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Abstract Hormonal and environmental factors that control the growth, differentiation, and regression of the
vasculature are of fundamental importance in tumorigenesis and in the choice of therapeutic strategies. To test the
hypothesis that estradiol (E2) and basement membrane proteins would affect the survival of vascular endothelial cells
(EC), immortalized human umbilical vein endothelial cells (ECV304) were examined for their response to the
chemotherapeutic drugs taxol and etoposide. ECV cell apoptosis was inhibited by E2 (taxol only) or attachment to
extracellular matrix (ECM) (taxol or etoposide). E2 increased ECV growth, while ECM binding resulted in growth arrest
and differentiation. Apoptosis was associated with decreased levels of Bcl-2 and p21 proteins. E2 prevented down-
regulation of p21 and Bcl-2 induced by taxol but did not prevent the down-regulation of p21 induced by etoposide,
consistent with the failure of E2 to inhibit etoposide-induced cell death. However, ECM prevented p21 and Bcl-2
down-regulation induced by taxol or etoposide. Persistent activation of NFkB occurred after attachment of ECV cells to
ECM, suggesting a role in survival or differentiation. IkBa levels were not affected by taxol but were reduced by
etoposide treatment, while IkBb levels did not change with drug treatment. E2 did not alter the levels of IkBa or IkBb.
Interestingly, levels of IkBa and IkBb declined in etoposide-treated ECV cells on ECM concomitant with the elevation of
NFkB, suggesting that in these cells degradation of IkB may be responsible for NFkB activation. In agreement with these
data, anti-sense NFkB treatment of ECV cells inhibited differentiation on ECM, but did not affect cell survival. In
conclusion, culture of ECV cells on ECM or treatment with E2 inhibited apoptosis. NFkB activation by ECM was
necessary for cellular differentiation, rather than inhibition, of apoptosis. J. Cell. Biochem. 73:321–331, 1999. Published
1999 Wiley-Liss, Inc.†
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Endothelial cell (EC) growth, differentiation,
and apoptosis are regulated events during an-
giogenesis [Risau, 1997]. The similarities be-
tween tumor cell growth and invasion and the
formation of neovessels in tumors have led to
the development of strategies to target both
endothelial and tumor cell proliferation and
invasion for therapeutic purposes [Liotta et al.,
1991]. Many chemotherapeutic drugs are most

effective against rapidly growing tumor cells
and would therefore be expected to inhibit rap-
idly growing EC [Bhalla and Harris, 1998].
However, EC in quiescent and stable vessels in
established tumors (which are often present at
diagnosis) may not be as responsive to agents
that target neovessels. For these reasons, it is
important to determine how EC respond to
chemotherapeutic drugs under conditions asso-
ciated with cell proliferation or growth arrest.

Most primary and some immortalized EC
have been shown to retain hormonal/growth
factor activities in culture and to respond to
their extracellular environment by initiating
cellular differentiation [Montesano, 1992]. Cell
differentiation on ECM proteins such as colla-
gen [Montesano et al., 1986], fibrin [Chalu-
powicz et al., 1995], or EHS matrix, Matrigely
[Kubota et al., 1988] is often associated with
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cell cycle arrest, activation of proteases, and
invasion/remodeling of ECM. In addition, EC
express abundant estrogen receptors, and estra-
diol can enhance EC growth [Venkov et al.,
1996], prevent apoptosis [Spyridopoulos et al.,
1997], and support differentiation [Morales et
al., 1995]. How these diverse effects of estradiol
are mediated in neovessels in vivo is unclear.
However, several recent studies have suggested
that regulation of NFkB activity may be impor-
tant in EC survival [Karsan, 1998; Van Ant-
werp et al., 1998; Beg and Baltimore, 1996] and
differentiation [Shono et al., 1996].

We have shown previously that human um-
bilical vein endothelial cell (Huvec) apoptosis
occurs after the withdrawal of fibroblast growth
factors (FGF) or treatment with tumor necrosis
factor-a (TNF-a) [Yang et al., 1996]. Apoptosis
was characterized by cellular protein Tyr-
dephosphorylation, reduced FAK-P, loss of focal
contacts, actin depolymerization, and DNA lad-
dering. Huvec survival and differentiation were
enhanced by attachment to ECM and were asso-
ciated with activation of MAPK and expression
of p21. To further investigate the intracellular
signaling events involved in endothelial cell
death and differentiation, an immortalized Hu-
vec cell (ECV) was used. ECV cells have been
shown to respond to extracellular growth fac-
tors, are contact inhibited, and differentiate
when grown on EHS matrix [Takahashi et al.,
1990]. In the present studies, we found ECV
cells to be resistant to TNF-a-induced apopto-
sis, but treatment with the chemotherapeutic
drugs taxol or etoposide resulted in cell death.
To investigate the regulation of cell growth and
apoptosis in these cells, the MTT dye conver-
sion assay, cell cycle analysis (fluorescence-
activated cell sorting [FACS]), and DNA ladder-
ing were used. Expression of proteins involved
in cell survival such as Bcl-2, p21, estradiol
receptor (ER), and NFkB were assessed with
specific antibody immunoblotting and electro-
phoretic mobility shift assays (EMSA). The lev-
els of proteins that regulate NFkB activity,
IkBa and IkBb, were measured using immuno-
blot procedures. We found that ECV cells regu-
late the expression of several genes that control
cell growth, apoptosis, and differentiation and
are therefore a good model with which to study
the response of endothelial cells to apoptotic
stimuli.

MATERIALS AND METHODS
Reagents

Taxol, etoposide, and 17b-estradiol were ob-
tained from Sigma Chemical Co. (St. Louis,
MO). The ICI182,780 compound was a generous
gift from Dr.A.E. Wakeling (Zeneca Pharmaceu-
ticals, Cheshire, England). Trypsin/EDTA solu-
tion was obtained from Gibco-BRL (Gaithers-
burg, MD). EHS matrix (commercially available
as Matrigely; Becton Dickinson, Bedford, MA)
was prepared in the laboratory according to
published protocols [Kleinman et al., 1986] and
standardized by determining the protein con-
tent with the method of Bradford [1976].

Cell Culture and Drug Treatment

The ECV-304 cell line was obtained from the
American Type Culture Collection (ATCC; Res-
ton, VA) and cultured in Medium-199/10% fetal
bovine serum (FBS) plus penicillin-streptomy-
cin (Paragon Biotech, Baltimore, MD) for prop-
agation. Cells were rinsed with phosphate-
buffered saline (PBS) and passaged with 13
Trypsin-EDTA after 10-min incubation at 37°C.
To induce differentiation, a thin layer of EHS
matrix (0.8 ml per 10-cm culture dish) was
prepared by spreading and gelling at 37°C.
Cells were isolated from EHS matrix-coated
plates with 23 Trypsin-EDTA treatment for
15–20 min at 37°C. For treatment with chemo-
therapeutic drugs, 24-well plates were coated
with 0.1 ml Matrigel. Cells (5 3 104 per well)
were added and cultured in Medium 199/10%
FBS or 0.1% FBS with 1–1,000 nM taxol or
0.25–25 µg/ml etoposide.

MTT Assay

After cell incubation, 0.1 ml (96-well plate) or
0.5 ml (24-well plate) of a 2-mg/ml MTT solu-
tion in PBS was added to cultured ECV cells in
0.1 ml media (96-well plate) or 0.5 ml media
(24-well plate) and incubated for 4 h at 37°C.
The medium was discarded and 0.1 ml (96-well
plate) or 0.5 ml (24-well plate) of dimethylsulf-
oxide (DMSO) was added to each well. Absor-
bance at 595 nm was determined with a BioRad
MicroElisa Plate Reader (BioRad, Richmond,
CA).

Flow Cytometry

Cells were collected with Trypsin-EDTA and
fixed with 70% ethanol. After staining with 50
µg/ml propidium iodide containing 20 µg/ml
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RNase A, and 0.1% Triton X-100 in PBS for 20
min, cells were analyzed by fluorescence flow
cytometry.

Cytoplasmic and Nuclear Extracts

ECV cells were harvested with Trypsin-
EDTA (23 Trypsin-EDTA for Matrigel-cultured
cells), rinsed with PBS 3 times, resuspended in
hypotonic buffer A (0.2 ml, 10 mM HEPES, pH
7.9, 10 mM KCI, 1.5 mM MgCI2) supplemented
with protease inhibitors (leupeptin, aprotinin,
each 1 µg/ml; phenylmethylsulfonyl fluoride
[PMSF], 0.5 mM), and incubated for 15 min on
ice [Johnson et al., 1996]. Cells were lysed by
the addition of 25 µl of 2.5% Nonidet P-40
(NP-40)/buffer A and mixed by inversion. Nu-
clei were pelleted by centrifugation at 500g
4°C). The supernatant was recovered (200 µl
cytoplasmic extracts), placed into microcentri-
fuge tubes and stored at 270°C. The nuclear
pellet was resuspended in extraction buffer C
(20 mM HEPES, pH 7.9, 0.45 M NaCI, 1 mM
EDTA) supplemented with proteinase inhibi-
tors and incubated for 15 min on ice on a rock-
ing platform. The tubes were centrifuged (10
min at 16,000g). Extracts were diluted 1:1 in
buffer D (20 mM HEPES, pH 7.9, 0.1 M KCI,
0.2 mM EDTA, 20% glycerol). The protein con-
centration was determined before analysis of
the samples.

Preparation of Total Protein

Cells were collected with Trypsin-EDTA and
lysed with lysing buffer (500 mM Tris, pH 6.8,
10% sodium dodecyl sulfate [SDS], 10% glyc-
erol). Lysed cells were passed through a 25-
gauge needle 20 times and centrifuged at
16,000g for 30 min to remove debris; the super-
natant was stored at 270°C. The protein concen-
tration was determined with the MICRO BCA
reagent (Pierce Chemical Co., Rockford, IL).

Electrophoretic Mobility Shift Assay

The consensus kB DNA sequence (58-GATC-
CAGAGGGGACTTTCCGAGAG-38) was a gen-
erous gift from Dr. Chou-Chi H.Li (Frederick
Cancer Research Center). The oligo DNA probe
was labeled with [g32P]-ATP and T4 polynucleo-
tide kinase (Pharmacia and UpJohn Diagnos-
tics, Kalamazoo, MI) and separated from free nu-
cleotides over a Sephadex G-25 (STE SELECT-D)
spin column (Pharmacia and UpJohn Diagnos-
tics). The reaction solution contained 5 µg

nuclear protein, 1 µg poly (dI/dC), 10,000 cpm
end-labeled NF-kB oligo probe (5 fmol), 4 µl of
53 reaction buffer (50 mM HEPES, pH 7.9, 5
mM EDTA, 5 mM DTT, 25 µg/ml bovine serum
albumin [BSA], 20% glycerol), and distilled H2O
for a final 20-µl volume. The reactants were
mixed by gentle inversion and incubated at
room temperature for 30 min before loading on
a 6% polyacrylamide gel electrophoresis (PAGE)/
0.53 TBE polyacrylamide gel separated at 150
V/18 cm for 2 h. Gels were dried under vacuum
and exposed to X-ray film. Competition experi-
ments were performed as above, except that
10-, 100-, and 1,000-fold excess cold probe was
added to the reactions immediately before the
addition of [32P]-labeled DNA.

Western Blotting

IkB-a/b. Cytoplasmic extracts that had been
frozen in liquid nitrogen were thawed and ultra-
centrifuged at 100,000g for 2 h. Samples (20 µg
protein) were separated on 10% SDS-PAGE and
transferred to nitrocellulose membranes. Spe-
cific proteins were detected using polyclonal
antibodies for IkB-a/b (Biolabs) and horserad-
ish peroxidase (HRP)-coupled secondary anti-
body (Biolabs) using the ECL method, followed
by exposure to X-ray film.

P21/CIP1, Bcl-2, Bax, estrogen receptor.
Samples of total protein (20 µg) were separated
on 10% SDS-PAGE and transferred to nitrocel-
lulose membranes. Monoclonal antibodies rec-
ognizing P21/CIP1, Bcl-2, or estrogen receptor
(Transduction Laboratories, Lexington, KY),
polyclonal antibody to Bax (Santa Cruz Biotech-
nology, Santa Cruz, CA), and (HRP)-coupled
secondary antibody (anti-mouse IgG from Trans-
duction Laboratories; anti-rabbit IgG from Bio-
labs), were used to detect specific proteins on
nitrocellulose membranes.

DNA Isolation and Fragmentation

ECV cells were incubated with taxol (50 nM)
or etoposide (4 µg/ml) for various lengths of
time. Adherent and nonadherent cells were har-
vested with Trypsin-EDTA and washed with
PBS three times. To isolate low-molecular-
weight DNA, cell pellets were extracted with
0.6 ml lysis buffer (0.5% Triton X-100, 10 mM
EDTA, and 10 mM Tris, pH 7.4) and incubated
at 4°C overnight [Caulin et al., 1997]. After
centrifugation at 16,000g for 30 min to remove
nuclei, the supernatant was extracted with phe-
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nol-chloroform (3 times), ethanol precipitated,
and the low-molecular-weight DNA analyzed
on a 1.5% agarose gel in TBE buffer.

Transfection of NF-kB Antisense
Oligonucleotides

ECV cells were seeded on 96-well or 6-well
plates and incubated overnight (40–50% conflu-
ent). Cells were treated with 3 µg/ml antisense
NF-kB oligo (58-GAGGGGGAACAGTTCGTC-
CATGGCCGGGGT-38) or sense NF-kB oligo (58-
ACCCCGGCCATGGACGAACTGTTCCCCCTC-
38) prepared by Paragon Biotech. Lipofectin
(GIBCO-BRL) at 5 µg/ml in Medium 199 with-
out FBS was used to facilitate oligonucleotide
transfer. Cells were incubated for 48 h and
transferred to EHS matrix-coated 8-well cham-
ber slides to examine morphological changes
indicative of cell differentiation. Incubation with
MTT was used to determine viable cells.

RESULTS

Apoptosis of ECV Cells Treated With Taxol and
Etoposide: Cell Cycle Analysis and Differentiation

To examine the regulation of EC death, an
immortal human EC line, ECV304, isolated
from umbilical vein [Takahashi et al., 1990],

was treated with the chemotherapeutic drugs
taxol and etoposide, to induce cell death. ECV
cell survival was reduced by treatment with
taxol or etoposide with half-maximal inhibition
at 50 nM and 4 µg/ml, respectively (Fig. 1A,B).
DNA fragmentation characteristic of apoptosis
was detectable on agarose gels in taxol- or eto-
poside-treated cells (Fig. 1C). Taxol and etopo-
side treatment produced a pattern of nucleo-
somal DNA laddering whereas culture of the
cells in either 0.1% or 10% FBS did not affect
DNA fragmentation or survival. ECV cells were
resistant to inhibitors of cell growth such as
transforming growth factor-b (TGF-b) or other
activators of cell death such as TNF-a (data not
shown).

Culture of EC on EHS matrix has been shown
to induce growth arrest and differentiation
[Kubota et al., 1988; Takahashi et al., 1990;
Yang et al., 1996]. ECV cells cultured on EHS
matrix migrated to form tube-like structures
within 24 h (data not shown). At low cell den-
sity (1.6–3.2 3 105), essentially all the cells were
organized in cellular networks. At higher cell
density (6.4–12.8 3 105), many of the cells
formed monolayers connected by tube-like ar-
eas. Fluorescence-activated cell sorting (FACS)
was used to determine the distribution of ECV

Fig. 1. Taxol and etoposide activate ECV cell apoptosis. Hu-
man ECV cells were treated with taxol (A) or etoposide (B) for 48
h in Medium 199 containing 10% fetal bovine serum (FBS). The
MTT substrate was added for 4 h, and the product was quanti-
tated by measuring absorbance at 595 nm. Survival was calcu-
lated relative to untreated controls. DNA was isolated from ECV

cells treated with taxol (50 nM) or etoposide (4 µg/ml) for 48 h or
from untreated control cells in either 0.1% FBS or 10% FBS (C).
DNA was resolved on an 1.8% agarose gel containing molecular-
weight (MW) markers. The nucleosomal-size fragments in taxol
or etoposide-treated cells verify the presence of apoptosis.
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cells in G1 or S phase of the cell cycle. ECV
growth arrest occurred within 48 h on EHS
matrix with an increase from 27% to 60% of the
cells in G1. The percentage of cells in S phase
declined during this period from 72% to 33%.
By 72 h, 80% of the cells were growth arrested
in G1. By contrast, growth arrest in G1 on
tissue culture plastic did not occur until after
72 h with 75–79% of the cells in G1, presumably
because of contact inhibition. Therefore, ECV
cells are able to sense their extracellular envi-
ronment and to respond to cell signals from
other cells and ECM.

Extracellular Matrix Proteins and Estradiol
Inhibit Apoptosis

To determine whether exposure to ECM would
affect drug-induced cell death, ECV cells were
cultured on EHS matrix or tissue culture plas-
tic for 24, 48, or 72 h in the presence of taxol or
etoposide. Cell attachment to ECM enhanced
the survival of ECV cells treated with taxol
even as early as 24 h (Fig. 2A). Concentrations
as high as 1 µM, which inhibited survival up to
70% on plastic, did not reduce ECV survival on
EHS matrix. Similarly, culture of ECV on ECM
protected the cells against etoposide-induced
cell death (Fig. 2B). Significant protection

(P , 0.005) of ECM was evident at concentra-
tions of etoposide of .1 µg/ml. At 25 µg/ml,
about a twofold increase in survival was ob-
served in ECV cells cultured on EHS matrix-
coated tissue culture plates, as compared with
uncoated plates.

Estrogen is known to have a cardioprotective
effect and to inhibit TNF-induced endothelial
cell death [Spyridopoulos et al., 1997]. To deter-
mine whether ECV cells would respond to estro-
gen, cells were cultured with 17b-estradiol for
24 h, and cell number was quantitated with the
MTT assay. Estrogen had a dose-dependent ef-
fect on cell proliferation (Fig. 3A), which was
inhibited by the anti-estrogen ICI182,780 (data
not shown). Consistent with these growth ef-
fects, ECV cells grown on plastic or ECM ex-
pressed estrogen receptors that were detected
by Western blotting, using an estrogen receptor
a (ERa)-specific antibody (Fig. 3D). To deter-
mine whether estrogen would also protect ECV
cells from drug-induced cell death and to com-
pare it with the effects of ECM, ECV cells were
pretreated with 17b-estradiol for 24 h before
taxol or etoposide treatment for an additional
24 h. Reduction of cell survival by taxol was
significantly inhibited by estradiol at all concen-
trations of taxol (Fig. 3B). This was not due to a

Fig. 2. Culture of ECV cells on the extracellular matrix (ECM) inhibits taxol and etoposide-induced cell death. ECV
cells were cultured on tissue culture plates and transferred to either uncoated tissue culture plates (PL) for 24 h or EHS
matrix-coated plates (ECM) for 24, 48, or 72 h. Cells were treated with taxol (A) or etoposide (B) for the last 24 h of the
incubation. MTT dye conversion was used to measure percentage survival expressed relative to the absence of drugs.
The IC50 for taxol or etoposide-treated cells was 40 nM and 1.5 µg/ml, respectively.
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proliferative effect of estradiol, since at this
dose (5 nM) no effect on cell growth was evident
(Fig. 3A). By contrast, estrogen failed to protect
ECV cells treated with etoposide (Fig. 3C). The
failure of estrogen to affect etoposide-mediated
apoptosis was not due to loss of estrogen recep-
tors, as similar levels of estrogen receptors were
detected in taxol or etoposide treated cells
(Fig. 3D).

Expression of p21/Waf-1, Bcl-2,
and Bax in ECV Cells

Expression of several genes is associated with
cellular growth arrest, cell survival, and apopto-
sis. We examined expression of the p53-induc-
ible p21/Waf-1 protein, the cell survival-enhanc-
ing protein Bcl-2, and the cell death-associated
protein, Bax, in ECV cells treated with taxol or
etoposide. Cells were cultured on plastic or
ECM (EHS matrix) with or without prior estra-
diol treatment. p21 protein levels declined by
24 h in cells on plastic treated with taxol or

etoposide (Fig. 4A, solid arrows). The reduction
in p21 was prevented by estradiol treatment in
taxol-treated cells, but not in etoposide-treated
cells (Fig. 4A, open arrow). Culture on ECM
prevented down-regulation of p21 in both taxol-
or etoposide-treated cells. Similarly, Bcl-2 lev-
els declined most significantly in etoposide
treated cells (Fig. 4B, arrows) and estradiol
prevented this decline. Bax levels were reduced
in both taxol- and etoposide-treated cells
(Fig. 4C, arrows), an effect that was prevented
by estradiol treatment.

Therefore, changes in p21 are most consis-
tent with the ability of estrogen to prevent
taxol-mediated, but not etoposide-mediated, cell
death, and the ability of ECM to prevent reduc-
tion of p21 is consistent with the protective
effects of ECM on cell survival.

NFkB in Differentiation and Survival

Activation of NFkB occurs in inflammation
[Lenardo and Baltimore, 1989], in the differen-

Fig. 3. Estradiol increases ECV cell growth and inhibits taxol-
induced apoptosis. ECV cells were cultured on tissue culture
plastic in 0.1% fetal bovine serum (FBS) and treated with
17b-estradiol at the indicated concentrations (A). The EC50 was
45 nM. Cells were pretreated with 17b-estradiol (5 nM) for 24 h
before taxol treatment for a subsequent 24 h (B). Control cells
were treated only with taxol. The IC50 for taxol-treated cells was
40 nM. Estradiol treatment 24 h before etoposide treatment (C)

failed to prevent etoposide-induced cell death. The IC50 for
etoposide-treated cells was 50 µg/ml. Specific estrogen receptor
(ER) antibody was used to determine expression of ER in un-
treated cells or in cells treated with 50 nM taxol or 4 µg/ml
etoposide for 1, 9, or 24 h (D). Cells were pretreated for 24 h
with 5 nM 17b-estradiol. Drug treatments and controls were in
0.1% fetal bovine serum (FBS).
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tiation of endothelial cells [Johnson et al., 1996],
and in cell survival [Van Antwerp et al., 1998;
Beg and Baltimore, 1996]. We therefore exam-
ined the ability of ECV nuclear extracts to bind
specific NFkB oligonucleotides in an EMSA to
assess the role of NFkB in ECV survival and
differentiation. ECV cells grown on plastic ex-
hibited fairly low levels of NFkB activity in
either 0.5% FBS (Fig. 5A) or in 10% FBS (not
shown). TNF-a treatment in 0.5% FBS resulted
in persistent NFkB activation. Similarly, trans-
fer of cells to ECM (Matrigel) resulted in a
rapid (1-h) elevation of NFkB activity that per-
sisted for 24 h in cells maintained in 0.5% FBS
or 10% FBS (Fig. 5A). Control experiments
with excess unlabeled oligonucleotides pre-
vented nuclear factor binding (Fig. 5B). In other
experiments with cultures of primary human
umbilical vein endothelial cells that respond to
TNF-a, culture on Matrigel also resulted in
persistent activation of NFkB, whereas TNF-a
treatment transiently activated NFkB (data not
shown). Therefore, persistent activation of
NFkB by ECM is a feature of both primary and
immortalized endothelial cells. However, exami-
nation of EMSA in cells treated with taxol,
etoposide, or estradiol exhibited no changes in
NFkB activity (data not shown).

IkB Regulation in ECV Treated
With Taxol and Etoposide

Activation of the nuclear factor-kB is regu-
lated by the expression of two inhibitors, IkBa

and IkBb. Normally, proteolytic degradation of
IkB leads to high levels of NFkB proteins and to
increased NFkB DNA binding activity [Sieben-
list et al., 1994]. To determine whether the
persistent activation of NFkB observed in ECV

Fig. 4. Taxol and etoposide-induced cell death results in de-
creased levels of p21, Bcl-2, and Bax. ECV cells were prepared
as in Figure 5. p21, Bcl-2, and Bax were detected by Western
blot analysis, using specific antibodies. Estradiol prevents reduc-
tion of p21 (A), Bcl-2 (B), and Bax (C) after taxol and etoposide
treatment (solid arrows), but not the reduction of p21 after
etoposide treatment (open arrow) consistent with survival data
in B. Culture of ECV cells on EHS matrix (ECM) prevented the
p21, Bcl-2, and Bax down-regulation induced by taxol or
etoposide, consistent with increased survival.

Fig. 5. Persistent activation of NFkB is coincident with attachment
of ECV cell to EHS matrix (ECM) and differentiation. A: ECV nuclear
extracts were prepared at different times, reacted with radiolabeled
NFkB oligonucleotides and resolved on 6% TBE polyacrylamide
gels. Specific radiolabeled NFkB oligonucleotide probe was used to
detect nuclear binding proteins. B: Addition of 10- to 1,000-fold
excess unlabeled kB oligonucleotides inhibited bandshifting. ECM,
EHS matrix; PL, plastic.
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cells cultured on ECM was regulated by IkBa or
IkBb, and whether the levels of these proteins
were altered in cells undergoing apoptosis, ECV
cells treated with taxol or etoposide were ana-
lyzed after culture on ECM. IkBa expression
was unchanged by taxol treatment but declined
in etoposide-treated cells, coincident with cell
death (Fig. 6A, solid arrows). Estradiol treat-
ment did not prevent the reduction of IkBa
(Fig. 6A, PL 1 E2) and failed to protect cells
against etoposide-mediated apoptosis. Consis-
tent with the prevention of ECV cell death on
ECM and with elevated levels of NFkB, IkBa
levels in etoposide-treated cells on Matrigel
were lower than levels in untreated cells after
24 h (Fig. 6A, open arrows).

Interestingly, IkBb levels (Fig. 6B, arrows)
were lower than control levels only in etoposide-
treated cells on ECM. No changes in IkBb were
evident in cells treated with drugs or estradiol
on tissue culture plastic. This finding suggests
that normal regulation of IkBa and IkBb occurs
in etoposide-treated cells. NFkB levels do not
correlate with survival on plastic, but persis-
tent activation of NFkB on ECM may be regu-
lated by expression of IkBa and IkBb.

Differentiation and Antisense
NFkB Oligonucleotides

Because culture of cells on ECM may activate
a variety of signaling pathways affecting both
cell survival and differentiation, ECV cells were
transfected with specific NFkB antisense oligo-
nucleotides to determine whether the NFkB
pathway was involved in differentiation. Trans-
fected cells were incubated for 48 h before trans-
fer to ECM-coated plates. ECV cell attachment

and migration were not affected by any of the
treatments during the first 24 h (Fig. 7A). By 36
h, however, antisense transfected cells exhib-
ited retraction of tube-like structures and in-
creased cell aggregation (Fig. 7B). This inhibi-
tion of differentiation was quantitated by
measuring the percentage cell area in each of
the treatment groups. The percentage cell area
relative to total area of the field in untrans-
fected (control), lipofectin-treated, and sense
oligonucleotide-treated cells remained at 14.2 6
0.7, 13.5 6 1.9, and 15.2 6 2.2, respectively,
while antisense-treated percentage cell area
decreased by 66% to 4.2 6 0.9 (Fig. 7C). After
incubation on ECM, cells were treated with
MTT to measure cell viability. No evidence of
cell death was detected, and equal numbers of
cells were recovered from all treatment groups
even 96 h after incubation on ECM (data not
shown). Therefore, NFkB antisense oligonucleo-
tides inhibited ECV cell differentiation without
affecting cell growth or survival.

DISCUSSION

We have found that EC apoptosis occurs after
treatment of ECV cells with the chemotherapeu-
tic drugs taxol or etoposide. Culture of the cells
on ECM inhibited apoptosis induced by taxol or
etoposide, whereas treatment with estradiol in-
hibited apoptosis induced by taxol only. Apopto-
sis was most closely associated with loss of p21
expression after taxol or etoposide treatment.
Persistent activation of NFkB was protective
against apoptosis but did not consistently corre-
late with reduced levels of IkB, except in etopo-
side-treated cells cultured on ECM. Under these

Fig. 6. IkB expression in taxol- or etoposide-treated ECV cells. Western blot analysis was used to determine
cytoplasmic protein levels of IkBa (A) or IkBb (B) in ECV cells treated with taxol or etoposide. IkBa levels are
persistently elevated in taxol-treated cells but are transiently elevated in etoposide-treated cells (solid arrows).
Estrogen did not prevent reduction of IkBa in etoposide-treated cells (arrow). Culture on extracellular matrix (ECM)
increased IkBa transiently in etoposide-treated cells (open arrows). IkBb levels did not change, except to decline in
etoposide-treated cells on ECM consistent with elevated NFkB and survival.

328 Wang and Passaniti



conditions culture on ECM resulted in de-
creased levels of IkBa and IkBb with persistent
activation of NFkB and increased cell survival.
Therefore, normal regulation of IkBa,b/NFkB
occurred in etoposide-treated cells on ECM.
Elevated NFkB did not correlate with survival
on plastic but did correlate with survival on
ECM. Lastly, NFkB activation in ECV cells
cultured on ECM was found to be more impor-
tant in cell differentiation than in cell survival,
since antisense NFkB oligonucleotides inhib-
ited cellular differentiation without affecting
cell survival.

Huvec have been used for many studies of EC
function [Kubota et al., 1988; Morales et al.,
1995; Yang et al., 1996]. However, as primary
isolates, these cells exhibit a limited life span in
culture and do not survive most transfection
protocols. ECV304 cells were isolated from a
culture of primary Huvec that had undergone
spontaneous immortalization [Takahashi et al.,
1990]. Our studies confirm that ECV cells ex-
hibit growth arrest on Matrigel with associated
morphological differentiation. Other EC cells
have been shown to respond to estradiol and
express estrogen receptors [Venkov et al., 1996;
Spyridopoulos et al., 1997; Morales et al., 1995].
We report that ECV also express ERa and that

estradiol has a growth-promoting effect that is
inhibited by antiestrogen. These results are
important because they indicate that these im-
mortalized cells still retain hormonal responses
and may be useful targets to study the effects of
estrogen antagonists on endothelial cell func-
tion. In our study, we also found that ECV will
undergo apoptosis in response to the chemo-
therapeutic drugs taxol or etoposide. Interest-
ingly, ECM could prevent drug-induced apopto-
sis. This could be attributable to survival signals
mediated through ECM/integrin binding [Mer-
edith et al., 1996] or to the nonresponsive state
of the cells in G1 growth arrest [Bhalla and
Harris, 1998]. In addition, the presence of
growth factors in EHS matrix may contribute
to the observed protective effects on cell death.
Estradiol was able to inhibit the effects of taxol
on ECV cells but was not effective in preventing
etoposide-mediated apoptosis. Taxol acts to sta-
bilize microtubules and to prevent cell division
[Jordan and Wilson, 1998], while etoposide is a
topoisomerase inhibitor acting on enzymes in-
volved in DNA replication [Austin and Marsh,
1998]. It is possible that the protective effects of
estradiol are most evident in cells in growth
arrest (taxol, ECM treatment) and that nor-
mally cycling cells (etoposide-treated) are resis-

Fig. 7. Transfection of ECV cells with anti-sense NFkB oligo-
nucleotides inhibits ECV differentiation on extracellular matrix
(ECM). ECV cells were transfected with lipofectin (L), lipofectin
1 anti-sense (AS), or lipofectin 1 sense (S) or were not trans-
fected (control, C). After 48 h, cells were transfered to EHS
matrix-coated plates and observed for morphological changes.

In vitro differentiation was observed for all treatments after 6–24
h on EHS matrix (A). However, by 36 h, networks of ECV
transfected with antisense NFkB oligos began to retract, and
differentiation was inhibited (B). Network area was quantitated
at 36 h, using a video camera and Image-1 analysis software (C).
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tant to its effects. As with most hormone recep-
tors, transcriptional activation of other genes
involved in cell survival may mediate the protec-
tive effects of estradiol.

The apoptosis regulating proteins, Bcl-2 and
Bax, have been shown to function as het-
erodimers with relatively high expression of
Bcl-2 supporting cell survival and high expres-
sion of Bax inducing apoptosis [Granville et al.,
1998]. In ECV cells, levels of Bcl-2 and Bax
declined in cells undergoing apoptosis in the
presence of taxol or etoposide. Either ECV or
estradiol could prevent this down-regulation.
However, estradiol could not protect ECV cells
against etoposide-mediated cell death, even
though Bcl-2 and Bax levels remained high. It
is possible that other bcl-2 or Bax family mem-
bers may be involved in apoptosis in these cells.
On the other hand, p21 expression declined in
ECV cells treated with etoposide, even in the
presence of estradiol. This finding suggests that
failure to maintain adequate levels of p21 pro-
tein is incompatible with survival. By contrast,
cells cultured on ECM in the presence of etopo-
side did not undergo apoptosis while maintain-
ing high levels of p21 expression. These results
are consistent with our previous observations
using growth factor-deprived Huvec [Yang et
al., 1995]. Therefore, it appears that in these
ECV cells, regulation of apoptosis may depend
more on the cell cycle inhibitor p21 than on
Bcl-2/Bax ratios. In agreement with these find-
ings, it has been reported that expression of p21
is important in differentiation and survival [Hal-
evy et al., 1995; Parker et al., 1995]. In future
studies, overexpression of p21 in ECV cells may
be one way to address this issue.

NFkB activity was persistently elevated in
ECV cells cultured on ECM. These results sug-
gested that NFkB activity was associated with
either cell differentiation or cell survival. To
show that NFkB activation was mediating these
effects directly, specific NFkB antisense oligo-
nucleotides were used to transfect ECV. Al-
though cell differentiation was completely inhib-
ited by this treatment, cell viability was
unaffected. These results are consistent with
reports that NFkB is activated in fibroblasts
cultured on collagen matrix [Xu et al., 1998]
and that NFkB enhances differentiation of mi-
crovascular EC in response to hydrogen perox-
ide and TNF-a [Shono et al., 1996]. Normally,
IkB levels regulate NFkB activity with phos-
phorylation of IkB protein and subsequent deg-

radation by proteasomes leading to enhanced
NFkB activity [Stancovski and Baltimore, 1997].
However, ECV cells cultured on ECM exhibited
high NFkB activity without loss of IkBa or -b.
Similar studies have been reported using B
cells [Phillips and Ghosh, 1997] in which NFkB
DNA binding complexes were found in the
nucleus, even in the presence of high levels of
IkBb in the cytosol. However, other studies
using Huvec have reported that persistent
NFkB activation by TNF-a results from a sus-
tained reduction in IkBb levels [Johnson et al.,
1996]. The only conditions in which we ob-
served reduction of IkB levels with subsequent
NFkB activation were in etoposide-treated cells
on ECM. Under these conditions, growth arrest
and possible survival signals may lead to degra-
dation of IkB while preventing apoptosis.

In conclusion, we have shown that in immor-
talized ECV cells, apoptosis signal transduc-
tion is regulated by p21 expression, and to some
extent by estradiol and NFkB activation, in
etoposide-treated cells. NFkB activity was par-
ticularly important in regulating ECV differen-
tiation. The results suggest that these cells
may be useful to study the role of chemothera-
peutic agents and hormones in EC apoptosis
and differentiation.
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