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Hypoxia and anoxia are important microenvironmental stresses that contribute to pathological events such
as solid-tumor development. We have been investigating the effects of hypoxia and anoxia on expression of the
proto-oncogene c-jun and the regulation of c-Jun/AP-1 transcription factors. In earlier work using genetically
manipulated mouse embryo fibroblasts (mEFs), we found a functional relationship among c-jun expression,
c-Jun N-terminal phosphorylation, and the presence of hypoxia-inducible factor 1� (HIF-1�), the oxygen-
regulated subunit of the HIF-1 transcription factor. Both the induction of c-jun mRNA expression and c-Jun
N-terminal phosphorylation in cells exposed to hypoxia or anoxia were found to be dependent on the presence
of HIF-1�, but this was not the case in cells exposed to less-severe hypoxia. Here we describe new findings
concerning HIF-1-dependent c-Jun N-terminal phosphorylation in cells exposed to hypoxia or anoxia. Specif-
ically, we report that hypoxia-inducible c-Jun N-terminal kinase (JNK) activity, which involves JNKs or
stress-activated protein kinases (SAPKs), is dependent on enhanced glucose utilization mediated by HIF-1.
These results suggest a model in which hypoxia-inducible JNK activity is connected to oxygen sensing through
increased glucose absorption and/or glycolytic activity regulated by the HIF-1 system. We also found that basal
threonine and tyrosine phosphorylation (within the TEY motif) of extracellular signal-regulated kinases 1 and
2 (ERK1/2) and the corresponding ERK1/2 activity were defective in hypoxic HIF-1�-null mEFs but not in
wild-type mEFs, independently of glucose uptake. Therefore, the activities of both JNKs/SAPKs and ERK1/2
are sensitive to HIF-1-dependent processes in cells exposed to hypoxia or anoxia.

The c-Jun protein is a subunit of AP-1 transcription factors,
pleiotropic regulators that influence the proliferation, survival,
and differentiation of both normal and transformed cells (re-
viewed in references 34, 52, and 63). We have been investigat-
ing the response of c-Jun/AP-1 to low-oxygen conditions (hyp-
oxia and anoxia), particularly those present within the
microenvironments of solid tumors (3, 27–29). The transcrip-
tional and posttranscriptional activation of c-Jun/AP-1 by hy-
poxic or anoxic stress has been reported for various normal and
transformed cells (2, 3, 5, 36, 45, 60, 64, 65), indicating that it
is generally sensitive to changes in ambient oxygen concentra-
tion. Recently we demonstrated that phosphorylation of c-Jun
within its N-terminal region in cells exposed to hypoxia or
anoxia is dependent on the presence of hypoxia-inducible fac-
tor 1 (HIF-1) (27), the principal transcriptional regulator of
hypoxia-responsive gene expression in mammalian cells (re-
cently reviewed in references 19, 51, and 61). In general, we
found that the pattern of hypoxia-inducible c-Jun N-terminal
phosphorylation is biphasic, consisting of early HIF-1-indepen-
dent and late HIF-1-dependent components (27). The func-
tional relationship demonstrated between c-Jun/AP-1 and
HIF-1 in hypoxic cells (2, 27) suggests a high level of organi-
zation—a network ensuring that hypoxic or anoxic signals are
interpreted appropriately in a particular cell or tissue. Little is

known, however, of the pathways responsible for the activation
of c-Jun/AP-1 by hypoxic signals.

Protein kinases that directly or indirectly modulate c-Jun/
AP-1 activity in vivo include members of the mitogen-activated
protein kinase (MAPK) family (c-Jun N-terminal kinases
[JNKs]/stress-activated protein kinases [SAPKs] and extracel-
lular signal-regulated kinases 1 and 2 [ERK1/2]), glycogen
synthase kinase 3 (GSK3), casein kinase II (CKII), and c-Abl
(6, 26, 30, 31, 41). It has been established that phosphorylation
of the c-Jun N-terminal region (e.g., by JNKs/SAPKs) is im-
portant for its transactivation function in an AP-1 complex,
whereas phosphorylation of the C-terminal region (e.g., by
GSK3 or CKII) inhibits the specific DNA binding function
of c-Jun (26, 41). Both GSK3 and CKII have been reported
to be sensitive to hypoxia (11, 23), although we have not
been able to detect changes in their activities in cells ex-
posed to the low oxygen conditions normally used in our
studies (pO2, �0.1%). To further investigate the mechanism
of HIF-1-dependent N-terminal phosphorylation of c-Jun in
cells exposed to hypoxia or anoxia, we compared the phos-
phorylation of the c-Jun N-terminal region in normoxic and
hypoxic cultures of wild-type (wt) and HIF-1�-null mouse
embryo fibroblasts (mEFs). In addition, we investigated
whether hypoxia-inducible c-Jun phosphorylation is depen-
dent on the presence of factors within the extracellular
medium of hypoxic cultures. Here we describe the major
finding that glucose utilization mediated by HIF-1 activity is
a critical factor determining the N-terminal phosphorylation
response of c-Jun to hypoxia or anoxia.
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MATERIALS AND METHODS

Materials. A glutathione S-transferase (GST) fusion protein containing the
c-Jun N-terminal region [GST–c-Jun(1-141)] was expressed in Escherichia coli
from a pGEX-2T plasmid [GST–c-Jun(1-141)–pGEX-2T] and purified from
lysates by capture on glutathione-Sepharose 4B beads (Amersham Biosciences),
as described in detail in reference 29. Mutated versions of the GST–c-Jun(1-141)
protein described below were purified by the same protocol. Where needed, free
GST–c-Jun(1-141) protein was prepared by elution from the beads with a glu-
tathione (GSH) solution (10 mM GSH, 25 mM Tris-HCl [pH 7.5], 1 mM EDTA,
1 mM dithiothreitol [DTT], 5% glycerol) followed by dialysis at 4°C in a buffer
containing 10 mM MgCl2, 50 mM Tris-HCl (pH 7.5), 5 mM NaF, and 1 mM
Na3VO4. Site-specific mutations were made in GST–c-Jun(1-141)–pGEX-2T by
using a QuikChange site-directed mutagenesis kit (Invitrogen) according to the
supplier’s instructions. The following primers were used to produce mutations in
c-Jun N-terminal phosphorylation sites from this template (mutated bases are
underlined): for S63A, 5�-CTCGGACCTCCTCACCGCGCCCGACGTGGGG
CT-3� (forward) and 5�-AGCCCCACGTCGGGCGCGGTGAGGAGGTCCG
AG-3� (reverse); for T9193A, 5�-CACATCACCACCGCGCCAGCCCCCACC
CAGTTC-3� (forward) and 5�-GAACTGGGTGGGGGCTGGCGCGGTGGT
GATGTG-3� (reverse). The S63 S73A mutation was prepared similarly by using
the S63A mutant as a template and the following primers for constructing an
S73A mutation: 5�-TGCTCAAGCTGGCGGCGCCCGAGCTGGAG-3� (for-
ward) and 5�-CTCCAGCTCGGGCGCCGCCAGCTTGAGCA-3� (reverse). All
changes to GST–c-Jun(1-141)–pGEX-2T were confirmed by conventional DNA
sequencing using commercially available primers for pGEX-2T plasmids (Am-
ersham Biosciences).

The following antibodies were obtained from commercial sources: a rabbit
polyclonal anti-JNK1/SAPK� antibody (JNK1 [FL]; immunizing antigen, full-
length recombinant human JNK1; cross-reactive with mouse JNK1/SAPK�,
JNK2/SAPK�, and JNK3/SAPK�; Santa Cruz Biotechnology), a monoclonal
anti-JNK2 antibody (JNK2 [D-2]; immunizing antigen, full-length recombinant
human JNK2; cross-reactive with mouse JNK1 to -3; Santa Cruz Biotechnology),
a rabbit polyclonal anti-ERK1/2 antibody (ERK1/2-CT; immunizing antigen,
C-terminal amino acids of rat ERK2; cross-reactive with mouse ERK1/2; Upstate
Cell Signaling Solutions), a rabbit polyclonal anti-p38 MAPK antibody (C-20;
immunizing antigen, C-terminal amino acids of mouse p38 MAPK; Santa Cruz
Biotechnology), a monoclonal anti-phospho-ERK1/2 antibody (immunizing an-
tigen, a synthetic peptide containing amino acids of human ERK1/2 phosphor-
ylated on Thr202 and Tyr204; cross-reactive with phosphorylated mouse
ERK1/2; catalog no. 9106S; New England Biolabs), a monoclonal anti-phospho-
p38 MAPK antibody (immunizing antigen, a synthetic peptide containing amino
acids of human p38 MAPK phosphorylated on Thr180 and Tyr182; cross-reactive
with phosphorylated mouse p38 MAPK; catalog no. 9211S; New England Bio-
labs), a monoclonal anti-phospho-c-Jun antibody (KM-1; immunizing antigen,
amino acids 56 to 69 of human c-Jun; recognizes c-Jun phosphorylated on Ser63;
Santa Cruz Biotechnology), a rabbit polyclonal anti-c-Jun antibody (H79; immu-
nizing antigen, amino acids 1 to 79 of human c-Jun; Santa Cruz Biotechnology),
and a rabbit polyclonal anti-GLUT1 antibody (AB1340; immunizing antigen,
C-terminal amino acids of mouse/rat GLUT1; Chemicon International).

The following reagents were obtained from commercial sources: JNK inhibitor
I (L)-Form (Calbiochem), recombinant human epidermal growth factor (EGF)
(Gibco Invitrogen), 2-deoxy-D-[2,6-3H]glucose (53.0 Ci/mmol, 1.0 mCi/ml; Am-
ersham Biosciences), PD 98059, a selective pharmacological inhibitor of the
ERK1/2 pathway (1) (Calbiochem), and myelin basic protein (Upstate Cell
Signaling Solutions). The photolabile cross-linking agent for glucose receptors,
Bio-LC-ATB-BGPA {4,4�-O-[2-[2-[2-[2-[2-[6-(biotinylamino)hexanolyl]-amino]-
ethoxy]-ethoxy]-ethoxy]-4-(1-azi-2,2,2-trifluoroethylbenzoyl]amino-1,3-propanediyl]-
bis-D-glucose}, was a kind gift from Geoffrey Holman (University of Bath, Bath,
United Kingdom).

Cell culture and hypoxia-anoxia protocols. The origin and culture of immor-
talized, wt, and HIF-1�-null mEFs have been described in detail elsewhere (27).
Briefly, cells were usually plated in 60- or 100-mm-diameter plastic culture dishes
(400 to 500 cells/mm2) in Dulbecco’s modified Eagle medium (DMEM) contain-
ing 10% fetal bovine serum (FBS; Sigma) and 25 mM HEPES buffer (pH 7.4)
(DMEMH–10% FBS). Thus, both bicarbonate and HEPES buffers regulated
extracellular pH. Hypoxia or anoxia experiments (called hypoxia here) were
performed according to a standard protocol in which cells were incubated under
an air–5% CO2 atmosphere at 37°C overnight and then placed in aluminum
gas-exchange chambers maintained at 37°C (27). The chambers containing the
cells were then placed in a 37°C circulating water bath, and the original atmo-
sphere was repeatedly exchanged with 5% CO2–95% N2 by using a manifold
equipped with a vacuum pump and a gas cylinder. Atmospheric pO2 values of

approximately 1 to �0.01% (relative to air at a pO2 of �21%) can be achieved
inside the chambers by using this system. For example, atmospheric pO2 values
of approximately 1 and 0.01% can be achieved at 0.5 and 2 h, respectively,
following the initiation of hypoxia. We have determined that after 2 h of hypoxia,
atmospheric pO2 is less than or equal to 0.01% (the studies described here were
all performed at a pO2 of �0.01%). Alternatively, cells were incubated on a
warm surface maintained at 37°C inside an anaerobic glove box (Bactron X;
Sheldon Manufacturing Inc., Cornelius, Oreg.) maintained at 5% CO2–95% N2.
Atmospheric oxygen levels in both the chambers and the glove box have been
measured and calibrated by using a polarographic oxygen electrode (Oxygen
Sensors, Inc., Norristown, Pa.).

Following various hypoxic exposures, the chambers were opened in the anaer-
obic glove box to prepare cell lysates without significant reoxygenation. For
studies involving glucose stress, cells were cultured in normal or glucose-free
DMEMH–10% FBS and incubated in air–5%CO2 or exposed to hypoxia for 8 h
(glucose-free medium was added immediately before the hypoxic exposure).
Then a degassed glucose solution (0.2 mg/ml in sterile water) was added to dishes
of normoxic and hypoxic cells to a standard concentration (4.5 g of glucose/liter,
or 25 mM), and the cells were incubated at 37°C for 1 h before being harvested
for immunoblot analysis. All manipulations of hypoxic cells were performed in
the anaerobic glove box.

JNK assays. Pulldown or affinity kinase assays of JNK activity in cell lysates
were performed by using GST–c-Jun(1-141) as a substrate (29). Briefly, dishes of
normoxic and hypoxic cells were placed on ice in air or on Super Ice cold packs
in the anaerobic glove box, and the medium was removed. Each dish was washed
with ice-cold phosphate-buffered saline (PBS), and then 250 �l of ice-cold lysis
buffer (LB; 50 mM Tris-HCl [pH 7.4], 250 mM NaCl, 15 mM Na4P2O7, 50 mM
NaF, 0.5% NP-40, 1 mM Na3VO4, 25 mM �-glycerophosphate, 100 nM okadaic
acid, 1 mM DTT, 1� Protease Inhibitor Cocktail Set III [PIC III; Calbiochem])
was added (solutions were degassed before protein was harvested from hypoxic
cells). Cells in each dish were disrupted by scraping with a plastic spatula, and cell
lysates were transferred to microcentrifuge tubes. Lysates were spun at 9,000 �
g for 5 min at 4°C, and the protein concentrations of the supernatants were
determined by a bicinchoninic acid (BCA) assay (Pierce Biotechnology). Protein
concentrations were normalized with LB.

Pulldown kinase assays were performed by first adding 20-�l suspensions of
glutathione-Sepharose 4B beads with adsorbed normal or mutated GST–c-
Jun(1-141) protein in PBST (20 mM sodium phosphate [pH 7], 150 mM NaCl,
1% Triton X-100, 100 �M Na3VO4, 50 mM NaF, 1 mM benzamidine hydro-
chloride, 1� PIC III) to tubes of supernatants each containing 100 to 200 �g of
total cell protein. Then 20 �l of freshly prepared kinase buffer (KB; 25 mM
HEPES [pH 7.4], 25 mM MgCl2, 1 mM Na3VO4, 25 mM �-glycerophosphate,
100 nM okadaic acid, 1� PIC III, 2 mM DTT) containing normal and radioac-
tively labeled ATP (20 �M ATP; 3 to 5 �Ci of [�-32P]ATP [5,000 Ci/mmol];
Amersham Biosciences) was added to each tube. After incubation for 30 min at
30°C, the beads in each sample were washed three times with PBST; then 40 �l
of 2� sodium dodecyl sulfate (SDS) sample buffer (125 mM Tris-HCl [pH 6.8],
4.6% SDS, 10% mercaptoethanol, 20% glycerol) was added, and the samples
were boiled for 5 min. Boiled samples were resolved in SDS–10% polyacrylamide
gels, and the gels were stained with colloidal Coomassie brilliant blue R-250 to
visualize protein loading. Gels were dried and exposed to Kodak X-Omat AR
film to prepare autoradiographs for digital imaging. This type of assay detects
any kinase activity capable of phosphorylating the c-Jun N-terminal region in a
cell lysate.

In an alternative pulldown kinase assay, 20 �g of purified GST–c-Jun(1-141)
protein was added to samples of whole-cell lysates in microcentrifuge tubes, and
the tubes were gently rotated at 4°C overnight. Each tube then received a 20-�l
suspension of glutathione-Sepharose 4B beads, and the tubes were rotated at 4°C
for 2 h. The beads in each tube were washed twice with ice-cold LB and three
times with ice-cold KB, and then JNK inhibitor I was added to a final concen-
tration of 1.7 �M in KB (8) (controls received KB only). The tubes were
incubated at 30°C for 10 min, and then kinase reactions and analyses were
performed as described above. This type of assay detects any tightly bound kinase
activity capable of phosphorylating the c-Jun N-terminal region and is diagnostic
for activated JNKs/SAPKs (see, e.g., reference 48).

Immunocomplex kinase assays of JNK activity were performed using cell
lysates prepared by essentially the same protocol as that described above for
pulldown kinase assays. Each sample of lysate supernatant (containing 100 to 200
�g of protein) was divided into two equal fractions in microcentrifuge tubes. One
fraction received an antibody (1 �g of an anti-JNK/SAPK or anti-ERK1/2 anti-
body), and the other fraction was used as a control for nonspecific protein
binding to Protein A/G Plus agarose beads (Santa Cruz Biotechnology). Each
tube then received 20 �l of glutathione-Sepharose 4B beads, and the tubes were
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gently tumbled for at least 1 h at 4°C. Tubes were spun at 600 � g and 4°C for
5 min, and beads were washed twice with ice-cold LB and three times with
ice-cold KB. The KB from each sample of beads was removed and replaced with
the same buffer containing ATP (20 �M ATP; 3 to 5 �Ci of [�-32P]ATP [5,000
Ci/mmol]) and 5 �g of GST–c-Jun(1-141) protein. Samples were incubated for 30
min at 30°C, and reactions were stopped by addition of 40 �l of 2� SDS sample
buffer, followed by boiling for 5 min. Samples were resolved in SDS–10% poly-
acrylamide gels, and autoradiographs were prepared as described above.

Immunoblot analysis. Immunoblotting protocols have been described in detail
elsewhere (27). Briefly, cells were placed on ice in air or on Super Ice cold packs
in the anaerobic glove box, and the medium was removed. Cells were lysed by
addition of 200 �l of ice-cold LB (degassed before protein was harvested from
hypoxic cells). After spinning at 9,000 � g for 5 min at 4°C, the protein concen-
trations of the supernatants were determined as described above. Equal protein
samples (typically 10 to 15 �g) were resolved in freshly prepared discontinuous
SDS–10% polyacrylamide gels and electroblotted onto Immobilon P membranes
(Millipore). We find that these gels provide better resolution of c-Jun phospho-
isoforms than commercially available preformed protein gels. Blots were blocked
in 5% nonfat dry milk in PBS containing 0.1% Tween 20 at 4°C overnight. For
protein detection, blots were incubated at room temperature with a primary
antibody, typically diluted 1:1,000 in PBS–0.1% Tween 20 containing 5% nonfat
driy milk, and a secondary anti-mouse or anti-rabbit immunoglobulin G (IgG)
antibody conjugated with horseradish peroxidase (IgG-HRP; Santa Cruz Bio-
technology), diluted 1:10,000 or 1:5,000, respectively, in PBS–0.1% Tween 20.
Primary antibody binding was detected and visualized by using the ECL Plus
Western Blotting Detection system (Amersham Pharmacia Biotech, Inc.) ac-
cording to the supplier’s instructions.

ATP assay. Equal numbers of cells were plated in 35-mm-diameter plastic
culture dishes (5 � 105 cells/dish) in DMEMH-FBS and then incubated in 5%
CO2–air or exposed to hypoxia (pO2, �0.01%) for as long as 8 h (triplicate dishes
were harvested at each time point). Cells in each well were washed twice with
PBS and lysed on ice by addition of 0.5 ml of 5% trichloroacetic acid (TCA) and
scraping with a plastic spatula. Lysates were spun at 9,000 � g for 5 min at 4°C,
and the pellets were kept. Pellets were dissolved in 0.5 ml of 0.1 N NaOH,
incubated at 65°C for 10 min, and vortexed vigorously to shear genomic DNA.
Total cellular ATP was measured by using a luciferase-luciferin assay (ATP
Bioluminescent Assay kit; Sigma) according to the supplier’s instructions.

Glucose uptake assay. Cellular uptake or absorption of the glucose analog
2-deoxyglucose (2-DG) was measured essentially according to the protocol de-
scribed in reference 32. Briefly, wt and HIF-1�-null cells were plated into the
wells of two 24-well plates (105 cells/well; 0.5 ml of DMEMH-FBS) and incu-
bated at 37°C overnight. One plate was placed inside the anaerobic glove box in
a humidified acrylic box in contact with the anaerobic atmosphere and incubated
on a 37°C warm plate for 8 h. The other plate was incubated at 37°C in air–5%
CO2 for 8 h. Hypoxic cells in the anaerobic glove box were washed with degassed
PBS, and then 1.0 ml of the following solution in 1� Dulbecco’s PBS (D-PBS;
Sigma) was added to each well: 0.1 mM 2-DG, 4 �Ci of 2-deoxy-D-[2,6-3H]glu-
cose/ml, and 1% bovine serum albumin, with or without 20 nM cytochalasin B.
Cells were incubated at 37°C for 5 min, and the plate was placed on an ice-cold
surface. Then 0.5 ml of ice-cold D-PBS containing 110 �g of phloretin/ml was
added to each well to stop 2-DG uptake, and the plate was removed from the
anaerobic glove box and placed on ice. Cells were washed three times with
D-PBS containing 55 �g of phloretin/ml and lysed by adding 300 �l of 0.1% SDS
to each well and gently agitating the plate for 5 min at room temperature.
Normoxic cells were handled identically. The supernatant was removed from
each well without scraping, and the protein concentration of each supernatant
was determined by a BCA assay. The radioactivity of each sample was deter-
mined by counting 200 �g of total protein in 5 ml of CytoScint (ICN). Values of
2-DG uptake that could be inhibited by cytochalasin B were calculated and
expressed as picomoles per 5 min per milligram of total cellular protein.

Detection of cell surface glucose receptors by photoaffinity labeling. Bio-LC-
ATB-BGPA is a member of a series of membrane-impermeant photoaffinity
labels for cell surface glucose receptors (GLUT receptors) (7, 9). Briefly, cells
were plated in DMEMH–10% FBS at 3 � 106/100-mm-diameter plastic culture
dish (two dishes for each treatment), and experiments were performed the next
day. A fresh solution of the Bio-LC-ATB-BGPA cross-linker (0.2 mg/ml in
deionized water) was prepared under low light conditions and stored in the dark
until needed. Normoxic and hypoxic cells were washed twice with ice-cold D-PBS
(hypoxic cells were washed in the anaerobic glove box) and immediately placed
on an ice-cold surface to inhibit GLUT receptor endocytosis. One plate for each
treatment received 1 ml of the cross-linker solution; the other plate received 1 ml
of D-PBS. Cells for each treatment were directly exposed on ice to 350-nm light
for 30 s (approximately 2 mJ/s) for a total of 2 min of exposures, and then the

cells were washed three times with ice-cold D-PBS. Cells were lysed in PBS
containing 1% Triton X-100 and PIC III, the lysates were spun at 9,000 � g for
5 min at 4°C, and the supernatants were recovered. Samples of the lysates were
adjusted to an equal protein concentration with the lysis solution, and then each
sample received 75 �l of streptavidin-agarose beads (ImmunoPure immobilized
streptavidin gel; Pierce Chemical Co.). Samples were tumbled overnight at 4°C
and then washed three times with ice-cold PBS–0.1% Triton X-100 and twice
with ice-cold PBS. Each sample received 30 �l of SDS sample buffer, and
samples were heated at 95°C for 10 min. Samples were resolved in protein gels
(NuPAGE 10% Bis-Tris gels; Invitrogen) and immunoblotted, as described
above.

Coculturing assay. In order to investigate a potential autocrine mechanism of
hypoxia-inducible c-Jun phosphorylation and c-jun mRNA expression, wt and
HIF-1�-null cells were plated in either the wells or the inserts of multiwell cell
culture plates (Falcon 24-multiwell cell culture insert systems; pore size, 3 �m;
Becton Dickinson). All combinations of wt and HIF-1�-null cells were separately
plated in wells and companion inserts in triplicate (2 � 105 cells per well or per
insert) in 2 ml of DMEMH-FBS and were incubated at 37°C overnight. Plates
were either exposed to hypoxia (pO2, �0.01%) in the anaerobic glove box on a
37°C warm plate for 8 h or incubated in 5% CO2–air at 37°C for 8 h. Whole-cell
lysates were prepared from the wells as described above for immunoblot analysis.
Total RNA was harvested from the wells of identical plates, purified by the
RNeasy method (Qiagen), and used for quantitative real-time reverse transcrip-
tase PCR (RT-PCR) analysis of c-jun expression.

Quantitative real-time RT-PCR analysis. Quantitative real-time RT-PCR
analysis was performed by using a LightCycler System instrument (Roche Diag-
nostics) according to the manufacturer’s protocols for the SYBER Green
method. The following primers were used: the c-jun sense primer (5�-CATGG
AGTCTCAGGAGCGGATCA-3�) and the c-jun antisense primer (5�-TGAGT
ACGATTGCGTCGTCAACG-3�); the GLUT1 sense primer (5�-AGTATGTG
GAGCAACTGTGCGG-3�) and the GLUT1 antisense primer (5�-GGTGTCTT
GTCACTTTGGCTGG-3�); the GLUT4 sense primer (5�-TCGTCATTGGCAT
TCTGGTTG-3�) and the GLUT4 antisense primer (5� CAGGGGCTTTAGAC
TCTTTCGG 3�). Mouse heart total RNA (BD Biosciences Clontech) was used
to provide a positive control for amplification of mouse GLUT4 mRNA.

RESULTS

HIF-1-dependent phosphorylation of the c-Jun N-terminal
region in response to hypoxia or anoxia involves JNK/SAPK
activity. Previously we used anti-c-Jun antibodies specific for
N-terminal phosphorylation sites and c-jun knock-in mEFs
(S63A S73A and T91A T93A) to show that most, if not all, of
the N-terminal sites can be phosphorylated in response to
hypoxia or anoxia (27). Using wt and HIF-1�-null cells, we also
showed that under these low-oxygen conditions, N-terminal
phosphorylation was dependent on HIF-1 (27). Transient N-
terminal phosphorylation was detectable between 0.5 and 2 h
of hypoxia, but this response was not dependent on HIF-1 (23).
To further investigate HIF-1-dependent c-Jun N-terminal
phosphorylation, we compared the abilities of whole-cell ly-
sates of wt and HIF-1�-null cells to phosphorylate a wt fusion
protein substrate [GST–c-Jun(1-141)]. Figure 1 confirms pre-
vious findings for HIF-1-dependent c-Jun N-terminal phos-
phorylation. Lysates of normoxic and hypoxic wt and HIF-1�-
null cells were used in pulldown kinase assays to show a direct
correlation between JNK activity (Fig. 1A) and levels of en-
dogenous c-Jun phosphorylation determined by immunoblot-
ting (Fig. 1B). EGF treatment was used as a control for both
c-Jun N-terminal phosphorylation and endogenous c-Jun phos-
phorylation (27). GST alone was not phosphorylated in any of
the kinase assays described here (data not shown).

Phosphorylation of a substrate such as GST–c-Jun(1-141) in
a pulldown kinase assay is considered diagnostic of total JNK/
SAPK activation (17, 48). To confirm that JNKs/SAPKs con-
tributed to the activity exemplified in Fig. 1A, identical lysates
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of normoxic and hypoxic wt and HIF-1�-null cells were incu-
bated with free GST–c-Jun(1-141), extracted with GSH-aga-
rose beads, and then exposed to a peptide inhibitor of JNKs/
SAPKs (JNK inhibitor I) before kinase assays were performed
(8). Figure 2A shows that the JNK/SAPK inhibitor suppressed
phosphorylation of GST–c-Jun(1-141) complexes extracted
from lysates of both cell types, indicating that the fusion pro-
tein captured JNKs/SAPKs. We also performed immunopre-
cipitation or immunocomplex kinase assays using similar ly-
sates with an anti-JNK antibody that has broad specificity for
mammalian JNK/SAPK family members (JNK1 to -3) (26) and
with the GST–c-Jun(1-141) substrate. Figure 2B shows that the
inhibitor suppressed basal and/or inducible JNK/SAPK activity
immunoprecipitated from normoxic and hypoxic wt and HIF-
1�-null cells. In general, JNKs/SAPKs immunoprecipitated
from lysates of aerobic and hypoxic wt and HIF-1�-null cells
had the same pattern of activity toward GST–c-Jun(1-141) as
activities detected in corresponding pulldown kinase assays:
JNK/SAPK activity was induced in hypoxic wt but not HIF-1�-
null cells. Together the findings presented in Fig. 2 demon-

strate that JNK/SAPK activity contributes both to HIF-1-de-
pendent c-Jun N-terminal phosphorylation in hypoxia-exposed
cells and to basal c-Jun phosphorylation in normoxic wt and
HIF-1�-null cells. Because of the potential for reduced speci-
ficity or potency in cell-based assays (4), we did not use the
JNK/SAPK inhibitor to investigate hypoxia-inducible c-Jun
phosphorylation in intact wt and HIF-1�-null cells.

The contribution of JNK/SAPK activity to both basal and
hypoxia-inducible phosphorylation of endogenous c-Jun was
demonstrated previously by immunoblotting studies using spe-
cific anti-phospho-c-Jun antibodies (27). However, it was not
obvious from these studies whether c-Jun N-terminal phos-
phorylation in hypoxic cells involves a preference for any of the
known phospho-acceptor sites (Ser63, Ser73, Thr91, and
Thr93) (6, 44). To address this issue, we generated GST–c-
Jun(1-141) constructs containing site-specific mutations (re-
placement of Ser or Thr with Ala) at these positions and used
these molecules as substrates for pulldown assays of JNK/

FIG. 1. Inducible JNK activity in cells exposed to hypoxia or anoxia
is impaired in the absence of HIF-1�. (A) Autoradiograph showing
phosphorylation of a GST–c-Jun(1-141) fusion protein substrate in
pulldown kinase assays using whole-cell lysates of wt and HIF-1�-null
mEFs harvested under normoxic conditions (air–5% CO2) or following
exposure to hypoxia (pO2, �0.01%; 8 h). EGF exposure (50 ng/ml; 5
min) in air–5% CO2 was used as a positive control. The beads-only
control refers to identical lysate samples that received only clean aga-
rose beads before the addition of radiolabeled ATP (for details, see
Materials and Methods). Coomassie staining of the substrate bands is
shown here and elsewhere to confirm equal loading of the original
SDS-polyacrylamide gels used to obtain autoradiographs. This auto-
radiograph is representative of multiple independent experiments.
(B) Replicate immunoblots of total protein from wt and HIF-1�-null
mEFs harvested under normoxic conditions (air–5% CO2) or following
exposure to hypoxia (pO2, �0.01%; 8 h) or EGF (50 ng/ml; 5 min).
Blots were probed with an anti-phospho-c-Jun antibody (left panel;
KM-1) or with an antibody that recognizes nonphosphorylated c-Jun
(right panel; H79). In this experiment and in all others, hypoxic cells to
be used for protein kinase or phosphorylation assays were harvested
under anaerobic conditions.

FIG. 2. HIF-1-dependent JNK activity in cells exposed to hypoxia
or anoxia involves JNKs/SAPKs. (A) Autoradiograph of pulldown
kinase assays and the corresponding stained gel showing phosphory-
lation of the GST–c-Jun(1-141) fusion protein substrate extracted from
whole-cell lysates of wt and HIF-1�-null mEFs harvested under nor-
moxic conditions (air–5% CO2) or following exposure to hypoxia (pO2,
�0.01%; 8 h). Beads with adsorbed fusion protein were thoroughly
washed, and then kinase assays were performed in the absence (	) or
presence (�) of a peptide JNK/SAPK inhibitor (1.7 �M). For details,
see Materials and Methods. (B) (Top) Representative autoradio-
graphs showing phosphorylation of the GST–c-Jun(1-141) fusion pro-
tein substrate by JNKs/SAPKs immunoprecipitated from whole-cell
lysates of wt and HIF-1�-null mEFs harvested under normoxic condi-
tions (air–5% CO2) or following exposure to hypoxia (pO2, �0.01%;
8 h). Kinase assays were performed in the absence (	) or presence (�)
of the peptide JNK/SAPK inhibitor (1.7 �M). (Center) Corresponding
stained gels for the immunoprecipitation assays (immunocomplex ki-
nase assays) shown above. (Bottom) Immunoblots of total JNKs/
SAPKs immunoprecipitated from the same whole-cell lysates of wt and
HIF-1�-null mEFs used for the immunocomplex kinase assays shown
above. Blots were probed with a primary anti-JNK2 monoclonal anti-
body (cross-reactive with mouse JNK1 and JNK3) and a secondary
anti-mouse IgG antibody conjugated with horseradish peroxidase. IP,
immunoprecipitation assay; IB, immunoblot assay.
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SAPK activity in lysates of normoxic, hypoxic, or EGF-treated
wt and HIF-1�-null cells. Figure 3 shows representative results
from kinase assays involving the substrate mutants GST–c-
Jun(1-141) S63A S73A and GST–c-Jun(1-141) T91A T93A.
Although there were variations in the relative levels of phos-
phorylation between each set of results for the wt and mutated
GST–c-Jun(1-141) substrates, essentially identical patterns of
kinase activity were obtained for all substrates; hypoxia-induc-
ible JNK activity was detected in lysates of wt but not HIF-1�-
null cells, and EGF stimulated this activity in both cell types.
As a potential caveat, it is possible that the wt and mutated
GST–c-Jun(1-141) substrates are inherently less specific than
the N-terminal region of endogenous c-Jun toward specific
protein kinases. However, the trend revealed by the pulldown
kinase assays shown in Fig. 1 to 3 agree with our previous
findings with c-jun knock-in mEFs (S63A S73A and T91A
T93A), which indicated that all sites in the c-Jun N-terminal
region can be phosphorylated in cells exposed to hypoxia or
anoxia (27). In addition, a recent report has demonstrated that
all of these N-terminal sites in endogenous c-Jun can be phos-
phorylated by MAPKs (preferentially by JNKs/SAPKs), based
on immunoblot analyses involving a comprehensive panel of
phosphospecific anti-c-Jun antibodies (38). Taken together,
these published findings and our present results suggest that all
sites in the c-Jun N-terminal region are susceptible to hypoxia-
inducible phosphorylation.

Finally, to determine whether the dependence of hypoxia-
inducible JNK/SAPK activity on HIF-1� is unique among
MAPK family members, we used specific anti-phospho-MAPK
antibodies to evaluate the levels of ERK1/2 and p38 MAPKs
phosphorylated on the TXY activation motif (TEY and TGY
for ERK1/2 and p38 MAPK, respectively) (26) in lysates of
normoxic and hypoxic wt and HIF-1�-null cells. Figure 4 shows
that there was no induction of ERK1/2 phosphorylation above
the basal level in hypoxic compared with normoxic wt cells.
However, the basal level of phosphorylated ERK1/2 was
strongly decreased in hypoxic compared with normoxic HIF-
1�-null cells. Consistent with this suppression of basal ERK1/2
phosphorylation in hypoxic HIF-1�-null cells, basal ERK1/2
immunocomplex kinase activity was also significantly de-
creased in hypoxic but not in normoxic HIF-1�-null cells. The

levels of phosphorylated p38 MAPKs were increased in re-
sponse to the same hypoxic exposure, but this increase was
essentially the same on immunoblots of lysates of both nor-
moxic and hypoxic wt and HIF-1�-null cells (data not shown).
The findings shown in Fig. 4 demonstrate that basal ERK1/2
phosphorylation and associated kinase activities are HIF-1 de-
pendent, but unlike JNKs/SAPKs, these activities are not in-
ducible in response to hypoxia or anoxia.

HIF-1-dependent phosphorylation of the c-Jun N-terminal
region in response to hypoxia or anoxia is dependent on glu-
cose utilization. HIF-1 activity is critical for physiological ad-
aptations to low oxygen and glucose conditions (18, 51). There-
fore, we reasoned that the deficient responses of MAPK
signaling pathways involving JNKs/SAPKs and ERK1/2 found
in hypoxic HIF-1�-null cells (Fig. 2 and 4) could be evidence of
global defects in HIF-1-regulated processes rather than spe-
cific defects in gene expression. To investigate this possibility,
we determined whether the absence of HIF-1� expression in-
fluenced total cellular ATP production and glucose uptake in
HIF-1�-null versus wt cells under the same hypoxic conditions
that induced c-Jun N-terminal phosphorylation in wt cells (Fig.
1).

Figure 5A shows that total cellular ATP levels were not

FIG. 3. Autoradiograph showing phosphorylation of the GST–c-
Jun(1-141) S63A S73A or GST–c-Jun(1-141) T91A T93A mutant fu-
sion protein substrate in pulldown kinase assays using whole-cell ly-
sates of wt and HIF-1�-null mEFs harvested under normoxic
conditions (air–5% CO2) or following exposure to hypoxia (pO2,
�0.01%; 8 h) or EGF (50 ng/ml; 5 min). These results are represen-
tative of at least three independent experiments.

FIG. 4. Basal ERK1/2 phosphorylation and activity are defective in
HIF-1�-null mEFs exposed to hypoxia or anoxia. ERK1/2 is not in-
ducible in wt mEFs. (Top and center) Immunoblots of total protein
from wt and HIF-1�-null mEFs harvested under normoxic conditions
(air–5% CO2) or following exposure to hypoxia (pO2, �0.01%; 8 h).
Replicate blots were probed with an anti-phospho-ERK1/2 antibody
(specific for phospho-Thr202 and phospho-Tyr204 in the TEY activa-
tion motif) (top) or with an antibody that recognizes total ERK1/2
(center). (Bottom) Autoradiograph showing phosphorylation of mye-
lin basic protein (MBP) by ERK1/2 immunoprecipitated from identical
whole-cell lysates of wt and HIF-1�-null mEFs harvested under nor-
moxic conditions (5% air–CO2) or following exposure to hypoxia (pO2,
�0.01%; 8 h). PD 98059 (PD) was used as a control for ERK1/2
activity in these experiments. PD (final concentration, 50 �M) was
added just before initiation of hypoxia.
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significantly different in wt versus HIF-1�-null cells during
hypoxic exposure times of 2 to 8 h. This finding agrees with the
results of a previous study in which exposure to hypoxia for at
least 24 h was required to produce statistically significant de-
creases in ATP production in immortalized mEFs (50). Thus,
total cellular ATP production, which is expected to be depen-
dent on anaerobic glycolysis under these hypoxic conditions
(18), did not differ between the wt and HIF-1�-null cells at the
maximum exposure time (8 h) used in the present study. There
were also no significant differences between wt and HIF-1�-
null cells in the ratios of reduced to oxidized pyridine nucleo-
tide reducing equivalents (NADPH/NADP�, NADH/NAD�)
following 8 h of hypoxia (data not shown), indicating indirectly

that the cellular redox states were similar under these stress
conditions (14, 42). Therefore, hypoxia-inducible JNK activity
was not stimulated in response to depletion of total ATP in wt
cells exposed to hypoxia or anoxia. However, Fig. 5B shows
that hypoxic wt cells absorbed significantly more extracellular
glucose than HIF-1�-null cells, which were unable to change
their glucose uptake between the normoxic and hypoxic states
investigated here. This finding is reasonable considering that
HIF-1 is an essential regulator of both glucose absorption and
flux through the glycolytic pathway, biochemical processes un-
derlying the positive Pasteur effect (18). Figure 5C shows that
hypoxia strongly induced expression of GLUT1 mRNA in wt
but not HIF-1�-null cells, suggesting that hypoxia-inducible

FIG. 5. (A) Total cellular ATP levels are not significantly different between wt and HIF-1�-null mEFs exposed to hypoxia or anoxia. Histogram
shows total cellular ATP levels in lysates of wt (open bars) and HIF-1�-null (closed bars) mEFs harvested under normoxic conditions (air–5% CO2)
or following exposure to hypoxia for the indicated times. Error bars, sample standard deviations from triplicate measurements. (B) wt but not
HIF-1�-null mEFs exhibit an increased demand for extracellular glucose in response to hypoxia or anoxia. wt and HIF-1� null mEFs were assayed
for uptake of 2-deoxy-D-[2,6-3H]glucose (2-DG; 4 Ci/ml) after a 10-min exposure to the label under normoxic conditions (air–5% CO2) or following
exposure to hypoxia (pO2, �0.01%; 8 h). Error bars, sample standard deviations from three independent experiments; *, P � 0.04. For details, see
Materials and Methods. (C) Hypoxia or anoxia strongly induces expression of the GLUT1 gene in wt mEFs. Histogram shows relative amounts
(fold induction relative to normoxic levels) of GLUT1 mRNA detected by quantitative RT-PCR amplification of total RNA harvested from wt and
HIF-1�-null mEFs after exposure to normoxic conditions (air–5% CO2) or hypoxia (pO2, �0.01%; 8 h). Error bars, sample standard deviations
from triplicate measurements. (D) Hypoxia or anoxia induces surface expression of the GLUT1 receptor on wt mEFs. (Top) Immunoblot of
cross-linked GLUT1 protein captured from lysates of wt and HIF-1�-null mEFs exposed to the cell-impermeant cross-linking agent for glucose
receptors, Bio-LC-ATB-BGPA. Cells were harvested under normoxic conditions (air–5% CO2) or following exposure to hypoxia (pO2, �0.01%;
8 h). Darker exposures show very light bands in the three lanes that appear empty. (Center) Immunoblot of total protein from the wt and
HIF-1�-null mEFs used for the cross-linking experiment. The blot was probed with an anti-GLUTI antibody. (Bottom) Ponceau S staining of total
protein on the immunoblot shown above. Arrows indicate the position of a marker with an electrophoretic mobility within the range corresponding
to GLUT1 (55 kDa).
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glucose absorption by wt cells was mediated at least in part by
upregulated GLUT1 receptors (reviewed in reference 22). Fig-
ure 5D indicates that HIF-1-dependent GLUT1 expression
ultimately promoted enhanced surface expression of this re-
ceptor, consistent with the significant increase in the rate of
extracellular glucose uptake detected under these hypoxic con-
ditions (Fig. 5B). HIF-1 has been reported to be the primary
transcriptional regulator of the mouse GLUT1 gene in re-
sponse to hypoxia (15, 40). We have not been able to detect
expression of GLUT4, another prominent hypoxia-inducible
glucose receptor in some cell types (e.g., cardiac myocytes [56),
by using quantitative RT-PCR analysis of total RNA from wt
or HIF-1�-null cells (data not shown). Taken together with the
information, found at the Entrez-GEO database (http://www
.ncbi.nlm.nih.gov/, data set GDS405), that GLUT1 is the major
GLUT isoform expressed in cultured normal mEFs, our
present findings indicate that inducible GLUT1 expression is
mainly responsible for the increased rate of glucose absorption
stimulated in wt cells by hypoxia.

Previously we determined that HIF-1-dependent N-terminal
phosphorylation of c-Jun in cells exposed to hypoxia or anoxia
is serum independent (27), which suggested that this phenom-
enon is independent of extracellular factors. However, the
glucose concentration in the cell culture medium was a con-
stant in the earlier study. Taken together with the present
finding that the ability of hypoxic HIF-1�-null cells to increase
glucose uptake from the medium was impaired, this fact sug-
gested that hypoxia-inducible c-Jun phosphorylation and glu-
cose uptake in wt cells are functionally related. To test this
possibility, we performed immunoblotting studies with an anti-
phospho-c-Jun antibody specific for phospho-Ser63 and/or
-Ser73 in order to evaluate the effect on c-Jun N-terminal
phosphorylation of the addition of glucose to normoxic and
hypoxic wt and HIF-1�-null cells cultured in glucose-free me-
dium for approximately 8 h. Figure 6 shows two important
findings of this study. First, the normal induction of c-Jun
N-terminal phosphorylation in hypoxic wt but not in hypoxic
HIF-�-null cells (Fig. 6; compare lane 4 with lane 10) was
eliminated in glucose-free medium (lanes 5 and 11), showing a
dependence of this induction on the presence of extracellular
glucose. However, basal c-Jun phosphorylation was also greatly
inhibited in both cell types in the absence of extracellular
glucose (Fig. 6, lanes 5 and 11). Thus, while this particular
study suggests that HIF-1-dependent induction of GLUT1 ex-
pression is necessary for hypoxia-inducible c-Jun N-terminal
phosphorylation, it is unlikely that expression of the receptor
alone is sufficient to induce the phosphorylation response. This
finding demonstrates that extracellular glucose is essential for
both basal and inducible c-Jun N-terminal phosphorylation in
hypoxic wt cells. Second, the addition of degassed glucose to
hypoxic wt and HIF-1�-null cells cultured in glucose-free me-
dium restored basal and hypoxia-inducible c-Jun N-terminal
phosphorylation in wt cells but only basal phosphorylation in
HIF-1�-null cells (Fig. 6; compare lane 6 with lane 12). This
finding confirms that extracellular glucose is required for basal
c-Jun N-terminal phosphorylation in both cell types upon ex-
posure to hypoxia or anoxia, and it demonstrates that the
contribution of extracellular glucose to hypoxia-inducible c-
Jun N-terminal phosphorylation is HIF-1 dependent. Impor-
tantly, because the addition of the same amount of extracellu-

lar glucose to HIF-1�-null cells cultured in glucose-free
medium had no effect on c-Jun phosphorylation, a contribution
of increased osmolality to the induction of c-Jun N-terminal
phosphorylation in hypoxic wt cells can be eliminated. To-
gether with the finding that wt cells exhibited an increased
uptake of extracellular glucose in response to an identical
hypoxic exposure (Fig. 5B), this immunoblotting study suggests
that the initial signal responsible for HIF-1-dependent c-Jun
N-terminal phosphorylation is the enhanced glucose utilization
associated with the transition from normoxic to anaerobic me-
tabolism.

HIF-1-dependent induction of c-Jun N-terminal phosphor-
ylation and c-jun expression in response to hypoxia or anoxia
is not an autocrine phenomenon. Previously we demonstrated
that induction of both c-Jun N-terminal phosphorylation and
c-jun expression in cells exposed to hypoxia or anoxia is inde-
pendent of serum (27), indicating that these responses do not
require extracellular signals such as polypeptide growth fac-
tors. However, this earlier study did not exclude the possibility
that a HIF-1-dependent autocrine mechanism could regulate
the responses of the c-jun system to hypoxia or anoxia. HIF-1
has been reported to influence gene expression through both
autocrine and paracrine signaling pathways (24, 46, 55, 66). To
detect a putative HIF-1-dependent autocrine factor(s), we
used immunoblotting and quantitative RT-PCR to investigate
the hypoxic response of c-Jun N-terminal phosphorylation and

FIG. 6. HIF-1-dependent c-Jun N-terminal phosphorylation re-
quires the presence of extracellular glucose. (Top) Immunoblot of
total protein from wt and HIF-1�-null mEFs harvested under nor-
moxic conditions (air–5% CO2) or following exposure to hypoxia (pO2,
�0.01%; 8 h) in normal or glucose-free medium (No Glucose; glucose
starvation was for 8 h only). The blot was probed with the anti-
phospho-c-Jun antibody KM-1 (P-c-Jun). Plus signs indicate glucose-
starved cultures to which degassed glucose was added to a final con-
centration of 4.5 g/liter 1 h before protein was harvested. This
immunoblot is representative of two independent experiments. (Cen-
ter) Ponceau S staining of total protein on the immunoblot shown
above. Arrow indicates the position of a marker (between lanes 6 and
7) with an electrophoretic mobility within the range corresponding to
c-Jun phospho-isoforms (50.4 kDa). (Bottom) A replicate immunoblot
probed with an antibody that recognizes nonphosphorylated c-Jun
(H79).
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c-jun mRNA expression, respectively, in cocultured wt and
HIF-1�-null cells. Stimulation of c-Jun N-terminal phosphor-
ylation is generally associated with increased expression of the
c-jun gene (26, 59).

wt and HIF-1�-null cells were cocultured in the same me-
dium in the inserts or wells of modified Boyden chambers, and
normoxic and hypoxic cells in the wells were harvested for total
cellular protein or RNA. By coculturing wt and HIF-1�-null
cells in this arrangement, we expected that a putative autocrine
factor expressed from wt cells during hypoxia or anoxia would
be detected by its ability to complement the defect in hypoxia-
inducible c-Jun N-terminal phosphorylation and/or c-jun
mRNA expression in HIF-1�-null cells (27). Figure 7A shows
that cocultured wt cells had no effect on c-Jun N-terminal
phosphorylation in HIF-1�-null cells during 8 h of hypoxia;
only wt cells exhibited the normal hypoxic induction of endog-
enous c-Jun phosphorylation. Figure 7B shows that cocultured
wt cells also had no effect on c-jun mRNA expression in HIF-
1�-null cells during 8 h of hypoxia. In agreement with the
findings of our previous study (27), only wt cells exhibited
hypoxic induction of c-jun mRNA. These findings indicate that
neither the induction of c-Jun N-terminal phosphorylation nor
c-jun mRNA expression in cells exposed to hypoxia or anoxia
involves an autocrine mechanism. Rather, the findings shown
in Fig. 5B and 6 support a glucose-dependent mechanism of
hypoxia-inducible JNK activity in wt cells.

DISCUSSION

The major conclusion of the present study is that HIF-1-
dependent phosphorylation of the c-Jun N-terminal region in
cells exposed to hypoxia or anoxia is functionally coupled to
glucose utilization (Fig. 1, 5, and 6). This conclusion is bio-
chemically reasonable considering that energy metabolism in
hypoxic or anoxic cells is sustained by HIF-1 through positive
transcriptional control of both glucose receptor (e.g., GLUT1)
and glycolytic enzyme expression (50, 51). Thus, increased

demand for glucose during the normal physiological transition
from normoxic to glycolytic metabolism (the positive Pasteur
effect) generates a signal leading to increased N-terminal phos-
phorylation of c-Jun. An attractive feature of this model is that
it provides a physiological explanation for how the induction of
HIF-1 activity in hypoxic or anoxic cells could influence a
network of signaling pathways regulating multiple downstream
targets, including c-Jun/AP-1.

We determined that JNKs/SAPKs contribute to hypoxia-
inducible c-Jun N-terminal phosphorylation in wt cells (Fig. 2).
This finding is also biochemically reasonable considering the
established importance of the JNK/SAPK pathway for regulat-
ing the c-jun gene and c-Jun/AP-1 activity in general (26).
ERK1/2 can also phosphorylate the c-Jun N-terminal region
(see, e.g., reference 30), but JNKs/SAPKs have been reported
to preferentially phosphorylate c-Jun under conditions where
both the JNK/SAPK and ERK1/2 pathways are activated (38).
We did not detect an induction of ERK1/2 activity in hypoxic
wt cells in the present study (Fig. 4). Interestingly, the addition
of glucose to hypoxic HIF-1�-null cells did not restore basal
ERK1/2 phosphorylation (data not shown). There have been
several reports of the activation of MAPKs in various cell types
by hypoxia, including JNKs/SAPKs (13, 21, 25, 29, 32, 35, 36,
49, 58), ERK1/2 (10, 13, 21, 33, 39, 43, 53, 58), and p38 MAPK
(10, 12, 13, 21, 23, 29, 43). Our present findings indicate at least
one pathway by which hypoxia can stimulate JNK/SAPK activ-
ity but do not explain the induction of p38 MAPKs by this
stress. Potential molecular mechanisms that couple JNK/
SAPK activity to changes in intracellular glucose concentra-
tions are under investigation by many groups, although this
research is mainly focused on normoxic or oxidative metabo-
lism (37, 54, 62). In terms of hypoxic signaling mechanisms,
overexpression of GLUT1 in vascular smooth muscle cells,
with artificially increased glucose uptake as a consequence, has
been reported to decrease rather than increase hypoxia-induc-
ible JNK/SAPK activation and to inhibit apoptosis, possibly

FIG. 7. HIF-1-dependent induction of c-Jun N-terminal phosphorylation and c-jun expression in cocultured wt and HIF-1�-null cells exposed
to hypoxia or anoxia. (A) Immunoblot of total protein harvested from mEFs in the wells of modified Boyden chambers after exposure to normoxic
conditions (air–5% CO2) or hypoxia (pO2, �0.01%; 8 h). wt and HIF-1�-null mEFs were plated on either cell-impermeant inserts or companion
wells of the chambers and were cocultured in the same medium before and during exposure to hypoxia. The blot was probed with the
anti-phospho-c-Jun antibody KM-1 (P-c-Jun). (B) Histogram of relative amounts of c-jun mRNA detected by quantitative RT-PCR amplification
of total RNA harvested from mEFs in the wells of modified Boyden chambers after exposure to normoxic conditions (air–5% CO2) or hypoxia
(pO2, �0.01%; 8 h). Open bars (same), identical genotypes in the chamber or insert; shaded bars (mixed), different genotypes in the chamber or
insert. Error bars, sample standard deviations for triplicate measurements. For details, see Materials and Methods.
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through the effect of enhanced glucose levels on MEKK1 ac-
tivity (32). We have been unable to detect significant cell death
in either wt or HIF-1�-null cells exposed to the same low
oxygen conditions that induce c-Jun N-terminal phosphoryla-
tion, suggesting that the hypoxic response of JNKs/SAPKs is
not simple but may depend on the degree or duration of stress
in a particular cell type. AMP-activated protein kinase
(AMPK) has been reported to directly stimulate glycolysis in
hypoxic or anoxic cells, and sustained AMPK activity can in-
duce JNK/SAPK activity in normoxic liver cells (20). However,
the pathways that transmit signals directly associated with glu-
cose uptake to a stress-responsive network containing AMPK
are not clear (reviewed in reference 47). Determining exactly
how a signal(s) arising from stimulated glucose utilization is
able to induce c-Jun N-terminal phosphorylation in cells ex-
posed to hypoxia or anoxia would significantly advance our
understanding of the adaptation of both tumor and normal
cells to this common physiological and pathophysiological
stress.

In summary, using genetically manipulated cells that are wt
or null for the hypoxia-responsive transcription factor HIF-1�,
we have demonstrated that c-Jun phosphorylation in wt cells
exposed to hypoxia or anoxia is directly correlated with en-
hanced glucose utilization. There was no hypoxia-inducible
c-Jun phosphorylation in the absence of extracellular glucose,
but the addition of glucose to hypoxic wt cells cultured in
glucose-free medium restored this induction. Increased glu-
cose uptake in response to hypoxia was dependent on the
expression of HIF-1� and therefore on HIF-1 activity, indicat-
ing a pathway in which intracellular glucose levels connect
hypoxia-inducible JNK activity with oxygen sensing. It remains
to be determined whether an increased rate of glucose uptake
or the combination of this uptake and enhanced glycolytic
activity is critical for the activation of kinases such as JNKs/
SAPKs. wt and HIF-1�-null cells exhibit significant differences
in vitro in terms of metabolic phenotypes such as the Pasteur
effect (50) and in vivo as experimental fibrosarcomas (16, 57).
In the context of the tumor microenvironment, identifying
c-Jun/AP-1-dependent genes responsive to HIF-1-dependent
glucose flux and elucidating their contribution to tumor devel-
opment are important areas for further research that will in-
crease our understanding of the role of hypoxia in malignant
progression.
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