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Nuclear factor of activated T cells and early growth response-|
cooperate to mediate tissue factor gene induction by vascular
endothelial growth factor in endothelial cells
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Erhard Hofer
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Summary

Based on the finding that tissue factor belongs to a group of
genes upregulated in endothelial cells by VEGF, but not by EGF,
we investigated signals selectively triggered by VEGF. Whereas
the transcription factor early growth response (EGR)-1, which
has previously been shown by us to be essentially involved in tis-
sue factor gene regulation, was similarly induced by both factors,
one major difference between VEGF and EGF signaling was the
activation of the Ca**-mediated calcineurin/nuclear factor of ac-
tivated T cells (NFAT) pathway by VEGF. Consistent with the im-
portance of this pathway for tissue factor induction, treatment
of endothelial cells with the Ca** chelator BAPTA-AM, as well as
the calcineurin inhibitor cyclosporin A, partially inhibited VEGF-
induced tissue factor upregulation. Furthermore, tissue factor
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reporter gene assays revealed a synergistic cooperation of
NFAT and EGR-1 in the induction of the TF promoter, and a
physical interaction between the two factors was indicated by
co-immunoprecipitation assays. Another gene upregulated by
VEGF predominantly via NFAT, which is not induced by EGF, is
the DSCR-I gene.The calcineurin inhibitor DSCR-1 seems to be
induced by VEGF in a negative feed-back loop to limit NFAT ac-
tivation.VWWhen we tested adenoviral overexpression of DSCR-1,
VEGF-mediated induction of tissue factor mRNA was reduced,
and complete suppression could be achieved by a combination
of viruses expressing DSCR-I and NAB2, a corepressor of
EGR-|.These findings support that both, NFAT and EGR-1, are
required for tissue factor upregulation in response to VEGFE
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Introduction

Among the endothelial-specific receptors the vascular endothe-
lial growth factor (VEGF) receptor family, in particular
VEGFR-2 or Flk-1, is the major initiator of physiological and
pathological angiogenesis (1). Additional endothelial cell-spe-
cific tyrosine kinase receptors of the Tie and ephrin receptor
families control later stages of angiogenesis and vessel stabiliza-
tion (2, 3). Aside from these receptors, which are almost exclus-
ively expressed on endothelial cells, additional growth factor re-
ceptors such as EGF and TGF-f receptors are found in endothe-
lial cells (3, 4). These are generally expressed on many different
cell types and are presumably involved in the regulation of sur-
vival, growth and differentiation in concert with the cell type
specific receptors.

We have previously found that the tissue factor (TF) gene is
among the genes strongly upregulated by VEGF and have inves-
tigated its regulation by VEGF (5-7). TF is a distant member of
the cytokine receptor family and functions as a high-affinity re-
ceptor for factor VII/VIla initiating the blood coagulation cas-
cade (8, 9). Aside from its important role in hemostasis (10-12),
TF has been proposed to play a role in vessel formation. It is
found to be expressed on tumor endothelium (13) and TF knock-
out mice die at gestation day 9.5 due to hemostatic problems in-
dicating a possible failure in vasculogenesis (14). Additional
data provide support for a signaling role of TF in the initiation of
physiologic as well as pathologic angiogenesis through indirect
factor VII-mediated activation of the PAR-2 receptor and direct
TF cytoplasmic tail signaling (15-17).
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The pathways leading to transcriptional upregulation of TF
by inflammatory cytokines have been intensively investigated by
us and others and are mainly dependent on activation of the nu-
clear factor kappa B (NF-xB) (10, 18, 19). Consistently, the NF-
KB responsive element within the TF promoter is essential for in-
flammatory upregulation and overexpression of the natural in-
hibitor of NF-xB (IkB) and almost completely abrogates inflam-
matory TF upregulation (20). In contrast, TF upregulation during
VEGF stimulation of endothelial cells does not appear to involve
NF-kB. It is dependent in part on the transcription factor early
growth response-1 (EGR-1), which is rapidly induced in re-
sponse to VEGF treatment. The respective EGR-1 binding sites
in the TF promoter have been previously shown by us to be essen-
tial for VEGF-mediated TF reporter gene transcription (6, 7).

Another strongly VEGF-upregulated gene which has turned
out to be important for the control of gene expression has been
recently identified by differential gene expression profiling (21,
22; B. Schweighofer and E. Hofer, unpublished data). This gene
known as DSCR-1, calcipressin or MCIP1, was originally de-
fined as one of the genes in the Down Syndrome Critical Region
on human chromosome 21 (23, 24), and the protein encoded by
this gene was found to bind to and inhibit the enzymatic activity
of the serine/threonine phosphatase calcineurin (25). It was re-
ported that VEGF can trigger DSCR-1 gene upregulation via
multiple NFAT binding sites in its promoter (26).

As part of an effort to define characteristic signaling patterns
induced by VEGF via VEGFR-2/Flk-1 important for gene regu-
lation and distinct from other tyrosine kinase receptors, we have
compared the capacity of VEGF and EGF to induce signaling path-
ways and genes in endothelial cells. We show that in contrast to
VEGE, EGF is not capable of inducing signals in endothelial cells
sufficient for upregulation of TE. We define the Ca™-dependent ac-
tivation of the transcription factor nuclear factor of activated T cells
(NFAT) as a pathway important for TF induction, which is activated
selectively by VEGF but not by EGF. We further provide evidence
that NFAT functionally and physically cooperates with EGR-1 in
TF gene regulation. In addition, we show that the DSCR-1 gene,
which similar to TF is selectively upregulated by VEGEF, acts as a
negative regulatory factor together with the EGR-specific core-
pressor NAB2 (5) in limiting VEGF-mediated TF gene regulation.

Materials and methods

Cell culture and materials
Human umbilical vein endothelial cells (HUVEC) were cultured
at 37°C and 5% CO, in medium 199 (Invitrogen, Carlsbad, CA,
USA) supplemented with 20% SCS (HyClone, Logan, UT,
USA), 1 U/ml heparin, 50 pg/ml ECGS (Technoclone, Vienna,
Austria), 2 mM glutamine, 100 U/ml penicillin and 1 mg/ml
streptomycin (7). Cells were used for experiments up to passage
number 5. Short-starved cells were obtained by starving with 1%
serum for 5 hours (h). Two hundred ninety-three HEK cells were
grown in MEM alpha medium (Invitrogen) supplemented with
10% FCS (HyClone), 2 mM glutamine, 100 U/ml penicillin and
1 mg/ml streptomycin.

Recombinant human VEGF 45 was obtained from PromoCell
(Heidelberg, Germany) or Peprotech (London, England). Phor-
bol 12-myristate 13-acetate (PMA), citrated plasma and calcium

ionophore A23187 were purchased from Sigma Chemicals (St.
Louis, MO, USA). Cyclosporin A (CsA) was kindly provided by
the Novartis Research Institute (Vienna, Austria). Polyclonal
rabbit anti-EGR-1 and anti-GFP antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA) and New England
Biolabs Inc. (Beverly, MA, USA), respectively. Peroxidase-con-
jugated donkey anti-rabbit immunoglobulin G (IgG) and sheep
anti-mouse IgG were purchased from GE Healthcare Bio-
Sciences (Little Chalfont, UK), Immobilon-P transfer mem-
branes from Millipore (Bedford, MA, USA) and LumiGLO
chemiluminescent reagent from New England BioLabs.

Recombinant adenoviral constructs and infection

For the construction of a recombinant adenovirus expressing
N-terminal Flag-tagged DSCRI splice form 1, a human full-
length DSCR1 ¢DNA for splice form 1 (clone
IRALp962A2315Q2, RZPD — Heidelberg, Germany) was sub-
cloned into the vector pACCMVpLpASR+ (5). For this purpose
a 637-bp fragment was amplified by PCR and inserted between
the BamHI and HindIII sites of the polylinker. The forward
primer providing a BamHI site and encoding an N-terminal
Flag-tag (27) was 5°’-CGGGATCCATGGACTACAAGGAC-
GACGATGACCAAGGAGGAGGTGGACCTGCAGGAC-3’,
the reverse primer including a HindIll site was
5’-CCCAAGCTTTCAGCTGAGGTGGATCGGCGT-3". The
NAB2-expressing adenovirus and the control adenovirus with-
out insert have been described previously (5). Production of
high-titer virus stocks was performed as reported in reference
(5). For infection HUVEC grown in six-well plates for two days
were incubated with the recombinant adenoviruses for 24-48 h at
a multiplicity of infection (MOI) of 100.

Tissue factor activity assay

Cells were seeded in six-well plates at 70% confluency and
grown overnight. Following treatment with growth factors or
other reagents, cells were scraped from the plates and analyzed
for TF activity as described (7). Briefly, after induction for 6 h
with VEGF or EGF cells were washed twice and then scraped in
1 ml clotting buffer (12 mM sodium acetate, 7 mM diethylbarbi-
tate and 130 mM sodium chloride; pH 7.4). 100 ul of resus-
pended cells were mixed with 100 pl of citrated plasma and clot-
ting times were measured after recalcification with 100 ul
20 mM CaCl, at 37°C. TF equivalents were determined by using
a standard curve established with rabbit brain thromboplastin.

RNA isolation and real time RT-PCR

After incubation with the indicated stimuli, cells were treated
with RNAlater (Ambion, Austin, TX, USA), washed once with
DEPC-treated water and processed for RNA isolation. RNA was
extracted from cultured endothelial cells with Trizol (Invit-
rogen). Two pg of total RNA were reverse transcribed into cDNA
(SuperscriptTM II RT, Invitrogen) using oligo-dT primers and
real-time PCR was used to monitor gene expression using a
Light Cycler instrument (Roche Diagnostics GmbH, Mannheim,
Germany) according to established procedures (28, 29). As inter-
nal standard the amount of f2-microglobulin mRNA was used
for normalization. The oligonucleotide primers used were as fol-
lows:
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TF-forward: 5’-CCGAACAGTTAACCGGAAGA-3’, TF-
reverse: 5’-TCAGTGGGGAGTTCTCCTTC-3’; EGR-1-for-
ward: 5’-AGCCCTACGAGCACCTGAC-3’, EGR-1-reverse:
5’-TGGGTTGGTCATGCTCACTA-3’; DSCRI1_E4-forward:
5’>-TTAGCTCCCTGATTGCCTGT-3’; DSCR1_E4-reverse:
5’-GGAGAAGGGGTTGCTGAAGT-3’; DSCR1-forward:
5’-GCCAAATTTGAGTCCCTCTTT-3’; DSCRI1-reverse:
5’-GGTCGCATCTTCCACTTGTT-3"; P2-microglobulin-for-
ward: 5’-GATGAGTATGCCTGCCGTGTG-3’; B2-microglo-
bulin-reverse: 5’-CAATCCAAATGCGGCATCT-3".

Western blot analysis

After the various treatments, cells were washed twice with ice-
cold phosphate-buffered saline (PBS), lysed in 100 ul of
Laemmli buffer, scraped and heated for 5 minutes (min) at 95°C.
Total cell lysates were subjected to SDS-PAGE and the separated
proteins transferred to Immobilon-P membranes according to
described procedures (30). For staining, the membranes were
blocked for 30 min with PBS containing 0.1% Tween-20 and 3%
skim milk and incubated with the primary antibody diluted in
blocking buffer for 1 h at room temperature (RT). Then the mem-
branes were washed three times for 5 min with PBS containing
0.1% Tween-20 and incubated with peroxidase-conjugated sec-
ondary antibody for 1 h at RT. After a washing step, the mem-
branes were incubated for 1 min with ECL reagent (GE Health-
care Bio-Sciences) and exposed to X-ray films as required. For
reprobing with an additional antibody, the membranes were
washed twice in PBS, stripped for 30 min at 55°C with stripping
buffer (62.5 mM Tris-HCL, pH 6.8, 2% SDS, 100 mM 2-mer-
captoethanol) and washed three times for 5 min with PBS at RT.
The membrane was stored wet wrapped in SaranWrap at 4°C
after each immunodetection.

Co-immunoprecipitation

Two hundred ninety-three HEK cells were grown in six-well
plates to about 70% confluency, and calcium phosphate transfec-
tion was performed with the expression constructs for EGR-
1-myc, GFP-NFAT or a combination of both plasmids. The con-
struct for the expression of human EGR-1 was obtained in the
pcDNA 3.1/myc vector, which provides for the addition of a
C-terminal myc-tag (Invitrogen, Carlsbad, CA, USA), by ligat-
ing a PCR product encompassing the coding region of the human
EGR-1 gene including the single intron into the vector (31). The
expression vector for a GFP-NFAT fusion protein (N-terminal
pRSGFP-C1-NFATc) was kindly provided by L. Gerace (32).
Twenty-four h post-transfection the cells were treated for 1 h
with PMA (100 nM) or A23187 (2.5 mM). Then the cells were
lysed for 20 min in 500 pl IP-lysis buffer (50 mM HEPES pH 7.3,
150 mM NaCl, 1 mM EDTA, 1% Triton X-100) containing pro-
tease inhibitors (PMSF, TPCL and TLCK) and the lysate centri-
fuged for 10 min at 15,000 rpm. For immunoprecipitation 2.5 pg
rabbit polyclonal anti-myc antibody and 50 pl washed protein A
Sepharose beads were added to 400 pl cleared cell lysate. Immu-
noadsorption to the protein A Sepharose beads was performed
o/n at 4°C. The beads were then washed five times in NP40 IP-
buffer (50 mM Tris pH7.5, 150 mM NaCl, 1 mM EDTA and
0.25% NP-40), the bound proteins solubilized in Laemmli buffer
and analyzed by Western blotting.

Transient transfections

Reporter gene constructs containing a fragment of the TF pro-
moter (-330 to +118 bp) cloned into the luciferase expression vec-
tor pUBT-luc were previously described (18). Transient transfec-
tions of HUVEC were performed using the Lipofectamine Plus™
reagent (Invitrogen). Twenty-four h prior to transfection, HUVEC
were seeded in six-well tissue culture plates to reach 70% con-
fluency the next morning. Cells were incubated with transfection
mixture containing a total of 1.5 ug DNA of the various cotrans-
fected plasmids (including a CMV-B-gal or a TK promoter driven
renilla-luciferase construct as internal control), 6 pl Plus™
reagent and 3 pl Lipofectamine in a total volume of
1 ml medium 199 per well for 2 h. Then cells were washed and in-
cubated in M199 medium and 20% serum for 20-30 h before the
treatment of the cells with growth factors or other reagents. Cells
were lysed and luciferase values determined from triplicate wells
and normalized to B-galactosidase produced from cotransfected
expression plasmids. Several identical experiments were perform-
ed with plasmids from different DNA preparations to exclude an
influence of DNA quality. In some cases the dual-luciferase® re-
porter assay system was used. Cells were then lysed for 20 min in
ice-cold passive lysis buffer and measurement of firefly- and renil-
la-luciferase activity was performed on a luminoscan. Reagents
and components of the dual-luciferase reporter assay system were
purchased from Promega (San Luis Obispo, CA, USA).

Immunofluorescence studies

Endothelial cells were seeded on LabTek 8-well tissue culture
chamber slides (NUNC, Wiesbaden, Germany) coated with fi-
bronectin. The cells were rinsed briefly in PBS and fixed in 3%
paraformaldehyde or 3.7% formaldehyde/2% sucrose. Permea-
bilization was achieved by addition of PBS containing 0.25%
Triton X-100. EGR-1 specific rabbit antibody were diluted in
PBS/0.5% BSA and incubated for 2 h at RT. The cells were
washed three times in PBS/0.5% BSA. Secondary FITC-conju-
gated anti-rabbit antibodies (Accurate Scientific, Westbury, NY,
USA) were used for visualization. Cover slips were mounted in
FA mounting fluid (BD Diagnostics, Franklin Lakes, NJ, USA)
and results analyzed on a Nikon Diaphot TMD microscope. Im-
ages were taken by a CCD camera (Kappa GmbH, Gleichen,
Germany).

Statistical analysis

To show significance of the data obtained p-values were calcu-
lated by Student'’s t-test. Statistical significance was assumed if
the two-tailed p-value was <0.05.

Results

VEGF and EGF differ in their capacity to upregulate TF
in endothelial cells

In an attempt to define signaling pathways characteristic for
VEGF/VEGFR-2 we compared VEGF and EGF in their ability
to upregulate TF expression in endothelial cells. When HUVEC
were activated with VEGF a strong increase in TF mRNA, and
protein expression was observed, whereas treatment with EGF
failed to induce significant TF expression (Fig. 1A, B). Accord-
ing to our previous data, EGR-1 is decisively involved in the

990



Schabbauer et al. TF gene induction by NFAT and EGR-|

60 1
=
S
< g 40
£2
Ego
Lo
e [CIVEGF
WEGF
0 -
0 1 2
A) time (h)
60 1
5
g
40 1
ES
- B
X o
Qe
=209 CIVEGF
0 x T
0 30 60
<) time (min)

3
i)
&_ 2
EpR
2%
w3
(VA e -
Control VEGF EGF
B)
VEGF(min) 0 30 60 120 180 240
t< 1 T
WB: o-EGR-1
EGF(min) 0 30 60 120 180 240
— -
~raaen
D)  WB: o-EGR-1

Figure |:Tissue factor and EGR-| upregulation by VEGF as
compared to EGF. A) TF mRNA levels in HUVEC in response to VEGF
or EGF HUVEC were treated with VEGF (100 ng/ml) or EGF (10 ng/ml)
for | and 2 hours, respectively, and the amount of TF mRNA was deter-
mined by real-time RT-PCR as described in Materials and methods. The
mean values * SD obtained from three independent experiments are
shown. B) TF activity following treatment of HUVEC with VEGF or EGF.
HUVEC were harvested in clotting buffer after 6 h stimulation with
VEGF (100 ng/ml) or EGF (10 ng/ml). Aliquots of endothelial cell lysates
were used in one stage clotting assays to determine tissue factor activity.

VEGF-mediated upregulation of TF, since deletion of the EGR-1
sites from the TF promoter abrogates VEGF-mediated induction
of TF reporter genes (6, 7) and an adenovirus overexpressing the
specific corepressor of EGR-1, NAB-2, strongly inhibited the
VEGEF effect on TF mRNA (5).

However, when we next tested whether the inability of EGF
to induce TF induction would be reflected in a diminished capac-
ity of EGF to trigger EGR-1 production, we observed that EGF
was at least as efficient as VEGF in the induction of EGR-1
mRNA and protein (Fig. 1C, D). It appeared therefore that an-
other pathway selectively induced by VEGF would be important
in addition to EGR-1 to activate the TF gene. One of the candi-
date pathways, which is critically involved in the regulation of TF
by inflammatory mediators, the NF-xB pathway (18, 20), was
excluded since according to our previous data VEGF did not
cause significant activation of this pathway (6, 7) and over-
expression of [kB, the natural inhibitor of NF-kB, had no strong
inhibitory effects on TF upregulation in response to VEGF (data
not shown). [kBo: overexpression by adenoviruses had been pre-
viously shown to largely abrogate TF induction by TNF-c. (20).

The role of Ca** signaling and NFAT activation for
VEGF-mediated TF upregulation

Based on previous data that NFAT can bind to and activate the TF
promoter (33), we investigated the quantitative contribution of

The mean values + SD obtained from three independent experiments
are shown. C) EGR-I mRNA levels in HUVEC in response to VEGF
(100 ng/ml) or EGF (10 ng/ml) as determined by real-time RT-PCR.

D) Induction of EGR-1 by VEGF or EGF. HUVEC were stimulated for the
indicated time periods with VEGF (100 ng/ml) or EGF (10 ng/ml). The
cells were lysed in SDS-sample buffer. Equal amounts of the whole-cell
lysates were loaded on SDS-PAGE and blotted with an anti-EGR- | anti-
body. A representative experiment of five performed with similar results
is shown.

Ca™ signaling and NFAT activation to TF upregulation by VEGF.
For this purpose we used the calcineurin inhibitor cyclosporin A
(CsA). The obtained data show that VEGF-mediated upregu-
lation of TF mRNA and protein expression was inhibited by CsA
to an extent of about 50% and 40% supporting a significant con-
tribution of this pathway to TF upregulation (Fig. 2A, B). To con-
firm that Ca*" signals can upregulate TF, we further tested the in-
duction of TF by the Ca** ionophore A23187 and its inhibition by
CsA. TF mRNA and protein was strongly induced by the Ca*™ io-
nophore and CsA inhibited this induction by about 80 and 50%
(Fig. 2A, B). Usually ionophore induction reached only levels of
about 30-50% of the VEGF-mediated induction (data not
shown). This and the stronger inhibition of the A23187 effect by
CsA when compared to the inhibition of the VEGF induction
suggests that, in the case of VEGF, pathways in addition to calci-
neurin/NFAT have an important role in the induction. This is
further supported by the finding that when the Ca™ chelator
BAPTA-AM is used to inhibit Ca™ signals, the effects of the
Ca™ ionophore are almost completely inhibited, whereas the
VEGF effects again are inhibited only partially by about 30%
(Fig. 2C).

To test whether NFAT induction might be a substantial differ-
ence between VEGF and EGF signaling and would be signifi-
cantly blocked by CsA in endothelial cells, we transfected
HUVEC with an expression vector for an NFAT-GFP fusion pro-
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Figure 2: Inhibition of VEGF- and A23187
ionophore-mediated tissue factor up-
regulation by CsA and BAPTA-AM.

A) HUVEC were seeded in six-well plates and
grown to confluency. Cells were preincubated
with CsA (I pg/ml) for 30 min and then in-
duced with VEGF (100 ng/ml) or A23187

(2.5 pM) for 2 h. Tissue factor mRNA levels
were determined by real time RT-PCR as de-
scribed Materials and methods. Data are dis-
played as % of the VEGF- or A23187-induced
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mRNA levels. The mean values + SD obtained
from three independent experiments are
shown. B) HUVEC were seeded in six-well
plates and grown to confluency. Pretreatment
with CsA (Ipg /ml) was performed 30 min be-
fore the cells were stimulated with VEGF

(100 ng/ml) or A23187 (2.5 pM) for 6 h. Ali-
quots of endothelial cell lysates were used in
an one stage clotting assay to determine tissue
factor activity. Data are displayed as % of the
VEGF- or A23187-induced mRNA levels. The
mean values + SD obtained from three inde-
pendent experiments are shown. C) HUVEC
were preincubated with BAPTA-AM (10 pM)
for 30 min and then induced with VEGF

(100 ng/ml) or A23187 (2.5 pM) for 6 h. Cells
were harvested in clotting buffer, and tissue
factor activities were determined. A represen-
tative experiment of three performed with
similar results is shown.

tein (32). One day after transfection the cells were stimulated
with VEGF, A23187 or EGF in the presence or absence of CsA.
Then the cytoplasmic-nuclear translocation of NFAT was ana-
lyzed by immunofluorescence. The obtained data showed that
upon stimulation with VEGF and ionophore, NFAT translocated
rapidly to the nucleus within 30 min, and this translocation could
be largely inhibited by preincubation of the cells with CsA (Fig.
3A). In contrast, no stimulation of translocation could be ob-
served for EGF, which obviously is not competent to induce Ca*™
signals and NFAT translocation. When parallel control samples
were stained for EGR-1, a rapid synthesis and nuclear accumu-
lation of EGR-1 after 45 min was revealed in VEGF- as well as in
EGF-treated samples (Fig. 3B). These data support that the spe-
cific calcineurin-dependent activation and nuclear translocation
of NFAT by VEGF might be a relevant factor for the selective ac-
tivation of certain genes by VEGEF, which can not be induced by
some other growth factors such as EGF in endothelial cells.

NFAT cooperates with EGR-1 in TF gene induction
To show that the inhibition observed at the mRNA and protein
level is due to reduced TF gene transcription, we further examin-

ed the effects of CsA on a TF reporter gene. HUVEC were trans-
fected with the reporter gene containing the —330/+118 bp TF
promoter element fused to a luciferase reporter construct (18). In
this assay, TF promoter transactivation was upregulated five-fold
when cells were treated with VEGF. Comparable to the reduction
in TF mRNA and protein levels, the induction of the reporter
gene by VEGF was inhibited by preincubation with CsA by
about 50-60%. PMA/A23187-induced transcription was simi-
larly affected suggesting that indeed a significant portion of the
VEGEF stimulation of the TF promoter can be mediated through
the Ca**/calcineurin/NFAT pathway (Fig. 4A).

We further analyzed the individual capacities of EGR-1 and
NFAT to transactivate the TF promoter. For this purpose ex-
pression plasmids for EGR-1 or NFAT and combinations of both
were transfected into HUVEC. These experiments showed that
overexpression of EGR-1 alone was sufficient to transactivate the
—330 bp reporter gene up to six-fold. In contrast to EGR-1, NFAT
overexpression only slightly, although significantly (p < 0.02 vs.
control), induced the TF promoter reporter gene. However, co-ex-
pression of both transcription factors resulted in synergistic trans-
activation of the promoter. In several independent reporter gene
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Figure 3: VEGF and A23187 ionophore induce cytoplasmic-
nuclear translocation of NFAT, whereas EGF fails to activate
NFAT. A) Cytoplasmic-nuclear transfer of a GFP-NFATc fusion protein.
HUVE cells were transfected with an expression construct for a GFP-
NFATc fusion protein. Twenty-four h post transfection the cells were in-
duced with VEGF (100 ng/ml), EGF (10 ng/ml) or A23187 (2,5 puM) for
45 min. Where indicated, cells were preincubated with CsA (I pg/ml)
for 30 min prior to stimulation. Cytoplasmic-nuclear transfer was moni-
tored in a Nikon fluorescence microscope equipped with a BM510
(B-2A\) filter. B) Immunofluorescence of nuclear accumulation of EGR-1.
HUVEC were treated with VEGF or EGF for 45 min, then the cells were
fixed, permeabilized and stained using an anti-EGR-1 antibody and a
FITC-conjugated secondary antibody as described in Materials and meth-
ods.

experiments on average an 11-fold upregulation of the luciferase
gene driven by the tissue factor promoter was revealed (Fig. 4B).
These data provide evidence for a cooperative transactivation of
the TF promoter by both factors, although it appears that EGR-1
plays a predominant role in the in-vitro reporter assay.

Since the reporter gene assays revealed a functional interac-
tion of EGR and NFAT in endothelial cells it seemed possible,
that these two proteins might also interact physically with each
other. To test this possibility, myc-tagged EGR-1 and the GFP-
NFATc fusion protein were overexpressed in human epithelial
kidney 293 cells (293 HEK). Assuming that PKC activation and
intracellular Ca™ signals might lead to modifications of EGR-1
and NFAT supporting interactions, samples of the cells were also
treated with PMA and calcium ionophore A23187. Co-immu-
noprecipitations were then performed with extracts from the un-
induced and PMA/ionophore-induced 293 HEK cells. The pre-
cipitated proteins were analyzed on immunoblots with GFP- and
EGR-1-specific antibodies. The obtained data show the presence
of GFP-NFATc in immunoprecipitates of EGR-1-myc from un-
induced and induced lysates (Fig. 4C); however, no significant
increase of GFP-NFATc appeared to be present in immunop-
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Figure 4: Functional and physical interaction of NFATc and
EGR-1. A) A reporter gene construct containing a 330-bp TF promoter
element was transfected into HUVEC. Sixteen h post transfection the
cells were starved in M199 medium with 2% serum for at least 8 h. The
cells, in part pretreated with CsA as indicated, were then stimulated
with VEGF (100 ng/ml) or a combination of PMA (10 nM) and A23187
(2.5 pM) for further 6 h. Then the cells were lysed and luciferase activity
was measured using a dual-luciferase reporter assay system. A represen-
tative experiment of three performed in duplicates is shown. B) En-
dothelial cells were transfected with a tissue factor reporter gene con-
struct containing the wild-type —330 bp promoter sequence. Cotrans-
fection was performed with either an EGR-1—- or an NFATc over-
expression construct or a combination of both. Twenty-four h post
transfection the cells were harvested, lysed and luciferase activity deter-
mined. Luciferase values were normalized to 3-Gal expression from a
cotransfected CMV-BGal construct. Mean values + SD obtained from
three independent experiments performed in duplicates are displayed.
C) Two hundred ninety-three HEK cells were cotransfected with over-
expression plasmids for myc-tagged EGR-| and GFP-NFATc fusion pro-
tein. Cells were harvested without or after treatment with a com-
bination of PMA (10 nM) and A23187 (2.5 pM) for 60 min. Cells and im-
munoprecipitations were performed with rabbit polyclonal anti-myc
antibodies and protein A sepharose beads overnight. Equal aliquots of
the immunoprecipitates or aliquots of the total cellular lysates were
then loaded on 7.5% SDS-PAGE and probed with o-GFP or a-EGR-1
antibodies. The positions of the GFP-NFATc and of a non-specific band
(n.s.) are indicated by arrows.
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Figure 5: The calcineurin inhibitor DSCRI is selectively regu-
lated by VEGF and inhibits NFAT-dependent gene expression.
A) DSCRI_E4 mRNA levels in HUVEC in response to VEGF and EGF.
HUVEC were induced with VEGF (100 ng/ml) or EGF (10 ng/ml), and
total DSCRI mRNA levels were determined by real time RT-PCR. B) In-
hibition of VEGF-mediated DSCR|_E4 mRNA induction by CsA.
HUVEC were preincubated with CsA (I pg/ml) for 30 min and then in-
duced with VEGF (100 ng/ml) for the times indicated. DSCRI_E4 mRNA
levels were determined by real time RT-PCR. C) Inhibition of VEGF-me-
diated DSCR1_E4 and TF mRNA induction by DSCRI_EI and NAB2
adenoviruses. HUVEC were infected with DSCRI_E| and NAB2 ade-

recipitates from PMA/A23187-induced lysates. The sizes and
levels of expression of EGR-1-myc and GFP-NFATc¢ in total cell
lysates are shown for control purposes in the right panel of Fig-
ure 4C. These data suggest that in addition to the binding to their
respective specific binding elements in the tissue factor pro-
moter a physical interaction between NFAT and EGR-1 provides
a basis for their functional cooperation in endothelial cells. A
similar interaction has been proposed to occur during the regu-
lation of the IL-2 and TNF-o: genes in T lymphocytes (34, 35).

The calcineurin inhibitor DSCR-1 is selectively
upregulated by VEGF

Recent microarray data obtained by us and other laboratories
have identified DSCRI, a gene encoding a protein with calci-
neurin inhibitory function, among the most highly VEGF-up-

noviruses and further grown for 24 h. Infected cells were induced with
VEGF (100 ng/ml) for 2 h. DSCRI_E4 and TF mRNA levels were deter-
mined by real-time RT-PCR. Data are displayed as % of the VEGF-induced
mRNA levels. D) Inhibition of ionophore-mediated DSCR|_E4 and TF
mRNA induction by DSCRI_EI and NAB2 adenoviruses. HUVEC were
infected with DSCRI_EI and NAB2 adenoviruses and further grown for
24 h. Infected cells were induced with A23187 for 2 h. DSCR|_E4 and
TF mRNA levels were determined by real-time RT-PCR. Data are dis-
played as % of the A23187-induced mRNA levels. Values were obtained
from three independent experiments performed throughout A-D.

regulated genes in endothelial cells (21, 22; B. Schweighofer and
E. Hofer, unpublished data). DSCRI spans nearly 45 kb of ge-
nomic DNA and comprises seven exons, four of which (exons
1-4) are alternative first exons (36). Since our data from Affyme-
trix microarray analysis had further indicated that DSCR-1
splice variant 4 (Calcipressin 1 isoform c) is, similar to TF, selec-
tively upregulated by VEGF but not by EGF, we included DSCR1
in this study. The data obtained with real-time RT-PCR showed
that VEGF strongly induces the DSCR1 exon 4 splice form
(DSCR1_E4) mRNA with kinetics similar to TF up to 80-fold,
whereas mRNA levels after EGF treatment are nearly unchanged
(Fig. 5A). In contrast to TF induction, this upregulation was al-
most completely inhibited by CsA supporting that the exon 4
splice variant of the DSCR-1 gene is upregulated by VEGF pre-
dominantly via the calcineurin/NFAT pathway (Fig. 5B). A cor-
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responding promoter element containing several NFAT binding
sites has previously been identified upstream of exon 4 of the
DSCR-1 gene (26). These data further support that NFAT acti-
vation is important for the upregulation of a group of genes by
VEGF, which are not influenced by EGF.

DSCR-I in combination with the EGR-specific
repressor NAB2 completely inhibits VEGF-induced

TF expression

Since DSCR-1, also known as calcipressinl or MCIP1 (modula-
tory calcineurin interacting protein 1), has been shown to bind to
and inhibit the enzymatic activity of calcineurin (23, 25), we
have further constructed recombinant adenoviruses expressing
DSCRI1. To be able to monitor the endogenous DSCR1_E4
splice form, which is regulated by VEGE, adenoviruses for ex-
pression of DSCR1 exon 1 splice form (DSCR1_E1) were pre-
pared. Splice form 1 is not regulated by VEGF and is only ex-
pressed at very low levels or absent from endothelial cells ([21];
B. Schweighofer and E. Hofer, unpublished data). Over-
expression of DSCR1_E1 was then tested for its effects on
VEGF-mediated upregulation of TF and endogenous
DSCR1_E4 (Fig. 5C, D). The obtained data show that
DSCRI1_E1 overexpression prevented induction of DSCR1_E4
mRNA by VEGF as well as A23187 almost completely. This
demonstrates that the calcineurin/NFAT pathway is predomi-
nantly important for DSCR1_E4 induction. In the case of TF
mRNA the A23187-mediated upregulation was reduced by 90%,
the inhibition of the VEGF regulation resulted on average in re-
ductions of about 50% similar to the CsA inhibition. However,
when adenoviruses expressing the corepressor NAB2 where
used in addition to DSCR1_E1 viruses, TF mRNA induction was
nearly completely inhibited. This supports the importance of
both, the NFAT and EGR-1 pathways, for TF induction.

Discussion

The individual members of the endothelial-specific growth fac-
tor receptor families including the VEGF, Tie and ephrin recep-
tors as well as some other receptors present on many different
cell types, such as the EGF receptor, are receptor tyrosine ki-
nases and possess multiple tyrosine residues in their cytoplasmic
domain. These are in part phosphorylated upon activation by
their specific ligands and then function as specific docking sites
for molecules initiating cytoplasmic signaling cascades (2).
Since the different receptor tyrosine kinases elicit to some de-
gree overlapping, but also distinct responses in endothelial cells,
part of the signals generated from the different receptors presum-
ably differ from each other. In the case of the VEGFR-2 the cyto-
plasmic domain contains 19 tyrosines (1, 37, 38) and their differ-
ential degree of phosphorylation and functioning as docking
sites for different signaling molecules leading to the activation of
distinct signaling pathways is currently intensively investigated.
Since we have identified the TF gene as the example of a gene
strongly upregulated by VEGF (6, 7), but to a lesser degree or not
at all by some other tyrosine kinase receptors such as the EGF re-
ceptor (see Fig. 1), we have investigated the intracellular signals
leading to this selective induction. The VEGF-A-mediated up-
regulation, as previously shown, is mainly mediated via

VEGFR-2, since isoforms of VEGF selectively binding to
VEGEFR-2 can upregulate TF comparable to VEGF-A (7, 39) and
PIGF, which specifically binds to VEGFR-1, only marginally af-
fects TF ([40]; G. Schabbauer and E. Hofer, unpublished data).

TF is an important component of the repair mechanisms of
vascular cells and as primary initiator of the blood coagulation
cascade ensures the structural integrity of damaged vessels after
inflammatory and/or mechanical injuries (8, 9). However, it
seems to be a molecule of dual functions, to be also important for
later stages of tissue repair such as wound healing (9, 41) and to
have a regulatory role in the formation of new vessels (12, 15).
TF has been directly implicated in vasculogenesis (14), as well as
in tumor angiogenesis (13, 16, 41). The available evidence sug-
gests that TF contributes to these processes by induction of intra-
cellular signaling directly through its cytoplasmic domain and
indirectly via factor VIla-dependent PAR-2 activation (9, 15,
42). In endothelial cells the duality of its function seems to be re-
flected by its upregulation by inflammatory mediators and by
VEGF-A.

We have previously identified the transcription factor EGR-1
as a relevant factor involved in the induction of the TF gene by
VEGF-A (7). Induction of TF and EGR-1 by VEGF was further
dependent on the MAP kinases MEK/ERK and on PKC, since
TF induction could be largely inhibited by the respective in-
hibitors of MEK and PKC, PD098059 and bis-indolylmaleimide
(6). Overexpression of NAB2, a specific corepressor of EGR-1,
strongly inhibited VEGF-A-mediated TF upregulation suppor-
ting the important role of EGR-1 (5). However, since EGR-1 is
induced to a similar extent by EGF and VEGF, it seems that al-
though EGR-1 is obviously essential for a significant part of the
VEGF induction, in the form induced by EGF it is not sufficient
to mediate upregulation of the endogenous TF gene. This differs
from transcription studies using reporter gene assays, since in
these assays cotransfections with EGR-1 expression plasmids
alone can efficiently upregulate the TF promoter (5, 7).

Several lines of evidence suggested that VEGFR-2 is very ef-
fective in recruiting and activating PLC-y and the downstream
Ca*™ and PKC signaling pathways (37, 43, 44) including our pre-
vious results that EGR-1 induction by VEGF is largely PKC-de-
pendent and could be inhibited by PKC inhibitors (6). It seemed
therefore plausible that the induction of the Ca** signaling path-
way leading to calcineurin activation, NFAT dephosphorylation
and cytoplasmic-nuclear translocation, might be required for ef-
ficient TF upregulation. On the other hand, we speculated that
EGF would insufficiently trigger the activation of this pathway.
We show here that this indeed is the case. VEGF triggered the
rapid cytoplasmic-nuclear shuttling of an NFAT-GFP fusion pro-
tein, whereas EGF was completely inefficient. The specific cal-
cineurin inhibitor CsA as well as the Ca™ chelator BAPTA-AM
significantly inhibited TF upregulation by VEGF to about 50%.
Furthermore, the Ca*" ionophore A23187 strongly upregulated
TF, demonstrating that the Ca** signals alone can trigger TF up-
regulation.

Since these data supported that EGR-1 and NFAT are both
contributing to full TF induction by VEGEF, we investigated a po-
tential direct cooperation between the two factors in reporter
gene assays and by coimmunoprecipitation. In the reporter gene
assay EGR-1 alone caused a significant upregulation and the
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combination of EGR-1 with NFAT displayed a synergistic effect
(Fig. 4B). By itself NFAT only slightly increased promoter activ-
ity suggesting that the factor alone is not effective to cause strong
TF upregulation but requires the presence of EGR-1. It is impor-
tant to note that the NFAT consensus sequence within the TF pro-
moter significantly overlaps with the NF-xB binding site (33). In
case of stimulation of the cells with suboptimal doses of VEGF
and TNF-o, NFAT induced by VEGF and NF-kB induced by
TNF-o might additively contribute to TF expression, whereas in
excess of both factors they are likely to compete for binding to
the composite NF-xB/NFAT DNA binding site. Coimmunop-
recipitations performed with overexpressed NFAT and EGR-1
support the idea that the functional cooperation between the fac-
tors is based on a physical interaction. It is possible that EGR-1
and NFAT by interacting with each other mutually increase their
binding to the respective promoter elements or synergistically
increase their potential to promote transcription initiation, as it is
supported by the reporter gene studies. This hypothesis is in ac-
cordance with previously published reports, describing direct
cooperative interactions and stable physical protein complexes
between EGR-1 and NFAT important in the activation of the IL-2
and TNF-a promoters in T cells (34, 35, 45).

In regard of the role of the Ca** signals for VEGF-mediated
gene regulation it is of importance that recent data from differen-
tial screens and microarrays have identified the calcineurin in-
hibitor DSCR-1 as one of the most highly VEGF upregulated
genes (21, 22). Our own Affymetrix data confirmed by RT-PCR
have defined DSCR-1 and TF in a top group of the 20 most highly
VEGF-upregulated genes in relative terms. Both display an over
30-fold upregulation of mRNA when compared to uninduced
cells. In contrast to TF, DSCR-1 belongs also in the absolute
amount of mRNA produced to the top group (Schweighofer et al.,
manuscript in preparation). Several splice forms of the DSCR-1
protein have been shown to bind to calcineurin and to inhibit its
phosphatase activity preventing the activation of NFAT (46). The
regulatory importance of DSCR-1 for Ca™ signaling is shown by
the multiple disease manifestations primarily in trisomy 21 (24)
connected to inappropriate expression of the protein. In addition,
chronic overexpression of DSCR-1 was on the one hand linked to
Alzheimer disease (47), but on the other hand protected against
cardiac hypertrophy in animal models (48) supporting the im-
portance of a disturbed NFAT/DSCR-1 balance in these diseases.
The strong induction of DSCR-1 by VEGF seems to result in a
negative feedback loop to limit the Ca™/calcineurin component
of VEGF signaling and therefore potential harmful effects of ex-
cess and prolonged NFAT activation.

We have therefore used the DSCR-1 gene as a second
example to test for the importance of the calcineurin/NFAT path-
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