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Summary

Activation of glycolytic genes by HIF-1 is considered critical for metabolic adaptation to hypoxia through increased conver-
sion of glucose to pyruvate and subsequently to lactate. We found that HIF-1 also actively suppresses metabolism through
the tricarboxylic acid cycle (TCA) by directly trans-activating the gene encoding pyruvate dehydrogenase kinase 1 (PDK1).
PDK1 inactivates the TCA cycle enzyme, pyruvate dehydrogenase (PDH), which converts pyruvate to acetyl-CoA. Forced
PDK1 expression in hypoxic HIF-1a null cells increases ATP levels, attenuates hypoxic ROS generation, and rescues these
cells from hypoxia-induced apoptosis. These studies reveal a hypoxia-induced metabolic switch that shunts glucose metab-
olites from the mitochondria to glycolysis to maintain ATP production and to prevent toxic ROS production.
Introduction

The Pasteur effect, which describes the increased conversion of
glucose to lactate in hypoxic cells, has been considered a critical
cellular metabolic adaptation to hypoxia for over a century. The
molecular basis for the Pasteur effect is thought to result solely
from the activation of glycolysis by hypoxia-inducible transcrip-
tion factors, with mitochondrial respiration passively decreasing
due to the paucity of oxygen. The studies we report here along
with studies by Papandreou et al. (2006), however, indicate that
cellular adaptation to hypoxia also requires an active suppres-
sion of mitochondrial pyruvate catabolism and respiration.

Under normal oxygen tensions, cells catabolize glucose to
pyruvate via glycolytic enzymes. Pyruvate is then taken up by
the mitochondria for further catabolism through the tricarboxylic
acid (TCA) or Krebs cycle, which transfers electrons to the respi-
ratory chain. Electron transport through this chain results in ATP
production and terminates in the donation of electrons to oxy-
gen. In low oxygen tension, in which there is a paucity of oxygen
as an electron acceptor, hypoxic cells are surmised to undergo
anaerobic glycolysis as a default mode. Over the past decade,
however, the adaptation of cells to hypoxia has emerged as
an active process. Increased glycolytic flux requires transcrip-
tional activation of genes encoding glucose transporters and
glycolytic enzymes that is mediated by hypoxia-inducible factor
1 (HIF-1) and/or HIF-2 (Iyer et al., 1998; Seagroves et al., 2001).
HIF-1 is a heterodimeric transcription factor, consisting of HIF-
1a and HIF-1b subunits, which functions as a master regulator
of oxygen homeostasis in all metazoan species (Schofield and
Ratcliffe, 2004; Semenza, 2004). Hypoxic activation of HIF-1
promotes ATP production through increased anaerobic glycoly-
sis, which partially compensates for hypoxic cellular energy
demands. Increased ATP production, however, may not be suf-
ficient for hypoxic adaptation since hypoxia paradoxically
causes oxidative stress from uncontrolled mitochondrial gener-
ation of reactive oxygen species (ROS) that may pose a barrier
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for cell survival . ROS, a byproduct of mitochondrial respiration
due to electron transfer to O2, is neutralized by catalase, perox-
iredoxins, and superoxide dismutase. Under hypoxic condi-
tions, however, perturbation in electron transport is associated
with leakage of electrons from the respiratory chain, resulting
in increased ROS that could be toxic to cells if ROS levels are
not attenuated. Here, we report that the hypoxia inducible pyru-
vate dehydrogenase kinase 1 (PDK1) is critical for the attenua-
tion of mitochondrial ROS production, maintenance of ATP
levels, and adaptation to hypoxia.

We initially sought to determine by microarray analysis of
gene expression the overlap of genes responsive to both MYC
and hypoxia using the human B lymphocyte cell line, P493-6,
which contains a tetracycline-repressible MYC allele (Kim
et al., 2004; Schuhmacher et al., 1999). Among the genes highly
induced by hypoxia, PDK1 is also a potential MYC target that
was identified by chromatin immunoprecipitation experiments
(Li et al., 2003). PDK1 was selected for further study because
of its involvement in the regulation of glucose metabolism by
the TCA cycle. We found that the gene encoding pyruvate dehy-
drogenase kinase 1 (PDK1) is a direct target of HIF-1. PDK1
phosphorylates the pyruvate dehydrogenase (PDH) E1a subunit
and inactivates the PDH enzyme complex that converts pyru-
vate to acetyl-coenzyme A, thereby inhibiting pyruvate metabo-
lism via the tricarboxylic acid (TCA) cycle (Holness and Sugden,
2003). Because the TCA cycle is coupled to electron transport,
regulation of the PDH complex by PDK is critical for the attenu-
ation of mitochondrial respiration and ROS production.

We observed that under hypoxic conditions, HIF-1a null
mouse embryo fibroblasts (MEFs) fail to activate PDK1 and
undergo apoptosis that is associated with a dramatic rise in the
level of reactive oxygen species (ROS). Forced expression of
PDK1 increases the levels of ATP and prevents hypoxia-induced
ROS generation and apoptosis. Our studies suggest a failure of
the electron transport chain under hypoxic conditions, which
necessitates the shunting of glucose metabolites away from
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the mitochondria by HIF-1-mediated PDK1 expression. This re-
sults in the attenuation of mitochondrial respiration, prevention
of toxic ROS production, and the maintenance of ATP levels.

Results

PDK1 is a direct HIF-1 target gene
Our microarray gene expression analysis of hypoxic P493 cells
revealed the induction of many known hypoxia-responsive
genes including those encoding glucose transporter, glycolytic
enzymes, and VEGF, as well as previously unreported ones
(deposited in Gene Expression Omnibus [GEO] database,
GSE4186). PDK1, which had not been previously reported, is
among 25 genes that were induced at least 4-fold by hypoxia
in P493-6 cells (Table S1 in the Supplemental Data available
with this article online). The hypoxic induction of PDK1 gene ex-
pression was accompanied by a remarkable induction of PDK1
protein as demonstrated by immunoblot assay (Figure 1A).
PDK1 levels were also increased in P493-6 cells exposed to
CoCl2 (Figure 1B), which induces HIF-1 activity by inhibiting O2-
dependent degradation of the HIF-1a subunit (Maxwell et al.,
1999; Wang and Semenza, 1993). To determine whether HIF-1
is necessary for PDK1 induction, we analyzed HIF-1a null
(Hif1a2/2) MEFs (Feldser et al., 1999; Iyer et al., 1998) that also
do not express HIF-2a (data not shown). The dramatic increase
in PDK1 levels in isogenic wild-type MEFs exposed to hypoxia
did not occur in Hif1a2/2 MEFs (Figure 1C). Similar results were
obtained by immunoblot assay of hexokinase 2 (HK2), which is
the product of a known HIF-1 target gene (Iyer et al., 1998).

To determine whether PDK1 is a direct target of HIF-1, chro-
matin immunoprecipitation (ChIP) was performed with an anti-
HIF1a antibody, as described for anti-Myc antibody (Kim et al.,
2004), using hypoxic P493-6 cells. For a positive control, we
demonstrated binding of HIF-1 to a known HIF-1 target gene,
VEGF, in chromatin from hypoxic, but not from nonhypoxic, cells
(Figure S1). Since HIF-1 is absent in nonhypoxic cells, it is
expected that HIF-1 bound to target genes would not be
detected. In hypoxic cells, HIF-1a was crosslinked to the PDK1
gene in DNA sequences flanking exon 1 that are enriched with
consensus HIF-1 binding sites (Figure 1D). These results indicate
that PDK1 is a direct HIF-1 target gene.

PDK1 rescues hypoxic Hif1a2/2 MEFs
The proliferation of Hif1a2/2 embryonic stem cells may be im-
paired when cultured under hypoxic conditions for 24–48 hr (Car-
meliet et al., 1998; Iyer et al., 1998). The proliferation of Hif1a2/2

MEFs was also impaired after 48 hr of hypoxia (Figure 1E) as was
previously observed (Seagroves et al., 2001). However, a more
striking defect was observed after 72 hr, with a reduction in cell
number indicating cell death, which was confirmed by demon-
stration of a dramatic increase in annexin V staining, an indicator
of apoptosis (Figure 2C). In contrast, the immortalized wild-type
MEFs are able to proliferate in hypoxia, presumably because
SV40 T-antigen expression in these cells (Feldser et al., 1999)
overcomes the RB-mediated G1 checkpoint that is observed in
moderately hypoxic cells (Gardner et al., 2001).

We hypothesized that active suppression of the TCA cycle
and shunting of pyruvate to lactate via inactivation of PDH by
PDK1 is required for cell survival under prolonged hypoxic con-
ditions. To test this hypothesis, we generated Hif1a2/2 cell pools
with forced overexpression of PDK1 by independent retroviral
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infections (Figure 2A). PDK1 overexpression resulted in in-
creased PDH E1a subunit phosphorylation, which was also ob-
served in hypoxic wild-type MEFs (Figure 3). Intriguingly, forced
PDK1 expression was sufficient to permit the proliferation of
hypoxic Hif1a2/2 MEFs (Figure 2B) and protect them from hyp-
oxia-induced apoptosis (Figure 2C). By contrast, forced expres-
sion of the murine glycolytic enzyme glucose phosphate isomer-
ase (mGPI) could not rescue hypoxic Hif1a2/2 MEFs (Figure S2).

Forced expression of PDK1 inhibits hypoxia-induced
apoptosis in the absence of HIF1
Our observation that PDK1 rescued hypoxic HIF-1a null MEFs
suggested that PDK1-mediated inactivation of the PDH complex
and shunting of pyruvate away from the TCA cycle toward glycol-
ysis was sufficient for the survival of hypoxic cells. We hypothe-
sized that limited O2 availability may lead to increased ROS
production due to ineffective electron transfer in the mitochon-
dria if flux through the TCA cycle is not attenuated (Balaban
et al., 2005; Yankovskaya et al., 2003). Increased ROS levels
could, in turn, trigger apoptosis (Balaban et al., 2005). As shown
in Figure 4A, hypoxia caused an increase in intracellular H2O2 in
Hif1a2/2 MEFs in sharp contrast to the reduction in H2O2 levels
that was observed when wild-type MEFs were exposed to hyp-
oxia. These data taken together with the demonstration that
forced PDK1 expression prevented hypoxia-induced apoptosis
of Hif1a2/2 MEFs raised the possibility that HIF-1-induced
PDK1 activity may reduce ROS production. As shown in
Figure 4B, production of H2O2 in hypoxic Hif1a2/2 MEFs was
significantly decreased by forced PDK1 expression. To further
confirm that PDK1 reduces ROS production, we examined intra-
cellular oxidants by staining cells with H2DCFDA, which is
oxidized by ROS to the highly fluorescent DCF. DCF fluores-
cence was markedly diminished by forced PDK1 expression in
Hif1a2/2 MEFs (Figure 4C). Furthermore, we hypothesized that
inhibition of mitochondrial electron transport would also rescue
the Hif1a2/2 MEFs. While complex 3 inhibitors, myxothiazol
and antimycin A, were toxic to both normoxic and hypoxic
Hif1a2/2 MEFs, the mitochondrial complex 1 inhibitor rotenone
was able to rescue hypoxic Hif1a2/2 MEFs, whereas it inhibited
proliferation of normoxic Hif1a2/2 MEFs (Figure 4D). These re-
sults support a novel regulatory mechanism for hypoxic adapta-
tion in which PDK1 inactivates the PDH complex and inhibits the
TCA cycle, thereby attenuating ROS production.

We hypothesized that PDK1-mediated inhibition of the TCA
cycle would result in increased glycolysis and ATP levels by
shunting pyruvate toward lactate production. ATP content in
Hif1a2/2 MEFs was reduced in hypoxia as compared with
wild-type MEFs (Figure 4E). The decrease in ATP level could
result from decreased ATP production as well as increased
mitochondrial ATP consumption to maintain mitochondrial
membrane potential. In contrast, hypoxic Hif1a2/2 MEFs with
forced PDK1 expression had elevated ATP levels as compared
with hypoxic wild-type MEFs (Figure 4E). The increased ATP
levels, hence, could result from increase ATP production by gly-
colysis and/or from decreased ATP consumption to maintain mi-
tochondrial membrane potential in hypoxia.

Reduced PDK1 levels impair the growth
of hypoxic P493-6 cells
To determine whether PDK1 is necessary for hypoxic adapta-
tion of P493-6 cells, which express predominantly PDK1 (as
CELL METABOLISM : MARCH 2006



PDK1 mediates hypoxic metabolic adaptation
Figure 1. HIF-1-dependent induction of PDK1 expression in hypoxic cells

A) Immunoblot assay of PDK1 protein levels in hypoxic or normoxic P493-6 cells that were exposed to 0.1% or 20% O2, respectively. b-actin is shown as a loading control.

B) PDK1 induction in P493-6 cells exposed to 100 mM CoCl2 under normoxic (20% O2) conditions. Total protein staining is shown as a loading control.

C) Immunoblot assay of PDK1 and hexokinase 2 expression in wild-type and Hif1a2/2 MEFs under hypoxic (0.5% O2) or normoxic (20% O2) conditions. b-actin is shown as

a loading control.

D) Chromatin immunoprecipitation assay of the human PDK1 gene. Real-time PCR quantification of HIF1a binding to regions 1–4 (amplicons) is indicated as the percentage

of total input chromatin DNA. Arrows indicate consensus HIF-1 binding site.

E) Growth curves of the wild-type and Hif1a2/2 MEFs in hypoxic conditions (0.5% O2). Cell numbers (mean 6 SD) from three independent experiments are shown.
compared to the three other PDK isoforms), we reduced the ex-
pression of PDK1 by RNA interference (Figure 5A). The growth of
P493-6 cells in hypoxia was impaired by small interfering RNA
(siRNA) directed against PDK1 as compared to cells treated
CELL METABOLISM : MARCH 2006
with a scrambled control siRNA that did not reduce PDK1 ex-
pression (Figure 5B). These results are consistent with the hy-
pothesis that PDK1 is necessary for the proliferation of P493-6
cells under hypoxic conditions.
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Figure 2. Effect of forced PDK1 expression on the survival of hypoxic Hif1a2/2 MEFs

A) Immunoblot assays of PDK1 and HK2 expression in Hif1a2/2 MEFs ectopically expressing PDK1 by pMSCVpuro-PDK1 retroviral transduction after 24–72 hr of hypoxia

(0.5% O2). Two independently transduced cell pools with pMSCVpuro-PDK1 retrovirus (#1 and #2) were used. Hif1a2/2 MEFs and those transduced with empty

pMSCVpuro vector were used as controls. b-actin is shown as a loading control.

B) Growth curves of retrovirally transduced Hif1a2/2 MEFs under hypoxia (0.5% O2). Cell numbers (mean 6 SD) from four independent experiments are shown.

C) Measurement of apoptosis by Annexin V staining after 72 hr of hypoxia (0.5% O2). Percentage of apoptotic cells (Annexin V positive, 7-AAD negative, right lower quad-

rant; mean 6 S.D.) from three independent experiments are shown.
Discussion

Pasteur described over a century ago that hypoxic cells increase
the conversion of glucose to lactate, an effect that to date had
been primarily attributed to the activation of glycolysis by hyp-
oxia-inducible transcription factors HIF1a and/or HIF2a. The ac-
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companying decrease in cellular respiration in hypoxia was
thought to result passively from the paucity of oxygen, which is
required for accepting electrons from the mitochondrial respira-
tory chain. Our observations along with Papandreou et al. (2006)
reveal that adaptation to hypoxia critically depends on the active
inhibition of mitochondrial pyruvate metabolism and respiration.
CELL METABOLISM : MARCH 2006



PDK1 mediates hypoxic metabolic adaptation
Figure 3. Phosphorylation of PDH E1a subunit by

PDK1 expression

A) Immunoblot (IB) analysis of PDH E1a subunit

(41 kDa) after two dimensional gel electrophoresis

of lysates from the Hif1a2/2 MEFs expressing

PDK1 or those transduced with empty vector. Filters

were stripped and re-probed for b-actin, which is

shown as an intergel reference point for the immuno-

blot alignment. The very far left lane of each panel

represents one-dimensional electrophoresis of the

lysates.

B) Phosphorylation of PDHE1a in hypoxic (0.5% O2)

wild-type MEFs compared to normoxic (20% O2)

cells. Arrows indicate a phosphorylated form of

PDH E1a subunit. pI = isoelectric points.
In addition to our finding that PDK1 is hypoxia inducible from
microarray gene expression analysis, we found that PDK1 is
a direct target of HIF-1 by chromatin immunoprecipitation, which
demonstrates binding of HIF-1 to the promoter region of PDK1.
The accompanying paper by Papandreou et al. (2006) further
confirms that PDK1 is a direct HIF-1 target through PDK1
promoter-reporter assays using a constitutively active HIF-1
expression vector.

Having established that PDK1 is a direct HIF-1 target, we were
intrigued and surprised by our finding that PDK1 is sufficient to
rescue hypoxic cells that lack the expression of HIF-1a or HIF-
2a. Our further studies support a novel regulatory mechanism
for hypoxic adaptation whereby hypoxia-induced PDK activity
inhibits PDH, causing the shunting of pyruvate from the mito-
chondria and subsequently attenuating mitochondrial respira-
tion and ROS production. Although we cannot rule out the pos-
sibility that PDK1 may have phosphorylation targets other than
PDH that may promote survival in hypoxia, our study along with
the study by Papandreou et al. (2006) strongly suggests that
PDK1 suppression of the TCA cycle, mitochondrial respiration
and ROS production, and augmentation of ATP levels are crucial
for the survival of hypoxic cells. Thus, HIF-1 plays three critical
roles in the hypoxia-induced metabolic switch from oxidative to
glycolytic metabolism. HIF-1 induces expression of: (1) upstream
glucose transporters and glycolytic enzymes to increase flux from
CELL METABOLISM : MARCH 2006
glucose to pyruvate; (2) PDK1 to block the conversion of pyruvate
to acetyl CoA; and (3) lactate dehydrogenase A to convert pyru-
vate to lactate (Figure 6). In this context, we propose that the in-
duction of PDK1 is necessary to prevent excessive mitochondrial
ROS production and to shunt pyruvate toward lactate and regen-
erate NAD+, which permits continued glycolysis and ATP produc-
tion under hypoxia (Figure 6). This model is compatible with find-
ings that hypoxia-induced mitochondrial ROS is necessary and
sufficient for the stabilization of HIF-1 (Brunelle et al., 2005; Guzy
et al., 2005; Kaelin, 2005), which would in turn activate PDK1
and thereby attenuate the persistence of potentially lethal ROS.

It is notable that enforced PDK1 expression increased lactate
production by Hif1a2/2 MEFs under nonhypoxic conditions, but
this increase was not readily apparent in hypoxia (data not
shown), suggesting that increased ATP levels with enforced
PDK1 expression in hypoxia may not be due only to glycolysis.
Along with the findings by Papandreou et al. (2006) that PDK1
decreases mitochondrial oxygen consumption and function,
our observations suggest that enforced PDK1 expression res-
cued Hif1a2/2 MEFs by inactivating PDH, decreasing mitochon-
drial oxygen consumption and function, thereby reducing
hypoxic mitochondrial ATP consumption for maintenance of
mitochondrial membrane potential.

Further investigation of this fundamental mechanism for regu-
lating cellular metabolism will allow us to better understand the
181
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Figure 4. Effect of PDK1 on hypoxia-induced ROS production

A) Intracellular hydrogen peroxide levels in wild-type and Hif1a2/2 MEFs after 72 hr at 0.5% or 20% O2. The data are expressed as the mean fluorescence levels from two

independent experiments normalized by protein concentration and shown as normalized (to Hif1a2/2 MEF) values. Error bars represents SEM.

B) Intracellular hydrogen peroxide level in Hif1a2/2 MEFs ectopically expressing PDK1 or transduced with empty vector after 72 hr of hypoxia (0.5% O2). Four independent

experiments were performed and error bars represent SEM.

C) DCF fluorescence staining of hypoxic (0.5% O2) Hif1a2/2 MEFs transduced with relevant retroviruses. Images were captured with identical photographic exposure times

from two randomly selected fields. As a positive control, Hif1a2/2 MEFs ectopically expressing PDK1 were incubated with 200 mM hydrogen peroxide for 4 hr in hypoxia

before staining (right panels).

D) Growth curves of hypoxic (0.5% O2, left panel) or normoxic (20% O2, right panel) Hif1a2/2 MEFs incubated with 0.1 mM rotenone. Cell numbers (mean 6 S.D) from two

independent experiments, each measured in duplicate are shown.

E) Intracellular ATP levels of wild-type MEFs, Hif1a2/2 MEFs ectopically expressing PDK1 or transduced with empty vector after 72 hr of hypoxia (0.5% O2) or normoxia

(20% O2). Values are normalized to those of normoxic Hif1a2/2 MEFs.
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PDK1 mediates hypoxic metabolic adaptation
Figure 5. Effect of decreased PDK1 expression on

P493-6 cells exposed to hypoxia

A) Immunoblot assays of PDK1 expression in cells

following electroporation with PDK1 siRNA or control

scrambled siRNA in hypoxic (0.1% O2) or normoxic

(20% O2) conditions. b-actin is shown as a loading

control.

B–C) Growth curves of cells electroporated with

PDK1 siRNA or control scrambled siRNA in hypoxia

(B) and normoxia (C). Cell numbers (mean 6 SD)

from two independent experiments, each measured

in duplicate, are shown.
physiologic adaptation of normal cells to hypoxia and may also
provide new insights into the Warburg effect or the reliance of
cancer cells on glycolytic metabolism even under aerobic condi-
tions (Dang and Semenza, 1999; Elstrom et al., 2004). In partic-
ular, the activation of PDK under nonhypoxic conditions would
favor the conversion of glucose to lactate, which is a key feature
of the Warburg effect. Both Myc and HIF-1 activate overlapping
sets of glycolytic genes including lactate dehydrogenase (Kim
et al., 2004), and hence Myc is hypothesized to play a role in
CELL METABOLISM : MARCH 2006
the Warburg effect. While nonhypoxic activation of HIF-1
through specific signal transduction pathways or loss of VHL
could increase PDK1 and trigger the Warburg effect, the role of
Myc in activating PDK1 is currently unclear. Although Myc was
observed to bind the promoters of PDK1, PDK2, and PDK3 in
the Burkitt’s lymphoma cell line, Daudi (Li et al., 2003), PDK1 ex-
pression was not further increased by enforced Myc expression
in the P493-6 cells. Notwithstanding the as yet unclear role of
Myc in regulating PDK1, which requires further study, our novel
Figure 6. Coordinate regulation of hypoxia-induced

metabolic switches by HIF-1

In hypoxic cells, HIF-1 stimulates increased glyco-

lytic flux to pyruvate (1) and its reduction to lactate (2).

In addition, HIF-1-induced PDK1 activity inhibits

PDH (3), resulting in decreased flux through the

TCA cycle. The resulting attenuation of oxidative

phosphorylation is essential to prevent the genera-

tion of reactive oxygen species (ROS) resulting

from ineffective electron transport under hypoxic

conditions. HIF-1 mediates these effects through

transcriptional activation of genes encoding glucose

transporters and glycolytic enzymes (1), lactate de-

hydrogenase A (2), and PDK1 (3).
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finding that HIF-1 dependent activation of PDK1 is essential for
cellular adaptation to hypoxia suggests a possible target for can-
cer therapeutic intervention. In particular, the decreased viability
of P493-6 cells with reduced PDK1 level in hypoxia suggests the
possibility of novel approaches that induce apoptosis in hypoxic
cancer cells by PDK inhibition.

Experimental Procedures

Cell culture and hypoxic exposures

Wild-type and Hif1a2/2 MEFs were immortalized by SV-40 large T antigen

and maintained in high glucose (4.5 mg/ml) DMEM (GIBCO/BRL) with 15%

fetal bovine serum (FBS) (GIBCO/BRL), 2 mM sodium pyruvate (Sigma), non-

essential amino acids (Sigma), and 1% penicillin-streptomycin (GIBCO/

BRL)(Feldser et al., 1999). The human Burkitt’s lymphoma cell line P493-6

was generated and maintained as described (Kim et al., 2004; Schuhmacher

et al., 1999). Normoxic cells (20% O2) were maintained at 37ºC in a 5% CO2/

95% air incubator. Hypoxic cells (0.1%–0.5% O2) were maintained in a con-

trol atmosphere chamber (Plas-Labs) at 37ºC. Oxygen tension was moni-

tored by a calibrated Series 200 Percent oxygen analyzer (Alpha Omega

Instruments).

Vectors and retrovirus infection

Verified full-length cDNA clones for human PDK1 were purchased from Open

biosystems. Full-length human PDK1 cDNA was ligated into the pMSCVpuro

(Clontech) retroviral vector (pMSCVpuro-PDK1). Retroviruses were pro-

duced by transfecting the pMSCVpuro-PDK1 or empty pMSCVpuro vector

into the ecotropic Phoenix packaging cell line. Hif1a2/2 MEFs were infected

with retroviruses in the presence of 8 mg/ml polybrene (Sigma). Infected cells

were selected with 2 mg/ml puromycin (Sigma).

ChIP assay

Chromatin immunoprecipitation and real-time PCR quantification were per-

formed as described (Kim et al., 2004). The rabbit polyclonal HIF1a antibody

(Novus Biologicals) and rabbit IgG1 antibody (Zymed) were used for immuno-

precipitation (see Table S2 for the primer sequences for the ChIP assay).

Western blot analysis

Proteins extracted from MEFs or P493-6 cells were fractionated by 10%

SDS-PAGE. Polyclonal anti-PDK1 antibody (Stressgen Bioreagents), poly-

clonal anti-HK2 antibody (Santa Cruz) and monoclonal anti-b actin antibody

(Sigma) were used for immunoblot assays.

Cell proliferation and apoptosis

For the cell proliferation assay, 2 3 105 MEFs were plated in a 10 cm dish 1

day before hypoxic exposure (0.5% O2). At indicated times, cells were tryp-

sinized and viable cells were counted. Apoptotic rate was measured by

Annexin V-PE Apoptosis Detection kit (BD Biosciences) according to the

manufacturer’s instructions.

ROS measurements

Intracellular hydrogen peroxide levels were measured using an Amplex Red

Hydrogen Peroxide Assay kit (Molecular Probes) according to the manufac-

turer’s instructions. In brief, total cell lysates were harvested at 72 hr of hyp-

oxic incubation (0.5% O2) inside the hypoxic chamber and the reactions were

initiated immediately by adding Amplex Red reaction mixture. Fluorescence

was measured on a Cytofluor 2300 (Millipore). Fluorescence levels were nor-

malized to the protein concentration. Intracellular ROS production was also

measured by staining with dichlorodihydrofluorescein diacetate (H2DCFDA,

Molecular Probes). After 72 hr of hypoxic incubation (0.5% O2), cells were

loaded with 5 mM H2DCFDA for 1 hr, washed in PBS, and incubated with fresh

media without H2DCFDA for 30 min. DCF fluorescence was visualized using

an Axiovert 200 inverted fluorescence microscope (Zeiss).

Intracellular ATP level measurements

Intracellular ATP levels were measured using an ATPLite assay kit (Perkin El-

mer) according to the manufacturer’s instructions. In brief, cell lysates were

collected from hypoxic (0.5% O2) or normoxic (20% O2) MEFs. Lumines-
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cence was measured using an LMax microplate luminescence reader (Mo-

lecular Device), and normalized to the protein concentration.

siRNA experiments

siRNA targeting human PDK1 was designed and purchased from Dharmacon

Research Inc. 3 3 106 P493-6 cells were electroporated (1500 mF and 240

volts) with 100 nM PDK1 siRNA (50-CUACAUGAGUCGCAUUUCAdTdT-30)

or scrambled control siRNA (50-CACGCUCGGUCAAAAGGUUdTdT-30) in

a 4 mm cuvette (BTX) using a Gene Pulser Xcell (Bio-Rad). On the following

day, 5 3 105 viable cells subjected to the hypoxic exposure (0.1% O2). At

the indicated times, viable cells were counted and protein lysates were

prepared for immunoblot assays.

2-D electrophoresis

After washes with low-salt wash buffer, cells were extracted in lysis buffer

(8 M urea, 4% CHAPS, 1.5% 3-10 IPG buffer, protease and phosphatase in-

hibitor cocktail). The crude cell homogenate was sonicated on ice, and the

first-dimension isoelectric focusing and second-dimension electrophoresis

were performed as described with modifications(Gorg et al., 1988). After sec-

ond-dimension electrophoresis, proteins were transferred to nitrocellulose

membrane and immunoblotted with monoclonal anti-PDH E1a antibody

(Molecular Probes) or monoclonal anti-b-actin antibody (Sigma).

Microarray analysis

P493-6 cells were incubated in normoxic (20% O2) or hypoxic condition (0.1%

O2) for 29 hr. Duplicate mRNA samples were prepared from cells from biolog-

ically independent experiments and subjected to Affymetrix oligonucleotide

microarray analysis by using an HG_U133A chip as described (Chou et al.,

2004). To estimate the gene expression signals, data analysis was conducted

on the microarrays’ CEL file probe signal values at the Affymetrix probe pair

(perfect match [PM] probe and mismatch [MM] probe) level, using the statis-

tical algorithm Robust Multiarray Analysis (RMA) (Irizarry et al., 2003) with the

bioconductor package Affy. This probe level data processing includes a nor-

malization procedure utilizing quantile normalization (Bolstad et al., 2003) to

reduce the obscuring variation between microarrays, which might be intro-

duced during the processes of sample preparation, manufacture, fluores-

cence labeling, hybridization and/or scanning. Fold changes were computed

based on the signal intensities estimated above. All computation was done in

R environment.

Supplemental data

Supplemental data include two figures and three tables and can be found

with this article online at http://www.cellmetabolism.org/cgi/content/full/3/

3/177/DC1/.

Acknowledgments

This work was supported by National Institutes of Health (NIH)/National Can-

cer Institute (NCI) grants CA52497, CA57341, and NHLBI NO1-HV-28180.

J.-W.K. is a Howard Hughes Medical Institute Predoctoral Fellow. C.V.D. is

a Johns Hopkins Family Professor in Oncology Research. We thank L. Gard-

ner, L. Lee, K. O’Donnell and B. O’Rourke for comments, N. Denko for shar-

ing unpublished information, and R. Cole, F. Martinez Murillo, C.C. Talbot,

Jr., and C. Jie for technical advice.

Received: December 13, 2005

Revised: January 19, 2006

Accepted: February 8, 2006
Published: March 7, 2006

References

Balaban, R.S., Nemoto, S., and Finkel, T. (2005). Mitochondria, oxidants, and
aging. Cell 120, 483–495.

Bolstad, B.M., Irizarry, R.A., Astrand, M., and Speed, T.P. (2003). A compar-
ison of normalization methods for high density oligonucleotide array data
based on variance and bias. Bioinformatics 19, 185–193.
CELL METABOLISM : MARCH 2006

http://www.cellmetabolism.org/cgi/content/full/3/3/177/DC1/
http://www.cellmetabolism.org/cgi/content/full/3/3/177/DC1/


PDK1 mediates hypoxic metabolic adaptation
Brunelle, J.K., Bell, E.L., Quesada, N.M., Vercauteren, K., Tiranti, V., Zeviani,
M., Scarpulla, R.C., and Chandel, N.S. (2005). Oxygen sensing requires
mitochondrial ROS but not oxidative phosphorylation. Cell Metab. 1, 409–
414.

Carmeliet, P., Dor, Y., Herbert, J.M., Fukumura, D., Brusselmans, K., Dewer-
chin, M., Neeman, M., Bono, F., Abramovitch, R., Maxwell, P., et al. (1998).
Role of HIF-1alpha in hypoxia-mediated apoptosis, cell proliferation and
tumour angiogenesis. Nature 394, 485–490.

Chou, W.C., Jie, C., Kenedy, A.A., Jones, R.J., Trush, M.A., and Dang, C.V.
(2004). Role of NADPH oxidase in arsenic-induced reactive oxygen species
formation and cytotoxicity in myeloid leukemia cells. Proc. Natl. Acad. Sci.
USA 101, 4578–4583.

Dang, C.V., and Semenza, G.L. (1999). Oncogenic alterations of metabolism.
Trends Biochem. Sci. 24, 68–72.

Elstrom, R.L., Bauer, D.E., Buzzai, M., Karnauskas, R., Harris, M.H., Plas,
D.R., Zhuang, H., Cinalli, R.M., Alavi, A., Rudin, C.M., and Thompson, C.B.
(2004). Akt stimulates aerobic glycolysis in cancer cells. Cancer Res. 64,
3892–3899.

Feldser, D., Agani, F., Iyer, N.V., Pak, B., Ferreira, G., and Semenza, G.L.
(1999). Reciprocal positive regulation of hypoxia-inducible factor 1alpha
and insulin-like growth factor 2. Cancer Res. 59, 3915–3918.

Gardner, L.B., Li, Q., Park, M.S., Flanagan, W.M., Semenza, G.L., and Dang,
C.V. (2001). Hypoxia inhibits G1/S transition through regulation of p27 ex-
pression. J. Biol. Chem. 276, 7919–7926.

Gorg, A., Postel, W., Gunther, S., and Friedrich, C. (1988). Horizontal two-di-
mensional electrophoresis with immobilized pH gradients using PhastSys-
tem. Electrophoresis 9, 57–59.

Guzy, R.D., Hoyos, B., Robin, E., Chen, H., Liu, L., Mansfield, K.D., Simon,
M.C., Hammerliing, U., and Schumacker, P.T. (2005). Mitochondrial complex
III is required for hypoxia-induced ROS and cellular oxygen sensing. Cell
Metab. 1, 401–408.

Holness, M.J., and Sugden, M.C. (2003). Regulation of pyruvate dehydroge-
nase complex activity by reversible phosphorylation. Biochem. Soc. Trans.
31, 1143–1151.

Irizarry, R.A., Hobbs, B., Collin, F., Beazer-Barclay, Y.D., Antonellis, K.J.,
Scherf, U., and Speed, T.P. (2003). Exploration, normalization, and summa-
ries of high density oligonucleotide array probe level data. Biostatistics 4,
249–264.
CELL METABOLISM : MARCH 2006
Iyer, N.V., Kotch, L.E., Agani, F., Leung, S.W., Laughner, E., Wenger, R.H.,
Gassmann, M., Gearhart, J.D., Lawler, A.M., Yu, A.Y., and Semenza, G.L.
(1998). Cellular and developmental control of O2 homeostasis by hypoxia-
inducible factor 1 alpha. Genes Dev. 12, 149–162.

Kaelin, W.G. (2005). ROS: Really involved in oxygen sensing. Cell Metab. 1,
357–358.

Kim, J.W., Zeller, K.I., Wang, Y., Jegga, A.G., Aronow, B.J., O’Donnell, K.A.,
and Dang, C.V. (2004). Evaluation of myc E-box phylogenetic footprints in
glycolytic genes by chromatin immunoprecipitation assays. Mol. Cell. Biol.
24, 5923–5936.

Li, Z., Van Calcar, S., Qu, C., Cavenee, W.K., Zhang, M.Q., and Ren, B.
(2003). A global transcriptional regulatory role for c-Myc in Burkitt’s
lymphoma cells. Proc. Natl. Acad. Sci. USA 100, 8164–8169.

Maxwell, P.H., Wiesener, M.S., Chang, G.W., Clifford, S.C., Vaux, E.C.,
Cockman, M.E., Wykoff, C.C., Pugh, C.W., Maher, E.R., and Ratcliffe, P.J.
(1999). The tumour suppressor protein VHL targets hypoxia-inducible factors
for oxygen-dependent proteolysis. Nature 399, 271–275.

Papandreou, I., Cairns, R.A., Fontana, L., Lim, A.L., and Denko, N.C. (2006).
HIF-1 mediates adaptation to hypoxia by actively downregulating mitochon-
drial oxygen consumption. Cell Metab. 3, this issue, 187–197.

Schofield, C.J., and Ratcliffe, P.J. (2004). Oxygen sensing by HIF hydroxy-
lases. Nat. Rev. Mol. Cell Biol. 5, 343–354.

Schuhmacher, M., Staege, M.S., Pajic, A., Polack, A., Weidle, U.H., Born-
kamm, G.W., Eick, D., and Kohlhuber, F. (1999). Control of cell growth by
c-Myc in the absence of cell division. Curr. Biol. 9, 1255–1258.

Seagroves, T.N., Ryan, H.E., Lu, H., Wouters, B.G., Knapp, M., Thibault, P.,
Laderoute, K., and Johnson, R.S. (2001). Transcription factor HIF-1 is a nec-
essary mediator of the pasteur effect in mammalian cells. Mol. Cell. Biol. 21,
3436–3444.

Semenza, G.L. (2004). Hydroxylation of HIF-1: oxygen sensing at the molec-
ular level. Physiology (Bethesda) 19, 176–182.

Wang, G.L., and Semenza, G.L. (1993). General involvement of hypoxia-
inducible factor 1 in transcriptional response to hypoxia. Proc. Natl. Acad.
Sci. USA 90, 4304–4308.

Yankovskaya, V., Horsefield, R., Tornroth, S., Luna-Chavez, C., Miyoshi, H.,
Leger, C., Byrne, B., Cecchini, G., and Iwata, S. (2003). Architecture of
succinate dehydrogenase and reactive oxygen species generation. Science
299, 700–704.
185


	HIF-1-mediated expression of pyruvate dehydrogenase kinase:A metabolic switch required for cellular adaptation to hypoxia
	Introduction
	Results
	PDK1 is a direct HIF-1 target gene
	PDK1 rescues hypoxic Hif1a-/- MEFs
	Forced expression of PDK1 inhibits hypoxia-induced apoptosis in the absence of HIF1
	Reduced PDK1 levels impair the growthof hypoxic P493-6 cells

	Discussion
	Experimental Procedures
	Cell culture and hypoxic exposures
	Vectors and retrovirus infection
	ChIP assay
	Western blot analysis
	Cell proliferation and apoptosis
	ROS measurements
	Intracellular ATP level measurements
	siRNA experiments
	2-D electrophoresis
	Microarray analysis

	Supplemental data
	Acknowledgments
	References


