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Hypoxia is defined as a deficiency of oxygen reaching the tissues of the body, and it plays a critical role in
development and pathological conditions, such as cancer. Once tumors outgrow their blood supply, their central
portion becomes hypoxic and the tumor stimulates angiogenesis through the activation of the hypoxia-inducible
factors (HIFs). HIFs are transcription factors that are regulated in an oxygen-dependent manner by a group of
prolyl hydroxylases (known as PHDs or HPHs). Our understanding of hypoxia signaling is limited by our
incomplete knowledge of HIF target genes. cDNA microarrays and a cell line lacking a principal HIF protein,
HIF1α, were used to identify a more complete set of hypoxia-regulated genes. The microarrays identified a
group of 286 clones that were significantly influenced by hypoxia and 54 of these were coordinately regulated
by cobalt chloride. The expression profile of HIF1α −/− cells also identified a group of downregulated genes
encoding enzymes involved in protecting cells from oxidative stress, offering an explanation for the increased
sensitivity of HIF1α −/− cells to agents that promote this type of response. The microarray studies confirmed
the hypoxia-induced expression of the HIF regulating prolyl hydroxylase, PHD2. An analysis of the members
of the PHD family revealed that they are differentially regulated by cobalt chloride and hypoxia. These results
suggest that HIF1α is the predominant isoform in fibroblasts and that it regulates a wide battery of genes critical
for normal cellular function and survival under various stresses.

Hypoxia cDNA microarray HIF1 protein Genomics Fibroblast

OVER 500,000 Americans will die of cancer this because of the critical role oxygen plays in energy
production and survival (4). Central to an organism’syear. The progression of a single cell into a life-

threatening tumor requires many steps. One of the response to hypoxia is the transcriptional upregula-
tion of genes capable of stimulating glycolysis, angi-steps in this progression is the ability of the tumor to

escape the detrimental effects caused by hypoxia as ogenesis, and erythropoiesis (33,36,47). Well-known
and characterized hypoxia-regulated genes includeit outgrows its blood supply. Hypoxia is defined as a

state in which oxygen tension drops below the nor- erythropoietin (EPO), vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF),mal limits of 3.3–8% found in tissue beds (53). Hy-

poxia plays a central role in tumorigenesis but also and many others (11,12,30,45). Understanding hy-
poxia signaling, its transcriptional control, and ahas profound implications in normal cellular pro-

cesses and development (46). Organisms have devel- complete assessment of target genes is critical to our
ability to influence this signaling cascade and therebyoped a programmed response to oxygen deprivation
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treat or prevent illness that results in decreases in mortal mouse embryonic fibroblast (MEF) cell line
was established from this mouse model (42). Theavailable oxygen.

Hypoxia-induced gene expression influences mul- conditional animal and cell line make it possible to
understand the role of HIF1α in vivo at various de-tiple processes within a tumor. As the tumor prog-

resses past the 2-mm stage, cells within the central velopmental time points, tissues, and under various
conditions.portion become hypoxic due to inadequate blood sup-

ply. This decrease in oxygen tension promotes angio- The identification of the PHD family of enzymes
has increased our understanding of the upstreamgenesis through upregulation of growth factors such

as VEGF and PDGF (5,11,13,37). In addition, cells events leading to HIF-mediated transcription. The li-
brary of hypoxia-regulated genes, though extensive,exposed to hypoxia upregulate the expression of gly-

colytic enzymes to address their diminished capacity remains incomplete. Our understanding of the hy-
poxia signaling system is dependent upon a thoroughto produce ATP by oxidative phosphorylation. The

final compensatory response is the upregulation of characterization of genes influenced by hypoxia sig-
naling, both directly and indirectly. Here we havethe growth factor EPO to stimulate the production of

red blood cells. All of these responses are regulated used cDNA microarrays and the HIF1α null MEF
cell line to begin to fill this knowledge gap. Our re-by the hypoxia-inducible factors (HIFs).

The HIFs, which include HIF1α, HIF2α, HIF3α, sults demonstrate that HIF1α is the primary mediator
of hypoxia signaling in MEFs. The microarray exper-ARNT (aryl hydrocarbon receptor nuclear transloca-

tor, also known as HIF1β), and ARNT2, control the iments have detailed several groups of HIF1α-depen-
dent genes. Among these HIF1α-dependent genes arecellular response to hypoxia (15). HIF1α, HIF2α, and

HIF3α are primarily cytoplasmic and under normal the glycolytic enzymes and several proapoptotic fac-
tors. Most have been previously identified as hypoxiaoxygen tension are quickly degraded by a ubiquitin-

mediated process. Their degradation is dependent regulated; however, some of these had not been pre-
viously characterized as HIF-driven genes. Amongupon protein motifs found in the carboxyl terminus

of these proteins, termed hypoxia responsive domains the novel HIF1α-dependent genes identified in the
microarray experiments and confirmed by relative real-(HRDs) (17). An HRD contains a proline residue that

is modified by a recently described family of prolyl time PCR (rRT-PCR) was PHD2. In addition, PHD3
also showed HIF1α-dependent regulation. Overex-hydroxylases. These prolyl hydroxylases were first

identified in C. elegans and were later shown to have pression of the PHDs was also shown to lead to a
decrease in hypoxia-induced gene transcription. Thethree mammalian homologs (2,8). These prolyl hy-

droxylase domain-containing proteins (PHD 1, 2, and microarray study also gave some insight into the role
of HIF1α in cellular homeostasis. The direct compar-3, also known as HPHs) are iron and 2-oxoglutarate

dependent and use oxygen as a cosubstrate (2,44). ison of untreated wild-type and HIF1α −/− cells iden-
tified a group of genes influenced by the loss of theHydroxylation of the HIFs by the PHDs allows their

interaction with the Von Hippel Lindau (VHL) tumor HIF1α protein. These included genes that encode for
proteins involved in protection against oxidativesuppressor protein, which directs HIF degradation by

recruiting the ubiquitination machinery. By contrast, stress. These results suggest that the HIF1α protein
regulates a wide variety of genes and may be partiallyunder hypoxic conditions, the PHDs are unable to hy-

droxylate the cytoplasmic HIFs. The unmodified HIFs regulated by feedback inhibition.
are stabilized and signaled by an unknown mecha-
nism to translocate to the nucleus where they are free
to form dimers with ARNT or ARNT2 (24,25). The MATERIALS AND METHODS
HIF:ARNT heterodimers bind genomic DNA at se-

Materials
quence-specific sites termed hypoxia response ele-
ments (HREs) (50). In addition, HIF stability is also Tissue culture media, supplements, and fetal bo-

vine serum were obtained from Invitrogen, Inc. (Carl-influenced by acetylation and its transcriptional activ-
ity is also regulated by hydroxylation (14,19,35). sbad, CA). The synthesis of oligonucleotides was

performed by the macromolecular facility, MichiganThe HIF1α:ARNT dimer is the most widely stud-
ied hypoxia signaling factor. HIF1α is critical for State University, East Lansing, MI. SYBR Green Dye

and 6-carboxy-X-rhodamine were purchased from Mo-normal development and is essential for tumorigene-
sis (42,43). The HIF1α null animal is embryonic le- lecular Probes (Eugene, OR). AmpliTaqTM Gold PCR

buffer and AmpliTaqTM Gold DNA polymerasethal due to vascularization defects, severely limiting
its use in the study of HIF1α in vivo (43). Recently, were purchased from Perkin-Elmer (Wellesley, MA).

All other chemicals were reagent grade and obtaineda conditional null animal was created for HIF1α us-
ing the Cre-LoxP system (42). Subsequently, an im- from Sigma-Aldrich Chemicals (St. Louis, MO).
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Cell Culture, Nuclear Extracts, OmniGridTM robot (GenMachines, San Carlos, CA)
with Chipmaker 2 microarray pins (Telechem Inter-and Western Blotting
national Inc).

Mouse embryonic fibroblast cell lines were main-
tained in DMEM medium [10% heat-inactivated

Microarray Experimental Design
FBS, penicillin-streptomycin (10 U/ml), nonessential
amino acid (10 µg/ml), L-glutamine (2 mM)] and The microarray experiments were performed using

a “loop” design (27) (Fig. 1). This design was chosengrown at 37°C in 5% CO2. Hypoxia treatments were
performed in an oxygen-regulated incubator (Preci- to increase the statistical strength of the model, to

allow for effective comparison between treatmentssion, Winchester, VA) or simulated by treating the
cells with 100 µM of CoCl2 (dissolved in H2O). and cell types and to facilitate the long-term goals of

the project. Total RNA from two independent 10-cmWild-type and HIF1α −/− cells were grown under
normoxic (20% O2) or hypoxic (1% O2) conditions or tissue culture plates (approximately 1 × 107 cells)

within each treatment were labeled. Each RNA sam-in the presence of 100 µM CoCl2 for 6 h. Nuclear
extracts were prepared as described previously with ple was labeled four times, twice with Cy3 and twice

with Cy5. Two complete loops were performed; there-minor modifications (20). Briefly, cells were washed
with cold PBS (4°C) and removed from the surface fore, four independent cultures were labeled twice,

once with each dye, equaling a total of eight individ-by scraping in cell lysis buffer (10 mM Tris-HCl, pH
8.0, 1 mM EDTA, 150 mM NaCl, 1 µg/ml each of ual labeling reactions per treatment group. It is im-

portant to note that the loop design does not utilizeaprotinin, leupeptin, pepstatin A, and 1 mM PMSF)
and homogenized. The nuclei were removed by cen- the calculation of expression intensity ratios but relies

on the averaged expression within each treatmenttrifugation (4000 rpm, 15 min) and the supernatant was
saved. The nuclei were lysed upon addition of nuclei over all of the labeling reactions (in this case eight).

Expression patterns are then statistically analyzed tolysis buffer (20 mM HEPES, pH 7.9, 400 mM NaCl,
1 mM EDTA, and 1 mM DTT, 1 µg/ml each of aproti- determine those genes for which expression is signifi-

cantly changed (below). Ratios can be calculated fornin, leupeptin, pepstatin A, and 1 mM PMSF). Insolu-
ble matter was removed by centrifugation (10,000 × g, each treatment by direct comparison of the averaged

expression between the treatments of interest.15 min). The protein concentration of the supernatant
was determined by standard colorimetric assay via
the manufacturer’s instructions (Bio-Rad, Hercules, RNA Extraction and cDNA Microarray

Probe Labeling and HybridizationCA). Equal amounts of protein for each sample were
separated by SDS-PAGE, and Western blotting was

RNA extraction was performed using Trizol re-
performed with a HIF1α-specific antibody (Novus

agent (Invitrogen) via the manufacturer’s instructions
Biologicals, Littleton, CO). A horseradish peroxi-

and quantitated spectrophotometrically. Total RNA
dase-conjugated secondary antibody was used to fa-

(30 µg) from wild-type or HIF1α −/− cells grown for
cilitate detection. The blot was stripped and reprobed

24 h under normoxic (20% O2) or hypoxic (1% O2)with a β-actin-specific antibody (a generous gift from
conditions or in the presence of 100 µM CoCl2 was

Dr. John Wang, Michigan State University). The blots
used to generate probes as follows. Total RNA was

were exposed using a chemiluminescent assay kit
incubated with 6 µg anchored oligo-dT primers (5′-

(Amersham Biosciences, Piscataway, NJ).
T21VN-3′). The reverse transcription was performed
using SuperscriptTM II RNase H-Reverse Transcript-

cDNA Microarray Production
ase (400 U, Invitrogen) in the presence of aminoallyl
dUTP (aa-dUTP) (Amersham Biosciences, Piscata-The National Institute of Aging 15K clone set was

used for the production of the microarray (26,52). way, NJ), dTTP, dATP, dCTP, and dGTP (final
dNTPs = 0.5 mM). The ratio of aa-dUTP to dTTPThe NIA 15K set was supplemented with an addi-

tional 96 clones to bring the total number of clones to was 2:1. The unincorporated nucleotides were re-
moved using the QIAquickTM PCR purification kit15,360. Each clone was PCR amplified with modified

M13 forward and reverse primers (Table 1). Each (Qiagen Inc., Valencia, CA) according to the manu-
facturer’s instructions, after substituting the washprimer was modified on the 5′ end with an amino

linker to facilitate linkage to the aldehyde-modified buffer with phosphate wash buffer (5 mM KPO4, pH
8.0, in 80% ethanol), and eluted with 4 mM KPO4glass substrate. Amplicons were precipitated and the

size and quality verified by agarose gel electrophore- (pH 8.5). The probes were dried under vacuum cen-
trifugation and resuspended in 0.1 M Na2CO3 (pHsis, then resuspended in 3× SSC. The full 15K set

was printed on TelechemTM Superaldehyde slides (Tel- 9.0) and conjugated to monoreactive Cy3 and Cy5
dyes (Amersham Biosciences). Unincorporated dyesechem International Inc., Sunnyvale, CA) using an
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TABLE 1
PRIMERS FOR MICROARRAY PRODUCTION AND RT-PCR

Gene Accession # Forward Reverse

M13 CTGCAAGGCGATTAAGTTGGGTAAC CTGCAAGGCGATTAAGTTGGGTAAC
HPRT NM_013556 AAGCCTAAGATGAGCGCAAG TTACTAGGCAGATGGCCACA
GAPDH M32599 ACCCAGAAGACTGTGGATGG TTCAGCTCTGGGATGACCTT
P4H NM_011031 CTGTTGTGGCCCGAGTAAAT GAAGTCGAAGTGCGGTTCAT
PHD1 AF453879 GGAACCCACATGAGGTGAAG AACACCTTTCTGTCCCGATG
PHD2 XM_134453 GAAGCTGGGCAACTACAGGA CATGTCACGCATCTTCCATC
PHD3 NM_028133 AAGTTACACGGAGGGGTCCT GGCTGGACTTCATGTGGATT
SOD1 BC002066 GAGACCTGGGCAATGTGACT TTGTTTCTCATGGACCACCA
SOD2 BC018173 AACTCAGGTCGCTCTTCAGC GCTTGATAGCCTCCAGCAAC
Catalase NM_009804 CCAGTTGGCAAAGTGGTTTT GCCCTGAAGCTTTTTGTCAG
GST-µ NM_0010358 CACAAGATCACCCAGAGCAA GGTGTCCATGACCTGGTTCT

were removed using the QIAquickTM nucleotide re- Microarray Data Analysis
moval kit (Qiagen Inc.). Microarrays were prehybrid-

Slides were scanned with an AffymetrixTM 428 scan-ized in pre-hyb buffer (5× SSC, 0.1% w/v SDS, 1%
ner (Affymetrix, Santa Clara, CA) at 532 nm (Cy3)w/v BSA) for 2 h at 42°C. Cy3- and Cy5-labeled
and 635 nm (Cy5). The images were analyzed usingprobes were resuspended in hybridization buffer [50%
GenePixTM Version 3.0 software (Axon Instrumentsformamide, 5× SSC, 0.1% SDS, 2 µg Cot1 DNA, and
Inc., Union City, CA) and output files were analyzed20 µg poly(A)-DNA] and denatured at 95°C for 3
using GP3 (http://www.bch.msu.edu/~zacharet/micromin. The probes were hybridized for at least 20 h
array/gp3.html) (10). GP3 automatically flags spotsto the microarrays at 42°C under Lifter slipsTM (Erie
with intensities below background levels, corrects forScientific Company, Portsmouth, NH). Slides were
background signal, and normalizes the two channelswashed as follows: 1) brief wash with 1× SSC and
using a z-score method. The GP3 output values were0.2% SDS at 42°C to remove the coverslips; 2) 4 min
normalized within the loop using the Centralizer pro-in 1× SSC and 0.2% SDS at 42°C; 3) 4 min in 0.1×
gram (57) (http://cartan.gmd.de/~zien/centralization/).SSC and 0.2% SDS at room temperature; and 4)
Genes differentially expressed between treatmentstwice for 2.5 min each in 0.1× SSC at room tempera-
were identified by t-test (two-tailed, unequal vari-ture. Slides were dried and scanned immediately.
ance, p ≤ 0.05 cutoff). All genes called present [sig-
nal > (background + 2 SD of background)] were hier-
archically clustered using GeneSpringTM, v 4.2.1
(Silicon Genetics, Redwood City, CA).

Relative 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 detec-
tion System (Foster City, CA). To synthesize cDNA,
total RNA (1 µg per sample per treatment, n = 6) was
used as template for a reverse transcriptase reaction
in 20 µl of 1× First Strand Synthesis buffer (In-
vitrogen) containing 1 µg oligo (5′-T21VN-3′), 0.2
mM dNTPs, 10 mM DTT, and 200 IU of Superscript
II reverse transcriptase (Invitrogen). The reaction
mixture was incubated at 42°C for 60 min, and

Figure 1. Experimental design of loop. Graphical representation
stopped by incubation at 75°C for 15 min. Amplifica-of the 2V loop experimental design. Each arrow represents a single

microarray slide. The arrowhead represents the sample labeled tion of cDNA (1/20) was performed using SYBR
with Cy5 and the arrow tail represents sample labeled with Cy3. Green PCR buffer [1× AmpliTaqTM Gold PCR Buffer,
Because the loop was performed twice, each treatment group sam-

0.025 U/µl AmpliTaqTM Gold (Perkin-Elmer), 0.2ple was labeled in eight separate reactions, four with Cy3 and four
with Cy5. mM dNTPs, 1 ng/µl 6-carboxy-X-rhodamine, 1:40,000
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diluted SYBR Green Dye, and 3% DMSO] and 0.1 treated cells and analyzed using a HIF1α-specific an-
tibody (Novus Biologicals, Littleton, CO). As ex-µM primers. The thermal cycling parameters were

95°C for 10 min followed by 40 cycles of 95°C for pected, HIF1α was only detectable in the wild-type
cells. A very small amount was observed in untreated15 s and 60°C for 60 s. The relative abundance of

the mRNA was normalized to hypoxanthine-guanine cells but greatly increased following exposure to co-
balt or hypoxia (Fig. 2). There was also a migratoryphosphoribosyl transferase message. Each primer set

produced a single product as determined by melt- shift in these treated fractions, suggesting a protein
modification. The blot was reprobed with an antibodycurve analysis. t-Tests were performed between

treated and control samples within each cell type us- specific to β-actin to verify loading (Fig. 2).
ing the statistical package, SAS v8.2.

Primers were designed using the Web-based appli- Hierarchical Cluster Analysis of Microarray Data
cation Primer3 (http://www-genome.wi.mit.edu/cgi-bin/

cDNA microarrays have given researchers an op-primer/primer3_www.cgi) biasing towards the 3′ end
portunity to understand signaling networks as theyof the transcript to maximize the likelihood of giving
relate to global changes in gene expression. Here mi-a gene-specific product. The settings used in Primer3
croarrays were used to characterize hypoxia signalingwere 125 bp amplicon, 20mer, 60°C melting temper-
and the role of HIF1α in this process. Two cell linesatures, and all other as defaults. Gene names, acces-
were used: the wild-type and the HIF1α −/− MEFs.sion numbers, and forward and reverse primer se-
Each cell line was left untreated (control, 20% O2) orquences are listed in Table 1.
treated with hypoxia (1% O2) or cobalt chloride (100
µM) for 24 h. Cobalt has been extensively used as a

Transient Transfection of Hep3B Cells hypoxia mimic and has been shown to inhibit the ac-
tivity of the PHDs (8). The microarray experimentsHep3B cells were maintained in DMEM + 5% FBS
were performed in a “loop” design as described above(growth medium). Prior to transfection, cells were
(Fig. 1) and statistically analyzed (28).washed twice with serum-free medium (DMEM).

Hierarchical cluster analysis of microarray dataCells were transfected using Lipofectamine (LF) (In-
along treatments and genes creates relationships be-vitrogen) via the manufacturer’s instructions using 5
tween groups based on expression patterns observedµl of LF with an incubation time of 6 h prior to addi-
in the gene set as a whole. Here we used cluster anal-tion of growth medium. Cells were transfected with
ysis to identify combinations of treatments and geno-an HRE-driven luciferase reporter, a β-galactosidase
type that were similar at the gene expression level(β-GAL) expression vector for control of transfection
and to identify groups of genes responding in a simi-efficiency, and the various PHD expression vectors
lar manner among the various treatment and genotype(a generous gift of Dr. Peter Ratcliff, University of
combinations. As expected, results from CoCl2 andOxford, UK). All transfections were normalized for
hypoxia treatments in the wild-type cells clustered to-DNA content with an empty expression vector. DNA
gether (Fig. 3). This similarity in gene expression be-was incubated with rehydrated LF for 15 min prior
tween these two treatments did not extend to the nullto transfection. Cells were then treated with DNA/LF
MEFs. These results suggest that CoCl2 and hypoxiamix for 6 h. Following this, incubation medium was

removed and replaced with growth medium and
placed into normoxia (20% O2) or hypoxia (1% O2)
incubator. Cells were incubated for 18 h and assayed
for luciferase and β-Gal activity via standard assays
(Promega, Madison, WI). Luciferase values were
normalized to β-Gal activity in each well and un-
treated empty expression vector within experiments.

RESULTS

Verification of the MEF Cell Line Phenotype
Figure 2. HIF1α Western blot. Wild-type (HIF1α +/+) and null

A Western blot was performed on the cell lines (HIF1α −/−) cells were exposed to CoCl2 (Co2+, 100 µM) or hy-
poxia (Hyp, 1% O2) for 6 h or left untreated (C). Nuclear extractsused in our microarray experiments to verify their
were prepared and proteins were separated by SDS-PAGE, trans-phenotype. Wild-type and HIF1α −/− cells were ex-
ferred to nitrocellulose membrane, and probed with a HIF1α-

posed to CoCl2 (100 µM) or hypoxia (1% O2) for 6 h. specific antibody (upper panel). Blot was reprobed with β-actin to
verify equal loading (lower panel).Nuclear extracts were prepared from treated and un-
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Figure 3. Hierarchical cluster diagram of entire data set. The microarray data were filtered to remove genes for which expression was
determined to be insignificant [signal < (background + 2 SD background)]. Expression results from the filtered data were clustered by treat-
ment and gene. The relationships are represented as a dendrogram in both directions. Red represents a high level of expression and green
represents low expression.

are driving expression of a similar gene cluster and (supplemental data Table D and E). Next, we deter-
mined the overlap within these two sets and foundthat HIF1α is essential for this regulation. Interest-

ingly, the HIF1α −/− cells under hypoxic conditions that there were 54 clones representing 49 different
genes that were in both of these groups. These 54behaved most like the null control cells (Fig. 3). The

loss of hypoxia signaling and comparable expression clones were then analyzed for gene ontology infor-
mation and grouped accordingly (Table 2). Finally,pattern between hypoxia and control suggests that

HIF1α is central to hypoxia-mediated signaling in we determined how many of these genes were also
altered in the HIF1α −/− cells under the same condi-these cells.
tions. None of these 49 genes were altered in both
hypoxia and cobalt in the null cells. However, 7 ofStatistical Comparison of Hypoxia
the 49 genes in Table 2 were significantly altered inand Cobalt Treatment in WT Cells
the HIF1α −/− cells in either cobalt or hypoxia treat-
ment. The genes for metallothionein (clone A-2031)The major focus of these microarray studies was

to identify a more complete battery of hypoxia-regu- and transglutaminase (clone H3137C06) were influ-
enced in the HIF1α −/− cells by cobalt. The HIF1α-lated genes. This was accomplished first by statistical

assessment of expression patterns within the data. independent increase in metallothionein is most
likely due to its regulation by the metal transcriptionStringent criteria were set to minimize the possibility

of false positives. First, the results from wild-type factor (39). Five of the 49 genes were shown to be
significantly influenced by hypoxia in the null cells.cells were screened for all genes whose expression

was significantly altered by treatment (p < 0.05 com- These genes were pyruvate kinase 3 (clones H3030D10
and H3030D11), cathepsin L (clone H3028F03), ga-pared with untreated control). The results show that

expression of 286 clones was significantly (p ≤ 0.05) lectin 3 (clone H3016D10), tissue-specific transplan-
tation antigen P35B (clone H3147H11), and one genealtered by hypoxia and 252 were altered by cobalt

(Fig. 4). A complete list of the genes significantly with unknown function (clone H3116A06). It should
be noted that the pyruvate kinase 3 gene was signifi-altered by hypoxia or cobalt can be found at: http://

www.bch.msu.edu/lapres/SupplementalData_total.pdf cantly downregulated in the null cells while being



HYPOXIA EXPRESSION PROFILING 187

nificantly altered in these cells upon exposure to hy-
poxia (1%, 24 h) and 349 clones significantly altered
upon exposure to cobalt (100 µM, 24 h) (supplemen-
tal data Table F and G). There were 65 clones that
were shared between these two lists (Fig. 5A). Of
these 65 clones, none were found in the list for the
wild-type cells (Table 2, supplemental data Table A).
These 65 clones represented several different en-
zymes including subunits of ATPase and biliverdin
reductase B (BLRVB). BLRVB is downstream of
heme oxygenase 1 in the metabolism of heme. Heme
oxygenase, a known hypoxia-regulated gene, con-
verts heme into carbon monoxide, biliverdin, and free
iron. BLRVB converts biliverdin into bilirubin (7,32,

Figure 4. Analysis of CoCl2 and hypoxia treatment in wild-type 56). This suggests that the pathway for heme degra-
cells. The Venn diagram represents total number of genes unique

dation is not coordinately regulated under hypoxicto each treatment group (in parentheses) and the number of genes
shared between the two treatments. A complete list of genes in conditions. This group also contained a receptor for
both treatment groups can be found at: http://www.bch.msu.edu/ tumor necrosis factor and raises the possibility that
lapres/SupplementalData_total.pdf (supplemental data Tables D

hypoxia and hypoxic mimics influence the expressionand E).
of the receptor of a factor known to play a role in
hypoxia signaling (22,31). These 65 clones presum-
ably represent a subset of genes that can be influ-significantly upregulated in the wild-type cells under
enced by hypoxia and cobalt in a HIF1α-independenthypoxia. These results suggest that the changes in ex-
manner and may involve HIF2α or HIF3α becausepression patterns for the transcripts represented within
both are expressed in these cells at a much lowerFigure 4 are predominantly HIF1α dependent.
level than that of HIF1α (data not shown).Only 12 of the 49 genes in Figure 4 and Table 2

had been previously associated with hypoxia signal-
Comparison of Hypoxia Treatment in Wild-Typeing. The 54 clones were separated into seven catego-
and HIF1α −/− Cellsries by ontology. The largest group that could be as-

signed a function consists of glycolytic enzymes (11 The comparisons described in Figures 4 and 5A
clones, 7 genes, Table 2). These enzymes are well- were done using those genes that were significantly
known targets of the hypoxia signaling cascade. changed by hypoxia and cobalt. To identify genes
There were several genes in other groups that also regulated in a HIF1α-independent manner by hy-
had been identified as hypoxia targets. Most notable poxia alone, a comparison between hypoxia treat-
are proline-4-hydroxylase (P4Ha2, clone H3003D12) ments in wild-type and HIF1α −/− cells was performed.
and BCL2/adenovirus E1B 19 kDa-interacting pro- There were 26 genes that were significantly influ-
tein 3-like (BNIP3L or NIX, clone H3016D08). enced by hypoxia in both cell types (Fig. 5B, supple-
There were also several groups that had not been pre- mental data Table B). These genes included those de-
viously identified as hypoxia targets. These include a scribed above (Fig. 4, Table 2), as well as procollagen.
large group of matrix remodeling genes and cellular Hypoxia-induced collagen synthesis has been pre-
antigens. The largest group was comprised of clones viously described and may be critical to several dis-
for which function has not yet been assigned (Table 2). ease states (9,49). Interestingly, procollagen is upreg-

ulated in the wild-type cells and downregulated in the
Comparison of Hypoxia and Cobalt Treatment HIF1α −/− cells upon exposure to hypoxia, similar to
in HIF1α −/− Cells the pyruvate kinase 3 gene mentioned above.

As noted above, only a handful of genes identified
Comparison of Cobalt Treatment in Wild-Type

in Figure 4 and Table 2 were significantly changed
and HIF1α −/− Cells

in null cells. None of these genes (metallothionein,
pyruvate kinase, transglutaminase, cathepsin L, and A comparison between wild-type and HIF1α −/−

cells was also performed for genes significantly influ-galectin 3) were influenced in both treatments in the
null cells. To further clarify the HIF1α independently enced by cobalt. Though cobalt is used as a hypoxia

mimic, there is no overlap between the 14 genes iden-regulated genes from the microarray studies, a com-
parison between cobalt- and hypoxia-treated HIF1α tified in this comparison and those found for the hy-

poxia comparison (Fig. 5B and C, supplemental data−/− cells was performed. There were 376 clones sig-
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TABLE 2
SIGNIFICANTLY INFLUENCED GENES IN WT CELLS TREATED WITH HYPOXIA AND COBALT

Fold Changes

ID Gene Name Abbr. W-Co W-H N-Co N-H

Extracellular (GO = 0005615, 0005576, 0005578)
H3003D12 proline 4-hydroxylase P4ha2 1.29 2.61 0.97 1.05
H3011E02 chorionic somatomammotropin hormone 1 Csh1 0.67 0.80 0.81 0.82
H3027D05 lymphocyte antigen 6 complex, locus E Ly6e 0.78 1.26 0.88 0.84
H3028F03 cathepsin L Ctsl 2.17 1.54 1.28 2.92
H3058D07 matrix metalloproteinase 23 Mmp23 0.71 1.43 0.49 0.55
H3109A05 CD24a antigen Cd24a 0.71 0.67 0.59 0.62
H3115F11 nidogen-2 Nid2 1.40 1.35 0.76 1.05

Mitochondrial (GO = 0005762, 0005739, 0005743)
H3016D08 BCL2/adenovirus E1B 19kDa-interacting protein 3-like Bnip3l 1.39 1.58 0.91 0.95
H3029D09 mitochondrial ribosomal protein S11 Mrps11 0.81 0.77 1.40 0.86
H3052D11 adenylate kinase 2 Ak2 0.74 0.74 0.93 0.96
H3137G05 mitochondrial ribosomal protein L17 Mrpl17 0.55 0.60 1.03 0.77
H3143D12 mitochondrial carrier homolog 1 (C. elegans) Mtch1 1.45 1.55 1.05 1.21

Glycolytic Enzymes (GO = 0006096)
H3012A11 glyceraldehyde-3-phosphate dehydrogenase Gapd 1.36 1.63 0.79 0.82
H3019E08 glyceraldehyde-3-phosphate dehydrogenase Gapd 1.45 1.75 0.90 0.86
H3023D06 phosphoglycerate kinase 1 Pgk1 2.31 3.67 0.69 0.93
H3023H12 lactate dehydrogenase 1, A chain Ldh1 2.71 3.93 0.86 0.89
H3027E07 enolase 1, alpha nonneuron Eno1 1.94 1.82 0.75 0.92
H3027E08 enolase 1, alpha nonneuron Eno1 2.12 3.02 0.98 1.10
H3027E09 enolase 1, alpha nonneuron Eno1 1.76 2.48 0.87 0.75
H3030D10 pyruvate kinase, muscle Pkm2 1.62 2.02 0.86 0.69
H3030D11 pyruvate kinase, muscle Pkm2 1.93 2.36 0.87 0.65
H3031D03 aldolase 1, A isoform Aldo1 1.35 1.92 0.88 0.92
H3149C10 triosephosphate isomerase Tpi 2.06 2.18 0.82 0.81

Membrane Proteins (GO = 0016021)
H3022E01 membrane bound C2 domain containing protein Mbc2 1.24 1.22 1.01 1.04
H3151C09 CD 81 antigen Cd81 1.49 1.44 0.96 1.25

Enzymes and Misc Function (Various GO)
H3016D10 lectin, galactose binding, soluble 3 lgal3 1.46 1.62 1.07 1.32
H3016G08 cask-interacting protein 2 Caskin2 1.64 1.82 1.17 1.28
H3019C07 macrophage migration inhibitory factor Mif 1.69 1.95 1.21 1.05
H3020C02 metallothionein 1 Mt1 2.07 1.27 1.25 1.11
A-2031 metallothionein 1 (image 1052401) Mt1 2.810 1.784 2.134 1.561
H3031B12 minichromosome main. Def. 3 assoc. protein Mcm3ap 1.42 1.33 0.92 0.96
H3137C06 transglutaminase 2, C polypeptide Tgm2 0.63 0.85 0.56 0.88
H3147H11 tissue specific transplantation antigen P35B Tsta3 1.73 1.47 1.26 1.45
H3016F05 similar to translation initiation factor 3, subunit 4 Eif3s4 0.89 0.83 0.99 0.91
H3130A05 proteasome 26S subunit, non-ATPase, 2 Psmd2 0.50 0.51 0.60 0.57

Function Unknown (Various GO)
H3044B11 DNA segment, Chr 8 0.80 0.63 0.98 0.94
H3065C11 expressed sequence AU022848 0.61 0.70 0.80 0.90
H3118D07 DNA segment, Chr 11 0.77 0.90 1.01 0.97
H3128G06 expressed sequence AW215868 1.47 1.70 1.09 1.22
H3134C05 hypothetical protein LOC223886 0.67 0.54 0.71 0.53
H3142E06 RIKEN cDNA 1110031E24 gene 0.74 0.90 0.83 1.13
H3148A03 DNA segment, Chr 10 0.76 0.67 0.86 0.88
H3030G02 neurophilin-like molecule 1.77 2.20 1.12 1.12
H3108H01 human from clone RP11-494N1 on chromosome 9 0.80 0.73 1.08 0.99
H3116A06 Mus musculus, clone IMAGE:4024675, mRNA 1.24 1.35 1.08 1.30
H3132E05 mouse from clone RP23-170G19 on chromosome X 1.31 0.79 0.87 0.81

Unknown (Various GO)
H3017G08 1.59 2.05 0.93 0.96
H3150A01 1.36 1.73 0.88 1.00
H3022E07 1.43 1.94 0.79 0.82
H3125B04 1.64 1.76 1.15 1.23
H3017D11 0.74 0.63 0.88 0.92
H3072E04 1.21 0.85 0.88 1.06
H3123A12 1.95 2.07 0.78 0.95
H3146H09 0.74 0.57 0.90 1.05
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There were 234 genes influenced by the loss of
HIF1α (supplemental data Table H). Of these, H19
was significantly upregulated by the loss of the HIF
protein. The three clones, H3144B07, H3144B06,
H3140G12, displayed a wild-type ctrl/HIF1α −/− ctrl
ratio of 0.067, 0.211, and 0.131, respectively (aver-
age ninefold higher in HIF1α −/− cells). H19 is an
imprinted gene involved in development and not
highly expressed following birth (41). The reason for
its aberrant expression following loss of the HIF1α
protein is unknown. Another group of genes also
stood out in this comparison of ctrl cells. The HIF1α
−/− cells displayed a decreased expression level of
genes involved in the cellular response to oxidative
stress. These genes include glutathione S-transferase-
µ (GST-µ, clones H3134F05, H3119G08,
H3159G05), superoxide dismutase 1 (SOD1, clones
H3130B11, H3130B11), SOD2 (A-2062), and cata-
lase (A-2049) (supplemental data). This decreased
level of these protective genes may explain why
HIF1α −/− cells are more sensitive to oxidative stress
(54). In addition, this decrease adds to the growing
evidence of the complex role hypoxia signaling plays
in normal cellular homeostasis and tumorigenesis.

The Glycolytic Cluster

One hypothesis of expression profiling is that
genes that cluster together are regulated in a similar
manner. We wanted to identify novel genes that may
also play a role in the cellular response to hypoxia,
and our hypothesis was that they would behave simi-
larly, at the expression level, to the glycolytic en-
zymes. The glycolytic enzymes are critical to a cell’s
response to low oxygen tension and are direct targets

Figure 5. Venn diagrams of various combinations of cell types and of HIF-regulated transcription. We isolated a cluster
treatments. Total number of genes unique to each treatment group of glycolytic genes from our microarray data and
(in parentheses) and the number of genes shared between the two

looked for functional information for several of thetreatments (central shaded area). (A) The Venn diagram represent-
ing genes significantly influenced by hypoxia and/or cobalt in nonglycolytic genes (Fig. 6). First, three genes in-
HIF1α −/− cells. (B) Comparison of wild-type (WT) and HIF1α volved in apoptosis were found within this cluster.
−/− cells following hypoxia treatment (1% O2, 24 h). (C) Compari-

Two are known (BNIP3 and NIX) and one is a novelson of WT and HIF1α −/− cells following cobalt treatments (100
µM, 24 h). A complete list of genes in both treatment groups can (PS receptor) hypoxia-regulated gene (3,48). The role
be found at: http://www.bch.msu.edu/lapres/SupplementalData_ that these genes play in the downstream events fol-
total.pdf (supplemental data, Tables D–G).

lowing acute and chronic hypoxia is currently being
investigated.

Second, there were two hydroxylases identified
Table C). The 14 genes in this list include metallothi-

within this glycolytic cluster (Fig. 6). The first, P4-H,
onein and transglutaminase 2 (Tg2). Tg2 was pre-

is a procollagen prolyl 4-hydroxylase and a known
viously identified as a VHL/hypoxia target gene (55).

hypoxia-regulated gene (51). It functions in a similar
manner to that of the PHDs; however, it is unable to

Comparison of Wild-Type ctrl and HIF1α −/−
influence HIF stability in C. elegans (8). The second

ctrl Cells
is EGL-9 homologue 1, also known as PHD2. As
mentioned earlier, the PHDs negatively influenceFinally, a direct comparison between untreated

wild-type and HIF1α −/− cells was performed to de- HIF signaling by controlling HIF stability. This result
confirms previously published data and supports thetermine the role of HIF1α in cellular homeostasis.
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Figure 6. Glycolytic enzyme cluster. The cluster of glycolytic enzyme genes (Fig. 4) was further analyzed to identify novel hypoxia-
regulated genes. Four subsets of genes were identified; the glycolytic enzyme genes (blue), apoptotic genes (green), hydroxylases (red), and
others (black). Red represents a high level of expression and green represents low expression.

hypothesis that HIF1α may be partially controlled by genase (GAPDH) is a known hypoxia-regulated gene
and acted as a positive control for our SYBR Greenfeedback inhibition (1,8). It should be pointed out

that PHD2 was not listed in Table 2 (genes altered protocol. GAPDH was also present on the microarray
and shown to be regulated in a HIF1α-dependentby cobalt and hypoxia in wild-type cells) because the

increase seen following cobalt exposure for this clone manner (Figs. 4, 6, and 7A). In addition, the loss of
GAPDH regulation by hypoxia in the HIF1α −/− sug-did not pass statistical cutoff (Fig. 7, supplemental

data Table D). gests that HIF1α is the primary mediator of hypoxia
signaling in MEFs. These results were confirmed in
the rRT-PCR. Six separate biological samples wereRelative Real-Time PCR
analyzed for each separate treatment in the two cell
lines. There was a significant increase in GAPDHWe verified our microarray data by rRT-PCR us-

ing SYBR Green as a fluorescent marker. The gly- message in the cobalt- and hypoxia-treated wild-type
cells when compared with the control. This increasecolytic enzyme glyceraldehyde-3-phosphate dehydro-
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did not extend to the HIF1α −/− cell line (Fig. 7B). in HIF1α −/− cells). The rRT-PCR results confirmed
that PHD2 transcription increased in response to co-A similar HIF1α-dependent expression pattern was

seen on the microarray for P4-H (Figs. 6 and 7C). balt (>threefold) and hypoxia (>sixfold) when com-
pared with the control treatment only in the wild-typeThis result was also verified on the rRT-PCR (Fig.

7D). The results for the cobalt treatment were not cells. These results suggest that HIF1α may indi-
rectly control its own stability by affecting the levelas pronounced as that following hypoxia exposure,

though both were statistically significant. Finally, the of the prolyl hydroxylase that marks it for degrada-
tion. These data also shows the level of data compres-expression pattern of PHD2 was also confirmed by

rRT-PCR (Fig. 7E and F). There was only a modest sion that is often seen in microarray data due to nor-
malization and other mathematical manipulationincrease in expression when the microarray was ana-

lyzed. The expression pattern among the treatment necessary for comparisons between multiple experi-
ments and labelings (29). The difference in foldgroups, however, was identical to that of other known

hypoxia-regulated genes in the cluster (i.e., increased change in the microarray data is consistently underes-
timated. The relative compression of the data for var-in cobalt and hypoxia in wild-type cells, no change

Figure 7. Comparison of microarray and rRT-PCR results. GAPDH (A, B), P4H (C, D), and PHD2 (E, F) were analyzed for expression
levels in wild-type (hatched bars) and HIF1α −/− cells (solid bars) by microarray (A, C, E) and rRT-PCR (B, D, F) protocols. Each value
was normalized to the control level in the corresponding cell line. Ctrl: untreated; Co2+: 100 µM CoCl2; Hyp: 1% O2 for 24 h. Averaged
expression within each treatment group was used to generate ratios (see experimental design). *p < 0.05 when compared with corresponding
control.
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ious genes ranged from 2- to 10-fold lower on the regulating the initial HIF signal and are also involved
in attenuating the signal by feedback inhibition (1,microarray compared with rRT-PCR.

Given the implications of hypoxia-regulated PHD 2,8).
expression, we also analyzed the expression pattern
of all three PHDs for their time and HIF1α-depen-
dent expression by rRT-PCR. Wild-type and HIF1α DISCUSSION
−/− cells were left untreated or exposed to hypoxia
(1% O2) or cobalt (100 µM) for 0.25, 2, 8, 24, 48, Hypoxia-mediated signaling is critical to normal

development and is strongly involved in severaland 72 h. PHD1 exhibited small but significant
changes in expression at various times; however, pathological conditions, including cancer and heart

disease. Characterizing the upstream and downstreamthese changes did not follow a pattern and did not
appear HIF1α dependent (Fig. 8). PHD2 was signifi- events following onset of hypoxia is critical to our

ability to treat and understand these conditions. Re-cantly upregulated in a HIF1α-dependent manner in
the wild-type cells as early as 15 min after exposure cent publications have increased our understanding of

the upstream signals involved in HIF stabilizationin both the hypoxia- and cobalt-treated cells. PHD3
showed a large increase (>11-fold) in the wild-type and the role that hydroxylation plays in mediating the

HIF:VHL interaction (8,16,18). However, our under-cells following hypoxia but not cobalt exposure (Fig.
8). The time course of this induction was also notably standing of the downstream events is not as complete.

For example, we do not know the events and proteinsdifferent from that of PHD2. The mechanism that
controls the expression differences between the vari- involved in translocating HIFs into the nucleus. In

addition, we do not know what, if any, proteins areous PHDs has not been determined. These results in-
dicate that the PHD genes are regulated by hypoxia involved in controlling the ability of HIFs to interact

with ARNT or ARNT2. Finally, we do not know thein different ways. In addition, the identification of
PHD2 and PHD3 as hypoxia-regulated genes sug- complete battery of hypoxia-regulated genes. The mi-

croarray is an excellent tool to address the lattergests that the hypoxia signaling cascade may be par-
tially controlled by feedback inhibition. knowledge gap. To this end we have used the NIA

15K gene set to identify novel hypoxia-regulatedFinally, the microarray data suggest that loss of
HIF1α leads to a downregulation of the basal levels genes.

Our microarray experiments confirmed the expres-of oxidative stress genes. The basal levels of expres-
sion of GST-µ, SOD1, SOD2, and catalase were veri- sion of several known hypoxia-regulated genes, in-

cluding glycolytic enzymes, proapoptotic genes, andfied by rRT-PCR. As seen in Figure 9, the basal lev-
els of GST-µ, SOD1, and SOD2 were significantly a prolyl hydroxylase (Figs. 4 and 6, Table 2). These

act as positive controls to confirm that our treatments,repressed following loss of the HIF1α proteins. Cata-
lase was not influenced in this comparison. The de- microarray experiments, and data processing are valid.

In addition, it gave added confidence to the resultscreased level of expression of these protective en-
zymes may explain why HIF1α −/− cells are more that we observed for the novel hypoxia-regulated

genes identified. To further validate the analysis, asusceptible to oxidative stress-induced damage (54).
comparison of the 49 gene identified in Figure 4 and
Table 2 was made with a recently published reportPHD Effects on HIF-Mediated Transcription
that used serial analysis of gene expression (SAGE)
to analyze the effect of VHL and hypoxia on normalThe possibility that upregulation of the PHDs might

lead to a feedback inhibition of HIF-mediated signal and tumor-derived renal cells (21). Given that the
species and platforms are different, the extent ofwas tested in transient transfection experiments.

Hep3B cells were transfected with an HRE-driven lu- overlap will be underestimated. However, of the 49
genes identified as hypoxia responsive in this study,ciferase reporter and the various PHD expression

plasmids. The cells were left at normoxia (20% O2, 12 were found to be hypoxia responsive in the SAGE
study [supplemental data Table I and Fig. 3 of (21)].ctrl) or hypoxia (1% O2) for 18 h and analyzed for

luciferase expression. PHD2 was capable of com- This number is most likely higher due to the nature
of SAGE and the genes represented on the micro-pletely inhibiting HRE-mediated luciferase expres-

sion (Fig. 10). PHD3 was also capable of inhibiting array. For example, GLUT1 and GLUT2 were shown
to be hypoxia responsive via SAGE while GLUT4this transactivation but to only 50% of controls (Fig.

10). Finally, hypoxia-mediated transcription dis- was found in this study (supplemental data Table I).
In addition, GLUT1 and GLUT2 are not representedplayed a 40% reduction in the presence of PHD1;

however, this decrease was not significant. This sup- in the NIA 15K.
The microarray experiments confirmed that theports the notion that these enzymes play a role in
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Figure 8. Time course analysis of the PHDs by rRT-PCR. The expression levels of the various PHDs were analyzed by rRT-PCR in wild-
type (left) and HIF1α −/− (right) cells. Each bar represents an average value of six samples normalized to the expression level of the control
gene and graphed as normalized expression. Black bars: untreated; white bars: 100 µM CoCl2; hatched bars: 1% O2 for 24 h. *p < 0.05
when compared with corresponding control.

hypoxic mimic, CoCl2, increases a battery of genes are in agreement with previously published reports;
however, the time course and differences seen be-similar to that of hypoxia. This overlap between ex-

pression patterns was only partial, suggesting differ- tween cobalt and hypoxia treatments had not been
previously described (6,8,34). Finally, the microarrayences in secondary signals or downstream signaling

molecules. The exposure period was 24 h and each experiments suggest that HIF1α is the primary cyto-
plasmic controller of hypoxia signaling in MEFs.treatment may initiate other pathways and distinct

secondary responses that will be observed at this time This confirms recent reports suggesting HIF1α is the
primary hypoxic-signaling protein (40).point. It should also be pointed out that the results

observed in these studies with respect to the PHDs The identification of PHD2 and PHD3 as hypoxia-
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Figure 9. Analysis of basal levels of GST-µ, SOD1, SOD2, and catalase by rRT-PCR. The basal level of expression of genes involved in
the cellular response to oxidative stress was analyzed by rRT-PCR. SOD1 (A), SOD2 (B), catalase (C), and GST-µ (D) were analyzed in
untreated control cells to determine their relative levels of expression in wild-type (hatched bars) versus HIF1α −/− cells (solid bars). **p
< 0.05, *p < 0.1.

regulated genes implies that HIF1α is prone to feed-
back inhibition (1). This feedback is not surprising
when considering the implications of overstimulation
of the hypoxia-signaling cascade. For example, the
VHL protein is thought to be a tumor suppressor in
part because of its ability to mediate the degradation
of HIF (23). Once the VHL gene is mutated, this abil-
ity is lost and HIF signaling goes unabated, leading
to the overproduction of a number of factors such as
VEGF. This unchecked production of growth factors
and other proteins may explain the hypervasculariza-
tion of VHL −/− neoplasms (23). The control of the
hypoxia-signaling cascade, both upstream and down-
stream, is therefore critical to normal cells and tissue
homeostasis. We speculate that the feedback loop
would limit the expression of the proapoptotic genes,
thus giving the cell an alternative to programmed cell

Figure 10. Transient transfection of Hep3b cells. Hep3b cells were
death. For example, the oxygen concentration of the transiently transfected with a HRE-driven reporter and one of the

PHDs or an empty expression vector as a control. Transfected cellscell at equilibrium may be “set” to limit damage due
were left untreated (black bars) or exposed to hypoxia (1% O2to small decreases in oxygen tension. Once these
(hatched bars) for 18 h. Luciferase levels were determined and

small fluctuations are encountered, the HIF protein is normalized to cotransfected β-Gal activity and then to untreated
control. *p < 0.05 when compared with untreated sample.stabilized and the cell begins to transcribe the glyco-
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lytic, proapoptotic, and PHD genes. As the level of the HIF1α protein (see Fig. 9 and supplemental data
Table H). In addition, several genes were positivelythe PHDs increases, the equilibrium between the avail-

able oxygen, PHDs, and HIF stabilization is shifted in influenced by the loss of HIF1α. These results sug-
gest that a basal level of HIF1α must be present tofavor of HIF hydroxylation. The increase in available

PHDs would compensate for the small decrease in maintain transcriptional regulation for these genes.
Alternatively, the loss of HIF1α may upset the sig-available oxygen. However, at larger decreases in ox-

ygen tension, the cell would not be able to compen- naling balance within the cell and these changes are
the results.sate by overproduction of the PHDs and the proapo-

ptotic gene transcription would continue until the cell In summary, these observations suggest a role for
the PHDs in the feedback inhibition of the hypoxia-began its programmed cell death. One other feature

of this feedback loop is the level of the individual signaling cascade. The results also support the idea
that cobalt and hypoxia exposure lead to the increasePHDs within any given tissue and cell type. PHD1

was not upregulated by cobalt or hypoxia, so presum- in the transcription of a number of gene families, in-
cluding hydroxylases, glycolytic enzymes, and proap-ably it would not be able to participate in this type of

regulation. Therefore, tissues that only express this optotic genes. The interplay between these families
and the regulation of the downstream events mayisoform of the hydroxylase would not exhibit feed-

back inhibition. This idea of tissue-specific regulation help to explain the role of hypoxia in mediating the
damage following several pathological conditions,and hydroxylase differences is supported by recent

publications (6,34,38). such as stroke and cardiovascular disease.
The role of HIF1α in maintaining proper cellular

function during development and normal function is
often neglected. The comparison of untreated wild- ACKNOWLEDGMENTS
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