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Deregulated metabolism is gaining recognition as a hallmark of cancer cells, and is being explored for therapeutic
potential. The Warburg effect is a metabolic phenotype that occurs in 90% of tumors, where glycolysis is favored
despite the presence of oxygen. Dichloroacetate (DCA) is a pyruvate dehydrogenase kinase (PDK) inhibitor that can
reverse the Warburg effect. PENAO (4-(N-(S-penicillaminylacetyl)amino) phenylarsonous acid) is a novel anti-
mitochondrial agent that targets the adenine nucleotide transporter in mitochondria and is currently in clinical trials for
solid tumors. We have investigated the targeting of two aspects of metabolism, using DCA to promote mitochondrial
activity combined with PENAO to inhibit mitochondrial activity, in breast and other carcinoma cell lines. PENAO was
effective at low uM concentrations in luminal (T-47D) and triple negative (MDA-MB-231) breast cancer cells, in normoxia
and hypoxia. The cytotoxicity of PENAO was enhanced by DCA by a mechanism involving increased reactive oxygen
species in both T-47D and MDA-MB-231 cells, however further investigations found it did not always involve PDK2
inhibition or reduction of the mitochondrial membrane potential, which are the accepted mechanisms for DCA
induction of apoptosis. Nevertheless, DCA sensitized all cancer cell lines tested toward apoptosis of PENAO. DCA and
PENAO are both currently in clinical trials and targeting cancer metabolism with these drugs may offer options for
difficult to treat cancers.

Introduction

Deregulated metabolism as a phenotype of cancer cells has
recently received an immense amount of attention, and is con-
sidered an emerging hallmark of cancer.1-5 In the 1920s, Otto
Warburg discovered metabolic deregulation in cancer cells
from his observation that cancer cells prefer to use glycolysis
even in the presence of oxygen.6 The Warburg effect refers to
the diversion of pyruvate metabolism from mitochondrial oxi-
dation to lactate production. Inhibition of the pyruvate dehy-
drogenase kinases (PDKs) in cancer cells with a small-
molecule PDK inhibitor such as dichloroacetate (DCA)
reverses the Warburg effect by activating PDH and redirecting
pyruvate metabolism back into the mitochondria.7,8 DCA has
been used in the clinic for lactic acidosis disorders for over 3
decades 9,10 and as an anticancer drug, is one of the most

promising candidates that targets metabolism,11,12 with recent
reports indicating its safety in cancer patients.13-15

DCA has been demonstrated to halt tumor growth in vivo,7,16-18

and in glioblastoma patients could normalize the mitochondria,
and induce apoptosis in tumors.15 The induction of apoptosis is
said to be via increased production of reactive oxygen species
(ROS) due to increased mitochondrial activity, with decreased
polarization of the mitochondrial membrane restoring apoptotic
processes.7,19 However, not all studies find induction of apoptosis
withDCA alone at reasonable drug concentrations. Ofmore practi-
cal interest is the ability of DCA to sensitize cancer cells toward apo-
ptosis and enhance the effects of other cytotoxic agents, however
this has also produced varied results. Findings range from reducing
the effectiveness of doxorubicin and cisplatin,20 to dramatically
enhancing the effects of arsenic trioxide (ATO) 21 and cisplatin,22-
24 or resulting in little change to temozolomide cytotoxicity.20
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DCA has been reported in several studies to be most effective when
used in combination with agents that inhibit mitochondrial func-
tion.18,21,25,26 Thus, targeting two aspects of metabolism, using
DCA to promote mitochondrial activity and then an anti-mito-
chondrial agent to simultaneously inhibit mitochondrial function,
is a rational approach to cancer therapy.

4-(N-(S-penicillaminylacetyl)amino) phenylarsonous acid
(PENAO) is a second generation arsenic-based mitochondrial
toxin 27 that is currently being trialled in a Phase I/II dose escala-
tion study in patients with solid tumors refractory to standard
therapy. PENAO targets the adenine nucleotide translocase
(ANT) component of the mitochondrial permeability transition
pore (MPTP), a central component of the mitochondrial apopto-
tic machinery.28-31 The trivalent arsenical of PENAO reacts with
ANT, crosslinking Cys57 and Cys257 of ANT to induce MPTP
opening by increasing the sensitivity of pore opening to Ca2C lev-
els.32 PENAO is taken up into cells faster and exported by
MRP1/2 more slowly than its first-generation counterpart, 4-(N-
(S-glutathionylacetyl)amino) phenylarsenoxide (GSAO),33

enabling it to target proliferating tumor cells as well as endothelial
cells.27 PENAO has been demonstrated to inhibit proliferation of
a range of cancer cell lines in vitro, and is effective in vivo against
subcutaneous human BxPC-3 pancreatic carcinoma xenografts.27

The present investigation examines the effectiveness of target-
ing two aspects of metabolism using the novel combination of
DCA and PENAO against a panel of breast and other epithelial
cancer cells. The mechanisms by which DCA sensitizes cancer
cells toward apoptosis when used in combination with PENAO
were examined, highlighting the metabolic complexities of cancer
cell responses to DCA.

Results

PENAO selectively reduces cell viability of cancer cells
To examine the effects of PENAO on cancer cells, a panel

of cancer cells representing 4 common carcinoma types
(breast, colon, pancreas, and prostate) was treated with a
range of concentrations of PENAO for 48 hr. PENAO signif-
icantly reduced the total viable cell number of cancer cells,
but did not effect the non-cancerous MCF-10A cells, where
only a 5% reduction in viable cell number was observed
(Fig. 1A). The IC50 for PENAO-induced reduction in cell
viability was in the low micromolar range of »5–12.5 mM
for all cancer cell lines (Fig. 1A and Table 1) with the excep-
tion of the Bx-PC3 cell line which had an IC50 of »32 mM

Figure 1. DCA potentiates PENAO-induced apoptosis. (A) Total viable cell number (neutral red uptake assay) after 48 hr PENAO treatment of epithelial
cancer cell lines (MCF10A – non-cancerous control). (B) Viable cell number after 48 hr PENAO treatmentC/¡ 5 mM DCA (5 mM PENAO for all cells except
MCF7 (7.5 mM) and BxPC3 (30 mM)). (C) Percentage of apoptotic cells (Annexin V positive) after 48 hr PENAO treatment (concentrations as in
(B)) C/¡ 5 mM DCA. *P< 0.05 **P < 0.01 ***P < 0.001 vs control. #P < 0.01 vs PENAO.
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(Fig. S1; Table 1). PENAO was also able to reduce viable
cell number in hypoxia (0.3% O2) in T-47D, MCF7 and
MDA-MB-468 cells, with reduced IC50s for these cells indi-
cating that normoxic levels of oxygen are not required for
PENAO cytotoxicity (Fig. S2; Table 1).

DCA enhances the apoptotic effects of PENAO
The effect of 5 mM DCA on the cytotoxicity of PENAO after

48 hr was then measured (Fig. 1B; results for the full range of con-
centrations of DCA and PENAO tested are in Fig. S1). DCA
potentiated the PENAO-induced reduction in viable cells in all can-
cer cell lines, including the MDA-MB-231 cell line in which DCA
alone had no significant effect on viable cell number (Fig. 1B). Fur-
ther investigations were performed on the breast cancer cell lines
T-47D,MDA-MB-231 andMCF7, and PC-3 prostate cancer cells
to determine whether the increased effect of PENAO by DCA was
due to increased induction of apoptosis. In all 4 cell lines, DCA
alone did not induce apoptosis, however PENAO was able to
induce apoptosis and co-treatment with DCA resulted in a signifi-
cant increase in the proportion of apoptotic cells compared to
PENAO alone (Fig. 1C), indicating DCA sensitizes cancer cells
toward apoptosis. The effect of PENAO in the MCF10A non-
cancerous cells was also increased byDCA, however the cytotoxicity
of this drug combination was limited compared to that observed in
the cancer cells (Fig. 1B), indicating that the cytotoxicity of this
drug combination is largely targeted at cancer cells.

DCA enhances apoptosis by increasing ROS production
The mechanism of enhancement of apoptosis was further

investigated in T-47D and MDA-MB-231 cells as they were dis-
tinct in their response to growth inhibition by DCA alone: T-47D
and MDA-MB-231 cells were DCA-sensitive and -insensitive,
respectively (Fig. 1B, Ref.34); however in both cell lines, PENAO-
induced apoptosis was enhanced by DCA treatment (Fig. 1C).

DCA increases oxidative stress by redirecting pyruvate into the
mitochondria, increasing electron transport chain (ETC) activity
and thus generating more ROS.7 The increased oxidative stress
could potentially sensitize cancer cells toward apoptosis.35 Treat-
ment with DCA for 24 hr increased ROS by 68 and 65% in T-
47D and MDA-MB-231 cells respectively (Fig. 2A). As T-47D
and MDA-MB-231 cells express predominantly PDK2 (Ki
0.2 mM) and low levels of the other isoforms,34 the effect of

knocking down PDK2 (PDK2-kd) on ROS production was
investigated. Knockdown of PDK2 with siRNA (»70–90%,
Fig. 2C) increased ROS in a similar manner to 1 mM DCA
(Fig. 2A and B) but 1 mM DCA treatment on PDK2-kd T-47D
and MDA-MB-231 cells significantly further increased ROS pro-
duction. This may be due to inhibition of the residual PDK2, or
inhibition of PDK1 or PDK4 (Ki 1.0 mM and 0.5 mM respec-
tively) which are expressed at low levels 34 or which may have
been induced in response to the PDK2-kd. The increase in ROS
by DCA could be prevented by co-treatment with the anti-oxi-
dant N-acetylcysteine (NAC, 10 mM) (Fig. 2D), thus the effect
of NAC on apoptosis was examined. In DCACPENAO treated

Table 1. IC50 values for total viable cell number for PENAO treatment of
human epithelial cancer cell lines

Cell line Normoxia PENAO (mM) C 5 mM DCA Hypoxia (0.3%)

T-47D 3.7 § 2.6 0.9 § 1.4 1.9 § 0.5
MDA-MB-231 6.0 § 1.9 3.7 § 1.4 n.d.
MDA-MB-468 3.0 § 1.6 2.5 § 1.7 1.1 § 0.2
MCF7 7.5 § 2.6 5.0 § 3.0 2.6 § 0.5
MCF10AT1 13 § 1.9 7.5 § 1.5 n.d.
SW620 5.0 § 1.2 2.0 § 1.8 n.d.
BxPC-3 30 § 5.4 22 § 4.2 n.d.
PC-3 11 § 1.0 7.5 § 1.6 n.d.

Results expressed as mean§ SEM. (n.d. not determined).

Figure 2. DCA increases ROS. (A) ROS levels after 24 hr DCA treatment in
T-47D and MDA-MB-231 cells. (B) ROS levels 24 hr after PDK2-kd
C/¡ 1 mM DCA. (C) Representative protein gel blots of PDK2 protein lev-
els 48 hr post-transfection with siPDK. (D) ROS levels after 24 hr 5 mM
DCA treatment C/¡ 10 mM N-acetylcysteine (NAC). **P < 0.01 vs
siPDK2; ***P < 0.001 vs control.
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MDA-MB-231 cells, co-treat-
ment with 10 mM NAC for 48
hr completely prevented the
enhancement of apoptosis
(P < 0.001), whereas in T-47D
cells, NAC produced only a par-
tial but significant reduction (P
< 0.05 vs no NAC) in DCA-
PENAO-induced apoptosis
(Fig. 3A). NAC was also able to
reduce apoptosis induced by
PENAO alone, almost
completely in MDA-MB-231
cells but only partially in T-47D
cells (Fig. 3B), indicating a con-
tribution of ROS to the cytotox-
icity of PENAO. (The thiol
group on NAC will not interact
directly with PENAO to reduce
its cytotoxicity as PENAO inter-
acts only with closely-spaced di-
thiol groups, as occur on the
ANT32). Thus in both cell lines,
oxidative stress was an important
mechanism for the enhanced
apoptosis of the DCA-PENAO
drug combination.

T-47D and MDA-MB-231
cells are distinct in their
metabolic response to DCA

Further investigations revealed
metabolic differences between
the 2 cell lines that may contrib-
ute to the different effects of
DCA and the relative contribu-
tion of ROS. The NADP:
NADPH ratio before and after
DCA treatment was measured as
an indicator of oxidative state
(Fig. 3C). In both cell lines, the
availability of NADPH was
increased after 24 hr of treatment
with 5 mM DCA, but the con-
text was different. In T-47D
cells, the total NADP/NADPH
pool was increased by DCA
treatment (212 § 15 vs 337 §
31, control vs DCA, p D 0.01)
but the ratio of NADP:NADPH
was unchanged (1.09 § 0.11 vs
1.13 § 0.11, control vs DCA,
p D 0.4). In contrast, in MDA-
MB-231 cells DCA significantly
reduced the ratio of NADP:
NADPH (3.14§ 0.08 vs 1.98§

Figure 3. DCA can enhance apoptosis by increasing ROS. (A) Percentage of apoptotic cells after 48 hr
DCA-PENAO treatment C/¡ NAC. # P < 0.01 vs PENAO alone. *P < 0.05 ***P < 0.001 vs PENAOCDCA.
(B) Apoptotic cells after 48 hr PENAO C/¡ NAC. *P < 0.05 vs PENAO. (C) NADP/NADPH levels after 24 hr C/¡
DCA in T-47D and MDA-MB-231 cells; *p<0.05 **P < 0.01 vs control. Treatments: DCA 5 mM, PENAO 5 mM,
NAC 10 mM.
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0.17, control vs DCA, p D 0.002) while the total NADP/
NADPH pool remained the same (236 § 25 vs 230 § 25, con-
trol vs DCA, p D 0.4). The higher NADP:NADPH ratio of

MDA-MB-231 cells indicates they are in a more oxidative state
and therefore may be more sensitive to increases in ROS produc-
tion than T-47D cells.

The difference in oxidative state between the 2 cell lines may
be due to their distinct metabolic profiles. Glutamine deprivation
reduced growth in 3 breast cancer cell lines to a similar extent
(Fig. 4A). In contrast, while growth of T-47D and MCF7 cells
was moderately reduced in glucose-deprived conditions, the dep-
rivation of glucose for 72 hr resulted in complete cell death in
MDA-MB-231 cells (Fig. 4A). Furthermore, MDA-MB-231
cells produced »3-fold more lactate in a 24 hr period compared
to the T-47D and MCF7 cells (Fig. 4B). The source of lactate
production in MDA-MB-231 cells was confirmed to be primarily
from glucose, as glucose deprivation reduced lactate production
(over 16 hr) by 60% (Fig. 4C). These results suggest that meta-
bolic differences between cell lines result in DCA enhancing apo-
ptosis via different mechanisms.

DCA can sensitize cancer cells toward apoptosis via
off-target effects

We have previously shown that DCA did not significantly
reduce lactate production by MDA-MB-231 cells, correlating
with the lack of growth inhibition in these cells.34 Thus we ques-
tioned whether the pro-apoptotic effect of DCA was due to PDK2
inhibition by performing siRNA knockdown experiments. Sur-
prisingly, the knockdown of PDK2 in T-47D cells did not
enhance the apoptotic effects of PENAO, but did in the MDA-
MB-231 cells (Fig. 5A). Furthermore, the addition of DCA to T-
47D-PDK2-kd cells resulted in a significant enhancement of the
apoptotic effect of PENAO, but not in MDA-MB-231-PDK2-kd
cells. The findings indicate that DCA can sensitize T-47D cancer
cells toward apoptosis via PDK2-independent pathways.

Alternative mechanisms of DCA enhancement of apoptosis
were investigated. A decrease in the expression of the anti-apo-
ptotic protein Bcl-2 has been reported with DCA treatment in
PC-3 prostate cancer cells,36 however, we have previously found
that Bcl-2 expression increased slightly (1.2-fold) with DCA
treatment in T-47D breast cancer cells.21 In the current study,
we found that DCA treatment did not significantly increase the
levels of pro-apoptotic proteins, Noxa and Puma (Fig. 5B).
Mitochondrial changes may be involved in DCA sensitization of
cancer cells toward apoptosis. It has been previously reported
that DCA can depolarize the mitochondrial membrane potential
(MMP),7,25 which has been postulated to sensitize cancer cells
toward apoptosis.37 Using JC-1 staining to measure the MMP, it
was found that JC-1 red staining decreased from as early as 3 hr
post-DCA treatment in T-47D cells (Fig. 5C) indicating depo-
larization, but was unchanged in MDA-MB-231 cells, even after
24 hr of DCA treatment (Fig. 5D). Thus DCA-enhanced apo-
ptosis in T-47D cells may be due to changes in MMP.

Discussion

Despite the hype about targeting the metabolic phenotype of
cancer cells for therapy, little progress has been made in the clinic

Figure 4. T-47D and MDA-MB-231 cells are metabolically distinct. (A) Via-
ble cell number after 72 hr growth in glucose or glutamine deficient
media. (B) Extracellular lactate production over 24 hr for different breast
cancer cell lines. (C) Lactate production in MDA-MB-231 cells over 16 hr
with glutamine or glucose deprivation. **P < 0.01 ***P < 0.001 vs con-
trol; #P < 0.001 vs T-47D and MCF7.
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to realize this potential. DCA and PENAO are both compounds
currently in clinical trials in the treatment of cancer that target
different aspects of the cancer metabolic phenotype.13-15,32 Here
we demonstrate that PENAO, a novel anti-mitochondrial agent,
is effective at low micromolar concentrations against a range of
breast cancer cell lines, representing luminal (T-47D and MCF7)
and basal (MDA-MB-231 and MDA-MB-468) subtypes of
breast cancer, and carcinomas from other tissues (Fig. 1A). Previ-
ously only a limited number of epithelial cancers had been tested
for sensitivity to PENAO.27 Results from the present study indi-
cate that PENAO has promising effects against cancer in two dif-
ficult to treat circumstances - triple negative breast cancer
(MDA-MB-231 and MDA-MB-468) and hypoxia (Table 1).
Significant regions of solid tumors are hypoxic, and are generally
resistant to traditional therapies and associated with metastases
and poor outcomes.38-41 Similarly, triple negative breast cancers,
which account for approximately 20% of breast cancer, cannot
be targeted with anti-estrogens or Herceptin and have a poorer
prognosis than other breast cancer subtypes. Thus, PENAO
offers a new treatment option for these tumors.

When combined with DCA, the cytotoxicity of PENAO was
enhanced 1.5 – 4-fold in these cell lines (Fig. 1 and Table 1).
Thus targeting of two aspects of metabolism in this manner,

using DCA to redirect pyruvate
metabolism to the mitochondria
while using PENAO to inhibit
mitochondrial function, is an effec-
tive and rational approach to treat-
ing cancer. This combination was
effective against cancer cells and
relatively non-toxic against the
non-cancerous MCF10A cells of
this study (Fig. 1B). A similar dis-
tinction between glioblastoma cells
and non-cancerous human lung
fibroblast cell line MRC-5 and
normal human astrocytes has been
observed,42 suggesting that a thera-
peutic window between normal
and cancer cells exists, and that
this drug combination has poten-
tial in the clinic against a number
of cancer types.

The success of the principle of
combining DCA with a mitochon-
drial inhibitor in breast cancer cells
has been demonstrated previously
in vitro with the clinical agent arse-
nic trioxide, which was shown to
inhibit complex IV of the ETC.21

This dual-targeting strategy is also
supported by studies showing
DCA to be more effective against
cancer cells with mitochondrial
defects, such as rho(0) MCF7
cells,25 mitochondrial ND2

mutant cells 26 and oligomycin-treated HCT116 colon cancer
cells.18 However, the precise mechanism by which DCA enhan-
ces cytotoxicity is not always clear. Elevated ROS production by
DCA has been demonstrated by several investigators, an effect
that is attributed to increased ETC activity following the redirec-
tion of pyruvate metabolism from lactate production into mito-
chondrial oxidation.7,21,25,43,44 DCA can enhance the
cytotoxicity of pro-oxidant drugs such as elesclomol and sulindac,
and the involvement of elevated ROS in apoptosis mediated by
DCA was demonstrated by reducing apoptosis with antioxidants
such as NAC.43,44 We have also demonstrated that the mecha-
nism of apoptosis in the DCA / PENAO combination treatment
clearly involved the increased generation of ROS (Figs. 2 and 3),
however, the extent to which ROS were responsible, according to
intervention with NAC, varied between cell lines.

In T-47D cells where the increase in ROS by DCA did not
fully account for the sensitization to apoptosis (Fig. 3), we found
significant depolarization of the mitochondrial membrane poten-
tial. Bonnet et al hypothesized that when DCA inhibits the
PDKs, the increased ROS damage complex I, the most sensitive
complex of the ETC to ROS, leading to an inability to efflux
protons resulting in depolarization.7 This mechanism is depen-
dent on mitochondrial ROS levels changing, whereas NAC and

Figure 5. DCA can enhance apoptosis via off-target mechanisms. (A) Apoptosis in T-47D and MDA-MB-231
cells after 48 hr 2 mM PENAO treatment C/¡ 5 mM DCA in control (siNC) and siPDK2 cells (PDK protein
expression 48 hr post-transfection with siPDK2 are shown in Fig. 2). (B) Noxa and Puma expression after 24
hr 5 mM DCA treatment. (C and D) Mitochondrial membrane potential (JC-1 red indicates presence of
MMP) in (C) T-47D cells and (D) MDA-MB-231 cells after 3 and 24 hr treatment with 0.2–5 mM DCA.
**P < 0.01 vs PENAOC siNC; *** P < 0.001 vs control.
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the DCF readout used in this study reflect cytosolic ROS, thus
compartmental differences in ROS levels may explain the incom-
plete protection by NAC. However, other mechanisms which
could be altered by DCA may also contribute to cancer cell
hyperpolarization (discussed by Sutendra et al. 11), thus the exact
mechanism by which DCA depolarizes the mitochondria is
uncertain.

Regardless of the mechanism, mitochondrial depolarisation is
not essential for the enhancement of apoptosis, as depolarization
did not occur in MDA-MB-231 cells but apoptosis was still
enhanced (Figs. 3A and 5D). Further, while the growth inhibi-
tory effects of DCA in T-47D cells correlated well with inhibi-
tion of PDK2 activity or PDK2-kd by siRNA,34 the enhanced
cytotoxicity of PENAO could not be achieved with siRNA
PDK2-kd in T-47D cells (Fig. 5). These results clearly indicate
that the anti-proliferative and pro-apoptotic effects of DCA are
distinct processes, and that mechanisms of enhanced apoptosis,
other than PDK2 inhibition, increased ROS from the ETC and
MMP depolarisation, exist.

Were the action of DCA simply due to actions on the MMP,
then it should be a universal enhancer of apoptosis through the
alteration of this fundamental apoptotic machinery. However,
the effect of DCA in combination with other drugs ranges from
reduced cytotoxicity of doxorubicin and cisplatin in vitro on a
range of pediatric cancer cell lines,20 to no alteration of the effects
of temozolomide,20 to synergizing with cisplatin in HeLa cervical
cancer cells.23 Our own studies indicate that DCA does not
enhance the effects of doxorubicin in our breast cancer panel in a
48 hr cytotoxicity test (unpublished), indicating that DCA is not
a universal enhancer of apoptosis.

Conclusion

DCA is a compound that can reverse the widespread phenom-
enon of aerobic glycolysis. While the accepted mechanism of
DCA would suggest that it could be a generic non-toxic enhancer
of apoptosis, this is not the case. Combining DCA with mito-
chondrial inhibitors is a rational strategy for targeting cancer
metabolism and shows promise. Further work is needed to fully
understand how best to utilize DCA effectively for the treatment
of cancer.

Materials and Methods

Cell culture
Human cancer cell lines were obtained from (year obtained in

brackets): Breast cancer cell lines: Dr Anna DeFazio, Westmead
Millenium Institute, Sydney, Australia provided T-47D (2003),
MCF-10AT1 (2005) and MCF-10A (2005, non-cancerous);
Prof Chris Parish, Australian National University, Canberra,
Australia provided MDA-MB-468 (2003) MCF7 (2003) and
MDA-MB-231 (2003); June Hornby, Australian National Uni-
versity, provided PC-3 prostate cancer (2000), SW620 colon
cancer (2000); Dr Pierre Dilda Lowy Cancer Center, UNSW,

Australia provided Bx-PC3 pancreatic cancer (2011). The cell
lines have appearances consistent with published morphologies
but have not been authenticated recently. All cells were grown at
37�C, 5% CO2 in RPMI media supplemented with 10% fetal
bovine serum, 10 mM HEPES and 2 g/L NaHCO3 with the
exception of MCF-10A and MCF-10AT1, which were grown in
DMEM/F-12 medium, 5% (MCF-10A) or 2.5% (MCF-
10AT1) horse serum, 0.01% EGF, 0.28 IU/ml insulin, 0.01%
cholera toxin and 0.5mg/ml hydrocortisone. For hypoxic condi-
tions, cells were grown in a sealed humidified gas chamber (Bill-
ups-Rothenberg, Del Mar, CA, USA). Oxygen was flushed out
with 95% nitrogen, 5% CO2 at 20 L/min for 4 min and gas
inside flasks/plates was allowed to equilibrate for 3 hr. The cham-
ber was then re-flushed as necessary to obtain O2 levels of 0.2–
0.3%.

In vitro viability and apoptosis assays
Neutral red staining was used to determine total viable cell

number after 48 hr of treatment, as described previously.21 Apo-
ptosis was quantified by flow cytometry (BD LSR1 cell sorter)
using FITC-labeled Annexin V (Molecular Probes, Invitrogen
Co, CA, USA) and propidium iodide staining as previously
described.21

Immunoblotting
Cells at »70% confluence were incubated in either normoxia

or hypoxia for 18 hr. Cells were lysed with RIPA buffer
(150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris, pH 8.0), sonicated (low power for 5 s)
and centrifuged (13000 x g, 15 min, 4�C). Supernatant protein
content was measured using BCA Assay Kit (Pierce, Rockford,
IL, USA). Proteins (30 mg/sample) were separated via reducing
10% SDS-PAGE and standard western blotting procedures 45

were used to detect proteins of interest with the following pri-
mary antibodies: PDK2 (Cat# AP7039b, Abgent, San Diego,
CA, USA), b-actin (Abcam), Noxa (OP180, Calbiochem) and
Puma (ab9643, Abcam).

Extracellular lactate
Cells were seeded into 12-well plates (1£105 cells/well). After

24 hr, media was collected for lactate measurement as previously
described.16 Lactate production at 24 hr was standardized to pro-
tein content to account for changes in cell number.

PDK gene silencing with RNAi
Cells were transfected with 10 nM PDK siRNA (siPDK) or

negative control siRNA (siNC) using Lipofectamine RNAiMAX
(Invitrogen Lifesciences) following the manufacturer’s protocol.
After 48 hr, knockdown efficiency was determined by immuno-
blotting (�70% knockdown achieved), and drug treatment com-
menced. The total number of viable cells was measured 48 hr
later.

Measuring mitochondrial membrane potential
Cells were seeded into 12-well plates at 100,000/well and

treated for desired period, then incubated with 0.2 mM JC-1 for
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30 min. JC-1 accumulates in cells when a mitochondrial mem-
brane potential (MMP) is present (resting cells are hyperpolar-
ized) and forms aggregates which emit red fluorescence. Upon
depolarization (i.e. collapse of the potential), JC-1 does not
aggregate but instead is present in the monomeric form that
emits green fluorescence. Thus upon depolarization a shift from
red to green fluorescence is observed. Cells were with analyzed
with FACS (BD LSR1 cell sorter).

Measuring NADP/NADPH
Cells were washed with PBS, harvested then NADP and

NADPH levels were detected using a NADPC/NADPH detec-
tion kit (Abnova #KA1663) according to the manufacturer’s
protocol.

ROS measurements
Cells were seeded into 12-well plates at 100,000/well and

treated for desired period, then incubated for 1 hr at 37�C with
10 mM 2,7-dichlorodihydrofluorescein (DCF)-diacetate (Molec-
ular Probes, Invitrogen Co, CA, USA). DCF-diacetate is cell per-
meable and is cleaved by esterases and then oxidized into the
fluorescent DCF by ROS, thus fluorescence is proportional to
intracellular ROS levels. After incubation, cells were harvested,
washed with PBS and then resuspended in PBS and analyzed by
FACS (BD LSR1 cell sorter).

Statistical analysis
Differences between groups were analyzed with one-way

ANOVA, comparing all treatment groups with each other using
the Bonferonni post-hoc test in GraphPad Prism software. Each
independent experiment was performed with at least triplicate
samples per treatment group. All results are expressed as mean
§ SEM of replicate values from at least 2 independent experi-
ments. Statistical significance was considered P < 0.05.
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