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Abstract Poly(ADP-ribose) polymerase-1 (PARP-1) plays a critical role in endothelial cell dysfunction associated
with various pathophysiological conditions. To elucidate PARP-1 pathways involved in endothelial cell dysfunction, it is
essential to establish ‘‘in vitro’’ experimental models using isolated endothelial cells. So far, two approaches have been
used: primary endothelial cells from PARP-1�/� mice which have a limited life-span, being a major handicap if large
quantities of cells are required; and pharmacological inhibition of PARP in PARP-1þ/þ endothelial cell lines, which is not
specific for PARP-1 and would have biological effects different that genetic inhibition. To overcome these limitations, we
have established an immortalized PARP-1�/� endothelial cell line (HYKO6) by transfection of primary cells with a plasmid
containing the SV40 genome and selected on the basis of morphological and phenotypical features. The HYKO6 cell line
exhibited endothelial characteristics, such as constitutive expression of CD105, CD31, ICAM-2, VCAM-1, and von Wille-
brand factor and formation of capillary-like structures (CLS) on Matrigel surface. However, expression of ICAM-1 antigen is
lost in the HYKO6 cells. After TNF-a treatment, HYKO6 cells exhibited increased expression of E-selectin and VCAM-1.
Likewise, NF-kB-dependent transcriptional activation was increased in the HYKO6 cell line in response to TNF-a at a
level similar to that found for primary PARP-1�/� cells. This cell line should provide, for the first time, a valuable tool to
study PARP-1 pathways in endothelial cell dysfunction. J. Cell. Biochem. 94: 1163–1174, 2005. � 2005 Wiley-Liss, Inc.
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Poly(ADP-ribose) polymerase 1 (PARP-1) is a
highly conserved nuclear zinc-finger DNA-
binding protein (113 kDa) that specifically
detects DNA-strand breaks or nicks generated
by different genotoxic agents [de Murcia and
Menissier de Murcia, 1994]. PARP-1 belongs to
a large family of enzymes [Smith, 2001] which,

using NADþ as a substrate, synthesizes and
transfers ADP-ribose onto aspartic and gluta-
mic acid residues of acceptor proteins, including
itself (automodification), histones, transcrip-
tion factors, and DNA repair proteins [de
Murcia andShall, 2000]. Poly-ADP-ribosylation
is terminated by the release of extensively poly-
ADP-ribosylated (negatively charged) PARP
molecules from DNA. ADP-ribose polymers
are then subjected to degradation by poly-
ADP-ribose-glycohydrolase [Lin et al., 1997].
Poly(ADP-ribosyl)ation is, therefore, an im-
mediate covalent, but transient, post-transla-
tional modification of nuclear proteins, induced
byDNAdamage.Inaddition, ithasbeensuggest-
ed that signals other than DNA lesions, includ-
ing steroid hormones, stress and infection, may
alsoactivatePARPmoleculesatspecificchromo-
some sites [Tulin and Spradling, 2003].
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Recently, by using either genetically engi-
neered mice lacking PARP-1 (PARP-1�/�) or
pharmacological inhibition of PARP, evidence
has been provided that PARP-1 is involved in
endothelial cell dysfunction associated with
various pathophysiological conditions, such as
reperfusion injury [Szabó et al., 2002], endo-
toxic shock [Szabó et al., 1997], diabetes [Garcia
Soriano et al., 2001], and aging [Pacher et al.,
2002]. The underlying mechanism of endothe-
lial cell dysfunction mediated by PARP-1 could
be attributed to PARP-1 overactivation in
response to DNA damage induced by different
genotoxic agents, such as peroxinitrite. NADþ

consumption, due to PARP-1 overactivation,
leads to cellular ATP depletion and functional
alterations of the cell, with eventual necrotic-
type cell death [Szabo and Dawson, 1998].
However, an alternative way in which PARP-1
may influence endothelial cell function could be
through its transcription regulation function
[Chiarugi, 2002; Kraus and Lis, 2003; Carrillo
et al., 2004]. Thus, it has been demonstrated
that PARP-1 is necessary for the induction of
NF-kB-dependent gene expression after expo-
sure to LPS, TNF-a, or hydrogen peroxide
[Hassa and Hottiger, 1999; Oliver et al., 1999;
Kameoka et al., 2000; Carrillo et al., 2004].
However, since translocation of NF-kB to the
nucleus occurs in PARP-1�/� cells, as in wild-
type cells [Oliver et al., 1999], a new level of
control of NF-kB must occur after its transloca-
tion to the nucleus. It has been suggested that
PARP-1 is an essential and novel transcription
coactivator for kB-dependent gene expression
[Hassa andHottiger, 2002]. Recently, it has also
been shown that PARP-1 is required for the
activation of other inflammation-related tran-
scription factors, such as AP-1, SP-1, Oct-1,
YY-1, and STAT-1 [Ha et al., 2002; Andreone
et al., 2003].

Inorder toclarify thePARP-1pathway involv-
ed in endothelial cell dysfunction, it is of great
importance to establish an ‘‘in vitro’’ experi-
mental model using isolated endothelial cells.
So far, two ‘‘in vitro’’ approaches have been used
to study this pathway in endothelial cell injury.
One approach has used primary endothelial
cells derived from PARP-1�/� animals [Garcia
Soriano et al., 2001; Jones et al., 2001]. How-
ever, this approach suffers from thedrawback of
using primary isolated cells. Primary cultures
of endothelial cells can only be used for some
passages in culture [Carrillo et al., 2002].

Therefore, such investigations require time-
consuming repeated isolations of endothelial
cells, which might render quantitative data
subject to batch-to-batch variations [Saadi and
Platt, 1995]. Moreover, the relatively short life
span in culture of primary endothelial cells
remains a major handicap if large quantities of
cells are required formolecular and biochemical
analyses. Furthermore, it is far more difficult to
develop genetic engineering inprimary cultures
than in cell lines. The second approach has used
pharmacological inhibition of poly-ADP-ribose
synthesis inprimaryorimmortalizedPARP-1þ/þ

endothelial cells from different species and
sources [Garcia Soriano et al., 2001; Sharp et al.,
2001; Du et al., 2003]. Immortalized endothelial
cells have been maintained in culture for many
passages without signs of senescence and with
preserved characteristics of primary endothelial
cells [Carrillo et al., 2002; Lidington et al., 2002;
Mizunoetal., 2003].However, this approachhas
several limitations. Pharmacological inhibition
of PARP in endothelial cells is not specific for
PARP-1, also affecting other members of the
PARP family, such as PARP-2 [Smith, 2001].
Moreover, chemical inhibition of PARP-1 cataly-
ticactivitywouldhavedifferentbiologicaleffects
than genetic inhibition. In fact, inhibition ofNF-
kB-dependent transcription activation has been
demonstrated in PARP-1�/� endothelial cells,
while pharmacological inhibition of PARP failed
to suppressNF-kBactivation in response tohigh
glucose levels ‘‘in vitro’’ [Garcia Soriano et al.,
2001].Thus,itseemsthatthepresenceofPARP-1
(e.g., through physical association of PARP-1
with other nuclear proteins), rather than its
catalytic activity, is the primary regulator of the
activation of this transcription factor.

The aim of the present study was to establish
and characterize a PARP-1-deficient endothe-
lial cell line. This cell line has been compared to
primary PARP-1�/� endothelial cells for expres-
sion of surface antigens, for its ability to
undergo morphologic differentiation into capil-
lary-like structures (CLS) ‘‘in vitro’’ in short-
termMatrigel assays, and its ability to respond
to TNF-a stimulation. Furthermore, we have
also generated stablePARP-1-expressing trans-
fectants from our cell line that are able to
recover the TNF-a induced NF-kB-dependent
transcriptional activation of the cell line to
similar levels of those found in PARP-1þ/þ

primary endothelial cells. This cell line could
be a very important tool to study the intrinsic
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mechanismofPARP-1mediated endothelial cell
dysfunction, including the role of PARP-1 in
molecular mechanisms controlling endothelial
cell gene expression in response to inflamma-
tory stimuli.

MATERIALS AND METHODS

Antibodies

Ratanti-mousemonoclonalantibodies (mAbs)
recognizing CD102 (ICAM-2; clone 3C4), CD31
(PECAM-1; cloneMEC 13.3), CD105 (Endoglin;
clone MJ7/18), CD106 (VCAM-1; clone
MVCAM.A), CD62E (E-selectin; clone 10E9.6),
and MHC Class I (H-2D; clone 8F12) were from
BD Pharmingen (San Diego, CA), and CD54
(ICAM-1; HB-233) was from the American
Type Culture Collection (Rockville, MD). Rabbit
polyclonal anti-von Willebrand factor (vWF)
antibody and Texas-Red-conjugated goat anti-
rabbit IgG were from Sigma (St. Louis, MO).
Fluoresceinisothiocyanate-conjugatedgoatanti-
rat IgG (HþL) antibody was from Caltag (Bur-
lingame,CA).Mouseanti-SV40(sc-148)wasfrom
SantaCruzBiotechnology,Inc. (SantaCruz,CA).

Animals

PARP-1 knockout (PARP-1�/�) and their
wild-type (PARP-1þ/þ) littermate female mice,
9–10 weeks old, (strain 129/Sv�C57BL/6)
[Menissier de Murcia et al., 1997] were used as
a source of primary murine heart endothelial
cells (MHEC).

Cell Isolation and Culture

MHEC were isolated by collagenase treat-
ment and cell sorting of ICAM2-positive cells.
Briefly, the hearts were washed extensively
with cold phosphate-buffered saline (PBS) (Bio-
Whittaker, Verviers, Belgium). Diced tissue
was incubated in PBS supplemented with
0.5 mg/ml of collagenase (Roche, Foster City,
CA) for 1 h at 378C. After washing twice in PBS,
cells were incubated for a further 10 min in
0.25% trypsin/0.04% EDTA solution (Life Tech-
nologies, Inc., Grand Island, NY), washed twice
in PBS supplemented with 5% heat-inactivated
fetal calf serum (FCS) (BioWhittaker), and
incubated for 30min at 48Cwith rat anti-mouse
CD31 and rat anti-mouse CD102 monoclonal
antibodies. After washing twice with cold
PBS, cells were incubated with sheep anti-rat
Ig-conjugated microbeads (107 beads/ml)
(Dynal, Oslo, Norway) for 15 min at 48C. The

magnetically labeled cells were collected with a
Dynal magnetic particle concentrator. Posi-
tively selected cells attached to the Dynabeads
were washed five times in PBS. After detach-
ment, cells were resuspended in RPMI 1640
medium (BioWhittaker) supplemented with
20% FCS, 1 mM L-glutamine (Sigma), 1%
penicillin/streptomycin (Sigma), 1 mM sodium
pyruvate (Sigma), 20 mM HEPES (Sigma), 1%
non-essential aminoacids (Sigma), 50 mM 2-
mercaptoethanol (Sigma), 100 mg/ml endothe-
lial cell growth supplement (BecktonDickinson,
MountainView,CA), and 12U/ml heparin (Rovi
Laboratories, Madrid, Spain) and plated onto
flasks coated with 1% gelatin (Sigma). Cells
were split upon confluence by trypsinization
(0.25% tripsin/0.04% EDTA), washed and incu-
bated with rat anti-mouse CD102 Ab for 30 min
at 48C. After washing twice with cold PBS, cells
were incubated in the same buffer containing
fluorescein-conjugated goat anti-rat IgG (HþL)
antibody. Following a 30 min incubation at 48C
in the dark, the samples were again washed
twice with cold PBS, and resuspended in 500 ml
of RPMI 1640 medium. Positive cells were
collected by fluorescence-activated cell sorting
(FACS) using aMoFlo1 cell sorter (Cytomation,
Inc., Fort Collins, CO) equipped with an Argon-
ion blue laser (excitation 488 nm) and a Red
Diode Laser (excitation 635 nm). Forward and
side light scatter and specific fluorescence
were used to establish sort regions by using
SummitTM software (Cytomation) in a 1–2 drop
single cell mode. Cells were plated and sub-
cultured as described above. In all cases, the
purified cells stained positively for cell surface
CD102, displayed typical cobblestone morphol-
ogy and were positive for other typical endothe-
lial cell markers, such as CD105, CD31, CD54,
and CD106, by flow cytometry analysis in a
FACS cytofluorimeter (Becton Dickinson Lab-
ware, Bedford, MA) using Cell Quest software
(Becton Dickinson).

Gene Constructs

The pRNS-1Hy construct is a modified
version of the pRNS-1 plasmid described pre-
viously [Litzkas et al., 1984], in which the
Neo-resistance gene was replaced by a hygro-
mycin-resistance gene by cloning the DraI
fragment containing the hygromycin-resis-
tance gene, from the pCI-hy-FasL plasmid
[Rodrı́guez-Gago et al., 2001] into the pRNS-1
construct previously digested with SmaI and
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BglII. To generate the pcDNAC-PARP-1-Zeo
construct, the XhoI fragment from the pECV-
PARP plasmid [Oliver et al., 1998] containing
the complete human PARP-1 cDNA was cloned
into pcDNA-4/HisMax C vector (Invitrogen,
Carlsbad, CA) previously digested with XhoI.

Cell Transfection

Endothelial cells were plated onto 24-well
plates (2� 104 cells/well) the day before trans-
fection. Cells were transfected by the liposome-
mediated gene transfer method as previously
described [Carrillo et al., 2002]. For stable
transfection, selectionwas carried out 48 h later
with MHEC growth medium supplemented
with 125 mg/ml of hygromycin (selection for
pRNS-1Hy) or 50 mg/ml zeocin (selection for
pcDNAC-PARP-1-Zeo). Isolation of individual
clones was carried out by limiting dilution and
culture in MHEC growth medium.

Proliferation Assay

Cells were seeded in 96-well plates (5� 103

cells/well) and, after 72 h, proliferation was
determined by using CellTiter 96 Aqueous One
Solution Cell Proliferation Assay according
to the manufacturer’s protocol (Promega,
Madison, WI). Experiments were performed in
triplicate.

Western Blots

PBS-washed cells were lysed with lysis solu-
tion (1% SDS, 10 mM Tris-HCl, pH 7.4)
preheated to 958C and boiled for an additional
5 min. Viscosity was reduced by passing the
sample several times through a 23 gauge needle
and then centrifuged for 5 min. Protein con-
centrations in lysates were measured by the
Bio-Rad protein assay (Bio-Rad Laboratories,
München, Germany) and an equal amount
(20 mg) was loaded with Laemmli sample buffer
(Sigma) into each lane before separation by
SDS–12% PAGE and, then transferred to a
nitrocellulose membrane. Membranes, blocked
in 5% nonfat dry milk in Tris-buffered saline/
0.05%Tween-20 (Sigma) overnight at 48C, were
rinsed and incubated with an anti-SV40 mAb.
Binding of primary antibodywas revealed using
horseradish peroxidase-coupled goat anti-
mouse secondary antibody (Promega). Signals
were developed by an enhanced chemolumines-
cence kit (Amersham Pharmacia Biotech,
Buckinghamshire, UK), according to the man-
ufacturer’s instruction.

Matrigel Tube Formation Assay

Approximately104endothelialcellswereplat-
ed on polymerizedMatrigel (Becton Dickinson).
Plates were incubated for 12–16 h at 378C in a
5% CO2 humidified atmosphere, and the forma-
tion of CLS was assessed under the microscope.
Experiments were performed in triplicate.

Luciferase Activity

The transcriptional status of NF-kB was
examined in transiently transfected primary
and immortalized heart endothelial cells stimu-
lated with mouse recombinant TNF-a (Sigma)
for6husingafirefly-luciferase reporterplasmid
under the control of a 3� kBconsensus site from
the HIV enhancer [Bachelerie et al., 1991]. As
an internal control to normalize the values
obtained with the firefly luciferase construct,
cells were co-transfected with the Renilla luci-
ferase expression vector pRL-CMV (Promega)
at a DNA ratio of 20:1 (firefly:Renilla). After
transfection, cells were cultured for 72 h, then
stimulated or not with mrTNF-a for 6 h, and
lysed with passive lysis buffer (Promega). Fire-
fly and Renilla luciferase activities were mea-
sured and discriminated by using the Dual
luciferase assay kit (Promega), as specified by
themanufacturer in aOptocomp I luminometer
(MGM Instruments, Inc., Hamden, CT). The
ratio of firefly toRenilla activitieswas calculated
to normalized the values and the ratio obtained
for untreated cells was arbitrarily set at 1.

RT-PCR

TotalRNAwasprepared fromendothelial cells
using Rneasy Total RNA Isolation kit (Qiagen,
Valencia, CA). cDNA was synthesized using
oligo-(dT)16 primer and the GeneAmp RNA-
PCRkit (Roche).PCRwasperformedinaMaster-
cycler (Eppendorf, Hamburg, Germany) using
Taq DNA polymerase (Roche). Primers used for
PCR amplification were: hDBDfor (50-TCTT-
CGGATAAGCTCTATCG-30) and JYseback (50-
GGACTTGGCATACTCTGCTG-30) for human
PARP-1; and actin for (50-TGGAATCCTGTGG-
CATCCATG-30) and actin back (50-TAAAACG-
CAGCTCAGTAACAG-30) formouse b-actin. The
amplificationconditionswere30cyclesof1minat
948C for denaturation, 1 min at 558C for anneal-
ing, and 1min at 728C for extension.

Analysis of vWF Expression

Cells (5� 104),grownonglasscoverslips,were
washed with ice cold PBS, fixed for 10 min with
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ice cold methanol:acetone (1:1) followed by
washing three times with ice cold PBS/0.2%
Triton/0.1%BSA. Cells were then incubated
overnight at 48C with rabbit polyclonal anti-
vWF antibody (1:200). After three washes with
ice cold PBS/0.1% Triton/0.1% BSA, cells were
incubated for 2 h at 48C with Texas-Red-
conjugated goat anti-rabbit IgG (1:400). DNA
was counterstained with DAPI. Immunofluor-
escence microscopy was performed using a
Leica microscopy and the capture software
Qfish (Leica).

Statistical Analysis

Data are expressed as mean�SD. Statistical
differences in the results for the different
parameters between groups were evaluated by
the two-tailed Student’s t-test. A probability (P)
value of <0.05 was considered significant.

RESULTS

Establishment of a PARP-1�/� Murine
Heart Endothelial Cell Line

PrimaryPARP-1�/�murineheart endothelial
cells (passage 3), isolated as indicated above,
were transfected with a plasmid encoding for
the complete genome of SV40 and, after selec-
tion in the presence of hygromycin, were cloned
by limiting dilution. One clone (HYKO6) was
selected on the basis of its staining for endo-
thelial cell-associated antigens by flow cyto-
metry (Fig. 1) and its cobblestone morphology
(Fig. 2A). The HYKO6 cell line was compared to
PARP-1þ/þ and PARP-1�/� primary MHEC for
the expression of surface antigens by flow
cytometry analysis. Constitutive expression of
CD105, CD31, ICAM-2, VCAM-1, and MHC
class I antigens, similar in both PARP-1þ/þ and
PARP-1�/� primary MHEC, were conserved in
the HYKO6 cell line, showing little differences
fromprimary cells. Thus, the expression level of
CD105 (a homodimeric endothelial cell mem-
brane glycoprotein that plays a major role in
vascular development and vascular tone) and
ICAM-2 was higher in PARP-1�/� primary cells
than in the immortalized cell line. However,
expression of the ICAM-1 antigen was lost in
our immortalized cell line (Fig. 1). Immuno-
fluorescent staining for the presence of vWF
show expression of this endothelial cell marker
in the cytosol of the HYKO6 cell line (Fig. 2B).
The HYKO6 cell line was expanded up to 30

passages without signs of senescence, and

preserved the characteristics of primary endo-
thelial cells, as indicated above (Fig. 1). SV40
T-antigen was detected in protein extracts from
HYKO6 cells, but not from primary cells by
Western blot (Fig. 3). On the other hand, the
proliferation rate of this cell line was three
times higher than that of PARP-1�/� primary
cells (Fig. 4). Likewise, we also found that
the HYKO6 cell line is very efficiently trans-
fected by the liposome-mediated gene transfer
method.

‘‘In Vitro’’ Angiogenesis

To determine whether HYKO6 cells were
capable ofmorphologic differentiation intoCLS,
they were cultured on Matrigel. HYKO6 cells
attached rapidly to Matrigel substrates, and
after 12 h they showed abundant networks of
branching and anastomosing cords of cells.
HYKO6 tube formation paralleled that of prim-
ary PARP-1�/� endothelial cells (Fig. 5).

Response of the HYKO6 Cell Line
to TNF-a Activation

TNF-a is an important pro-inflammatory
mediator released following pro-inflammatory
stimulus such as LPS or bacterial infection,
which initiates signalling pathways to the
nucleus in endothelial cells, mainly mediated
by the transcription factor NF-kB, which repro-
grams gene expression [Kalogeris et al., 1999].
In order to know whether our cell line was able
to respond to cytokine stimulation, we exam-
ined the surface expression of VCAM-1 and
E-selectin, two NF-kB-dependent proteins
[Soares et al., 1998] which are up-regulated
in endothelial cells after TNF-a stimulation
[Bevilacqua et al., 1987; Osborn et al., 1989]. As
shown inFigure 6, theHYKO6 cell linewas able
to up-regulated the expression of E-selectin and
VCAM-1 in response to 4 and 16 h of TNF-a
stimulation, respectively.

We have also analysed the transcriptional
status of NF-kB in response to 6 h of TNF-a
treatment in HYKO6 cells (passage 6) and
compared to that of PARP-1�/� primary cells
(passage 4) by transient transfection with a
luciferase reporter plasmid under the control of
a 3� kB consensus site from the HIV enhancer
[Bachelerie et al., 1991]. Our results show that
NF-kB-dependent transcriptional activation
was increased in the HYKO6 cell line in re-
sponse to 6 h of treatmentwith TNF-a, at a level
similar to that found for primary PARP-1�/�

PARP-1�/� Endothelial Cell Line 1167
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Fig. 2. Morphological and phenotypical characteristics of the
HYKO6 cell line by phase contrast microscopy. A: Morpholo-
gical appearance of PARP-1þ/þ and PARP-1�/�primary endothe-
lial cells and the immortalized PARP-1�/� HYKO6 cell line. B:
vWF expression in PARP-1þ/þ and PARP-1�/� primary endothe-
lial cells and the HYKO6 cell line. Cytosolic expression of vWF

was identified with a polyclonal rabbit anti-vWF and Texas-Red-
conjugated goat anti-rabbit IgG. DAPI staining (blue) indicated
nuclei of the cells. Murine embryonic fibroblasts (MEF) were
used as negative control. Magnifications �40. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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endothelial cells (Fig. 7). We have previously
demonstrated that NF-kB-dependent tran-
scriptional activation was partially inhibited
inPARP-1-deficient primary endothelial cells in
response to TNF-a, compared to that in PARP-
1þ/þ endothelial cells [Carrillo et al., 2004]. To
knowwhether PARP-1 expression could restore
NF-kB-dependent transcriptional activation in
our cell line to the level found in PARP-1þ/þ

cells, we generated stable transfectants of
HYKO6 expressing full length human PARP-1
cDNA (HYKO6-pcDNA/PARP-1) (Fig. 8). As
shown in Figure 7, NF-kB-dependent transcrip-
tional activation was increased significantly in

HYKO6-pcDNA/PARP-1 cells (passage 6), com-
pared with that of the control HYKO6 cells
transfected with the pcDNA-4/HisMax C vector
(passage 6), recovering NF-kappaB dependent

Fig. 3. SV40-T antigen expression in immortalized PARP-1�/�

cells by Western blot. Cell lysates were fractionated by SDS–
PAGE, and transferred to a nitrocellulose membrane. The
membrane was incubated with anti-SV40 antibody and stained
with horseradish peroxidase-coupled goat anti-mouse second
antibody.

Fig. 4. Proliferation of PARP-1þ/þ and PARP-1�/� primary
endothelial cells and the immortalized PARP-1�/� HYKO6 cell
line. Cells were seeded in 96-well plates (5� 103 cells/well) and
after 72 h, proliferation was determined by using CellTiter
96 Aqueous One Solution Cell Proliferation Assay. Experi-
ments were performed in triplicate. The results are expressed as
mean �SD. *Statistically significant difference (P<0.05).

Fig. 5. Phase-contrast photomicrograph of HYKO6 (A) and
primary PARP-1�/� endothelial cells (B) cultured on Matrigel for
16 h show tube formation by both cell types.

Fig. 6. Increased expression of E-selectin and VCAM-1 in TNF-
a-stimulated PARP-1�/� primary endothelial cells and the
HYKO6 PARP-1�/� cell line. Surface expression of E-selectin
and VCAM-1 was determined by flow cytometry in untreated
(gray-filled histograms) or after 4 h (E-selectin) or 16 h (VCAM-1)
TNF-a treatment (unfilled histograms). Isotype-matched irrele-
vant antibodies were used as a control (dotted line). A represen-
tative of three experiments is shown.
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transcriptional activation in the HYKO6 cell
line expressing PARP-1 cDNA to that level
found in primary PARP-1þ/þ cells (passage 4).
Similar results were found by using HYKO6-
pcDNA/PARP-1 and HYKO6-pcDNA trans-
fected cells at passage 30 (data not shown).

DISCUSSION

Endothelial cell dysfunction plays a critical
role in uncontrolled inflammatory conditions,
such as ischemia/reperfusion injury, sepsis, and
multiorgan dysfunction syndrome [Aird, 2003].
In all of these processes, PARP-1 seems to play a
critical role, although the underlying mechan-
isms of endothelial cell injury mediated by

PARP-1 are unknown. An important tool for
the elucidation of the PARP-1 signaling path-
ways involved in endothelial cell dysfunction
could be the development of PARP-1�/�

endothelial cell lines. Here, we have described
for the first time a PARP-1�/� endothelial cell
line that it has been established by SV40 tran-
sfection of primary PARP-1�/� murine heart
endothelial cells.

Transformation with SV40 might lead to de-
differentiation and, therefore, to variations in
phenotype and functional assays [Choi et al.,
1988]. Thus, it is essential to carry out pheno-
typical and functional studies before utilizing
such cell line as substitutes for primary MHEC
in vitro. Specific heart endothelial cell surface
antigens, such as CD105, CD31, ICAM-2, and
VCAM-1, were detected in our HYKO6 cell line,
as they were in primary PARP-1�/� endothelial
cells. However, surface expression of the ICAM-
1molecule was lost in our cell line. Transforma-
tion of cells by SV40 is induced by two
oncoproteins encoded in the early region of the
viral genome, the large tumor antigen (Tag)
[Simmons, 2000] and the small tumor antigen
(tag) [Rundell and Parakati, 2001]. The main
activity of Tag for cell transformation is to
target key cellular proteins, such as the tumor
suppresor p53, inactivating their functions
[Pipas and Levine, 2001]. Recently, it has been
demonstrated that expression of ICAM-1 is
abolished in p53-deficient cell lines [Gorgoulis
et al., 2003]. Indeed, we found that expression of
ICAM-1 was also abrogated in a PARP-1þ/þ

endothelial cell line generated by SV40 trans-
formation (data not shown). Endothelial cells
seeded on Matrigel underwent morphological
differentiation and organized rapidly into net-
works of CLS. This model reflects the latter
aspects of theangiogenic response, i.e., endothe-
lial cell alignment, multicellular organization,
and differentiation as evidenced by lumen
formation [Kubota et al., 1988]. The results of
our ‘‘in vitro’’ angiogenesis assays show that
both the primary and our immortalized PARP-
1�/� cell line are able to form capillary-like
networks ‘‘in vitro.’’ This finding indicates that
the HYKO6 cell line maintains a functional
endothelial cell phenotype.

In order to further characterize the HYKO6
cell line, we analyzed NF-kB-dependent tran-
scriptional activation upon TNF-a stimulation.
Many TNF-a-induced genes, mediators of the
inflammatory response, areNF-kB target genes

Fig. 7. NF-kB-dependent transcriptional activation in TNF-a-
stimulated PARP-1þ/þ and PARP-1�/� primary endothelial cells
and the HYKO6 PARP-1�/� cell line. Cells were transient co-
transfected with a luciferase reporter plasmid under the control of
a 3� kB promoter element and the Renilla luciferase expression
vector pRL-CMV. After 72 h, untreated or treated (for 6 h with
TNF-a) cells were lysated and firefly and Renilla luciferase
activities were measured. Results were normalized as indicated
in ‘‘Material and Methods.’’ The ratio obtained for untreated cells
was arbitrarily set at 1. A representative of three experiments,
performed in quatriplicate is shown. The results are expressed as
mean� SD. *Statistically significant difference (P<0.05).

Fig. 8. RT-PCR analysis of PARP-1 expression in the HYKO6
cell line transfected with pcDNA/PARP-1 or the control pcDNA
plasmids.
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[Pahl, 1999]. Our results show that our HYKO6
cell line is able to respond to TNF-a stimulation,
performing a similar level of NF-kB-dependent
transcriptional activation as that of the primary
PARP-1�/� endothelial cells. We previously ob-
served that NF-kB-dependent transcriptional
activation is hampered in primary PARP-1�/�

endothelial cells, compared to primary PARP-
1þ/þ endothelial cells, in response to TNF-a
[Carrillo et al., 2004]. Similar results have been
previously reported by Garcia Soriano et al.
[2001] after high-glucose stimulation of PARP-
1þ/þ and PARP-1�/� endothelial cells and by
Oliver et al. [1999] and Hassa and Hottiger
[1999] in TNF-a-activated fibroblasts from both
genotypes. Here, we have also established a
stable transfectant of HYKO6 expressing a
full PARP-1 cDNA. The PARP-1 complemented
HYKO6 cell line is able to recover endothelial
cell wild-typeNF-kB-dependent transcriptional
activity. These results suggest that the genomic
integration of SV40 in our cell line has not
significantly affected NF-kB-dependent gene
transcription. Therefore, our cell line in combi-
nation with the PARP-1 stable transfectant
thereof, seems to be a good system for study-
ing the role played by PARP-1 in endothelial
cell transcriptional regulation. PARP-1 might
modulate gene expression through different
mechanisms: (i) physical interactions with
other proteins, especially transcription factors;
(ii) direct binding to the gene-regulating sequ-
ences; and (iii) transient post-translational
modifications of nuclear proteins by poly
(ADP-ribosyl)ation [Yélamos and Oliver, 2002].
Recently, Soldatenkov et al. [2002] have demon-
strated transcriptional repression ofPARPgene
expression by binding of PARP to its own pro-
moter sequences. Likewise, Nirodi et al. [2001]
have suggested that PARPmay be a coactivator
of CXCL1 transcription. It has also been shown
that PARP-1 binds the IL-6/glucocorticoid-
responsive element of Reg gene, forming the
active transcriptional DNA/protein complex for
Reg gene expression [Akiyama et al., 2001].
Thus, PARP-1 appears to have dual functions
in the regulation of transcription, working as
a silencing or enhancing transcription factor.
On the other hand, many of the pathways in
response to TNF-a have been proved to be cell
type-specific, requiring that observations made
in other cell types should be confirmed or ruled
out in endothelial cells [Madge and Pober, 2001;
Carrillo et al., 2004].

Important tools for investigating cell physiol-
ogy pathways have involved over expression or
invalidation of selected genes ‘‘in vitro.’’ The
HYKO6 cell line described here is efficiently
transfected using liposomes, and might be
genetically engineering in a stable manner,
allowing the constitutive or conditional expres-
sion of activating or blocking genes. Thus, our
cell line could be useful to identify new proteins
related to the PARP-1 pathway in endothelial
cell dysfunction, which might be potential
targets for new therapeutic drugs.

In conclusion, the HYKO6 cell line is the first
established PARP-1�/� endothelial cell line
phenotypically and functionally similar to pri-
mary PARP-1�/� endothelial cells. This cell
line should provide a valuable tool to study
the PARP-1 endothelial cell injury pathway
by using both genetic and pharmacological
approaches.
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