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Tumour necrosis factor α (TNF-α) binds to its receptor (TNFR1)

and activates both death- and inflammation}survival-related

signalling pathways. The inflammation and survival-related sig-

nalling cascade results in the activation of the transcription

factor, nuclear factor κB (NF-κB) and requires recruitment of

receptor-interacting protein (RIP) to TNFR1. The indispensable

role of RIP in TNF-induced NF-κB activation has been demon-

strated in RIP−/− mice and in cell lines derived from such mice.

In the present study, we show that the TNF-α-induced ac-

cumulation of hypoxia-inducible factor 1α (HIF-1α) protein in

normoxic cells is RIP-dependent. Exposing fibroblasts derived

from RIP−/− mice to either cobalt or PMA resulted in an

equivalent HIF-1α induction to that seen in RIP+/+ fibroblasts.

In contrast, RIP−/− cells were unable to induce HIF-1α in

response to TNF-α. Further, transient transfection of NIH 3T3

cells with an NF-κB super-repressor plasmid (an inhibitor of NF-

κB activation) also prevented HIF-1α induction by TNF-α.

INTRODUCTION

Hypoxia-inducible factor (HIF)-1 is a heterodimeric tran-

scription factor composed of the basic helix–loop–helix PAS

(Per-Arnt-Sim)-domain-containing proteins HIF-1α and aryl

hydrocarbon receptor nuclear translocator (ARNT, HIF-1β) [1].

HIF-1α and HIF-1β mRNAs are constitutively expressed in a

variety of mammalian cell lines under normoxic and hypoxic

conditions [2]. At the protein level, HIF-1α is markedly elevated

by hypoxia, whereas HIF-1β expression remains relatively con-

stant regardless of oxygen tension [3]. Under normoxia, HIF-1α

is normally unstable and is degraded via the ubiquitin–

proteasome pathway. Under hypoxia, HIF-1α is resistant to pro-

teasomal degradation, and the stabilized protein hetero-

dimerizes with HIF-1β, resulting in DNA binding and trans-

activation of HIF-responsive genes [4–6]. In addition to hypoxia,

other inducers of HIF-1α expression in normoxic cells include

somatic mutations that either activate oncogene products (e.g.

Src, Ras) or inactivate tumour supressor proteins [von Hippel–

Lindau (VHL), p53 and PTEN], bivalent metals, PMA, iron

chelators, growth factors and reactive oxygen species [6–14].

HIF-1 activates the transcription of genes encoding proteins

that affect metabolic adaptation (glucose transporters and gly-

colytic enzymes), oxygen delivery (erythropoietin), angiogenesis

(vascular endothelial growth factor) and cell survival (insulin-

like growth factor 1) [15]. There is growing evidence that HIF-1

is involved in the inflammatory process by regulating angio-
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Surprisingly, although HIF-1α mRNA levels remained un-

changed after induction by TNF, induction of HIF-1α protein

by the cytokine was completely blocked by pretreatment with

the transcription inhibitors actinomycin D and 5,6-dichloro-

benzimidazole riboside. Finally, TNF failed to induce both HIF-

1α, made resistant to von Hippel–Lindau (VHL), and wild-type

HIF-1α transfected into VHL−/− cells. These results indicate

that HIF-1α induction by TNF-α in normoxic cells is mediated

by protein stabilization but is nonetheless uniquely dependent on

NF-κB-driven transcription. Thus the results describe a novel

mechanism of HIF-1α up-regulation and they identify HIF-1α as

a unique component of the NF-κB-mediated inflammatory}
survival response.

Key words: hypoxia-inducible factor 1α, nuclear factor κβ,

receptor-interacting protein, tumour necrosis factor.

genesis [16,16a] and development of immune cells [17,18].

Further, HIF-1-regulated gene products are likely to play

essential roles in tumour progression and}or survival in �i�o

[19–23].

Tumour necrosis factor (TNF)-α, a pro-inflammatory cyto-

kine, is an endogenous mediator of inflammation, septic shock,

anti-viral responses and apoptotic cell death [24]. TNF-α elicits

its complex biological repertoire through the individual or co-

operative action of two TNF receptors of molecular mass 55 kDa

(TNFR1) and 75 kDa (TNFR2) respectively, which are expressed

in most cell types [25]. TNFR1 signalling leads to cytotoxic

and inflammatory}survival responses [26]. TNF-induced inflam-

matory}survival signalling requires activation of transcription

factors, nuclear factor κB (NF-κB) and activator protein 1

(AP-1) [27]. Receptor-interacting protein (RIP) is a serine}
threonine protein kinase that interacts with Fas}apoptosis-1

(CD95) and TNFR1 [28]. Gene knockout experiments suggest

that RIP is required for TNFR1-mediated NF-κB activation, but

is not required for TNFR1-mediated apoptosis [29–32].

Under normal conditions, NF-κB is present within the cyto-

plasm in an inactive state, bound to inhibitory κB (IκB) protein

[33]. Stimulation with TNF-α initiates an intracellular signalling

cascade that results in the phosphorylation of IκB by IκB kinase.

Phosphorylation and subsequent ubiquitination of IκB targets

the protein for degradation by the 26 S proteasome [34,35]. The

degradation of IκB leads to the release of NF-κB, allowing it to

translocate to the nucleus, where it orchestrates the co-ordinated
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transcription of a number of pro-inflammatory genes, including

cytokines, chemokines and cell adhesion molecules [36].

Recently, the relationship between inflammation and carcino-

genesis has become apparent [37], and NF-κB has become an

exciting novel target for cancer drug development [38]. Several

studies have reported the ability of TNF-α to promote HIF-1α

accumulation in fibroblasts, epithelial cells and primary inflam-

matory polymorphonuclear leucocytes, although the molecular

pathways that mediate this response are not well understood

[39–42]. The involvement of NF-κB in both inflammation and

cancer prompted us to examine whether TNF induction of HIF-

1α proceeds via an NF-κB-dependent pathway. In the present

study, we show that accumulation of HIF-1α in response to

TNF-α is indeed mediated by the TNFRI-RIP-NF-κB signalling

cascade. Unlike the case with other inducers of HIF-1α, including

hypoxia, induction of the transcription factor by TNF-α is

transcription-dependent.

MATERIALS AND METHODS

Reagents

TNF-α (recombinant human TNF-α) was obtained from R&D

Systems. Actinomycin D, 5,6-dichlorobenzimidazole riboside,

doxycycline and cobalt chloride were purchased from Sigma.

PMA was obtained from Calbiochem (La Jolla, CA, U.S.A.). All

other materials were obtained in the highest available grade.

Cells and transient transfection

MCF-7, HEK-293, NIH 3T3 cells (obtained from A.T.C.C.),

Rat1 cells stably transfected with a doxycycline-inducible in-

hibitor of AP-1 (dominant-negative c-Jun plasmid, a gift from

Dr M. Birrer, NCI, MD, U.S.A.), wild-type mouse embryo fibro-

blasts (MEF) and MEF derived from RIP−/− mice [43] were

cultured in Dulbecco’s modified Eagle’s medium (Biofluids,

Rockville, MD, U.S.A.). A549 cells (obtained from A.T.C.C.)

were grown in F12-K medium (Gibco BRL, Gaithersburg, MD,

U.S.A.). Cell viability was greater than 90% in each experimental

condition, as determined by Trypan Blue staining.

For transient transfection of NF-κB super-repressor plasmid

[29], (9–11)¬10& cells were plated in 6 cm dishes and transfected

the following day in the presence of FuGene 6 (Roche Molecular

Biochemicals, Pleasanton, CA, U.S.A.). After 24 h, cells were

exposed toTNF for 2 h, lysed, and HIF-1α levels were determined

by Western blotting. For transient transfection of reporter

plasmids, (8–9)¬10% cells were plated in 6-well plates. The next

day, 10 ng cytomegalovirus promoter-driven Renilla lucifer-

ase plasmid (Promega) was cotransfected with luciferase reporter

plasmids under the transcriptional control of either NF-κB (a gift

from Dr M. Birrer) or HIF-1α response elements [44] (a gift from

Dr G. Melillo, NCI, MD, U.S.A.).

For transient transfection of wild-type and point-mutated

HIF-1α, a cytomegalovirus driven haemagglutinin (HA)-

tagged HIF-1α construct was originally obtained from Dr D.

Livingston (Dana-Farber Cancer Institute, Boston, MA, U.S.A.).

Using primers containing sites for BamHI (5«) and NotI (3«), this

insert was PCR-amplified, subcloned into PCDNA3.1 (Invitro-

gen, Carlsbad, CA, U.S.A.) and confirmed by sequencing. This

latter construct was used for all wild-type HIF-1α transfections

and as a template for subsequent mutations. To make site-

specific mutations, complementary primers containing desired

point mutations were constructed and PCR amplification was

performed in accordance with XL site-directed mutagenesis kit

obtained from Promega. For transfection, cells were seeded at

60% confluency, 24 h before transfection and 3 µg plasmid

DNA was used per 10 cm dish. Transfections were performed

using Fugene (Roche, Indianapolis, IN, U.S.A.), according to

the manufacturer’s instructions.

Luciferase assay

Six hours after transfection with luciferase reporter plasmids,

cells were treatedwith drugs.NF-κB-dependent luciferase activity

was measured 6 h later and HIF-1α-dependent luciferase ac-

tivity was measured 10 h later, using the Dual-Luciferase

Reporter Assay System (Promega). Results were corrected for the

activity of Renilla luciferase.

Western blotting

Cells were lysed and nuclear extracts were prepared as described

previously [45]. HIF-1α protein in human cells was detected in

20 µg of nuclear extract using monoclonal HIF-1α antibody

(1:500; Transduction Laboratories, Lexington, KY, U.S.A.) and

HIF-1α in non-human cells was detected in 30 µg of nuclear

extract using monoclonal HIF-1α antibody (1:750; Novus,

Littleton, CO, U.S.A.).

Quantitative reverse transcriptase (RT)–PCR analysis for HIF-1α
expression

The real-time quantification of HIF-1α mRNA was performed

using SYBR Green I dye (Applied Biosystems, Foster City, CA,

U.S.A.) with the following primer pairs. Mouse HIF-1α forward:

5«-CAAGTCAGCAACGTGGAAGGT-3« ; mouse HIF-1α re-

verse : 5«-CTGAGGTTGGTTACTGTTGGTATCA-3« ; human

HIF-1α forward: 5«-TCCAGTTACGTTCCTTCGATCA-3« ;
human HIF-1α reverse: 5«-TTTGAGGACTTGCGCTTTCA-3«.

SYBR Green I, double-stranded DNA-binding dye, was

detected using the laser-based ABI Prism 7700 Sequence De-

tection System (Applied Biosystems). PCR amplification was

performed using an optical 96-well reaction plate and caps. The

final reaction mixture of 25 µl consisted of 200 nM of each

primer, 1¬SYBR Green PCR Master Mix (Applied Biosystems),

containing a reference dye and cDNA under the following con-

ditions: 50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles

at 95 °C for 15 s and 60 °C for 1 min. The cDNAs were pre-

pared from each RNA sample using a TaqMan Reverse Tran-

scription Kit (Applied Biosystems).

RESULTS

TNF-α induces HIF-1α protein in a time- and transcription-
dependent manner in NIH 3T3 cells

NIH 3T3 cells were treated with 10 or 20 ng}ml TNF-α for 2, 4,

or 6 h, or with cobalt chloride (100 µM) for 3 h. HIF-1α protein

was then measured by Western-blot analysis (Figure 1A). Both

concentrations of TNF-α induced the accumulation of HIF-1α

protein to a similar degree and in both cases the effect was

transient, with HIF-1α levels returning to control level by 6 h.

The effect of cobalt chloride, which persists for many hours

(results not shown), is shown as a positive control. Induction of

HIF-1α protein by cobalt chloride is transcription-independent.

Thus pre-treatment of NIH 3T3 cells with actinomycin D (10 µM

for 20 min) had no effect on the ability of cobalt to induce HIF-

1α protein (Figure 1B). In contrast, accumulation of HIF-1α

protein in response to TNF-α was completely prevented by

pretreatment with either actinomycin D or a second transcription

inhibitor, 5, 6-dichlorobenzimidizole riboside (70 µM for 20 min;
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Figure 1 TNF-α induction of HIF-1α protein in NIH 3T3 cells is time-dependent

(A) Cells were treated with cobalt chloride (100 µM) for 3 h, or TNF-α (10 and 20 ng/ml) for 2, 4 or 6 h. HIF-1α protein was assayed as described in the Materials and methods section. (B) Cells

were treated with cobalt as in (A) but in the presence of actinomycin D, and HIF-1α protein was monitored by Western-blot analysis. (C) Cells were treated with TNF-α (10 ng/ml) alone or in the

presence of either actinomycin D or 5,6-dichlorobenzimidizole riboside and HIF-1α protein was monitored by Western blotting. (D) Cycloheximide (100 µg/ml) was added to cells either previously

untreated or exposed to TNF-α. At the times shown, cells were lysed and HIF-1α protein was detected by Western blot. The film was scanned and band densities were determined by densitometry

using NIH Image software, and the results graphically displayed using Cricket Graph software. TNF-α treatment increased the half-life of HIF-1α protein by 1.7-fold.

Figure 1C). However, as determined by RT–PCR, HIF-1α

mRNA levels in 3T3 cells did not change significantly in response

to cytokine (results not shown). Thus although transcription is

required in the pathway utilized by TNF-α to induce HIF-1α

protein, transcription of HIF-1α itself is not significantly affected

by TNF-α.

TNF induction of HIF-1α protein in mouse fibroblasts requires RIP

Because HIF-1α mRNA levels were not affected by TNF-α, we

reasoned that the transcription dependence of TNF induction of

HIF-1α lay upstream of HIF. Therefore, we next investigated the

requirement for RIP in this signalling pathway. Wild-type MEF

and MEF derived from RIP−/− mice were treated with TNF-α for

2 h, or PMA or cobalt for 4 h, and HIF-1α protein levels were

examined by Western-blot analysis (Figure 2A). PMA was chosen

because it activates NF-κB and induces HIF-1α protein in a RIP-

independent fashion, whereas cobalt stabilizes HIF-1α protein

without induction of NF-κB [13,46,47]. Although both PMA and

cobalt induced HIF-α protein to an equivalent degree in both

wild-type and RIP−/− cells, TNF-α failed to induce HIF-1α

accumulation in the RIP−/− cells. Similarly, while all three agents

stimulated HIF-dependent transcriptional activity in wild-type

MEF, TNF-α was unable to do so in RIP−/− MEF (Figure 2B).

TNF induction of HIF-1α protein is mediated by NF-κB

Since RIP is necessary for TNF induction of NF-κB, the

requirement for RIP in TNF-dependent HIF-1α induction

prompted us to examine whether NF-κB mediated the response
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Figure 2 TNF induction of HIF-1α protein requires RIP

(A) Wild-type and RIP−/− MEF were treated for 2 h with TNF (10 ng/ml), or for 4 h with either

PMA (1 µM) or cobalt chloride (100 µM) and HIF-1α protein was monitored by Western blot

experiments. (B) MEF were transiently co-transfected with an inducible nitric oxide synthase

promoter-containing HIF-dependent luciferase reporter plasmid and a Renilla luciferase plasmid.

After 6 h cells were exposed to drugs as shown and HIF-dependent reporter activity, corrected

for Renilla activity, was determined 10 h later. Results for wild-type cells are shown in the left

panel and for RIP−/− in the right panel. Results reflect the means³S.E. for three independent

experiments.

to TNF-α. First, to confirm the absence of TNF-inducible

NF-κB activity in RIP−/− MEF, we transfected wild-type and

RIP−/− MEF with an NF-κB luciferase reporter plasmid. The

next day, cells were challenged with either TNF-α or PMA, and

Figure 3 TNF induction of HIF-1α protein requires NF-κB

(A) Wild-type and RIP−/− MEF were transiently co-transfected with an NF-κB reporter plasmid and a Renilla luciferase plasmid. Drugs were added and NF-κB-dependent reporter activity, normalized

for Renilla activity, was assayed after an additional 6 h. Results are shown as means³S.E. for three independent experiments. (B) NIH 3T3 cells were transiently transfected with an NF-κB

super-repressor plasmid and exposed to TNF-α (10 ng/ml) 24 h later. HIF-1α protein was monitored after 2 h by Western blot studies. (C) Rat-1 cells, untreated or treated with doxycycline

(1 µg/ml, 4 h) to induce AP-1 inhibition, were challenged with TNF-α for 2 h, and HIF-1α protein was detected by Western-blot analysis.

NF-κB-dependent luciferase activity was monitored 6 h later.

For wild-type MEF, both TNF-α and PMA significantly stimu-

lated NF-κB-dependent transcription, whereas in RIP−/− cells

only PMA was able to do so (Figure 3A). These results confirm

the RIP dependence of TNF induced NF-κB activity in fibro-

blasts. Furthermore, they show that the ability of PMA to

induce NF-κB activity is independent of RIP.

Next, we transfected NIH 3T3 cells with an NF-κB super-

repressor plasmid (IκB mutated to resist proteasome-mediated

degradation) and, 24 h later, challenged these cells with TNF-α.

Cells were lysed 2 h after TNF exposure and HIF-1α protein was

measured by Western-blot analysis. Transfection with NF-κB

super-repressor caused a dose-dependent reduction in the level of

HIF-1α obtained in response to TNF-α (Figure 3B). Because

TNF-α also induces AP-1 activity, we examined whether AP-1

inhibition could interfere with TNF-dependent accumulation of

HIF-1α. In contrast with the data obtained using the NF-κB

super-repressor plasmid, we found that TNF-treated Rat1 cells

stably expressing dominant-negative c-Jun were able to induce

HIF-1α protein to a similar degree whether or not AP-1 was

inhibited (Figure 3C). These results thus specify the TNF-RIP-

NF-κB transcriptional pathway as necessary and sufficient to

promote HIF-1α protein accumulation in normoxia.

TNF-α induces HIF-1α protein in several epithelial cell lines as
well as fibroblasts

Because the previous experiments were all performed using

fibroblasts, we wished to determine whether epithelial cell lines

behaved in a similar fashion. Thus three epithelial cell lines, the

human embryonal kidney cell line HEK-293, the lung carcinoma

cell line A549 and the breast carcinoma cell line MCF7 were

exposed to TNF-α for 4 h and then examined for HIF-1α

protein expression byWestern blotting. In each case,HIF-1αprotein

was strongly expressed (Figure 4A). In A549 cells, RT–PCR

analysis revealed that, as in fibroblasts, TNF-dependent HIF-1α
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Figure 4 TNF induces HIF-1α protein in multiple epithelial cell lines

(A) Cells were treated with TNF-α (10 ng/ml) for 4 h and HIF-1α protein was monitored by Western-blot analysis. (B) A549 cells were transiently transfected with either wild-type HA-HIF-1α or

HA-HIF-1α whose Pro402 and Pro564 residues were changed to alanine (HA-pmHIF-1α). Twenty-four hours after transfection, cells were challenged with either cobalt chloride or TNF-α for 4 h, and

the level of transfected HIF-1α protein was detected by blotting nuclear extract for the HA epitope tag. Blots were also probed for topoisomerase II to demonstrate equal loading of nuclear protein

in each lane. (C) 786-O cells, lacking both endogenous HIF-1α and VHL, were transfected with wild-type HA-HIF-1α and challenged with TNF 24 h later. Levels of transfected HIF-1α
protein were monitored 4 h after TNF by Western blotting of nuclear extracts. Blots were probed for topoisomerase II to demonstrate equal loading of nuclear protein in each lane.

protein accumulation was not accompanied by any change in

HIF-1α mRNA level (results not shown).

TNF-α fails to induce HIF-1α protein that is insensitive to VHL

TNF induction of HIF-1α, although transcription-dependent,

was not accompanied by an increase in HIF-1α mRNA level.

Therefore we investigated the possible involvement of VHL, the

HIF-ubiquitinating E3 ligase, in this response. A549 cells were

transfected with either wild-type HA-tagged HIF-1α or proline-

mutated HA-tagged HIF-1α. Simultaneous mutation of HIF-1α

at Pro%!# and Pro&'% prevents VHL binding [48–51], thus

stabilizing HIF-1α in normoxic cells. The data in Figure 4(B)

shows that while transiently transfected wild-type HA-HIF-1α

can be induced to accumulate further by TNF, proline mutated

HA-HIF-1α cannot. Lastly, we transiently transfected 786-O

cells, which lack both endogenous HIF-1α and VHL [52], with

wild-type HA-HIF-1α and we challenged these cells with TNF.

As shown in Figure 4(C), TNF failed to promote the induction

of wild-type HIF-1α in these cells.

DISCUSSION

Inflammatory cytokines, including TNF-α, have been described

previously to induce HIF-1 DNA-binding concomitant with an

increase in either HIF-1α mRNA or protein, although the

published results are somewhat contradictory. Thus Thornton et

al. [53] have reported that brief exposure of gingival and synovial

fibroblasts to TNF-α resulted in elevated HIF-1α mRNA level

and DNA-binding activity, whereas Hellwig-Burgel et al. [39]

reported no change in HIF-1α mRNA or protein level after

treatment of HepG2 cells by TNF. Nevertheless, these investi-

gators confirmed that TNF-α induced HIF DNA binding. Using

a wound model, Albina et al. [40] reported that TNF-α did not

affect HIF-1α mRNA in cultures of primary inflammatory cells,

although the cytokine did cause an increase in HIF-1α protein

level. In contrast, neutrophils recovered from the wound site

were rich in TNF-α and contained elevated levels of HIF-1α

mRNA [40]. Although these authors found no role for O
#

radicals in this process, Haddad and Land [41], using an alveolar

epithelium model, have reported that TNF-dependent induction

of HIF DNA binding and HIF-1α protein was reactive oxygen

species-sensitive. In contrast, using a renal tubular epithelium

model, Sandau et al. [42] found that O
#

radicals inhibited both

TNF-mediated accumulation of HIF-1α protein and HIF-

dependent transcriptional activity. Although these conflicting

results may be reflective of the different cell types and treatment

conditions explored by these investigators, it is clear that TNF is

able to enhance HIF activity in fibroblasts, neutrophils and

epithelial cells.

Since several of the earlier studies have suggested that TNF-

induced activation of HIF is part of the inflammatory response

triggered by the cytokine, we have examined whether TNF-

induced activation of the pro-inflammatory transcription factor

NF-κB may play a role in HIF-1α induction. Using NIH 3T3

cells, we ascertained that two inhibitors of transcription, actino-
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mycin D and 5,6-dichlorobenzimidazole riboside, completely

blocked the transient accumulation of HIF-1α protein in response

to TNF-α. This is in contrast with the lack of transcription

dependence of cobalt, a chemical mimic of hypoxia, which post-

translationally stabilizes HIF-1α protein. Nonetheless, and in

agreement with several previous studies mentioned above, TNF-α

did not affect HIF-1α mRNA level. The most conservative

explanation of these results is that TNF-α induces transcription

of a labile protein capable of stabilizing HIF-1α. Thus TNF-

dependent HIF induction proceeds via a previously unrecognized

pathway.

Although the enhancement of HIF-dependent transcriptional

activity produced by TNF-α and PMA is small, these values are

in agreement with previous reports [13,42]. However, while HIF

inducers, such as cobalt and PMA, functioned equally well in the

presence and absence of RIP expression, TNF-α absolutely

required RIP to promote HIF-1α protein accumulation and

transcriptional activity. Similarly, while PMA induced equivalent

amounts of NF-κB-dependent transcriptional activity in wild-

type and RIP−/− MEF, TNF induction of NF-κB activity was

reduced by nearly 95% in RIP−/− cells. PMA was used in the

present study because it is known to stimulate NF-κB via a novel

IκB kinase complex, whose activation is neither utilized nor

required by TNF [47]. Thus our results for PMA demonstrate the

functional integrity of the NF-κB—HIF pathway in the RIP−/−

cells.

Finally, transient transfection of an NF-κB super-repressor

(proteasome-resistant mutated IκB) dose-dependently inhibited

HIF-1α induction by TNF-α, whereas inhibition of AP-1 had no

effect. Taken together, these results support a key role for the

RIP-NF-κB signalling pathway in mediating the effects of TNF-α

on HIF-1α, and they suggest that the HIF-1α-stabilizing

protein induced by TNF-α is an NF-κB transcriptional target.

This response to TNF is not limited to fibroblasts, since a renal,

breast and lung epithelial cell line each responds similarly. The

transience of TNF-α-induced HIF-1α protein is consistent with

the transient kinetics of TNF-α-induced NF-κB signalling [54].

The identity of this stabilizing protein remains unknown but

its probable method of action may be interference in VHL-

mediated HIF-1α ubiquitination. This hypothesis is supported

by our finding that TNF cannot further increase the cellular level

of HIF-1α protein mutated at Pro%!# and Pro&'% residues, as this

HIF mutant is fully resistant to VHL-mediated HIF-1α ubiquiti-

nation [55]. Furthermore, TNF failed to increase HIF-1α

levels in 786-O cells that lack endogenous VHL [52]. Taken

together, these results suggest that the factor responsible for

TNF-mediated HIF-1α induction in some way interferes with the

ability of VHL to interact with HIF-1α. We are currently

investigating whether TNF promotes inhibition of the proline

hydroxylase responsible for modifying HIF-1α.

Since the TNF-RIP-NF-κB signalling pathway transduces

inflammatory}survival signals, TNF-induced HIF-1α may par-

ticipate in this process. In fact, this is in agreement with the

known physiological role of the protein. Thus HIF-1α trans-

activates genes encoding inducible nitric oxide synthase, haem

oxygenase-1, erythropoietin and vascular endothelial growth

factor, all of which may be involved in the inflammatory process

[56–59]. Since chronic inflammation provides a physiological

environment that favours DNA damage and genetic alterations

[37], the link between inflammation and cancer is clear. One of

the key transcriptional components common to both processes is

NF-κB. Although NF-κB is induced by inflammatory cytokines

such as TNF-α, its activity is constitutively elevated in many

different types of cancer [38]. HIF-1α is recognized as an

important survival gene for cancer cells and is frequently found

to be expressed in normoxic as well as hypoxic tumours [21,22].

Our results suggest that NF-κB promotes HIF-1α expression in

normoxic cancer cells via transcriptional induction of an HIF-

1α-stabilizing protein. By demonstrating a direct link between

NF-κB and HIF-1α, our results provide further evidence re-

garding the role of NF-κB in carcinogenesis.

REFERENCES

1 Wang, G. L., Jiang, B. H., Rue, E. A. and Semenza, G. L. (1995) Hypoxia-inducible

factor 1 is a basic–helix–loop–helix–PAS heterodimer regulated by cellular O2

tension. Proc. Natl. Acad. Sci. U.S.A. 92, 5510–5514

2 Wiener, C. M., Booth, G. and Semenza, G. L. (1996) In vivo expression of mRNAs

encoding hypoxia-inducible factor 1. Biochem. Biophys. Res. Commun. 225, 485–488

3 Salceda, S. and Caro, J. (1997) Hypoxia-inducible factor 1α (HIF-1α) protein is

rapidly degraded by the ubiquitin-proteasome system under normoxic conditions. Its

stabilization by hypoxia depends on redox-induced changes. J. Biol. Chem. 272,
22642–22647

4 Huang, L. E., Gu, J., Schau, M. and Bunn, H. F. (1998) Regulation of hypoxia-

inducible factor 1α is mediated by an O2-dependent degradation domain via the

ubiquitin–proteasome pathway. Proc. Natl. Acad. Sci. U.S.A. 95, 7987–7992

5 Maxwell, P. H., Dachs, G. U., Gleadle, J. M., Nicholls, L. G., Harris, A. L., Stratford,

I. J., Hankinson, O., Pugh, C. W. and Ratcliffe, P. J. (1997) Hypoxia-inducible factor-1

modulates gene expression in solid tumors and influences both angiogenesis and

tumor growth. Proc. Natl. Acad. Sci. U.S.A. 94, 8104–8109

6 Maxwell, P. H., Wiesener, M. S., Chang, G. W., Clifford, S. C., Vaux, E. C., Cockman,

M. E., Wykoff, C. C., Pugh, C. W., Maher, E. R. and Ratcliffe, P. J. (1999) The tumour

suppressor protein VHL targets hypoxia-inducible factors for oxygen-dependent

proteolysis. Nature (London) 399, 271–275

7 Jiang, B. H., Agani, F., Passaniti, A. and Semenza, G. L. (1997) V-SRC induces

expression of hypoxia-inducible factor 1 (HIF-1) and transcription of genes encoding

vascular endothelial growth factor and enolase 1 : involvement of HIF-1 in tumor

progression. Cancer Res. 57, 5328–5335

8 Ravi, R., Mookerjee, B., Bhujwalla, Z. M., Sutter, C. H., Artemov, D., Zeng, Q.,

Dillehay, L. E., Madan, A., Semenza, G. L. and Bedi, A. (2000) Regulation of tumor

angiogenesis by p53-induced degradation of hypoxia-inducible factor 1α. Genes Dev.

14, 34–44

9 Salnikow, K., Su, W., Blagosklonny, M. V. and Costa, M. (2000) Carcinogenic metals

induce hypoxia-inducible factor-stimulated transcription by reactive oxygen species-

independent mechanism. Cancer Res. 60, 3375–3378

10 Wang, G. L. and Semenza, G. L. (1993) Desferrioxamine induces erythropoietin gene

expression and hypoxia-inducible factor 1 DNA-binding activity : implications for

models of hypoxia signal transduction. Blood 82, 3610–3615

11 Zelzer, E., Levy, Y., Kahana, C., Shilo, B. Z., Rubinstein, M. and Cohen, B. (1998)

Insulin induces transcription of target genes through the hypoxia-inducible factor

HIF-1α/ARNT. EMBO J. 17, 5085–5094

12 Zundel, W., Schindler, C., Haas-Kogan, D., Koong, A., Kaper, F., Chen, E., Gottschalk,

A. R., Ryan, H. E., Johnson, R. S., Jefferson, A. B. et al. (2000) Loss of PTEN

facilitates HIF-1-mediated gene expression. Genes Dev. 14, 391–396

13 Zhong, H., Chiles, K., Feldser, D., Laughner, E., Hanrahan, C., Georgescu, M. M.,

Simons, J. W. and Semenza, G. L. (2000) Modulation of hypoxia-inducible factor 1α
expression by the epidermal growth factor/phosphatidylinositol 3-kinase/PTEN/

AKT/FRAP pathway in human prostate cancer cells : implications for tumor

angiogenesis and therapeutics. Cancer Res. 60, 1541–1545

14 Chandel, N. S., McClintock, D. S., Feliciano, C. E., Wood, T. M., Melendez, J. A.,

Rodriguez, A. M. and Schumacker, P. T. (2000) Reactive oxygen species generated

at mitochondrial complex III stabilize hypoxia-inducible factor-1α during hypoxia :

a mechanism of O2 sensing. J. Biol. Chem. 275, 25130–25138

15 Semenza, G. L. (1998) Hypoxia-inducible factor 1 : master regulator of O2

homeostasis. Curr. Opin. Genet. Dev. 8, 588–594

16 Li, J., Post, M., Volk, R., Gao, Y., Li, M., Metais, C., Sato, K., Tsai, J., Aird, W.,

Rosenberg, R. D. et al. (2000) PR39, a peptide regulator of angiogenesis. Nat. Med.

6, 49–55 [published erratum in Nat. Med. (2000) 6, 356]

16a Li, J., Post, M., Volk, R., Gao, Y., Li, M., Metais, C., Sato, K., Tsai, J., Aird, W.,

Rosenberg, R. D. et al. (2000) Erratum. Nat. Med. 6, 356

17 Kojima, H., Gu, H., Nomura, S., Caldwell, C. C., Kobata, T., Carmeliet, P., Semenza,

G. L. and Sitkovsky, M. V. (2002) Abnormal B lymphocyte development and

autoimmunity in hypoxia-inducible factor 1α-deficient chimeric mice. Proc. Natl. Acad.

Sci. U.S.A. 99, 2170–2174

18 Lukashev, D., Caldwell, C., Ohta, A., Chen, P. and Sitkovsky, M. (2001) Differential

regulation of two alternatively spliced isoforms of hypoxia-inducible factor-1α in

activated T lymphocytes. J. Biol. Chem. 276, 48754–48763

# 2003 Biochemical Society



1017Induction of hypoxia-inducible factor by tumour necrosis factor

19 Carmeliet, P., Dor, Y., Herbert, J. M., Fukumura, D., Brusselmans, K., Dewerchin, M.,

Neeman, M., Bono, F., Abramovitch, R., Maxwell, P. et al. (1998) Role of HIF-1α in

hypoxia-mediated apoptosis, cell proliferation and tumour angiogenesis. Nature

(London) 394, 485–490 [published erratum in Nature (London) (1998) 395, 525]

19a Carmeliet, P., Dor, Y., Herbert, J. M., Fukumura, D., Brusselmans, K., Dewerchin, M.,

Neeman, M., Bono, F., Abramovitch, R., Maxwell, P. et al. (1998) Erratum. Nature

(London) 395, 525

20 Elson, D. A., Ryan, H. E., Snow, J. W., Johnson, R. and Arbeit, J. M. (2000)

Coordinate up-regulation of hypoxia inducible factor (HIF)-1α and HIF-1 target genes

during multi-stage epidermal carcinogenesis and wound healing. Cancer Res. 60,
6189–6195

21 Maxwell, P. H., Pugh, C. W. and Ratcliffe, P. J. (2001) Activation of the HIF pathway

in cancer. Curr. Opin. Genet. Dev. 11, 293–299

22 Semenza, G. L. (2000) Hypoxia, clonal selection, and the role of HIF-1 in tumor

progression. Crit. Rev. Biochem. Mol. Biol. 35, 71–103

23 Zhong, H., De Marzo, A. M., Laughner, E., Lim, M., Hilton, D. A., Zagzag, D.,

Buechler, P., Isaacs, W. B., Semenza, G. L. and Simons, J. W. (1999) Overexpression

of hypoxia-inducible factor 1α in common human cancers and their metastases.

Cancer Res. 59, 5830–5835

24 Tracey, K. J. and Cerami, A. (1993) Tumor necrosis factor, other cytokines and

disease. Annu. Rev. Cell. Biol. 9, 317–343

25 Rothe, J., Gehr, G., Loetscher, H. and Lesslauer, W. (1992) Tumor necrosis factor

receptors-structure and function. Immunol. Res. 11, 81–90

26 Hsu, H., Xiong, J. and Goeddel, D. V. (1995) The TNF receptor 1-associated protein

TRADD signals cell death and NF-κB activation. Cell (Cambridge, Mass.) 81,
495–504

27 Baud, V. and Karin, M. (2001) Signal transduction by tumor necrosis factor and its

relatives. Trends Cell Biol. 11, 372–377

28 Stanger, B. Z., Leder, P., Lee, T. H., Kim, E. and Seed, B. (1995) RIP : a novel

protein containing a death domain that interacts with Fas/APO-1 (CD95) in yeast and

causes cell death. Cell (Cambridge, Mass.) 81, 513–523

29 Liu, Z. G., Hsu, H., Goeddel, D. V. and Karin, M. (1996) Dissection of TNF receptor 1

effector functions : JNK activation is not linked to apoptosis while NF-κB activation

prevents cell death. Cell (Cambridge, Mass.) 87, 565–576

30 Ting, A. T., Pimentel-Muinos, F. X. and Seed, B. (1996) RIP mediates tumor necrosis

factor receptor 1 activation of NF-κB but not Fas/APO-1-initiated apoptosis. EMBO J.

15, 6189–6196

31 Lewis, J., Devin, A., Miller, A., Lin, Y., Rodriguez, Y., Neckers, L. and Liu, Z. G.

(2000) Disruption of hsp90 function results in degradation of the death domain

kinase, receptor-interacting protein (RIP), and blockage of tumor necrosis factor-

induced nuclear factor-κB activation. J. Biol. Chem. 275, 10519–10526

32 Kelliher, M. A., Grimm, S., Ishida, Y., Kuo, F., Stanger, B. Z. and Leder, P. (1998)

The death domain kinase RIP mediates the TNF-induced NF-κB signal.

Immunity 8, 297–303

33 Baeuerle, P. A. and Baltimore, D. (1988) IκB : a specific inhibitor of the NF-κB

transcription factor. Science 242, 540–546

34 Henkel, T., Machleidt, T., Alkalay, I., Kronke, M., Ben-Neriah, Y. and Baeuerle, P. A.

(1993) Rapid proteolysis of IκB-α is necessary for activation of transcription factor

NF-κB. Nature (London) 365, 182–185

35 Traenckner, E. B., Pahl, H. L., Henkel, T., Schmidt, K. N., Wilk, S. and Baeuerle, P. A.

(1995) Phosphorylation of human IκB-α on serines 32 and 36 controls IκB-α
proteolysis and NF-κB activation in response to diverse stimuli. EMBO J. 14,
2876–2883

36 Pahl, H. L. (1999) Activators and target genes of Rel/NF-κB transcription factors.

Oncogene 18, 6853–6866

37 Farrow, B. and Evers, B. M. (2002) Inflammation and the development of pancreatic

cancer. Surg. Oncol. 10, 153–169

38 Garg, A. and Aggarwal, B. B. (2002) Nuclear transcription factor-κB as a target for

cancer drug development. Leukemia 16, 1053–1068

39 Hellwig-Burgel, T., Rutkowski, K., Metzen, E., Fandrey, J. and Jelkmann, W. (1999)

Interleukin-1β and tumor necrosis factor-α stimulate DNA binding of hypoxia-

inducible factor-1. Blood 94, 1561–1567

Received 13 August 2002/11 December 2002 ; accepted 13 December 2002

Published as BJ Immediate Publication 13 December 2002, DOI 10.1042/BJ20021279

40 Albina, J. E., Mastrofrancesco, B., Vessella, J. A., Louis, C. A., Henry, Jr, W. L. and

Reichner, J. S. (2001) HIF-1 expression in healing wounds : HIF-1α induction in

primary inflammatory cells by TNF-α. Am. J. Physiol. Cell Physiol. 281,
C1971–C1977

41 Haddad, J. J. and Land, S. C. (2001) A non-hypoxic, ROS-sensitive pathway mediates

TNF-α-dependent regulation of HIF-1α. FEBS Lett. 505, 269–274

42 Sandau, K. B., Zhou, J., Kietzmann, T. and Brune, B. (2001) Regulation of the

hypoxia-inducible factor 1α by the inflammatory mediators nitric oxide and tumor

necrosis factor-α in contrast to desferroxamine and phenylarsine oxide. J. Biol.

Chem. 276, 39805–39811

43 Devin, A., Cook, A., Lin, Y., Rodriguez, Y., Kelliher, M. and Liu, Z. (2000) The

distinct roles of TRAF2 and RIP in IKK activation by TNF-R1 : TRAF2 recruits IKK to

TNF-R1 while RIP mediates IKK activation. Immunity 12, 419–429

44 Melillo, G., Taylor, L. S., Brooks, A., Musso, T., Cox, G. W. and Varesio, L. (1997)

Functional requirement of the hypoxia-responsive element in the activation of the

inducible nitric oxide synthase promoter by the iron chelator desferrioxamine. J. Biol.

Chem. 272, 12236–12243

45 Andrews, N. C. and Faller, D. V. (1991) A rapid micropreparation technique for

extraction of DNA-binding proteins from limiting numbers of mammalian cells.

Nucleic Acids Res. 19, 2499

46 Zhong, H., Hanrahan, C., van der Poel, H. and Simons, J. W. (2001) Hypoxia-

inducible factor 1α and 1β proteins share common signaling pathways in human

prostate cancer cells. Biochem. Biophys. Res. Commun. 284, 352–356

47 Peters, R. T., Liao, S. M. and Maniatis, T. (2000) IKKε is part of a novel PMA-

inducible IκB kinase complex. Mol. Cell 5, 513–522

48 Bruick, R. K. and McKnight, S. L. (2001) A conserved family of prolyl-4-hydroxylases

that modify HIF. Science 294, 1337–1340

49 Ivan, M., Kondo, K., Yang, H., Kim, W., Valiando, J., Ohh, M., Salic, A., Asara, J. M.,

Lane, W. S. and Kaelin, W. G. (2001) HIF-1α targeted for VHL-mediated destruction

by proline hydroxylation : implications for O2 sensing. Science 292, 464–468

50 Jaakkola, P., Mole, D. R., Tian, Y. M., Wilson, M. I., Gielbert, J., Gaskell, S. J.,

Kriegsheim, A., Hebestreit, H. F., Mukherji, M., Schofield, C. J. et al. (2001)

Targeting of HIF-α to the von Hippel–Lindau ubiquitylation complex by O2-regulated

prolyl hydroxylation. Science 292, 468–472

51 Masson, N., Willam, C., Maxwell, P. H., Pugh, C. W. and Ratcliffe, P. J. (2001)

Independent function of two destruction domains in hypoxia-inducible factor-α chains

activated by prolyl hydroxylation. EMBO J. 20, 5197–5206

52 Iliopoulos, O., Kibel, A., Gray, S. and Kaelin, Jr, W. G. (1995) Tumour suppression

by the human von Hippel–Lindau gene product. Nat. Med. 1, 822–826

53 Thornton, R. D., Lane, P., Borghaei, R. C., Pease, E. A., Caro, J. and Mochan, E.

(2000) Interleukin 1 induces hypoxia-inducible factor 1 in human gingival and

synovial fibroblasts. Biochem. J. 350, 307–312

54 Nelson, G., Paraoan, L., Spiller, D. G., Wilde, G. J. C., Browne, M. A., Djali, P. K.,

Unitt, J. F., Sullivan, E., Floettmann, E. and White, M. R. H. (2002) Multi-parameter

analysis of the kinetics of NF-κB signalling and transcription in single living cells.

J. Cell Sci. 115, 1137–1148

55 Isaacs, J. S., Jung, Y. J., Mimnaugh, E. G., Martinez, A., Cuttitta, F. and Neckers,

L. M. (2002) Hsp90 regulates a VHL-independent HIF-1a degradative pathway.

J. Biol. Chem. 277, 29936–29944

56 Maeda, H. and Akaike, T. (1998) Nitric oxide and oxygen radicals in infection,

inflammation, and cancer. Biochemistry (Moscow) 63, 854–865

57 Willis, D., Moore, A. R., Frederick, R. and Willoughby, D. A. (1996) Heme oxygenase :

a novel target for the modulation of the inflammatory response. Nat. Med. 2, 87–90

58 Means, Jr, R. T. (1995) Erythropoietin in the treatment of anemia in chronic

infectious, inflammatory, and malignant diseases. Curr. Opin. Hematol. 2, 210–213

59 Dvorak, H. F., Detmar, M., Claffey, K. P., Nagy, J. A., van de Water, L. and Senger,

D. R. (1995) Vascular permeability factor/vascular endothelial growth factor : an

important mediator of angiogenesis in malignancy and inflammation. Int. Arch. Allergy

Immunol. 107, 233–235

# 2003 Biochemical Society


