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ANT2 Isoform Required for Cancer Cell Glycolysis
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The three adenine nucleotide translocator (ANT1 to ANT3) isoforms, differentially expressed in
human cells, play a crucial role in cell bioenergetics by catalyzing ADP and ATP exchange across
the mitochondrial inner membrane. In contrast to differentiated tissue cells, transformed cells, and
their ρ0 derivatives, i.e. cells deprived of mitochondrial DNA, sustain a high rate of glycolysis. We
compared the expression pattern of ANT isoforms in several transformed human cell lines at different
stages of the cell cycle. The level of ANT2 expression and glycolytic ATP production in these cell
lines were in keeping with their metabolic background and their state of differentiation. The sensitivity
of the mitochondrial inner membrane potential (�ψ) to several inhibitors of glycolysis and oxidative
phosphorylation confirmed this relationship. We propose a new model for ATP uptake in cancer cells
implicating the ANT2 isoform, in conjunction with hexokinase II and the β subunit of mitochondrial
ATP synthase, in the �ψ maintenance and in the aggressiveness of cancer cells.
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INTRODUCTION

The mitochondrial adenine nucleotide translocator
(ANT) catalyses ADP/ATP exchanges across the mito-
chondrial inner membrane. ANT plays an essential role in
cell bioenergetics by regulating the ADP/ATP ratio in mi-
tochondrial oxidative phosphorylation. In most eukaryotic
organisms, ANT has three isoforms, each encoded by a
distinct gene. Thus, yeasts have corresponding transloca-
tors, ADP/ATP carriers (AAC1 to AAC3) (Kolarov et al.,
1990), and all mammals have ANT1 to ANT3 (Battini
et al., 1987; Houldsworth and Attardi, 1988; Neckelmann
et al., 1987), except for rodents in which only two iso-
forms (ANT1 and ANT2) have been identified (Graham
et al., 1997; Levy et al., 2000).
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ANT1 mRNA is specifically expressed in the heart, in
skeletal muscle and to a lesser extent in the brain (Lunardi
and Attardi, 1991; Stepien et al., 1992). ANT2 expression
is growth-dependent (Battini et al., 1987) and is a marker
of cell proliferation (Barath et al., 1999). The ANT2 gene
is down-regulated in differentiating cell lines, but remains
unexpressed, or only slightly expressed, in most tissues
(Stepien et al., 1992). The human and bovine ANT3 gene
encodes an isoform expressed in all tissues in proportion to
the mitochondrial oxidative phosphorylation (OXPHOS)
content; its promoter region has the features of a house-
keeping gene.

Both ANT1 and ANT3 export ATP produced by
OXPHOS from the mitochondrial matrix to the cytosol.
The overexpression of the ANT2 isoform in cells with a
main glycolytic metabolism appeared puzzling (Stepien

Key to abbreviations: �ψ , mitochondrial internal membrane po-
tential; ANT, adenine nucleotide translocator; ARP, acidic riboso-
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of ATP synthase; DiOC6(3)), 3,3′-dihexyloxacarbocyanine; 2-DOG,
2-deoxyglucose; HKII, hexokinase II; mClCCP, carbonyl cyanide m-
chlorophenylhydrazone; mtDNA, mitochondrial DNA; ND4, NADH
dehydrogenase 4; OXPHOS, oxidative phosphorylation; VDAC, volt-
age dependent anion channel.
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et al., 1992). As suggested for the corresponding yeast
AAC3 isoform (Drgon et al., 1991), we hypothesized that
ANT2 had kinetic properties, different from those of the
two other isoforms, allowing the uptake of glycolytic cyto-
plasmic ATP in exchange of intramitochondrial ADP. The
survival in exclusive anaerobic conditions of a triple AAC
yeast mutant, transformed with a human ANT2 cDNA, re-
inforced this hypothesis (Giraud et al., 1998). The ANT2
up-regulation is controlled by Sp1 (Zaid et al., 1999) and
by an unidentified protein binding to the GRBOX pro-
moter sequence (Giraud et al., 1998). The first seven nu-
cleotides of the human GRBOX motif are present in the
promoter sequences of the mouse ANT2 gene (Levy et al.,
2000) and the hypoxic consensus sequence present in the
yeast AAC3 gene (Balasubramanian et al., 1993). More-
over, the first six nucleotides of GRBOX are common
to members of the SOX family associated with a DNA
binding requirement (Pevny and Lovell-Badge, 1997).

In the present work, we have determined the respec-
tive roles of ANT2 and ANT3 in different cancer cell
lines in relation to their metabolic status. Real-time quan-
titative RT-PCR allowed us to quantify, for the first time,
the transcript copy number of each ANT isoform in can-
cer cells as compared to cultured untransformed cells and
tissues. We show that the expression of ANT isoforms
in cancer cells is closely related to the metabolic prop-
erties, cell cycle events, and maintenance of the �ψ of
the mitochondrial membrane. The understanding of the
specific ANT2 involvement in cancer cell proliferation
should help to design new anti-tumor strategies targeting
the ANT2 transcript.

MATERIALS AND METHODS

143B TK-(ATCC CRL 8303) is a human osteosar-
coma cell line cultured in DMEM/F12 medium with
10% FCS (fetal calf serum) supplemented with peni-
cillin G (100 µg/mL), streptomycin (100 µg/mL), and
amphoptericin B (0.25 µg/mL). HepG2 is a hepatocar-
cinoma cell line (ATCC HB 8065) cultured in RPMI
1640 medium supplemented with FCS and antibiotics,
at the same concentrations as those used for 143B cells.
The ρ0 HepG2 cell line was obtained by treatment of
parental HepG2 cells with ethidium bromide for 7 weeks
and selection of cells with complete mitochondrial DNA
(mtDNA) depletion (Loiseau et al., 2002). The ρ0 143B
cell line was kindly provided by Dr. R. Morais (Montreal,
Canada). Both ρ0 cell lines, auxotrophic for uridine and
pyruvate, were cultured in media identical to that of the
corresponding parental cells, except for a supplement of
uridine (50 µg/mL) and pyruvate (100 µg/mL). The WI38

cell line (human lung fibroblasts, ATCC MD CCL 75) was
maintained in DMEM supplemented with 10% FCS, non
essential amino-acids and antibiotics. Media were sup-
plied by Gibco-BRL, FCS by Seromed (Biochrom, KG,
Berlin Germany). All other chemicals were purchased
from Sigma Chemical Co (St Louis, MO, USA). Cell pro-
liferation was quantified during 7 days by direct cell count-
ing every 24 h, in three different preparations. Doubling
time (DT) was calculated from the exponential growth
period as follows: DT = (T 2 − T 1)/[ln (cell number at
T2/cell number at T1)/ln (2)], where (T 2 − T 1) is the
duration of the exponential phase.

The cell cycle was analyzed with a fluorescence-
activated cell sorter (Becton Dickinson, San Jose, CA,
USA). For flow cytometry, cells were fixed in 70% ethanol
and DNA-Prep COULTER R© reagent Kit (Beckman
Coulter Inc., Fullerton, CA, USA). CellQuest (Becton
Dickinson, San Jose, CA, USA) and ModFit 5.2 soft-
ware (Verity Software House, Topsham, ME, USA) were
used to analyze nuclear DNA distribution.

Glucose and lactate concentrations in the culture
media were determined by spectrophotometry (Trinder,
1969), using appropriate enzymatic kits (Boehringer,
Mannheim, Germany) on a Hitachi-Roche 917 apparatus
(Roche Diagnostics GmbH, Mannheim, Germany). Data
were expressed in terms of glucose consumption and lac-
tate production and were normalized to total cellular pro-
tein content, as determined by the BC Assay kit (Uptima,
Interchim, Monthuçon, France). Citrate synthase was as-
sayed by spectrophotometry from whole cell homogenates
(Shepherd and Garland, 1969). For ATP synthase activ-
ity, cells were harvested by trypsinisation. 1 and 2 × 106

cells were incubated in 200 µL of medium with ei-
ther oligomycin (10 µM), or 2-deoxyglucose (2-DOG)
(50 µg/mL) (Sigma, St Louis, MO, USA), for 20 min
at 37◦C. Cells were homogenized in 800 µL PBS and
boiled for 5 min to inactivate cytoplasmic ATPases. The
cell extract was immediately pelleted by centrifugation
at 10, 000 × g at 4◦C for 5 min and stored at −70◦C.
ATP concentration in samples was then determined us-
ing the Enliten R© ATP Assay system Luciferase/Luciferin
(Promega R©, Madison, WI, USA) and a Minilumat Lumi-
nometer (Berthold Technologic, Bad Wilbad, Germany).

Total RNA was extracted from cultured cells us-
ing the RNeasy R© Kit and the RNase-Free DNase set
(Qiagen GmbH, Hilden, Germany) which provides ef-
ficient on-column digestion of nuclear and mtDNA
during RNA purification. RNA concentration and in-
tegrity were assessed using an Agilent 2100 Bioanalyser
(Agilent Technologies R©, Waldbronn, Germany). First-
strand cDNA synthesis was performed in duplicate using
Superscript II reverse polymerase for RT-PCR on 1 µg
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total RNA samples (dT) 15 primer (InvitrogenTM, Carls-
bad, CA, USA) as indicated by the manufacturer, and
dNTPs (Gene AMP R©dNTP Perkin Elmer, Boston, MA,
USA) in a total of 20 µL.

The relative transcript levels were determined
using real-time RT-PCR, with a LightCyclerTM (Roche
Molecular Biochemicals, Mannheim, Germany). At
the end of the PCR cycles, melting curve analysis was
performed according to LighCyclerTM kit instructions, to
assess the purity of PCR products. Amplified fragments
were electrophoresed on agarose gels to confirm their
expected sizes and were sequenced. Their identity
was verified by sequence comparison to the Genbank
database. Real-time PCR was performed according to the
instructions in the LightCyclerTM FastStart DNA Master
SYBRGreen I Kit (Roche Diagnostics, Mannheim,
Germany), using gene specific PCR forward (for)/reverse
(rev) primers: ANT2 (GCTTGTCTTGTATGATGAAA/
AGAAAACTGGTCAGATGAAT); ANT3 (TCGAGAA-
ATTCCAGTTGTCTTT/AGAACACGACTTGGCTCCT-
ACA); ARP (acidic ribosomal phos-phoprotein) (CG
ACCTGGAAGTCCAACTAC/ATCTGCTGCATCTGC-
TTG); ND4 (NADH dehydrogenase 4) (CATTACGAT-
GTTGCCCG/GCGAGGTTAGCGAGGCTTGC); HK II
(TCGCATCTGCTTGCCTACTTC/CTTCTGGAGCCC-
ATTGTCCGT). Standards for all the cDNA fragments
were cloned in pCR R©2.1-TOPO vectors (InvitrogenTM,
Carlsbad, CA, USA) to assure higher stability. The
relative levels of ARP mRNA were used as the internal
standard. All copy number determinations were done
with the LightCyclerTM ‘Fit Point Method’ software.

Immunological analysis was performed as followed:
cells grown in 15-cm diameter plates were rinsed in
PBS, trypsinised, and collected in centrifuge tubes. The
pellet was resuspended in 1 mL of water containing
protease inhibitor cocktail (CompleteTM tablets, Roche
Diagnostics, Mannheim, Germany). SDS-PAGE gel elec-
trophoresis was performed in 12.5% acrylamide gels. Af-
ter electrophoresis, the proteins were dry-transferred to
polyvinylidene difluoride membranes using an OwlTM

apparatus. The membranes were incubated with dilu-
tions of the following antibodies: polyclonal anti-ANT2
(Giraud et al., 1998), mouse IgG1 anti-α-tubulin (Sigma),
monoclonal mouse IgG2b anti-porin (Invitogen), and
anti-cytochrome oxidase II (COX II) (Dr. A. Lombes,
Institut de Myologie, Paris, France), in Tris buffered
saline containing 0.05% Tween 20 (TBS-T) overnight
at 4◦C. After several washes in TBS-T, the membranes
were incubated with an appropriate chemiluminescent-
labeled horseradish peroxidase-conjugated secondary an-
tibody (Jackson Immuno Research, WestGrove, PE, USA)
(ECLTM Amersham Pharmacia Biotech western-blotting

detection reagents, Buckinghamshire, UK). Signal quan-
tification was performed by non-saturating picture scan-
ning by a Gel Doc 1000 Molecular AnalystTM apparatus
(Biorad, Hercules, CA, USA).

The mitochondrial internal membrane potential
(�ψ) was quantified as followed: cells were grown for
72 h, trypsinised, washed in PBS/5% FCS, and plated in
96-well plates (105 cells/100 µL/well). Cells were incu-
bated in PBS/50 mM KCl/5% FCS containing the cationic
fluorescent dye 3,3′-dihexyloxacarbocyanine (DiOC6(3))
(20 nM) for 30 min at 37◦C. To investigate the depen-
dence of mitochondrial �ψ on mitochondrial or gly-
colytic ATP production, parallel incubations were per-
formed in the presence of either OXPHOS inhibitors
(5 µg/mL oligomycin, 5 µg/mL antimycin A, 30 µM au-
rovertin, 10 µM bongkrekic acid) or glycolytic inhibitors
(100 µg/mL 2-deoxyglucose, 1 µM capsaicin). Ten µM of
the mitochondrial uncoupler mClCCP (carbonyl cyanide
m-chlorophenylhydrazone) was added to determine the
residual fluorescence intensity when the mitochondrial
�ψ collapsed. The integrity of the cell membrane was
determined by 5 µg/mL propidium iodide. Fluorescence
was analyzed on a FACScan flow cytometer (Becton
Dickinson, San Jose, CA, USA), using CellQuest as soft-
ware. All inhibitors were purchased from Sigma.

The results were analyzed (ANOVA) using
StatView R© (version 5.0). Differences between means,
evaluated by Scheffe’s F-test, were considered significant
at p < 0.05.

RESULTS

ANT2 and ANT3 Expression in Cancer Cell Lines

To investigate the kinetic properties of ANT isoforms
in cancer cells, we first quantified the ANT transcript levels
in two cell lines: 143B osteosarcoma and HepG2 hepato-
carcinoma cell lines. After reverse transcription, real-time
quantitative PCR allowed the precise determination of the
cDNA copy number. When the ANT transcript copy num-
ber was normalized to that of ARP selected as standard
(Fig. 1), the expression of ANT2 was about ten times
greater than that of ANT3 in 143B cells, whereas the
expression of ANT3 was twice that of ANT2 in HepG2
cells. Moreover, when these ANT2 levels in 143B and
HepG2 cells were compared to those in untransformed
WI38 fibroblasts or myoblasts, the higher level of ANT2
expression in cancer cell lines (up to 13-fold) was con-
firmed. Finally, the expression of ANT2 in 143B cells
was up to 100 times greater than that in skeletal muscle
(Fig. 1), and liver (data not shown). ANT expression in
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Fig. 1. Levels of ANT2 and ANT3 transcripts in 143B, HepG2 cells, the corresponding
ρ0 cells, untransformed cells, and skeletal muscle. The histograms represent the values
determined by quantitative real-time RT-PCR (RNA was extracted from cells harvested
under the same exponential growth conditions). For each sample, the RT-PCR results were
normalized to the control ARP transcript level (results are means of at least three samples
±S.D.).

the corresponding 143B and HepG2 ρ0 cells (mtDNA-
depleted cells) followed a similar pattern, confirming the
glycolytic status of both ρ0 and parental transformed cells.

ANT expression was quantified at the protein level by
Western blotting. Total protein extracted from the same
cell lines was immuno-detected with a polyclonal anti-
body directed to the ten N-terminal amino acids of the
ANT2 isoform (Fig. 2). The mitochondrial content of
each cell line was evaluated by quantification of either
porin, nuclear encoded mitochondrial protein of the Volt-
age Dependent Anion Channel (VDAC) complex, or COX
II, an mtDNA encoded mitochondrial protein. Assuming
that the regulation of ANT expression occurs predomi-
nantly in the transcriptional step, the ANT2 protein lev-
els, normalized to the standard α-tubulin, confirmed the
over-expression of the ANT2 transcript (Fig. 1).

Interaction of ANT Expression with that of Other
Genes Involved in Metabolic Pathways

The ANT protein could be thought of as being at
the crossroads between glycolysis and OXPHOS. Hexok-
inase II (HK II), a glycolytic enzyme that binds to mi-
tochondria, was found to be highly expressed in 143B
and ρ0 143B cells as compared to the control untrans-
formed WI38 fibroblasts (Fig. 3). ATPsynβ, a subunit of
the hydrophilic F1 component of ATP synthase, was also
highly expressed in 143B cells. Mitochondrial ND4 gene

expression was higher in HepG2 than in 143B and WI38
cells, the expression pattern following that of the ANT3
gene (Fig. 1). The complete absence of ND4 expression in
143B and HepG2 ρ0 cells, even after multiple passages,

Fig. 2. Comparison of ANT2 protein levels in 143B, HepG2, the cor-
responding ρ0 cells, and WI38 fibroblasts. Immunoblot of whole cell
extracts probed with antibodies against ANT2 (polyclonal N-terminal
ANT2), mitochondrial-encoded cytochrome c oxidase subunit 2 (mon-
oclonal COX II), the cytoplasmic α-tubulin (polyclonal), and mitochon-
drial nuclear encoded porin. The protein weights are indicated to the
left. The relative ANT2 to α-tubulin protein levels are indicated under
each lane (results are means ± S.D., n = 4).
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Fig. 3. Transcript levels of genes involved in energy metabolism in
143B, HepG2, the corresponding ρ0 cells, and WI38 fibroblasts. The
histograms represent relative RNA levels determined by real-time quan-
titative RT-PCR. For each sample, the RT-PCR results were normalized
to the control ARP transcript level. Values were normalized to the 143B
ATPsynβ/ARP ratio (HKII/ARP ratios multiplied by five and ND4/ARP
ratios divided by 50). (Results are means of at least three different de-
terminations (±S.D.).

confirmed the total and permanent mtDNA depletion in
these cell lines.

Glycolytic Metabolism of Transformed Cells

The metabolic status of the cell lines was character-
ized by the quantification of both lactate and glucose in
the culture medium. Lactate production and glucose oxi-
dation were higher in 143B than in HepG2 cells (Table I),
indicating higher glycolytic activity in 143B cells. How-
ever, these results concerned the first 24 h of the growth
kinetic, i.e. before the cells had reached their exponential
phase. HepG2 cells needed more time (about 48 h) than
143B cells to display complete glycolytic activity (Fig. 4).
After this 24–48 h latency period, the doubling time was
the same in 143B, HepG2, and corresponding ρ0 cells,

Fig. 4. Proliferation of 143B, HepG2, and corresponding ρ0 cells. In-
crease in cell number was analyzed by direct cell counting every 24 h
for 7 days in three different preparations. Corresponding doubling times
are indicated.

suggesting that the global cell cycle time was similar in
all cell lines.

At optimal concentrations, oligomycin (an inhibitor
of mitochondrial ATP synthase) or 2-deoxyglucose
(2-DOG) (an inhibitor of glycolysis) induce the total in-
hibition of mitochondrial (oligomycin) and cytoplasmic
(2-DOG) ATP synthesis, leading to cell death (Kaplan,
2001). To test the sensitivity of each cell line, we used
oligomycin and 2-DOG with limited time exposures
(20 min). In the presence of oligomycin (Table I), whole-
cell ATP levels decreased, attesting to mitochondrial ATP
production both in HepG2 and 143B cells in the first 24 h
of culture. As previously reported (Jouaville et al., 1999),
the treatment of transformed cells with oligomycin did
not significantly modify the ATP pattern, showing that
glycolysis is the main metabolic pathway in these cells.

Table I. Biochemical Characterization of 143B, HepG2, and Corresponding ρ0 Cells

ATP levels

Glucose oxidation Lactate production +oligomycin +2-DOG Citrate synthase
(mmol/24 h/mg) (mmol/24 h/mg) (% of control) (% of control) activity (U/mg prot)

143B 4.27 ± 0.27 7.54 ± 0.31 65.1 ± 5.2 61.5 ± 4.4 181±7
ρ0 143B 6.11 ± 1.44 9.12 ± 0.63 n.d. n.d. 165 ± 11
HepG2 2.22 ± 0.16 3.18 ± 0.31 53.8 ± 6.3 82.6 ± 2.8 306 ± 32
ρ0 HepG2 3.83 ± 0.33 5.62 ± 0.29 n.d. n.d. 257 ± 32

Note. Glucose oxidation, lactate production, ATP levels, and citrate synthase activity were determined in 143B and HepG2 cells
(means ± S.D., n = 3–4). Glucose consumption and lactate production were determined in culture media 24 h following medium
change and expressed relative to the cellular protein content. ATP levels represent cellular ATP content following a 20 min inhibitor
treatment and are given as percentage of ATP levels in cells without inhibitors (oligomycin: mitochondrial ATP synthase inhibitor;
2-DOG: glycolysis inhibitor). Citrate synthase activity was measured in total cell extract, n.d.: not determined.
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In contrast, the effect of the glycolysis inhibitor 2-DOG
was greater in 143B than in HepG2 cells, indicating an
early involvement of glycolysis in the growth kinetics of
143B cells.

Changes in Energetic Metabolism
During the Cell Cycle

Forty-eight hours of serum starvation (without FCS)
of WI38, 143B, and HepG2 cells induced cell cycle arrest
and produced a homogeneous population, with more than
90% of the cells in the GO/G1 phase. Passage in a fresh
medium containing serum induced cell cycle progression.
The W138, 143B, and HepG2 cells, which attained max-
imal DNA synthesis 21, 23, and 24 h later respectively
as shown by flow cytometry analysis, were mostly in the
S phase. To study the G1/S transition, cells were harvested
in each of the phases. ANT2 overexpression has been re-
lated to serum induction (Giraud et al., 1998) and the ex-
ponential growth phase (Lunardi and Attardi, 1991). Our
results showed specific ANT2 overexpression (up to 60%)
in all tested cells during the Gl/S transition (Table II).
The marked upregulation of ANT2 in WI38 cells is ex-
plained by the low G0/G1 expression level of ANT2 in
untransformed cells as compared to the 143B and HepG2
cells (Fig. 1). HK II (glycolytic enzyme) and ATPsynβ

(from the oxidative ATP synthase complex) were simulta-
neously induced, up to 90 and 70% respectively, in 143B
cells. 143B cells were the only cells able to maintain their
mitochondrial gene expression during the G1/S transition.

Table II. Expression of Genes Involved in Energy Metabolism During
G1/S Transition

% of mRNA copy number
(S versus G0/G1 phase)

143B HepG2 WI38

ANT2 126 ± 7 121 ± 3 162 ± 5
ANT3 100 ± 3 83 ± 3 103 ± 5

HK II 189 ± 12 92 ± 3 92 ± 5
ATPsynβ 169 ± 8 102 ± 12 110 ± 8
ND4 113 ± 4 50 ± 5 61 ± 2

Note. Total RNA was extracted from synchronized cells in the G0/G1
and S phases (Fig. 4). After reverse transcription, the ANT2, ANT3,
HK II, ATPsynβ , and ND4 mRNA copy numbers were determined by
real-time quantitative PCR. cDNA copy numbers were normalized to
the control ARP gene copy number. Results represent ratios of rela-
tive transcript levels in the S versus the G0/G1 phases, expressed as
percentages. The significantly upregulated genes are indicated with a
grey background. Results express the means of at least three different
preparations (±S.E.M.).

Mitochondrial ND4 expression in HepG2 and WI38 cells
was reduced by 50 and 39%, respectively. However, the
citrate synthase enzymatic activity was constant in whole
cell extracts (not shown), suggesting that the mitochon-
drial mass had not increased during this phase. These
results showed that mitochondrial gene expression was
not synchronized with cell cycle progression.

Effects of OXPHOS and Glycolysis Inhibitors
on the Mitochondrial �ψ of Transformed Cells

The fluorescence from the DiOC6(3) dye in the
HepG2, 143B, and corresponding ρ0 cells was decreased
by about 60% after treatment with the uncoupler mClCCP.
This corresponds to the collapse of the mitochondrial
membrane �ψ . Residual fluorescence was chosen as the
base line (Fig. 5). Even if fluorescence signals cannot
be directly related to membrane potential values, the al-
most all-or-none variations observed with the different
inhibitors could lead to the following observations: The
full OXPHOS inhibition by the respiratory chain inhibitor
antimycin and by the ATP synthase inhibitor oligomycin
caused the HepG2 �ψ to collapse, indicating that HepG2
cells, out of their exponential growth phase, rely mainly on
oxidative metabolism in such culture conditions. This was
confirmed by (i) the weak effect of glycolysis inhibitors
(2-DOG or capsaicin); and ii) by the absence of any effect
of either aurovertin or bongkrekic acid on the inhibition of
the ATP/ADP exchange since proton ejection by the respi-
ratory chain could by itself maintain the �ψ . In contrast,
all these inhibitors of OXPHOS and glycolysis showed
a partial effect on the �ψ in 143B cells, suggesting a
dual oxidative/glycolytic metabolism. The collapse of the
�ψ caused by ANT inhibitors indicated that glycolysis
was predominant in such cells. Finally, the full collapse
of the �ψ by glycolysis inhibitors in the two ρ0 cells, to-
gether with the absence of effects of OXPHOS inhibitors,
confirmed their exclusive glycolytic metabolism.

DISCUSSION

Glycolysis and Mitochondrial Activity
in Transformed and ρ0 Cells

The question of impaired mitochondrial function
in cancer cells was first raised almost fifty years ago
(Warburg, 1956). A glycolytic phenotype has now been
confirmed at the biochemical as well as the molecular
level in cancer cells. All mitochondrial genes were found
to be down-regulated in tumor biopsies and cancer cell
lines as compared to controls (Faure Vigny et al., 1996).
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Fig. 5. Effect of OXPHOS and glycolysis inhibitors on the �ψ of HepG2, 143B, and ρ0 cells.
Cells (105/100 µl) incubated in PBS/50 mM KCL/5% FCS containing 20 nM DiOC6(3) were
treated with either 10 µM mClCCP or mitochondrial inhibitors (5 µg/mL oligomycin, 5 µg/mL
antimycin A, 30 µM aurovertin, 10 µM bongkrekic acid) or glycolytic inhibitors (100 µg/mL
2-deoxyglucose, 1 µM capsaicin) for 30 min at 37◦C. Inhibitors were added together where in-
dicated. After subtraction of residual values from mClCCP treated cells, data are expressed as
percentages of fluorescence intensity from untreated cells.

These results were supported by the observed decrease of
cellular mitochondrial content in various tumors (Cuezva
et al., 2002). The nuclear and mitochondrial DNA repli-
cation and transcription processes are not coupled and
this should lead to a lowered mtDNA/nuclear DNA ra-
tio as a consequence of the high cell growth and divi-
sion. However, despite the neoplasic transformation, the
mitochondrial content in a cell may be more linked to
the original tissue properties than a common pathway of
regulation.

Because of the absence of mtDNA-encoded proteins,
there is no OXPHOS activity in ρ0 cells so that the ex-
clusive source of ATP is glycolysis. Thus, when com-
pared to cells with functional mitochondria, ρ0 cells may
be expected to be more sensitive to glycolytic inhibitors
since they are unable to switch to an alternative oxida-
tive metabolism. It has been shown that ρ0 143B cells
are 10 times more sensitive to 2-deoxyglucose than wild
type 143B cells (Liu et al., 2001). In our study, complete
glucose privation led to the death of all ρ0 cells, whereas
it was possible to maintain parental cells in culture, al-
though with a very low division rate (data not shown). In
ρ0 cells, the synthesis of enzymes involved in mitochon-
drial functions is not reduced. Nevertheless, the lack of
the 13 mtDNA-encoded proteins leads to disorganization
of the cristae without local alteration of the inner mem-
brane. Nuclear OXPHOS gene expression was shown to

be unaffected in ρ0 cells despite the absence of mtDNA
(Duborjal et al., 2002). No clear feedback phenomenon
was induced to correct for the defect of mitochondrial
ATP production.

ANT Isoforms in Cancer Cells

The kinetic properties of the ANT1 and ANT3 iso-
forms allow ATP export from mitochondria in cells with
an oxidative metabolism. We previously hypothesized that
the ANT2 isoform might be specifically expressed to im-
port glycolytic ATP when the mitochondrial OXPHOS ac-
tivity switched to a glycolytic metabolism (Stepien et al.,
1992). The present study confirms that the ANT2 and
ANT3 genes are co-expressed in tumor cells as well as in
untransformed cells. Whereas the ANT3 gene is expressed
in all cells and tissues, ANT2 expression is upregulated in
transformed cells. Indeed, there is a 10-fold increase in the
143B cell line as compared to untransformed cells, and
a 50-fold increase compared to muscle tissue. Moreover,
ANT2 overexpression differed in the two transformed cell
lines studied and this variation was unrelated to a rate
difference in growth and division. The comparison be-
tween transformed cells with mtDNA (143B, HepG2) or
without mtDNA (ρ0 143B, ρ0 HepG2) showed similar
ANT2 overexpression. Our polarographic studies (data not
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Fig. 6. Glycolytic ATP requirements in cancer cells. Most of the gly-
colytic ATP is required by the anabolism pathways of rapidly growing
cells and a part is imported into mitochondria through HK II, VDAC,
and ANT2 to maintain the �ψ of mitochondrial internal membrane and
the intramitochondrial metabolic pathways.

shown), as well as those by other authors (Villani et al.,
1998), showed that the in vitro oxygen consumption, and
consequently the OXPHOS content, of HepG2 cells is
higher than that of 143B cells. These results suggest that
transformed HepG2 cells retain some properties of dif-
ferentiated liver cells. In the liver, the ANT protein con-
tent was shown to be lower than in other tissues (Kunz,
2003) and this may explain why ATP export was so low
even though hepatic cells normally maintain the active
mitochondrial ATP production required for liver-specific
intra-mitochondrial metabolic pathways such as the urea
cycle and gluconeogenesis (Groen et al., 1982).

ANT Expression and the Cell Cycle

Few studies have linked the cell cycle to mitochon-
drial ATP synthesis. The serum induction of glycolytic
enzymes, observed in the first step of the G1/S transition,
suggested the predominance of glycolytic pathways in di-
viding cells (Netzker et al., 1994). ANT2 is upregulated
during the Gl/S transition in tumor cells and the simulta-
neous induction of HK II could be linked with glycolytic
gene expression in the early G1 phase (Burger et al., 1994;
Marjanovic et al., 1991). Our results showed an increase
of ATPsynβ gene expression in the G1/S transition stage.
Other ATP synthase subunits such as 5A1 were found to
be overexpressed in ρ0 cells from a breast cancer cell line
(Delsite et al., 2002). The overexpression of ATP syn-
thase subunits in cancer cells could be directly related to
the maintenance of the �ψ . The hydrolysis of imported
glycolytic ATP4− by the F1 component of ATP synthase
leads to (i) ADP3− release from mitochondria with the
gain of a negative charge on the matrix side; and (ii) pro-

ton ejection towards the intermembrane space through the
F0 component (Fig. 7).

ANT2 and Glycolytic ATP Import in Mitochondria

The induction of ANT2 expression in cancer cells
is directly related to their glycolytic metabolism. Can-
cer cells present a switch to a predominant glycolytic
metabolism leading to cellular accumulation of interme-
diates such as lactate. This incomplete oxidation provides
a proliferative advantage because of the availability of
such intermediates for active cell anabolism. Thus, ANT2
should have kinetic parameters favoring glycolytic ATP
uptake into mitochondria, required for the maintenance
of the mitochondrial �ψ (Buchet and Godinot, 1998) and
specific intra-mitochondrial anabolic pathways, essential
for eukaryotic cell growth. The produced ADP would then
exit mitochondria from ANT2 and be re-phosphorylated
via the downstream reactions of glycolysis. Moreover, this
ATP uptake could shut down mitochondrial OXPHOS ei-
ther by controlling the ATP/ADP ratio or by direct bind-
ing to subunits of the cytochrome oxidase complex (Lee
et al., 2002). As indicated by their doubling times, wild
type and ρ0 cells without functional OXPHOS have the
same growth rate, confirming that glycolytic ATP pro-
duction is the major energy source during the cell growth
and division (Fig. 6). Previous results showed that overex-
pression of both ANT1 in human embryonic cells (Bauer
et al., 1999) and ANT3 in HeLa cells (Zamora et al., 2004)
induces apoptosis. Such an increase of the mitochondrial
ATP to cytosolic ADP exchange by these two isoforms
should prevent ATP uptake into mitochondria by the en-
dogenous ANT2, leading to cell death. In contrast, the
overexpression of ANT2 does not affect cell life and pro-
liferation (Bauer et al., 1999; Zamora et al., 2004), con-
firming its specific role of ATP import into mitochondria
in glycolytic conditions.

As shown by our results, neither HK II nor ATPsynβ

were upregulated in ρ0 cells as compared to the already
transformed glycolytic parental cells. Moreover, as de-
scribed in other studies (Chandel et al., 1998; Delsite
et al., 2002), the expression of glycolytic genes, encoding
Glut-1, aldolase A and other glycolytic proteins, was also
not increased in ρ0 cells as compared with parental cells.
To confirm these results, further experiments should be
done with ρ0 cells established from partially oxidative,
untransformed parental cells such as WI38 or myoblasts.
However, mtDNA depletion in these oxidative cells often
leads to cell death.

When human ANT proteins are compared to yeast
AAC proteins, the yeast AAC3 and the human ANT2
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isoforms are the most closely related, with a 53% se-
quence identity (Giraud et al., 1998). AAC3 and ANT2
are both regulated by the similar GRBOX/ROX binding
motifs. Thus, they may have the same function of ATP up-
take into mitochondria (Sokolikova et al., 2000; Stepien
et al., 1992). This specific ANT2 function was recently
confirmed by phylogenetic studies in which the original
ANT protein was from an obligate intracellular parasite,
such as Rickettsia, in early eukaryotic cells (Amiri et al.,
2003). Such endosymbionts already use a combination of
two types of ATP/ADP translocase to allow switches from
glycolysis (anoxia) to oxidative metabolism (normoxia).

The association of ANT2, HK II and ATPsynβ over-
expression in cancer cells could be considered as an ATP
import mechanism (Fig. 7): glycolytic ATP may be first
transferred through porin by HK II (Bustamente et al.,
1977) and then by ANT2 towards the matrix side of the mi-
tochondrial inner membrane. HK II was previously shown
to be the predominant overexpressed HK form in rapidly

growing tumors (Mathupala et al., 1995) and prevents
induced cell death when bound to the outer mitochon-
drial membrane (Pastorino et al., 2002). Other proteins
could also be involved: creatine kinase (mitochondrial iso-
form), known to form complexes with ANT and VDAC
(Vyssokikh and Brdiczka, 2003) and consequently could
transfer imported ATP from HK II to ANT2. Unlike cyto-
plasmic hexokinase which can be inhibited by its glucose-
6P product, HK II, bound to the external side of the mi-
tochondrial outer membrane, is not G6P-regulated and
has different kinetic parameters. This HK enzyme, irre-
versible in physiological conditions when unbound, could
catalyze, at a particular threshold of glycolytic cytoplas-
mic ATP concentration, an inverse reaction leading to ATP
production directly available to ANT2. The imported ATP
could then be either used for essential intramitochondrial
enzymatic pathways or hydrolyzed to ADP by the F1 part
of ATP synthase. Different effects of OXPHOS and gly-
colysis inhibitors confirmed the maintenance of the �ψ

Fig. 7. A proposed mechanism for ATP uptake and OXPHOS inhibition in cancer cells. The
mitochondrial HK II isoform provides ATP from glucose 6-P (G-6P) produced by the cytoplas-
mic hexokinase (HK). The ATP4−, imported into mitochondria through the voltage-dependent
anion channel (VDAC) and then by the ANT2 isoform, contributes to the maintenance of the
mitochondrial membrane potential (�ψ) and to intramitochondrial enzymatic activities.
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by this ATP4− import coupled to both ADP3− (through
ANT2) and H+ (through ATP synthase) efflux from mi-
tochondria. In ρ0 cells, the proton efflux is prevented by
the absence of the mtDNA-encoded subunits 6 and 8 of
the F0 component of the ATP synthase, and the gener-
ation of mitochondrial �ψ is mainly dependent on the
ATP4−/ADP3− exchange by the ANT2 isoform.

In conclusion, although the metabolic changes fol-
lowing a switch from the dual oxidative and gly-
colytic metabolism to an almost exclusively glycolytic
metabolism may not be the key factors leading to cellular
transformation and cancer, they could play a critical role in
the survival and proliferation of cancer cells. Since ANT2
function contributes to the aggressiveness of cancer cells,
an anti-tumor strategy targeting the ANT2 transcript would
inhibit the import of glycolytic ATP into mitochondria and
provoke a decrease and possibly an arrest of cancer cell
proliferation.
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