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ABSTRACT

Thrombomodulin (TM) is expressed on vascular
endothelial cells and plays an important role in the
anticoagulant pathway by maintaining the thrombo-
resistance of the blood vessel wall. We show that in
primary human endothelial cells TM gene expression
is repressed at the transcriptional level by Tumour
necrosis factor (TNFa) through a protein kinase C
independent pathway. The TM promoter is highly active
in endothelial cells and is inhibited by TNFa. The
—76/-56 region mediates both specific high basal
activity and TNFa-repression. It binds a nuclear factor
specific to endothelial cells, that appears to belong to
the Ets-family by various criteria. The — 76/ - 56 region
contains three direct repeats of the ets-core sequence
GGAA that are important for specific high basal activity,
TNFa repression and trans-activation by expression of
Ets-1 and 2. Although human Ets-1 (h-Ets-1) and
chicken c-Ets-1 and 2 stimulate the TM promoter
through the -76/-56 element, their activity is not
suppressed by TNFa. c-Ets-1 competes and overrides
TNF« repression in a concentration dependent manner.
We propose that either a different member of the Ets
domain protein family, or an Ets-associated co-factor,
is the target of the TNFa signalling cascade in
endothelial cells.

INTRODUCTION

Tumour necrosis factor (TNFe) is part of a cytokine network
implicated in both normal and inflammatory processes (1). Most
of its pro-inflammatory effects are due to effects on growth and
differentiation of both the immune system and ‘reticuloendothelial
cells’ such as the vascular endothelium that regulates haemostasis
(2, 3). TNFa alters the levels of various vascular endothelial
surface components, such as leukocyte-adhesive receptors (4) and
various blood-coagulation enzyme receptors like tissue factor and

thrombomodulin (5, 6). It modulates transcription through
different signal transduction pathways to the nucleus. TNF«
activates or induces the synthesis of transcription factors,
including the proto-oncogenes c-fos, c-jun (7, 8), and NFkB (9,
10, 11, 12), most likely by a protein phosphorylation cascade
(13).

We investigated TNF« regulation and cell specific TM gene
transcription in human endothelial cells, including primary
cultures from umbilical vein (HUVEC) and a continuous cell line
EA.hy 926, which is a hybrid between HUVEC and the lung
tumour cell line A549 (14, 15). In this paper we show that high
basal transcription and TNF« repression of the TM promoter
in endothelial cells is directed by a binding site for the Ets domain
protein family. However, expression of exogenous chicken c-
Ets-1 and human h-Ets-1 overrides TNFe-induced repression in
a concentration dependent manner, suggesting that Ets1 competes
for the target of the TNFo signalling cascade, which could be
either an Ets-1-associated cofactor or a different Ets-like factor.

MATERIALS AND METHODS
Cell culture

Hela and A549 cells were cultured in Dulbeco’s modified Eagle’s
medium (DMEM) plus 10% fetal calf serum. Human umbilical
vein endothelial cells (HUVEC) were prepared by the standard
method (16) and cultured in Waymouth medium (Gibco), 20%
fetal calf serum, 1% crude endothelial growth supplement from
bovine retina (17, 18), 100 ug/ml penicillin-streptomycin at 37°C
and 5% CO,, and used non-confluent at passages 2 to 4. The
EA.hy 926 (HUVEC —A549 hybrid) cell line was maintained
as an adherent monolayer in Iscove’s modified Dulbecco’s
medium (Gibco), 10% fetal calf serum and HAT (12 ug/ml
hypoxanthine, 1 ug/ml aminopterin, 8 ug/ml thymidine; Sigma).
Endothelial cells were identified by their typical morphology,
immunofluorescence staining for von Willebrand factor (17, 19)
and expression of thrombomodulin (20).
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Transient transfection and CAT reporter plasmids

Re-plated cells (1x10% per 10 cm dishes) were exposed for
16—20 h (Hela, A549 ) or 6—8 h (HUVEC, EA .hy 926) to the
calcium phosphate precipitate (21), refed with fresh medium
(+/— TNFa) and harvested after a further 48 h (Hela, A549)
or 24 h (HUVEC, EA.hy 926) incubation. All transfections
included 10 pg reporters, 5 ug RSV-lacZ (22) as an internal
control, and pUC18 to 20—25 ug total DNA. CAT activity was
measured according to Gorman et al. (21, 22), and expressed
relative to CAT-CON.

A 1.4 kb Smal TM fragment (24) was cloned in pUC 18
(pUC-1.4TM) and shown by sequencing to contain 1100 bp of
5'-flanking region and part of the first exon. This parental plasmid
was used to construct reporters in a promoter-less derivative of
pCAT-Basic (Promega). Progressive TM 5'-deletion mutants
were generated by unidirectional exonuclease III digestion of
—1100/+137TM-CAT. Internal deletion dPyPu-192TM-CAT:
PCR products (—192/—72/EcoRI and EcoRI/—58/+138 were
co-ligated into pCAT-Basic. STR-TM-CAT: PCR products
HindIll/ - 192/—81/ + BgII-TCGAGCAGGAAGCATTTCC-
TGGTCGATGATCAGAAGGGCTGATGCCGCAT (26 bp
STR-palindromic Ets site) plus —55/+135/Xbal ligated in
HindITI-Xbal of pCAT-Basic. Double point mutations (GGAA
to CTAA) were generated by PCR amplification with the
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corresponding mismatch primers and ligated into the HindIII-
Xhol sites of —192TM-CAT. TK-CAT constructs: synthetic
oligonucleotides ligated in HindIII of tk-CAT (25). PyPu: (sense
strand) AGCTTAGGCACTTCCTTCCTTTTCCCGAACGTA.

The recombinant TM-CAT and TM-tk-CAT plasmids were
verified by chain termination sequencing (26). All TM specific
PCR primers correspond to the published TM genomic sequence
(27) and are available on request. CAT-Control (CAT-CON,
Promega) has the SV40 promoter/enhancer.

Determination of RNA by Northern analysis and nuclear run-
on transcription

RNA from HUVEC (20 ug per lane) was isolated according to
Chomzynski and Sacchi (28), transferred to nylon membranes
(NEN), immobilised by UV crosslinking (29) and probed as
described (30). Protein Kinase C inhibitors (H7, staurosporin)
and phophatase inhibitor ocadaic acid were from Gibco-BRL).

Isolation of nuclei and nuclear run on assays were performed
according to Clayton and Darnell (31).

Nuclear extracts and DNA binding studies

Nuclear extracts were prepared according to standard methods
(32, 33) with minor modifications. Nuclei were incubated with
lysis-buffer containing 0.8 M NaCl (HUVEC, EA .hy926 cells)
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Figure 1. Analysis of human TM RNA levels, PKC activity and TM gene transcription in HUVEC. (A and B) RNA blots probed with TM and GAPDH. (A)
HUVEC that were either left untreated (C, control), or incubated for the indicated period of time with 100 ng/ml TPA either alone (lanes 2—6 and 9) or costimulated
with 100 ng/ml TNFa (lanes 10 and 11). (B) HUVEC were incubated for 8 h in medium alone (C, lanes 1 and 10) or with the indicated additions. TNF:TNF«
alone. TNF/Stp, TNF/H7: TNFa + the protein kinase inhibitors staurosporin (stp, 150 nM) or H7 (50 uM), respectively. H7: H7 alone (lane 5). OA: 125 M
phophatase inhibitor ocadaic acid for 2, 4 and 8 h (lanes 6—8). OA/TNF: ocadaic acid + TNFa for 8 h (lane 9). With staurosporin, H7 and ocadaic acid there
was a preincubation for 30 min prior to TNFa treatment. (C) PKC activity in HUVEC and EA.hy 926 cytoplasmic and membrane fractions, following treatment
of cell monolayers for 30 min with either medium alone (control), 100 ng/ml TPA or 100 nM TNFa. The data shown are the means of two independent experiments.
(D) Nuclear run-on transcription assay. HUVEC were exposed for 6 h to either TNFa (TNF), 100 ng/ml TPA (TPA), TPA for 24 h before co-stimulation with
TNFa (TNF+TPA), 1mg/ml o-amanitin (aA) or left untreated (CON). 32p_jabeled RNA was hybridized to nitrocellulose bound TM or GAPDH cDNAs, or to

a control plasmid DNA (Vec), and autoradiographed.
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or 0.42 M NaCl (Hela, A549). Yields and protein concentrations:
HUVEC, EA.hy 926, 0.1 mg/107 cells, 3—6 mg/ml; Hela,
A549, 0.5 mg/107 cells; 10—15 mg/ml.

Gel retardation, DNase I and methylation protection
experiments were essentially performed as described (34, 35).
Gel retardation probes (upper strand): TM-3 (labelled probe)
5'-AATTCAGCCCTTCCCACCAGGCACTTCCTTCCTTTT-
CCC-3' (TM promoter positions —90/—48). Competitors: PyPu-
box (—79/-59) 5'-AATTCCCAGGCACTTCCTTCCTTTT-
CCCGAAG-3' (TM promoter positions —79/—59, PyPu-box).
Ets site from stromelysin promoter (36): 5'-AATTCGTCA-
GTTAAGCAGGAAGTGACTAACG-3’. 3xmut: 5'-AGCTTA-
CCAGGCACTTagTTagTTTTagCGAA-3’ (all three TTCC
motifs mutated). SP1 (S): 5'-ATTCGATCGGGGCGGGGCG-
AG-3'. AP2 (A): 5'-GATCGAACTGACCGCCCGCGGCCC-3'.

Primer extension

50 ug total cellular RNA, isolated from EA.hy 926 cells or
transiently transfected cells, or tRNA (as a control), were
hybridised overnight to body-labelled TM-specific primer
(DA-159fi, corresponding to TM non-coding strand +123/+104)
or body-labelled CAT-specific primer (DA-182fi, corresponding
to CAT non-coding strand 2330/2350 of pCAT-Basic plasmid)
at room temperature in 40 mM PIPES pH 6.4 + 1 mM EDTA
+ 0.4 M NaCl + 80% formamide, ethanol precipitated, extended
with 50 U AMV reverse transcriptase (Promega) at 42°C for
1 h and the reaction products were analysed in denaturing 8%
acrylamide gels.

Subcellular fractionation and protein kinase C assays

HUVEC (third passage) and EA.hy 926 cells were homogenised,
centrifuged, and PKC from the plasma membrane and cytosolic
fractions were purified by DEAE-Sephacel chromatography (37).
PKC was assayed by two different standard methods, using either
the C-terminal N-bromosuccinimide cleavage peptide of histone
IIIS (38), or the synthetic peptide AC-MBP(4 — 14) from myelin
basic protein [(39); PKC assay system from Gibco-BRL].
Specificity was confirmed using 20 uM PKC pseudo substrate
peptide [PKC19—36 (39)]. Both assays gave comparable results.

RESULTS

TNF«-mediated transcriptional repression does not act
through protein kinase C (PKC)

Northern blot analysis revealed a TNFa dependent decrease of
TM mRNA (89%, Fig. 1B, lanes 1 and 2). A variety of results
showed that TNFa« repression is probably not mediated by PKC.
Stimulation of PKC with TPA (12-O-tetra-decanoylphorbol
13-acetate, 100 ng/ml) in early passage HUVEC gave only a
moderate 2 to 3-fold biphasic increase of TM mRNA (Fig. 1A,
lanes 1—7), showing that PKC has little effect on TM mRNA
levels. TNFa decreased TM mRNA levels even when PKC was
down-regulated (40) to undetectable levels (in either membrane
or cytoplasmic fractions, data not shown) with 100 ng/ml TPA
for 16 to 24 h (Fig. 1A, lanes 10 and 11). Similarly, the PKC
inhibitors staurosporin and H7 (41) did not block repression (Fig.
1B, lanes 3 and 4). PKC was not activated by TNF« in either
HUVEC or EA.hy 926 (unlike other cell types, 7), but was
activated by TPA, with a significant decrease in the cytoplasmic
fraction and an increase in the membrane fraction (Fig. 1C).

STR-TM

tk-CAT
PyPu-tk-CAT

Inhibition of protein phosphatases 1 and 2A with ocadaic acid
(42, 43) did not abolish repression (Fig. 1B, lanes 6—10).

We used an in-vitro RNA elongation assay to show that TNFa
repressed at the level of transcription. TNFa decreased synthesis
of RNA hybridising to TM c¢DNA by about 73% (3.7-fold
repression), independently of a 24 h pre-treatment with TPA (Fig.
1ID). «-amanitin greatly decreased in vitro transcription,
indicating that transcription was by RNA polymerase II (Fig. 1D).
This is in agreement with previous reports, demonstrating that
the half life of TM mRNA does not change considerably after
TNFa treatment (49).

Promoter sequences required for basal and TNF« regulated
TM gene expression

To study regulation of TM gene transcription, we recloned the
human TM promoter region (44) and used it to construct reporters
containing the chloramphenicol acetyltransferase (CAT) gene.
In both early passage HUVEC and EA hy 926 cells, reporters
with propgressive 5'- deletions from —1100 to —74 gave high
basal levels of CAT activity (Fig. 2). Deletion to —56 (Fig. 2A)
decreased basal activity (85—92%, on average), further deletion
to —39 had no supplementary effect, whereas additional removal

Relative CAT activity
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Figure 2. Basal activity and TNFa-induced repression of the thrombomodulin
promoter in HUVEC. (A & B) TM-CAT constructs were transiently transfected
into HUVEC in the presence (+) or absence (—) of TNFa. (A). Autoradiography
of CAT assays. (B) Summary of basal CAT expression and TNFa repression
with the indicated reporter constructs. All CAT activities are beta-galactosidase
standardized and expressed relative to CAT-Control. The values on the right are
the mean ratios of CAT activity in the presence and absence of TNFa and the

standard deviations for at least five separate experiments. A relative activity of
1 denotes (on average) 23.5% acetylation.
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Figure 3. Effect of TM PyPu-box mutants on basal promoter activity and TNFo
induced repression. The indicated wild type (—192TM) and double point mutant
(mut2-m, mut4-dm, mut6-dmp) reporter plasmids were transfected into EA.hy
926 cells and subsequently treated with TNFq. Averaged values (—/+ 20%)
of CAT activities from three different experiments are presented in the
histogramme. CAT activities are expressed relative to CAT-CON. A relative CAT
activity of 1 denotes (on average) 18% acetylation. (B) Sequence of the —76/—56
PyPu-box of TM promoter. Positions of double point mutations (GG to TC) are
indicated by asterisk.

of the TATA-Box (—20TM-CAT) lowered the activity even
further (98% decrease, Fig. 2B). This indicates that sequences
necessary for TM promoter activity are located between —74
and —20, whereas sequences upstream of —74 seem to have a
modular effect (Fig. 2B). In HUVEC (Fig. 2B) and EA.hy 926
(data not shown), TNF« strongly inhibited the activity of all
constructs lacking sequences upstream of —74 (by about 90%).
Progressive deletion from —74 to —56 greatly decreased
repression, deletion to —39 had no additional effect, and to —20
abolished inhibition. Most important the —76/—56 sequence, in
the absence of other TM sequences, stimulated the heterologous
HSV thymidine kinase promoter (25) about 5-fold (Fig. 2B,
compare PyPu-tk-CAT and tk-CAT). The antisense orientation
gave similar results (not shown), and conferred sensitivity to
repression by TNFa (on average 66% decrease, Fig. 2B). In
Hela and A549 cells the —76/—56 sequence did not activate the
tk promoter, nor confer sensitivity to TNFa (data not shown).
In the context of the TM promoter (—192/+135) deletion of
—76/—56 (PyPu—192TM, Fig. 2B) decreased promoter activity
by about 90%, leaving a residual (but measurable) level that was
no-longer repressible by TNFa. These results show that in
HUVEC the —76/—56 region is both necessary and sufficient
to confer high basal activity and TNF« repressibility.

The —76/—56 region (the PyPu-box) has three GGAA ets-
core motifs (Fig. 9). A variety of results show that the Ets motifs
mediate the effects of the —76/—56 sequence. A heterologous
well characterised ets motif from the stromelysin promoter (36)
could functionally substitute for the PyPu-box of the TM
promoter. It conferred both high basal activity and significant
TNFo suppression when it replaced the —76/—56 sequence of
the TM promoter (Fig. 2B, STR-TM). The GG sequence of the
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Figure 4. Identification of the in vivo transcription initiation sites of the endothelial
TM promoter and the TM-CAT hybrid gene. (A) An oligonucleotide (DA-159fi)
complementary to the TM sense strand upstream from position + 123 was annealed
to either total RNA from EA.hy 926 cells that were untreated (—) or treated
(+) with TNFa (lanes 1 and 2), RNA from untreated cells preincubated with
RNAase A (lane 3), or tRNA (lane 4). (B) Reporter plasmid —74/ +45TM-CAT
was transfected into EA.hy 926 cells. Total RNA was extracted 20 h after
transfection +/—TNFa-treatment (lanes 1 and 2, respectively) and the 5’-end
and level of CAT mRNA was determined using an oligonucleotide (DA-182fi)
complementary to the CAT sense strand. The controls were either RNA from
mock-transfected cells (lane 3), or tRNA (lane 4). The sequence surrounding
the 5'-ends is shown on the left and the in vivo transcription initiation sites (arrows)
and sizes of the radiolabeled probes (41nt and 42 nt) are indicated on the right.

Ets core motif (GGAA) is essential for Ets binding. Mutating
all three GGs in —192 TM to CT greatly diminished promoter
activity (to 10%) and prevented TNFa repression (Fig. 3,
mut6-dpm). Mutating the middle GG (mut2-m) reduced CAT
activity by about 30%, leaving an activity that was significantly
suppressed by TNFo.. Mutating the middle and distal GGs (mut-
dm) had a greater effect (75% decrease), but left suppressible
activity (about 50%). These results suggest that Ets or Ets-like
factors are able to mediate both specific positive activation and
TNF« repression of the TM promoter in endothelial cells.

Transcripts from TM promoter CAT plasmids are correctly
initiated

To identify the endothelial TM gene transcription start site and
to show that transcription from the TM-CAT constructs is initiated
at the correct sites, primer extension experiments were performed
on RNA from untransfected and transiently transfected cells. An
oligonucleotide (DA-159fi) that hybridises to TM gene transcripts
upstream from position + 123 gave the expected 123 nucleotide
product [Fig. 4A, (44)]. Furthermore, an oligonucleotide
(DA-182fi) complementary to CAT mRNA around the ATG start
codon gave the correct 130 nucleotide product. No major primer
extension products were generated in mock transfected cells (Fig.
4B, lane 3). TNFa-treatment of EA.hy 926 suppressed correctly
initiated transcripts from the TM-CAT plasmids to a similar extent
as CAT enzyme activity. These results show that TNF«a
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Figure 5. DNase I and methylation protection analysis of TM promoter sequences. (A) Footprinting of TM promoter fragment —175/+45 labeled at the +45 (EcoRI)
terminus. Lanes 1 and 9: no proteins; lanes 2 to 8: 10.5, 14, 17.5, 21, 24.5, 28 and 35 pg HUVEC nuclear extract. (B) TM promoter fragment —192/+ 137 labeled
at the —192 (HindIIl) terminus. Lanes 1 and 6: no protein, lanes 2 to 5: 8, 16, 24, and 33 ug HUVEC nuclear extract. (C) —175/+45 TM fragment as indicated
above. Lanes 1 and 5: no proteins, lanes 2 to 4: 10, 20, and 30 pg nuclear extract from EA.hy 926 cells. (D) —112/+45 TM promoter fragment labeled at the
+45 terminus. Lanes 1 and 5: no proteins; lanes 2 to 4: 8.8, 17.6, and 36 ug nuclear extract from HUVEC; lanes 6—8: 40 ug A 549 nuclear extract; lanes 9
and 10: 44 and 88 ug Hela nuclear extract. Protected regions are indicated on the right and chemical sequence reactions on the left. (E) Methylation protection
analysis of the non-coding strand (—18/—192 TM promoter fragment labeled at the —18 (Xhol) terminus. Lanes 1 and 2: methylation in the absence of HUVEC
nuclear extract. Lanes 3 to 6: methylation in the presence of 66 pg HUVEC nuclear extract from untreated (lanes 3 and 5) or TNFa treated (lanes 4 and 6) endothelial
cells. Lanes 5 and 6: protein—DNA reactions were essentially as in lanes 3 and 4 with binding incubations in the presence of 100-fold excess of cold TM (Xhol-
HindIIT) competitor. The numbers refer to distance from the transcription initiation site. Filled arrowheads mark positions protected against methylation. Open arrowheads

mark hypermethylation sites

suppresses transcription of TM-CAT plasmids from the TM
promoter.

Protein—DNA complex formation with the TM promoter

Nuclear proteins from both primary HUVEC and EA.hy 926 cells
strongly protected a 21 bp sequence in the —76/—56 region
against DNase I digestion (Fig. 4A and B). Weaker footprints
were detected around —125 and — 140, covering two canonical
GC-boxes. EA.hy 926 nuclear extracts additionally protected a
region immediately upstream of the TATA-box that resembles
a Spl binding site (Fig. 5C). We sometimes observed a weak
footprint in this region with HUVEC extracts. In contrast to
endothelial cells, non-endothelial cell lines (Hela, A549) did not
yield a detectable footprint over the most prominent —76/—56
binding site (Fig.5 D).

The —76/—56 protected region contains a 16 bp long purine
rich sequence (5'-GGAAAAGGAAGGAAG-3', lower strand)
with three tandem copies of the ets core motif GGAA (45, 46,
47), suggesting that the endothelial specific proteins that bind
to this sequence are members of the Ets family. The GG sequence
is particularly important for binding by Ets. To assess more
precisely the role of each GG sequence for DNA binding we
performed methylation protection analysis. All three guanine
nucleotide pairs (—58/—59, —64/—65 and —68/—69) were

protected against methylation (Fig. 4E), showing that the GG-
AA core sequence is the essential binding motif within the PyPu-
box. There were additional sites of G-protection within the GC-
box immediately upstream of the TATA-box (positions
—35/-36, Fig. 5E). The 5'-boundary of the PyPu-box was
hypersensitive to methylation, as well as DNase I digestion (Fig.
5C, summarised in Fig. 9, and see above). Competition with the
homologous unlabeled DNA fragment abolished protection (Fig.
SE, lanes 5 and 6), showing that it was specific. TNFa treated
cells gave similar results as untreated cells (Fig. 5E, lanes 3 and
4), showing that inhibition did not result from a decrease in DNA
binding activity. They also suggest that TNFa does not induce
an alternative factor with different binding characteristics. In gel
retardation assays, a specific protein-DNA complex formed with
the PyPu box (Fig. 6, lanes 1—4), that was competed by both
the unlabeled PyPu-box oligonucleotide and by a well
characterised Ets-binding site, but not by a non-specific
oligonucleotide [Fig. 6, lanes 6—12, (36)]. Again, TNF«
treatment of endothelial cells did not change protein-DNA
complex formation over the PyPu-box sequence (data not shown).
Furthermore, the TM PyPu-box sequence was specifically bound
by nuclear extract proteins from the lymphoid cell line Daudi
(48), which is known to contain high levels of Ets proteins (data
not shown).
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Figure 6. EMSA competition analysis. EMSA performed with TM promoter
oligo —90/—48, labeled by Klenow polymerase (10,000 cpm, ~5 fmol). Nuclear
extract from EA.hy 926 cells, lanes 1 to 4: 0, 2.5, 5, and 7.5 pg; lanes 5 to
12: 7.5 pg. The specificity of Ets-like binding activity was confirmed by
competition with 40 (lanes 5, 7, 9, and 11) or 400-fold (lanes 6, 8, 10, and 12)
cold specific (PyPu or ets oligos) or unspecific (A and S oligos) competitors as
indicated. sB: specific bound complex. ns: non-specific band. F: free probe.

Ets oncoprotein expression transactivates the TM promoter
through the PyPu-box

Cotransfection in EA.hy 926 cells of a c-Ets-17% expression
vector (36) with the —74TM reporter plasmid induced CAT
activity 3—4-fold above the high basal level (Fig. 7A, lanes 1,
3). However this induced CAT activity was not significantly
decreased by TNFo (lanes 3 and 4). The APyPu—192 TM reporter
plasmid was not activated by c-Ets-1P% coexpression (Fig. 7A,
lanes 5 to 8), showing that the PyPu-box was required for
activation. Essentially identical results were obtained with
expression vectors for c-Ets-1P54, c-ets-2 and human Ets-1 (data
not shown). In Hela cells expression of exogenous c-Ets-1p68
highly induced CAT activity (25-fold, lanes 10, 12), probably
because of the low basal activity of the —74TM-CAT reporter
plasmid in non-endothelial cells. Again this Ets-dependent CAT
induction was not suppressed by TNFa (Fig. 7A, lanes 10 to
13). We obtained similar results with other non-endothelial cells
such as A549 and NIH3T3 cells (data not shown). With the PyPu-
TM point mutants (see above), mutation of the middle GG had
a moderate negative effect on c-Ets-1P%® induction (25%
decrease compared with the —192 TM wild type, Fig. 7B),
whereas mutation of two (mut4-dm) or all three GG copies
(mut6-dmp) significantly impaired trans-activation (80% and 92 %
decrease, respectively). Once again, this residual induction of
the PyPu-mutant reporter plasmids was not suppressed by TNFc.
These results show that Ets expression stimulates the TM
promoter through precisely the same sequences that are required
for endothelial specific promoter activity, TNFa repression, and
binding of endothelial specific factors, suggesting that Ets-like
proteins mediate these activities. However, activation by Ets-1
and 2 is not inhibited by TNFa.

Ets overexpression can override TNFo repression in
endothelial cells

Cotransfection of STR-TM-CAT and increasing amounts of c-
Ets-1P68 expression vector in EA.hy 926 cells revealed a
competition between ets-dependent promoter activation and
TNFa repression (Fig. 8A). Although there was no activation
with the lowest amount of c-Ets-1P68 expression vector (50 ng),
a decrease in TNFa-dependent repression was already detectable
(Fig. 8A, compare lanes 1 and 3, lanes 2 and 4). With greater

Nucleic Acids Research, 1993, Vol. 21, No. 24 5641

A
EA.hy926 ———— —— ——HELA————
—— "74TM-CAT—— rAPyPu-192TM-CAT CON -74TM-CAT—,
®- oo X
- ® » W
L
® e ~.!""0’0°
e 8 0 0 o # »
1 2 3 4 5 6 7 8 9 10 1 12 13
TNF - + - + = + - + - - =
c-ets-1(p68) - - + . - - o+ + = A 7 N
Relative CAT[“o 10 350 330 2 2 2 1 100 5 8 178 203
activity

‘1B -~

B TN

a
9.

-192TM .192TM mut2-m mutd-dm muté-dmp
L )

+ c-ets-1 (p68)

Figure 7. Induction of TM promoter activity by coexpression of c-Ets-1P%. (A)
The indicated reponcpx;glasmids were cotransfected into EA.hy 926 or Hela cells
with 2 ug of c-Ets-1P*° (+) or the parental expression vector pSG5 (—) in the
absence or presence of TNFa. The CAT activities are given on the bottom. A
relative activity of 100 denotes (on average) 24 % acetylation. CON: control CAT
reporter. (B) Influence of GGAA to CTAA PyPu-box mutants on c-Ets-1P%8
induction of TM promoter. The wild type and mutant reporter plasmids indicated
above were cotransfected with the parental expression vector pSG5 or with 2
ug c-Ets-1P%8 into EA.hy 926 cells in the absence or presence of TNFa. A
relative CAT activity of 1 denotes (on average) 17.5% acetylation. Averaged
values (£ 20%) of CAT activities from three different experiments are presented
in the histogrammes. All CAT activities are expressed relative to CAT-Con.

amounts of expression vector there was a progressive increase
in activation and loss of sensitivity to inhibition (Fig. 8A and
B). With the highest amount of expression vector (2.5 ug) there
was a 3—4-fold induction and no suppressive effect by TNFa
(Fig. 8A, lanes 13 and 14). The —192TM-CAT reporter gave
similar results (Fig. 8B), showing that the PyPu-box of TM and
the palindromic Ets binding site of the stromelysin promoter are
functionally interchangeable. In Hela cells, the —192TM-CAT
reporter gave a value of approximately one for relative CAT
activies, irrespective of the c-Ets-1P%® expression vector
concentration (Fig. 8B). These data suggest that other Ets-like
factors, or limiting Ets-1 associated factors, mediate TM promoter
repression by TNFa.

DISCUSSION

TNFa down-regulates TM surface expression in endothelial cells
in the absence of protein synthesis (49, 50). We have localised
a 21 bp sequence of the TM promoter, the PyPu-box, that is
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Figure 8. TNFa suppressmn of the hybrid STR-TM and the native TM promoter
is competed by increasing amounts of co-expressed c-Ets-17%® in endothelial cells.
(A) The reporter construct STR-TM-CAT, which has the TM PyPu-box sequence
replaced by the Ets transactivation site of the rat stromelysin promoter (36, Fig.
2B), was either co-transfected with the parental expression vector pSGS (lanes
1 and 2) or with increasing amounts of c-Ets-1P%8 in the presence (+) or absence
(—) of TNFa. CAT activities from one representative experiment are shown.
The relative values for c-Ets-17% induction and +TNFa/—TNFa ratio given
above are based on CAT activities expressed relative to CAT-CON. (B) The
graph shows the relationship between the amount of cotransfected c-Ets-1P%8
expression vector and the decreased suppressive effect of TNFe that is observed
in EA.hy 926 but not in Hela cells. The —192TM-CAT and STR-TM-CAT
reporter constructs were transfected into EA p6! 926 or Hela cells (—192TM-
CAT only) with increasing amounts of c-Ets-1P>° expression vector in the absence
or presence of TNFa. Averaged values of +/— TNFa CAT activities (+/—
15%) from three separate transfections are presented in the graph.
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Figure 9. Nucleotide sequence of the human TM promoter. The DNase I footprints
generated by nuclear extract proteins from endothelial cells are indicated by
brackets, the filled triangles point to the G residues that are protected against
methylation, and the open triangles indicate the region of hypermethylation. GC-
and TATA-boxes are indicated.

essential for both high basal activity in endothelial cells and TNFo
negative regulation. Three GGAA core binding motifs of the TM
PyPu-box are required for maximal promoter activation, although
two are sufficient for 80% of the activity. This is in agreement
with previous reports showing that more than one GGAA core
sequence is required for transactivation by c-Ets-1 and 2 (36).
DNA binding and transfection studies suggest that a constitutively
active Ets-like transcription factor is the downstream target for
TNFa in endothelial cells. Recently it has been shown that c-
Ets-1 is predominantly expressed in proliferating endothelial cells
in vivo and in vitro (51, 52, J.Otte, U.Knies, and D.v.d.Ahe,
manuscript in preparation). Although c-Ets-1 expression
stimulates the TM promoter through the TNFa sensitive element,
TNFa does not inhibit its activity. Rather, c-Ets-1 over-
expression can override repression. Several models can account
for our data.

The first possibility is that the endothelial Ets-like transcription
factor is c-Ets-1, but the target for TNFe« is an Ets-1 associated
factor. This would explain the following data: (i) Both the TM
PyPu-box and an established good c-Ets-1 binding site are down-
regulated by TNF«. (ii) Over-expression of c-Ets-1 prevents
TNFa-repression, presumably by competing out a limiting Ets
associated factor. (iii) There is a low basal activity and lack of
inhibition by TNF« in non-endothelial cells, which can be
explained by the lack of c-Ets-1, and supposedly of the putative
co-factor, in these cells. There is a growing body of evidence
that Ets domain transcription factors can interact with other DNA
binding or non-DNA binding gene regulatory factors (53).
Association of AP1 and Ets DNA binding sites has been found
in several viral and cellular genes (54, 55, 36). The Ets family
members Elk-1 (56) and SAP-1 (57) form complexes with SRF
(58). Both Ets-1 and Ets-2 may interact with a common co-
activator through their transactivation domains (59).

There are other explanations for our results. c-Ets-1 expression
may induce or suppress transcription of a second gene, which
interferes with TNFa-induced gene suppression in endothelial
cells. Alternatively, c-Ets-1%® may directly modulate the TNFo-
induced signalling cascade further upstream, for instance by
interacting with certain nuclear or cellular components of the
pathway. Finally, and perhaps most simply, the Ets-like factor
expressed in endothelial cells and involved in TM gene regulation
may be a different member of the family. The target for TNFo
could be a sequence that is less conserved than the DNA-binding
(Ets) domain.

Ets proteins are able to change gene expression in response
to extra-cellular signals. Phosphorylation inhibits non-specific
DNA binding by Ets-1 (60) and stimulation of PKC increases
both the stability (61) and expression (62) of Ets-2. PKC is
probably the mediator of TNF« activation of two widely
distributed transcription factors, NFkB (11) and AP1 (7), which
are expressed in endothelial cells (63). However, our results show
that PKC most likely does not mediate TNFa down regulation
of the TM promoter in endothelial cells, even though PKC is
present. Potential mediator kinases are Raf-1 and MAPK, that
activate AP1/Ets driven promoters (64, 65). We did not observe
any influence of TNFa on binding of the endothelial nuclear
factor(s), suggesting that the mechanism does not involve loss
of DNA binding by mechanisms such as phosphorylation.

The identification of an endothelial Ets-target gene reported
here provides an opportunity to study the role of Ets proteins
in endothelium and blood vessel function. Endothelial cells play
a major role in modulating normal vascular function and



pathology associated with angiogenesis, developmental processes,
wound healing, thrombosis, and vascularization of tumours. They
are an important target for TNFa mediation of shock and diffuse
tissue injury. Cytokine dependent transcriptional suppression and
activation of key proteins of the vascular endothelium is of
fundamental importance in regulation of hemostasis. Our results
point to a key role for Ets transcription factor proteins as
important mediators of inflammatory signalling cascades in
vascular cells.

ACKNOWLEDGEMENTS

We thank J.E.Sadler for the TM cDNA clone, and Knoll AG
(Germany) for recombinant TNFa protein. We are grateful to
B.P6tzsch and the members of the endothelial Lab for preparation
of primary endothelial cells. We thank Drs. M.Beato and
H.P.Vosberg for critical reading of the manuscript. We wish to
thank S.Arndt for excellent technical assistance, A.Piischel for
help with the preparation of the manuscript, and S.Kiefer for
excellent artwork. This work was supported by the ministry of
science of the Land Hesse. B.W. thanks CNRS, INSERM,
CHUR, ARC and FNCLCC for financial assistance.

REFERENCES

. Beutler,B. and Cerami,A. (1989) Annu. Rev. Immunol., 7, 625—655.

. Old,L. (1986) Science, 230, 630—634.

. Gimbrone Jr.,M.A. (1986) Vascular endothelium in hemostasis and

thrombosis. Churchill Livingstone, Edinburgh.

4. Bevilacqua,M.P., Stengelin,S., Gimbrone Jr.,M.A. and Seed,B. (1989)
Science, 243, 1160—1165.

5. Bevilacqua,M., Pober,J., Majeau,G., Fiers,W., Cotran,R. and Gimbrone,M.
(1986) Proc. Natl. Acad. Sci. USA, 83, 4533 —4537.

6. Nawroth, P. and Stern,D. (1986) J. Exp. Med., 164, 740—745.

7. Brenner,D.A., O’Hara,M., Angel,P., Chojkier,M. and Karin,M. (1989)
Nature, 337, 661 —664.

8. Lin,J.X. and Vilcek,J. (1987) J. Biol. Chem., 262, 11908—-11911.

9. Loewenthal,J.W. Ballard,D.W., Boehnlein,E. and Greene,W.C. (1989) Proc.
Natl. Acad. Sci. USA, 86, 2331-2335.

10. Osborn,L., Kunkel,S. and Nabel,G.J. (1989) Proc. Natl. Acad. Sci. USA,
86, 2336—2340.

11. Meyer,R., Hatada,E.N., Hohmann,H.-P., Haiker,M., Bartsch,C.
Roethlisberger,U., Lahm,H.W., Schlaeger,E.J., Van Loon,A.P.G.M. and
Scheidereit,C. (1991) Proc. Natl. Acad. Sci. USA, 88, 966—970.

12. Vilcek,J. and Lee,T.H. (1991) J. Biol. Chem., 266, 7313 —7316.

13. Schiitze,S., Scheurich,P., Pfizenmaier,K. and Kronke,M. (1989) J.Biol.
Chem., 264, 3562—3567.

14. Edgell,C.J.S., McDonald,C.C. and Graham,J.B. (1983) Proc. Natl. Acad.
Sci. USA, 80, 3734—3737.

15. DeBault,L.E., Esmon,N.L., Esmon,C.T. and Edgell,C.J.S. (1984) Fed.
Proc., 43, 7183—-7190

16. Jaffe,E.A., Nachmann,R.L., Becker,C.G. and Minick,C.R. (1973) J. Clin.
Invest., 52, 2745—-2756.

17. Pétzsch,B., Grulich-Henn,J., Rossing,R., Wille,D. and Miiller-Berghaus,G.
(1990) Lab. Invest., 63, 841—852.

18. Hoshi,I. and McKeehan,L.M. (1984) Proc. Natl. Acad. Sci. USA, 81,
6413—-6417.

19. Edgell,C.J.S., McDonald,C.C. and Graham,J.B. (1983) Proc. Natl. Acad.
Sci. USA, 80, 3734—3737.

20. Beretz,A., Freyssinet,J.M., Gauchy,J. Schmitt,D.A., Klein-Soyer,C.,
Edgell,C.J.S. and Cazenave,J.P. (1989) Biochem. J., 259, 35—40.

21. Gorman,C.M., Moffat,L.F. and Howard,B.H. (1982) Mol. Cell. Biol., 2,
1044 —-1051.

22. Herbomel,P. Bourachot,B. and Yaniv,M. (1984) Cell, 39, 653 —662.

23. Bradford,M.M. (1976) Anal. Biochem., 72, 234—254.

24, Wen,D., Dittman,W.A., Ye,D., Deaven,L.L., Majerus,P.W. and
Sadler,K.E. (1987) Biochemistry, 6, 2960 —2967.

25. Lucknow,B. and Schiitz,G. (1987) Nucleic Acids Res., 15, 5490 —5498.

26. Sanger,F., Nicklen,S. and Coulson,A.R. (1977) Proc. Natl. Acad. Sci. USA,

74, 5463 —5467.

W N -

27.
28.
. Church,G.M. and Gilbert,W. (1984) Proc. Natl. Acad. Sci. USA, 81,
30.
31.
32.
33.

35.
36.
37.
38.
39.

47.
48.
49.
50.
5L
52.

53.
. Wasylyk,B., Wasylyk,C., Flores,P., Begue,A., Leprince,D. and Stehelin,D.

55.
. Hipskind,R.A., Rao,V.N., Mueller,C.G.F., Reddy,E.S.P. and Nordheim,A.

57.
58.
59.
. Pognonec,B., Boulukos,K.E. and Ghysdael,J. (1989) Oncogene, 4, 691—697.
61.
62.

63.

65.

Nucleic Acids Research, 1993, Vol. 21, No. 24 5643

Suzuki,K., Kusumoto,H., Deyashiki,Y., Nishioka,J., Maruyama,l.,
Zushi,M., Kawahara,S., Honda,G., Yamamoto,S. and Horiguchi,S. (1987)
EMBO J.,6, 1891—1897.

Chomczynski,P. and Sacci,N. (1987) Anal. Biochem., 162, 156—159.

1991-1995.

Sambrook,J., Fritsch,E.F. and Maniatis,T. (1989) Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor.

Clayton,D.F. and Darnell Jr.,J.E. (1983). Mol. Cell Biol., 3, 1552—1561.
Dignam,J.D., Lebovitz,R.N. and Roeder,R.G. (1883) Nucleic Acids Res.,
11, 1475—1489.

von der Ahe,D. (1991) In Jost,J.P. and Saluz,H.P. (eds.) A Laboratory Guide
to In Vitro Studies of Protein-DNA Interactions, Birkhduser, Basel, pp
19-34.

. von der Ahe,D., Renoir,J.M., Buchou,T., Baulieu,E.E. and Beato,M. (1986)

Proc. Natl. Acad. Sci. USA, 83, 2817—-2821.

von der Ahe,D., Pearson,D. and Nagamine,Y. (1990) Nucleic Acids Res.,
18, 1991-1999.

Wasylyk,C., Gutman,A., Nicholson,R. and Wasylyk,B. (1991) EMBO J.,
10, 1127-1134.

Kikkawa,U., Minakuchi,R., Takai,Y. and Nishizuka,Y. (1983) Methods
Enzymol., 99, 288—302.

Glynn,B., Colliton,J., McDermott,J. and Witters,L.A. (1985) Biochem. J.,
231, 489—-492.

Yasuda,I., Kishimoto,A., Tanaka,S., Tominaga,M., Sakurai,A. and
Nishizuka,Y. (1990) Biochem. Biophys. Res. Comm., 166, 1220—1225.

. Nishizuka,Y. (1986) Science, 233, 305—308
. Hidaka,H., Inagaki,M.K. and Sasaki,Y. (1984) Biochemistry, 23,

5036—5041.

. Bialojan,C. and Takai,A. (1988) Biochem. J., 256, 283 —290.
. MacKintosh,C. and Cohen,P. (1989) Biochem. J., 262, 335—339.
. Suzuki K., Kusumoto,H., Deyashiki,Y., Nishioka,J., Maruyama,l. Zushi,M.,

Kawahara,S., Honda,G., Yamamoto,S. and Horiguchi,S. (1987) EMBO J.,
6, 1891—1897.

. Karim,F.D., Urness,L.D., Thummel,C.S., Klemsz,M.J., McKercher,S.R.,

Celada,A., v. Beveren,C., Maki,R.A., Gunther,C.V., Nye,J.A. and
Graves,B.J. (1990) Genes Dev., 4, 1451 —1453.

. Woods,D.B., Ghysdael,J. and Owen,M.J. (1992) Nucleic Acids Res., 20,

699—704.

Nye,J.A., Petersen,J.M., Gunther,C.V., Jonsen,M.D. and Graves,B.J. (1992)
Genes & Development, 6, 975—990.

Chen,J.H. (1985) Mol. Cell. Biol. 5, 2993 —3000.

Conway,E.M. and Rosenberg,R.D. (1988) Mol. Cell. Biol., 8, 5588 —5592.
Yu,K., Morioka,H., Fritze,L.M.S., Beeler,D.L., Jackman,R.W. and
Rosenberg,R.D. (1992) J. Biol. Chem., 267, 23237—-23247.
LePrince,D., Gegonne,A., CollJ., de Taisne,C., Schneeberger,A.,
Lagrou,C. and Stehelin,D. (1983) Nature, 306, 395—397.

Wernert,N. Raes,M.B., Lassalle,P., Dehouck,M.P., Gosselin,B.,
Vandenbunder,B. and Stehelin,D. (1992) Am. J. Pathol., 140, 119—-127.
Wasylyk,B., Hahn,S.L. and Giovane,A. (1993) Eur. J. Biochem. 211, 7—-18.

(1990) Nature, 346, 191—193.
Gutman,A. and Wasylyk,B. (1990) EMBO J., 9, 2241 —2246.

(1991) Nature, 354, 531—534.

Dalton,S. and Treismann,R. (1992) Cell, 68, 597—612.

Macleod K., LePrince,D. and Stehelin,D. (1992) TIBS 17, 251—256.
Schneikert,J., Lutz,Y. and Wasylyk,B. (1992) Oncogene, 7, 249—256.

Fujiwara,S. Fischer,R.J., Bhat,N.K., Moreno Diaz de la Espina,S. and
Papas,T.S. (1988) Mol.Cell. Biol., 8, 4700—4706.

Boulukos,K.E., Pognonec,P., Sariban,E., Bailly,M., Lagrou,C. and
Ghysdael,J. (1990) Genes & Develop., 4, 401—409.

Montgomery K.F., Osborn,L., Hession,C., Tizard,R., Goff,D., Vassallo,C.,
Tarr,P, Bomsztyk,K., Lobb,R., Harlan,J.M. and Pohlman,T.H. (1991) Proc.
Natl. Acad. Sci. USA, 88, 6523 —6527.

. Bruder,].T., Heidecker,G. and Rapp,U.R. (1992) Genes & Develop., 6,

545-556.
Gille,H., Sharrocks,A.D. and Shaw,P.E. (1992) Nature, 358, 414—417.



