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Hypoxic stress in tumor cells has been implicated in malignant progression and in the development of
therapeutic resistance. We have investigated the effects of acute hypoxic exposure on regulation of the
proto-oncogene c-jun in SiHa cells, a human squamous carcinoma cell line. Hypoxic exposure produced
increased levels of c-jun mRNA resulting from both message stabilization and transcriptional activation. A
superinduction of c-jun message resulted during simultaneous oxygen and glucose deprivation, with several
characteristics of an induction mediated by oxidative-stress pathways. This superinduction was blocked by
preincubation of cells with the glutathione precursor N-acetyl cysteine or with phorbol 12-myristate 13-acetate,
which indicates redox control of c-jun expression and probable involvement of protein kinase C. By gel
retardation assay, no increase in AP-1 DNA binding activity was found to be concomitant with the
transcriptional activation of c-jun. A lack of increased DNA binding was observed for the consensus AP-1
sequence and for the two AP-1 sequence variants found within the c-Jun promoter. Additionally, hypoxic and
low-glucose stress produced no activation of stably transfected AP-1 reporter sequences. Taken together, these
results indicate that the transcriptional activation of c-jun during hypoxic and low-glucose stress involves redox
control and is unlikely to be mediated by AP-1 recognition elements within the c-jun promoter.

Solid tumors must develop a blood supply to sustain prolif-
eration. Because the rate of neovascularization often fails to
keep pace with tumor growth, it is common for subpopulations
of cells within solid tumors to experience very low oxygen and
nutrient levels, as well as high levels of metabolic wastes.
Hypoxic stress in tumor cells has been linked to a number of
phenotypic changes fundamental to malignant progression,
including DNA overreplication, gene amplification, and the
development of resistance to chemotherapeutic agents (44, 45,
47, 62). In addition, recent reports have implicated hypoxia in
the mediation of tumor angiogenesis (40, 52). In these studies,
in situ hybridization analysis of human glioblastoma samples
revealed that probable hypoxic microregions within these
rapidly growing brain tumors specifically produce mRNA for
vascular endothelial growth factor, a mitogen for vascular
endothelial cells. Hypoxic exposure additionally was shown to
produce strong inductions of vascular endothelial growth
factor mRNA in several cultured cell lines (52).

Relatively little is known concerning the genetic basis of
hypoxia-induced phenotypic change. Enhanced synthesis of a
group of hypoxic-stress proteins (oxygen-regulated proteins, or
ORPs) has been demonstrated in a variety of rodent and
human tumor cell lines exposed to low levels of oxygen (25, 26,
50). The three identified ORPs, ORP 33, ORP 80, and ORP
100, are identical or very similar to heat shock protein HSP 32
(heme oxygenase-I) and the glucose-regulated proteins GRP
78 and GRP 94, respectively (38, 46, 50). Recent reports of the
effects of hypoxia on tumor cell gene regulation include
enhancement of epidermal growth factor synthesis, activation
of heat shock transcription factor, and induction of the growth
arrest and DNA damage genes gadd45 and gaddl53 (23, 28,
41). Data concerning the regulation of genetic expression

* Corresponding author. Present address: Dionex Corporation, 500
Mercury Drive, Sunnyvale, CA 94088-3603. Phone: (408) 481-4292.
Fax: (408) 737-2470.

t Present address: Cascan GmbH, 6200 Wiesbaden, Germany.

during hypoxic stress are fragmentary, but a picture in which
cellular metabolism is selectively modified to enhance survival
in low levels of oxygen is emerging. The molecular regulators
involved in this response are unknown. We report here that
hypoxic stress can strongly induce the expression of the c-jun
proto-oncogene and, to lesser degrees, the related genes c-fos
and junB.
The proto-oncogene c-jun plays important roles in cellular

proliferation and signal transduction. Expression of c-jun can
be induced by a variety of stimuli, including tumor promoters
and growth factors, and in response to the expression of certain
transforming and viral proteins (16, 29, 43, 48). The c-jun gene
is the cellular homolog of the transforming gene of avian
sarcoma virus 17 and codes for a major component of the
inducible transcription regulation complex AP-1 (13, 34). AP-1
modulates gene transcription by interacting with specific vari-
ants of the DNA sequence TGA(C/G)TCA. There are AP-1
recognition sites in numerous cellular and viral genes, includ-
ing early simian virus 40 sequences (for a review, see reference
58). It is notable that the promoter region of c-jun contains a
positively acting AP-1 site, so that c-jun transcription can be
directly stimulated by its own gene product (8). In the AP-1
complex, Jun is generally found in noncovalent association
with members of the Jun and Fos protein families through
coiled-coil interactions of leucine zipper domains (22, 56). The
ability of human c-jun to participate in malignant transforma-
tion of mammalian cells was first demonstrated by Schutte and
coworkers (49), who found that deregulated expression of
human c-jun resulted in the oncogenic transformation of a rat
cell line.
Our interest in the involvement of c-jun in hypoxia-regulated

gene expression was initially sparked by reports that the DNA
binding activities of Jun and Fos are modulated by reduction-
oxidation of a single conserved cysteine residue in the DNA
binding domains of each protein (2). Reduction of these
cysteine residues was required for DNA binding. Many reduc-
tive processes are favored in hypoxic cells, including ones
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harnessed clinically to activate bioreductive hypoxic cell cyto-
toxins (reviewed in reference 3). Additional impetus for this
work was drawn from a report that basal-level enhancement
and phorbol ester induction of the mouse heme oxygenase-1
gene (ORP 33) are mediated by two high-affinity distal AP-1
sites (4). To complement ongoing studies of heme oxygenase-1
gene regulation in our laboratory, we have used SiHa cells to
investigate the regulation of c-jun by oxygen tension. SiHa cells
are a human squamous carcinoma line in which heme oxyge-
nase-1 is strongly induced by low-oxygen exposure.
We report here that hypoxic exposure of SiHa human cells

results in increased c-jun mRNA and protein expression and
that hypoxia under low-glucose conditions produces a super-
induction of c-jun message that is similar in several respects to
the induction of c-jun by oxidative insult such as UV irradia-
tion. Interestingly, no increase in either AP-1 DNA binding or

transactivation of an AP-1 reporter construct was concomitant
with the transcriptional activation of c-jun. Although the rate
of synthesis of c-Jun protein increased more than fivefold
during hypoxia when glucose was present, no resulting increase

in AP-1 DNA binding was detected.

MATERLILS AND METHODS

Cell culture. SiHa human cervical squamous carcinoma cells
(American Type Culture Collection, Rockville, Md.) were

cultured in Eagle basal medium containing 10% fetal bovine
serum (BME-10% FBS) at a CO2 level of 5% (Gibco, Grand
Island, N.Y.). Except where noted, SiHa cells were seeded at
1.5 x 106/100-mm-diameter culture dish on day 0 and given
fresh BME-10% FBS on day 3. On day 4, 16 h before hypoxic
exposure, the growth medium was replaced with BME-10%
FBS containing 1 g of glucose per liter or with glucose-free
BME-10% FBS. Cells were exposed to low oxygen levels
within aluminum gas exchange chambers maintained at 37°C
as previously described (28). Briefly, the gas within each
chamber was partially replaced with a 5% C02-95% N2 gas
mixture repeatedly at 10-min intervals until the desired partial
pressure of 02, as monitored by an oxygen electrode (Controls
Katharobic, Gulph Mills, Pa.), was obtained. Except where
indicated, experiments were performed at a partial 02 pressure
of 0.01%, which required 1 h to achieve by our protocol.
Respiratory consumption typically decreased 02 partial pres-
sures to 70 to 80% of the initial value during 5 h of hypoxic
exposure. Preliminary experiments in which cells were treated
with a 20% 02-5% C02-75% N2 normoxic gas mixture
established that cell handling produced no effect on mRNA
levels for the genes studied. Cells maintained in a 37°C CO2
incubator were thereafter used as normoxic controls. After
hypoxic exposure, the pH of cells cultured in BME-10% FBS
was 7.1 to 7.2, whereas that of cells grown in glucose-free
BME-10% FBS was 7.3 to 7.4. Trypan blue excludability was

>93% for all treatments.
Glucose was consumed by plateau-phase normoxic SiHa

cells in 100-mm-diameter plates at approximately 0.15 mg/h, as
determined by hexokinase assay (Sigma Diagnostics, St. Louis,
Mo.). Because cells received 10 ml of fresh medium 16 h
before each experiment, the glucose concentration was typi-
cally 750 to 800 mg/liter at time zero. Glucose consumption
increased during hypoxic exposure to approximately 0.74 mg/h,
which would result in exhaustion of glucose after 10 to 11 h of
hypoxia.

Northern RNA analysis. Total cellular RNA was isolated by
guanidinium lysis and CsCl ultracentrifugation as described
previously (28). Fifteen micrograms of RNA per lane was

electrophoretically separated by using formaldehyde-agarose

gels and blotted by capillary transfer to NitroPlus nitrocellu-
lose membranes (Micron Separations, Westboro, Mass.). 32P-
labeled human c-jun (supplied by I. M. Verma, Salk Institute),
human c-fos (supplied by T. Curran, Hoffmann-La Roche),
human junB (American Type Culture Collection), and rat
,B-actin (supplied by C. Bitler, SRI International) cDNA
probes were prepared by the random primer technique (Mega-
prime kit; Amersham). Where noted, a 32P-end-labeled human
28S rRNA oligonucleotide probe (Clontech, Palo Alto, Calif.)
was used for quantitation. Autoradiography was performed
with Kodak X-AR film and Dupont Cronex Plus intensifying
screens. A Lynx 4000 molecular biology workstation (Applied
Imaging, Santa Clara, Calif.) was used for densitometry.

c-Jun immunoprecipitation. Metabolic labeling of aerobic
samples was performed in a 37°C CO2 incubator, whereas
hypoxic samples were labeled in a 37°C humidified glove
chamber maintained at 0.1 to 0.5% 02 (Anaerobe Systems,
San Jose, Calif.). Samples were labeled for 1 h in 4 ml of
methionine-free BME containing 100 pRCi of [35S]methionine
(Tran35S-label; ICN, Costa Mesa, Calif.) per ml that had been
degassed for several hours in the glove chamber. Glucose-free
labeling medium was used for samples exposed to simulta-
neous oxygen and glucose deprivation. Lysates were prepared
by the denaturing lysis method of Barber and Verma (11).
Cells were rinsed three times in phosphate-buffered saline and
lysed by addition of 0.3 ml of boiling denaturation buffer (50
mM Tris * Cl [pH 8.0], 0.5% sodium dodecyl sulfate [SDS], S
mM dithiothreitol). Plates were thoroughly scraped with a
plastic spatula, and the viscous lysate was transferred to a
1.5-ml centrifuge tube and placed in boiling water for 10 min.
The boiled lysates were then diluted with 1.2 ml of SDS-free
radioimmunoprecipitation assay buffer (10 mM Tris * Cl [pH
7.4], 1% deoxycholate, 1% Nonidet P-40, 150 mM NaCl, 20 ,ug
of aprotinin [Sigma] per ml, 0.25 mM phenylmethylsulfonyl
fluoride) and clarified by centrifugation at 12,000 x g for 10
min.
For immunoprecipitation, two 700-,ul aliquots of each sam-

ple were precleared by addition of 500 ,u of Immunobead
reagent (goat anti-rabbit immunoglobulin) (Bio-Rad, Rich-
mond, Calif.) and rotation overnight at 4°C. After centrifuga-
tion at 1,000 x g for 10 min, supernatants were transferred to
fresh tubes containing 25 ,ul of c-jun/AP-1 abl (Oncogene
Science, Uniondale, N.Y.), an affinity-purified rabbit poly-
clonal antibody, and rotated at 4°C for 5 h. Antigen-antibody
complexes were precipitated by addition of 200 RI of Immu-
nobead reagent, rotation for 2 h at 4°C, and centrifugation at
1,000 x g for 5 min. The pelleted beads were washed three
times by suspension in 500 ,ul of ice-cold SDS-free radioim-
munoprecipitation assay buffer, centrifugation at 1,000 x g for
5 min, and thorough drainage. To release the precipitated
c-Jun, pellets were boiled for 5 min in 35 ,lI of SDS sample
buffer (62.5 mM Tris * Cl [pH 6.8], 10% glycerol, 5% 2-mer-
captoethanol, 2.3% SDS). Immunoprecipitates were resolved
by discontinuous SDS-polyacrylamide gel electrophoresis
(PAGE) (4.5 to 12% acrylamide). After treatment with 1 M
salicylic acid for 30 min, gels were dried and exposed to Kodak
X-AR film at room temperature.
Message stability. The half-life of c-jun mRNA was deter-

mined according to the protocol of Lee et al. (30). After a 3-h
incubation at 0.01% 02, 5 ,ug of actinomycin D per ml was
added to hypoxic samples in the glove chamber (0.1 to 0.5%
02) described above. Total RNA was isolated beginning 10
min after actinomycin D treatment (time zero). To boost the
c-jun signal to detectable levels in aerobic samples, cells were
given fresh BME-10% FBS 90 min before time zero, as
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suggested by Lee et al. (30). RNA samples were then pro-
cessed for Northern blot analysis.

Nuclear runoff. Nuclei from plateau-phase SiHa cells were
isolated on ice in a 4°C room by treatment with 0.5% Nonidet
P-40, 10 mM Tris - Cl (pH 7.4), 10 mM NaCl, and 3 mM MgCl2
as described previously (9). For labeling of nascent RNA, 6 x
107 nuclei were incubated with 0.5 mM (each) ATP, 1TP, and
GTP, 300 pLCi of [32P]UTP (3,000 Ci/mmol), 20 U of Inhibit
Ace (5'->3', Boulder, Co.), and 350 pI of 2x reaction buffer
(33% glycerol, 120 mM HEPES [N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid] [pH 7.0], 4 mM dithiothreitol, 50
mM ammonium sulfate, 6 mM magnesium acetate, 6 mM
MnCl2, 10 mM NaF, 18 mM creatine phosphate, 32 plg of
creatine kinase per ml) at 30°C for 45 min with shaking (39).
The reaction was terminated by digestion with 20 U of RQ1
RNase-free DNase 1 (Promega, Madison, Wis.) and 0.6 ml of
HBS buffer (0.5 M NaCl, 50 mM MgCl2, 2 mM CaCl2, 10 mM
Tris* Cl [pH 7.4]) at 30°C for 15 min. Samples were then
incubated at 37°C for 30 min with 200 pLg of proteinase K
(Promega) and 200 pLI of SDS-Tris buffer (5% SDS, 0.5 M
Tris - Cl [pH 7.4], 0.125 M EDTA) and extracted with phenol-
chloroform. Isolation of RNA by filtration of trichloroacetic
acid precipitates through glass fiber filters and further purifi-
cation were performed as described elsewhere (9).

Nitrocellulose membrane slot blots of 400 ng each of c-jun
cDNA, P-actin cDNA, and linearized pUC19 DNA were
prepared by using a Bio-Dot SF microfiltration apparatus
according to the instructions of the manufacturer (Bio-Rad).
Membranes were prehybridized for 4 h in 4x Denhardt's
solution (5'-->3') containing 1 pg of wheat germ tRNA (Sigma)
per ml and subsequently hybridized for 48 h at 42°C with 6 x
106 cpm of nascent RNA in 50% formamide-50% hybridiza-
tion solution (0.5 N NaCl, 50 mM PIPES [pH 7.0], 2 mM
EDTA, 0.4% SDS) [PIPES is piperazine-N,N'-bis(2-ethanesul-
fonic acid)]. After hybridization, membranes were washed
twice for I h at 45°C in buffer A (300 mM NaCl, 2 mM EDTA,
10 mM Tris- Cl [pH 7.5], 0.1% SDS) and once for 30 min at
45°C in buffer C (10 mM NaCl, 2 mM EDTA, 5 mM Tris * Cl
[pH 7.5], 0.4% SDS). The blots were then washed twice briefly
in buffer A, incubated for 30 min at 37°C in 10 ml of buffer A
containing 100 pug of RNase A, and given a final wash for 1 h
at 450C in buffer A. Kodak X-AR film was used for autora-
diography.

Transfection and reporter gene analysis. Plasmids p(AP-
1)4MCAT2 and pMCAT2 were provided by V. Baichwal,
University of California, Berkeley. In p(AP-1)4MCAT2, a
chloramphenicol acetyltransferase (CAT) gene is placed
downstream of a human metallothionein IIA minimal pro-
moter and four AP-1 recognition sequences (51). pMCAT2 is
the parent plasmid lacking the 68-bp AP-1 insert. Stably
transfected SiHa cells were generated by electroporation with
a 5:1 molar ratio of pSV2neo selection plasmid to p(AP-
1)4MCAT2 or pMCAT2, followed by selection with 400 pug of
G418 sulfate (Gibco) per ml for 3 weeks. Populations of
pooled clones were used for all experiments.
RNase protection assays were used to study AP-1-driven

CAT expression in transfected SiHa cells during the first 3 h of
hypoxic exposure. Tissue culture and experimental conditions
were identical to those described above for the Northern
analyses. Guanidinium lysis and CsCl ultracentrifugation were
used for RNA isolation. To generate the protection assay
riboprobe, the 287-bp HindIll-EcoRI fragment of pCAT-Basic
(Promega) was ligated into pBluescript SK(+) phagemid
(Stratagene). Transcription reactions were performed at 4°C
for 15 h, and the reaction mixtures contained 100 ng of
XhoI-cut plasmid, 15 U of T3 RNA polymerase (Promega), 40

mM Tris-HCl (pH 7.9), 6 mM MgCl2, 10 mM dithiothreitol, 2
mM spermidine, 5.5 puM UTP with 40 pLCi of [32P]UTP, and
500 ipM (each) ATP, CTP, and GTP. Full-length transcripts
were purified by electrophoresis through 5% polyacrylamide-7
M urea gels. Because the probe includes vector sequences, only
214 bp were complementary to CAT mRNA. An Ambion
(Austin, Tex.) RPA II assay kit was used for the RNase
protection assays. Hybridizations were performed with 2 pug of
total cellular RNA and 80,000 cpm (0.2 ng) of riboprobe at
42°C for 15 h. The Ambion hybridization and RNase treatment
protocols were followed. Protected fragments were identified
by autoradiography of 0.35-mm-thick 5% polyacrylamide-7 M
urea gels.

Gel retardation assays. Nuclear extracts were prepared from
plateau-phase SiHa cells by hypotonic lysis and high-salt
extraction as described previously (7). The FBS concentration
in the growth medium was reduced to 0.5% 24 h before each
experiment to reduce basal levels of AP-1 DNA binding.
Binding reaction mixtures typically contained 5 pzg of nuclear
extract, 1 pg of poly(dI * dC), 5 pug of bovine serum albumin,
and 1 to 10 ng of 32P-labeled DNA. Reactions were performed
for 20 to 30 min at room temperature in a binding buffer
containing final concentrations of 20 mM HEPES (pH 7.9),
25% glycerol, 100 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
0.5 mM dithiothreitol, and 0.2 mM phenylmethylsulfonyl flu-
oride. The AP-1 probe DNA was an annealed double-stranded
synthetic oligonucleotide that contains the following consensus
AP-1 recognition sequence:

5'-GATCGGAGCCGCAAGTGACTCAGCGCGG
3'-CCTCGGCGTTCACTGAGTCGCGCCCTAG

Where noted, double-stranded oligonucleotide probes con-
taining the specific AP-1 recognition sequences from the c-jun
promoter region were also used. These probes were identical
to the probes identified as junlTRE and jun2TRE by van Dam
et al. (57).
Protein-DNA complexes were resolved by 5% polyacryl-

amide-0.5 x Tris-borate-EDTA nondenaturing gel electro-
phoresis performed at 4°C and 15-mA constant current. Gels
were subsequently dried and exposed to Kodak X-AR film.

RESULTS
Induction of c-jun by hypoxia in the presence and absence of

glucose. Hypoxic regions of solid tumors are often severely
glucose depleted because of increased glycolytic activity and
inefficient vascular supply. We therefore examined the effects
of hypoxia on gene expression in the presence and absence of
glucose. Plateau-phase SiHa cells were preincubated for 16 h
in BME-10% FBS that was either glucose free or contained 1
g of glucose per liter. The cells then were exposed to a 95%
N2-5% CO2 atmosphere containing 0.01% residual 02 for 2, 4,
or 6 h at 37°C. As shown in Fig. 1, hypoxic exposure in the
presence of glucose produced approximately fivefold induc-
tions of c-jun message levels and more modest inductions of
two- to threefold for c-fos and junB. No effects of glucose
deprivation alone were detectable. Whereas the increases in
junB message caused by simultaneous glucose and oxygen
deprivation were indistinguishable from those caused by hy-
poxia alone, c-fos inductions were increased to approximately
fourfold; >30-fold inductions were observed for c-jun under
these conditions. Similar results were obtained with mouse
EMT/Ro mammary tumor cells and with SiHa cells in BME-
0.5% FBS (data not shown). No inductions were seen in
identically handled SiHa samples exposed to a normoxic gas
mixture containing 75% N2, 5% C02, and 20% 02-
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FIG. 1. Elevation of c-jun, c-fos, and junB mRNA levels during

hypoxia. After 16 h of pretreatment with BME-10% FBS with or
without glucose as indicated, SiHa cells were incubated in 0.01% 02
for 2, 4, or 6 h. Total RNA was isolated at each time point, purified by
CsCl ultracentrifugation, resolved on formaldehyde-agarose gels, blot-
ted to nitrocellulose, and probed with 32P-labeled cDNA probes for
each gene. Exposure times were 16 h for c-jun, 48 h for c-fos and junB,
and 3 h for r-actin.

To determine the level of oxygen required for c-jun induc-
tion, SiHa cells were pretreated with and without glucose as
described above and incubated for 3 h at oxygen levels of 21
(atmospheric partial 02 pressure), 1, 0.1, 0.01, and 0.001%. As
shown in Fig. 2, full inductions at both glucose concentrations
were achieved at 0.1% 02. This level of hypoxia produced
approximately a fivefold c-jun mRNA induction in the pres-
ence of glucose; glucose deprivation synergized with hypoxia to
produce inductions of >30-fold. Interestingly, significant in-
ductions were detected at the relatively high level of 1% 02.

Similar oxygen level dependencies were found for c-fos and
junB (data not shown).

The induction kinetics for c-jun at 0.01% 02 from three
independent experiments are summarized in Fig. 3. To obtain
a reasonably precise zero time point, the normal 1-h gas
exchange protocol was contracted to 10 min; time zero was
defined as the completion of this protocol. Rapid inductions
were observed both in the presence and in the absence of
glucose. A slight peak in mRNA level was consistently seen
after 90 min of hypoxic exposure in samples containing glu-
cose, followed by a decline to a steady-state level about five
times greater than that in aerobic controls. Related experi-
ments showed that the level of c-jun message remained ele-
vated to 16 h of hypoxic exposure (data not shown). Simulta-
neous oxygen and glucose deprivation caused a strong increase
of c-jun message that plateaued at 4 h.
The strong c-jun inductions that result from simultaneous

oxygen and glucose deprivation are reversible, as demon-
strated in Fig. 4. After a 16-h preincubation in the absence of
glucose, cells were exposed to 0.01% 02 in glucose-free
medium for 6 h. Cell viability measured by trypan blue
exclusion was unaffected by this treatment. Plates were then
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FIG. 2. Dependence of c-jun mRNA induction on oxygen level. (A)
After 16 h of pretreatment with BME-10% FBS with or without
glucose as indicated, SiHa cells were incubated for 3 h at 21% (lanes
1 and 6), 1.2% (lanes 2 and 7), 0.1% (lanes 3 and 8), 0.01% (lanes 4
and 9), or 0.001% (lanes 5 and 10) 02. Northern blots of total RNA
were prepared as described in the text and probed with 32P-labeled
cDNA probes for c-jun and 1-actin. (B) Densitometric analysis of
three independent experiments. Error bars represent standard devia-
tions of fold inductions; n = 3.

exposed to atmospheric oxygen, 1 g of glucose per liter, or
both, and total RNA was extracted after recovery times of 1, 2,
and 4 h. For each treatment, c-jun message levels showed
significant movement toward basal level during the 4-h recov-
ery period.

Induction of c-Jun protein. To correlate changes in c-jun
transcript levels with changes in Jun protein synthesis, we
pulse-labeled cells with [35S]methionine and determined rela-
tive c-Jun label incorporation by resolving immunoprecipitates
on SDS-PAGE gels. As a positive control, cultures were
treated with 100 ng of phorbol 12-myristate 13-acetate (TPA;
Sigma) per ml. The rate of total protein synthesis, measured as
total label incorporation, was slightly decreased by hypoxia and
slightly stimulated by TPA (expressed as a percentage of
aerobic control label incorporation: hypoxia, 88% ± 13%;
TPA, 109% ± 19%; n = 3). However, hypoxia in the absence
of glucose severely inhibited protein synthesis to less than 2%
of the levels in aerobic controls, precluding immunoprecipita-
tion for this treatment. Immunoprecipitation was therefore
performed only with samples exposed to hypoxia in the pres-
ence of glucose or 100 ng of TPA per ml and with aerobic
controls. As shown in Fig. 5, synthesis of a 44-kDa protein
recognized by an affinity-purified c-Jun antibody was stimu-
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FIG. 3. Kinetics of c-jun mRNA induction at 0.01% oxygen. After
16 h of pretreatment with BME-10% FBS with or without glucose,
SiHa cells were placed in the hypoxia apparatus. The gas within the
apparatus was rapidly exchanged over a 10-min interval, at which time
0.01% ambient 02 was reached and time zero was defined. Total RNA
was isolated for Northern blot analysis at 0.0, 0.5, 1.0, 1.5, 2.0, and 4.0
h after time zero. For densitometric analysis, the c-jun signal at each
time point was corrected for the corresponding P-actin signal. The
graph represents the pooled results of three independent experiments,
each normalized to the signal at 4 h of hypoxic exposure without
glucose. Error bars represent standard deviations; n = 3.

lated by both hypoxia and TPA treatment. By densitometric
analysis, hypoxic exposure produced a (5.8 ± 2.3)-fold induc-
tion of c-Jun protein synthesis relative to that of aerobic
controls in three independent experiments.

Induction is the result of both message stabilization and
transcriptional activation. Inhibitors of protein synthesis pro-
duce an accumulation of c-jun message in part through mes-
sage stabilization (see reference 20 and references therein).
Because hypoxic stress can depress total protein synthesis, we

Recovery

A H +Ox +Glu ±Ox+GluI
r

Hours: 0 0 I 2 4 2 4 2 4

c-jun

actin

2 3 4 5 6 7 8 9 10 ll

FIG. 4. Reversibility of c-jun mRNA induction caused by simulta-
neous oxygen and glucose deprivation. SiHa cells were incubated in
glucose-free BME-10% FBS for 16 h and then exposed to 0.01% 02
(lanes 2 to 11) for 6 h. Time zero was defined as completion of the
initial 6 h of hypoxic exposure. At time zero, cells were exposed to
atmospheric oxygen in a CO2 incubator (+Ox), 1 g of glucose per liter
in a 37°C humidified 0.1 to 0.5% 02 glove box (+Glu), or both oxygen
and glucose in a CO2 incubator (+Ox+Glu). Samples were lysed for
Northern analysis after 1, 2, and 4 h of recovery. Lane A, aerobic
control at time zero; lane H, hypoxic sample at time zero.
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FIG. 5. Hypoxic induction of a 44-kDa protein recognized by an
affinity-purified c-Jun antibody. SiHa cells were incubated at 0.01% 02
for 1 h, transferred to a 37°C humidified 0.1 to 0.5% 02 glove box, and
labeled for 1 h in 4 ml of degassed methionine-free Dulbecco modified
Eagle medium containing 100 ,uCi of [35S]methionine per ml. As a
positive control, SiHa cells were treated with 100 ng ofTPA per ml for
1 h and then labeled for 1 h in a CO2 incubator. Cells were lysed and
immunoprecipitated as described in the text, using affinity-purified
c-jun/AP-1 abl from Oncogene Science, resolved on discontinuous
SDS-PAGE gels, and exposed to film. Ab lanes, aerobic (A), hypoxic
(H), and TPA-treated (T) samples with primary antibody added; Co
lanes, no primary antibody added.

investigated the effects of hypoxia on c-jun message stability.
Hypoxic samples were exposed to 0.01% 02 in the presence
and absence of glucose for 3 h and transferred to a 37°C glove
box maintained at 0.1 to 0.5% 02. Aerobic and hypoxic
samples then were treated with 5 ,ug of actinomycin D per ml
to block further transcription. Time zero was defined as 10 min
after actinomycin D addition (30). Figure 6 shows a Northern

Minutes: 0 15 30 45 60 75

Aero bic

Hypoxic x -

Hypoxic
- Glu

2 3 4 5 6

FIG. 6. Stabilization of c-jun mRNA by hypoxia. After pretreat-
ment of cells with BME-10% FBS with glucose (upper two panels) or
without glucose (bottom panel) for 16 h, SiHa cells were incubated at
0.01% 02 for 3 h and transferred to a 0.1 to 0.5% 02 glove box.
Aerobic and hypoxic samples were then exposed to 5 jig of actinomy-
cin D per ml. After a 10-min incubation, time zero was defined. Total
RNA was isolated for Northern analysis at the indicated times after
time zero. Aerobic samples were treated with fresh BME-10% FBS 90
min before time zero to boost c-jun message to a detectable level.
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FIG. 7. Transcriptional activation of c-jun and ,B-actin during com-
bined hypoxic and glucose stress. After 16 h of pretreatment of cells
with BME-10% FBS with or without glucose as indicated, SiHa cells
were incubated at 0.01% 02 for 1.5 h. Nascent RNA was labeled with
[32P]UTP and isolated from nuclei as described in the text. For
detection of specific transcripts, 6 x 106 cpm of each sample was

hybridized to nitrocellulose slot blots (400 ng per slot) of c-jun cDNA,
,3-actin cDNA, and linearized pUC19 DNA. Each lane contains
duplicate c-jun and ,-actin slot blots and a single pUC19 slot blot.

blot of total RNA collected at 0, 15, 30, 45, 60, and 75 min after
time zero. Message for c-jun is substantially stabilized in both
hypoxic treatments. Analysis of plots of natural log (intensity)
versus time from two independent experiments gave the fol-
lowing message half-life values: aerobic, 14.1 ± 1.2 min;
hypoxic in the presence of glucose, 51 ± 13 min; and hypoxic
in the absence of glucose, 46 + 14 min. Because c-jun message
was stabilized to the same degree in both hypoxic treatments,
we reasoned that the increased message accumulation seen

during hypoxic treatment in the absence of glucose was the
result of increased transcriptional activity. Nuclear runoff
transcription assays were performed to measure transcriptional
activation directly.

Nuclei were isolated from aerobic cultures and from cultures
incubated at 0.01% 02 in the presence and absence of glucose
for 1.5 h. Incorporation of [32P]UTP per cell into nascent RNA
was identical for aerobic samples and hypoxic samples in the
presence of glucose and was slightly depressed (to 74.7% +

5.7% of aerobic incorporation; n = 2) in samples deprived of
both oxygen and glucose. Specific transcripts were detected by
hybridization of the nascent RNA to slot blots of c-jun cDNA
on nitrocellulose. Slot blots of linearized pUC19 DNA and
,-actin cDNA were included as controls. Equal counts per
minute were added to each hybridization solution, and correc-
tions for differences in label incorporation per cell were
applied during analysis of the results.

Results from the transcription assay are shown in Fig. 7. In
an interesting parallel between hypoxic and oxidative stress,
combined hypoxia and glucose deprivation stimulated ,-actin
transcription. Oxidative stress caused by an extracellular burst
of active oxygen has been reported to produce a similar
induction of 1-actin transcription in mouse epidermal cells
(17). The high basal level of 3-actin present in SiHa cells
partially, but not totally, masks this induction in the Northern
analysis results (e.g., see Fig. 4). In terms of c-jun signal
detected per cell, hypoxia in the presence of glucose produced
a modest increase in signal (3.6 + 1.9 times the value for
aerobic controls; n = 2), whereas a large increase was seen for
hypoxia in the absence of glucose (17.7 ± 8.2 times the value
for aerobic controls). The message half-life and nuclear runoff
data taken together indicate that both message stabilization
and transcriptional activation are involved in the accumulation

of c-jun mRNA during hypoxia. The two mechanisms appear
to make roughly equal contributions to message accumulation
during low-oxygen exposure, whereas the superinduction of
c-jun message seen during combined hypoxic and glucose
stress results from additional transcriptional activation.
No increase in AP-1-mediated transactivation or AP-1 DNA

binding activity is detectable during hypoxic stress. Activation
of c-jun transcription is commonly mediated by positively
acting AP-1 sites within the c-jun promoter region. To test
whether an elevation of AP-1-mediated transactivational activ-
ity was concomitant with the transcriptional activation of c-jun
described above, we generated pools of SiHa cells with stably
integrated AP-1 reporter sequences and performed RNase
protection assays. In the reporter plasmid p(AP-1)4MCAT2,
CAT expression is driven by a tetrad of consensus AP-1
recognition sites (from the simian virus 40 enhancer) inserted
upstream of a human metallothionein IIA minimal promoter
(51). Cells were transfected with a 5:1 molar ratio of pSV2neo
selection plasmid to p(AP-1)4MCAT2 (or pMCAT2, the
empty reporter cassette) and subjected to G418 selection.
Pooled populations of G418-resistant clones were used in our
experiments.
The transfected SiHa populations were untreated or pre-

treated for 16 h with and without glucose, incubated at 0.01%
02 for 3 h, and lysed for RNA preparation exactly as in the
Northern analyses. Aerobic samples treated with 100 ng of
TPA per ml were used as positive controls. Although the TPA
treatment reproducibly resulted in a protected antisense CAT
mRNA fragment from cells harboring the p(AP-1)4MCAT2
construct, hypoxic treatment in the presence or absence of
glucose did not (Fig. 8). Therefore, no increase in transcrip-
tional activity directed by the AP-1 consensus sequence was
detected during hypoxic and low-glucose stress. The results of
this assay suggest that the transcriptional activation of c-jun
during hypoxic and low-glucose stress does not result from a
net increase in consensus AP-1 transactivational activity. How-
ever, an increase in AP-1 activity specific for the AP-1 recog-
nition sequence variants found within the c-jun promoter is not
ruled out by these results.

Gel retardation assays were performed to determine
whether a lack of AP-1 DNA binding was associated with the
observed lack of AP-1 transactivation during hypoxia. The
oligonucleotide probe contained a single consensus AP-1
binding sequence, TGA(C/G)TCA. SiHa cells again were
preincubated for 16 h in BME-0.5% FBS containing either 1 g
of glucose per liter or no glucose and then exposed to 0.01%
02 for up to 12 h. Results of treatments for 0.5 and 6 h are
illustrated in Fig. 9. At all time points to 12 h, TPA treatment
increased AP-1 DNA binding, whereas hypoxic exposure in the
presence or absence of glucose either had no effect or slightly
reduced this activity relative to that of aerobic controls. These
experiments were repeated exhaustively using various binding
buffer concentrations of salt, dithiothreitol, competitor DNA,
and probe DNA, including very high probe concentrations.
Several running buffer pH values were also tried. No increase
in consensus AP-1 DNA binding could be detected for hypoxic
samples under any assay condition. Additional experiments
using probes that contained the specific junlTRE and
jun2TRE AP-1 sequence variants found within the c-jun
promoter (57) similarly detected no increase in AP-1 DNA
binding during hypoxic and low-glucose stress (results not
shown). Taken together with the RNase protection assay
results, the observed absence of increased AP-1 DNA binding
during the initial few hours of hypoxic and low-glucose stress
strengthens the argument that the transcriptional activation of
c-jun under these conditions is not mediated by AP-1 elements,
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FIG. 8. RNase protection assay demonstrating activation of an
AP-1-CAT reporter by TPA treatment but not by hypoxic and low-
glucose stress. SiHa cells stably transfected with pMCAT2 or p(AP-
1)4MCAT2 as indicated were pretreated and exposed to 0.01% oxygen
for 3 h as described for the Northern analysis in Fig. 2. In lanes 3 to 12,
2 ,ug of total cellular RNA was hybridized to 80,000 cpm (0.2 ng) of
antisense CAT riboprobe. Because vector sequences were also present
in the probe, only the 214-bp antisense region was protected by the
CAT mRNA. Lanes: Cl, undigested riboprobe; C2, no cellular RNA
added; A, aerobic samples, -G, samples without glucose; H, hypoxic
samples; T, TPA-treated samples.

1/2h

although promoter mapping studies will be required to confirm
this hypothesis. We found the lack of increased AP-1 DNA
binding during prolonged oxygen deprivation somewhat sur-
prising in light of our finding that c-Jun protein production
becomes elevated greater than fivefold during hypoxia in the
presence of glucose. The newly synthesized c-Jun protein
produced no detectable increase in basal AP-1 DNA binding
levels, which suggests the possible production of a latent c-Jun
pool under these stress conditions. Alternatively, the newly
synthesized c-Jun may be utilized in a DNA binding complex
that is specific for DNA sequences distinct from those used in
our study.

Superinduction of c-jun is sensitive to protein kinase C
depletion and N-acetyl cysteine (NAC) treatment. Heme levels
have been implicated in the regulation of hypoxia-responsive
genes in yeast cells and in mammalian cells. Rat and human
ORP 33 (heme oxygenase-1) expression can be stimulated by
heme compounds (33, 61). Heme represses the expression of
the anaerobic gene ANB1 in Saccharomyces cerevisiae, whose
product interestingly shows extensive homology to the human
and rabbit translation initiation factor eIF-4D (32, 35). To test
the possibility that heme could similarly repress anaerobic
induction of c-jun, we pretreated SiHa cultures for 16 h with 30
1iM hemin in the presence and absence of glucose and exposed
them to 0.01% 02 for 3 h. Hemin exposure produced no effect
on aerobic, hypoxia-induced, or TPA-induced levels of c-jun
mRNA (data not shown). In contrast, cycloheximide treatment
strongly induced c-jun message levels in SiHa cells, which
precluded the use of cycloheximide to study the mechanism of
hypoxic c-jun induction.

Protein kinase C mediates the induction of c-jun by various
stimuli, includihg TPA (29). To investigate protein kinase C
involvement in the hypoxic induction of c-jun, we depleted
protein kinase C activity by treatment of cells with 100 ng of

6h

'0 A A-G H H-G T C

1 2 3 4 5 6 7

0 A A-G H H-G T C I

8 9 10 11 12 13 14

FIG. 9. Hypoxic exposure induces no AP-1 DNA binding. After pretreatment of cells with BME-0.5% FBS or glucose-free (-G) BME-0.5%
FBS for 16 h, SiHa cells were incubated at 0.01% 02 for the indicated times. Gel retardation assays were performed with a consensus sequence
AP-1 probe as described in the text. Lanes 1 and 8, no cell extract added; lanes 7 and 14, duplicates of lanes 4 and 11, respectively, but containing
a 50-fold excess of unlabeled probe DNA. A, aerobic samples; H, hypoxic samples; T, TPA-treated samples; C, competitor.
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FIG. 10. Reduction of c-jun message accumulation during combined hypoxic and glucose stress by pretreatment of cells with TPA or NAC. (A)
SiHa cells were incubated with 100 ng of TPA per ml or with dimethyl sulfoxide carrier for 40 h and then exposed to 0.01% 02 for 3 h. Cells were
given fresh BME-10% FBS with or without glucose, along with fresh TPA or dimethyl sulfoxide, 16 h before hypoxic exposure. (B) After incubation
in BME-10% FBS with or without glucose for 15 h, cells were treated with 40 mM NAC for 1 h and exposed to 0.01% 02 for 3 h. Northern blots
of total RNA were prepared as described in the text and probed with 32P-labeled probes for c-jun and 28S rRNA. For densitometric analysis, the
c-jun signal for each treatment was corrected for the corresponding 28S signal. The results of two (TPA) or three (NAC) independent experiments
are represented, each normalized to the control induction (hypoxia minus glucose). Error bars represent standard deviations.

TPA per ml for 40 h before hypoxic exposure (reference 27 and
references therein). As shown in Fig. 10A, this treatment
eliminated c-jun responsiveness to an additional TPA chal-
lenge, which indicates depletion of protein kinase C activity.
Transcripts for c-jun were still inducible by exposure to 0.01%
02 for 3 h. Although the level of induction caused by hypoxia
in the presence of glucose was unaffected by TPA pretreat-
ment, the induction produced by simultaneous oxygen and
glucose deprivation was attenuated by about half (to 0.44 ±

0.09 of the nonpretreated value; n = 2). This result may reflect
an involvement of protein kinase C in the large transcription
activation of c-jun seen during combined hypoxic and glucose
stress.
The induction of c-jun message caused by oxidative stress

from UV irradiation can be blocked by preincubation of cells
with NAC (19). NAC can readily enter cells. There it is
converted to glutathione (GSH), which participates in the
intracellular GSH redox buffering system (36). To further
probe the parallels between hypoxic and oxidative stress, we
preincubated cells with NAC for 1 h before hypoxic exposure.
As shown in Fig. 10B, NAC had no statistically significant
effect on the induction of c-jun by hypoxia in the presence of
glucose or by TPA. However, the magnitude of the induction
caused by simultaneous oxygen and glucose deprivation was
decreased in the presence of NAC to approximately that seen
for hypoxic stress alone. NAC treatment had no effect on
aerobic c-jun message levels, in contrast to the results of
studies in which HeLa cells were used (37). These results
provide an additional link between the superinduction of c-jun
caused by oxidative stress and that caused by combined oxygen
and glucose deprivation (see Discussion). The connection
between the TPA and NAC results is not clear, but it is
interesting that tyrosine kinases play a central role in the
mammalian UV response (19).

DISCUSSION
We have shown that both message stabilization and tran-

scriptional activation contribute to the increased levels of c-jun
mRNA found during hypoxic stress. Combined oxygen and
glucose deprivation produces superinduced c-jun mRNA levels
in a manner that resembles an oxidative-stress response in

several respects. First, the c-jun induction characteristics
closely parallel those observed in HeLa cells exposed to
260-nm irradiation (18). In that study, UV exposure rapidly
induced mRNA for c-jun 55-fold, whereas c-fos and junB
message levels showed more modest increases. UV was a
stronger inducer of c-jun than TPA, but both c-fos and junB
were more responsive to TPA than to UV. These same findings
hold true during the cellular response to simultaneous hypoxic
and glucose stress. Second, c-jun and P-actin show concomitant
transcriptional activation, as has been demonstrated in mouse
JB6 cells exposed to an extracellular burst of active oxygen
generated by xanthine-xanthine oxidase treatment (17). Third,
the superinduction of c-jun mRNA is blocked by preincubation
of cells with the GSH precursor NAC. NAC similarly blocks
the induction of c-jun mRNA by UV (19). These three
parallels with oxidative stress may be related to a depletion of
the intracellular reduced GSH pool during combined oxygen
and glucose deprivation. Presumably, production of NADPH
via the pentose phosphate pathway is strongly suppressed by
these starvation conditions. Because GSH turnover is fueled by
NADPH, the redox balance maintained by the intracellular
GSH redox buffer system may undergo an oxidative shift. We
are preparing to test this hypothesis by direct measurement of
intracellular reduced and oxidized GSH.

In contrast to studies with UV-irradiated cells, however, we
find no evidence that the transcriptional activation of c-jun
observed during hypoxic and low-glucose stress is mediated by
AP-1 response elements. AP-1 DNA binding and transactiva-
tion of an AP-1-CAT reporter both remain at basal levels
during the first few hours of stress, whereas TPA treatment
stimulates these activities. In UV-irradiated HeLa cells, AP-1
elements clearly have been shown to mediate the transcrip-
tional response of the c-jun gene (18, 54). The identification of
hypoxic response elements within the promoter regions of
c-jun and other ORPs is a current focus in our laboratory.

During more prolonged hypoxic exposure in the presence of
glucose, we have found that elevated levels of c-Jun protein
expression fail to result in increased AP-1 DNA binding. The
DNA binding activity of Jun is subject to multiple regulatory
mechanisms involving dimerization partner, phosphorylation-
dephosphorylation, and reduction-oxidation. Jun can form
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heterodimers with at least nine other leucine zipper proteins
(10). The different heterodimers generally exhibit distinct
characteristics of DNA interaction. For example, Jun/ATF-2
heterodimers have a much greater binding affinity for CRE
sequences than for AP-1 sites (24). Under conditions of low
oxygen, c-jun is induced to a greater degree than c-fos.
Selective expression of this type would be an effective mecha-
nism for the cellular production of Jun protein under condi-
tions in which it can bind with dimerization partners other than
Fos, possibly producing heterodimers that preferentially inter-
act with sequences distinct from AP-1 recognition sites.
The undetectable DNA binding activity of c-Jun produced

during hypoxic stress may also be related to its phosphorylation
state. The DNA binding and transactivational activities of
c-Jun are modulated by at least five sites of serine and
threonine phosphorylation (12, 15, 21, 42, 53). Three phos-
phorylation sites located adjacent to the DNA binding domain
reportedly can modulate DNA binding directly. Two or three
of these sites are phosphorylated in resting fibroblasts and
epithelial cells, resulting in inhibition of DNA binding activity
(15). Treatment with phorbol esters leads to dephosphoryla-
tion of at least one of these residues and is coincident with an

increase in DNA binding. Evidence that casein kinase II may
be responsible for in vivo negative regulation of c-Jun DNA
binding by this mechanism has been presented elsewhere (31).
Regulation of AP-1 DNA binding by phosphorylation is likely
to involve additional complexities, judging by the conflicting
results being produced by different laboratories (10). The
phosphorylation state of Jun under hypoxic stress has not yet
been determined.
The DNA binding activity of Jun-Jun homodimers and

Jun-Fos heterodimers can also be regulated by reduction-
oxidation of a cysteine residue within the DNA binding
domains of each protein. Reduction of these cysteines is
necessary for high-affinity DNA binding (1, 2). A 37-kDa
nuclear factor exhibiting redox activity for these cysteines has
been isolated from HeLa cells and cloned (59). This protein,
Ref-1, is identical to the human apurinic-apyrimidinic endo-
nuclease HAP1 (60). Ref-1 is therefore a bifunctional protein
possessing both AP-1 redox and DNA repair activities. If the
critical cysteines are not maintained in a reduced state, the
DNA binding activity of Jun protein produced during hypoxia
will be inhibited.

Further studies will be needed to determine the phenotypic
consequences of elevated levels of c-Jun expression in hypoxic
cells. Like many components of the cellular pathways through
which growth signals are transduced, c-Jun has oncogenic
potential that can be activated by structural changes or by
aberrant expression. Several studies support a conclusion that
c-jun overexpression in mammalian cells is at best weakly
oncogenic but can cooperate with other growth signals to
produce transformation (see reference 58). Recent studies of
cells derived from transgenic mice that harbor the bovine
papillomavirus type 1 genome demonstrate that elevation of
the levels of c-jun andjunB expression can cause progression of
fibromastoses to fibrosarcomas (14). Interestingly, normal rat
fibroblasts exposed to anoxic conditions undergo a stepwise
series of alterations that parallel certain changes associated
with malignancy (55). Transcriptional activation of VL30 se-

quences is the initial response (6), followed by secretion of the
cancer-associated metalloproteinases cathepsin D and cathep-
sin L (5) and by the induction of an endonuclease activity that
has been proposed as a potential cause of genomic instability in
cancer cells (55). The role of c-jun expression in hypoxia-
induced phenotypic change has not yet been investigated in
normal cells or in tumor cells. Such studies are likely to provide

insight into the mechanisms by which microenvironments
within solid tumors influence malignant progression and ther-
apeutic resistance.

ACKNOWLEDGMENTS

We thank Catherine M. Bitler and Steven C. Miller of SRI
International for many helpful discussions. A. Merrill Knapp of SRI
provided technical advice and helped with the artwork. Hendrik
Vreman and Pamela Rodgers of Stanford University generously
provided reagents and advice for the hemin pretreatment experiments.
Work was supported by grant CA 20329 from the National Institutes

of Health and by American Cancer Society grant CB-22D. B.B.-F. was
supported by the Alexander von Humboldt Foundation (Feodor-
Lynen-Program).

REFERENCES
1. Abate, C., D. Luk, and T. Curren. 1990. A ubiquitous nuclear

protein stimulates the DNA-binding activity of Fos and Jun
indirectly. Cell Growth Differ. 1:455-462.

2. Abate, C., L. Patel, F. J. Rauscher III, and T. Curran. 1990. Redox
regulation of Fos and Jun DNA-binding activity in vitro. Science
249:1157-1161.

3. Adams, G. E., A. Breccia, E. M. Fielden, and P. Wardman. 1990.
Selective activation of drugs by redox processes. Plenum Press,
New York.

4. Alam, J., and D. Zhining. 1992. Distal AP-1 binding sites mediate
basal level enhancement and TPA induction of the mouse heme
oxygenase-1 gene. J. Biol. Chem. 267:21894-21900.

5. Anderson, G. R., D. L. Stoler, and L. A. Scarcello. 1989. Normal
fibroblasts responding to anoxia exhibit features of the malignant
phenotype. J. Biol. Chem. 264:14885-14892.

6. Anderson, G. R., D. L. Stoler, and L. A. Scarcello. 1989. Retro-
transposon-like VL30 elements are efficiently induced in anoxic
rat fibroblasts. J. Mol. Biol. 205:765-769.

7. Andrews, N. C., and D. V. Faller. 1991. A rapid micropreparation
technique for extraction of DNA-binding proteins from limiting
numbers of mammalian cells. Nucleic Acids Res. 19:2499.

8. Angel, P., K. Hattori, T. Smeal, and M. Karin. 1988. The jun
proto-oncogene is positively autoregulated by its product, Jun/
AP-1. Cell 55:875-885.

9. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G.
Seidman, J. A. Smith, and K. Struhl. 1990. Current protocols in
molecular biology, p. 4.10.1-4.10.9. Wiley Interscience, New York.

10. Baker, S. J., T. K. Kerppola, D. Luk, M. T. Vanderberg, D. R.
Marshak, T. Curran, and C. Abate. 1992. Jun is phosphorylated by
several protein kinases at the same sites that are modified in
serum-stimulated fibroblasts. Mol. Cell. Biol. 12:4694-4705.

11. Barber, J. R., and I. M. Verma. 1987. Modification offos proteins:
phosphorylation of c-fos, but not v-fos, is stimulated by 12-
tetradecanoyl-phorbol-13-acetate and serum. Mol. Cell. Biol.
7:2201-2211.

12. Binetruy, B., T. Smeal, and M. Karin. 1991. Ha-Ras augments
c-Jun activity and stimulates phosphorylation of its activation
domain. Nature (London) 351:122-127.

13. Bohmann, D., T. J. Bos, A. Admon, T. Nishimura, P. K. Vogt, and
R. Tjian. 1987. Human proto-oncogene c-jun encodes a DNA
binding protein with structural and functional properties of tran-
scription factor AP-1. Science 238:1386-1392.

14. Bossy-Wetzel, E., R. Bravo, and D. Hanahan. 1992. Transcription
factors JunB and c-Jun are selectively up-regulated and function-
ally implicated in fibrosarcoma development. Genes Dev. 6:2340-
2351.

15. Boyle, W. J., T. Smeal, L. H. K. Defize, P. Angel, J. R. Woodgett,
M. Karin, and T. Hunter. 1991. Activation of protein kinase C
decreases phosphorylation of c-Jun at sites that negatively regulate
its DNA-binding activity. Cell 64:573-584.

16. Brenner, D. A., M. O'Hara, P. Angel, M. Chojkier, and M. Karin.
1989. Prolonged activation of jun and collagenase genes by tumor
necrosis factor-a. Nature (London) 337:661-663.

17. Crawford, D., I. Zbinden, P. Amstad, and P. Cerutti. 1988. Oxidant
stress induces the protooncogenes c-fos and c-myc in mouse

epidermal cells. Oncogene 3:27-32.

MOL. CELL. BIOL.



HYPOXIC REGULATION OF c-jun 5041

18. Devary, Y., R. A. Gottlieb, L. F. Lau, and M. Karin. 1991. Rapid
and preferential activation of the c-jun gene during the mamma-
lian UV response. Mol. Cell. Biol. 11:2804-2811.

19. Devary, Y., R. A. Gottlieb, T. Smeal, and M. Karin. 1992. The
mammalian ultraviolet response is triggered by activation of src
tyrosine kinases. Cell 71:1081-1091.

20. Edwards, D. R., and L. C. Mahadevan. 1992. Protein synthesis
inhibitors differentially superinduce c-fos and c-jun by three
distinct mechanisms: lack of evidence for labile repressors. EMBO
J. 11:2415-2424.

21. Franklin, C. C., V. Sanchez, F. Wagner, J. R. Woodgett, and A. S.
Kraft. 1992. Phorbol ester-induced amino-terminal phosphoryla-
tion of human Jun but not JunB regulates transcriptional activa-
tion. Proc. Natl. Acad. Sci. USA 89:7247-7251.

22. Gentz, R, F. J. Rauscher Ill, C. Abate, and T. Curran. 1989.
Parallel association of Fos and Jun leucine zippers juxtaposes
DNA binding domains. Science 243:1695-1699.

23. Giaccia, A. J., E. A. Auger, A. Koong, D. J. Terris, A. I. Minchin-
ton, G. M. Hahn, and J. M. Brown. 1992. Activation of the heat
shock transcription factor by hypoxia in normal and tumor cell
lines in vivo and in vitro. Int. J. Radiat. Oncol. Biol. Phys.
23:891-897.

24. Hai, T., and T. Curran. 1991. Cross-family dimerization of tran-
scription factors Fos/Jun and ATF/CREB alters DNA binding
specificity. Proc. Natl. Acad. Sci. USA 88:3720-3724.

25. Heacock, C. S., and R. M. Sutherland. 1986. Induction character-
istics of oxygen regulated proteins. Int. J. Radiat. Oncol. Biol.
Phys. 12:1287-1290.

26. Heacock, C. S., and R. M. Sutherland. 1990. Enhanced synthesis of
stress proteins caused by hypoxia and relation to altered cell
growth and metabolism. Br. J. Cancer 62:217-225.

27. Kikkawa, U., A. Kishimoto, and Y. Nishizuka. 1989. The protein
kinase C family: heterogeneity and its implications. Annu. Rev.
Biochem. 58:31-44.

28. Laderoute, K. R, T. D. Grant, B. J. Murphy, and R M. Suther-
land. 1992. Enhanced epidermal growth factor receptor synthesis
in human squamous carcinoma cells exposed to low levels of
oxygen. Int. J. Cancer 52:428-432.

29. Lamph, W. W., P. Wamsley, P. Sassone-Corsi, and I. M. Verma.
1988. Induction of proto-oncogene JUN/AP-1 by serum and TPA.
Nature (London) 334:629-631.

30. Lee, W. F., C. Lin, and T. Curran. 1988. Activation of the
transforming potential of the human fos proto-oncogene requires
message stabilization and results in increased amounts of partially
modified fos protein. Mol. Cell. Biol. 8:5521-5527.

31. Lin, A., J. Frost, T. Deng, T. Smeal, N. Al-Alawi, U. Kikkawa, T.
Hunter, D. Brenner, and M. Karin. 1992. Casein kinase II is a
negative regulator of c-Jun DNA binding and AP-1 activity. Cell
70:777-789.

32. Lowry, C. V., and R. H. Lieber. 1986. Negative regulation of the
Saccharomyces cerevisiae ANB1 gene by heme, as mediated by the
ROX1 gene product. Mol. Cell. Biol. 6:4145-4148.

33. Maines, M. D. 1988. Heme oxygenase: function, multiplicity,
regulatory mechanisms, and clinical applications. FASEB J.
2:2557-2568.

34. Maki, Y., T. J. Bos, C. Davis, M. Starbuck, and P. K. Vogt. 1987.
Avian sarcoma virus 17 carries the jun oncogene. Proc. Natl. Acad.
Sci. USA 84:2848-2852.

35. Mehta, K. D., D. Leung, L. Lefebvre, and M. Smith. 1990. The
ANBI locus of Saccharomyces cerevisiae encodes the protein
synthesis initiation factor eIF-4D. J. Biol. Chem. 265:8802-8807.

36. Meister, A. 1991. Glutathione deficiency produced by inhibition of
its synthesis, and its reversal; applications in research and therapy.
Pharmacol. Ther. 51:155-194.

37. Meyer, M., R. Schreck, and P. A. Baeuerle. 1993. H202 and
antioxidants have opposite effects on activation of NF-KB and
AP-1 in intact cells: AP-1 as secondary antioxidant-responsive
factor. EMBO J. 12:2005-2015.

38. Murphy, B. J., K. R. Laderoute, S. M. Short, and R. M. Suther-
land. 1991. The identification of heme oxygenase as a major
hypoxic stress protein in Chinese hamster ovary cells. Br. J. Cancer
64:69-73.

39. O'Conner, J. L., and M. F. Wade. 1992. Determination of coexist-

ing nuclear transcription rates and cytoplasmic mRNA levels for
gonadotropin subunit genes in rat anterior pituitary. BioTech-
niques 12:238-243.

40. Plate, K. H., G. Breier, H. A. Weich, and W. Risau. 1992. Vascular
endothelial growth factor is a potential tumour angiogenesis factor
in human glioma in vivo. Nature (London) 359:845-848.

41. Price, B. D., and S. K. Calderwood. 1992. gadd45 and gaddl53
messenger RNA levels are increased during hypoxia and after
exposure to agents which elevate the levels of the glucose-
regulated proteins. Cancer Res. 52:3814-3817.

42. Pulverer, B. J., J. M. Kyriakis, J. Avruch, E. Nikolakaki, and J. R.
Woodgett. 1991. Phosphorylation of c-jun mediated by MAP
kinases. Nature (London) 353:670-674.

43. Quantin, B., and R. Breathnach. 1988. Epidermal growth factor
stimulates transcription of the c-jun proto-oncogene in rat fibro-
blasts. Nature (London) 334:538-539.

44. Rice, G. C., C. Hoy, and R. T. Schimke. 1986. Transient hypoxia
enhances the frequency of dihydrofolate reductase gene amplifi-
cation in Chinese hamster ovary cells. Proc. Natl. Acad. Sci. USA
83:5978-5982.

45. Rice, G. C., V. Ling, and R. T. Schimke. 1987. Frequencies of
independent and simultaneous selection of Chinese hamster cells
for methotrexate and doxorubicin (adriamycin) resistance. Proc.
Natl. Acad. Sci. USA 84:9261-9264.

46. Roll, D. E., B. J. Murphy, K. R. Laderoute, R. M. Sutherland, and
H. C. Smith. 1991. Oxygen regulated 80 kDa protein and glucose
regulated 78 kDa protein are identical. Mol. Cell. Biochem.
103:141-148.

47. Sakata, K., T. T. Kwok, B. J. Murphy, K. R. Laderoute, G. R.
Gordon, and R M. Sutherland. 1991. Hypoxia-induced drug
resistance: comparison to P-glycoprotein-associated drug resis-
tance. Br. J. Cancer 64:809-814.

48. Schonthal, A., S. Srinivas, and W. Eckhart. 1992. Induction of
c-jun protooncogene expression and transcription factor AP-1
activity by the polyoma virus middle-sized tumor antigen. Proc.
Natl. Acad. Sci. USA 89:4972-4976.

49. Schutte, J., J. D. Minna, and M. J. Birrer. 1989. Deregulated
expression of human c-jun transforms primary rat embryo cells in
cooperation with an activated c-Ha-ras gene and transforms
Rat-la cells as a single gene. Proc. Natl. Acad. Sci. USA 86:2257-
2261.

50. Sciandra, J. J., J. R. Subjeck, and C. S. Hughes. 1984. Induction of
glucose-regulated proteins during anaerobic exposure and of
heat-shock proteins after reoxygenation. Proc. Natl. Acad. Sci.
USA 81:4843-4847.

51. Seto, E., P. J. Mitchell, and T. S. B. Yen. 1990. Transactivation by
the hepatitis B virus X protein depends on AP-2 and other
transcription factors. Nature (London) 344:72-74.

52. Shweiki, D., A. Itin, D. Soffer, and E. Keshet. 1992. Vascular
endothelial growth factor induced by hypoxia may mediate hy-
poxia-initiated angiogenesis. Nature (London) 359:843-845.

53. Smeal, T., B. Binetruy, D. Mercola, A. Grover-Bardwick, G.
Heidecker, U. R. Rapp, and M. Karin. 1992. Oncoprotein-medi-
ated signalling cascade stimulates c-Jun activity by phosphoryla-
tion of serines 63 and 73. Mol. Cell. Biol. 12:3507-3513.

54. Stein, B., P. Angel, H. van Dam, H. Ponta, P. Herrlich, A. van der
Eb, and H. J. Rahmsdorf. 1992. Ultraviolet-radiation induced
c-jun gene transcription: two AP-1 like binding sites mediate the
response. Photochem. Photobiol. 55:409-415.

55. Stoler, D. L., G. R. Anderson, C. A. Russo, A. M. Spina, and T. A.
Beerman. 1992. Anoxia-inducible endonuclease activity as a po-
tential basis of the genomic instability of cancer cells. Cancer Res.
52:4372-4378.

56. Turner, R, and R. Tjian. 1989. Leucine repeats and an adjacent
DNA binding domain mediate the formation of functional cFos-
cJun heterodimers. Science 243:1689-1694.

57. van Dam, H., M. Duyndam, R. Rottier, A. Bosch, L. de Vries-
Smits, P. Herrlich, A. Zantema, P. Angel, and A. J. van der Eb.
1993. Heterodimer formation of cJun and ATF-2 is responsible for
induction of c-jun by the 243 amino acid adenovirus ElA protein.
EMBO J. 12:479-487.

58. Vogt, P. K., and T. J. Bos. 1990. jun: oncogene and transcription
factor. Adv. Cancer Res. 55:1-35.

VOL. 14, 1994



5042 AUSSERER ET AL. MOL. CELL. BIOL.

59. Xanthoudakis, S., and T. Curran. 1992. Identification and char-
acterization of Ref-1, a nuclear protein that facilitates AP-1
DNA-binding activity. EMBO J. 11:653-665.

60. Xanthoudakis, S., G. Miao, F. Wang, Y.-C. E. Pan, and T. Curran.
1992. Redox activation of Fos-Jun DNA binding activity is medi-
ated by a DNA repair enzyme. EMBO J. 11:3323-3335.

61. Yoshida, T., P. Biro, T. Cohen, R. M. Muller, and S. Shibahara.
1988. Human heme oxygenase cDNA and induction of its mRNA
by hemin. Eur. J. Biochem. 171:457-461.

62. Young, S. D., R. S. Marshall, and R. P. Hill. 1988. Hypoxia induces
DNA overreplication and enhances metastatic potential of murine
tumor cells. Proc. Natl. Acad. Sci. USA 85:9533-9537.


