to wound healing. Thus, the identifica-
tion of pharmacological agents that modulate new blood vessel
formation has attracted much attention. In the present study,
we investigated the effects of the poly(ADP-ribose) polymer-
ase (PARP) inhibitor PJ-34 [N-(6-Oxo0-5,6-dihydro-phenan-
thridin-2-yl)-N,N-dimethylacetamide] on angiogenesis.
Treatment of chicken chorioallantoic membranes (CAM) with
PJ-34 reduced vascular length in these tissues; paradoxically,
lower doses of PJ-34 (0.03 or 0.3 nmol/cm?) were more
effective in inhibiting neovascularisation than higher doses
(3 or 30 nmol/cm?). In vitro, incubation of endothelial cells
(EC) with PJ-34 (300 nM to 10 xM) inhibited their prolife-
ration in a concentration-dependent manner with maximal
inhibition of 22.3% being observed at 10 yM. Capillary
morphogenesis of EC grown on Matrigel was also negatively
affected by PJ-34. In addition, PJ-34 abolished the migratory
response to the prototype angiogenic factor vascular
endothelial growth factor (VEGF) and reduced VEGF-
stimulated activation of members of the mitogen activated
protein kinase family (ERK1/2, p38), as well as Akt. PJ-34
also inhibited VEGF-induced NO release and cGMP

Correspondence to: Dr Andreas Papapetropoulos, Laboratory of
Molecular Pharmacology, Department of Pharmacy, University of
Patras, 26504 Patras, Greece
E-mail: apapapet@upatras.gr

Abbreviations: CAM, chorioallantoic membrane; EC, endothelial
cells; ECGS, endothelial cell growth supplement; ERK1/2,
extracellular signal regulated kinase; HUVEC, human umbilical
vein endothelial cells; IBMX, isobutylmethylxanthine; MAPK,
mitogen activated protein kinase; NO, nitric oxide; PI3-K,
phosphoinositide 3 kinase; sGC, soluble guanylyl cyclase; PARP,
poly(ADP-ribose) polymerase; PJ-34, [N-(6-Oxo0-5,6-dihydro-
phenanthridin-2-yl)-N,N-dimethylacetamide]; VEGF, vascular
endothelial growth factor

Key words: angiogenesis, poly(ADP-ribose), polymerase inhibitor

accumulation. In conclusion, we provide evidence that PARP
inhibition blocks angiogenesis-related EC properties by
interfering with multiple signalling pathways leading to the
inhibition of new blood vessel formation.

Introduction

In adult organisms the formation of new blood vessels from
pre-existing structures, termed angiogenesis, is a tightly regu-
lated process (1,2). Physiological processes and functions,
such as wound healing, endometrial hyperplasia during the
menstrual cycle and increase in skeletal muscle mass during
exercise training all require an active angiogenic response
(3). On the other hand, uncontrolled angiogenesis has been
implicated in pathological phenomena; these include tumor
growth, psoriasis, arthritis and diabetic retinopathy (3,4). For
new blood vessels to form, endothelial cells (EC) need to
degrade their extracellular matrix, proliferate, migrate and
differentiate into patent structures; mural cells are then
recruited to structurally support the new structures formed (1).
PARP-1, the most abundant member of the poly(ADP-
ribose) polymerase (PARP) family, catalyzes the post-trans-
lational modification of proteins using NAD* as a substrate.
One of the main stimuli for PARP-1 activation is the
presence of breaks in the DNA strands (5). The activation of
PARP-1 is crucial for DNA repair; however, when massive
DNA damage has occurred, PARP-1 induces cell death rather
than survival due to the depletion of cellular NAD*(6).
Alternative pathways, unrelated to DNA damage for PARP-1
activation, have been described and include direct interaction
with phosphorylated ERK2 (7) and increased intracellular
calcium levels (8). Apart from DNA repair and cell death,
PARP-1 has been shown to affect cell cycle progression and
to contribute to the regulation of gene expression (5,9).
Poly(ADP-ribosyl)ation of histones induces chromatin
relaxation, allowing transcription factors to access DNA;
PARP also participates in promoter/enhancer binding
complexes (5,9). On the other hand, poly(ADP-ribosyl)ation
of a number of transcription factors prevents their binding to
DNA and decreases their transcriptional activity (10).
Recently, it was shown that VEGF protein synthesis is
increased in EC by inhibiting poly(ADP-ribosyl)ation,
suggesting that PARP inhibitors might enhance angiogenesis
(11). In contrast, the pharmacological inhibition of PARP
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was shown to inhibit angiogenic sprout formation and the
growth factor-stimulated migration and proliferation of EC
(12,13). To determine whether inhibition of PARP modifies
angiogenesis in vivo, we used a well-established angiogenesis
assay, the chicken chorioallantoic membrane assay. Further-
more, we evaluated the contribution of PARP activation to the
angiogenic actions of VEGF and studied the ability of PJ-34
to inhibit VEGF-stimulated signalling and the VEGF-
triggered angiogenesis-related properties of EC.

Materials and methods

Materials. Fertilized white leghorn chicken eggs were ob-
tained from Pindos (Iperos, Greece). Cell culture media and
serum were obtained from Life Technologies Gibco-BRL
(Paisley, UK). All cell culture plastic ware was purchased
from Corning-Costar Inc. (Corning, NY); SuperSignal West
Pico chemiluminescent substrate from Pierce Biotechnology
(Rockford, Illinois); DC Protein Assay kit, Tween-20 and
other immunoblotting reagents were obtained from Bio-Rad
Laboratories (Hercules, CA); penicillin and streptomycin
from Applichem (Darmstadt, Germany); amphotericin,
gentamycin and heparin were purchased from Biochrom AG
(Berlin, Germany). Reduced growth factor Matrigel was
obtained from BD Biosciences (Bedford, MA). VEGF was
purchased from Peprotech (London, UK). The cGMP low pH
kit was obtained from Assay Design (Ann Arbor, MI). The
PARP inhibitor was a gift from Inotek Corporation (Beverly,
MA). ERK1/2, p38 and Akt phospho-specific and total
antibodies along with the secondary antibodies were obtained
from Cell Signaling Technology (Beverly, MA). All other
reagents including bovine serum albumin, DETA-NO, BAY
41-2272 and protease inhibitors were purchased from Sigma-
Aldrich (St. Louis, MO).

In vivo CAM angiogenesis assay. Fertilised white leghorn
chicken eggs were placed in an incubator and kept under
constant humidity at 37°C. On day 4, a square window was
opened in the shell and then sealed with adhesive tape. On
day 9, an O ring (1 cm?) was placed on the surface of the
CAM and PJ-34 at 0.03 to 3 nmol/cm? or vehicle were added
inside this restricted area. After 48 h, CAMs were fixed in
Carson's solution and angiogenesis was evaluated using the
NIH image analysis software.

Cell culture and proliferation. Human umbilical vein
endothelial cells (HUVEC) were isolated from 2-4 fresh
umbilical cords and grown on 100-mm dishes in M199
supplemented with 15% fetal calf serum, 50 U/mL penicillin
and 50 pg/mL streptomycin, 50 yxg/ml gentamycin, 2.5 pg/ml
amphotericin B, 5 U/ml sodium heparin and 150-200 pg/ml
endothelial cell growth supplement (ECGS). HUVEC
between passages 2 and 3 were used for all experiments. The
starvation medium lacked serum and ECGS as opposed to the
complete medium. For the proliferation assays, endothelial
cells (EC) were seeded in 24-well plates at 6,000 cells/cm?,
in complete growth medium, and allowed to adhere overnight.
They were then exposed to PJ-34 (0.3-10 M) or vehicle
(DMSO) for 48 h. After this time, the cells were trypsinized
and the cell number was determined using a hemocytometer.
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Matrigel morphogenetic assay. HUVEC were plated at
15,000 cells/well in 96-well plates, pre-coated with 50 yL of
growth factor-reduced Matrigel matrix in the presence or
absence of PJ-34 (0.3 uM). After 24 h of incubation, tube-
like structure formation was quantified using image analysis
software.

Cell migration. HUVEC were serum starved overnight. To in-
hibit PARP, the cells were pre-treated with PJ-34 (0.3 yM) for
15 min prior to trypsinization. After trypsinization, 1x10° cells
were added to transwells (8-uM pore size) in 100 pl of star-
vation medium. The test articles including PJ-34 (0.3 uM),
VEGF (50 ng/ml), the NO-independent activator of soluble
guanylyl cyclase (sGC) BAY 41-2272 (0.1 uM), the NO
donor DETA-NO (100 M) or vehicle (DMSO) were added
to the well containing the transwell inserts at 600 uL volume.
PJ-34 was added in both the upper and lower compartments
of the transwell setup. EC were allowed to migrate for 4 h at
37°C. Non-migrated cells at the top of the transwell filter
were removed with a cotton swab. The migrated cells were
fixed in Carson's solution (30 min at room temperature) and
then stained in toluidine blue (20 min at room temperature).
Migrated cells were scored in 8 random fields and the fold-
change was determined compared to the number of migrated
cells in control wells.

Cell lysate preparation and Western blotting. After the treat-
ments, proteins from HUVEC were extracted after homoge-
nization in a lysis buffer containing 1% Triton-X, 1% SDS,
150 mM NaCl, 50 mM NaF, 1 mM Na,;VO,, 0.5% sodium
deoxycholate, | mM EDTA, 0.1 mM EGTA and protease
inhibitors (10 xg/ml aprotinin, 10 pg/ml pepstatin and 20 mM
PMSF). Samples were subjected to SDS-PAGE, transferred
to an activated PVDF membrane, and incubated with the
indicated primary and appropriate secondary antibodies.
Immunoreactive proteins were detected using a chemilu-
minescent substrate.

cGMP enzyme immunoassay. Confluent monolayers of
HUVEC were washed twice with Hanks' balanced salt
solution and pre-treated with vehicle or PJ-34 (300 nM) for
60 min. They were then stimulated for 15 min with VEGF
(50 ng/ml) in Hanks' containing the phosphodiesterase
inhibitor isobutylmethylxanthine (1 mM). Cells were then
lyzed in 0.1 N HCI and cGMP content was measured in the
supernatants using a commercially available enzyme
immunoassay kit following the manufacturer's instructions.

Data analysis. Data are expressed as means = SEM of the
indicated number of observations. Statistical comparisons
between groups were performed using ANOVA or Student's
t-test, as appropriate. Differences were considered significant
when p<0.05.

Results

PARP promotes capillary morphogenesis in vitro and
neovascularisation in vivo. In order to test whether PARP
contributes to the formation of new blood vessels in vivo, we
used the pharmacological inhibitor PJ-34 (14) in the chicken
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Figure 1. Inhibition of PARP attenuates angiogenesis in vivo. CAMs were
treated with the indicated dose of PJ-34 for 48 h; the total length of vessel
network was determined using image analysis software. A representative
photomicrograph (lower right) shows reduction in angiogenesis following
PJ-34 treatment. Data are expressed as means + SEM; n=22-32; “p<0.05 vs.
vehicle.
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Figure 2. PJ-34 blocks tube-like network formation of endothelial cells.
HUVEC were cultured on growth factor-reduced Matrigel in the presence of
vehicle (DMSO) or PJ-34 (300 nM) for 24 h. Network length was then
determined using image analysis software. Representative photomicrographs
(right) showing reduction of network formation. Data are expressed as
means + SEM; n=6; "p<0.05 vs. vehicle.
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Figure 3. PARP inhibition decreases endothelial cell growth. HUVEC were
plated, allowed to adhere and incubated with vehicle or PJ-34 (0.3, 3 or 10 uM)
for 48 h in growth medium. Cell number was then determined by a hemocy-
tometer. Data are expressed as means + SEM; n=4; “p<0.05 vs. vehicle.

chorioallantoic membrane (CAM) model of angiogenesis.
The length of the vascular network in the CAM decreased in
response to PJ-34 treatment; however, PJ-34 exhibited an
inverse dose-response with the lower dose of PJ-34 being
more effective in inhibiting angiogenesis than the higher
ones (Fig. 1). When doses >3 nmol were used, the results
obtained were similar to those observed at 3 nmol (data not
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Figure 4. PARP inhibition abrogates VEGF- and sGC-stimulated EC
migration. HUVEC were serum starved overnight and then treated with PJ-34
(300 nM) for 30 min. Cells were then trypsinized, placed in transwells in the
absence or presence of PJ-34 (300 nM) and allowed to migrate for 4 h in
response to (A) VEGF (50 ng/ml), (B) DETA-NO (10 uM) or (C) BAY 41-
2272 (0.1 uM). Data are expressed as means = SEM; n=5; “p<0.05 vs.
vehicle; #p<0.05 vs. PJ-34.
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Figure 5. PARP inhibition blocks cGMP formation. HUVEC were pre-
treated with PJ-34 (300 nM) for 30 min. Cells were then exposed for 15 min
to VEGF (50 ng/ml) in the presence of the phosphodiesterase inhibitor
IBMX (1 mM); cGMP was extracted using 0.1 N HCI and measured by
enzyme immunoassay. Data are expressed as means + SEM; n=4; "p<0.05
vs. vehicle #p<0.05 vs VEGF.

shown). To study the ability of PJ-34 to interfere with tube-
like structure formation in vitro, EC were cultured on Matrigel
and network length formation was determined. Results from
these experiments showed that the inhibition of PARP blocks
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Figure 6. PJ-34 inhibits VEGF-triggered signalling. HUVEC were serum starved for 4 h and pre-treated with PJ-34 (300 nM) for 30 min. They were then
stimulated with VEGF (50 ng/ml) for 15 min. After the incubation, lysates were prepared, samples subjected to SDS-PAGE and membranes were incubated
with the indicated primary antibodies. Following incubation with the secondary antibody, immunoreactive bands were visualized using a chemiluminescent

substrate. Blots shown are representative of experiments performed three times.

the characteristic changes in morphology of EC induced by
Matrigel (Fig. 2).

PARP inhibition attenuates endothelial proliferation and
migration. To evaluate the effect of PARP on cell growth,
HUVEC were allowed to proliferate in complete medium and
their number determined in the presence or absence of PJ-34
after 48 h. PJ-34 reduced EC number in a concentration-
dependent manner (Fig. 3). It should be noted that PJ-34 does
not reduce cell viability in HUVEC at a concentration up to
6 uM (12). We next examined the effect of PJ-34 on EC
migration. For these studies, the prototype angiogenic factor
VEGF, was used to drive the migratory response. While
stimulation of HUVEC with VEGF increased their migratory
rate by approximately 2-fold, blockade of PARP inhibited the
VEGF-stimulated migration (Fig. 4A). As activation of nitric
oxide and soluble guanylyl cyclase activation are known to
mediate the effects of VEGF with respect to migration (15),
we treated EC with a NO donor or a NO-independent activator
of sGC (BAY 41-2272) and studied the effect of PJ-34 on EC
motility. In line with previous observations, both agents
increased HUVEC migration (Fig. 4B and C). Similarly to
what was observed with VEGF, PARP inhibition abolished
the DETA-NO- and BAY 4122-72-induced responses. To
determine the ability of PARP to modulate VEGF-induced
activation of the NO/cGMP pathway, we tested the effect of
PJ-34 on cGMP accumulation. Stimulation of HUVEC with
VEGF enhanced the intracellular levels of cGMP by more
than 5-fold (Fig. 5). Pre-treatment with PJ-34 blocked the
VEGF-induced cGMP production, suggesting that PARP
activity is essential for NO production and/or sGC activation.

Role of PARP in VEGF-stimulated kinase pathways. To
examine the molecular mechanisms through which PJ-34
inhibits the angiogenesis-related properties of EC we focused
on the activation of kinases known to be important in VEGF-
stimulated angiogenesis, namely Akt, ERK1/2 and p38
MAPK. While exposure of cells to VEGF enhanced the
phosphorylation of all three kinases tested, pre-treatment
with PJ-34 reduced the VEGF responses, suggesting that
PARP is required for VEGF signalling (Fig. 6).

Discussion

The main findings of the present study are that, i) inhibition
of PARP reduces neovascularization in vivo, ii) inhibition
of PARP attenuates angiogenesis-related properties of EC
in vitro, iii) pre-treatment of cells with PJ-34 abolishes the
VEGF-induced activation of MAPK and Akt, and iv) PJ-34
reduces VEGF-stimulated NO production and cGMP accu-
mulation.

PARP-1 has been shown to play an important role in the
repair of DNA strand breaks caused by ionizing radiation and
alkylating agents (16,17). Thus, the ability of PARP-1 inhibi-
tors to enhance the toxicity of radiotherapy or chemotherapy
on tumors, is currently being evaluated in phase I/II clinical
trials (18). As most tumors do not grow beyond a few milli-
meters without an increase in their vascularity (2), we evalu-
ated whether PARP inhibitors affect endothelial, as well as
cancer, cells. To determine the effects of PARP inhibition
with respect to angiogenesis we evaluated the ability of PJ-34
to block new blood vessel formation. Treatment of CAM
with PJ-34 led to reduced vascular network length. However,
PJ-34 exerted an inverse dose-dependent effect, with the
lowest dose used being the most effective in inhibiting angio-
genesis. The inverse dose-response exhibited by PJ-34 might
be explained by the fact that PARP regulates the activity of
multiple signalling pathways and transcription factors that are
likely to exert opposing effects on blood vessel formation.
Lower PJ-34 might preferentially inhibit pathways leading to
the expression of angiogenic factors or induce the production
of endogenous angiogenesis inhibitors, while as PJ-34
concentrations increase, inhibitory pathways are switched
off. Our findings that PARP inhibition reduces neovascu-
larization in the CAM are in line with the observation that
PARP-1 deletion or administration of a PARP inhibitor (GPI-
15427) attenuates VEGF-driven angiogenesis in the Matrigel
plug assay in mice (19).

We next studied the impact of PARP inhibition on angio-
genesis-related properties of EC and determined the effects of
PJ-34 on growth, migration and tube-like network formation.
Incubation of cells with PJ-34 led to reduced proliferation.
Our findings are in line with those of Rajesh et al demonstra-
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ting that PARP inhibitors block VEGF- and fibroblast growth
factor-induced BrdU incorporation in EC (12,13). It should
be noted that PJ-34 was found to exert its anti-proliferative
effect at lower concentrations than those already reported. In
addition to its effects on growth, PJ-34 blocked matrix-driven
tube-like structure formation. Our findings confirm and
extend recent observations that PARP inhibition reduces
growth factor-stimulated sprouting from aortic explants and
network formation on Matrigel (12,13). Moreover, to
determine the effect of PJ-34 on cell motility, we pre-treated
cells with the inhibitor and monitored their migration in
response to VEGF. Under the conditions used, PARP inhi-
bition abolished VEGF-driven migration. As earlier studies
have indicated that PARP inhibition attenuates VEGF- and
fibroblast growth factor-, but not epidermal growth factor-
induced migration (13,19), PARP inhibition might selectively
affect certain angiogenic pathways.

Although the ability of PARP inhibitors to interfere with
angiogenesis-related EC properties was previously suggested,
no information concerning their mechanism of action is
available. So far, only negative data is available showing that
the PARP inhibitor GPI 15427, does not block cobalt-induced
hypoxia inducible factor-1 activation (19). In our study we
focused on MAPK kinase and PI3-K/Akt pathways that are
known to regulate most aspects of the angiogenic response
(proliferation, migration and differentiation) and have been
shown to mediate the angiogenic properties of many growth
factors. Our data showed that PJ-34 abolished VEGF-triggered
phosphorylation of ERK1/2, p38 and Akt, providing a mole-
cular basis for its anti-angiogenic effects. Given the critical
role of p38 in VEGF-stimulated migration (20-22), it is
tempting to speculate that PJ-34 exerted an inhibitory effect
on VEGF-stimulated migration by blocking VEGF-triggered
p38 activation. In addition, the ability of PJ-34 to block
ERK1/2 is in agreement with the anti-proliferative actions
exerted by this inhibitor. In line with our results, it has been
shown that PJ-34 inhibits LPS-induced MAPK activation;
however, in this setting PARP inhibition activated PI3-K/Akt
(23.,24).

It is well-accepted that NO contributes to the angiogenic
actions of VEGF (25,26). We have shown that VEGF-
stimulated migration in HUVEC depends on the activation of
the NO/cGMP pathway that in turn activates p38, leading to
increased motility (15,27). To further characterize the level at
which PARP exerts its inhibitory effect on VEGF signalling,
we determined the ability of PJ-34 to reduce NO-donor and
cGMP-mediated migration and VEGF-triggered cGMP
synthesis. Fulton et al previously showed that the exposure
of EC to VEGF stimulates endothelial NO synthase phospho-
rylation on ser-1177 and activation that is mediated by PI3-
K/Akt (28). Increased NO production then leads to sGC
stimulation and increased cGMP synthesis (29). In concert
with the ability of PJ-34 to block Akt activation, the pre-
treatment of cells with this PARP inhibitor attenuated VEGF-
stimulated cGMP formation. It should be noted that PARP
inhibitors have been reported to block the expression of the
inducible isoform of NO synthase (30). As VEGF-stimulated
angiogenesis depends on both iNOS and eNOS activation
(31), the anti-angiogenic effect of PJ-34 in vivo might be
related to generalized suppression of NO production/cGMP
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accumulation. Interestingly, PJ-34 also inhibited BAY 41-
2272-induced migration, indicating that PARP is required not
only for cGMP accumulation, but also participates in down-
stream events leading to the activation of MAPK effectors. A
direct interaction of ERK2 with PARP-1 that dramatically
amplifies the downstream actions of ERK has already been
shown to occur (7). Our data taken together suggest that
PARP interferes with VEGF signalling at multiple levels.

In summary, we have shown that PJ-34 inhibits angio-
genesis and blocks VEGF signalling. Given the fact that
neutralizing the action of VEGF has proven to be successful
in combating cancer in patients, the identification of novel
inhibitors of VEGF action is clinically relevant especially
where this concerns inhibitors whose safety has already been
demonstrated in clinical trials for other indications. Our
results provide a rationale for PARP inhibitors to be tested as
anti-angiogenesis therapies in cancer, macular degeneration,
arthritis, and other diseases characterized by excessive
neovascularization.
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