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Vengellur, A., J. M. Phillips, J. B. Hogenesch, and J. J. LaPres.
Gene expression profiling of hypoxia signaling in human hepatocel-
lular carcinoma cells. Physiol Genomics 22: 308–318, 2005. First
published June 7, 2005; 10.1152/physiolgenomics.00045.2004.—Cel-
lular, local, and organismal responses to low O2 availability occur
during processes such as anaerobic metabolism and wound healing
and pathological conditions such as stroke and cancer. These re-
sponses include increases in glycolytic activity, vascularization,
breathing, and red blood cell production. These responses are medi-
ated in part by the hypoxia-inducible factors (HIFs), which receive
information on O2 levels from a group of iron- and O2-dependent
hydroxylases. Hypoxia mimics, such as cobalt chloride, nickel chlo-
ride, and deferoxamine, act to simulate hypoxia by altering the iron
status of these hydroxylases. To determine whether these mimics are
appropriate substitutes for the lower O2 tension evoked naturally, we
compared transcriptional responses of a Hep3B cell line using high-
density oligonucleotide arrays. A battery of core genes was identified
that was shared by all four treatments (hypoxia, cobalt, nickel, and
deferoxamine) including glycolytic enzymes, cell cycle regulators,
and apoptotic genes. Importantly, cobalt, nickel, and deferoxamine
influenced transcription of distinct sets of genes that were not affected
by cellular hypoxia. These global responses to hypoxia indicate a
balancing act between adaptation and programmed cell death and
suggest caution in the use of hypoxia mimics as substitutes for the low
O2 tension that occurs in vivo.

Affymetrix array; Hep3B; genomics; hepatocellular carcinoma

CELLS, TISSUES, AND ORGANISMS are said to be hypoxic when they
receive less than normal levels of oxygen. Given the central
role of oxygen in the production of ATP through oxidative
phosphorylation, it is critical for cells and tissues to respond
rapidly to hypoxia. The importance of hypoxia signaling is
further highlighted by its essential role in mammalian devel-
opment and several pathological conditions such as cardiovas-
cular disease and cancer (4). The primary response to hypoxia
within the cell is the upregulation of proteins and pathways
such as glycolytic enzymes and angiogenic factors that ulti-
mately lead to alternative routes of ATP generation and an
increased oxygen availability (10). Glycolytic enzymes that are
targets for such upregulation include glyceraldehydes-3-phos-
phate dehydrogenase (GAPDH), pyruvate kinase, and phopho-
fructokinase (27). At the tissue level, there is a stimulation of
angiogenesis through the upregulation of growth factors such
as vascular endothelial growth factor (VEGF) (19). These

responses and others are regulated by a family of transcription
factors called the hypoxia-inducible factors (HIFs).

HIFs are members of the bHLH-PAS (basic-helix-loop-
helix-PER, ARNT, SIM) family of transcription factors (12).
There are three cytosolic HIFs: HIF1�, HIF2�, and HIF3�.
The most studied of these is HIF1�. Under normoxic condi-
tions, HIF1� is ubiquitously transcribed, translated, and sub-
sequently degraded. Under hypoxic conditions, however,
HIF1� protein becomes stabilized (2, 16, 26). This oxygen-
dependent degradation of the HIF1� protein is primarily con-
trolled by a family of nonheme oxygenases called prolyl
hydroxylase domain-containing proteins (PHDs, also known as
HIF prolyl hydroxylases) (3, 6). There are three PHDs in
mammals, and recent reports suggest that they have differing
cellular localization and regulatory activities on HIF1� (1, 21).
These hydroxylases may also participate in feedback inhibi-
tion, since they themselves are hypoxia-regulated genes. (5, 21,
32) The PHDs use oxygen as a cosubstrate and are dependent
on iron and 2-oxoglutarate for function (23). In the presence of
oxygen, these enzymes are capable of hydroxylating proline
residues within the oxygen-dependent degradation domains
(ODDs) of HIF1�. Once hydroxylated, the ODD becomes an
interaction surface for the Von Hippel Lindau tumor suppres-
sor (VHL), which binds the HIF1� protein, recruits the ubiq-
uitination machinery, and ultimately leads to HIF1� degrada-
tion in a proteosome-dependent fashion (17). The iron-depen-
dent activity of the PHD enzymes may help explain the ability
of iron chelators and divalent metals to promote a hypoxic-like
response. In fact, cobalt chloride and nickel chloride, transition
metals capable of competing with iron at binding sites, and
deferoxamine, an iron chelator, are widely used as hypoxia
mimics. The appropriateness of these hypoxia mimics has not
been thoroughly tested.

Under hypoxic conditions, HIF1� is stabilized and translo-
cates to the nucleus where it dimerizes with its partner, the aryl
hydrocarbon nuclear translocator (ARNT, also known as
HIF1�) (16). The HIF1�:ARNT heterodimer, referred to as
HIF1, recognizes specific sequences within the genome,
termed hypoxia-responsive elements (HREs), and, on binding
of these sites in the appropriate context, the complex becomes
transcriptionally active (2, 26). While �50 HIF1�-responsive
genes have been characterized, the pleiotropic responses to
hypoxia suggest the existence of unidentified hypoxia-respon-
sive genes. Furthermore, although widely used as hypoxia
mimics, the suitability of cobalt, nickel, and deferoxamine as
hypoxia analogs has not been comprehensively addressed.
These current studies were performed to characterize a more
complete battery of hypoxia-regulated genes and to determine
whether cobalt chloride, nickel chloride, and deferoxamine are
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appropriate hypoxia mimics. To address these goals, the hep-
atocellular carcinoma cell line, Hep3B, was exposed to hyp-
oxia, cobalt chloride, nickel chloride, or deferoxamine (DFO);
total RNA was extracted; and transcriptional responses were

evaluated using high-density oligonucleotide arrays. Compar-
isons among the four treatments suggest that there is substan-
tial overlap; however, there is also a large set of genes that are
specific for the individual treatments. Several genes involved
in creatine transport and pyruvate metabolism were shown to
be general responders to all treatments. In addition, several
protooncogenes, kinases, cell cycle regulators, and hydroxy-
lases have also been found to be regulated by hypoxia.

MATERIALS AND METHODS

Cell culture. Hep3B cells were maintained in MEM (Invitrogen)
supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 20
mM L-glutamine, 1 mM MEM nonessential amino acids, 100 mM
HEPES (pH 7.4), 1,000 U/ml penicillin G, and 1,000 �g/ml strepto-
mycin sulfate (Invitrogen). Cells were �70% confluent at the time of
treatment. Cells were maintained at 37°C, 5% CO2, and 21% O2

before treatment. Hypoxia treatment (1% O2) was performed in an
O2-regulated incubator (Precision-NAPCO 7000; Winchester, VA) at
37°C and 5% CO2. Cobalt chloride (100 �M), nickel chloride (100
�M), and DFO (100 �M) treatments were performed at 37°C, 5%
CO2, and 21% O2.

Table 1. Primers used in qRT-PCR

Gene Accession No. Forward Reverse

HPRT NM_000194 gaccagtcaacaggggacat cctgaccaaggaaagcaaag
VEGF AF024710 tcctcacaccattgaaacca gatcctgccctgtctctctg
HumIIP (IP30) BC031020 tgcaaattcaacaaggtgga gcaggcatagtggcagactt
SLC6A8 NM_005629 ctggaacatctgtcccctgt cagcgtggtggtaaaggact
PDK1 NM_002610 ttcggatcagtgaatgcttg accaattgaacggatggtgt
Carb, Annh.

(MaTu) NM_001216 acttcagccgctacttccaa agagggtgtggagctgctta
IL8 M28130 tagccaggatccacaagtcc gcttccacatgtcctcacaa
HGFAL NM_004132 cctcttctaccctccccaag cgctggatatgacagtctgc
Inhibin NM_002193 aaggacacaacccgtcagag tttagccccctcttctctcc
MAOA NM_000240 acataaggagttgcccgata agcatttcccaaaaggtgtg
MCT3 NM_004207 acaaactggactggctcagg ctctggaatgacacggttcc
15-PGDH NM_000860 tgggtaaaactctttgcaagc agctgggaggtctggagtta
Cyp1a1 NM_000499 cttccgacactcttccttcg ggttgatctgccactggttt

qRT-PCR, quantitative RT-PCR.

Table 2. Top 20 hypoxia up- and downregulated probe sets

Probe Set

Fold Change

DescriptionsHYP COB DFO NICK

39352_at �13.1 �1.9 2.5 �6.7 thyroid-stimulating hormone alpha subunit
1025_g_at �10.2 �5.9 �14.7 �8.2 HSCYP450 human gene for cytochrome P(1)-450
32570_at �6.9 �5.8 �7.3 �5.4 15-hydroxyprostaglandin dehydrogenase (PGDH)
742_at �5.0 �9.6 �4.4 �11.4 human mRNA for HGF activator like protein
40588_r_at �4.7 1.0 �4.8 �2.9 p18 protein
41363_at �4.7 �1.7 �6.4 �2.6 survival of motor neuron protein interacting protein 1
39382_at �4.5 �1.5 �3.4 �2.2 mRNA for K1AA0517 gb � AB011089
36592_at �4.5 �1.5 �8.3 �2.6 prohibitin
38680_at �4.4 �1.4 �1.6 �2.0 Alu repeats, region 5 to the SNRP E gene
39355_at �4.3 �1.4 �6.5 �2.6 2-5A binding protein
31880_at �4.1 �1.4 �6.6 �3.5 N9 Rep-8 gb � D83767
36636_at �4.0 1.0 1.1 �1.9 omithine aminotransferase
41772_at �4.0 �2.2 �4.7 �2.9 monoamine oxidase A
38323_at �4.0 1.1 �7.1 �2.8 BAC clone RG113D17 gb � AC005162
33791_at �3.9 1.9 �2.6 �2.3 leukemia associated gene 1
38372_at �3.9 �1.1 �1.7 �2.6 U66042:Human clone 191B7
40788_at �3.9 1.0 �1.3 �2.6 adenylate kinase 2A (AK2A)
1969_s_at �3.8 �1.0 �1.8 �2.9 CDK activating kinase
41246_at �3.7 �1.4 1.8 �3.9 Homo sapiens gb � AI743134
37297_at �3.7 �1.4 �3.7 �2.4 Homo sapiens DKFZp586A191
37758_s_at 4.6 �1.1 4.8 4.5 Homo sapiens gb � W28479
39827_at 4.7 4.4 4.7 6.8 Homo sapiens gb � AA522530
36386_at 4.7 10.8 14.9 3.9 pyruvate dehydrogenase kinase isoenzyme 1
40790_at 4.9 4.0 8.0 4.2 DEC1
36101_s_at 5.0 3.6 7.2 4.1 vascular endothelial growth factor
38545_at 5.2 2.5 12.1 4.0 testicular inhibin beta-B-subunit
40926_at 5.8 12.1 25.5 6.7 creatine transporter (SLC6A8)
38125_at 6.3 10.6 22.8 7.9 plasminogen activator inhibitor I
HUMGAPDH 6.5 �1.0 2.9 2.7 glyceraldehyde-3-phosphate dehydrogenase
40888_f_at 6.6 �1.3 3.6 3.3 Homo sapiens gb � W28170
34777_at 6.8 33.1 39.4 3.9 adrenomedullin precursor
32588_s_at 7.0 �2.5 1.3 8.5 ERF-2
40309_at 8.1 39.4 39.9 5.7 carbonic anhydrases (MaTu MN)
31918_at 8.4 1.2 9.0 5.5 homeodomain protein (Prox 1)
34610_at 8.6 �1.0 1.6 3.1 Homo sapiens gb � W25845
1591_s_at 11.9 2.2 8.6 8.5 insulin-like growth factor II
36782_s_at 13.9 2.3 10.3 13.2 insulin-like growth factor II
672_at 14.2 7.4 13.5 3.3 plasminogen activator inhibitor-1
36933_at 79.9 127.7 241.0 61.5 RTP (N-myc downstream regulated gene 1)
2079_s_at 255.6 27.6 140.0 202.7 insulin-like growth factor (IGF-II)

HYP, hypoxia; COB, cobalt; DFO, deferoxamine; NICK, nickel.
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RNA extraction. RNA was extracted by homogenization (Polytron;
Kinematica, Lucerne, Switzerland) in TRIzol reagent (Gibco BRL)
(added to cell pellet) at maximum speed for 90–120 s. The homog-
enate was allowed to incubate for 5 min at room temperature, a 1:5
volume of chloroform was added, and the tube was vortexed and,
finally, subjected to centrifugation at 12,000 g for 15 min. The
aqueous phase was isolated, and a one-half volume of isopropanol was
added to precipitate the RNA. After this initial isolation, a secondary
purification was performed with the Qiagen RNeasy Total RNA
isolation kit according to manufacturer’s specifications. The purified
total RNA was finally eluted in 10 �l of diethyl pyrocarbonate-treated
H2O, and quantity and integrity were characterized using a Beckman
DU640 UV spectrophotometer and Agilent Bioanalyzer 2100.

RNA labeling. Briefly, 5 �g of total RNA from two separate
biological replicates were used to make first-strand cDNA using the
Superscript Choice system (Gibco BRL) and a T7 promoter/oligo(dT)
primer (Gibco). Second-strand cDNA was also made with the Super-
script Choice system. The resulting cDNA was subjected to phenol-
chloroform purification and ammonium acetate precipitation, and used
as a template to make biotinylated amplified antisense cRNA using T7
RNA polymerase (Enzo kit, Affymetrix). Twenty micrograms of
cRNA were fragmented to a range of 20–100 bases in length using
fragmentation buffer (200 mM Tris-acetate, pH 8.1, 500 mM potas-
sium acetate, 150 mM magnesium acetate) and heating for 35 min at
94°C. The quality of cRNA and size distribution of fragmented cRNA
were examined by both agarose and polyacrylamide gel electro-
phoresis.

Hybridization. Twenty micrograms of cRNA were hybridized to a
U95A version 1 gene chip (Affymetrix) with 1� MES hybridization
buffer using standard protocols outlined in the Gene Chip Expression
Analysis Technical Manual (Affymetrix). Hybridization was con-
ducted in a GeneChip hybridization oven for 16 h at 45°C. After

hybridization, the arrays were washed on a GeneChip Fluidics Station
400 according to the manufacturer’s instructions (Affymetrix). The
arrays were scanned using a Hewlett-Packard 2500A Gene Array
Scanner, and the raw images were visually scanned for defects and
proper grid alignment and converted into CEL files using the MAS5
Software Suite (Affymetrix). Finally, quality of cRNA was assessed
by examining 3	-to-5	 ratios for GAPDH oligonucleotides present on
the arrays.

Data analysis. Background subtraction and single-intensity mea-
sures for each transcript were arrived from multiple probe sets by
means of the GCRMA algorithm, using the “full model tag” in R
(http://www.r-project.org) (9, 15, 33). The GCRMA algorithm was
chosen for its much improved performance in reporting low- and
high-level expression over other methods as well as its dynamic range
for single probe sets. Differentially expressed genes that are statisti-
cally significant were determined by ANOVA. Fold-change calcula-
tions were performed in Excel on data that were median scaled to a
global intensity target value of 100. For each treatment vs. control
condition, genes that changed were assigned based on a P value of

0.05 and a fold change value of �2. The microarray data have been
uploaded to the Gene Expression Omnibus (GEO) database (series no.
GSE1056 and sample nos. GSM17082–GSM17097, GSM48163, and
GSM48164).

Quantitative real-time PCR analysis. Changes in gene expression
observed by microarray analyses were verified by real-time PCR,
performed on an Applied Biosystems Prism 7000 sequence detection
system (Foster City, CA) as described (32). Briefly, cDNA was
synthesized from total RNA (1 �g per sample per treatment, n � 6)
in a reverse transcriptase (RT) reaction in 20 �l of 1� first-strand
synthesis buffer (Invitrogen, Carlsbad, CA) containing 1 �g of oligo
(5	-T21VN-3	), 0.2 mM dNTPs, 10 mM DTT, and 200 IU of Super-
script II RT (Invitrogen). The reaction mixture was incubated at 42°C
for 60 min and stopped by incubation at 75°C for 15 min. Amplifi-
cation of cDNA (1/20) was performed using SYBR Green PCR buffer
[1� AmpliTaq Gold PCR buffer, 0.025 U/�l AmpliTaq Gold (Perkin-
Elmer, Wellesley, MA), 0.2 mM dNTPs, 1 ng/�l 6-carboxy-X-
rhodamine, 1:40,000 diluted SYBR Green dye, and 3% DMSO] and
0.1 �M primers. The thermal cycling parameters were 95°C for 10
min, followed by 40 cycles at 95°C for 15 s and 60°C for 60 s. Before
the samples were analyzed, standard curves of purified, target-specific
amplicons were created. Briefly, gene-specific oligonucleotides were
used to PCR amplify the gene product from a pooled sample of
prepared cDNA, the concentration of the amplicons was determined
by UV spectrophotometry, and a standard curve was created (100–
100 million copies). The mRNA expression for each gene was
determined by comparing it with its respective standard curve. This
measurement was controlled for RNA quality, quantity, and RT
efficiency by normalizing it to the expression level of the hypoxan-
thine guanine phosphoribosyl transferase (HPRT) gene. HPRT was
used as a control gene because it was shown to be unaffected by any
treatment used. Each primer set produced a single product, as deter-
mined by melt-curve analysis, and amplicons were of correct size, as
analyzed by agarose gel electrophoresis. Statistical significance was
determined by use of normalized fold changes and ANOVA.

Primers were designed using the web-based application Primer3
(http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.
cgi), biasing toward the 3	-end of the transcript to maximize the
likelihood of giving a gene-specific product. The settings used in
Primer3 were 125-bp amplicon, 20mer, 60°C melting temperatures,
and all others as defaults. Primer sequences were analyzed by
BLAST. Gene names, accession numbers, and forward and reverse
primer sequences are listed in Table 1.

RESULTS

Gene expression measurements were generated after 24-h
exposure to each of the five treatments, normoxia, hypoxia,

Fig. 1. Venn diagrams representing genes the expression of which was
significantly influenced by treatment. Genes whose expression was influenced
by the 4 hypoxia treatments are displayed as Venn diagrams. Total no. of genes
for each treatment group is listed at the bottom next to the treatment label. Each
section that shares the same color and no. represents the same subset of genes.
a: A complete list of these genes can be found in Table 3. b: A partial list of
these genes can be found in Table 4. c: A partial list of these genes can be
found in Table 5. d: A partial list of these genes can be found in Table 6. e: A
partial list of these genes can be found in Table 7. All genes for each treatment
can be found in the Supplemental Materials (see footnote 1).

310 HYPOXIA EXPRESSION PROFILING

Physiol Genomics • VOL 22 • www.physiolgenomics.org

 on N
ovem

ber 17, 2005 
physiolgenom

ics.physiology.org
D

ow
nloaded from

 

http://physiolgenomics.physiology.org


Table 3. The 62 probe sets representing the overlap between all 4 treatments

Probe Set

Fold Change

DescriptionsHYP COB DFO NICK

1025_g_at �10.21 �5.86 �14.71 �8.23 HSCYP450 human gene for cytochrome P(1)-450
32570_at �6.89 �5.82 �7.28 �5.38 NAD�-dependent 15-hydroxyprostaglandin dehydrogenase (PGDH)
742_at �4.99 �9.59 �4.44 �11.42 HUMHGFAL human mRNA for HGF activator-like protein
41772_at �4.00 �2.18 �4.68 �2.90 monoamine oxidase A (MAOA)
38687_at �3.45 �2.13 �3.82 �2.86 cDNA DKFZp566D193 (from clone DKFZp566D193) gb � AL050051
37322_s_at �3.44 �4.30 �2.98 �2.53 15-hydroxy prostaglandin dehydrogenase
34297_at �3.29 �5.82 �4.78 �3.78 putative endothelin receptor type B-like protein
34721_at �3.07 �2.93 �3.72 �2.29 54-kDa progesterone receptor-associated immunophilin FKBP54
HUM1SGF3A �2.90 �2.35 �2.27 �2.52 transcription factor ISGF-3
31843_at �2.76 �3.88 �3.51 �3.30 mRNA for KIAA0832 protein, gb � AB020639
925_at �2.63 �2.05 �6.13 �2.41 HUMIIP human gamma-interferon-inducible protein (IP-30)
32859_at �2.59 �2.23 �2.49 �2.55 transcription factor ISGF-3 mRNA
37944_at �2.44 �3.47 �2.79 �2.74 GTP cyclohydrolase I mRNA
40082_at �2.32 �2.93 �2.34 �2.15 mRNA for long-chain acyl-CoA synthetase
41574_at �2.21 �2.15 �3.79 �2.50 MEMA protein gb � Y09703
286_at �2.20 �2.24 �3.12 �2.24 histone H2A.2 mRNA
34308_at �2.19 �2.30 �17.01 �2.34 histone 2A-like protein (H2A/I)
35343_at �2.02 �2.06 �3.64 �2.42 cytosolic aspartate aminotransferase
32001_s_at 2.02 3.86 5.97 2.35 subtilisin-like protein (PACE4)
41485_at 2.04 2.44 3.07 2.19 lactate dehydrogenase-A
34478_at 2.04 2.14 2.04 2.32 YPT3 mRNA gb � X79780
39366_at 2.07 5.73 5.12 2.03 protein phosphatase 1, regulatory subunit (PPP1R3C)
34378_at 2.11 3.17 3.02 2.06 adipophilin
40049_at 2.25 2.03 2.51 2.64 DAP-kinase
38970_s_at 2.35 3.02 6.14 2.68 HIV-1, Nef-associated factor 1 beta (Naf1 beta)
32210_at 2.36 5.39 13.08 2.80 phosphoglucomutase 1 (PGM1)
35780_at 2.46 3.25 7.21 2.82 Homo sapiens clone 23584 gb � AF035292
38010_at 2.47 13.15 10.00 2.58 E1B 19K/Bcl-2-binding protein Nip3 mRNA
39008_at 2.50 4.46 3.05 2.71 ceruloplasmin (ferroxidase)
32336_at 2.52 3.08 4.70 3.24 aldolase A
32622_at 2.59 2.07 3.84 3.01 dynamin (DNM) mRNA
1519_at 2.60 4.89 5.04 2.85 erythroblastosis virus oncogene homolog 2 (ets-2)
32538_at 2.67 2.94 3.11 3.52 transferrin
37639_at 2.83 2.34 2.69 3.04 serine protease hepsin
1826_at 2.92 2.04 8.87 3.06 human ras-related rho
33113_at 2.97 3.48 5.55 3.22 msg1-related gene 1 (mrg1)
35703_at 3.02 2.52 2.15 3.57 platelet-derived growth factor PDGF-A
34786_at 3.09 5.55 8.16 3.00 jumonji domain containing 1A
1232_s_at 3.13 10.01 26.64 2.97 human insulin-like growth factor binding protein hIGFBP1
37037_at 3.23 13.37 18.70 3.92 prolyl 4-hydroxylase
40448_at 3.44 4.51 8.06 3.61 zinc finger transcriptional regulator
34795_at 3.55 7.11 9.32 3.92 lysyl hydroxylase isoform 2 (PLOD2)
40837_at 3.94 2.47 4.15 3.77 transducin-like enhancer protein (TLE2)
36100_at 3.99 3.18 4.78 3.19 vascular endothelial growth factor
33251_at 4.04 8.73 5.48 4.43 mRNA for KIAA0779 protein gb � AB018322
41503_at 4.27 4.18 3.76 4.07 zinc fingers and homeoboxes 2
39436_at 4.40 11.61 30.92 3.48 BCL2/adenovirus E1B 19kDa-interacting protein 3a (NIX)
33143_s_at 4.44 5.41 16.85 3.31 monocarboxylate transporter (MCT3) (AKA: SLC16A3)
1953_at 4.47 2.92 4.86 3.32 vascular endothelial growth factor (VEGF)
39827_at 4.72 4.39 4.70 6.80 DNA-damage-inducible transcript 4 (DDIT4)
36386_at 4.75 10.81 14.86 3.88 pyruvate dehydrogenase kinase isoenzyme 1 (PDK1)
40790_at 4.88 4.03 8.02 4.21 DEC1
36101_s_at 5.04 3.60 7.25 4.13 vascular endothelial growth factor
38545_at 5.16 2.48 12.07 4.03 testicular inhibin beta-B-subunit
40926_at 5.79 12.05 25.49 6.74 creatine transporter (SLC6A8)
38125_at 6.30 10.63 22.79 7.93 beta-migrating plasminogen activator inhibitor I
34777_at 6.77 33.13 39.45 3.87 adrenomedullin precursor
40309_at 8.05 39.37 39.90 5.70 carbonic anhydrases (MaTu MN)
1591_s_at 11.93 2.19 8.58 8.53 insulin-like growth factor II
36782_s_at 13.92 2.28 10.26 13.20 insulin-like growth factor II
36933_at 79.94 127.74 241.04 61.55 RTP (N-myc downstream regulated gene 1)
2079_s_at 255.59 27.64 140.03 202.67 insulin-like growth factor (IGF-II)
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cobalt, nickel, and DFO, in Hep3b cells. To examine the global
relatedness of each of these stimuli, we performed hierarchal
clustering on the entire data set. These results indicated that
there is considerable similarity between the four stimuli (data
not shown). To directly compare the effects of these treatments
on the complete data set, an ANOVA was performed. The
results showed that �38% (3,404/12,626 probe sets) were
significantly influenced (P 
 0.05) by treatment. These results
suggest that hypoxia and hypoxia mimics have profound ef-
fects on cellular homeostasis and that there is considerable
similarity between the four hypoxia treatments.

A direct comparison of each treatment was also performed to
identify subsets of genes that were shared and those that were
unique among treatment groups. Genes with significantly al-
tered expression (P 
 0.05 and �2-fold change) were com-
pared. At these significance levels, hypoxia (1% O2) influenced
451 different probe sets. These sets of responsive genes in-
cluded well-known hypoxia-regulated genes including GAPDH,
VEGF, insulin-like growth factor II (IGF-II), carbonic anhydrase,
and plasminogen activator inhibitor I (PAI-I) (19, 27) (Table
2). This list of hypoxia-responsive genes also included several
genes that had not previously been demonstrated to be modu-

Fig. 2. Quantitative RT-PCR (qRT-PCR) ver-
ification of 12 genes. The expression pattern
for 6 upregulated genes (A) and 6 downregu-
lated genes (B) was verified by qRT-PCR using
SYBR Green as a marker. SYBR Green data
(open bars) is directly compared with the mi-
croarray data (hatched bars). Gene names are
listed at the top of each graph. HYP, hypoxia
(1% O2); COB, cobalt (100 �M CoCl2); DFO,
100 �M deferoxamine; NICK, nickel (100 �M
NiCl2).

Fig. 3. Analytical comparison of qRT-PCR and microarray data. Fold-change
values from qRT-PCR and microarray results were log2 transformed and
plotted on a linear graph. Linear regression was performed, and equation of the
line and R2 values are listed.
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lated by low O2 tension. For example, pyruvate dehydrogenase
kinase-1 (PDK1) and the creatine transporter SLC6A8 were
upregulated 4.7- and 5.7-fold, respectively. In addition, the
NAD�-dependent 15-hydroxyprostaglandin dehydrogenase
(15-PDGH) and prohibitin genes were significantly downregu-
lated after hypoxia exposure. These results confirm the appro-
priateness of our data analysis and suggest that a more com-
plete set of hypoxia-responsive genes were identified.

The other three treatments, cobalt, DFO, and nickel, also had
profound physiological effects on the cells. Cobalt exposure
(100 �M, 24 h) led to the significant change (P 
 0.05 and
�2-fold) in transcription of 303 probe sets (Fig. 1). Of these
303 probes sets, 85 (28%) overlapped with the hypoxia-
responsive subset. Nickel exposure altered the expression of a
similar number of genes as cobalt (325 probe sets); however, a
higher percentage overlapped with the hypoxia subset (65.2%,
212/325 probe sets) (Fig. 1). DFO treatment led to altered
expression of a much larger number of probe sets under these
conditions (100 �M, 24 h). DFO exposure changed the expres-
sion of 1,068 different probe sets, and 23.3% (249/1,068 probe
sets) were shared with the hypoxia subset (Fig. 1). These data

suggest that there is a core set of genes that are responsive to
hypoxia and hypoxia mimics, but a larger population may be
unique to each treatment.

To more thoroughly understand this core set of genes, a
comprehensive analysis of those genes that were shared be-
tween all four treatment groups was performed. This analysis
led to the identification of a core set of 62 probe sets, repre-
senting 55 different genes (Table 3). This list contains a large
group of previously characterized hypoxia-responsive genes,
including IGF-II, N-myc downstream regulated (also known as
NDR1, RTP, and CAP43), PAI-I, VEGF, and several glyco-
lytic enzyme genes. The list also contains several genes that
had not been characterized as hypoxia responsive. These in-
clude PDK1, PDGH, MAOA, inhibin, and SLC6A8.

To verify the expression of some of the novel hypoxia-
regulated genes, as well as some of the conventional hypoxia
targets, quantitative RT-PCR (qRT-PCR) was performed. The
genes verified included VEGF and carbonic anhydrase as
controls for the hypoxia treatments. These genes are known
hypoxia genes, and qRT-PCR and microarray data were in
good agreement. In addition, four other genes (PDK1,

Table 4. Top 20 up- and downregulated genes specific to HYP (1% O2)

Probe Set

Fold Change

DescriptionsHYP COB DFO NICK

38680_at �4.43 �1.37 �1.63 �2.05 Alu repeats in the small nuclear ribonucleoprotein E
36636_at �4.00 1.03 1.09 �1.91 omithine aminotransferase
36671_at �3.43 �1.34 �1.52 �1.78 asparagine synthetase
40629_at �3.05 1.15 �1.61 �1.29 GPI-H mRNA
40074_at �3.05 �1.05 �1.31 �1.99 NAD-dependent methylene THF-DH cyclohydrolase
36604_at �3.04 1.02 �1.66 �1.92 ubiquitin-conjugating enzyme E2
32777_at �3.00 1.14 �1.80 �1.90 CHD5 protein
39983_at �2.80 �1.88 �1.92 �2.76 FKBP-associated protein FAP48
38029_at �2.80 �1.29 �1.07 �1.77 glycoprotein 4F2
41536_at �2.75 1.27 �1.21 �1.77 AL022726 clone 625H18
34366_g_at �2.75 1.10 �1.33 �1.76 cyclophilin-33B (CYP-33)
36857_at �2.70 �1.30 �1.69 �1.90 DNA repair exonuclease (REC1)
38983_at �2.69 �1.11 �1.85 �1.73 AI223047 cDNA
33434_at �2.62 1.46 �1.87 �1.52 Bet1p homolog (hbet1)
40250_at �2.60 �1.46 �1.97 �2.51 Rev interacting protein Rip-1
402_s_at �2.60 1.56 �1.08 �1.54 ICAM-3 mRNA
262_at �2.58 �1.10 �1.42 �1.57 S-adenosylmethionine decarboxylase
40568_at �2.56 �1.11 �1.50 �1.92 vacuolar H�-ATPase
34356_at �2.54 1.23 �1.57 �1.80 polymerase II complex component SRB7
38725_s_at �2.50 �1.81 �1.62 �1.86 N36295 cDNA
37657_at 2.01 �1.03 1.86 1.50 PALM gene
38586_at 2.03 �1.67 1.10 1.14 fatty acid binding protein (FABP)
41657_at 2.03 1.33 1.23 1.54 serine threonine kinase 11
40186_at 2.04 1.54 1.15 1.83 MAP kinase phosphatase 4
1443_at 2.04 1.50 1.42 2.78 HSMAPKP4 MAP kinase phosphatase 4
41366_at 2.12 �1.04 �1.40 1.96 mRNA for KIAA1002
32583_at 2.13 1.51 1.81 1.70 c-jun proto oncogene (JUN)
38757_at 2.14 �1.14 1.42 1.87 PDGF associated protein
835_at 2.14 �1.89 1.71 1.87 PDGF associated protein
41061_at 2.17 �1.14 �1.15 1.61 huntingtin interacting protein 1
34303_at 2.21 1.23 1.75 1.86 AL049949 mRNA
40960_at 2.28 �1.02 1.75 1.79 beta-1,4-galactosyltransferase
HSAC07 2.31 �1.00 1.01 1.09 beta-actin
37880_at 2.33 1.25 1.33 1.67 L-alanine-glyoxylate aminotransferase
39385_at 2.41 �1.15 1.48 1.79 aminopeptidase N/CD13
38295_at 2.47 �1.00 1.53 1.87 PBX2 mRNA
hum_alu_at 2.55 �1.18 1.69 1.68 Alu-Sq subfamily
37884_f_at 2.66 4.75 2.50 1.81 AI375033 cDNA
41872_at 2.69 1.32 �1.37 1.72 nonsyndromic hearing impairment protein (DFNA5)
34610_at 8.57 �1.01 1.65 3.13 guanine nucleotide binding protein
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SLC6A8, inhibin, and MCT3) that were upregulated in all four
treatments and had not been characterized as hypoxia regulated
were also verified. Each of the four treatments led to the
upregulation of the PDK1 and SLC6A8 genes in the microar-
ray and qRT-PCR analysis (Fig. 2A). In addition, the qRT-PCR
expression pattern of inhibin correlated with the microarray
data in three of the four treatments, while MCT3 was only
verified in the DFO treatment group (Fig. 2A).

There were also several downregulated genes that were
verified by qRT-PCR (Fig. 2B). Cyp1a1 was downregulated
in all four treatments in both the microarray and qRT-PCR
experiments, and this is in good agreement with previously
published reports (7, 8). IL-8 was downregulated in three of
the four treatments on the microarray, and this pattern was
verified in the qRT-PCR results. Finally, four genes (HG-
FAL, IP30, MAOA, and 15-PGDH) were downregulated in
all four treatments on the microarray, and this was con-
firmed on the qRT-PCR, with one exception. Nickel induced
a slight upregulation in the 15-PGDH gene in the qRT-PCR
(Fig. 2B).

A direct comparison of the microarray and qRT-PCR data
was performed by compiling all of the values for all 12 genes

under all 4 conditions and plotting them on a log2 chart (Fig.
3). The graph was further analyzed by linear regression and
displayed a slope of 0.94 and an R2 value of 0.58. These results
validate the microarray data analysis and suggest that there is
very good correlation between the two assays.

The results suggest that there is considerable overlap be-
tween the various treatments; however, there is also a large
subset of genes that were altered in a treatment-specific man-
ner. The expression of these genes passed significance and
fold-change cutoffs in only one treatment. For example, there
were 121 probe sets whose expression was altered (P 
 0.05
and �2-fold) after hypoxia treatment that were not signifi-
cantly changed in the other three treatment groups (Fig. 1,
Table 4). This subset included probe sets for the guanine
nucleotide-binding protein, c-jun, MAP kinase phosphatase-4,
ubiquitin-conjugating enzyme E2, and asparagine synthetase
(Table 4). The role these genes play in the cellular response to
hypoxia is currently being investigated.

There were also 92, 676, and 49 probes sets that were
specific to cobalt, DFO, and nickel, respectively (Fig. 1). These
subsets include growth factors (e.g., connective tissue growth
factor, amphiregulin, and transforming growth factor-�), struc-

Table 5. Top 20 up- and downregulated genes specific to CoCl2 (100 �M)

Probe Set

Fold Change

DescriptionsHYP COB DFO NICK

41320_s_at 1.56 �3.76 �1.57 �1.07 transcriptional repressor (GCF2)
2017_s_at 1.90 �3.75 1.13 1.29 human cyclin D (cyclin D1)
37637_at �1.20 �3.73 �1.52 �1.34 RGP3 mRNA
867_s_at 1.31 �3.58 1.36 1.26 thrombospondin-1
36638_at �1.27 �3.47 1.11 �1.74 connective tissue growth factor
1143_s_at �1.26 �3.41 �1.89 �1.68 fibroblast growth factor receptor K-Sam
38418_at �1.07 �3.10 �1.53 �1.23 PRAD1 mRNA for cyclin
33436_at �1.42 �2.95 �1.12 �1.26 SOX9 mRNA
34517_at 1.31 �2.90 �1.20 1.18 HMG-CoA-synthase
2020_at �1.31 �2.86 �1.86 �1.20 bcl-1 mRNA
33389_at �1.24 �2.75 �1.76 �1.26 cytochrome P450 (CYP51)
38686_at �1.42 �2.64 �1.26 �1.27 vacuolar proton ATPase
31521_f_at �1.64 �2.60 �2.00 �1.51 H4/e gene for H4 histone
1787_at �1.08 �2.60 �1.30 �1.71 Cdk-inhibitor p57KIP2
34213_at �1.17 �2.57 1.20 �1.58 mRNA for KIAA0869 protein
404_at �1.17 �2.54 �1.92 �1.32 interleukin 4 receptor
1970_s_at �1.09 �2.48 �1.85 �1.34 FGFR2 mRNA
866_at �1.24 �2.43 �1.70 �1.23 thrombospondin-1
33369_at 1.05 �2.42 �1.95 1.44 AI535653 cDNA
40841_at �1.04 �2.37 1.12 �1.33 TACC1 (TACC1) mRNA
35284_f_at �1.63 2.83 �1.72 �1.78 W28620 cDNA
37002_at 1.33 2.91 1.12 1.32 biliverdin-IXbeta reductase I
38825_at 1.06 2.95 1.02 �1.06 fibrinogen alpha chain gene
1962_at 1.66 2.95 1.04 1.74 liver arginase
40838_at 1.56 3.11 1.46 1.31 mRNA for KIAA0530 protein
35214_at �1.57 3.32 �1.21 1.73 UDP-glucose dehydrogenase (UGDH)
38876_at �1.29 3.70 �1.06 1.34 AL080091 cDNA
31850_at �1.41 3.89 1.26 1.27 gamma-glutamylcysteine synthetase
35724_at �1.23 4.11 �1.46 1.50 Plrin, isolate 1
32664_at �1.16 4.62 2.07 1.56 RNase 4
35686_s_at �1.42 4.82 2.03 �1.34 MTCP1 gene
39365_i_at 1.19 4.95 1.70 1.12 protein phosphatase 1 (PPP1R5)
35194_at 1.12 5.05 1.00 1.05 glutathione peroxidase-like protein
748_s_at 1.20 5.79 3.44 1.35 Mxi1 protein
34342_s_at 1.16 6.93 1.01 1.07 osteopontin mRNA
39120_at �1.32 9.41 �1.32 �1.49 AA224832 cDNA
37399_at 1.11 9.57 1.00 1.03 mRNA for KIAA0119 gene
38379_at 1.16 11.24 1.02 1.07 NMB mRNA
32805_at �1.30 64.02 �1.95 �1.60 hepatic dihydrodiol dehydrogenase
32392_s_at 1.13 80.74 1.01 1.19 bilirubin UDP-glucuronosyltransferase isozyme 2
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tural proteins (e.g., desmocollin, spectrin, and adducin), and
genes for several important enzymes (e.g., glutathione-S-trans-
ferase, hepatic dihydrodiol dehydrogenase, and S-adenosylme-
thionine synthetase). In addition, each treatment altered the
expression of various critical transcription factors and cell
cycle regulators. For example, cobalt exposure led to the
decreased expression of cyclin D1 (Table 5). DFO had the
largest unique set of genes, and it contained the transcription
factors c-fos, activating transcription factor-3, and the farnesol
receptor HRR-1 (Table 6). Nickel altered the expression of the
genes for the transcription factors E2A and SL1 (Table 7).
These results suggest that each of these treatments has a
different functional consequence on cellular homeostasis, mak-
ing it unique from hypoxia exposure.

DISCUSSION

Several dozen genes responded to both cellular hypoxia and
its mimics. These genes included known hypoxia-regulated
genes, such as IGF-II, VEGF, and carbonic anhydrase, but also
many previously uncharacterized genes that were altered by all
four treatments. Several genes were involved in the processes

of adaptation and cell death, indicating a delicate balance
between these processes under hypoxic stress. Adaptive genes
included the previously known glycolytic enzymes and car-
bonic anhydrase but also the creatine transporter SLC6A8,
through which creatine may function to regulate the ATP
supply within the cell (25). Another gene induced by hypoxia
and its mimics, PDK1, is responsible for inactivating the
pyruvate dehydrogenase (PDH) complex and thus regulating
the amount of glucose that is ultimately converted to acetyl-
CoA. The upregulation of PDK1 and subsequent inactivation
of the PDH complex may act to divert pyruvate to other
metabolic pathways to cope with the hypoxic environment.

Conversely, apoptotic or cell death-promoting genes and cell
proliferation inhibitors were also found to be regulated by all
four hypoxic stimuli. These include the known hypoxic targets
BCL2/adenovirus E1B 19-kDa-interacting protein-3a (NIX),
which can promote apoptosis or necrosis depending on cell
type and circumstances, and DEC1 (deleted in esophageal
cancers 1), an anti-proliferation and putative tumor suppressor
gene (13, 22, 30, 34). This list also included RTP801 (also
known as DDIT4 and N-myc downstream-regulated gene 1).

Table 6. Top 20 up- and downregulated genes specific to DFO (100 �M)

Probe Set

Fold Change

DescriptionsHYP COB DFO NICK

38519_at �1.40 �1.92 �27.06 �1.18 famesol receptor HRR-1
527_at �1.89 �1.64 �10.50 �1.33 centromere protein-A (CENP-A)
1647_at �1.21 �1.81 �7.84 �1.22 RasGAP-related protein (IQGAP2)
40238_at �1.56 �1.33 �7.31 �2.03 AI674208 cDNA
1599_at �1.91 �1.62 �6.45 �1.76 protein tyrosine phosphatase (CIP2)
34851_at �1.56 �1.12 �6.30 �1.29 serine/threonine kinase (BTAK)
37173_at �1.96 �2.12 �6.22 �1.73 CENP-E mRNA
37649_at �1.98 �1.22 �6.03 �1.61 hydroxymethylbilane synthase gene
38099_r_at �1.30 �1.67 �5.99 �1.33 acyl-CoA synthetase 4 (ACS4)
38717_at 1.61 �1.27 �5.91 1.77 AL050159 cDNA
40508_at �2.00 1.35 �5.77 �1.53 glutathione S-transferase A4-4 (GSTA4)
33701_at �1.63 �1.83 �5.68 �1.51 phenylalanine hydroxylase (PAH)
41211_at �1.29 �1.19 �5.64 �1.03 mRNA for KIAA0765 protein
34852_g_at �1.43 �1.10 �5.60 �1.26 serine/threonine kinase (BTAK)
1945_at �1.75 �1.48 �5.56 �1.63 cyclin B
41352_at 1.19 1.26 �5.51 1.58 beta-galactoside alpha-2,6-sialyltransferase
37302_at �1.76 �1.86 �5.48 �1.75 mitosin mRNA
38824_at �1.86 1.49 �5.41 �1.38 Tat-interacting protein TIP30
903_at �1.12 �1.93 �5.31 �1.54 phosphatase 2A B56-alpha (PP2A)
37235_g_at �1.78 �1.81 �5.24 �1.40 alpha-2-thiol proteinase inhibitor
39279_at 1.07 �1.03 6.44 1.02 transforming growth factor-beta
35174_i_at 1.30 1.13 6.61 1.45 elongation factor 1 alpha-2
38790_at 1.03 1.94 6.69 1.29 p53/HEH epoxide hydrolase (EPHX)
38457_at 1.49 1.02 6.70 1.09 troponin I fast-twitch isoform mRNA
36543_at 1.56 �1.28 6.86 1.07 coagulation factor III
1690_at 1.62 1.58 7.18 1.15 TGF-beta superfamily protein
1733_at 1.16 1.01 7.66 1.08 transforming growth factor-beta
39302_at 1.04 2.91 8.02 �1.10 desmocollins type 2a and 2b
35617_at 1.63 1.28 8.21 1.73 BMK1 alpha kinase
37111_g_at 1.35 1.48 8.51 1.35 fructose-6-phosphate,2-kinase/fructose-2, 6-bisphosphatase
32899_s_at 1.32 1.13 9.05 1.11 orphan hormone nuclear receptor RORalpha1
1113_at �1.03 �1.39 10.03 �1.52 bone morphogenetic protein 2A
1915_s_at 1.28 1.05 10.25 1.06 cellular oncogene c-fos
287_at 1.02 �1.05 11.22 �1.09 activating transcription factor 3
40367_at 1.09 �1.23 11.28 �1.10 morphogenetic protein 2A
41038_at 1.47 3.58 11.46 �1.49 neutrophil oxidase factor (p67-phox)
39248_at �1.26 1.53 11.71 1.22 N74607cDNA
34661_at �1.03 �1.30 17.11 1.68 mRNA for KIAA0350
33127_at 1.20 1.71 21.51 1.09 lysyl oxidase-related protein (WS9-14)
1916_s_at 1.37 1.12 29.73 1.12 cellular oncogene c-fos
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RTP801 (upregulated 80-fold by hypoxia) was previously
described as a hypoxia-inducible gene that plays a complex
role in cellular viability (28). Under certain conditions, it can
act in a protective manner; however, under most standard
conditions, overexpression of RTP801 leads to cell death.
Collectively, these results indicate that hypoxia and its mimics
induce a complex interplay between adaptive and proapoptotic
responses that ultimately dictates cell survival.

Several genes that were identified and verified suggest a com-
plex cellular response to hypoxia. There is an initial upregulation
of the glycolytic enzymes as a way of coping with an inability to
produce ATP through oxidative phosphorylation. This upregula-
tion may also be important to the maintenance of critical cellular
metabolites (11). This adaptive response is supported by other
cellular processes, such as creatine transport (SLC6A8), which
may allow the cell to survive in the hypoxic environment. The
decrease in Cyp1a1 may be an attempt to control oxygen usage
in side reactions or partial limits due to ARNT availability.
HGFAL is a serine protease involved in cellular adhesion and
is downregulated in all four treatments. Another downregu-
lated target is inhibin-�. When bound to inhibin-�, the dimer is

capable of inhibiting follicle-stimulating hormone and a puta-
tive tumor suppressor. Finally, IP30 (also known as �-inter-
feron-inducible protein; GILT) is a lysosomal thiol reductase
involved in disulfide bond reduction at low pH and is down-
regulated under all four conditions tested (20). The role these
proteins play in the adaptive or cell death response to hypoxia
is unknown and under further investigation.

Current genomic technology has begun to unravel the vari-
ous signaling networks that are influenced, both directly and
indirectly, by hypoxia. Several recent publications from our
laboratory and others have begun to characterize a complete
list of “hypoxia” target genes (24, 29, 32). A direct comparison
between global expression data is difficult when different
platforms and cell types have been employed; however, com-
parison of the present study and recently published reports
suggest that hypoxia and hypoxia mimics (i.e., nickel, cobalt,
and DFO) alter the expression of a core set of genes, including
glycolytic enzymes, apoptotic genes, and several hydroxylases.
The hydroxylases include EGLN1 (also known as PHD2,
HPH2), an enzyme responsible for regulating HIF1� stability.
More importantly, the differences seen in these various studies

Table 7. Top 20 up- and downregulated genes specific to NiCl2 (100 �M)

Probe Set

Fold Change

DescriptionsHYP COB DFO NICK

34898_at �2.16 �1.75 1.75 �2.92 amphiregulin (AR)
37701_at �1.97 �1.61 �1.34 �2.88 helix-loop-helix basic phosphoprotein (GDS8)
35803_at �2.91 �1.62 1.25 �2.61 RhoE � 26 kda GTPase homolog
41662_at �4.46 1.10 1.00 �2.49 AL050272 cDNA
39351_at �1.85 �1.98 �1.29 �2.46 transmembrane protein (CD59)
36191_at �2.92 �1.32 �1.99 �2.45 mitochondrial transcription factor 1
36079_at �2.63 �1.96 �1.49 �2.33 Pig3 (PIG3)
38678_at �1.62 �1.12 �1.78 �2.28 AA733050 cDNA
32088_at �1.78 1.04 �1.40 �2.28 basic-leucine zipper nuclear factor (JEM-1)
35842_at �1.75 �1.19 �1.10 �2.20 AL049265 cDNA
40269_at �2.08 �1.35 �2.00 �2.13 hPrp 18 mRNA
35006_at �1.47 �1.51 �1.61 �2.11 transcription factor SL1
32102_at �1.56 �1.21 �1.04 �2.11 AB018273 mRNA
39506_at �1.37 1.05 �1.04 �2.09 AA933984 cDNA
39224_at �1.24 �1.24 �1.33 �2.08 AB011152 mRNA
1536_at �1.19 1.09 �1.34 �2.07 Cdc6-related protein (HsCDC6)
1119_at �2.07 �1.24 �1.43 �2.06 human replication protein A
38381_at �1.49 �1.55 �1.63 �2.06 syntaxin 3
39533_at �1.81 1.14 1.14 �2.05 D87432 mRNA
339_at �1.96 �1.15 1.49 �2.05 caveolin-2
31431_at 1.71 1.19 1.24 2.06 IgG Fc receptor
1047_s_at 1.41 1.05 1.09 2.09 hepatocyte growth factor-like protein gene
41725_at 1.78 1.17 1.81 2.09 casein kinase I gamma 2
36784_at 2.40 �1.03 1.96 2.11 growth hormone and chorionic somatomammotropin
38406_t_at 1.96 1.12 1.19 2.12 AI207842 cDNA
39358_at 1.61 1.28 1.54 2.12 silencing mediator of retinoid and thyroid hormone action
35154_at 1.63 1.57 1.55 2.13 W68046 cDNA
33630_s_at 1.34 1.01 �1.09 2.13 beta III spectrin (SPTBN2)
121B_at 1.76 1.24 1.42 2.13 v-erbA related ear-2
32146_s_at 2.01 1.58 2.24 2.18 alpha adducin
1374_g_at 1.62 1.82 1.29 2.22 transcription factor (E2A)
39372_at 1.88 �1.50 �1.14 2.28 W26480 cDNA
38789_at 1.48 1.80 1.13 2.29 transketolase
40850_at 1.96 1.67 1.68 2.29 FK-506 binding protein homologue (FKBP38)
446_at 1.85 �1.09 1.93 2.37 casein kinase I gamma 2
32800_at 1.88 1.04 1.29 2.53 retinold X receptor alpha mRNA
1373_at 1.84 1.30 1.70 2.57 transcription factor (E2A)
39560_at 1.55 1.64 1.00 2.73 H10776 cDNA
32571_at 1.10 �1.08 �1.92 2.73 S-adenosylmethionine synthetase
35547_at 5.15 1.19 3.27 6.25 monocarboxylate transporter 2 (hMCT2)
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suggest that cell type and treatment paradigms can drastically
influence the list of hypoxia genes identified in these genomic
screens.

These differences can be highlighted when the genes that
were modulated by all four treatments of this study (Table 3)
are compared with genes that were influenced by hypoxia and
cobalt in mouse fibroblast (Table 2, Ref. 32). There was only
limited overlap between these two studies, and most of these
were known hypoxia-regulated genes (e.g., lactate dehydroge-
nase, prolyl-4-hydroxylase, aldolase, and NIX). When this
comparison is extended to a direct comparison of 24-h hypoxia
treatments in Hep3B cells (Table 4 and Supplemental Data;
available at the Physiological Genomics web site)1 and mouse
fibroblasts (Supplemental Table SD, Ref. 32), �18% of the
clones are present in both lists (51 of 287 clones). Again, most
of these clones were known hypoxia target genes, including the
glycolytic enzymes and the apoptotic gene BNIP3 (31, 32).
The clones included in this overlap, however, also included
some novel targets, such as 17-�-hydroxysteroid dehydroge-
nase. The 11-�-hydroxysteroid dehydrogenase gene has previ-
ously been shown to be a target of hypoxia-mediated down-
regulation, and the addition of this family member may suggest
a global downregulation of steroid synthesis under hypoxic
conditions (14). In addition, we could detect no significant
change in expression of ataxia telangiectasia mutated (ATM)
or focal adhesion kinase (FAK) after exposure to any of the
four treatments used, even though these genes were expressed
in this cell type. This is in contrast to nickel-treated mouse
fibroblasts, where a significant increase in ATM and FAK was
observed (24). Given the similarity in platforms, these differ-
ences are probably due to cell-specific signaling.

The most similar genomic screen to the one reported here
was performed in HepG2 cells and utilized the same platform
(29). When the complete list of hypoxia-responsive genes
(Supplemental Data) was compared with the HepG2 study,
there was �10% overlap (47/452) (29). This overlap was
weighted toward upregulated genes (36 of 47 probe sets), even
though a higher proportion of genes in our list (Supplemental
Data) were downregulated (314 of 452). The overlap included
genes such as IP30, several heat shock proteins, and classic
hypoxia-regulated genes, but several of the genes verified in
this study (e.g., HGFAL and IL-8) were not differentially
expressed in the HepG2 cells after hypoxia exposure. Finally,
in a recent publication, serial analysis of gene expression
(SAGE) was used to identify genes whose levels were altered
by loss of the VHL protein (18). VHL plays an essential role in
regulating hypoxia signaling by recognizing the hydroxylated
form of the HIF and recruiting the ubiquitination machinery
necessary for its degradation. Therefore, we hypothesized sig-
nificant overlap between our results and those derived from the
SAGE experiments (18). Indeed, there was extensive overlap,
including genes such as plasminogen activator inhibitor,
BNIP3a, and IP30. These results suggest that there is a core set
of hypoxia-inducible genes in all cell types and that each also
harbors the ability to mount specific responses to low oxygen
availability.

Adaptive responses to hypoxia involve a complex network
of signaling pathways and are necessary for cell and organis-
mal survival. Current studies of hypoxia rely heavily on mim-
ics such as cobalt chloride and DFO, which presumably func-
tion by inhibiting the iron-dependent hydroxylases that regu-
late HIF1� stability. However, the possibility that cobalt and
DFO have other activities that may complicate analysis of
these experiments has not been fully addressed. Our results
indicate that the overlap between these mimics and hypoxia is
limited and suggest caution in their use. In addition, we show
that many genes are induced by all four stimuli including
glycolytic enzymes and other survival genes (i.e., SLC6A8),
hydroxylases, and apoptotic genes. A detailed mechanistic
understanding of how cells respond to low oxygen, cobalt, and
DFO, including their transcriptional programs, will ultimately
be required for a more complete understanding of hypoxia-
mediated signaling and how it relates to critical processes of
development and cancer.
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