
RESEARCH ARTICLE

NFjB and HIF display synergistic behaviour during hypoxic
inflammation

Ulrike Bruning • Susan F. Fitzpatrick •

Till Frank • Marc Birtwistle • Cormac T. Taylor •

Alex Cheong

Received: 28 July 2011 / Revised: 4 October 2011 / Accepted: 20 October 2011 / Published online: 9 November 2011

� Springer Basel AG 2011

Abstract The oxygen-sensitive transcription factor

hypoxia inducible factor (HIF) is a key regulator of gene

expression during adaptation to hypoxia. Crucially,

inflamed tissue often displays regions of prominent

hypoxia. Recent studies have shown HIF signalling is

intricately linked to that of the pro-inflammatory tran-

scription factor nuclear factor kappa B (NFjB) during

hypoxic inflammation. We describe the relative temporal

contributions of each to hypoxia-induced inflammatory

gene expression and investigate the level of crosstalk

between the two pathways using a novel Gaussia princeps

luciferase (Gluc) reporter system. Under the control of an

active promoter, Gluc is expressed and secreted into the

cell culture media, where it can be sampled and measured

over time. Thus, Gluc constructs under the control of either

HIF or NFjB were used to resolve their temporal tran-

scriptional dynamics in response to hypoxia and to

cytokine stimuli, respectively. We also investigated the

interactions between HIF and NFjB activities using a

construct containing the sequence from the promoter of the

inflammatory gene cyclooxygenase 2 (COX-2), which

includes functionally active binding sites for both HIF and

NFjB. Finally, based on our experimental data, we

constructed a mathematical model of the binding affinities

of HIF and NFjB to their respective response elements to

analyse transcriptional crosstalk. Taken together, these data

reveal distinct temporal HIF and NFjB transcriptional

activities in response to hypoxic inflammation. Further-

more, we demonstrate synergistic activity between these

two transcription factors on the regulation of the

COX-2 promoter, implicating a co-ordinated role for both

HIF and NFjB in the expression of COX-2 in hypoxic

inflammation.
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Abbreviations

COX-2 Cyclooxygenase2

DMOG Dimethyl-oxaloylglycine

DMSO Dimethyl-sulfoxide

Gluc Gaussia Luciferase

HIF Hypoxia inducible factor

HRE Hypoxia response element

NFjB Nuclear factor kappa B

NRE NFjB response element

pGluc Plasmid encoding Gluc

PHD Prolyl hydroxylase

Introduction

Localised hypoxia is a common feature in a variety of

biological settings where inflammation is also occurring,

including growing tumours and critically inflamed tissues

[1–3]. This creates a situation whereby both the hypoxic
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signalling pathway, through the hypoxia inducible factor

(HIF), and the inflammatory signalling pathway, through

nuclear factor-jB (NFjB), are activated. Recent studies

have shown that hypoxia influences the NFjB pathway and

that HIF may play an important role in inflammation [4–8].

However, the relative contributions of HIF and NFjB into

creating transcriptional activation profiles leading to a

coordinated regulation of hypoxia-induced inflammatory

gene expression remain unclear. Developing our under-

standing of their transcriptional activities and regulation

represents a clear goal in this area of systems biology.

HIF is a heterodimeric transcription factor composed of

a b-subunit, which is constitutively present in the cell

nucleus, and an oxygen-sensitive a-subunit (Hif1a, Hif2a
or Hif3a). Although HIF is constitutively synthesised at

high levels, it is destabilised in the presence of molecular

oxygen as a result of the enzymatic activity of oxygen-

sensing enzymes termed prolyl hydroxylases (PHD). In

hypoxia, this oxygen-requiring hydroxylation event is

inhibited, HIFa escapes degradation and can translocate to

the nucleus to form a functional dimer with HIFb that

activates gene expression and triggers the hypoxic

response. This transcriptional response allows cellular

adaptation to a hypoxic environment, such as a tumour

microenvironment [1, 2] or the hematopoietic stem cell

niche [9].

NFjB is a family of transcription factors which plays a

key role in a wide variety of physiological (such as

immunity) and patho-physiological cellular responses

(chronic inflammation, diabetes, cancer) [10, 11]. Due to

its role as a master regulator of immunity and inflamma-

tion, its transcriptional activity and regulatory pathway

have been an area of intense research [12]. Substantial

evidence now exists that hypoxia can activate NFjB in

vivo [8, 13] and in vitro [5, 7, 8, 14]. While the exact

mechanism involved in the activation of NFjB remains to

be fully elucidated, recent evidence has suggested that the

same oxygen-sensing enzymes, which confer oxygen sen-

sitivity to the HIF pathway also play a role in activation of

NFjB in response to hypoxia [5, 14].

Crosstalk between the HIF and NFjB pathways has

been demonstrated by a number of in vitro and in vivo

studies showing that NFjB plays an important role in

regulating basal and stimulated HIF-1a expression [7, 15–

18]. NFjB can also regulate HIF-2a signalling through an

interaction with the NFjB essential modulator (NEMO),

which aids in the recruitment of transcriptional co-activa-

tors such as CREB binding protein (CBP) and p300, and

increases HIF-2a transcriptional activity [19]. Conversely,

HIF-1a has been reported to alter NFjB signalling in

neutrophils [20]. In addition, a group of pro-inflammatory

genes, including cyclooxygenase (COX-2) and inducible

nitric oxide synthase (iNOS) contains functional response

elements for both HIF and NFjB in their promoter regions.

We have previously shown that NFjB both directly but

also indirectly, through its regulation of HIF-1a, regulates

COX-2 expression in response to hypoxia [8].

In the present study, in order to investigate the crosstalk

between HIF and NFjB transcriptional activities in

mammalian cells, we generated a novel Gaussia luciferase

(Gluc) reporter system. Gluc is derived from the marine

copecod Gaussia princeps and belongs to a new class of

luciferases that are naturally secreted molecules [21], and

has already been used as a sensitive monitor for evaluat-

ing promoter activity in algae [22], as well as monitoring

tumour growth in vivo [23], NFjB activity in vivo [24]

and in vitro [25] and HIF activity in vitro [26]. As

Gaussia luciferase is secreted, it is thus possible to

monitor temporal transcriptional activity in a single cell

population. We designed Gaussia constructs under the

control of either HIF or NFjB to study their transcrip-

tional activity under hypoxic or cytokine stimulation. To

investigate transcriptional crosstalk, we chose a sequence

from the promoter region of the human COX-2 gene

which includes functional response elements for both HIF

and NFjB. The COX-2 gene encodes for the inducible

cyclooxygenase which has been associated with inflam-

mation and cell proliferation [27], and its transcriptional

regulation can be through either HIF and/or NFjB activity

[4, 8, 28].

Using experimental data and mathematical modelling,

we establish it is possible to analyse and dissect the

interactions between HIF and NFjB transcriptional activ-

ities under hypoxic and inflammatory conditions. From our

analysis, we propose that HIF and NFjB bind to the COX-

2 promoter independently of each other, but display a

synergistic behaviour in the transcriptional regulation

under dual hypoxic and inflammatory stimulation.

Materials and methods

Cell lines and cell culture

Human embryonic kidney cell HEK293, human epithelial

colorectal adenocarcinoma Caco-2 cells and human cervi-

cal cancer Hela cells were obtained from ATCC and

cultured in DMEM high-glucose medium supplemented

with 10% FCS and 100 U/ml penicillin–streptomycin.

Cells were exposed to hypoxia using pre-equilibrated

media and maintained in standard normobaric hypoxic

conditions (1 or 3% O2, 5% CO2, and 94% N2) in a hypoxia

chamber (Coy Laboratories). Normoxic controls were

exposed to pre-equilibrated normoxic media and main-

tained at atmospheric O2 levels (21% O2, 5% CO2) in a

tissue culture incubator.
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Gaussia constructs

The mammalian expression vector pGluc-TK (NEB) con-

tains the coding sequence for Gaussia luciferase under the

control of the Herpes Simplex Virus thymidine kinase (TK)

promoter, for constitutive activity. This vector was used to

assess the expression and secretion of Gaussia luciferase

protein into the culture media in normoxia and hypoxia.

The mammalian expression vector pGluc-Basic (NEB)

was modified to include a minimal promoter sequence, and

this resultant vector (pGluc-Mp) was used to generate a

series of hypoxia-responsive and NFjB-responsive vectors

(pGluc-HRE, pGluc-NRE and pGluc-COX2). pGluc-HRE

contains four copies of the EPO HREs in the right orien-

tation while pGluc-NRE contains a concatamer of NREs in

the left orientation. pGluc-COX2 contains the sequence -4

to -631 of the human COX-2 gene, which includes

one HIF response element (HRE) [28] and two NFjB

response elements (NRE) [27]. The inserts were amplified

by PCR from human genomic DNA using commercially

available reagents (Invitrogen), cut using BglII and EcoRI

restriction enzymes (Roche) and subcloned into pGluc-Mp.

Resulting plasmids were characterised by sequencing

(MWG).

Plasmid DNAs were transfected using Lipofectamine

2000 (Invitrogen) at a concentration of 200 ng/40,000 of

Caco-2 cells or 200 ng/100,000 of HEK293 cells. Sam-

pling of culture media started 24 h post-transfection.

Gaussia luciferase activity was measured using the Biolux

Gaussia luciferase Flex Assay kit (NEB) in a plate reader

(Synergy HT; Biotek).

The expression and secretion rates of Gaussia luciferase

were found to be unchanged during hypoxia, although we

have observed lower luciferase activity in the media when

the cells were more confluent (data not shown). It is likely

that the secretory pathway and mechanism of Gaussia

luciferase is dependent on available cellular energy, pos-

sibly through ATP binding cassette transporters [29].

Resolving this pathway is beyond the scope of this study,

but it is accounted for in all our assays through paired

sampling and the use of the constitutively active pGluc-TK

construct as internal control in experimental conditions

involving hypoxic culture.

Western blot analysis

Whole-cell, nuclear and cytosolic extracts were generated

in either normoxia or hypoxia according to previously

published protocols [30, 31]. Protein concentration was

quantified using a Bradford assay, and samples were nor-

malised accordingly. Samples were separated by SDS-

PAGE and immunoblotted as described previously [30, 31]

using the following primary Abs and dilutions: HIF-1a

(1:250; BD Pharmingen), b-actin (1:10,000; Sigma) and

TATA box binding protein (TBP; 1:2,500; Abcam).

Chromatin immunoprecipitation

HEK293 cells were grown on 3 9 145 mm dishes per

treatment and exposed to normoxia or hypoxia (1% O2) for

0–24 h. At the end of the time course, cells were removed

from the hypoxia chamber or the tissue culture incubator,

and medium was aspirated. Cells were immediately fixed

(1% formaldehyde and Eagle’s MEM tissue culture media)

for 10 min. Fixation was stopped using glycine solution,

and cells were scraped in PBS supplemented with PMSF

following a PBS wash step. Cells were pelleted by centri-

fugation and lysed prior to shearing of chromatin by

sonication. After precleaning, chromatin was incubated

with a specific Ab, and immunocomplexes were subse-

quently collected using salmon sperm DNA/protein A

agarose (Millipore). After a series of washes, immuno-

complexes were eluted using an elution buffer (1% SDS

and 0.1 M NaHCO3), and cross-links were reversed. DNA

was then recovered by phenol/chloroform extraction.

Purified DNA (3 ll) was amplified using human COX-2

promoter primers (forward, 50-GAATTTACCTTTCCC

GCCTCTC-30; reverse, 50-AAGCCCGGTGGGGGCAGG

GTTT-30) [8] using a thermocycler program (94�C for

3 min; then 36 cycles of 94�C for 20 s, 60�C for 30 s, and

72�C for 30 s; then a hold cycle of 10�C). Samples were

run on a 2% agarose gel using ethidium bromide to visualize

a 649-bp product.

Reagents

The cell permeable prolyl hydroxylase inhibitor dimethyl-

oxaloylglycine (DMOG; Cayman Chemicals) was dis-

solved in dimethyl sulfoxide (DMSO; Sigma). Tumour

necrosis factor-a (TNFa) was from Sigma while interleu-

kin-1b (IL-1b) was obtained from R&D Systems.

Thermo-statistical model

We used a thermo-statistical approach to modelling tran-

scriptional activity as developed in refs. [32, 33]. Briefly,

we consider the relative concentrations of transcription

factors and the probability of these transcription factors

binding to the promoter to initiate transcription. Let [HIF]

and [NFjB] denote the concentrations of the transcription

factors under consideration. Then, qH = [HIF]/KH and

qN = [NFjB]/KN denote the concentrations relative to the

effective dissociation constant KH and KN. The latter

describe the formation and dissociation of HIF–DNA

complexes and NFjB–DNA complexes, respectively. In

what follows, we consider only the saturation domain in
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which [HIF] � KH and [NFjB] � KN holds such that

qH � 1 and qN � 1 [33]. Furthermore, let P denote the

probability that RNA polymerase occupies the promoter,

i.e., the binding probability referred to in the main text, and

let P0 denote the basal binding probability. With these

definitions at hand, the binding probabilities P(HIF),

P(NFjB), and P(dual) for the conditions Ctrl Hypoxia,

TNFa Normoxia, and dual activation in the saturation

domain are given by [33]

PðHIFÞ ¼ P0 xH qH

PðNFkBÞ ¼ P0 xN qN

PðdualÞ ¼ P0 xH qH xN qN

ð1Þ

where xH [ 1 and xN [ 1 are certain proportionality

factors. Note that the third relationship listed in Eq. (1)

holds only under the assumption of independent activation.

A key assumption that has been frequently made in the

context of thermo-statistical modelling of the transcriptional

machinery is that the rate of transcription initiation is

proportional to the binding probability P [32–34]. Likewise,

the transcription rate of the protein is assumed to be

proportional to P. Let rX with X=‘‘0’’, ‘‘HIF’’, ‘‘NFjB’’,

and ‘‘dual’’ denote the transcription rates observed in the

respective conditions. Then, the aforementioned assumption

implies that we have

rX ¼ b PX ð2Þ

where b[ 0 is a proportionality factor. Introducing the

rescaled binding probabilities P*X = PX/P0 and the fold

changes r*X = rX/r0, from Eq. (2), it follows that they

correspond to each other: P*X = r*X (as mentioned in the

main text). Furthermore, from Eq. (1) it follows that the

fold changes of transcription rates satisfy

r�dual ¼ r�HIF r�NFjB ð3Þ

In order to make contact with the experiment, we re-write

Eq. (3) in terms of the experimentally measurable variables

r0, rHIF, rNFjB and rdual and thus obtain

rdual

r0

¼ rHIF

r0

rNFjB

r0

ð4Þ

For each sample, we substituted the observed values for r0,

rHIF, rNFjB in the right-hand side of Eq. (4) in order to

obtain the predicted fold changes for dual stimulation.

Using sample averages, we compared the predicted fold

changes with the measured fold changes, see Fig. 5d.

Statistical analysis

All experiments were carried out a minimum of n = 3

independent times unless otherwise indicated and data were

expressed as the mean ± SEM. To estimate an indicator of

current transcriptional activity from the cumulative

luciferase activity data (i.e., time derivatives), where possi-

ble we used central difference approximations according to

f 0 ¼ f1 � f�1

2h
ð5Þ

where f0 is the estimated first time derivative at the current

time point, f1 is the cumulative luciferase activity at the next

time point, f-1 is the cumulative luciferase activity at the

previous time point, and h is the time step. It is only possible

to use a central difference approximation when there are two

evenly spaced measurements in either direction from the

time point of interest, both h time units away. When this was

not the case, as for instance with the first data point of the

time series, the more widespread and intuitive forward

difference approximation was used according to

f 0 ¼ f1 � f0

h
ð6Þ

where f0 denotes the cumulative luciferase activity at the

current time point. Central difference approximations were

preferred to forward difference approximations because their

resulting predictions are less sensitive to measurement noise.

Results

Development of the Gaussia luciferase reporter system

The Gluc reporter system relies on the inherent property of

Gaussia luciferase to be secreted from the cell into the cul-

ture media, where it can be sampled. To assess whether the

rate of secretion is stable over time, we transfected HEK293

cells with the constitutively active vector pGluc-TK which is

under the control of the HSV thymidine kinase promoter.

The luciferase activity was found to increase linearly over

the period measured whereas the activity from HEK293 cells

transfected with a Gluc vector driven by a minimal promoter

(pGluc-Mp) remained unchanged (Fig. 1a). As Gluc content

in the culture media is cummulative, we can estimate the

current promoter activity (Fig. 1b) by calculating the time

derivative of the curve in Fig. 1a (Eq. 6 of ‘‘Materials and

methods’’). Linear regression of the time derivative data

points showed that pGluc-TK had a stable transcriptional

activity over the 24-h time course (y = 4 9 10-6 x ? 9.2;

r2 = 0.00016). Thus, under the control of a constitutively

active promoter, Gaussia luciferase is constitutively pro-

duced, expressed and secreted at a constant rate.

Characterisation of HIF transcriptional activity

HIF activation has been well characterised in cells exposed

to hypoxia [1]. During low oxygen tension, the HIF-1a
protein is rapidly stabilised (Fig. 2a). In normoxia, HIF
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protein degradation is dependent on the activity of the

prolyl hydroxylases (PHDs). As such, chemical inhibition

of the PHDs by DMOG [35] can also increase HIF stabi-

lisation and localisation in the nucleus (Fig. 2b). We

generated a Gaussia luciferase reporter under the control of

HIF (pGluc-HRE) to investigate HIF temporal transcrip-

tional activity. Consistent with an increase in HIF protein,

we observed a HIF transcriptional activity in Caco-2 cells

transfected with pGluc-HRE when exposed to hypoxia (1%

O2) or to increasing concentration of DMOG (Fig. 2c).

This activity was also observed in pGluc-HRE transfected

HEK293 (Fig. 2d) and Hela cells (Fig. 2e) cultured under

different degrees of hypoxia (1% O2 or 3% O2). Thus, we

show that HIF displays unique temporal transcriptional

activity in response to oxygen or to PHD inhibition and

demonstrate that pGluc-HRE represents a useful tool to

effectively monitor temporal changes in HIF-dependent

transcriptional activity.

Characterisation of NFjB transcriptional activity

NFjB consists of a family of transcription factors that play

critical roles in inflammation, immunity, cell proliferation,

differentiation, and survival [10, 11]. A large number of

diverse external stimuli can lead to activation of NFjB. We

next generated a Gaussia luciferase reporter under the

control of NFjB (pGluc-NRE) and used it to investigate

the transcriptional response to two different inflammatory

stimuli: TNFa (Figs. 3a, b) and IL-1b (Figs. 3c, d). A dose-

dependent increase in luciferase activity was observed

under both stimuli. Furthermore, consistent with previous

studies [5, 7], we observed a hypoxic induction of pGluc-

NRE activity, although not as strongly as in pGluc-HRE

(Fig. 4a, b). We explored the data further by examining the

NFjB transcriptional activity and observed distinct tran-

scriptional responses under increasing concentration of

TNFa stimulation (Fig. 4c). These responses were modu-

lated when under dual inflammatory cytokine and hypoxic

stimulations, where we observed an elevated response in

TNFa-induced NFjB transcriptional activity in a back-

ground of hypoxia (Fig. 4d). Thus, we show that

stimulation with inflammatory stimuli results in quantita-

tively and temporally distinct NFjB transcriptional

activity, which can be further modulated by hypoxia.

Characterisation of COX-2 promoter activity

We have previously shown there can be crosstalk between

HIF and NFjB [8]. A region of the COX-2 promoter

sequence (-605 to -5 bp) was reported to include two

NFjB binding sites and one HIF binding site (Fig. 5a). We

show by chromatin immunoprecipitation that NFjB and

HIF can bind to that promoter sequence (Fig. 5b). To

investigate this interaction further, we cloned the COX-2

promoter sequence into the pGluc-MP vector. Using the

resultant vector pGluc-COX2, we resolved for the first time

the time course of the promoter activity of COX-2 under

hypoxic, TNFa (1 ng/ml), or dual stimulation (Fig. 5c). In

all three conditions, the transcriptional activity was found

to be significantly higher than in basal conditions (Fig. 5d;

p \ 0.05). Thus, our data indicate that TNFa and hypoxic

stimuli have similar effect on the transcriptional activity of

pGluc-COX2 within 24 h.

Mathematical model of TF binding

Cells would normally receive a wide variety of cellular and

environmental signals that are processed in combination to

A B

Fig. 1 Development of the Gaussia luciferase assay for non-

invasive, reproducible and high temporal resolution of transcriptional

activity. a Relative luciferase activity and transcriptional activity

from human embryonic kidney cells (HEK293) transfected with a

Gluc construct under the control of the Herpes Simplex virus

thymidine kinase promoter for constitutive expression (pGluc-TK;

filled square) or under the control of a minimal promoter (pGluc-Mp;

filled circle). Representative traces are shown for luciferase activity.

b Transcriptional activity of pGluc-TK was calculated using primarily

central differences as described in ‘‘Materials and methods’’. Data

shown as mean ± SEM
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generate a specific genetic response. Hence, stimulation by

both hypoxia and inflammation should generate a different

transcriptional regulation than from a single stimulus. The

data generated from the pGluc-COX2 were used to predict

the transcriptional activity under dual hypoxic and

inflammatory stimulation using an additive model of

A

B

C

D E

Fig. 2 Transcriptional activity

of the Hypoxia Inducible Factor

(HIF). a Hypoxia induces

expression of HIF-1a protein in

human epithelial colorectal

adenocarcinoma (Caco2) cells.

b Nuclear HIF-1a protein is

detected after 6 h of chemical

inhibition of prolyl-

hydroxylases by DMOG.

c Caco2 cells transfected with

the pGluc-HRE vector and

cultured under normoxia

(21% O2) under increasing

concentration of DMOG or

hypoxia (1% O2). HEK293 cells

(d) and Hela cells

(e) transfected with the pGluc-

HRE vector and cultured under

different oxygen tension (21%

O2, red; 3% O2, purple; 1% O2,

black)

A B

C D

Fig. 3 Transcriptional activity

of the Nuclear Factor Kappa B

(NFjB). a Relative luciferase

activity from HEK293

transfected with pGluc-NRE

under increasing concentration

of TNFa (filled square 0; filled
triangle 0.1 ng/ml; filled
triangle 0.5 ng/ml; filled circle
1 ng/ml and filled diamond
5 ng/ml). b Concentration-

dependent luciferase activity

after 24 h TNFa stimulus.

c Relative luciferase activity

from human embryonic kidney

cells (HEK293) transfected with

pGluc-NRE under increasing

concentration of IL-1b (filled
square 0; filled triangle 0.1 ng/

ml; filled triangle 0.5 ng/ml;

filled circle 1 ng/ml and filled
diamond 5 ng/ml).

d Concentration-dependent

luciferase activity after 24 h

IL-1b stimulus
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cooperative transcriptional activation (i.e., TNFa Nor-

moxia ? Ctrl Hypoxia = TNFa Hypoxia; Fig. 5d). The

additive transcriptional activity (calculated from the addi-

tion of the rate of transcription in the conditions TNFa
Normoxia and Ctrl Hypoxia) was found to be significantly

lower than the actual transcriptional activity observed

(TNFa Hypoxia; p \ 0.05). Thus, this ‘greater-than-addi-

tive’ transcriptional activity (i.e. violation of the additive

model) would demonstrate a synergy between hypoxia and

inflammatory stimuli.

Next, we constructed a thermodynamic model of tran-

scriptional regulation (described in ‘‘Materials and

methods’’) to test the probability of RNA polymerase

binding to the promoter as a result of transcription factor

recruitment [32]. According to the model, under indepen-

dent dual activation, the binding probability equals the

product of the binding probabilities observed during indi-

vidual stimulation [33] (either TNFa Normoxia or Ctrl

Hypoxia but not both). For this relationship to hold, we

rescaled the binding probabilities by the basal probabilities

such that they actually correspond to fold changes of

transcriptional activities (see ‘‘Materials and methods’’). In

line with previous work [33], we exploited the

multiplicative relationship in order to test whether the

binding of HIF and NFjB to their respective response

elements was independent of each other. We did not

observe any statistical difference between the experimental

and the predicted (‘multiplication rule’) transcriptional

activity (n = 8; Fig. 5e), indicating that there is indeed

independent activation, i.e. the binding of HIF or NFjB to

the promoter is independent of each other.

In short, we show that the dual activation by HIF and

NFjB violates the additive model of cooperative activa-

tion, but is consistent with the thermo-statistical model for

cooperative independent activation that predicts synergistic

‘greater-than-additive’ responses.

Discussion

Reporter assays are useful tools in probing transcriptional

activity and regulation. Using the inherent property of the

secreted Gaussia luciferase, we here show that we can

monitor and measure the temporal transcriptional dynamics

of HIF and NFjB activities and analyse the transcriptional

crosstalk between the two pathways.

A

B

C D

Fig. 4 Effect of hypoxia on the transcriptional activity of NFjB.

a HEK293 cells transfected with pGluc-NRE were exposed to a range

of oxygen tension (21% O2 to 1% O2). b The relative luciferase

activity at 12 h is shown as a function of oxygen. c, d The pGluc-

NRE responses to TNFa are shown as a function of transcriptional

activity per hour is dependent on the concentration of the inflamma-

tory stimulus under normoxia (c) or hypoxia (d). Time derivatives

were calculated based on central difference approximation where

possible as described in ‘‘Materials and methods’’
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The inclusion of response elements for HIF into the

pGluc vector has opened new avenues for investigating

HIF-dependent transcriptional activities. Since its discov-

ery in the early 1990s, HIF-1 has rapidly attracted interest

for its involvement in fundamental biological processes—

such as cardiovascular development [36], tumour metabo-

lism [37] and stem cell differentiation [38]. Its role in

regulating the transcriptional response to oxygen depriva-

tion has made it a potential therapeutic target [39]. Using

our in-house-generated pGluc-HRE construct, we reveal

distinct transcriptional dynamics for HIF in response to

graded hypoxia or prolyl hydroxylase inhibition. Interest-

ingly, we observed a gradual increase in HIF

transcriptional activity in hypoxia, while pharmacological

prolyl hydroxylase inhibition caused a sharp and rapid

activation.

The NFjB family of transcription factors plays an

important role in the regulation of the immune and

inflammatory response, as well as cell division and cell

death [10]. Research using real-time single-cell imaging

has shown NFjB shuttling in and out of the nucleus under

an inflammatory stimulus such as TNFa, matched with

A

B

C

D

E

Fig. 5 Transcriptional activity of the human COX-2 promoter.

a Representation of the human cyclooxygenase-2 (COX-2) promoter

region cloned into the pGLuc-Mp vector, showing the binding sites

for HIF (blue) and NFjB (red). b Chromatin immunoprecipitation

analysis was carried out using an antibody against HIF-1a, p65 or a

control antibody as indicated in cells exposed to hypoxia for 0–24 h

to assess whether HIF-1a or p65 binds directly to the COX-2

promoter under conditions of hypoxia. (n = 3). c HEK293 cells were

transfected with the resultant vector (pGluc-COX2) and cultured

under either normoxia (21% O2; filled square), TNFa (1 ng/ml; filled
circle), hypoxia (1% O2; filled triangle) or TNFa and hypoxia (filled
inverted triangle). d Transcriptional activity under hypoxia, TNFa,

dual Hypoxia and TNFa stimulation and predicted transcriptional

activity under dual stimulation (additive model). e Fold change under

dual activation for each experiment was calculated and compared

with the prediction of a thermo-statistical model of transcriptional

binding probabilities as described in ‘‘Materials and methods’’. n = 8.

Asterisks significant difference (p \ 0.05)
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firefly-luciferase activity [40]. Here, we show that the data

from a Gaussia luciferase reporter under the control of

NFjB is a valid measure of the dynamics of transcriptional

activity due to NFjB stimulation in a cell population.

Using two different inflammatory stimuli, we describe a

dose-dependent increase in transcriptional activity, which

we found to be very different between TNFa and IL-1b,

further reinforcing the view that distinct stimuli may gen-

erate quantitatively and temporally distinct genetic

responses from the same transcriptional pathway [10, 12].

Indeed, within the range of concentrations tested, we

observed an ‘all-or-nothing switch-like’ effect with TNFa
stimulation, while the response to IL-1b was ‘analogue-

like’. In addition, we confirm that hypoxia enhanced basal

NFjB activity and the NFjB response to cytokine stimu-

lation, likely through the activation of the IKK complex

and inhibition of prolyl hydroxylase-1 [5, 6], thus provid-

ing further evidence for a role of hypoxia in mediating

inflammatory response.

Given the growing number of studies demonstrating a

high degree of crosstalk between the HIF and NFjB

pathways [4–8], we decided to analyse the contribution of

each on the cyclooxygenase-2 promoter. The human

COX-2 gene was chosen as its regulation can be through

either HIF and/or NFjB activity [4, 8, 28]. We con-

structed a thermodynamic model of transcriptional

regulation to test the probability of RNA polymerase

binding to the promoter as a result of transcription factor

recruitment [32] and found that, while HIF and NFjB

were acting independently on their respective response

elements, there was also a ‘greater-than-additive’ tran-

scriptional activity under dual stimulation, which would

imply synergy. This suggests the capacity for increased

recruitment of RNA polymerase arising from the effect of

hypoxia on NFjB activity, as shown from our data using

the pGluc-NRE construct under cytokine and hypoxic

stimulation.

We speculate that the synergy observed under dual

cytokine and hypoxic stimulation could be arising at both

the signalling network and the promoter levels. Given the

thermodynamics model that was used, both transcription

factors (HIF and NFjB) bind independently to their

respective response element and lower the binding energy

for RNA polymerase to bind to the gene (Fig. 6). Due to

the non-linearity of the probability of RNA polymerase

binding, the addition of the activities of HIF and NFjB

generates a higher binding probability than under a single

transcription factor [41], which results in a ‘greater-than-

additive effect’ on the level of transcription rates. Addi-

tionally, given that hypoxia activates the IKK complex and

increases the amount of nuclear NFjB [5, 6], it is rea-

sonable to assume that this increased concentration of

Fig. 6 Simplified scheme illustrating a ‘greater-than-additive’ effect

caused by the nonlinearity of the transcriptional machinery as

predicted by thermo-statistical approaches. The probability P of

RNA polymerase recruitment to the COX-2 promoter as function of

the energy shift induced by transcription factors is shown following a

Boltzmann distribution law. TNFa stimulation results in NFjB

activity which induces a shift in energy DE1 required for RNA

polymerase to bind to the COX-2 promoter. The binding probability is

P(NFjB). In hypoxia, HIF is stabilised, and its activity induces a shift

in energy DE2 and a binding probability P(HIF). However, under dual

TNFa and hypoxia stimulation, the shift in energy results in a greater

probability for RNA polymerase to bind to the promoter, i.e. P(NFjB

?HIF) [ P(NFjB) ? P(HIF)
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NFjB would also further lower the binding energy for

RNA polymerase, thus enhancing the synergy effect.

While we have focused on the crosstalk of NFjB and

HIF in the promoter regulation of the pro-inflammatory

protein COX-2, this crosstalk would probably occur in the

regulation of other genes containing both NFjB and HIF

response elements in their promoter, including anti-

inflammatory genes. For example, the anti-inflammatory

protein netrin-1 was shown to be regulated by both NFjB

[42] and HIF [43]. We speculate that this duality in the

transcriptional crosstalk for regulating both pro- and anti-

inflammatory genes might be dependent on other factors in

order to resolve inflammation.

In summary, the findings of this study have revealed that

the Gaussia luciferase reporter system can be a useful tool

in probing the transcriptional dynamics of NFjB and HIF;

HIF protein stabilisation from hypoxia or chemical inhib-

itors elicit distinct transcriptional responses; NFjB

transcriptional activity is dependent on the stimulus and

can be modulated by hypoxia; and HIF and NFjB act

synergistically on the COX-2 promoter under dual hypoxia

and cytokine stimulation. This interaction between hypoxia

and inflammation underscores the complex crosstalk

between the HIF and the NFjB signalling pathways.
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