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A B S T R A C T

The hypoxia-inducible factor-1 (HIF-1), which consists of the constitutive HIF-1b and the

oxygen-responsive HIF-1a subunit, is the master activator of the cellular transcriptional

response to hypoxia coordinating gene expression during reduced oxygen tension.

Overexpression of HIF-1 and increased transcriptional activity induced by hypoxia are

linked to progression of many tumour types such as head and neck cancer, cervical carci-

noma, leukaemia and renal cell carcinoma.

In this study, we demonstrate that HIF activity is increased in malignant melanoma cells

already under normoxic conditions in contrast to other tumour types. HIF-1a and -2a

knockdown by siRNA transfection revealed that this effect is due to constitutive HIF-1a

expression. Furthermore, the inhibition or activation of reactive oxygen species (ROS)

decreased or activated, respectively, HIF-1 activity and HIF-1a protein expression. Interest-

ingly, the inhibition of the NFkappaB pathway also reduced the accumulation of HIF-1a

assuming a context between ROS and NFkappaB, and suggesting that ROS and NFkappaB

activity contribute to HIF-1a accumulation. In summary, we identified an increased HIF-

1a protein expression and activity in melanoma under normoxia mediated by ROS and

the NFkappaB pathway.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

HIF-1 is the key transcriptional regulator of the cellular re-

sponse to a hypoxic environment. It is involved in many cel-

lular processes that help cells and organisms to cope with a

reduced oxygen and energy supply.1 HIF-1 is composed of

two subunits: HIF-1a and HIF-b. HIF-b, which was previously

identified as the aryl hydrocarbon receptor nuclear transloca-

tor (ARNT) and is also part of other transcription factors, is re-

quired to form a functional DNA-binding complex with the

HIF-a subunit. HIF-1a is the oxygen-regulated subunit which

is stabilised under hypoxic conditions.2 In normoxia (21%

O2), HIF-1a is hydroxylated by specific prolyl hydroxylases

(PHDs) which allows binding to the von Hippel–Lindau protein
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(VHL). By these means HIF-1a is targeted for ubiquitination

and rapid proteasomal degradation.3 In the absence of O2,

the prolyl-hydroxylation is inhibited and the HIF-1a subunit

is stabilised. It translocates into the nucleus and forms a com-

plex with the constitutively expressed HIF-b subunit.4 The

functional HIF-1 dimer binds to the HIF-binding site (HBS)

with the consensus sequence RCGTG in hypoxia-responsive

elements in the promoter or enhancer regions of its target

genes.5,6 The active HIF-1 complex induces O2-responsive

genes that are involved in increased anaerobic glucose

metabolism and cell survival under hypoxic conditions and

also in crucial aspects of cancer development and progression

including angiogenesis and tumour invasion.7–11 HIF-1a

accomplishes these tasks by controlling the expression of
.
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GLUT-1 and many glycolytic enzymes, VEGF and several other

angiogenic factors, growth factors, transferrin receptor 1

(TfR1), CXCR4 chemokine receptor12 and lysyl oxidase,13–18

whereas the induction of erythropoietin19,20 was recently

showed to depend primarily on the alternative HIF-a subunit

HIF-2a.

In a hypoxic microenvironment melanoma cells show in-

creased HIF-1a expression and induction of vasculogenic

mimicry to acquire an adequate blood supply.21,22

However, regulation of HIF-1 activity seems to be complex

and next to hypoxia further inducers of HIF activity are

known: High amounts of ROS such as superoxide radicals

(O��2 ), hydroxyl radicals (OH�) and singlet oxygen (1O2) can in-

duce cell damage. There is evidence that ROS can act as sig-

nalling molecules and control the activity of HIF-1.23,24

Tumour cells possess increased ROS levels due to decreased

levels of antioxidants that scavenge the produced ROS, which

promote tumour progression.25 In melanoma cells increased

levels of ROS contribute to melanoma development.26

HIF-1a expression is also regulated at the translational and

transcriptional level by the AKT/phosphatidylinositol 3-ki-

nase (PI3K) and the MAPK/ERK pathways, respectively.27–29 It

has been shown that RAS regulates the RAF/MEK/ERK path-

way and that BRAF is essential for ERK activation in malig-

nant melanoma cells.30 The mutant V600E BRAF increases

HIF-1a expression in melanoma leading to a higher cell sur-

vival under hypoxic conditions.31 It was shown that a hypoxic

environment, which is found in normal skin, contributes to

AKT-mediated melanocyte transformation. Downregulation

of HIF-1a by the mTOR inhibitor rapamycin prevents the

transformation under hypoxia. Therefore, Rapamycin was

proposed as a therapeutic approach in melanoma

treatment.32,33

Furthermore, Bonello and colleagues showed binding and

activation of the HIF-1a promoter by NFkappaB.34,35 Rius and

colleagues35 demonstrated for the first time in vivo by the

use of IKK-b knockout mice that basal NFkappaB activity is

crucial for HIF-1a gene transcription and HIF activation under

hypoxia. Interestingly, the transcription factor NFkappaB is

constitutively upregulated in malignant melanoma.36

In this study, we present evidence that HIF-1a is expressed

and transcriptionally active under normoxic conditions in

malignant melanoma cells, regulated by ROS and mediated

by NFkappaB.

2. Materials and methods

2.1. Cell lines and cell culture conditions

The melanoma cell lines Mel Im, Mel Ju and HMB2 were de-

rived from metastases of malignant melanoma.37 Further-

more, the melanoma cell line 501 Mel, the colon carcinoma

cell line SW480 (ATCC CCL-228) and the hepatocellular carci-

noma cell line HepG2 (ATCC HB-8065) were used.

For tissue culture, the cells were maintained in Dulbecco’s

modified Eagle’s medium supplemented with penicillin

(400 U/ml), streptomycin (50 lg/ml), L-glutamine (300 lg/ml),

and 10% v/v foetal calf serum (Invitrogene, Carlsbad, USA)

and diluted 1:5 every 3 d. The cells were cultivated under a

humidified atmosphere of 5% CO2 at 37 �C.
2.2. Reagents

Echinomycin was purchased from Alexis Biochemicals (Lör-

rach, Germany), YC-1 from Merck (Darmstadt, Germany). All

other chemicals were purchased from Sigma (St. Louis,

USA). Incubation time for the chemicals was 16 h for histidine

(30 lM), alpha-(4-pyridyl-1-oxide)-N-tert-butylnitrone (POBN)

(30 lM), Echinomycin (5 nM), YC-1 (30 lM), arsenic trioxide

(As2O3) (2 lM, respectively, 5 lM), Pyrogallol (30 lM), Rapamy-

cin (1 lM) and 2,2 0dipyridyl (DP, 50 lM).

2.3. RNA isolation and reverse transcription

Total cellular RNA was isolated from cultured cells using the

RNeasy kit (Qiagen, Hilden, Germany). cDNAs were generated

by reverse transcriptase reaction performed in 20 ll reaction

volume containing 2 lg of total cellular RNA, 4 ll of 5 · first

strand buffer (Invitrogen), 2 ll of 0.1 M DTT, 1 ll of dN6-primer

(10 mM), 1 ll of dNTPs (10 mM), and DEPC-water. The reaction

mixture was incubated for 10 min at 70 �C, 200 U of Super-

script II reverse transcriptase (Invitrogen) were added and

RNAs were transcribed for 1 h at 37 �C. Reverse transcriptase

was inactivated at 70 �C for 10 min and the RNA was degraded

by digestion with 1 ll RNase A (10 mg/ml) at 37 �C for 30 min.

2.4. Analysis of expression by quantitative PCR

Quantitative real-time PCR for HIF-1a was performed on a

LightCycler (Roche). cDNA template (2 ll), 0.5 ll (20 mM) of

forward and reverse primers (HIF-1a for: 5 0-CAC AGG CCA

CAT TCA CGT A-3 0; HIF-1a rev: 5 0-ATC CAG GCT GTG TCG

ACT G-3 0; MAGE-11 for: 5 0-GCC ATC TTT GGG AGC CTA TCT-

3 0; MAGE-11 rev: 5 0-GGG TCC ACT TCC TTC ACA TCA-3 0; VEGF

for: 5 0-CAG CGC AGC TAC TGC CAT CCA ATC GAG A-3 0; VEGF

rev: 5 0-GCT TGT CAC ATC TGC AAG TAC GTT CGT TTA-3 0; Ang-

PTL4 for: 50-CAG GGT ACC TAA GAG GAT GAG CGG TGC-30;

AngPTL4 rev: 5 0-CTG CTC GAG CTG CAG GAG TCC GTG C-3 0)

and 10 ll of SYBR Premix Ex Taq (TaKaRa Bio,USA) in a total

of 20 ll were applied to the following PCR programme: 30 s

at 95 �C (initial denaturation); 20 �C/s temperature transition

rate up to 95 �C for 15 s, 3 s at 64 �C, 5 s at 72 �C, 82 �C acquisi-

tion mode single, repeated for 40 times (amplification). The

PCR reaction was evaluated by melting curve analysis and

checking the PCR products on 2% w/v agarose gels. b-Actin

was amplified to ensure cDNA integrity and to normalise

expression.

2.5. Transfection experiments and luciferase reporter gene
assay

For transient transfections 2 · 105 cells were seeded into each

well of a six-well plate and transfected with 0.5 lg plasmid

DNA using the lipofectamine plus method (Gibco) according

to the manufacturer’s instructions. Transfection efficiency

was normalised according to Renilla luciferase activity by

cotransfecting 0.1 lg of the plasmid pRL-TK (Promega, Madi-

son, USA). The 6 · HRE reporter plasmid previously described

by Warnecke and colleagues38 and the NFkappaB-luc plasmid

(Promega, Mannheim, Germany) were used for the reporter

gene assay. Cotransfections were performed using expression
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plasmids of the NFkappaB subunits p50, p52 and p65 in

pET4T.39 The expression vector for dominant negative HIF-

1a was generated by introducing a stop codon (TGA) after

AA 380 in the wild type mouse HIF-1a coding sequence. The

resulting truncated protein thus consists of the bHLH and

PAS domains, but lacks the oxygen-dependent degradation

domain and all transactivation domains. Therefore it com-

petes with wild type HIF-1a for the dimerisation partner

ARNT, and may bind to HREs but does not transactivate the

respective target genes. Adenoviral transfection of Mel Im

cells with the recombinant replication-deficient adenovirus

Ad5IjB was previously described.40,41 The cells were lysed

16 h after transfection and luciferase activities were deter-

mined. All transfections were repeated at least three times.

2.6. SiRNAs and transfection procedures

HIF-a siRNAs (HIF-1a sense 5 0 CUGAUGACCAGCAACUU-

GAdTdT; HIF-2a sense 5 0 CAGCAUCUUUGAUAGCAGUdTdT)

were described before42,43 and synthesised by Qiagen (Co-

logne, Germany). SiRNA against firefly luciferase comprised

the pGL3 vector (3luc sense 5 0 CUUACGCUGAGUACUUC-

GAdTdT) was used as control. Floating cells were transfected

with the siRNAs (final concentration 50 nmol/l) by the use of

HighPerfect Transfection Reagent (Qiagen, Karlsruhe Hilden,

Germany) in serum-free medium according to the manufac-

turer’s protocol. After 4 h, 10% v/v foetal calf serum was

added and cells were incubated for 20 h. Then the cells were

lysed for Western blot analysis or transfected with 6 · HRE

plasmid using the lipofectamine plus method and luciferase

reporter gene assays were performed after 20 h.

2.7. HIF-1a Immunoblot assays

Cells (2 · 106) were washed and lysed in 6.65 M urea, 10% v/v

glycerol, 1% w/v SDS, 10 mM Tris HCl (pH 6.8), protease inhib-

itors, and 5 mM DTT. Equal amounts of protein were sepa-

rated on 8.75% SDS–PAGE gels and subsequently blotted

onto a PVDF membrane. After blocking for 1 h with 5% w/v

milk powder/TBS, the membrane was incubated for 16 h with

a 1:500 dilution of HIF-1a antibody (Novus Biological, NB100–

449, Novus Biologicals, Littleton, CO, USA). A 1:4000 dilution

of anti-mouse-AP (Chemicon, Temecula, CA, USA) was used

as secondary antibody. Staining was performed using NBT/

BCIP (Zytomed, Berlin, Germany).

2.8. Immunofluorescence

5 · 105 Mel Im and Mel Ju cells were grown on eight-well

chamber slide for 1 d, washed with PBS and fixed with meth-

anol for 15 min. For permeabilisation of the cell membrane,

the cells were incubated for 5 min with 0.1% v/v Triton-X-

100 (Sigma), washed again and covered with blocking solution

(1% w/v BSA/PBS) for 1 h. Thereafter, cells were incubated

with a 1:20 dilution of MAGE-11 antibody (Abcam, ab55439)

for 1 h at 37 �C. After washing the cells, they were incubated

with a 1:40 dilution of secondary antibody (FITC anti-mouse,

DakoCytomation, Denmark) in PBS for 1 h followed by wash-

ing again. After mounting with Hard Set Mounting Medium
with DAPI (Vectashield, H-1500) images were collected by fluo-

rescence microscopy.

2.9. Immunohistochemistry

Human skin biopsies were collected in the Molecular Pathol-

ogy of the University Hospital Regensburg. The formalin-fixed

and paraffin-embedded biopsies were dewaxed and rehy-

drated. The biopsies were then boiled for 30 min in citrate

buffer (pH 6.0). Endogenous peroxidase activity was blocked

in 3% v/v H2O2 in PBS for 10 min. The sections were placed

in a humidified chamber and covered with blocking solution

(Zytomed, Berlin, Germany) for 5 min. Sections were incu-

bated with primary anti-HIF-1a antibody (Sigma–Aldrich) in

a 1:50 dilution in TBS–Tween (0.1% v/v) overnight at 4 �C. After

washing with TBS–Tween, sections were incubated with bio-

tinylated secondary antibody for 20 min (Zytomed, Berlin,

Germany), before incubation with Streptavidine-HRP conju-

gate for 20 min and AEC (3-amino-9-ethylcarbazole) for

30 min (Zytomed) according to the manufacturers’ instruc-

tions. All slides were then counterstained with routine

haematoxylin.

2.10. Determination of ROS

For measurement of intracellular ROS levels, the fluorescent

dye H2DCFDA (2,7-dichlorodihydrofluoresceindiacetate) was

used. Cells were stained with H2DCFDA (Molecular Probes,

Invitrogen, USA) in a concentration of 10 lM for 10 min, har-

vested by trypsinisation and analysed in PBS buffer by a FACS

Calibur.

2.11. Statistical analysis

The results are expressed as the means ± S.D. (range) or per-

centages. Comparison between groups was made using the

Student’s paired t test. A p-value < 0.05 was considered statis-

tically significant. All calculations were performed using the

GraphPad Prism software (GraphPad Software Inc, San Diego,

CA).

3. Results

As several target genes of HIF are known to be strongly ex-

pressed in melanoma cells already under normoxic condi-

tions like VEGF, integrin alpha v beta 3, TfR1 and Glut-1 we

became interested in the role of HIF in melanoma.

3.1. Constitutive HIF activity in melanoma

We first determined the basal HIF activity in melanoma cells

lines under normoxic conditions using a 6 · HRE-luciferase

construct. Interestingly, we detected normoxic HIF activity

in all four melanoma cell lines analysed whereas in the colon

carcinoma cell line SW480 and hepatoma cell line HepG2 only

minor activity was observed (Fig. 1A). Additionally, compared

to SW480 and HepG2 cells the melanoma cell lines showed in-

creased expression of HIF-1a mRNA as measured by qRT-PCR

(Fig. 1B). In tissue samples from melanoma metastases nucle-



Fig. 1 – HIF activity in melanoma under normoxia. (A) HIF activity was determined in luciferase reporter assays using the 6 · HRE

(hypoxia-responsive element) luciferase reporter which contains six copies of the phosphoglycerate kinase HRE upstream of

the thymidine kinase (TK) promoter. The control vector contains the TK promoter but lacks the 6 HREs. Melanoma cell lines

were compared with the hepatocarcinoma cell line HepG2 and the colon carcinoma cell line SW480. (B) The mRNA expression

status of HIF-1a was determined by quantitative real-time PCR. The expression of HIF-1a in the melanoma cell line Mel Im

was set as 1. The melanoma cell lines were again compared with HepG2 and SW480. (C) Immunohistochemistry was

performed with an anti-HIF-1a antibody. Strong nuclear staining was detected in the tissue samples of two melanoma

metastases (I, II; 400·). In (I), a blood vessel is indicated by the dotted line. (D) HIF activity was measured after incubation of

the melanoma cell line Mel Im with the HIF inhibitors Echinomycin (5 nM) and YC-1 (30 lM) for 16 h. (**p < 0.01, ***p < 0.001).

(E) HIF activity was measured after transfection of the melanoma cell line Mel Im with the siRNA against HIF-1a and HIF-2a.

Mel Im control shows the normoxic HIF activity determined by the use of the 6 · HRE promoter construct. Transfection of

siRNA against the luciferase gene (siRNA3-luc) served as positive control. (*p < 0.05).
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ar HIF-1a expression was detectable in nests of melanoma

cells as determined by immunohistochemistry (Fig. 1C). Inter-

estingly, no differences in staining intensity were observed

comparing cells next to vessels with cells more distant, sug-

gesting that HIF-1a protein accumulation did not correlate

with areas of regional hypoxia.

To manipulate the normoxic HIF-1 activity in melanoma,

cells were treated with chemical inhibitors of HIF activity,

Echinomycin (Ech), an inhibitor of DNA binding, and YC-1,

which enhances HIF degradation. Exposure to either com-

pound significantly reduced HIF activity (Fig. 1D).

Finally, treatment of the melanoma cell line Mel Im with

siRNA against HIF-1a42,43 resulted in downregulation of HIF-

driven luciferase expression in comparison to negative con-

trol siRNA-transfected cells. SiRNA3-luc, which downregu-

lates luciferase expression from the pGL3 luciferase vectors,
was used as positive control (Fig. 1E). HIF-1a knockdown

had equivalent effects on luciferase activities to the direct

luciferase knock-down by the 3luc siRNA, which indicates

that luciferase expression in Mel Im was completely depen-

dent on HIF-1a. SiRNA transfection targeting HIF-2a, leading

to 55% reduction of HIF-2a mRNA expression (data not

shown), had no significant effect on HIF activity. We, there-

fore, concluded that HIF activity in melanoma was mainly

due to activation of the subunit HIF-1a.

To confirm that the constitutive HIF-1a activity under

normoxic conditions has effects on the expression of HIF tar-

get genes in melanoma we performed further assays. First of

all, down-regulation of HIF-1a protein after siRNA transfection

was confirmed by western blotting using an anti-HIF-1a anti-

body (Fig. 2A). In addition, a dominant negative variant of

HIF-1a (HIF-1a dn) was transfected leading to reduction of



Fig. 2 – HIF-1a induces target genes under normoxia. (A) Protein extracts of Mel Im cells transfected with control siRNA and

siRNA against HIF-1a were analysed in western blot. The elimination of the band by the siRNA transfection demonstrated the

efficiency of the HIF-1a knockdown and confirmed that the band in the control siRNA-transfected samples represented

indeed normoxic HIF-1a. (B and C) mRNA expression of the HIF-1a target genes AngPTL4 and VEGF under normoxic

conditions after HIF-1a knockdown or overexpression of a dominant negative HIF-1a (HIF-1a dn; the empty pcDNA3 vector

served as control). For comparison cells were also exposed to hypoxia (0.2% O2). (*p < 0.05; **p < 0.01; ***p < 0.001).
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HIF activity. Downregulation of HIF-1a by both means resulted

in significantly reduced expression of the HIF-1a target genes

AngPTL4 (Fig. 2B) and VEGF (Fig. 2C). As all experiments were

performed under normoxic conditions, so far, we aimed to

analyse the influence of hypoxic conditions on the expression

of the target genes AngPTL4 and VEGF. The melanoma cell line

Mel Im was kept under reduced oxygen tension (0.2%) and

induction of target gene expression was determined (Fig. 2B

and C). Interestingly, induction of expression of the target

genes under hypoxia was weaker than expected and previ-

ously published for other cell types than melanoma.42,44 We

speculated that the high constitutive HIF-1a expression under

normoxia in melanoma cells results in reduced inducibility.

3.2. Regulation of HIF activity

Next, we aimed to understand the regulation of HIF activity

under normoxic conditions in melanoma. It is known that

melanosomes contribute to increased oxidative stress and

production of ROS in malignant melanoma cells.45–47 Regard-

ing this aspect, we analysed the intracellular ROS production

in four melanoma cell lines in comparison to HepG2 (hepato-
carcinoma cell line) and SW480 (colon carcinoma cell line)

using H2DCFDA as fluorescence marker. All melanoma cell

lines showed significantly higher intracellular ROS production

in comparison to HepG2. The cell lines 501 Mel and HMB2 pro-

duced higher levels of ROS than SW480 (Fig. 3A). Therefore,

we analysed the involvement of ROS in the regulation of HIF

activity under normoxic conditions. Treatment with ROS

inhibitors (POBN, histidine) resulted in strong reduction of

HIF-1 activity (Fig. 3B) and protein expression (Fig. 3C). Vice

versa, induction of ROS by As2O3 or Pyrogallol-enhanced HIF

activity and HIF-1a protein level (Fig. 3D and E).

3.3. Involvement of NFkappaB for transcriptional HIF
regulation

ROS are known to induce NFkappaB activity.34,21,48 Addition-

ally, melanoma cell lines show constitutively activated

NFkappaB.36 We determined the NFkappaB activity in the four

melanoma cell lines in comparison with HepG2 and SW480.

The high NFkappaB activity in the melanoma cell lines is in

accordance to the literature. HepG2 and SW480 showed sig-

nificant lower NFkappaB activity than the melanoma cell



Fig. 3 – HIF regulation through ROS under normoxia. (A) Intracellular ROS levels were determined by H2DCFDA staining and FACS

analysis for the cell lines Mel Im, HMB2, Mel Ju, 501Mel, SW480 and HepG2. Analysis of the p-value shows significance

(*p < 0.05) or no significance (ns) measured between Mel Im and HepG2 and Mel Im/SW480, respectively. (B) HIF activity was

measured in luciferase assays using the 6 · HRE reporter. The construct lacking the HREs was used as control. The melanoma

cell line Mel Im was treated with ROS quencher POBN (30 lM) and histidine (30 lM). (*p < 0.05; **p < 0.01). (C) Western blot with

anti-HIF-1a antibody shows the modulation of HIF-1a after incubation of the cell line Mel Im with POBN (30 lM) and histidine

(30 lM). Protein lysates (40 lg) were loaded. Data are mean ± SE from triplicate experiments normalised to b-actin. (D) HIF

activity was measured in luciferase assays using the 6 · HRE reporter. The melanoma cell line Mel Im was treated with ROS

inducer As2O3 (5 lM) and Pyrogallol (30 lM). (*p < 0.05; **p < 0.01). (E) Western blot with anti-HIF-1a antibody shows the

modulation of HIF-1a after incubation of the cell line Mel Im with ROS inducer As2O3 (2 lM, 5 lM). Protein lysates (5 lg) were

loaded. Data are mean ± SE from triplicate experiments normalised to b-actin.
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lines (Fig. 4A). We then analysed the correlation between ROS

and NFkappaB regarding normoxic HIF activity. Using inhibi-

tors of ROS (histidine and POBN), we observed strong inhibi-

tion of NFkappaB activity in melanoma cells (Fig. 4B). We

concluded that ROS are involved in regulating NFkappaB in

melanoma cells. Overexpression of an inhibitor of NFkappaB

activity, dominant active IkappaB, in the melanoma cell line

Mel Im using adenoviral transduction resulted in significant

reduction of HIF activity (Fig. 4C). Reduction of HIF activity

by incubation of Mel Im cells with the dominant active Ikap-

paB was similar to the effect of POBN and no significant syn-

ergistic effect was observable by simultaneous inhibition of

ROS and NFkappaB. To confirm the regulation of HIF activity

by NFkappaB, transfection of Mel Im cells with expression

constructs for the NFkappaB subunits p50, p52 and p65 were

performed. All led to significant induction of HIF activity

(Fig. 4D). We, therefore, conclude that HIF expression is con-

trolled by ROS via NFkappaB.

Since mTOR regulates HIF-1a translation49,50 we also ana-

lysed the involvement of mTOR in HIF-1a activity in mela-

noma. Interestingly, we also observed an effect of
Rapamycin on HIF activity and protein expression (Fig. 5A

and B). However, no effect of Rapamycin on NFkappaB activity

(Fig. 5C) or HIF1a mRNA expression was detectable (data not

shown), indicating that two alternative HIF-inducing path-

ways are active in melanoma.

3.4. Involvement of MAGE-11 in the HIF protein depletion
in melanoma

As it is known that HIF is regulated on the transcriptional le-

vel as well as on the posttranscriptional level (via modulation

of protein translation on the one hand and oxygen-dependent

protein degradation on the other), we hypothesised that we

see a dual way of regulation. HIF-1a expression is induced

on the transcriptional level via ROS and NFkappaB, and on

the translational level through active mTOR. Only recently, a

study revealed that MAGE-11 is a regulator of HIF protein sta-

bility by virtue of its ability to bind to and inhibit PHD activ-

ity.51 We, therefore, analysed MAGE-11 mRNA expression in

the melanoma cell lines and compared it with HepG2 and

SW480 cells. We detected a high MAGE-11 expression in



Fig. 4 – Transcriptional regulation of HIF-1a through ROS is mediated by NFkappaB. (A) NFkappaB activity was measured in

luciferase assays. The pGL3basic vector was used as control. Analysis of the p-value shows significance (***p < 0.001;

**p < 0.01) measured between Mel Im/HepG2 and Mel Im/SW480, respectively. (B) NFkappaB luciferase assay showing the

regulation of NFkappaB transcriptional activity after incubation of the cell line Mel Im with the ROS quenching agents POBN

(30 lM) and histidine (30 lM). (*p < 0.05; **p < 0.01). (C) HIF activity as measured by the use of the 6 · HRE reporter. The

melanoma cell line Mel Im was transduced with an adenovirus expressing the NFkappaB inhibitor IkappaB and treated with

ROS quencher POBN (30 lM). (**p < 0.01). (D) The melanoma cell line Mel Im was transfected with expression vectors for

NFkappaB subunits p50, p52 and p65 to analyse the induction of HIF activity through NFkappaB (*p < 0.05).
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qRT-PCR (Fig. 6A). Additionally, immunofluorescence staining

showed the MAGE-11 protein distributed in the cytoplasm of

the melanoma cell lines Mel Im and Mel Ju (Fig. 6B).

4. Discussion

HIF-1 is the master regulator of the cellular and systemic

adaptation to hypoxia and is recognised as a key factor in

cancer development. Usually, HIF-1a is rapidly degraded by

the ubiquitin–proteasome system under normoxic condi-

tions, and it is up-regulated in a hypoxic microenvironment.

Recently, it has also been shown that HIF-1a protein can be

upregulated under normoxia in response to growth factors,

hormones, cytokines,52 UV irradiation and metal ions.53,54,47

We became interested in analysing HIF activity in melanoma

cells under normoxia as several of the HIF-1a-inducing fac-

tors such as IL-1beta and endothelins55–57 are known to be

overexpressed in melanoma. In addition, several HIF target

genes are strongly expressed in melanoma already under

normoxic conditions. Our results revealed a marked HIF-1a

activity in the melanoma cell lines under normoxic condi-

tions in contrast to other types of tumours. Immunohisto-

chemistry of malignant melanoma showed the focal

expression of HIF-1a in cancer tissue independent of regional
hypoxia, in agreement with previous results of other

groups.58,59 Furthermore, we demonstrated that part of the

normoxic expression of VEGF and AngPTL4 was dependent

on HIF-1a. Interestingly, the incubation of cells under reduced

oxygen tension did not lead to the strong, expected upregula-

tion found in other cell,60,61 supporting the already high

expression under normoxia.

Melanoma cells and melanocytes show an unusual antiox-

idative system.26 The melanocytes primary function is deliv-

ering melanin in melanosomes to keratinocytes resulting in

protection against harmful effects of UV radiation. Within

the melanocytes the synthesis of melanin results in genera-

tion of hydrogen peroxide and, if inappropriately processed,

of hydroxyl radicals and other reactive oxygen species

(ROS).46,26 In particular, melanosomes within melanoma cells

are characteristically abnormal, with fragmented melanin

and disrupted membranes. The disruption of melanosomal

melanin might be an early event in the aetiology and progres-

sion of melanoma, leading to increased oxidative stress, pro-

duction of ROS and mutation of DNA.45–47 In our study we

revealed that ROS is responsible for the increased HIF activity

under normoxia in melanoma. Quenching or inducing re-

agents strictly control activity and protein level of HIF. The

major redox-sensitive transcription factors in mammalian



Fig. 5 – mTOR is involved in the expression of HIF under normoxia. (A) 6 · HRE luciferase assay. The melanoma cell line Mel Im

was treated with the mTOR inhibitor Rapamycin (1 lM). (*p < 0.05). (B) Western blot analysis showing the modulation of HIF-

1a after incubation of the cell line Mel Im with Rapamycin (1 lM). Data are mean ± SE from triplicate experiments. (C)

NFkappaB luciferase assay shows no regulation of NFkappaB transcriptional activity after incubation of the cell line Mel Im

with Rapamycin (ns: not significant).

Fig. 6 – MAGE-11 expression in melanoma. (A) The expression level of MAGE-11 in four melanoma cell lines, the

hepatocarcinoma cell line HepG2 and the colon carcinoma cell line SW480 was determined by quantitative real-time PCR. (B)

Immunofluorescence images of MAGE-11 in the melanoma cell lines Mel Im and Mel Ju show the expression of MAGE-11 and

localisation in the cytoplasm (20·).
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cells are NFkappaB, AP-1 and thioredoxin.62 It is also known

that ROS can activate the transcription factor NFkappaB21,48
which is constitutively activated in melanoma cells.36 NFkap-

paB in turn can induce HIF-1a gene expression34 and NF-kap-



Fig. 7 – Schematic overview of HIF regulation in malignant melanoma. Stimuli like UV irradiation or growth factors could lead to

production of ROS (reactive oxygen species). This was analysed using the ROS quencher POBN and histidine respectively the

ROS inducer As2O3 and Pyrogallol. Our data demonstrated the regulation of NFkappaB activity through ROS. Enhanced

NFkappaB activity in melanoma is involved in the transcriptional regulation of HIF-1a which in turn activates its target genes

AngPTL4 and VEGF. Furthermore, HIF-1a protein stability is regulated under normoxic conditions in malignant melanoma.

We believe that mTOR and MAGE-11 are responsible for enhanced normoxic HIF-1a protein stability.
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paB-HIF-1 interaction contributes to breast cancer metastatic

capacity.63 We confirmed regulation of NFkappaB through

ROS in malignant melanoma and demonstrated that inhibi-

tion of NFkappaB by adenoviral overexpression of the NFkap-

paB inhibitor IkappaB led to attenuation of HIF activity. These

data support the concept of a transcriptional regulation of

HIF1a by NFkappaB under normoxic conditions.

Apart from the described ROS-dependent regulation, HIF-

1a is usually translationally regulated by the mammalian tar-

get of rapamycin (mTOR). The regulatory mechanisms and

the involvement of molecular oxygen itself in this regulation

of HIF by mTOR are poorly understood. It seems that under

hypoxia mTOR is inactivated which led to the conclusion that

the mTOR signalling to HIF is oxygen independently regu-

lated.50 Additionally, under severe hypoxia, no influence of

mTOR inhibitors were observed; thus, stimulation of HIF-1a

by mTOR may only be relevant under mild hypoxia or even

normoxia.50 Our results confirmed this hypothesis, as Rapa-

mycin reduced HIF activity and protein expression under nor-

moxia. In addition, our study showed that Rapamycin, in

contrast to ROS and NFkappaB, has no influence on HIF-1a

mRNA expression, suggesting posttranscriptional regulation.

Recently, Aprelikova and colleagues described a novel role

for the cancer-testis antigen melanoma antigen-11 (MAGE-

11) as an inhibitor of PHD2.51 We, therefore, speculated that

the high expression of MAGE-11 in melanoma cells compared

to other tumour cell types led to stabilisation of HIF under
normoxia. Strong expression of MAGE-11 in different mela-

noma cell lines confirmed our hypothesis.

In summary, we could show that HIF-1a activity is induced

in melanoma cells under normoxic conditions through at

least two different complementary pathways (summarised

in Fig. 7): a transcriptional upregulation by ROS and NFkap-

paB, and enhanced stabilisation through inhibition of PHD2

by MAGE-11. Furthermore, HIF-1a activity in melanoma is

controlled by mTOR. As HIF plays a critical role in tumour

development and progression, the induction of HIF-1a and,

consequently, of target genes in melanoma cells under nor-

moxia may be an important factor supporting tumour growth.

The finding that not only the regulation of protein abundance,

but also the transcriptional regulatory network is crucial in

controlling HIF-1 levels in melanoma and other tumour types

opens new therapeutic options to modulate HIF-1 activity un-

der non-hypoxic conditions.64
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