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Nuclear factor kappa B is involved in lipopolysaccharide-
stimulated induction of interferon regulatory factor-1 and GAS/
GAF DNA-binding in human umbilical vein endothelial cells
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1 In this study we examined the signalling events that regulate lipopolysaccharide (LPS)-stimulated
induction of interferon regulatory factor (IRF)-1 in human umbilical vein endothelial cells
(HUVECs:).

2 LPS stimulated a time- and concentration-dependent increase in IRF-1 protein expression, an
effect that was mimicked by the cytokine, tumour necrosis factor (TNF)-o.

3 LPS stimulated a rapid increase in nuclear factor kappa B (NFxB) DNA-binding activity. Pre-
incubation with the NFxB pathway inhibitors, N-ua-tosyl-L-lysine chloromethyl ketone (TLCK) or
pyrrolidine dithiocarbamate (PDTC), or infection with adenovirus encoding IxBa, blocked both
IRF-1 induction and NFxkB DNA-binding activity.

4 LPS and TNF« also stimulated a rapid activation of gamma interferon activation site/gamma
interferon activation factor (GAS/GAF) DNA-binding in HUVECs. Preincubation with the Janus
kinase (JAK)-2 inhibitor, AG490 blocked LPS-stimulated IRF-1 induction but did not affect GAS/
GAF DNA-binding.

5 Preincubation with TLCK, PDTC or infection with IxBa adenovirus abolished LPS-stimulated
GAS/GAF DNA-binding.

6 Incubation of nuclear extracts with antibodies to RelA/p50 supershifted GAS/GAF DNA-
binding demonstrating the involvement of NFxB isoforms in the formation of the GAS/GAF
complex.

7 These studies show that NFxB plays an important role in the regulation of IRF-1 induction in
HUVECs. This is in part due to the interaction of NFxB isoforms with the GAS/GAF complex

either directly or via an intermediate protein.
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Introduction

Interferon-regulatory factor-1 (IRF-1) is a 48 kDa protein
transcription activator originally identified as a regulator of
the interferon (IFN) system (Tanaka et al., 1993). IRF-1 is
able to activate transcription of certain IFN-stimulated genes
by binding to IFN-stimulated response elements (ISREs).
The expression of IRF-1 is induced by viruses, IFNs, a
number of cytokines such as interleukin-1 (IL-1) and tumour
necrosis factor (TNF)-«, platelet-derived growth factor and
colony-stimulating factor (Schaper et al., 1998). IRF-1 has
been implicated in a number of cellular functions including
apoptosis and tumour suppression (Schaper et al., 1998), and
the loss of IRF-1 function may be a critical event in the
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development of human leukaemias (Willman et al., 1993;
Harada et al., 1994). IRF-1 has also been implicated in the
regulation of inducible nitric oxide synthase (iNOS) induction
and studies using mice lacking the IRF-1 gene have provided
evidence to suggest that IRF-1 is indispensable for the
induction of iNOS irrespective of the cytokine involved
(Kamijo et al., 1994).

Two intracellular signalling pathways have been implicated
in the regulation of IRF-1 induction. The promoter of the
IRF-1 gene contains a number of binding elements including
the gamma interferon activation site (GAS), which is a major
downstream target for the Janus kinase/signal transducers
and activators of transcription (JAK/STAT) signalling
cascade (Shuai, 1994; Harada er al., 1994). The transcription
factor, nuclear factor kappa B (NFxB), may also be involved
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by binding to specific sites within the IRF-1 promoter region
(Harada et al., 1994; Kumar et al., 1997). Under resting
conditions NFkB is associated with a cytoplasmic protein,
inhibitory B (IxB) and, following cell stimulation, dissoci-
ates from IxB and translocates to the nucleus. Dissociation of
IxBo from NFxB is regulated by phosphorylation of IxB
which is, in turn, regulated by isoforms of inhibitory xB
kinase (IKK) (Didonato et al., 1996). LPS strongly activates
this pathway in a number of different cell types primarily
through activation of Toll-like receptor-4 (Yang et al., 1998;
Chow et al., 1999).

Whilst the role of NFxB in the regulation of IRF-I
induction has been examined principally by study of the IRF-
1 promoter using transfected cells, the function of this
pathway in different cell types remains poorly characterized.
For example, whilst LPS can strongly stimulate the IKK/
NFxB pathway in RAW264.7 macrophages this does not
result in strong activation of IRF-1 induction (Liu et al.,
1999) suggesting cell-specific differences in the relative
importance of the NFxB pathway in the regulation of IRF-
1 induction. In addition, a number of previous studies have
utilized LPS in combination with IFNy (Martin et al., 1994;
Hecker et al., 1996) which does not allow effective delineation
of the intracellular signalling pathways involved.

In this study therefore, we sought to determine the role of
NFkB in the regulation of IRF-1 in human umbilical vein
endothelial cells (HUVECs). LPS and TNFo, which strongly
activate NFkB, were found to be robust stimulants of IRF-1
induction, whilst inhibition of NFxB activation using the
NFxkB pathway inhibitors, pyrrolidine dithiocarbamate
(PDTC) and N-o-tosyl-L-lysine chloromethyl ketone (TLCK),
or infection with adenovirus encoding the IxkBo gene,
abolished IRF-1 expression in response to LPS. HUVECs
also responded to LPS and TNF« with a marked increase in
GAS/GAF DNA-binding however, this was not associated
with an increase in JAK/STAT activation. Rather, GAS/
GAF activity was also abolished by NFxB inhibitors or
adenovirus-mediated IxBa expression. Furthermore, ‘super-
shift’” assays demonstrated that NFxB associated with a
GAS/GAF DNA-binding complex. This indicates a crucial
role for NF«kB in the regulation of IRF-1 induction in
HUVECs possibly through both GAS/GAF and NFxB
DNA-binding. A preliminary account of these findings has
been presented to the British Pharmacological Society (Liu et
al., 2000).

Methods

Materials

Antibodies to the 48 kDa isoform of IRF-1 and the 37 kDa
a-isoform of IxB were obtained from Insight Biotechnology
(London, U.K.). LPS (Escherichia coli serotypes 0127:BS),
PDTC and TLCK were purchased from Sigma Co. (Poole,
U.K.). The consensus single-stranded GAS sequences: 5'-
AGCCTGATTTCCCCGAAATGACGGC-3' that corre-
sponded to the GAS binding element in the human IRF-1
promoter was obtained from Genosys Ltd. (Cambridge,
U.K.). The single-strand oligonucleotides were annealed
together according to the manufacturer’s instructions. The
double-stranded NFxB binding site sequences: 5-AGTT-

GAGGGGACTTTCCCAGGC-3' and T4 polynucleotide
kinase were purchased from Promega Ltd. (Southampton,
U.K.). [y-*P]-ATP for labelling oligonucleotides was pur-
chased from Amersham Int. (Buckinghamshire, U.K.). All
other chemicals were of the highest commercial grade
available.

Cell culture

HUVECs were obtained from human umbilical veins by
collagenase digestion as outlined previously (Laird et al.,
1998). The cells were cultured in the endothelial cell basal
Medium-2 (EBM-2) supplied by Biowhittaker Co. Passage 3-
7 were used for the experiments outlined below.

Adenovirus-mediated overexpression of IkBo. in HUVECs

A recombinant replication-deficient adenoviral vector encod-
ing a wild-type porcine IxBa gene (Ad.IxBo) with a
cytomegalovirus promoter and nuclear localization sequence
was provided by Rainer de Martin (University of Vienna,
Austria). This vector was previously described by Wrighton
et al. (1996). The virus was propagated in 293 human
embryonic kidney cells, then purified by ultracentrifugation in
a caesium chloride gradient, the titre of the viral stock was
determined by the end-point dilution method (Nicklin &
Baker, 1999). HUVECs when approximately 70% confluent
were incubated with adenovirus at a multiplicity of infection
(m.o.i.) of 30-300, for 16 h in normal growth medium after
which the medium was replaced. The cells were stimulated
40 h post-infection. Infection with a control adenoviral vector
encoding green fluorescent protein (Ad.GFP) was also
performed and fluorescence microscopy confirmed that
effective infection took place.

Western blotting

For the detection of IRF-1 and IxkBo protein levels, the
method employed was that described by Paul er al. (1995).
Cells were washed twice in ice-cold PBS, then solubilized in
hot (70°C) SDS—PAGE sample buffer. The samples were
dispersed by repeated passage through a 21G needle and then
transferred to eppendorf tubes. The samples were boiled for
5 min and then stored at —20°C until analysis. Fifteen to
20 pg protein were subjected to SDS—PAGE on 10%
polyacrylamide gels and then blotted onto nitrocellulose.
The nitrocellulose membranes were incubated for 2 h in
20 mM Tris, 150 mm NaCl, 0.02% (v v=') Tween 20 pH 7.4
(NATT) buffer containing 3% BSA (w v~') then incubated
overnight in NATT containing 0.2% BSA (wv~ ') and
1 ug ml~"' of anti-IRF-1 or IxBo antibody. Following six
washes in NATT, the membranes were incubated with anti-
mouse or anti-rabbit Ig-HRP for 2 h and then washed a
further six times in NATT. The immunoblots were developed
by the ECL detection system (Amersham). The Western blots
were quantified by optical scanning densitometry.

Preparation of crude nuclear extracts and electrophoretic
mobility shift assay

Nuclear extracts were prepared as described by Schreiber et
al. (1989) with minor modifications. Cells were grown to
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confluence on 6-well culture dishes and stimulated as
appropriate. Following stimulation, reactions were termi-
nated on ice by aspiration of media and washed twice with
750 pl of ice-cold PBS. A further 500 ul ice-cold PBS was
then added to each well. Cells were then scraped and
transferred to eppendorf tubes and pelleted by centrifugation
(13,000 r.p.m. for 1 min). Supernatants were aspirated and
400 ul of 10 mm HEPES pH 7.9 containing (mM) KC1 10,
EDTA 0.1, EGTA 0.1, DTT 1, PMSF 0.5, with 10 ug ml~'
aprotinin, 10 ug ml~' leupeptin, and 10 ug ml~' pepstatin
was added to each tube. Cells were resuspended with light
pipetting and left to swell on ice for 15 min. Twenty-five
microlitres of 10% (w v~") NP-40 (in above buffer) was
added and each tube vortexed at full force for 10 s. Detergent
extracts were centrifuged at 13,000 r.p.m. for 30 s to recover
crude nuclear pellets and the supernatants aspirated. Pellets
were resuspended in 50 ul of 20 mm HEPES Buffer pH 7.9
containing 25% (v v~!) glycerol, 0.4 M NaCl, (in mMm) EDTA
I, EGTA 1, DTT 1, PMSF 0.5, with 10 ug ml~' aprotinin,
10 pug ml~" leupeptin and 10 pug ml~' pepstatin. Pellets were
then lightly vortexed and incubated on ice for 15 min.
Samples were then sonicated on ice in a bath-type sonicator
twice for 30 s and then centrifuged at 13,000 r.p.m. for
15 min at 4°C. Supernatants were then removed to fresh
eppendorf tubes for both protein (Bradford) and DNA
binding assays.

Electrophoretic mobility shift assay

For electrophoretic mobility shift assay (EMSA), the purified
double-strand NFxB and GAS oligonucleotides were end-
labelled with [y-*?P]-ATP using T4 polynucleotide kinase.
Binding reactions were performed by the method of Spink &
Evans (1997) with slight modification: 5 ug of nuclear extract
prepared as described above were incubated with 5 x Binding
Buffer (mm): MgCl, 5, EDTA 2.5, DTT 2.5, NaCl 250, Tris-
HCI 50 (pH 7.5) and 0.25 mg ml~' poly (dI-dC) in 20%
(v v7!) glycerol) for 15 min at room temperature and then
followed by a 20 min incubation at room temperature with
P-labelled NF-kB or GAS double-strand DNA probe
(approximately 50,000 c.p.m.). The mixture with 1 ul 10 x
loading buffer (250 mMm Tris-HCI1 pH 7.5, 0.2% bromophenol
blue and 40% glycerol) was electrophoresed at 100 V on pre-
run polyacrylamide gels in 0.5x TBE buffer (0.89 M Tris
base, 0.89 M boric acid and 0.02 M Na,EDTA) and dried gels
analysed by autoradiography. When the super-shift assays
were performed, polyclonal antibodies raised to NF-xB
subunits, were incubated with the mixture of nuclear extracts
and binding buffer for 20 min prior to the addition of 3*P-
labeled DNA probe.

IKK activity assay

Cells were incubated with vehicle or agonist as appropriate,
washed twice in ice cold PBS and then lysed in 300 ul 20 mM
Tris-HCl pH 7.6, containing (mM): EDTA 1, EGTA 0.5,
NaCl 150, 0.1% (w v~') Brij 35, 1% (w v—') Triton X-100,
sodium fluoride 20, sodium orthovanadate 0.5, f-glyceropho-
sphate 20, PMSF 1 10 ug ml™' aprotinin, 10 ug ml'
pepstatin A, and 10 ug ml~' leupeptin. Clarified extracts
were incubated with 1.5 ug of either IKKa -specific antisera
(Santa Cruz, U.S.A.) pre-coupled to protein G agarose (2 h,

4°C) with rotation. Immunocomplexes were collected by
centrifugation (13,000 xg for 1 min), washed once with
solubilization buffer and once with 25 mM HEPES buffer
pH 7.6 containing (mM) f-glycerophosphate 25, NaF 25,
MgCl, 15 and DTT 1 before incubation in the same buffer
containing 25 uM/5 uCi [y-**P]-ATP and 1 ug of a recombi-
nant GST-fusion protein of the N-terminus of IxBa (final
volume 30 ul, 30 min) at 30°C. Samples were boiled with
4 x sample buffer (5 min). Aliquots of each sample were then
subjected to electrophoresis on 10% SDS—PAGE gels, fixed
in 20 ml fixer solution (20% (v v—') methanol/10% (v v~")
acetic acid, 30 min). After drying, phosphorylated IxB was
visualized by autoradiography.

Statistical analysis

Results are represented as means+s.e.mean of indicated
number of experiments. Statistical analysis of the data was
performed using an unpaired f-test. A P value of less than
0.05 was considered to be significant.

Results

The effects of LPS and TNFu on IRF-1 expression in
HUVECs

Exposure of HUVECs to 10 ug ml~' LPS resulted in a time-
dependent increase in IRF-1 expression. Following a delay
of approximately 60 min, IRF-1 levels increased between 2—
4 h before returning towards basal values at 8 h (density
units mean+s.e.mean: control=0.018+0.0032, LPS (4 h)=
0.2792+0.0434, n=3) (Figure 1A,D). The response was also
concentration-dependent, reaching a maximum between 30
and 100 ug ml~!' (Figure 1B). TNFa also stimulated IRF-1
induction with kinetics similar to LPS (density units
mean+s.e.mean: control=0.0382+0.0075, TNFa (4 h)=
0.2519+40.0372, n=3) (Figure 1C,D) and over a concentra-
tion range of 1-30 ng ml~', consistent with that observed
for effects of TNFa in other cellular systems (Laird et al.,
1998).

LPS-stimulated NFxB DN A-binding activity in HUVECs

LPS also stimulated an increase in NFxB DNA-binding
activity as assessed by EMSA (Figure 2A). Following LPS
addition, maximum DNA-binding activity was achieved at
approximately 60 min and was sustained for up to 12 h, the
latest time point studied. Nuclear extracts prepared from LPS-
stimulated cells were additionally pre-incubated with specific
antibodies to NF«xB isoforms. Incubation with antibodies to
Rel-A (p65) and p50 but not Rel-B, c-Rel or p52 (Figure 2B),
resulted in an enhanced retardation in the migration (‘super-
shift’) of the NFxB DNA-binding complex. This finding
indicates that the p65 and p50 isoforms of NFxB are involved
in DNA-binding to NFxB-sensitive genes in this cell type.

The effects of PDTC and TLCK on LPS-stimulated
IRF-1 expression and NFkxB DN A-binding

The role of NFkB in the regulation of IRF-1 induction was
further examined using the known NFxB inhibitors, PDTC
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Figure 1 LPS- and TNFoa-stimulated IRF-1 protein expression in

HUVECs. HUVECs were exposed to 10 ug ml~! LPS for the times
indicated (A), with increasing concentrations of LPS for 4 h (B) or
30 ng ml~' TNFu for the times indicated (C) and then assayed for
IRF-1 content by Western blotting as outlined in the Methods
section. Each blot is representative of at least three others. In (D),
blots (A) and (C) were quantified by densitometry. Each value
represents the mean+s.e.mean from three independent experiments.
LPS (O), TNFu (@).

and TLCK (Figure 3). Both pharmacological agents inhibited
LPS-stimulated induction of IRF-1 expression in a concen-
tration-dependent manner. For PDTC, significant inhibition
(21+£2.8% of maximum, n=3, P<0.05) was observed at
100 uMm, with complete abolition at 1 mM (Figure 3A). TLCK
was more potent, significantly reducing the response follow-
ing pretreatment with a concentration of 10 uM (53.14+2.9%
of maximum, n=3, P<0.05), with complete abolition
observed at 100 uM (Figure 3B). Furthermore, both PDTC
and TLCK reduced LPS-stimulated NFxB DNA-binding
activity over a similar concentration range to that observed

for the inhibition of IRF-1 expression with complete
abolition at 1 mM and 100 uM respectively (Figures 3C,D).

In order to exclude any possible non-specific effects of
NF«B inhibitors on HUVEC responses, cells were infected
with a recombinant adenovirus encoding the IxBa gene. The
overexpressed IkBa protein binds and retains free NFxB in
the cytoplasm, thereby preventing its translocation to the
nucleus (Figure 4) as previously described by Wrighton et al.
(1996). Infection with IxBa virus, but not Ad.GFP control
vector (data not shown), caused a concentration-dependent
inhibition of LPS-stimulated NFxB DNA-binding (Figure
4A). Complete abolition was observed at an m.o.i. of between
100 and 300 (Figure 4A). This intervention also inhibited
LPS-stimulated translocation of p65 NFxB (Rel A) to the
nucleus (data not shown) and LPS-stimulated loss in the
cellular expression of IxkBa (Figure 4B). Similarly, LPS-
stimulated induction of IRF-1 was also abolished over a
similar concentration range (Figure 4C).

The effect of PDTC upon LPS-stimulated IicBo
degradation and IKKo activity

In addition to inhibition of NFkB DNA-binding, PDTC also
showed inhibitory activity against intermediates located
further upstream in the LPS-stimulated NFxB cascade.
Pretreatment of HUVECs with PDTC inhibited LPS-
stimulated degradation of IkBo expression (Figure 5A), with
full reversal being achieved by 1 mm PDTC. LPS also
stimulated an increase in the activity of the upstream
regulatory kinase IKKao (Figure 5B). This response was also
inhibited by PDTC over a similar concentration range. These
data strongly suggest a role for IKK in the regulation of
LPS-stimulated IRF-1 induction in HUVECs.

The effect of AG490 on LPS-stimulated IRF-1 expression
and GAS|GAF DN A-binding activity

We also found that in HUVECs, both LPS and TNFu«
stimulated GAS/GAF DNA-binding activity (Figure 6). The
responses to both agents were rapid in onset and maximal by
30—60 min. The rapidity of the response was similar to that
observed with IFNy stimulation in RAW 264.7 macrophages
(Liu et al., 1999) and suggested a possible role for signalling
events associated with this cytokine. To this end we utilized the
JAK-2 inhibitor AG490 (Meydan et al., 1996; Nakashima et
al., 1999; Takahashi et al., 1999). Preincubation of HUVECs
with increasing concentrations of AG490 markedly reduced
LPS-stimulated IRF-1 expression (Figure 7A,B). Inhibition
was observed to be significant following pre-treatment with
30 uM (45.6+6.9% of full induction, n=3) with the response
completely abolished at 100 uM. Surprisingly however, over a
similar concentration range there was no significant inhibition
of LPS-stimulated GAS/GAF DNA-binding (Figure 7C).

The effects of PDTC, TLCK and adenovirus-mediated
I Bo expression on LPS-stimulated GAS/GAF
DNA-binding activity

Figure 8 shows the effect of the NFxB inhibitors, PDTC
and TLCK and adenovirus-mediated IxBo expression, upon
LPS-stimulated GAS/GAF activation. Both pharmacologi-
cal agents prevented the activation of GAS/GAF DNA-
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binding activity. These effects were achieved within a
concentration range that was consistent with their inhibition
of NFxB DNA-binding activity, with complete inhibition of
LPS-stimulated GAS/GAF activity observed at 1 mM
PDTC and 100 um TLCK respectively (Figure 8A,B).
Similarly, infection with IxBa-encoding adenovirus caused
a concentration-dependent inhibition of LPS-stimulated
GAS/GAF DNA-binding activity (Figure 8C) over the

A
NF«xB-DNA
“4—  complex
4 12  (hour)
LPS
B
Super Shift
Complex
<« NFxB-DNA
complex
<4+ NS.

+ LPS (10.g/ml)
- = GAS Rel-A Rel-B c-Rel p50 p52 oligo./antibody (Ab)
oligo. Ab Ab Ab Ab Ab

Figure 2 LPS-stimulated p65/Rel-A and p50 NFxB DNA-binding
activity in HUVECs. (A) HUVECs were incubated with 10 ug ml~'
LPS for the times indicated and then assayed for NFxB DNA-
binding activity by EMSA as outlined in the Methods section. (B)
nuclear extracts from LPS-stimulated cells were additionally
incubated with vehicle, excess unlabelled GAS consensus oligonucleo-
tide (oligo; + GAS lane) or anti-NFxB antibodies (Ab; p65/Rel-A,
Rel-B, c-Rel, p50 and p52) as indicated and analysed by ‘super-shift’
assay. Each autoradiogram is representative of at least three others.
N.S. is non-specific complex.
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same concentration range as that observed for inhibition of
both NFxkB DNA-binding and IRF-1 protein expression
(see Figure 4A.C).

Rel A and p50 are involved in LPS-stimulated GAS|GAF
DNA-binding activity

Figure 9 shows the effect of antibodies to the NFxB subunits
Rel A and p50 on LPS-stimulated GAS/GAF DNA-binding.
Pre-incubation with either antibody resulted in a ‘supershift’
in GAS/GAF DNA-binding. This was not mimicked by
incubation with antibodies against Rel-B, c-Rel or p52, which
were shown previously not to be associated with LPS-
stimulated NFxkB DNA-binding (Figure 2B).

Discussion

In this study we sought to examine the role of intracellular
signalling pathways in the regulation of IRF-1 induction in
response to LPS in HUVECs. Although NFxB has been
implicated in the regulation of IRF-1 in some cell types, in a
previous study in RAW264.7 macrophages, we found that
despite strong activation of NFxB, LPS stimulated only a
minor increase in IRF-1 expression implying a requirement
for additional pathways (Liu et al., 1999). Furthermore, in
that study, LPS was able to enhance IFNy-stimulated IRF-1
expression suggesting a conditional role for NFxB in the
induction of IRF-1. Since the majority of studies examining
LPS-stimulated induction of IRF-1 have included IFNy as a
co-stimulant, making interpretation as to the relative
involvement of individual signalling pathways difficult, we
have examined another system, the HUVECs, known to
respond to cytokines with an increase in IRF-1 expression
(Karmann et al., 1996).

To our surprise we found, for the first time, that LPS alone
was a rather efficacious activator of IRF-1 protein expression.

NFxB-DNA
M > ‘ “ u 4 Complex
0 1 0.01 0.1 1 PDTC (mM)
C LPS
D
4 NFkB-DNA
Complex
0 0.1 0 0.001 0.01 0.4 TLCK (mM)
C LPS

Figure 3 The effect of PDTC and TLCK on LPS -stimulated IRF-1 induction and NFxB DNA-binding in HUVECs. HUVECs
were pre-incubated with increasing concentrations of PDTC (A,C) or TLCK (B,D) for 30 min prior to exposure to 10 ug ml~' LPS
for a further 4 h (A,B) or 60 min (C,D) with 10 ug ml~"' LPS. Cellular IRF-1 content was then assayed by Western blotting, whilst
NF«xB DNA-binding was measured by EMSA, as outlined in the Methods section. Each blot is a single experiment representative of

at least three others.
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Figure 4 The effect of adenovirus-mediated IxBo expression on
LPS-stimulated NFxB DNA-binding, kB« loss and IRF-1 induction
in HUVECs. HUVECs were infected with Ad.IxBa (m.o.i. of 30—
300) prior to further exposure to 10 yg ml~' LPS for the times
indicated. NFxB DNA-binding was assessed by EMSA (A), IxBax (B)
and IRF-1 (C) protein levels determined by Western blotting as
outlined in the Methods section. Each blot and autoradiograph are
representative of at least three others.

This immediately suggested that NFxB may be more
important in mediating the effects of LPS upon IRF-1
expression in human endothelial cells than in mouse
macrophages. This was not due to differences within the
promoters of mouse and human IRF-1 genes, as both contain
multiple sites for NFkB DNA-binding (Miyamoto et al.,
1988; Harada et al., 1994). We did consistently find that LPS
stimulated IRF-1 induction in the low ug ml~' rather than
the ng ml~' range shown for other LPS-induced responses
(Zen et al., 1998, Faure et al., 2000). The reason for this is
unclear but is likely to be due to the lack of soluble CD-14
and/or LPS-binding protein in the condition media used to
culture the HUVECs, these are required for high affinity
activation of a number of LPS receptor subtypes including
TLR-4 (Yang et al, 1998; Lien et al., 2000). Recently,
HUVECs have been shown to express high levels of TLR-4
consistent with this interpretation (Faure er al., 2000).
However, as TNFo was also as effective as LPS in inducing
the expression of IRF-1 this suggests that the effects of LPS
are likely to be transduced through a receptor and that
activation of intracellular pathways common to both agonists

A
—— L — <4 IkBa
4= 37kDa
0 1 0 001 03 1 PDTC (mM)
C LPS
B
-—
BEB= -
0 1 0 001 03 1 PDTC (mM)

c LPS

Figure 5 The effect of PDTC on LPS-stimulated IxBo degradation
and IKKo activity in HUVECs. HUVECs were pre-incubated with
increasing concentrations of PDTC for 30 min prior to exposure to
10 ug ml~" LPS for a further 30 min. Cellular IxBa content (A) was
assessed by Western blotting and IKKua activity (B) was assessed by
in vitro kinase assay as outlined in the Methods section. Each blot
and autoradiograph are representative of at least three others.
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Cc 05 1 2 4 8 (hour)
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B
“ u“ u ‘J GASIGAF
. DNA Complex
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Figure 6 LPS- and TNFo-stimulated GAS/GAF DNA-binding
activities in HUVECs. HUVECs were incubated with 10 ug ml~'
LPS (A) or 30 ng ml~' TNFu« (B) for the times indicated and GAS/
GAF DNA-binding activity assessed by EMSA as outlined in the
Methods section. Each autoradiograph is representative of at least
three others.

are involved, including, though not exclusively, the NFxB
cascade.

The notion that NFxB plays an important role in IRF-1
expression in HUVECs was further examined using both
pharmacological studies and the use of inhibitory adenovirus.
Both TLCK and PDTC were found to be effective inhibitors
of LPS-stimulated IRF-1 expression in this cell type. Whilst
the action of TLCK in preventing IxB degradation has been
well described previously (Mackman, 1994; Jeong et al.,
1997), the effect of PDTC is more controversial. PDTC has
been shown to directly inhibit NFxB DNA-binding through
either pro- or anti-oxidant properties although the ability of
PDTC to inhibit NFxB in this way is cell-type dependent
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Figure 7 The effect of AG490 on LPS-stimulated IRF-1 induction and GAS/GAF DNA-binding activity in HUVECs. HUVECs

were incubated with increasing concentrations of AG490 for 30 min prior to exposure to 10 ug ml™

"'LPS for either 4 h (A,B)or 2 h

(C). Samples were assayed for IRF-1 content by Western blotting (A) or GAS/GAF DNA-binding activity by EMSA (C) as
outlined in the Methods section. In (B), IRF-1 expression was quantified by densitometry. Each blot or autoradiograph is

representative of at least three others.
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Figure 8 The effect of PDTC, TLCK and IxBo adenovirus on LPS-
stimulated GAS/GAF DNA-binding activity in HUVECs. HUVECs
were pre-incubated with increasing concentrations of PDTC (A) or
TLCK (B) for 30 min or IxBo virus (C) for 40 h prior to exposure to
10 ugml~! LPS for a further 60 min. GAS/GAF DNA-binding
activity was then assessed by EMSA as outlined in the Methods
section. Each autoradiograph is representative of at least three
others.

(Brennan & O’Neill, 1996; Bowie et al., 1997). However, our
studies also showed that in HUVECs at least, the site of
PDTC’s inhibitory effect is at the level of IKK or upstream,
since this compound was able to inhibit LPS-stimulated IKK

activity. Thus, this result confirms, for the first time, that LPS
mediates IRF-1 induction through stimulation of an IKK/
IxB/NFkB pathway in primary cultures of human endothelial
cells and indicates the site of action of this compound to be
at an early point in the cascade.

The use of pharmacological inhibitors was problematic
however, when considering the role of NFxB in response to
other agents. We consistently found that LPS-stimulated
NFxB activation was inhibited by PDTC treatment whereas
TNFa-stimulated activation was not. These results however,
although agreeing with work by Bowie et al. (1997), disagreed
with an earlier report that showed good inhibition of TNFu« -
stimulated NFxB activation (Munoz et al., 1996). Thus the
differential sensitivity between LPS and TNFu in this regard
could not readily be ascribed to receptor-mediated differences
in the mechanisms involved in regulating the NF«xB cascade.
In order to exclude the potential for these compounds to
work in a non-specific manner in LPS-stimulated cells and
any possible experimental error in the use of PDTC, we
infected cells with adenovirus encoding the IxBa gene. This
virus has been previously characterized in HUVECs and was
found to inhibit TNFa-induced degradation of IxBo (Weber
et al., 1999). Indeed, infection of HUVECs abolished LPS-
stimulated NFxB DNA-binding as outlined previously
(Figure 4A) and also the translocation of NFxkB to the
nucleus, suggesting the viral construct is acting in the manner
described. Significantly, this intervention abolished LPS-
stimulated IRF-1 induction, further confirming the central
role for NFxB in the regulation of IRF-1 induction in
response to LPS.

It is well accepted that activation of the JAK/STAT
pathway, in particular in response to the interferons and
other cytokines (Taniguchi er al., 1995), mediates positive
effects upon IRF-1 induction due to binding of STATs to the
GAS on the IRF-1 promoter (Pine, 1997). In RAW 264.7
macrophages however, LPS is unable to stimulate STAT
activity and this strongly correlates with the relatively small
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Figure 9 The effect of p65/Rel-A and pS5S0 antibodies on LPS-
stimulated GAS/GAF DNA-binding in HUVECs. HUVECs were
incubated with vehicle (C) or 10 ug ml1~' LPS for 60 min and nuclear
extracts prepared as outlined in the Methods section. The nuclear
extracts were additionally incubated with vehicle, excess unlabelled
NFxB consensus oligonucleotide (oligo; + NFxB lane) or anti-NFxB
antibodies (Ab; p65/Rel-A, Rel-B, c-Rel, p50 and p52) as indicated
and then analysed by ‘super-shift’ EMSA assay as outlined in the
Methods section. Each autoradiograph is representative of at least
three others.

induction of IRF-1 in this cell type (Deng et al., 1996; Liu et
al., 1999). LPS has previously been shown to regulate the
GAS/GAF DNA-binding interactions on other genes through
the latent expression of a STAT, probably STAT 5
(Yamaoka et al, 1998) or an unidentified GAS/GAF
DNA-binding protein (Gupta et al, 1998). However, we
found that both LPS and TNFuo stimulated an increase in
GAS/GAF DNA-binding within a time-frame that is unlikely
to involve an intermediate synthetic step. This again
distinguishes HUVECs from RAW 264.7 macrophages and
indicates that rapid GAS/GAF interaction may be a requisite
for IRF-1 induction irrespective of the cell type or stimulus.

As rapid GAS/GAF DNA-binding is associated with an
increase in STAT binding we reasoned that rapid activation
of the JAK/STAT cascade may be involved in mediating the
effects of LPS and TNFa«. Consistent with this notion we
found that the JAK-2 inhibitor AG490 was able to inhibit
IRF-1 expression. This was found to be comparable to the
observed effect of this inhibitor in a number of other cell
types including leukaemic cells, rat mesangial cells and
human osteoblast-like cells (Meydan et al., 1996; Nakashima
et al., 1999; Takahashi et al., 1999). However, we found that
LPS-stimulated GAS/GAF DNA-binding was not affected by
AG490 suggesting that the involvement of the JAK/STAT
pathway is unlikely. Preliminary studies in our laboratory
supported this contention, neither LPS nor TNFa stimulates
the tyrosine phosphorylation of JAK-1 or JAK-2 in
HUVEC:s (results not shown).

There are of course other possible mechanisms by
which LPS could activate STAT. LPS is able to mediate
the phosphorylation of STATI1 at ser727 by a process
that requires p38 MAP kinase (Kovarik er al., 1999).
However, we found in preliminary experiments that the
p38 MAP kinase inhibitor SB203580 did not affect LPS-
stimulated IRF-1 induction, suggesting that this type of
pathway is not involved. It is also possible that LPS may
activate EGF receptor kinases and cell signalling pathways
associated with activation of that receptor. However, there
is at present no studies to suggest that LPS can mediate
transactivation of the EGF receptor. In addition we found
that the MEK-1 inhibitor PD098059 did not inhibit LPS-
stimulated IRF-1 induction within this cell type, suggest-

ing that a major pathway activated by EGF and
potentially involved in STAT activation, is not implicated
in the regulation of IRF-1 in this cell type. At present
however, we cannot determine the site at which AG490 is
having its inhibitory effects. Several possibilities exist,
including a direct effect upon IRF-1 transcription and a
destabilization of protein or mRNA. These potential
mechanisms of inhibition are presently being examined
in our laboratory.

Our results also indicate that NFxB plays some role in the
regulation of GAS/GAF DNA-binding. Both PDTC and
TLCK were able to inhibit GAS/GAF DNA-binding over a
concentration range that was similar to their inhibition of
both IRF-1 protein expression and NFxB DNA-binding. The
effects of the inhibitors were also mimicked by infection with
the adenovirus encoding IxBo suggesting that these inhibitors
were not acting in a non-specific manner but rather their
effects were due to an inhibition of NFxB DNA-binding
activity.

In addition, we found that antibodies directed against
p65/Rel-A and p50 induced a ‘super-shift’ in GAS/GAF
DNA-binding and was similar to the observed results for
LPS-stimulated NFxB DNA-binding. This phenomenon has
been identified previously in other cell types such as RAW
264.7 macrophages and human Ramos cells (Deng et al.,
1996, Gupta et al., 1998), although this is the first study to
identify a similar phenomenon in human endothelial cells.
This phenomenon is unlikely to be artifactual and may in
fact represent the formation of a multi-protein-DNA
nucleocomplex. The NFkB proteins are unlikely to bind
directly to the GAS/GAF oligonucleotide sequence given
that the previously described NFxB binding motifs all share
the same head (GGG) and end (CC or AC) sequences from
5" to 3 with varying central nucleotides (Schreck &
Baeuerle, 1990; Grilli et al., 1993) that are distinct from
the GAS sequence (5-TTTCCCCGAAA-3') used in this
study. Furthermore, the formation of LPS-stimulated GAS/
GAF protein-DNA complexes were sensitive to specific
competition with excess amounts of unlabelled NFkB
oligonucleotide whilst LPS-stimulated NFxB DNA-binding
was insensitive to competition with excess unlabelled GAS
oligonucleotide. This supports further the hypothesis that
NF«xB isoforms, in this case p65/Rel-A and p50, are likely
to interact with GAF that is in complex with GAS
sequences yet GAS/GAF complexes are not necessary
involved in the formation of NFxkB-DNA complexes. NF-
kB may therefore interact either directly with GAF, or
indirectly via additional transcription factors present in the
LPS-activated nuclear extracts. These proteins may also be
regulated by LPS and bind to elements in close proximity
to the GAS sequence and allow the formation of a
multiple-transcription factor complex, in a manner similar
to that described previously for members of the NFxkB
protein family (Sheppard et al., 1998; Saura et al., 1999).
Hence, the presence of NFkB proteins in certain cases may
be an integral component to the successful formation of
functional GAF/GAS complexes.

Overall, these findings suggest that in some cell types,
LPS-stimulated IRF-1 expression is significantly regulated
by NFkB proteins, although the precise details of their
roles in this process remain unclear. A rapid increase in
GAS/GAF DNA-binding may be a requisite for substantial
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IRF-1 induction, however maximum induction is likely to
rely upon the direct binding of p65 and p50 to NFxkB
consensus binding sequences and their subsequent interac-
tion with the GAF/GAS binding sites within the IRF-1
promoter. This distinguishes HUVEC cells from other cell
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