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The switch of cellular metabolism from mitochondrial respi-
ration to glycolysis is the hallmark of cancer cells and associated
with tumor malignancy. However, the mechanism of this meta-
bolic switch remains largely unknown. Herein, we reported that
hypoxia-inducible factor-1 (HIF-1) induced pyruvate dehydro-
genase kinase-3 (PDK3) expression leading to inhibition of
mitochondrial respiration. Promoter activity assay, small inter-
ference RNAknockdown assay, and chromatin immunoprecipi-
tation assay demonstrated that hypoxia-induced PDK3 gene
activity was regulated by HIF-1 at the transcriptional level.
Forced expression of PDK3 in cancer cells resulted in increased
lactic acid accumulation and drugs resistance, whereas knock-
ing down PDK3 inhibited hypoxia-induced cytoplasmic glycol-
ysis and cell survival. These data demonstrated that increased
PDK3 expression due to elevated HIF-1� in cancer cells may
play critical roles inmetabolic switch during cancer progression
and chemoresistance in cancer therapy.

Elevated glucose uptake and the switch of cellular metabo-
lism from oxidative phosphorylation to aerobic glycolysis are
hallmarks of cancer cells, a phenomenon known as the War-
burg effect (1). It is considered that Warburg effect is a critical
cellular metabolic adaptation to overexpression of hypoxia-in-
ducible factor (HIF)2 in cancer cells, and elevated glycolysis is
due to increased expression of genes encoding glucose trans-
porters and glycolytic enzymes induced by HIF-1 (2–4). How-
ever, how cells switch metabolism from oxidative phosphoryl-
ation to aerobic glycolysis is still unclear.
Pyruvate dehydrogenase complex is responsible for cata-

lyzing oxidative decarboxylation of pyruvate to produce acetyl-

CoA and NADH to supply the procession of tricarboxylic acid
cycle (also known as Krebs cycle) and mitochondrial respira-
tion. Pyruvate dehydrogenase complex is a multienzyme com-
plex consisting of three catalytic enzymes, E1, E2, and E3 (5).
The E1 enzyme is also known as pyruvate dehydrogenase
(PDH), which catalyzes the rate-limiting reaction of converting
pyruvate to acetyl-CoA. The activity of PDH is primarily regu-
lated by pyruvate dehydrogenase kinase (PDK) and pyruvate
dehydrogenase phosphatase. PDK phosphorylates the �-sub-
unit of PDH to suppress its enzymatic activity, whereas pyru-
vate dehydrogenase phosphatase dephosphorylates and thus
activates PDH (5, 6).
Four isotypes of PDKs (PDK1–4), encoded by distinct genes,

have been identified in mammals. The expression levels of
PDKs vary in a tissue-specificmanner, suggesting that theymay
have different functions (7, 8). In addition, the kinetic parame-
ters and regulation of PDKs are also different among different
isogenes. The expression of PDK1 can be up-regulated by
hypoxia (9, 10), whereas the expression of PDK2 is elevated in
liver, kidney, and mammary gland during starvation (11). High
fat diet and diabetes can enhance PDK4 expression (12, 13).
However, the regulation of PDK3 gene expression was never
reported before.
The activity of PDKs is largely determined by the binding

capacity of PDKs to the lipoyl domain of E2. The binding affin-
ity of PDK3 to E2 is the greatest (relative order: PDK3 �
PDK1� PDK2� PDK4) (14); therefore, it is not surprising that
the enzyme activity of PDK3 is the highest among all PDKs
(25-fold higher than the activity of the least active PDK2) (7).
Furthermore, high concentration of pyruvate inhibits the activ-
ity of PDK1, -2, and -4, but not PDK3 (7, 15). This unique fea-
ture implicates the potential importance of PDK3 in the meta-
bolic switch of cancer cells and makes it the most prominent
new candidate as a target for cancer therapy.
When the size of solid tumor is greater than 1mm3, cells will

face hypoxic stress due to slow growth of blood vessels (16).
One of cell’s responses to hypoxia is through the HIF-regulated
gene expression to modulate several biological processes such
as angiogenesis, proliferation,migration, apoptosis, andmetab-
olism (17). HIF is a heterodimeric transcription factor consist-
ing of the � (HIF-1�, HIF-2� or HIF-3�) and � subunits (18).
HIF-1�, also known as aryl hydrocarbon receptor nuclear
translocator, is constitutively expressed, whereas the protein of
HIF-� is inducible under hypoxia (18). Therefore, the � sub-
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units of HIF are more important in regulating gene expression
under hypoxia.
Previous reports showed that the HIF-� subunits are

expressed in a tissue-specific manner. HIF-1� is expressed
ubiquitously in human tissues, whereas HIF-2� is expressed in
restricted tissues such as lung, endothelium, and carotid body
(19–21). However, recent data indicate that HIF-2� is
expressed in numerous other cell types, including kidney fibro-
blasts, hepatocytes, intestinal epithelial cells, pancreatic inter-
stitial cells, cardiomyocytes, and type II pneumocytes (22, 23).
To date, accumulating evidence shows thatHIF-1� andHIF-2�
are involved in tumor progression, whereas the expression and
function of HIF-3� remain uncharacterized (17, 24, 25).

Given that PDK3 is the only PDK for which the enzymatic
activity is not inhibited by a high concentration of pyruvate, it
may play a critical role in causing metabolic switch of cancer
cells during progression. Therefore, we aimed to investigate the
possible role of HIFs in PDK3 expression and the consequent
effect of PDK3 expression in cancer cells. Results from this
study provide important information for unraveling the mech-
anismof cancermalignancy and for considering new anticancer
strategy by selecting the novel PDK3 as a molecular target.

EXPERIMENTAL PROCEDURES

Cell Culture and Hypoxia Treatment—Cell lines, including
HeLa, IMR32, and colo320DM,weremaintained in specific cul-
ture media recommended by the American Type Culture Col-
lection and were supplemented with 10% fetal bovine serum.
The human endometrial stromal cells were purified and cul-
tured in Dulbecco’s modified Eagle’s medium/F-12 medium
with 10% fetal bovine serum, as previously described (26, 27).
Between 16 and 18 h before undergoing hypoxia, cells were
plated at a density of 5 � 105 cells per 30-mm glass dish. The
medium was changed at 1 h before treatment to assure an ade-
quate amount of nutrient and growth factor. Hypoxic treat-
ment was carried out in an incubator with 1% O2, 5% CO2, and

94% N2, or with dimethyloxaloylglycine (DMOG) or desferri-
oxamine (DFO).
RNA Isolation and Real-time RT-PCR—Total RNA was iso-

lated from cells using TRIzol reagent (Invitrogen, Carlsbad,
CA) according to the standard procedure. RNA concentrations
and quality were determined using UV absorption at 260 nm
and 280 nm. Total RNA (500 ng) was subjected to reverse tran-
scription at 42 °C for 60 min followed by real-time PCR ampli-
fication using a thermal cycler (ABI 7900, Applied Biosystems,
Foster City, CA) as previously described (28). The primer
sequences used in this study are listed in Table 1 except the 18S
rRNA, which was reported previously (29).
Western Blot—Equal amounts of proteins were resolved by

SDS-PAGE and transferred to a polyvinyl difluoride mem-
brane, which was then blocked with 5% skim milk and incu-
bated with specific antibodies. After washing and incubation
with horseradish peroxidase-conjugated second antibodies,
bound antibody was detected using the enhanced chemilumi-
nescence system (PerkinElmer Life Sciences). The blots were
then stripped with stripping buffer (100 mM 2-mercaptoetha-
nol, 2% SDS, and 62.5 mM Tris-HCl, pH 6.7) and reprobed with
different antibodies. Antibodies used in this study are: anti-
HIF-1� (Novus Biologicals, NB100–449), anti-HIF-2� (Novus
Biologicals, NB100–122), anti-HIF-1� (BD Biosciences,
611078), anti-PDK1 (Stressgen, KAP-PK112E), anti-PDK2
(Santa Cruz Biotechnology, sc-14486), anti-PDK3 (Novus Bio-
logicals, H00005165-M01), and anti-PDK4 (Santa Cruz Bio-
technology, sc-14495).
Plasmids, Transfection, and Promoter Activity Assays—The

sequences of human PDK1–4 promoters were retrieved from
the Ensembl data base. Human PDK1–4 promoters were
amplified using PCR with pairs of primers (Table 1). After
digestion by restriction enzyme, human PDK1–4 promoters
were cloned to the pGL3 basic vector (Promega, Madison,WI).
Alternatively, two 18-base oligonucleotides (forward:
5�-ctagCGCGTACGTGCAGCAACC-3�, reverse: 5�-tcgaG-

TABLE 1
List of primes used in this study

Gene Primer sequencesa Amplicon length Tm

°C
PDK1 F: 5�-GAAGATCTAGATCTAAACCTGCCTCCCATTC-3� 1419 58

R: 5�-CCCAAGCTTAAGCTTCCCGCTAGAGAAGCCACA-3�
PDK2 F: 5�-GAAGATCTAGATCTTGAAAGGCTGTGAGCAAGG-3� 1413 58

R: 5�-CCCAAGCTTAAGCTTCGCGACTTTGGTTGTGGT-3�
PDK3 F: 5�-GAAGATCTAGATCTCGTCCACTGAAGGCACAAAAGC-3� 1454 58

R: 5�-CCCAAGCTTAAGCTTGGCGCACAGACCCGCCTA-3�
PDK4 F: 5�-GGGGTACCGGTACCTTGCAGTGAGCCGAGATG-3� 1590 58

R: 5�-CTAGCTAGCTAGCACTGTGGCTGGCTTGAGG-3�
PDK 3 F: 5�-CCCAAGCTTGTCTAGGCGGGTCTGTGC-3� 1279 58
cDNA R: 5�-CGGGGTACCTTGTAATGGAAATCAAGGTGGT-3�
PDK1 F: 5�CGGATCAGAAACCGACACA3� 106 60

R: 5�ACTGAACATTCTGGCTGGTGA3�
PDK2 F: 5�-AAGGACACCTACGGCGATG-3� 83 60

R: 5�-ATGGAGATGCGGCTGAGG-3�
PDK3 F: 5�-TTAATAAGTCCGCATGGCGC-3� 83 60
(RT-PCR) R: 5�-TGAAGCATCCCTGGGTTCAC-3�
PDK3 F: 5�-CCGGACAAAACACAAACGTC-3� 260 55
(ChIP-PCR) Nested F: 5�-ATAGGGCACGTTTGCGAAG-3� 185 55

R: 5�-CAGCAGCAGCTCCAGGAC-3�
PDK3 distal F: 5�-TCTGTTCCAGAATCCCAACC-3� 110 55
(ChIP-PCR) R: 5�-GGGCATTCAAAACAAGGAAA-3�

a The underlining indicates the additional restriction enzyme sites. Forward of PDK1–3: BglII; reverse of PDK1–3: HindIII; forward of PDK4: KpnI; reverse of PDK1–3: NheI;
forward PDK3 cDNA: HindIII; reverse PDK3 cDNA: KpnI. F: forward primer; R: reverse primer.
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GTTGCTGCACGTACGCG-3�) corresponding to human
PDK3 HRE matrix (�236/�219) were synthesized and cloned
into SV40-driven pGL3 plasmid after annealing. Mutation of
the putative HRE sequence was achieved by replacing the bases
RCGTG with RAAAG.
HeLa cells were placed on 24-well plates for luciferase assays.

Commercial plasmids containing a cytomegalovirus-driven
�-galactosidase reporter system (Promega) were co-trans-
fected into the cells using Lipofectamine 2000 (Invitrogen).
After transfection, the cells were incubated in 10% fetal bovine
serum Dulbecco’s modified Eagle’s medium/F-12 medium for
6 h. Themediumwas then replaced, and cells were subjected to
DFO or hypoxic treatments for 24 h. Luciferase assays were
done using the Dual Luciferase Reporter Assay System (Pro-
mega) according to the manufacturer’s instructions. Briefly, 50
�l of luciferase substrates was added to 20 �l of lysate, and
luciferase activity was measured using a 20/20 luminometer
(Turner Designs, Sunnyvale, CA). The level of �-galactosidase
was determined by A420. Each luciferase assay experiment was
performed in duplicate and repeated as indicated in the figure
legends.
Chromatin Immunoprecipitation-PCR Assay—The protocol

used was as described before (30, 31) with modifications. In
brief, proteins (HIF-1�) and DNA in normoxia-, hypoxia-, or
DFO-treated cells (1 � 106 cells) were cross-linked by incuba-
tion for 10 min at room temperature with a final concentration
of 1% formaldehyde. After aspiration of the formaldehyde, the
cells were washed twice with ice-cold phosphate-buffered
saline containing protease inhibitors and scraped into a conical
tube. Genomic DNA was sheared to lengths of 0.3–0.5 kb by
sonicating the cell lysate. Two percentage of the diluted lysate
was kept for input control. The chromatin solution was pre-
cleared with mixtures containing bovine serum albumin,
salmon sperm DNA, and protein A-Sepharose. Anti-HIF-1�
antibody or rabbit IgG (for negative control) was added to the
supernatant fraction and subjected to chromatin immunopre-
cipitation assay following standard procedures. After separated
from protein, genomic DNA was amplified by real-time PCR
using specific primers (Table 1).
siRNA—Short interference RNAs (siRNAs) against human

HIF-1�, HIF-2�, PDK1, PDK3, and GC content-matched
scramble control (Table 2) were purchased from Invitrogen.
The siRNAwas used to transfect cells with a final concentration
of 40 nM. After transfection, cells were incubated in normoxia
or hypoxia for 24 h and subjected to real-time RT-PCR quanti-
fication or Western blot analysis as described above. In a sepa-
rated experiment, siRNA-transfected cells were subjected to
anti-cancer drug treatment as described below. Specificity of

siRNA was determined by quantification of an interferon-�-
sensitive 2�,5�-oligoadenylate synthetase gene OAS1 (32).
Induction of Lactic Acid Production and Cell Survival—Cells

were cultured under normoxia or hypoxia conditions for 24 h.
Media were collected for quantification of lactic acid produc-
tion using a commercially available EIA kit (BioVision, Moun-
tain View, CA) according to the procedure recommended by
the manufacturer. Cells were then washed by phosphate-buff-
ered saline for three times, trypsinized, and then counted under
invertedmicroscope by trypan blue exclusionmethod. In some
cases, clinically used anti-cancer drugs, cisplatin and paclitaxel,
were administered to culture medium prior to normoxia or
hypoxia treatment.
TUNEL Assay—The apoptotic cells were detected by using a

commercial detection kit (TdT-FragELTM DNA Fragmenta-
tion Detection Kit, QIA33, Calbiochem) according to the man-
ufacturer’s procedure. Cells were fixed by 4% formaldehyde at
room temperature for 10 min and rehydrated by 1� Tris-buff-
ered saline (20mMTris, pH 7.6, 140mMNaCl) at room temper-
ature for another 15 min. Cells were then incubated with 0.2%
Triton X-100 at room temperature for 10 min for permeabili-
zation followed by incubation with 3% H2O2 at room tempera-
ture for 5 min. After equilibration by 1� terminal deoxynucle-
otidyl transferase (TdT) equilibration buffer at room
temperature for 30min, cells were incubated with TdT labeling
reactionmixture to label the exposed 3�-OH ends of DNA frag-
ments with biotin-labeled and unlabeled deoxynucleotides cat-
alyzed by TdT at 37 °C for 1.5 h. The labeling reaction was
terminated by incubating the cells with stop solution at room
temperature for 5 min. After blocking the cells by the blocking
buffer, cells were incubated with streptavidin-horseradish per-
oxidase-conjugated solution at room temperature for 30min to
detect the biotinylated nucleotides. The labeled sample was
detected by diaminobenzidine reaction to generate an insoluble
colored substrate at the site of DNA fragmentation. For each
experiment, at least 1000 cells were counted to determine the
positive rate of apoptotic nuclei.
Statistical Analysis—The data are expressed as means � S.E.

of the mean (S.E.). Differences between groups were analyzed
using one-way analysis of variance in commercial statistical
software (GraphPad Prism 4.02, GraphPad Software, San
Diego, CA). Tukey’s procedure was used to test differences
between groups found significant using the F-test. In some
occasions, Student’s t test was used to compare differences
between particular groups. Statistical significance was set at
p � 0.05.

RESULTS

Hypoxia Induces PDK3 Expression in Normal and Cancer
Cells—To evaluate the expression of PDK3 regulated by HIF,
HeLa cells were cultured in 1% O2 (hypoxia) or 21% O2 (nor-
moxia) for various times, and expression of PDK3 mRNA was
quantified by real-time RT-PCR. Hypoxia treatment signifi-
cantly up-regulated HIF-1� and HIF-2� in HeLa cells, whereas
the constitutively expressed HIF-1� was not changed (Fig. 1A).
Expression of PDK3 mRNA was up-regulated at 16 and 24 h
after hypoxia treatment (Fig. 1B). Concordantly, the level of
PDK3 protein was also elevated (Fig. 1C).

TABLE 2
List of siRNAs used in this study

Name Catalog Sequence
siPDK1_1 HSS107771 AAGUACUGAACAUUCUGGCUGGUGA
siPDK1_2 HSS107772 AUAUAAUACAAAUCACACAGACGCC
siPDK3_1 HSS107778 UGGAUAAGUCUUCUUUACCCAAAGU
siPDK3_2 HSS107776 UUCUCACAUGCAUUAUCUCUCCCGA
siHIF-1�_1 12938-122 CCAUGAGGAAAUGAGAGAAAUGCUU
siHIF-1�_2 12938-122 CCACAGUGCAUUGUAUGUGUGAAUU
siHIF-2�_1 HSS103261 GGCCAGGUGAAAGUCUACAACAACU
siHIF-2�_2 HSS103263 AGAAAGAUCAUGUCGCCAUCUUGGG
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To further investigate the role of HIF in PDK3 expression,
DFO, an iron chelater that causes HIF-1� accumulation, and
the prolylhydroxylase inhibitor, DMOG, were used to block
HIF-1� and/or HIF-2� degradation, and levels of PDK3 were
detected. Treatment with DFO and DMOG dose-dependently
induced PDK3 mRNA expression (supplemental Fig. S1A).
Concomitantly, DFO and DMOG both induced PDK3 protein
expression, accompanied by increased HIF-1� and HIF-2�
accumulation in the cell (supplemental Fig. S1B). These results
demonstrated that hypoxia-induced PDK1 and PDK3 expres-
sion was mediated by HIF-1� and/or HIF-2�.

Next, we tested whether elevated expression of PDK3 medi-
ated by hypoxia was a common event among different cell
types. The neuroblastoma cancer cell line IMR32, colorectal
cancer cell line colo320DM, and primary cultured human
endometrial stromal cells were incubated under normoxia or
hypoxia conditions as described above. Similar to the results
seen in HeLa cells, hypoxia induced PDK3 gene expression in
these three types of cells (Fig. 1D). This result demonstrated
that up-regulation of PDK3 under hypoxia condition is a com-
mon event in normal and cancer cells.
Expression of PDK3 Is Induced by Hypoxia through HIF-1�,

but Not HIF-2�—Because both HIF-1� and HIF-2� were up-
regulated under hypoxia condition, we aimed to determine
whether expression of PDK3 by hypoxia was regulated by HIF-
1�, HIF-2�, or both. Two individual sets of siRNA against
human HIF-1� and HIF-2�, respectively, were used to knock
down the endogenous HIF-1� and/or HIF-2� to address this

question. After assuring the efficiency and specificity of siRNAs
(Fig. 2A and data not shown), HIF-1� and HIF-2� knockdown
HeLa cells were cultured under hypoxia condition, and the
expression of PDK3 mRNA was quantified by real-time RT-
PCR. Expression of PDK3 was increased in cells transfected
with scramble siRNA under hypoxia. Knocking down HIF-1�
markedly inhibited hypoxia-induced PDK3 expression (Fig.
2B). On the other hand, the hypoxia-induced PDK3 expression
was not affected by knocking down HIF-2�, whereas double
knockdown of HIF-1� and HIF-2� exerted a similar effect as
that by single knockdown of HIF-1� (Fig. 2B). These results
demonstrated that hypoxia increases the expression of PDK3
via HIF-1� but not by HIF-2�.
Hypoxia-induced PDK3 Expression Is Regulated at the Tran-

scriptional Level—To investigate effects of HIF on the expres-
sion of PDK3 and detail molecular mechanisms of such regula-
tion, we employed a bioinformatic platform (The Binding
Element Searching Tool, thebest.binfo.ncku.edu.tw/thebest) to
predict the presence of possible binding elements of HIF (HRE)
in the promoter regions of human PDK3 gene. There is one
HRE located at �219/�236 of human PDK3 promoter (Fig.
3A). To verify whether the bioinformatic-predicted HRE was
functional, promoter of PDK3was cloned into reporter plasmid

FIGURE 1. Hypoxia induces PDK3 expression in normal and cancer cells.
A, HeLa cells were cultured under normoxia (N) or hypoxia (H) conditions for 8,
16, and 24 h. Cells were lysed in radioimmune precipitation assay buffer, and
expression of HIF-1�, HIF-2�, and HIF-1� was detected via Western blot using
specific antibodies. Arrows indicate specific hypoxia-induced HIF-1� and
HIF-2� proteins, respectively. The lower bands are nonspecific signals. B, HeLa
cells were cultured under normoxia or hypoxia conditions for 8, 16, or 24 h,
and expression of PDK3 mRNA was quantified by real-time RT-PCR (n � 6).
Asterisks indicate significant differences from the 0-h control. C, representa-
tive image shows the expression of PDK3 protein in HeLa cells under nor-
moxia (N) and hypoxia (H) conditions for 24 h. This experiment was repeated
for four times and the result was similar. D, human endometrial stromal cells
(primary culture, n � 6 using different batches of cells), IMR32 cells (n � 3),
and colo320DM cells (n � 3) were cultured under normoxia or hypoxia con-
ditions for 8, 16, and 24 h, and expression of PDK3 mRNA was quantified by
real-time RT-PCR. Asterisks indicate significant differences compared with the
0-h control.

FIGURE 2. Up-regulation of PDK3 is mediated by HIF-1�. A, HeLa cells were
transfected with siRNAs against HIF-1�, HIF-2�, HIF-1� plus HIF-2�, or GC
content-matched scramble control. After transfection for 6 h, cells were cul-
tured under normoxia or hypoxia conditions for 24 h, and levels of HIF-1�,
HIF-2�, and HIF-1� were detected by Western blot using specific antibodies.
The experiment was repeated three times with similar results. B, HeLa cells
were transfected with siRNAs against HIF-1�, HIF-2�, HIF-1� plus HIF-2�, or
GC content-matched scramble siRNA. After transfection for 6 h, cells were
cultured under normoxia or hypoxia conditions for 24 h, and expression of
mRNA for PDK3 was quantified by real-time RT-PCR (n � 3). Asterisks indicate
significant differences from normoxia group. #, indicates significant differ-
ence from the hypoxia-treated scramble group.
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and luciferase activity was determined. The promoter activity
of PDK3 was increased in hypoxia (1% O2)-treated HeLa cells
(Fig. 3A). The bioinformatic prediction also revealed that there
are two HREs in the human PDK1 gene, one HRE with a very
low score in human PDK2 gene, and no HRE in human PDK4
(supplemental Fig. S2A). In agreement with the bioinformatic
prediction, promoter activity of PDK1 was increased under
hypoxia treatment, whereas the promoter activities of PDK2
and PDK4were not affected by hypoxia treatment (supplemen-
tal Fig. 2, B and C). To further confirm that hypoxia-induced
promoter activities in PDK3 and PDK1 were mediated by pre-
dicted HREs, the sequences of HREs were mutated to abolish
HIF-1 binding capacity. Mutation of the HRE sequence in
PDK3 completely abolished promoter activity under hypoxia
treatment (Fig. 3A). Similarly, mutation of HRE2 completely
inhibited hypoxia-induced PDK1 promoter activity, whereas
mutation of HRE1 in PDK1 only partially reduced PDK1 pro-
moter activity (supplemental Fig. S2B). Again, treatment with
DFO significantly increased the promoter activities of PDK3
andPDK1,whereas PDK2promoter activitywas not affected by
DFO treatment (supplemental Fig. S2D). The result was con-
sistent with the predicted score of each HRE in the PDK pro-

moter. TheHREwith higher scores (HRE in PDK3 andHRE2 in
PDK1) was more responsive, whereas the two HREs with very
low scores (HRE1 in PDK1 andHRE in PDK2) exertedminimal
or no responsiveness to hypoxia.
Next, we tested whether the predicted HRE was sufficient to

drive the PDK3 promoter under hypoxia. Reporter constructs
containing one or three predicted HRE matrices of PDK3
(termed 1XHRE and 3XHRE, respectively) were transiently
transfected into HeLa cells, and luciferase activity was deter-
mined after DFO treatment. Treatment of 1XHRE-transfected
HeLa cells with 10 mM DFO significantly enhanced the lucifer-
ase activity (Fig. 3B). Moreover, the induction of luciferase
activity in cells transfected with 3XHRE was further enhanced
(47-fold greater than that in cells transfectedwith 1XHRE) (Fig.
3B). Because these reporter constructs contain only the pre-
dictedHIF-bindingmatrix and cells were treatedwithDFO, the
result clearly demonstrated that up-regulation of PDK3 was
indeed controlled by binding of HIF transcription factor to the
predicted HRE and that the predicted HRE was sufficient for
HIF-1-dependent PDK3 up-regulation.
The binding of HIF-1� to the promoter of PDK3 was further

confirmed by chromatin immunoprecipitation assay. Using

FIGURE 4. Up-regulation of PDK3 expression results in increased lactic
acid production. A, HeLa cells were transfected with siRNA against PDK3
(siPDK3_1 and siPDK3_2), GC content matched scramble control (Sr), or trans-
fection reagent only (Mock) and cultured under normoxia or hypoxia condi-
tion for another 24 h. Levels of PDK3 mRNA and protein were determined by
RT-PCR and Western blot, respectively. These experiments were repeated
three times with similar results. B, HeLa cells were transfected with siRNA
against PDK3 (siPDK3_1 was used) or GC content-matched scramble control
(Sr) and cultured for 24 h. Production of lactic acid was determined by using
an EIA kit. Data show mean � S.E. of three independent experiments. C, HeLa
cells were transiently transfected with empty vector (C) or histidine-tagged
full-length human PDK3 cDNA and cultured under normoxia (N) or hypoxia
(H) condition for 24 h. Expression of endogenous and his-tagged PDK3 pro-
tein was detected by Western blot. D, HeLa cells were transiently transfected
with empty vector (Vector) or full-length human PDK3 cDNA (PDK3) and cul-
tured under normoxia or hypoxia condition for 24 h. Production of lactic acid
was measured by using an EIA kit. Data show mean � S.E. of four independent
experiments. Asterisks indicate significant difference from the normoxia-vec-
tor group.

FIGURE 3. Induction of PDK3 by HIF-1� is controlled at the transcriptional
level. A, HeLa cells were transiently transfected with control plasmid (pGL3),
PDK3, or core HRE mutated PDK3 (PDK3-mHRE) reporter constructs and then
cultured under normoxia (21% O2) or hypoxia (1% O2) for 24 h. The reporter
plasmid containing �-galactosidase (�-gal) was co-transfected for internal
control. Data show mean � S.E. (S.E.) of four independent experiments per-
formed in duplicate. Asterisks indicate significant differences between
hypoxia and normoxia groups by unpaired t test. The promoter construct of
PDK3 with predicted HRE (gray boxes), score of HRE (numbers under HRE
boxes), and the sequences of core HRE and mutated core HRE (mHRE) are
shown on top of the figure. B, HeLa cells were co-transfected with �-galacto-
sidase and SV40-driven pGL3 reporter plasmids containing no (pGL3p), one
copy (1XHRE), or three copies (3XHRE) of predicted PDK3 HRE sequences and
subjected to vehicle (control) or DFO treatment for 24 h. Promoter activities
were determined by measuring luciferase and �-galactosidase activities.
Data show mean � S.E. from three independent experiments. Asterisks indi-
cate significant differences between DFO and control groups. C, HeLa cells
were cultured under normoxia (N) or hypoxia (H) condition or treated with
DFO (D) for 12 h, and binding of HIF-1� to the PDK3 HRE was detected by
chromatin immunoprecipitation-PCR assay. Normal rabbit IgG was used as
negative control. Un-precipitated genomic DNA (2%) was used for input con-
trol. A second set of primer that locates 3.5 kb upstream of predicted HRE site
(designed as distal) was also used to amplify the HIF-1� antibody pulled down
DNA as control. The experiment was repeated three times with similar results.
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anti-HIF-1� antibody and PCR primers designed around the
HRE site, we foundHIF-1� specifically bound to the promoters
of PDK3 inHeLa cells treated withDFO or hypoxia (Fig. 3C). In
contrast, primers designed at a distal region (3.5 kb upstream of
the transcription start site) failed to amplify PDK3 amplicon in
HIF-1� immunoprecipitated DNA (Fig. 3C). These results pro-
vided the first evidence to demonstrate the direct binding of
HIF-1� to the PDK3 HRE within the living cells.
Up-regulation of PDK3 Induced Lactic Acid Production—

The phosphorylation of PDH by PDK will switch the glucose
metabolism frommitochondrial respiration to cytoplasmic gly-
colysis and result in accumulation of lactic acid.We thus inves-
tigated the production of lactic acid to elucidate the functional
role of PDK3. Two sets of siRNA against PDK3 were used to
knock down the expression of PDK3. Administration of both
siPDK3_1 and siPDK3_2 effectively reduced the cellular levels
of PDK3mRNA and protein, whereas theGC content-matched
scramble siRNA had no effect (Fig. 4A). Concomitantly, pro-
duction of lactic acid induced by hypoxia was significantly
inhibited in siPDK3-treated cells (Fig. 4B). To further confirm

the role of PDK3 in lactic acid pro-
duction, full-length cDNAencoding
human PDK3 was transfected into
HeLa cell. Forced expression of
PDK3 increased lactic acid produc-
tion even under normoxia condi-
tion (Fig. 4, C and D). These data
clearly demonstrated that PDK3
was necessary and sufficient for the
induction of metabolic switch.
Induction of PDK3 under Hy-

poxia Inhibited Drug-induced Cell
Death—It is known that cancer cells
with increased lactic acid produc-
tion due to HIF-induced metabolic
switch are more resistant to chemo-
therapy. We thus aimed to test
whether up-regulation of PDK3 by
HIF-1� would play a role in
increased drug resistance. Two clin-
ically used anti-cancer drugs, pacli-
taxel and cisplatin, were selected for
drug resistance testing. Administra-
tion of paclitaxel dose-dependently
killed cancer cells under normoxia
(Fig. 5A). However, when cultured
under hypoxia condition, the per-
centage of cells killed by paclitaxel
was significantly reduced (Fig. 5A).
Similar results were also observed
when cisplatin was used (Fig. 5B).

To demonstrate that increased
drug resistance under hypoxia was
caused by up-regulation of PDK3,
we knocked down PDK3 in HeLa
cells and re-evaluated drug-induced
cell killing. Results demonstrated
that knocking downPDK3 alone did

not cause cell death under normoxia condition, whereas the
survival rate of PDK3-knockdown cells was markedly reduced
under hypoxia (Fig. 5C). Furthermore, hypoxia-mediated
increased resistance to paclitaxel was abolished in PDK3
knockdown cells (Fig. 5C). Results from TUNEL assay demon-
strated that knocking down PDK3 increased the number of
apoptotic cells (Fig. 5D and supplemental Fig. S3) suggesting
that the reduced cell number was due to increased cell death.
On the other hand, forced overexpression of PDK3 significantly
enhanced cell survival against paclitaxel or cisplatin treatment
under normoxia condition (Fig. 5, E and F). Taken together,
these results demonstrated that up-regulation of PDK3 indeed
played a pivotal role in hypoxia-induced drug resistance.
Up-regulation of PDK1 and PDK3 by HIF Additively

Increased Drug Resistance—Because both PDK1 and PDK3
were up-regulated under hypoxia condition, wewere interested
to see the roles of these two proteins on HIF1�-induced drug
resistance. Transient transfection of HeLa cell with siRNA
against PDK1 ablated PDK1 expression (Fig. 6A). Similar to
what was observed in PDK3 knockdown cells, ablation of PDK1

FIGURE 5. Up-regulation of PDK3 by hypoxia increases drug resistance. A, HeLa cells were treated with
different doses of paclitaxel and cultured under normoxia or hypoxia conditions for 24 h. Numbers of live cells
were counted and expressed as percentage of control. Data show mean � S.E. of four independent experi-
ments. Asterisks indicate significant differences from untreated group. #, indicates significant difference
between normoxia and hypoxia groups. B, HeLa cells were treated with different doses of cisplatin and cultured
under normoxia or hypoxia condition for 24 h. Numbers of live cells were counted and expressed as percentage
of control. Data show mean � S.E. of four independent experiments. Asterisks indicate significant differences
from untreated group. #, indicates significant difference between normoxia and hypoxia groups. C, HeLa cells
were transfected with siRNA against PDK3 (siPDK3_1 and siPDK3_2) or GC content-matched scramble siRNA
and cultured under normoxia (Nor), hypoxia (Hyp), or hypoxia plus 25 nM paclitaxel (H � Pacl) for 24 h. Cells
were then washed three times with phosphate-buffered saline, and attached live cells were counted under a
microscope in the presence of trypan blue dye. Data show mean � S.E. of four independent experiments.
Asterisks indicate significant difference from normoxia groups; #, indicates different from both normoxia and
hypoxia groups. D, HeLa cells were transfected with siRNA against PDK3 (siPDK_1) or GC content-matched
scramble siRNA and cultured under normoxia or hypoxia and treated with or without 25 nM paclitaxel for 24 h.
Apoptotic cells were analyzed by TUNEL assay as described under “Experimental Procedures.” Data show
mean � S.E. of three independent experiments using different batches of cells. E, HeLa cells were transiently
transfected with empty vector (Vector) or full-length human PDK3 cDNA (PDK3) and cultured under normoxia
condition with vehicle, or cisplatin (20 �M), or paclitaxel (25 nM) for 24 h. Numbers of live cells were counted and
expressed as percentage of control (without drug treatment). Data show mean � S.E. of three independent
experiments. Asterisk indicates significant difference between PDK3-overexpressed and vector-only groups.
F, HeLa cells were treated as described in E except that TUNEL assay was used to determine the number of
apoptotic cells. Asterisk indicates significant difference between PDK3-overexpressed and vector-only groups.
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resulted in increased cell death under hypoxia (Fig. 6B). Double
knockdown of both PDK1 and PDK3 caused more cell death
under hypoxia (Fig. 6B) suggesting an additive effect on cell
survival. When these cells were treated with cisplatin or pacli-
taxel, PDK1-deficient cells exert similar percentage of cell
death compared with PDK3-knockdown cells (Fig. 6B). Simul-
taneously, knockdown PDK1 and PDK3 resulted in further
increasing susceptibility to drug killing (Fig. 6B). Together,
these data provide compelling evidence to demonstrate that
PDK1 and PDK3 played an additive effect in HIF1�-induced
drug resistance.

DISCUSSION

Increased glucose uptake and aerobic glycolysis are hall-
marks of energy biogenesis of cancer cells. Switching the cellu-
lar metabolism from mitochondrial respiration to cytoplasmic
glycolysis not only represents ameans for adaptation to hypoxia
but also a pivotal transition for cell survival and propagation.
However, how thismetabolic switch is controlled remains enig-
matic. Phosphorylation and thus inactivation of PDH by PDK
blocks the conversion of pyruvate to acetyl-CoA and the initi-
ation of mitochondrial respiration. By using bioinformatic and
molecular biological approaches, we demonstrated that expres-
sion of PDK3 is induced by HIF-1� and proved that up-regula-
tion of PDK3 is critical in controllingmetabolic switch anddrug
resistance in cancer cells (Fig. 6C).
Almost 80 years ago, Warburg observed that cancer cells

consume more glucose than normal cells, and the way cancer
cells generate ATP is through conversion of pyruvate to lactic
acid even under normal oxygen supply, a process known as
aerobic glycolysis or the Warburg effect (1). Not much about
the mechanism of Warburg effect was known until recently

when up-regulation of glycolytic
enzymes by HIF was identified (9,
10, 33). In the glucose metabolic
pathway, PDK inhibits the conver-
sion of pyruvate to acetyl-CoA thus
blocking the entry to theKrebs cycle
by phosphorylation and inactiva-
tion of PDH. Such action of PDKs
inhibits mitochondrial respiration
and shifts the cellular biogenesis to
cytoplasmic glycolysis. By screening
the entire PDK family, we demon-
strated that hypoxia can induce
PDK1 and PDK3 but not PDK2 or
PDK4 expression. The lack of
induction of PDK2 by hypoxia was
different from previous report in
A549 (non-small-cell lung cancer)
cells (34). The discrepancy is not
known but may be due to difference
in cell types used. Next, we pin-
pointed the exact binding site of
HIF-1� on PDK3 by bioinforma-
tic prediction and site-directed
mutagenesis approaches. More
importantly, we characterized that

HIF-1� was essential for PDK3 up-regulation while HIF-2� did
not contribute to up-regulation of PDK3.Our current data pro-
vide evidence to support distinct functions of HIF-1� and
HIF-2� and advance our understanding in hypoxia-regulated
PDK3 expression.
Cellular biogenesis is altered under hypoxia condition or

HIF-1� overexpression; however, how HIF-1� switches mito-
chondrial respiration to cytoplasmic glycolysis is not com-
pletely understood. In this study, we demonstrated that eleva-
tion of PDK3 under hypoxia-induced HIF-1� accumulation
results in increased lactic acid production indicatingmitochon-
drial respiration is inhibited and cytoplasmic glycolysis is
enhanced. We further demonstrated that forced expression of
PDK3 is sufficient to induce lactic acid production under nor-
moxia condition, whereas knocked down PDK3 expression
inhibited hypoxia-induced lactic acid production. These data
provide evidence to explain an important part of the underlying
mechanism of metabolic switch under hypoxia condition.
A growing body of evidence indicates that overexpression of

HIF-1� is linked to poor prognosis in human caner and is asso-
ciated with treatment failure and increase mortality (35).
Recent study further demonstrated thatmitochondrial respira-
tion-deficient cells have a survival advantage (36). In non-defi-
cient cells, however, up-regulation of PDK1 and PDK3 thus
inhibiting mitochondrial respiration may also exert similar
effects. Indeed, in this studywe demonstrated that hypoxic cells
are more resistant to drug-induced cell death. However, the
survival advantage under hypoxia was abolished when PDK3
was ablated by siRNA. In contrast, overexpression of PDK3
alonewas sufficient to increase drug resistance even under nor-
moxia condition. These data demonstrated that PDK3-medi-
atedmetabolic switch plays important roles in hypoxia-induced

FIGURE 6. The additive effect of PDK1 and PDK3 in HIF-induced drug resistance. A, HeLa cells were tran-
siently transfected with siRNAs against PDK1 (si1�1 and si1�2), PDK3 (si3�1 and si3�2), both PDK1 and PDK3
(si1 � 3), or scramble control and subjected to normoxia or hypoxia treatment for 24 h. Expression of PDK1,
PDK3, and �-actin was detected by Western blot. The arrow indicates specific PDK1 signal. B, HeLa cells were
transiently transfected with siRNAs as indicated and subjected to vehicle (control), cisplatin (20 �M), or pacli-
taxel (25 nM) treatment under hypoxia condition for 24 h. Numbers of live cells were counted and expressed as
percentage of scramble-control (sr-control). Data show mean � S.E. of three independent experiments. Differ-
ent letters indicate significant difference among the siRNA-transfected groups within each drug treatment
group. C, schematic drawing summarizes effect of hypoxia or HIF in PDK1 and PDK3 expression and the
downstream effects on metabolic switch and drug resistance.
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increased resistance to anti-cancer drugs and provided a
molecular mechanism to explain, at least in part, the nature of
drug resistance in hypoxic tumor. Recently, it was reported that
PDK1 is also induced by hypoxia (9, 10). Indeed, our data con-
firmed this notion and further extended it by pinpointing the
exact HIF-1� binding site in PDK1 promoter. Interestingly,
ablation of PDK1 by siRNA attenuated hypoxia-induced drug
resistance similar to that in PDK3 knockdown cells. Double
knockdown of PDK1 and PDK3 additively reduced cell survival
under hypoxia. Effects of cisplatin and paclitaxel on cell killing
were profoundly enhanced in double knockdown cells com-
pared with scramble siRNA-treated or single PDK1/PDK3
knockdown cells, suggesting the redundant function of these
two enzymes. The results also point out the importance of thor-
ough evaluation of members of the gene family to gain a com-
prehensive picture of their biological functions.
The importance of PDK3 in physiologic or pathologic condi-

tion was overlooked in the past partly due to a previous report
indicating that PDK3 is exclusively expressed in heart and skel-
etal muscle by Northern hybridization (8). However, using RT-
PCR and/or Western blot, we found that PDK3 is widely
expressed in many cell types (Fig. 1).3 Here, we demonstrated
that hypoxia induced PDK3 in several normal and cancer cells
suggesting it is a common event rather than a unique phenom-
enon ofHeLa cell. The significance of up-regulation of PDK3by
hypoxia is 2-fold. First, the kinase activity andbinding affinity of
PDK3 are the highest among PDKs (7, 14). Induction of PDK3
byhypoxiawould efficiently block the conversion of pyruvate to
acetyl-CoA and reduce oxygen consumption. Thus, PDK3
serves as a gatekeeper to ensure efficient blockage of PDHactiv-
ity. Second, it is known that high concentration of pyruvate
inhibits the activity of PDK1, -2, and -4, but not PDK3 (7, 15). In
HIF-1�-overexpressed cancer cells, inactivation of PDH by
HIF-induced up-regulation of PDKs would result in the accu-
mulation of pyruvate, and the accumulated pyruvate would
inactivate the enzymatic activities of PDK1, -2, and -4, but not
PDK3. Therefore, induction of PDK3 guarantees the continu-
ously shutdown of mitochondrial respiration. This is especially
important in many HIF-1�-overexpressed cancer cells where
pyruvate was also elevated. Taken together, up-regulation of
PDK1 and PDK3 by HIF-1�, which is elevated in cancer cells
due to hypoxia or oncogene-induced overexpression, may pro-
vide a reasonable explanation for the phenomenon ofWarburg
effect.
In conclusion, by using bioinformatic and molecular biolog-

ical approaches, we have demonstrated that hypoxia induces
PDK1 and PDK3 expression in cancer cells. Up-regulation of
PDK1 and PDK3 under hypoxia induces metabolic switch and
drug resistance.Given its unique feature in enzyme kinetics and
biological function, PDK3 may represent the critical molecule
that controls themetabolic switch anddrug resistance in cancer
cells, especially those with elevated HIF-1� levels. Our current
findings provide novel insights about pathological processes of
cancer cells and suggest that PDK3 may be a new and pivotal
target for tumor therapy.
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