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Mammalian cells have the ability to sense low oxygen levels (hypoxia). An adaptive response to hypoxia
involves the induction of the transcription factor hypoxia-inducible factor 1 (HIF-1). The intracellular signal-
ing pathways that regulate HIF-1 activation during hypoxia remain unknown. Here, we demonstrate that
p38��/� cells fail to activate HIF-1 under hypoxic conditions. Cells deficient in Mkk3 and Mkk6, the upstream
regulators of p38�, also fail to activate HIF-1 under hypoxic conditions. The p38��/� cells are able to activate
HIF-1 in response to anoxia or iron chelators during normoxia. Furthermore, the hypoxic activation of p38�
and HIF-1 was abolished by myxothiazol, a mitochondrial complex III inhibitor, and glutathione peroxidase 1
(GPX1), a scavenger of hydrogen peroxide. Thus, the activation of p38� and HIF-1 is dependent on the
generation of mitochondrial reactive oxygen species. These results provide genetic evidence that p38 mitogen-
activated protein kinase signaling is essential for HIF-1 activation.

Hypoxia-inducible factor 1 (HIF-1) is a transcription factor
that regulates physiological responses to hypoxia, including
placental development, and pathophysiological processes such
as cancer (41). HIF-1 is composed of two subunits, an oxygen-
sensitive HIF-1� subunit and a constitutively expressed
HIF-1� subunit. Under normal oxygen conditions, HIF-1� is
polyubiquitinated and targeted for degradation by an E3 ubiq-
uitin ligase complex that contains the von Hippel-Lindau tu-
mor suppressor protein (pVHL), elongin B, elongin C, Cul2,
and Rbx (32). This process is dependent on the hydroxylation
of two proline residues by a family of prolyl hydroxylase (PHD)
enzymes, which mediates the binding of pVHL (20, 22, 31).
PHDs utilize oxygen as a substrate and iron as a cofactor to
hydroxylate proline residues of HIF-1� (6, 12). Oxygen tension
also regulates the interaction of HIF-1� with the transcrip-
tional coactivators p300 and CBP. Asparagine hydroxylation of
residue 803 of HIF-1� by the enzyme FIH-1 (factor inhibiting
HIF-1) blocks the binding of p300 and CBP to HIF-1�, thus
inhibiting HIF-1-mediated gene transcription (26, 27, 29). Un-
der hypoxic conditions or in the presence of iron chelators, the
rate of proline and asparagine hydroxylation is decreased.
Consequently, pVHL cannot target HIF-1� for degradation,
thereby allowing HIF-1� to accumulate and dimerize with
HIF-1� in the cell. Moreover, p300 and CBP can then be
recruited to the HIF-1 complex, allowing transcriptional acti-
vation of HIF-1 target genes.

The signaling mechanisms that regulate the hypoxic activa-
tion of HIF-1 are not fully understood. Current models suggest

that signaling pathways are not involved in the hypoxic activa-
tion of HIF-1 (42). This is based on the observation that during
hypoxia the decline in oxygen levels directly decreases the
activity of the PHDs, thereby preventing hydroxylation of the
HIF-1� protein (18). The lack of hydroxylation inhibits pVHL
from binding to HIF-1�, allowing HIF-1� to be stabilized. In
contrast, there have been reports to indicate that intracellular
signaling pathways are required for HIF-1 activation during
hypoxia. These include but are not limited to the requirement
of diacylglycerol kinase, small GTPases, mitochondrial reactive
oxygen species (ROS), and phosphatidylinositol 3-kinase (PI3-
K)/AKT (4, 9, 14, 17, 19, 47, 48, 49). The requirement of
signaling pathways in the activation of HIF-1 suggest that the
hydroxylases are not the sole regulators of HIF-1 during hyp-
oxia.

The p38� mitogen-activated protein kinase (MAPK) is a
stress kinase that is activated by dual phosphorylation on Thr
and Tyr in a Thr-X-Tyr motif located within the activation loop
proximal to the ATP- and substrate-binding sites (36). This
phosphorylation is meditated by the upstream MAPK kinases
(MAPKKs) MKK3 and MKK6 (10, 37). Mice deficient in p38�
MAPK demonstrate embryonic lethality at day 10.5 and dis-
play abnormal vascularization associated with the placenta,
resembling the phenotype seen in the Hif-1�� embryos (1, 2, 3,
30, 34, 46). The phenotype of the Mkk3/6�/� mice also resem-
bles the p38��/� embryos (5). Pharmacologic inhibition of
p38� MAPK has been shown to decrease hypoxic activation of
HIF-1 (17, 44). Nonhypoxic stimuli such as exposure to hepa-
tocyte growth factor (HGF), chromium, or arsenite activates
HIF-1 through oxidant induction of p38 MAPK (11, 13, 45).
Furthermore, p38� MAPK is activated by mitochondrial ROS
during hypoxia (25). Based on these previous reports, in the
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present study we genetically tested whether mitochondrial ox-
idant activation of the p38 MAPK signaling pathway is re-
quired for the hypoxic activation of HIF-1.

MATERIALS AND METHODS

Cell culture. p38��/� and Mkk3/6�/� mouse embryonic fibroblasts were gen-
erated as previously described (5, 35). p38��/� cells were retrovirally infected
with a p38� cDNA or vector control. These cells were selected in Dulbecco’s
modified Eagle media (DMEM) containing hygromycin. Cells were infected with
an adenovirus encoding a myc-tagged GPX-1 (28). Hypoxic conditions (1.5% O2,
93.5% N2, and 5% CO2) were achieved in a humidified variable aerobic work-
station (INVIVO O2; BioTrace). Anoxic conditions (0% O2, 95% N2, and 5%
CO2) were achieved using the Bugbox (BioTrace).

Immunoblot analysis. HIF-1� protein was analyzed in nuclear extracts pre-
pared from cells. Nuclear extracts (30 �g) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by immu-
noblotting with an anti-HIF-1� antibody (1:500; Novus Biological Sciences). To
control for loading, membranes were stripped and reprobed with an anti-Pol II
antibody (1:200; Santa Cruz Biotechnology, Inc.). For total cell lysates, equal
amounts of lysates were analyzed by SDS-PAGE and immunoblotted with the
appropriate antibodies. To control for loading, an anti-�-tubulin antibody (1:
2,000; Sigma-Aldrich, Inc.) was used. The following antibodies were used: p38�
MAPK (1:1,000; Cell Signaling Technology, Inc.), phospho-p38 MAPK (1:1,000;
Cell Signaling Technology, Inc.), and myc (1:5,000; Invitrogen).

Reporter and ROS assays. Transfections were done using the Mirus TransIT
Transfection reagent (Mirus Bio Corporation) according to the manufacturer’s
protocol. The HRE-Luciferase reporter gene construct was transfected into cells.
After 24 h, the media was replaced and cells were exposed to various conditions.
For GAL4-reporter assays, cells were transfected with a GAL4 (1 to 147) DNA-
binding domain fused to HIF-1� (531 to 826) construct and a reporter gene
construct encoding five GAL4-binding sites. Data were normalized by using total
protein concentration as determined by the Bio-Rad protein assay (Bio-Rad
Laboratories). ROS were measured as previously described (9). The data pre-
sented for reporter assays and ROS measurement are the mean (� standard
errors of the means [SEM]) of four independent experiments.

Real-time reverse transcription-PCR (RT-PCR) analysis. Total RNA was
isolated from cells exposed to various conditions using the RNAqueous-4PCR kit
(Ambion, Inc.). First-strand cDNA was synthesized from 1 �g of total RNA
using the RETROscript cDNA synthesis kit (Ambion, Inc.) with the random
decamer primers. The diluted cDNAs were amplified using the Bio-Rad iCycler
iQ system (Bio-Rad Laboratories). Quantitative real-time RT-PCR was carried
out using gene-specific dual fluorescently labeled probes. The following primer
and probe sequences were used: for Pgk1, the primer sequences were TCTGT
TCTTGAAGGATTGTGTGG and CTCTACATGAAAGCGGAGGTTT and
the probe sequence was 6-carboxyfluorescein (FAM)-CGAGAATGCCTGTGC
CAACCCAGCGG-black hole quencher 1 (BHQ-1); for Glut-1, the primer se-
quences were AACATGGAACCACCGCATCG and CCGACAGAGAAGGA
ACCAATCAT and the probe sequence was 6-FAM-AGCCCATCCCATCCAC
CACACTCACCACGC-BHQ-1; for L19, the primer sequences were CATCAA
GCGATCAGGGAATG and GAGGATTATACAGTTCAAAGCAAAT and
the probe sequence was Texas Red-CACCTTGTCCTTCAATCGTGTTCCTG
AGGG-black hole quencher 2 (BHQ-2). The specificity of primers and probes
were first tested under normal PCR conditions before quantitation. Cycle thresh-
old values were normalized for amplification of the mitochondrial ribosomal
protein L19. The data presented are the result of triplicate analyses and the error
bars indicate SEM.

RESULTS

To elucidate the upstream signaling mechanisms that regu-
late the hypoxic activation of HIF-1, we used fibroblasts iso-
lated from wild-type (WT) and p38� null embryos (35). HIF-1
activity is dependent on the stability of the oxygen sensitive
subunit, HIF-1�. WT or p38��/� cells were exposed to hypoxia
(1.5% O2) or normoxia (21% O2) in the presence or absence of
the iron chelator desferrioxamine (DFO; 100 �M) to examine
whether p38� is required for the stabilization of the HIF-1�
protein. Loss of p38� completely suppressed the stabilization
of the HIF-1� protein under hypoxia, whereas HIF-1� protein

stability was unaffected with treatment of DFO in either the
WT or p38�-deficient cells (Fig. 1A). Since PHDs require iron
as a cofactor to execute hydroxylation, it is likely that DFO
inhibits PHD activity directly by chelating intracellular iron.
These results were further confirmed by examining HIF-1 ac-
tivity using a luciferase reporter assay under the control of a
promoter containing three hypoxic response element sites
(HRE-Luciferase). Hypoxia and DFO increased HRE-depen-
dent luciferase induction in WT cells (Fig. 1B). In contrast,
p38��/� cells displayed a marked attenuation of luciferase
induction under hypoxia but not in the presence of DFO dur-
ing normoxia (Fig. 1B). These results indicate that the hypoxic
activation of HIF-1 is dependent on p38� MAPK and hypoxia
and iron chelators have distinct mechanisms for activating
HIF-1.

HIF-1� contains two oxygen regulated transactivation do-
mains (TADs), which are termed N-TAD (amino acids 531 to
575) and C-TAD (amino acids 786 to 826) (24). The C-TAD is
regulated by the hydroxylation of an asparagine residue by FIH
to prevent the interaction of the HIF-1� protein with transcrip-
tional coactivators such as p300. To examine the activity of the
transactivation domains a GAL4 DNA-binding domain (amino
acids 1 to 147) fused to HIF-1� (531 to 826) protein can be
utilized. Previous work shows that steady-state levels of this
fusion protein do not change between normoxic and hypoxic
conditions (24). Therefore, we used the GAL4–HIF-1� (531 to
826) fusion construct to investigate the transcriptional activity
of HIF-1� independent of its protein expression level. Trans-
activation by GAL4–HIF-1� (531 to 826) was induced by hyp-
oxia and DFO in WT cells (Fig. 1C). In contrast, cells deficient
in p38� failed to induce transactivation under hypoxia medi-
ated by GAL4–HIF-1� (531 to 826). Furthermore, transacti-
vation by GAL4–HIF-1� (531 to 826) was induced by DFO in
p38� null cells, similar to the induction seen in the WT cells.
HIF-1 transcriptional activity was further assessed by examin-
ing the induction of HIF-1 target genes, phosphoglycerate ki-
nase 1 (pgk1) and glucose transporter 1 (glut1), using real-time
quantitative RT-PCR. WT cells exposed to hypoxia displayed
an eightfold increase in both pgk1 and glut1 levels, whereas
p38��/� cells had diminished the transcription of pgk1 and
glut1 under hypoxic conditions (Fig. 1D). Moreover, pgk1 and
glut1 gene induction in WT and p38��/� cells exposed to DFO
were significantly increased to similar levels. These results sug-
gest that p38� MAPK is specifically required for HIF-1� tran-
scriptional activity that is induced by hypoxia, but not by DFO.

Anoxia activation of HIF-1 does not require p38� MAPK.
We have previously reported that cells exposed to anoxia
(�0% O2) differ in their mechanism of HIF-1 activation com-
pared to cells exposed to hypoxia (40). Cells exposed to hyp-
oxia fail to activate HIF-1 in the presence of mitochondrial
inhibitors or in cells that lack mitochondrial DNA [rho0] cells).
In contrast, cells exposed to anoxia retain their ability to acti-
vate HIF-1 even in the presence of mitochondrial inhibitors or
in [rho0] cells. These results suggest that hypoxia but not anoxia
utilizes a functional electron transport chain to activate HIF-1.
Anoxia directly limits oxygen availability to the hydroxylases to
stabilize HIF-1� protein and thus would not require activation
of any signaling mechanisms. To further test whether anoxia
requires p38 MAPK signaling, WT or p38��/� cells were ex-
posed to anoxia or normoxia. Loss of p38� did not affect the
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stabilization of the HIF-1� protein under anoxia (Fig. 2A).
Anoxia also increased HRE-dependent luciferase to similar
levels in both WT and p38��/� cells (Fig. 2B). These results
indicate that the anoxic activation of HIF-1 is independent of
p38� MAPK and that hypoxia and anoxia have distinct mech-
anisms for activating HIF-1.

Reintroduction of p38� MAPK rescues hypoxic activation of
HIF-1. To confirm that the hypoxic activation of HIF-1 was

directly due to the absence of p38�, p38��/� cells were stably
reconstituted with a p38� cDNA or with vector alone. Immu-
noblot analysis demonstrates that the reconstituted cells stably
express p38� (Fig. 3A). The reintroduction of p38� rescued
the hypoxic stabilization of the HIF-1� protein in p38��/�

cells (Fig. 3B). The transcriptional activity of HIF-1, as as-
sessed by HRE-Luciferase and the GAL4-HIF-1� (531 to 826)
fusion construct, during hypoxia in p38��/� cells was also

FIG. 1. p38� MAPK is required for hypoxic activation of HIF-1. (A) HIF-1� protein levels in p38��/� and p38��/� cells exposed to 21% O2
(N) �100 �M DFO or to 1.5% O2 (H) for 2 h. (B) p38��/� and p38��/� cells transfected with the HRE-Luciferase reporter gene construct and
exposed to 21% O2 � 100 �M DFO or to 1.5% O2 for 16 h. (C) p38��/� and p38��/� cells transfected with a GAL4 (1 to 147) DNA-binding
domain fused to HIF-1� (531 to 826) construct and a reporter gene construct encoding five GAL4-binding sites and exposed to 21% O2 � 100
�M DFO or to 1.5% O2 for 36 h. (D) p38��/� and p38��/� cells cultured for 16 h under 21% O2 � 100 �M DFO or to 1.5% O2, and transcription
levels of pgk1 and glut1 were determined by quantitative real-time RT-PCR analysis.
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rescued by the expression of p38� (Fig. 3C and D). Further-
more, hypoxia induced gene expression of pgk1 and glut1 in the
p38� reconstituted cells (Fig. 3E). Cells treated with DFO
during normoxia activated HIF-1 irrespective of the presence
or absence of p38�. These results indicate that the suppression
of HIF-1 activation under hypoxia in the p38��/� cells was due
to loss of p38� MAPK.

Upstream MAPKKs MKK3 and MKK6 are required for
HIF-1 activation during hypoxia. MKK3 and MKK6 are the
upstream MAPKK isoforms that specifically activate p38�
MAPK (5, 10, 37). To investigate if MKK3 and MKK6 are
required for the hypoxic activation of p38 MAPK, we used the
Mkk3/6�/� and Mkk3/6�/� cells, exposed them to hypoxia, and
performed immunoblot analysis using a phosphospecific anti-
body for p38 MAPK. During hypoxia, the WT cells demon-
strated activation of p38 MAPK (Fig. 4A). In contrast, cells
deficient in both Mkk3 and Mkk6 failed to activate p38 MAPK
during hypoxia. Next, we examined whether MKK3 and MKK6
were required for the stabilization of HIF-1�. Similar to the
p38� null cells, the Mkk3/6�/� cells did not stabilize HIF-1�
during hypoxia, whereas cells treated with DFO stabilized
HIF-1� irrespective of the status of MKK3/6 (Fig. 4B). To test
the requirement of MKK3 and MKK6 for the hypoxic activa-
tion of HIF-1, WT and Mkk3/6�/� cells were transfected with
HRE-Luciferase under normoxia, hypoxia, and DFO (Fig.

4C). Hypoxia and DFO induced HRE-Luciferase expression in
WT cells. In contrast, Mkk3/6�/� cells displayed a severe de-
cline of luciferase induction under hypoxia but not in the
presence of DFO during normoxia. Furthermore, cells defi-
cient in Mkk3/6 failed to induce transactivation of HIF-1 under
hypoxia (Fig. 4D). Consistent with these data are the observa-
tion that MKK3 and MKK6 are essential for the hypoxic in-
duction of the HIF-1 target genes but not for DFO (Fig. 4E).
Together these results indicate that the hypoxic activation of
p38 MAPK and HIF-1 is dependent on MKK3 and MKK6.

Mitochondrial ROS are required for both the hypoxic acti-
vation of HIF-1 and p38 MAPK. The upstream regulators of
the MKK3/6-p38� MAPK signaling pathway remain unknown
during hypoxia. Mitochondrial ROS generated within complex
III have been implicated as potential regulators of p38 MAPK
activation during hypoxia (25). Hypoxia increases the genera-
tion of oxidants during the ubiquinione cycle within complex
III. Indeed, hypoxia generated ROS, as detected by the oxida-
tion of the 2�,7�-dichlorofluorescin (DCFH) dye, in WT and
p38��/� cells (Fig. 5A). To demonstrate the source of the
ROS generation during hypoxia, cells were treated with myxo-
thiazol, a complex III inhibitor. Myxothiazol significantly de-
creased the oxidation of the DCFH dye during hypoxia (Fig.
5A). To demonstrate the requirement of the mitochondrial
complex III for the activation of p38 MAPK, WT cells were
treated with myxothiazol under hypoxic conditions. The phos-
phorylation of p38 MAPK under hypoxic conditions was also
suppressed by myxothiazol (Fig. 5B). To demonstrate whether
ROS are required for the hypoxic stabilization of HIF-1� and
the activation of p38 MAPK, cells were infected with an ade-
novirus encoding glutathione peroxidase 1 (GPX1), an antiox-
idant enzyme that converts hydrogen peroxide into water (Fig.
5C). Cells overexpressing GPX1 failed to activate p38 MAPK
during hypoxia (Fig. 5D). The activation of HIF-1 during hyp-
oxia has also been shown to be regulated by mitochondrial
ROS (8, 9). The increase in oxidant production is required for
the hypoxic stabilization of HIF-1� protein. To demonstrate
the requirement of the mitochondrial complex III for the sta-
bilization of HIF-1�, WT cells were treated with myxothiazol
under hypoxic conditions. Myxothiazol prevented the hypoxic
stabilization of the HIF-1� protein but not in response to DFO
(Fig. 6A). Cells overexpressing GPX1 failed to stabilize
HIF-1� protein during hypoxia (Fig. 6B). These results dem-
onstrate that activation of p38 MAPK signaling links mito-
chondrial generated ROS to the activation of HIF-1 during
hypoxia.

DISCUSSION

The signal transduction pathways that regulate the stabili-
zation of HIF-1� as well as the subsequent expression HIF-1
regulated genes are not fully understood. How cells sense the
decrease in oxygen to activate signaling pathways resulting in
the activation of HIF-1 remains unknown. Many signaling mol-
ecules have been implicated in the regulation of HIF-1, al-
though most studies have relied on the use of pharmacological
agents in cancer cell lines (17, 44). In the present study we
provide genetic evidence, using cells from p38��/� or Mkk3/
6�/� knockout mice, that the p38 MAPK signaling cascade is
necessary for the hypoxic activation of HIF-1. The reconstitu-

FIG. 2. p38� MAPK is not required for anoxic activation of HIF-1.
(A) HIF-1� protein levels in p38��/� and p38��/� cells exposed to
21% O2 (N) or to 0.0% O2 (A) for 2 h. (B) p38��/� and p38��/� cells
transfected with the HRE-Luciferase reporter gene construct and ex-
posed to 21% O2 or to 0.0% O2 for 16 h.
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tion of p38� null cells with a p38� cDNA restores the ability to
activate HIF-1 during hypoxia. This indicates that the inability
of hypoxia to activate HIF-1 was due to a loss of p38� as
opposed to an adaptation of p38� null cells in the absence of
the kinase. The p38 MAPK activation during hypoxia was
dependent on oxidant generation within mitochondrial com-
plex III. Thus, p38 MAPK signaling provides a mechanistic link

between the generation of oxidant production and the activa-
tion of HIF-1 during hypoxia (Fig. 7).

Presently there are two models that account for the activa-
tion of HIF-1. One model proposes that the hydroxylases,
PHDs and FIH, serve as oxygen sensors that control HIF-1
activation during hypoxia (12, 27). According to this model, the
hydroxylases reduce their activity directly as a function of de-

FIG. 3. Reintroduction of p38� rescues hypoxic activation of HIF-1 in p38� null cells. (A) p38��/� cells stably reconstituted with a p38� cDNA
or with vector alone. (B) HIF-1� protein levels in reconstituted cells exposed to 21% O2 (N) � 100 �M DFO or to 1.5% O2 (H) for 2 h. (C) Cells
transfected with HRE-Luciferase and exposed to 21% O2 � 100 �M DFO or to 1.5% O2 for 16 h. (D) Cells transfected with a GAL4 (1 to 147)
DNA-binding domain fused to HIF-1� (531 to 826) construct and a reporter gene construct encoding five GAL4-binding sites and exposed to 21%
O2 � 100 �M DFO or to 1.5% O2 for 36 h. (E) Reconstituted cells cultured for 16 h under 21% O2 � 100 �M DFO or to 1.5% O2, and
transcription levels of pgk1 and glut1 were determined by quantitative real-time RT-PCR analysis.
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clining oxygen levels resulting in a decrease in hydroxylation of
proline and asparagine residues within the HIF-1� protein.
The decrease in hydroxylation of the HIF-1� protein results in
both the stabilization of the protein as well as recruitment of
coactivators to induce gene expression. The fact that the hy-
droxylases could serve as oxygen sensors also suggests that

there would be no requirement for signaling pathways to be
initiated for the activation of HIF-1 during hypoxia. In order to
fulfill the role of oxygen sensors the hydroxylases would have to
have a Km in the hypoxic region. Recombinant prolyl hydrox-
ylases have a Km of ambient air (20.9% O2) in vitro while
asparaginyl hydroxylase (FIH) has a Km of 40% of ambient air

FIG. 4. MKK3 and MKK6 are essential for hypoxic activation of HIF-1. (A) p38 MAPK activation in WT and Mkk3/6�/� cells exposed to 21%
O2 (N) or to 1.5% O2 (H) for 30 min. (B) HIF-1� protein levels in WT and Mkk3/6�/� cells exposed to 21% O2 (N) � 100 �M DFO or to 1.5%
O2 (H) for 2 h. (C) WT and Mkk3/6�/� cells transfected with HRE-Luciferase and exposed to 21% O2 (N) � 100 �M DFO or to 1.5% O2 (H) for
16 h. (D) WT and Mkk3/6�/� cells transfected with a GAL4 (1 to 147) DNA-binding domain fused to HIF-1� (531 to 826) construct and a reporter
gene construct encoding five GAL4-binding sites and exposed to 21% O2 (N) � 100 �M DFO or to 1.5% O2 (H) for 36 h (E) WT and Mkk3/6�/�

cultured for 16 h under 21% O2 (N) � 100 �M DFO or to 1.5% O2 (H), and transcription levels of Pgk1 and Glut1 were determined by quantitative
real-time RT-PCR analysis.
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in vitro, indicating that the hydroxylases decrease their enzy-
matic activity throughout the physiological range of PO2 (18).
Therefore, if the hydroxylases were in fact the sensors, one
would predict a continuous increase in the accumulation of
HIF-1� protein as oxygen levels fall from 21% O2 to 0% O2.
However, HIF-1� protein begins to accumulate around 5% O2,
and its concentration increases as the oxygen levels approach

anoxia (23). Thus, the Km of the hydroxylases is not compatible
with the oxygen dependence of HIF-1� protein stabilization.
Our current finding that p38 MAPK signaling is required for
the activation of HIF-1 during hypoxia further suggests that
the hydroxylases are not likely to be the sole regulators of
HIF-1.

A second model proposes that the hydroxylases are only
proximal regulators of the HIF-1� protein. According to this
model there would be upstream regulators of the hydroxylases.
Our present results are in agreement with this model. Loss of
p38 MAPK signaling prevented both the hypoxic stabilization
of HIF-1� protein as well as the transcriptional activity of the
protein. The stabilization of HIF-1� protein is primarily reg-
ulated by hydroxylation of proline residues by PHDs while the
transcriptional activity is regulated by asparagine hydroxylation
by FIH. The activation of p38 MAPK signaling during hypoxia
is likely to prevent PHDs as well as FIH from hydroxylating
proline and asparagine residues. Our results are also consistent
with previous studies indicating that signaling molecules are
necessary for HIF-1� protein stabilization during hypoxia.
These signaling pathways include but are not limited to the
requirement of diacylglycerol kinase, small GTPases, and PI3-
K/AKT (4, 17, 47, 48, 49). Many of these signal transduction
molecules can activate p38 MAPK signaling pathways. More-
over, the transactivation potential of HIF-1� depends on phos-
phorylation of the conserved residue Threonine-796 (16). The
modification of this residue increases the affinity of HIF-1� to
the transcriptional coactivator CBP. Whether this modification

FIG. 5. Hypoxic activation of p38 MAPK and requires mitochon-
drial generated oxidants. (A) ROS were determined by incubating
p38��/� and p38��/� cells with DCFH-DA (10 �M) exposed to 21%
O2 � 100 �M DFO or to 1.5% O2 � myxothiazol, a complex III
inhibitor, for 4 h. (B) p38 MAPK activation in WT cells exposed to
21% O2 (N) � 100 �M DFO or 1.5% O2 (H) � myxothiazol (1 �M)
for 30 min. (C and D) GPX1 and p38 MAPK activation in WT cells
infected with null adenovirus (control) or adenovirus expressing myc-
tagged GPX1 and subsequently exposed to 21% O2 (N) � 100 �M
DFO or 1.5% O2 (H) for 2 h.

FIG. 6. Hypoxic activation of HIF-1� protein levels requires mito-
chondrial generated oxidants. (A) HIF-1� protein levels in WT cells
exposed to 21% O2 (N) � 100 �M DFO or 1.5% O2 (H) � myxothia-
zol (1 �M) for 2 h. (B) HIF-1� protein levels in WT cells infected with
null adenovirus (control) or adenovirus expressing myc-tagged GPX1
and subsequently exposed to 21% O2 (N) � 100 �M DFO or 1.5% O2
(H) for 2 h.
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does not allow FIH mediated hydroxylation at Asparagine 803
remains unknown. Also, p42/p44 MAPK can directly phos-
phorylate HIF-1� and increase the transcriptional activity of
the protein (38). We interpret these findings to suggest that the
hydroxylases are likely to have enough oxygen to carry out
hydroxylation of HIF-1� protein throughout the physiological
range but fail to hydroxylate HIF-1� protein as they approach
oxygen levels in the hypoxic region due to modification by p38
MAPK signaling (Fig. 7).

Our results also indicate that cells utilize different mecha-
nisms to activate HIF-1 during hypoxia compared with anoxia
or exposure to iron chelators. The p38 MAPK signaling was
not required for the activation of HIF-1 in cells exposed to
anoxia or iron chelators under normoxia. Oxygen is required as
a substrate and iron as a cofactor for the hydroxylation of the
HIF-1� protein, and in the absence of oxygen this reaction will
not occur. Therefore, HIF-1� protein will not be hydroxylated
and targeted for ubiquitin mediated degradation under anoxia
due to substrate limitation. The hydroxylases ultimately serve
as oxygen sensors under anoxic conditions. Similarly, the hy-
droxylases are likely to be the only regulators of HIF-1 by iron
chelators, such as DFO. Iron chelators can inhibit the hydroxy-
lation reaction directly by limiting the availability of iron. Pre-
vious observations have indicated that hypoxia and anoxia or
iron chelators have distinct mechanisms for the activation of
HIF-1. For example, cells exposed to hypoxia fail to activate
HIF-1 in the presence of mitochondrial inhibitors or in cells
that lack mitochondrial DNA [rho0] cells). In contrast, cells
exposed to anoxia retain their ability to activate HIF-1 even in
the presence of mitochondrial inhibitors or in [rho0] cells (40).

Furthermore, diphenylene iodonium (DPI), an inhibitor of a
wide range of flavoproteins including mitochondrial complex I,
prevents stabilization of HIF-1� protein and HIF-1 target
genes at oxygen levels of 1% but not in the presence of iron
chelators under normoxia (15).

A major finding of the present study is that ROS generated
within mitochondrial complex III are required for the activa-
tion of both p38� MAPK and HIF-1. Previous studies have
suggested that mitochondrial complex III can serve as an ox-
ygen sensor and oxidant production from this complex serves
as the major signaling molecule to initiate activation of HIF-1
during hypoxia (8, 9, 40). However, the mechanisms by which
mitochondrial ROS would activate HIF-1 remains unknown.
The current finding that p38 MAPK signaling is required for
HIF-1 activation provides the first known link between mito-
chondrial oxidant production during hypoxia and HIF-1 acti-
vation. This premise is consistent with the observations that
nonhypoxic stimuli such as chromium or arsenite generate
oxidative stress resulting in a p38� MAPK-dependent activa-
tion of HIF-1. The physiological implication of ROS as a pos-
itive regulator of HIF-1 has been recently highlighted by the
observation that cells deficient in JunD, a member of the AP-1
family of transcription factors, have increased ROS levels un-
der normoxic conditions resulting in the accumulation of
HIF-1� protein and induction of VEGF, a potent angiogenic
factor (14). Thus, JunD can reduce tumorigenesis by reducing
oxidative stress and HIF-1 activation. Furthermore, radiation-
induced reoxygenation of hypoxic tumor cells results in the
production of ROS, which activates HIF-1 to prevent radia-
tion-induced endothelial cell death (33).

There are two important physiological implications of the
present study. First, the requirement of p38 MAPK signaling
for the hypoxic activation of HIF-1 may explain the resem-
blance seen in the phenotypes of the p38�, Mkk3/6, Hif-1�, and
Hif-1� null mice. All these embryos die during midgestation
due to multiple defects, including abnormal vascularization of
the placenta (1, 2, 3, 5, 7, 21, 30, 34, 39, 46). In particular, both
the Hif-1� knockout and p38� null mice display a complete
loss of the labyrinth layer and significant reduction of the
spongiotrophoblast layer in the developing placenta. Secondly,
HIF-1 is up-regulated in most human cancers and is required
for tumor progression by up-regulating its target genes, which
are involved in angiogenesis, anaerobic metabolism, cell sur-
vival, cell invasion, and drug resistance (43). Here, we identify
the p38 MAPK signaling pathway as a key upstream regulator
of HIF-1 activity. Consequently, therapies targeted towards
modulating the p38 MAPK signaling pathway may provide a
basis for the development of new cancer therapies.
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