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Bacterial lipopolysaccharide induces HIF-1 activation in human monocytes

via p44/42 MAPK and NF-«B
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Inflammatory mediators activate the transcriptional complex
HIF-1 (hypoxia-inducible factor-1), the key regulator of hypoxia-
induced gene expression. Here we report that bacterial LPS
(lipopolysaccharide) induces HIF-lo mRNA expression and
HIF-1a protein accumulation in human monocytes as well
as in non-differentiated and differentiated cells of the human
monocytic cell line THP-1 under normoxic conditions. LPS and
hypoxia synergistically activated HIF-1. Whereas LPS increased
HIF-1oo mRNA expression through activation of a NF-kB (nuc-
lear factor kB) site in the promoter of the HIF-1« gene, hypo-
xia post-translationally stabilized HIF-1« protein. HIF-1« activ-
ation was followed by increased expression of the HIF-1 target
gene encoding ADM (adrenomedullin). Knocking down HIF-1«
by RNA interference significantly decreased ADM expression,
which underlines the importance of HIF-1 for the LPS-induced

ADM expression in normoxia. Simultaneously with HIF-1 ac-
tivation, an increase in p44/42 MAPK (mitogen-activated pro-
tein kinase) phosphorylation was observed after incubation with
LPS. In cells pretreated with the p44/42 MAPK inhibitor PD
98059 or with RNAI (interfering RNA) directed against p44/42
MAPK, LPS-induced HIF- 1« accumulation and ADM expression
were significantly decreased. From these results we conclude that
LPS critically involves the p44/42 MAPK and NF-«B pathway in
the activation of HIF-1, which is an important transcription factor
for LPS-induced ADM expression.

Key words: adrenomedullin (ADM), hypoxia-inducible factor-1
(HIF-1), inflammation, macrophages, mitogen-activated protein
kinase (MAPK), oxygen sensing.

INTRODUCTION

The heterodimeric transcription factor HIF-1 (hypoxia-inducible
factor-1) regulates the expression of genes involved in angio-
genesis, oxygen transport, glucose metabolism and vascular tone
[1]. HIF-1 consists of an «- and a B-subunit: whereas HIF-
18 is constitutively expressed, HIF-1« is strictly regulated by
the cellular oxygen tension. Under normoxic conditions, HIF-
la protein is post-translationally hydroxylated on specific proline
residues to enable binding to pVHL (von-Hippel-Lindau protein),
which targets HIF-la for ubiquitinylation and proteasomal
degradation [2]. Under hypoxic conditions, proline hydroxylation
is blocked, and this leads to an increase in HIF-1« protein and
expression of HIF-1 target genes [3,4]. In addition to hypoxia,
multiple oncogenic and inflammatory stimuli up-regulate HIF-
la accumulation and activation [5-7]. Recently, an important
role for HIF-1 in inflammation and activation of the immune
response was proposed [8,9]. Results from these and other groups
provide evidence that HIFs play an integrative role in conditions
of hypoxia and inflammation.

Nevertheless, the intracellular pathways involved in non-hy-
poxic HIF-1¢ activation seem to be cell-specific and stimulus-
dependent and are not well characterized. An implication of the
p44/42 MAPK (mitogen-activated protein kinase) in hypoxic HIF-
la activation was first discussed by Richard et al. [10] and Minet
et al. [11]. Sang and co-workers reported an elevation of HIF-1
activity by p44/42 MAPK activation [12]. The p44/42 MAPKs
are activated by a wide variety of proliferative and inflammatory
signals [13]. In monocytes and macrophages, bacterial LPS
(lipopolysaccharide) strongly induces p44/42 phosphorylation
[14,15]. The phosphorylation of p44/42 MAPK is triggered by

a cascade of phosphorylation events that can be repressed by
specifically designed kinase inhibitors. Activation of NF-«B
(nuclear factor kB) is a common end point of signalling cascades
in inflammation and the immune response.

Recently, the gene encoding ADM (adrenomedullin) was
identified as an HIF-1 target [16]. ADM is a potent hypotensive
and immune-modulating peptide initially isolated from extracts
of human pheochromocytoma cells [17]. ADM is expressed in
endothelial, vascular smooth-muscle[18] and tumour cells [16].
Hypoxia potently stimulates ADM production [16,19]. Analysis
of the ADM promoter resulted in the identification of at least
20 putative HREs (hypoxia response elements) located in the 5'-
promoter, 5'- and 3’- untranslated regions, intron 1 and exons 3
and 4 of the ADM gene [16]. In addition, elevated levels of ADM
were found in septicaemic patients [20], and murine peritoneal
macrophages stimulated with LPS express the ADM gene [21].
The mechanisms of LPS-induced ADM expression have not yet
been fully elucidated, and it is not known whether LPS-induced
ADM expression interferes with hypoxic signaling.

In the present study we show that LPS increases HIF-1o« mRNA
expression in an NF-k B-dependent way. The p44/42 MAPK was
critically involved in this activation under normoxic and hypoxic
conditions. We can demonstrate that HIF-1 plays a central role in
hypoxia- as well as in LPS-induced ADM expression in human
monocytes and macrophages.

MATERIALS AND METHODS
Cell culture

The human monocytic cell lines THP-1 and MonoMac6 were
obtained from the German Collection of Micro-organisms and

Abbreviations used: Act D, actinomycin D; ADM, adrenomedullin; EMSA, electrophoretic-mobility-shift assay; ERK, extracellular-signal-regulated kinase;
HIF-1, hypoxia-inducible factor-1; HRE: hypoxia response element; HRP, horseradish peroxidase; LPS, lipopolysaccharide; MAPK, mitogen-activated
protein kinase; MEK1/2, MAPK/ERK kinase 1/2); NF-«B, nuclear factor «B; pVHL, von-Hippel-Lindau protein; RNAI, interfering RNA; RT-PCR, reverse-
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Cell Cultures [DSMZ (Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen GmbH]. Cells were cultured in RPMI
1640 medium, supplemented with 10 % (v/v) fetal bovine serum,
2 mM L-glutamine, 1 mM sodium pyruvate, penicillin (100 units/
ml) and streptomycin (100 pg/ml) in a humidified atmosphere of
5% CO, in air. For experiments with undifferentiated cells, the
cell density was adjusted to 10° cells/ml in 1 ml of serum-free
medium in 35-mm-diameter Petri dishes. Differentiation of THP-
1 to a macrophage-like phenotype was achieved by treatment of
10° cells/ml in a 35-mm-diameter Petri dish with 10 nM PMA
for 5 days. The cells were serum-deprived 24 h before the ex-
periment. Hypoxic conditions were achieved by placing the
culture dishes in a Heraeus (Hanau, Germany) incubator under
0,/CO,/N, (3:5:92) for the indicated time periods. For reoxy-
genation experiments, cells were exposed to hypoxic conditions
(3% O,) for 6h and then transferred to 21 % O, for different
times. Bacterial LPS (serotype 0111:B4; Sigma, Deisenhofen,
Germany) was added to the cells as indicated for each experiment.
The concentrations of LPS, bortezomib (a modified dipeptidyl
boronic acid from Ortho Biotech, Neuss, Germany) and PD 98059
(a cell-permeant inhibitor of MAPK kinase from Calbiochem,
Bad Soden, Germany) used in the experiments were not toxic
for the cells as judged from an MTT [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide] assay [22]. At the end of the
experiments, cells were centrifuged, lysed in GTC solution (4.2 M
guanidine isothiocyanate/0.5 % saponin/25 mM sodium citrate),
followed by total RNA extraction for the determination of specific
mRNAs by RT (reverse transcription)-PCR. Additionally, total
cell lysates and nuclear extracts were prepared and submitted to
immunoblotting as well as to an NF-«B and HIF-1 DNA-binding
EMSA (electrophoretic-mobility-shift assay).

Primary human macrophages

Peripheral-blood monocytes were isolated from 100 ml of buffy
coat using NycoPrep™ 1.068 according to the manufacturer’s
instructions. Isolated monocytes were resuspended in RPMI 1640
medium (BioWhittaker, Verviers, Belgium) supplemented with
2 mM L-glutamine, 1 mM sodium pyruvate, penicillin (100 units/
ml) and streptomycin (100 pg/ml). Cells were seeded in poly-
styrene Petri dishes at a density of 2 x 10° cells/ml and were
allowed to attach themselves to the culture dish. After 30 min,
the medium, with unattached cells, was removed and monocytes
were differentiated in RPMI 1640 with 20 % (v/v) human AB
serum (Sigma), 2 mM L-glutamine, 1 mM sodium pyruvate,
100 units/ml penicillin and 100 pug/ml streptomycin (all from
Invitrogen, Karlsruhe, Germany) for 8 days. Medium was re-
newed at culture days 3 and 6. Differentiation was confirmed
morphologically and by immunohistochemical staining with the
macrophage-specific marker CD68 (a 110 kDa transmembrane
glycoprotein; 98 % of differentiated macrophages were CD68-
positive). Cells were serum-deprived 18 h before the start of the
experiments performed under serum-free conditions. To achieve
hypoxic conditions, culture dishes were placed in a Heraeus
incubator under O,/CO,/N, (3:5:92) for the indicated time
periods.

RNA preparation and RT-PCR

Total RNA was isolated by the acid guanidinium thiocyanate/
phenol/chloroform extraction method [23]. A 1 ug portion of
total RNA was reverse-transcribed into cDNA with oligo(dT),s
as primer for avian-myeloblastosis-virus reverse transcriptase
(Promega, Heidelberg, Germany). Qualitative PCRs were per-
formed for the ribosomal protein as housekeeping gene to test
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Table 1 Primer sequences used for qualitative and real-time PCR
Primer Sequence GenBank® accession no.
5'ribProt acc agg tgt gca agg agg gc AF173378
3'ribProt gca agt cgt ctc cca tet ge
5ADM gga tge cgc ceg cat ceg ag NM_001124
3ADM gac acc aga gtc cga ccc gg
5HIF-1a get ggc ccc age cgc tgg ag XM 007373
IHIF-1a gag tgc agg gtc agc act ac
5CD14 ggtgccgetgtgtaggaaaga  BC 010507
3CD14 ggt cct cga geg tea gtt cct
5TLR4 tgg ata cgt ttc ctt ata ag AF172169
3TLR4 gaa atg gag gca ccc ctt ¢

the quality of cDNA preparation and for ADM, and HIF-1« to
estimate the amount of specific cDNA before real-time PCR.
In addition, expression of the cell-surface antigens CD14, and
TLR4 involved in LPS binding and signalling were verified.
The resulting PCR fragments were visualized on ethidium bro-
mide-stained 1.5 % (w/v) agarose gels. Primers for real-time PCR
(Invitrogen) were designed with Primer Express software (Ap-
plied Biosystems, Weiterstadt, Germany). The amplicon size was
100 bp, the annealing temperature was 60 °C and the CG content
was about 60 %. The primer sequences used for qualitative and
quantitative PCR are listed in Table 1.

Real-time PCR was performed with SYBR® green as fluor-
escent dye (Eurogentec, Verviers, Belgium) on the Gene
Amp 5700 Sequence Detection System (Applied Biosystems,
Weiterstadt, Germany). The cDNA standards for real-time PCR
were prepared from the specific PCR products using a DNA
purification kit (Roche, Mannheim, Germany). The amount of
standard cDNA was determined photometrically. The standard
concentrations ranged from 100-0.01 fg/ul. Quantification was
done in a two-step real-time PCR with a denaturation step at
95 °C for 10 min and then 40 cycles at 95°C for 15 s and at 60°C
for 1 min. Amounts of HIF-l« cDNA and ADM cDNA were
finally normalized to 1 g of total RNA.

Whole-cell and nuclear-extract preparation

For preparing whole-cell extracts, cells were centrifuged (1500 g)
for 8 s, supernatants were discarded and cells were lysed with
30 w1 of lysis buffer [150 mM NaCl, 10 mM Tris, pH 7.9, | mM
EDTA, 0.1 % Igepal (Nonidet P40), 1 x protease inhibitor cock-
tail (Roche)] for 20 min on ice. The lysates were centrifuged at
1500 g at 4°C for 5 min in a microcentrifuge, and supernatants
containing cellular proteins were collected and stored at — 80°C.
Protein concentrations of the supernatants were quantified using
the Bio-Rad (Munich, Germany) protein assay reagent.

Nuclear proteins were prepared using the method of Schreiber
et al. [24]. All procedures were carried out at 4°C. After incu-
bation, cells were spun down in a microcentrifuge for 8 s and
lysed with 150 ul of Buffer A (10 mM Hepes, pH 7.9, 1.5 MgCl,,
10 mM KCl, 0.5 mM PMSF, 0.5 mM dithiothreitol, 0.4 % Igepal,
1 x protease inhibitor cocktail) and incubated for 20 min on
ice. Cell lysates were centrifuged at 1500 g at 4°C for 5 min.
Nuclear pellets were resolved in 80 ul of Buffer B (20 mM
Hepes, pH 7.9, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA,
0.5 mM PMSEF, 0.5 mM dithiothreitol and 1 x protease inhibitor
cocktail) and homogenized on a magnetic stirrer for 30 min.
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After centrifugation at 1500 g at 4°C for 15 min, supernatants
containing the nuclear proteins were frozen at —80°C. Protein
concentrations were determined using the Bio-Rad kit.

Transfer of RNAi (interfering RNA) to THP-1 cells

RNAI against HIF-1a was selected as previously described [25].
In addition, another HIF-1a RNAI corresponding to nt 1004—-1029
of HIF-1a sequence (GeneBank® accession number AF208487)
was selected and synthesized by Invitrogen as Stealth RNAiI®.
RNAI against p44/42 (Validated Stealth RNAi) was obtained
from Invitrogen. THP-1 cells were adjusted to a cell density
of 1.5 x 10° cells/ml in PB-sucrose (7 mM sodium pyruvate,
272 mM sucrose and 1 mM MgCl,). RNAI (final concn. 50 uM)
was transfected by electroporation using a Bio-Rad Gene Pulser IT
electroporator with a radio-frequency module. Electroporation
provided a transfection efficiency of 70 %, as judged from
transfection with fluorescein-labelled RNAi, with 60 % of the
cells alive after electroporation. After electroporation, cells were
resuspended in complete medium and cultured for additional 24 h
before the experiments were performed.

Transfection of MonoMac6 cells

Cells (2 x 10°/ml) were transfected with a reporter vector in which
firefly luciferase is driven by a 800-nt fragment of the HIF-1c
promoter (800ntHIFprom in pGL3 (Promega) kindly provided
by Dr Carine Michiels, Laboratory of Biochemistry and Cellular
Biology, University of Namur, Namur, Belgium). At 6 h after
transfection cells were treated for 16 h with LPS to allow sufficient
expression of the reporter gene. Luciferase activity was measured
in 50 pul of cell lysate and normalized to the expression of the
pGL3 control vector.

Western-blot analysis

After addition of 0.25 vol. of sample buffer [SOmM Tris,
pH 6.8,2 % (w/v) SDS, 5 % (v/v) 2-mercaptoethanol, 0.0 125 %
Bromophenol Blue and 1% glycine), 70 ug of total cell lysate
per lane was subjected to SDS/7.5%-(w/v)-PAGE and trans-
ferred on to a nitrocellulose membrane (0.2 um pore size;
Schleicher and Schuell, Dassel, Germany). The efficiency of pro-
tein transfer and equal loading was confirmed by staining the
nitrocellulose membrane with Ponceau S (Sigma). Filters were
blocked overnight at 4°C with 5% (w/v) non-fat dried milk
powder in TBS-T (10 mM Tris, pH 7.5, 100 mM NaCl and 0.05 %
Tween-20). Membranes were washed in TBS-T and incubated
with a mouse monoclonal antibody against HIF-1« (Transduction
Laboratories, San Diego, CA, U.S.A.), NF-xB (Cell Signaling
Technology, Inc., Danvers, MA, U.S.A.) or phospho-specific
antibodies against p44/42 MAPK (Cell Signaling Technology)
at room temperature for 2 h with gentle shaking. «-Tubulin and
RNA polymerase II (both from Sigma) served as markers for equal
total protein content. After washing with TBS-T, HRP (horse-
radish peroxidase)-conjugated anti-mouse IgG antibody (Sigma)
or with HRP-linked anti-rabbit IgG antibody (New England
Biolabs) were added. Immunoreactive proteins were visualized
by chemiluminescence. Membranes were incubated in a detection
solution (100 mM Tris/HCI, pH 8.5, 2.65 mM H,0,, 0.45 mM
luminol and 0.625 mM p-coumaric acid) for 1 min, followed by
exposure to X-ray films (Agfa, Mortsel, Belgium).

HIF-1 DNA hinding assay

HIF-1 DNA-binding activity was measured with the DuoSet®
IC (IntraCellular) Assay Development System for HIF-1 (R&D

Systems, Minneapolis, MN, U.S.A.) according to the manufac-
turer’s instructions. In brief, a 96-well microtitre plate was coated
with capture antibody (4 ng/ml in PBS). After repeated washing,
the plate was blocked with 5% (w/v) BSA in reagent diluent
for 2 h. Nuclear extracts (each sample 80 ng) were incubated
with a biotin-labelled double-stranded oligonucleotide containing
aspecific HIF-1 binding sequence for 30 min at room temperature.
Samples (100 wl/well each) were placed on the microtitre plate
and incubated for 2 h. Detection of DNA-bound HIF-1 complexes
was done using streptavidin-HRP conjugate. Binding activity of
HIF-1 from LPS- and hypoxia-treated cells were calculated as a
percentage of the value obtained for untreated normoxic controls.
Experiments were performed in triplicate and each sample was
measured in duplicate.

NF-«B EMSA

[y -**P]ATP was obtained from ICN (Eschwege, Germany). Oligo-
nucleotides containing the sequence (in boldface) of a NF-«B
binding site from the HIF-1o promoter (sense 5'-tcacgaggggt-
ttcecgectegea-3’ and antisense: 5'-tgcgaggegggaaaccecctcgtga-3';
corresponding to nt — 130 relative to the transcription start site)
were synthesized by Invitrogen. After 5'-end-labelling of the
sense strand, unincorporated ATP was removed with Bio-Gel
G30 columns (Bio-Rad). The annealing reaction was performed
in the presence of a 2-fold molar excess of unlabelled antisense
oligonucleotide. Binding reactions were set up in a volume of
20 pl. Portions (10 pg) of nuclear extracts were preincubated on
ice for 20 min in a binding buffer (12 mM Hepes, pH 7.9, 4 mM
Tris/HCl, 60 mM KCI, 1 mM EDTA and 1 mM dithiothreitol)
with 100 ng of thymus DNA. For supershift assays the samples
were additionally incubated with an anti-NF-«B p65 antibody
for 16 h at 4°C. Samples were subsequently resolved by electro-
phoresis on native 5%-(w/v)-polyacrylamide gels at room temper-
ature. Gels were dried and analysed directly by autoradiography.

Statistics

Experiments were performed in triplicate. Values of cDNA quanti-
fication are given as means & S.D. Dunnett’s test and the Tukey—
Kramer test were used to calculate whether differences of means
between treated and control groups were significantly different.

RESULTS

THP-1 cells were incubated under hypoxic conditions (3 %
oxygen) and the time course of HIF-1o protein accumulation
was determined in total cell lysates. Exposure times for all blots
were identical to allow better judgment on signal strength, as may
be appreciated from equal signal strength for «-tubulin. HIF-
la protein was detected 1 h after the beginning of hypoxic incu-
bation, and maximal induction was achieved after a 4 h incubation
period. After more than 4 h the HIF-1a levels declined again.
Likewise, the addition of LPS (1g/ml) to THP-1 cells under nor-
moxic conditions significantly increased HIF-1o accumulation
starting after 2 hours of LPS treatment and peaking at 4 h. Treat-
ment of THP-1 cells with LPS under hypoxic conditions enhanced
hypoxia-induced HIF-1a accumulation and prolonged the elev-
ation of HIF-1« protein content up to 16 h (Figure 1A). To eluci-
date the mechanisms underlying the enhanced accumulation of
HIF-1o protein by LPS treatment, we analysed HIF-1o mRNA
expression. While hypoxia significantly decreased HIF-1o
mRNA levels in THP-1 cells, LPS stimulated the expression of
HIF-1a under normoxic and hypoxic conditions. (Figure 1B).
To analyse the DNA-binding capacity of HIF-1 in THP-1 cells,

© 2006 Biochemical Society



520 S. Frede and others

A LPS induces HIF-1o protein
control
HOX 3%0,

1 2 4 8 16 h
HIF-10 — ‘ —----‘

o-tubulin — ‘———-—‘

LPS [1pgimi] NOX 21 % O,
1 2 4 8 16 h
HIF-10:—)‘ 3:....--‘

o-tubulin — l —————‘

HOX 3%0,
1 2 48 16 h

P ——
s
o-tubulin — lﬁ'————(

B LPS induces HIF-1a mRNA

300 i
—_
<32
X 200 1
R
E § *
" o T r 1
TS 100 mm )
HOX [3%0,; 3h] - - + +
LPS [1ug/ml] 5 B %
C LPS induces HIF-1DNA binding
mut HRE
NOX control
NOX LPS i ek
HOX control | ek
HOX LPS N

80 100 120 140 160

% induction

D LPS induces expression of the HIF-1 target gene ADM

2500
2000
1500
1000

500

ADM cDNA
[fa/ug total RNA]

HOX3%0, - - + +
LPS [1ug/ml] - + -

Figure 1

Undifferentiated THP-1 cells accumulate HIF-1o in response to hypoxia and LPS

(A) THP-1 cells were incubated under normoxic (NOX) and hypoxic (HOX) conditions for up to 16 h in the presence or absence of LPS (1..g/ml). A 70 g portion of total cell lysate was resolved
by SDS/PAGE. HIF-1ex protein was detected with an anti-HIF-1o antibody, and anti-o-tubulin antibody was used to demonstrate equal gel loading. (B) THP-1 cells were incubated for 3 h with
LPS. Total RNA was prepared, reverse-transcribed into cDNA, and HIF-1cc cDNA was quantified by real-time PCR. Amounts of HIF-1a cDNA were normalized to 1 g of total RNA. Shown are the
means + S.D. from four separate experiments, *P < 0.05. (C) LPS and hypoxia increase HIF-1 DNA-binding activity. An 80 g portion of nuclear extract from treated THP-1 cells was incubated with
a biotin-labelled double stranded oligonucleotide containing a specific HIF-1 binding sequence or a mutated (mut) HRE for 30 min at room temperature. Detection of DNA-bound HIF-1 complexes
was performed using streptavidin—HRP conjugate. Binding activity of HIF-1 from LPS- and hypoxia-treated cells were calculated as a percentage of that exhibited by untreated normoxic controls.
n=3,***P < 0.001. (D) LPS induces the expression of the HIF-1 target gene. THP-1 cells were incubated under normoxic and hypoxic condtions in the presence and absence of LPS (1 wg/ml)
for 6 h. Total RNA was isolated and reverse-transcribed into cDNA. ADM cDNA was quantifed by real-time PCR. Shown are the means + S.D. from four separate experiments; *P < 0.05.

a ELISA-based HIF-1 binding assay was performed. In nuclear
extracts from cells treated with LPS under normoxic conditions
a highly significant induction of the HIF-1 DNA binding was
observed. Hypoxia alone induced a moderate increase in binding
of HIF-1 to DNA, which was significantly enhanced when cells
were treated with LPS under hypoxic conditions (Figure 1C).
To test whether LPS-induced HIF-1 DNA binding resulted in the
expression of an HIF target gene, ADM expression was quantified.
Treatment with LPS for 6 h induced ADM expression in THP-1
cells under normoxic and hypoxic conditions, as quantified by
real-time PCR. Hypoxia alone induced a 10-fold increase in
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ADM expression, and LPS significantly enhanced the expression
of ADM under both conditions (Figure 1D).

Since arole of HIF-1« during the maturation and differentiation
of myeloid cells was suggested [8], we were interested whether
the sensitivity to hypoxia and LPS changes during this process.
THP-1 cells were differentiated with 10 nM PMA for 5 days
to achieve a macrophage-like phenotype (Figure 2A). Because
maximal accumulation of HIF-1« in undifferentiated THP-1 cells
was observed after an incubation period of 4 h, this time point was
chosen for the following experiments. Treatment of differentiated
THP-1 with LPS under normoxic conditions induced HIF-l«
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Figure 2 LPS induces HIF-1« in differentiated THP-1 cells and in primary human macrophages

(A) THP-1 cells were treated for 5 days with 10 nM PMA to achieve differentiation from a monocytic to a macrophage-like phenotype. (B) Differentiated cells were incubated with LPS (1¢g/ml) under
normoxic (NOX) or hypoxic HOX) conditions. Whole-cell lysates were prepared and subjected to SDS/PAGE. HIF-1a and ee-tubulin proteins were detected by immunoblotting. In addition, total RNA
was extracted and HIF-1a cDNA was quantifed by real-time PCR. Shown are the means + S.D. from four independent experiments, *P < 0.05. (C) Primary human macrophages were incubated
with LPS (1 w.g/ml) under normoxic or hypoxic conditions. Whole-cell lysates were prepared and subjected to SDS/PAGE. A representative immunablot of HIF-1a and ee-tubulin proteins is shown
(n=3). After a 3 h treatment with LPS in normoxia and hypoxia, total RNA was extracted and HIF-1o: cDNA was quantified by real-time PCR. Shown are the means + S.D. from four independent

experiments. *P < 0.05.

accumulation comparable to a 4 h hypoxic incubation. Under
hypoxic conditions, LPS strongly enhanced HIF-lo protein
content (Figure 2B, left panel). In contrast with non-differentiated
cells, hypoxia did not reduce the expression of HIF-1lo mRNA.
As observed with non-differentiated cells, LPS induced an up-
to-3-fold higher expression of HIF-lo« mRNA under normoxic
and hypoxic conditions (Figure 2B, right panel). To confirm these
results obtained in the cell line THP-1, we performed experiments
with primary human macrophages differentiated from peripheral-
blood monocytes by treatment with 20 % (v/v) human AB serum

for 8 days. In primary macrophages, LPS induced HIF-1«a ac-
cumulation under normoxic conditions. Hypoxic incubation for
4 h resulted in an accumulation of HIF-1¢ that was further en-
hanced by LPS (Figure 2C, left panel). With respect to HIF-1«
mRNA expression, hypoxia alone failed to influence HIF-
lao mRNA. LPS treatment enhanced HIF-1oe mRNA expression
under normoxic and hypoxic conditions. No decrease in HIF-1«
mRNA was observed in primary human monocytes after hypoxic
incubation (Figure 2C, right panel). Similar results for HIF-1«
mRNA expression and protein accumulation were obtained in
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Figure 3 Mechanisms involved in LPS-induced HIF-1« activation
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(A) THP-1 cells were incubated under hypoxic (HOX) conditions in the presence or absence of LPS (1 n.g/ml) for 6 h, followed by reoxygenation for the indicated time periods. Whole-cell lysates
were prepared and subjected to SDS/PAGE. HIF-1« and «-tubulin proteins were detected by immunoblotting. A representative immunoblot (n = 4) is shown. (B) THP-1 cells were treated with
MG132 (‘MG 132,10 M) and cycloheximide (CHX; 10 M) 30 min before the end of 4 h incubation with LPS under normoxic (NOX) conditions. HIF-1e and polyubiquitinated forms of HIF-1
were detected with an anti-HIF-1e antibody; «-tubulin served as control for equal protein loading. (C) Cells were treated with actinomycin D (ActD; 5 neg/ml) immediately before a 4 h incubation with
LPS under normoxic or hypoxic conditions. Total RNA was prepared and HIF-1c cDNA quantified by real-time PCR. Shown are the means + S.D. from four independent experiments, **P < 0.01;
***P < 0.001; # indicates statistically significant difference with respect to the untreated controls. (D) THP-1 cells were pretreated with ActD (5 r.g/ml), followed by a 4 h incubation with LPS under
normoxic or hypoxic conditions. Total cell lysates were prepared and 70 j..g of the lysate were resolved by SDS/PAGE. HIF-1a protein was detected with an anti-HIF-1a antibody; anti-e-tubulin

antibody was used to demonstrate equal gel loading.

MonoMac cells (results not shown). To further elucidate the
mechanisms leading to the LPS-induced HIF-1« accumulation,
we first raised the question of whether LPS affects the half-
life of HIF-1« protein. THP-1 cells were pre-incubated for 6 h
under hypoxic conditions in the presence or absence of LPS,
followed by reoxygenation for up to 1 h. As shown in Figure 3(A),
HIF-1o protein declined with a half-life of about 5 min. Inter-
estingly, the HIF-1« protein levels measured 1 min after reoxy-
genation seemed to be higher than the zero-time value. Although
the initial protein levels in LPS-treated cells were higher than
in the hypoxic control cells, LPS did not alter the half-life of
the HIF-1« protein significantly. Adding LPS or cycloheximide
immediately before the reoxygenation did also not affect the half-
life of HIF-1« protein (results not shown). To test whether LPS
interferes with HIF-1o degradation, THP-1 cells were incubated
with the proteasome inhibitor MG132 and the protein-synthesis
inhibitor cycloheximide for the last 30 min of a 4 h normoxic
incubation with LPS. Cycloheximide treatment completely in-
hibited LPS-induced HIF-1« accumulation. As expected, MG132
alone slightly increased HIF-1o protein as a result of reduced
proteasomal degradation. The addition of MG132 to LPS-
treated cells further enhanced HIF-1oe accumulation. Detection
of polyubiquitinated forms of HIF-1« demonstrated that LPS did
not interfere with HIF-1« hydroxylation and recognition by pVHL
(Figure 3B). Since LPS induced the expression of HIF-1a« mRNA
under hypoxic and normoxic conditions, the transcriptional in-
hibitor actinomycin D (ActD) was added to the cells immediately
before a 4h LPS treatment. Quantification of HIF-1laa cDNA
revealed that the LPS-induced increase in HIF-la expression
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was abolished by ActD under normoxic and hypoxic conditions
(Figure 3C). Respective changes in HIF-1a protein levels were
observed with ActD treatment. (Figure 3D).

To follow the signalling pathways stimulated by LPS with
respect to HIF-1w activation, we screened THP-1 cells for the ex-
pression of cell-surface antigens classically involved in the LPS-
induced activation of monocytes. RT-PCR for CD14 and TLR4
revealed that differentiation increased the expression level of
TLR4 cells, but LPS treatment exerted no effect on TLR4 express-
ion. CD14 expression was strongly increased after incubation
with LPS only in undifferentiated THP-1 cells and constitutively
expressed at a very high level in differentiated cells (Figure 4A).
Downstream signalling of TLR4 includes — depending on the
cell type — activation of the ERK (extracellular-signal-regulated
kinase) p44/42 MAPK (ERK1/2). By immunoblotting with phos-
phospecific antibodies phosphorylation of p44/42 was detected
in non-differentiated THP-1 cells after stimulation with LPS. In
addition, a moderate increase in p44/42 phosphorylation was ob-
served after incubation of THP-1 cells under hypoxic conditions
(Figure 4B, left panel). In differentiated THP-1 cells, the phos-
phorylation status of p44/42 MAPK under control conditions was
lower, but a strong increase in phosphorylation was detected after
treatment with LPS. Total p44/42 MAPK content was neither
influenced by hypoxia nor by LPS (Figure 4B, right panel).

To find out whether activation of p44/42 is critically involved
in the LPS-dependent HIF-1¢ induction, cells were pretreated,
30 min before a 4h incubation period, with PD 98059, a
specific inhibitor of MEK1/2 (MAPK/ERK kinase 1/2), the
upstream kinase of p44/42 MAPK. Inhibition of p44/42 MAPK
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Figure 4 THP-1 cells express CD14 and TLR4, members of the LPS signalling cascade, leading to phosphorylation of p44/42 MAPK after LPS stimulation

(A) Undifferentiated and differentiated THP-1 cells were treated with LPS under normoxic and hypoxic (HOX) conditions for 6 h. Total RNA was prepared, transcribed into cDNA and expression
of the cDNAs for CD14 (‘CD 14’) and TLR4 ('TLR 4') were quantified by PCR. (B) THP-1 cells were incubated with LPS (1 g/ml) under normoxic and hypoxic conditions for 3 h. A 50 g portion of
whole-cell lysate were submitted to SDS/PAGE. Phosphorylated as well as total p44/42 MAPK were detected by immunoblot.

phosphorylation significantly reduced the LPS-induced expres-
sion of HIF-l« mRNA (Figure 5A) and of HIF-la protein
(Figure 5B). In a further approach, we transfected THP-1 cells
with RNAI directed against p44/42 MAPK 24 h prior to the
experiments, which reduced p44/42 proteins to very low levels. As
with the pharmacological inhibition of p44/42 MAPK activation,
the reduction in p44/42 reduced the LPS-dependent HIF-1o
accumulation under normoxic, and to a lesser extent, under
hypoxic conditions (results not shown). Quantification of ADM
cDNA demonstrated that lowering of p44/42 MAPK resulted in
a significant reduction of LPS-induced ADM expression under
normoxic and under hypoxic conditions.

To identify transcription factors involved in LPS induced
expression of HIF-1oe mRNA, we performed reporter gene assays
with a luciferase reporter under the control of a 800 nt fragment
of the HIF-1a promoter. The activity of the HIF-la promoter
was dose-dependently stimulated by LPS treatment (Figure 6A).
Several potential NF-«B binding sites within this promoter were
identified using the program TFSearch version 3.1. Using EMSA,
an oligonucleotide including the NF-xB motif located — 130 nt
of the transcription start site of the HIF-1o promoter was found
to specifically bind NF-«B after LPS treatment (Figure 6B).
Treatment of THP-1 cells with the NF-«B inhibitor bortezomib
completely abolished the increase in HIF-1o« mRNA expression
by LPS (Figure 6C).

Finally we aimed at elucidating the importance of HIF-1o in
the LPS-induced expression of the HIF-1 target ADM. In a first
step we established a specific RNAi directed against HIF-1«.
THP-1 cells were transfected with HIF-1oo RNAI 18 h before the
start of the experiments. Specificity of the selected sequence was
confirmed by transfecting a mutant HIF-1oo RNAi (RNAi HIF-
1ot 1g04mee) Which had neither an effect on hypoxia- nor on LPS-
induced HIF-1« accumulation (Figure 7A). After knocking down
HIF-1« using RNAI, quantification of ADM expression revealed a
complete loss of hypoxia-induced ADM and a significant decrease
in ADM expression after LPS treatment (Figure 7B).

DISCUSSION

Several studies in the recent past have shown that cellular re-
sponses in inflammation and hypoxia are closely linked [8,26,27].
During inflammatory processes, monocytes extravasate from the
blood into the tissue, where they differentiate into macrophages.
HIF-1« has recently been identified as one of the indispensable
transcription factors that co-ordinate gene expression in myeloid
cells during the process of extravasation [8]. The first aim of the
present study was to investigate whether sensitivity to hypoxia
is different in monocytes and differentiated macrophages. We
mimicked the process of differentiation by treatment of mono-
cytes with phorbol ester. HIF-1o accumulation after hypoxic

© 2006 Biochemical Society
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A Inhibition of p44/42 MAPK abolishes LPS induced HIF-1oo mRNA expression
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Inhibition of p44/42 MAPK reduces hypoxia and LPS induced ADM expression
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Inhibition of p44/42 MAPK phosphorylation reduces the LPS induced HIF-1a mRNA expression and protein accumulation

(A) THP-1 cells were preincubated with the MEK1/2 inhibitor PD 98059 (50 £«M) 30 min before LPS treatment. After 3 h of incubation under normoxic (NOX) or hypoxic (HOX) conditions, total RNA
and whole-cell lysates were prepared. Amounts of HIF-1a cDNA were quantified by real-time PCR and normalized to 1 g of total RNA. Means + S.D. from four independent experiments are shown.
**P < 0.01. (B) In addition, HIF-1a protein and p44/42 MAPK were analysed by immunoblot in 70 g of total cell lysate; a-tubulin was used as loading control. (C) Inhibition of p4/42 MAPK
activation significantly reduced the LPS-induced expression of the HIF-1 target ADM gene. Amounts of HIF-1ax cDNA were quantified by real-time PCR and normalized to 1 g of total RNA. The

means + S.D. for four independent experiments are shown. **P < 0.01.

treatment occurred in both cell types, but was less prominent
in differentiated cells. With respect to the HIF-1oe mRNA levels
a significant decrease of HIF-1o expression after hypoxia was
observed only in the undifferentiated cells, whereas in differen-
tiated macrophages no significant differences in HIF-lo« mRNA
levels in normoxia and hypoxia was detected. Moreover, HIF-
laa mRNA levels in differentiated macrophages are about 2-
fold higher than in undifferentiated cells, underlining the notion
that up-regulation of HIF-1oe mRNA expression is an important
step in adaptation to an hypoxic environment. Although Blouin
et al. [28] reported an LPS-induced increase in HIF-1lo« mRNA
in alveolar-derived rat macrophages, hypoxia alone failed to
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influence HIF-1oo mRNA levels. Our results are a first hint that
the expression of HIF-1« mRNA in cells of the innate immune
system is influenced by the differentiation status of the cells. The
micro-environmental conditions found in areas of inflammation
are characterized by low levels of O, [29]. Likewise invasion
of malignant tumour cells causes hypoxia and up-regulation of
HIF-1 was observed in tumour-associated macrophages [27].
Activated macrophages in inflamed joints of patients suffering
from rheumatoid arthritis express HIF-1a [30], and induction of
HIF-1a in primary inflammatory cells of healing wounds was
at least partly caused by inflammatory cytokines [31]. Whereas
in all these situations hypoxia may also exist to activate HIF-1,
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Figure 6 LPS-induced HIF-1« expression depends on the activation of NF-«B

(A) MonoMacb cells were transfected with a luciferase reporter vector under the control of the HIF-1ax promoter. The HIF-1 promoter activity was dose-dependently increased by LPS. Luciferase
activity was normalized to the expression of the corresponding control vector. n=6; P < 0.05. The insert shows a schematic drawing of the luciferase reporter construct. (B) Nuclear extracts from
LPS-treated THP-1 cells were incubated with an oligonucleotide corresponding to the NF-«B binding motif — 130 nt in front of the transcription start site of the HIF-1o promoter. Abbreviation:
anti-p65 AK, anti-NF-«B p65 antibody. (C) The LPS-induced expression of HIF-1a: mRNA was abolished by the NF-«B inhibitor bortezomib. Total RNA was prepared, and amounts of HIF-1c. cDNA
were quantified by real-time PCR and normalized to 1 g of total RNA. Means + S.D. from four independent experiments are shown; **P < 0.01.

hypoxia-independent induction of HIF-1« by inflammatory medi-
ators possibly enhances the activity of the transcription factor.
Similar observations have already been made in tumour-cell
lines [5,7,25], epithelial cells [32] and vascular smooth-muscle
cells [33]. Therefore inflammatory mediators are able to induce
HIF-1 under normoxia. In the case of monocytes this possibly
prepares the cells for a better survival and activity in a hypoxic
environment after extravasation from the blood vessels into the
tissue. Interestingly, differentiated THP-1 cells and, in particular,
primary human macrophages, do not have to compensate for a
hypoxic reduction in HIF-lo mRNA levels in order to reach
higher HIF-1« protein levels (Figures 2B and 2C). On the other
hand, our non-differentiated THP-1 cells potentially have higher

basal HIF-1oo mRNA levels on account of their leukaemic origin.
However, differentiated and non-differentiated cells can both
strongly increase HIF-1la expression when challenged by LPS.
Here LPS did not interfere with the hydroxylation of HIF-1«
protein, since ubiquitination was not reduced by LPS treatment.
From our experiments we cannot exclude the possibility of an
additional increase in the translation of HIF-1oo mRNA by LPS
treatment. Other inflammatory mediators, such as TNFo (tumour
necrosis factor «) or interleukin-18 have been found to increase
translation of HIF-la [25,34]. In our THP-1 cells, TNF«a is
strongly induced after a 4 h LPS treatment (results not shown).
TNFa protein released into the culture medium may thus stimulate
translation in an autocrine manner [34].

© 2006 Biochemical Society
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A HIF-1 RNAi treatment inhibits hypoxia and LPS induced HIF-1 acumulation
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Figure 7 HIF-1« is critically involved in LPS- and hypoxia-induced expression of ADM

(A) Knocking down HIF-1ar by RNAI abolished the LPS and hypoxia-induced HIF-1« protein accumulation. HIF-1e protein was detected by immunoblot in 70 g of total cell lysate. A mutated
HIF-1ae RNAI (RNAi HIF e 1004 mut) Served as control. (B) Treatment of THP-1 with RNAI directed against HIF-1e reduced the LPS induced ADM expression under normoxic (NOX; left panel) and
hypoxic (HOX; right panel) conditions. The mutated HIF-1 RNAI has no significant effects on LPS-induced ADM expression. ADM cDNA was quantified by real-time PCR. Results are means + S.D.

for four independent experiments; *P < 0.05; **P < 0.01.

Bacterial LPSs as compounds of the cell wall of Gram-
negative bacteria are well known initiators of the inflammatory
response. Essential components of the cellular response to LPS
are soluble or membrane-bound CD14 and TLR4 (toll-like recep-
tor 4) [35], which were strongly up-regulated in differentiated
cells. Thus sensitivity to LPS may increase in differentiated cells.
This notion is supported by higher HIF-lo« mRNA levels in
differentiated THP-1 cells and human monocytes compared with
non-differentiated THP-1 cells after LPS treatment under hypoxic
conditions.

Downstream signalling of the TLR4 complex leads to the
activation of a wide variety of phosphorylation cascades, includ-
ing activation of the p44/42 MAPK and NF-«B pathways. We
focused first on activation of p44/42 as a potential part of the
intracellular signaling cascade activated by LPS, on the basis of
results obtained in previous work [36]. In our cells we found
a significant increase in phosphorylation of p44/42 after LPS
treatment or hypoxia, which was followed by increased HIF-1«
gene expression and protein accumulation. Activation of p44/42
appears to be critical for LPS-induced HIF-1« activation, since
inhibition of the upstream kinase MEK 1/2 by PD 98059 and RNAi
directed against p44/42 significantly reduced HIF-1oo mRNA and
protein accumulation.

Analysis of the HIF-1o promoter demonstrated a significant
increase in promoter activity after LPS treatment. LPS induced
binding of NF-«B to a respective consensus element 130 bp

© 2006 Biochemical Society

upstream of the transcriptional start site, and inhibition of NF-
kB abolished LPS-induced HIF-1 target gene expression. Our
data suggest that p44/42 might phosphorylate I« Bo (inhibitory
kB «-subunit) to up-regulate NF-«B, as it has been shown for
prostate cancer cells [37].

Finally, a wide variety of genes in monocytes and macrophages
is activated by LPS, of which some are known to be regulated by
hypoxia as well. The gene encoding ADM is such a gene, and
regulation of its expression is of particular interest in inflam-
matory diseases. High levels of ADM were found in septic
patients, where ADM possibly contributes to the induction and
persistence of hypotension in septic shock [20,38]. Macrophages
were identified as one source of ADM secretion after stimulation
with LPS [39]. On the other hand induction of ADM expression
by hypoxia is known from a variety of tumour-cell lines, and the
gene encoding ADM has been identified as an HIF-1-dependent
[16]. Here LPS-induced ADM expression in normoxia and the
enhancement of this activation by hypoxia strongly depend on
HIF-1-activating pathways, as shown by lowered ADM express-
ion after inhibition of p44/42 MAPK, which reduced LPS-depen-
dent HIF-1o accumulation. More specifically, RNAi knockdown
directed against HIF-1« greatly reduced most of the LPS effect,
under both normoxia and hypoxia.

In conclusion, LPS induces HIF-1« in human monocytes and
macrophages under normoxic conditions through enhanced tran-
scription of the HIF-1a gene, which appears to require p44/42
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MAPK signalling and is at least dependent on NF-«B activation.
Under hypoxia, additional stabilization of HIF- 1« protein synergi-
stically increases the expression of HIF-1-dependent genes like
that encoding ADM. Our data underline the importance of HIF-1
in integrating the inflammatory and hypoxic tissue response.

We thank Dr Carine Michiels for the HIF-1a: promoter construct. This work was financially
supported by the Deutsche Forschungsgemeinschaft, Bonn, Germany (grants FA 225/18-2
and FA 225/20-2).
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