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Akt and c-Myc Differentially Activate Cellular Metabolic
Programs and Prime Cells to Bioenergetic Inhibition™
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The high glucose consumption of tumor cells even in an oxy-
gen-rich environment, referred to as the Warburg effect, has
been noted as a nearly universal biochemical characteristic of
cancer cells. Targeting the glycolysis pathway has been explored
as an anti-cancer therapeutic strategy to eradicate cancer based
on this fundamental biochemical property of cancer cells. Onco-
proteins such as Akt and c-Myc regulate cell metabolism. Accu-
mulating studies have uncovered various molecular mecha-
nisms by which oncoproteins affect cellular metabolism, raising
a concern as to whether targeting glycolysis will be equally effec-
tive in treating cancers arising from different oncogenic activi-
ties. Here, we established a dual-regulatable FL5.12 pre-B cell
line in which myristoylated Akt is expressed under the control of
doxycycline, and c-Myc, fused to the hormone-binding domain
of the human estrogen receptor, is activated by 4-hydroxyta-
moxifen. Using this system, we directly compared the effect of
these oncoproteins on cell metabolism in an isogenic back-
ground. Activation of either Akt or c-Myc leads to the Warburg
effect as indicated by increased cellular glucose uptake, glycoly-
sis, and lactate generation. When cells are treated with glycoly-
sis inhibitors, Akt sensitizes cells to apoptosis, whereas c-Myc
does not. In contrast, c-Myc but not Akt sensitizes cells to the
inhibition of mitochondrial function. This is correlated with
enhanced mitochondrial activities in c-Myc cells. Hence, al-
though both Akt and c-Myc promote aerobic glycolysis, they
differentially affect mitochondrial functions and render cells
susceptible to the perturbation of cellular metabolic programs.

During tumorigenesis, cancer cells rewire their metabolic
programs to benefit their growth, proliferation, and survival (1).
One of the most drastically altered metabolic pathways in
tumor cells is glycolysis. As first documented by Warburg (2),
cancerous cells exhibit higher glycolytic activity even when
oxygen is abundant as compared with nonmalignant cells. This
phenomenon is referred to as the “Warburg effect” or “aerobic
glycolysis,” which serves as the foundation for the positron
emission tomography that is widely used in clinical cancer diag-
nosis. The use of positron emission tomography has in turn
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confirmed the Warburg effect as a universal property of can-
cer cells (3). An abnormal glucose metabolism fulfills the
bioenergetic and biosynthetic needs of cancer cells and is
tightly associated with cell death evasion, cell proliferation,
angiogenesis, and metastasis of various cancers (1, 4, 5). Tar-
geting the glycolysis pathway thus provides a reasonable
therapeutic opportunity.

Recent studies on tumor metabolism have revealed complex
mechanisms that underlie the Warburg effect. Besides mito-
chondrial dysfunction, which was suspected by Warburg him-
self, other factors, including hypoxia, redox stress, oncogene
activation, as well as loss of tumor suppressor genes, can all
contribute to the high rate of glycolysis. The connection of
genetic alterations in cancers to glucose metabolic regulation
suggests that cancer cells not only passively adapt to their envi-
ronment but can actively manipulate metabolic programs to
promote tumorigenesis. This is with particular significance in
hematopoietic cancers where oxygen and other nutrient sup-
plies are often abundant (1, 4, 5).

Aktand c-Myc are two frequently dysregulated oncoproteins
in various cancers. Both proteins are involved in the regulation
of cell growth, proliferation, and death/survival (6, 7). Akt, a
serine/threonine kinase, has been found to promote anabolic
metabolism, support cell survival, and suppress apoptosis
through various mechanisms, including the regulation of glu-
cose metabolism (8-12). Akt promotes the translocation of
glucose transporter 1 from the cytosol to the plasma mem-
brane, thus increasing glucose uptake (12). Akt can also pro-
mote the association of hexokinase I and II, the most abundant
isoforms of glucose kinase in cancer cells, with the mitochon-
drial outer membrane. This association increases the enzy-
matic efficiency of the kinase and stabilizes mitochondria,
hence rendering the cell resistant to various cell death stimuli
(8,11, 13).

c-Myg, a transcriptional regulator, has also been found to
directly regulate the glycolytic pathway (7). In Ratla fibroblasts
and murine livers overexpressing c-Myc, the mRNA levels of
the glucose transporter 1, phosphoglucose isomerase, phos-
phofructokinase, glyceraldehyde-3-phosphate dehydrogenase,
phosphoglycerate kinase, and enolase are elevated (14). c-Myc
also up-regulates the expression of lactate dehydrogenase A,
which diverges pyruvate to lactate, and contributes to the War-
burg effect (15). Moreover, in addition to these glycolysis-re-
lated enzymes, c-Myc has been found to regulate mitochondrial
function. Induction of c-Myc in cells results in increased oxy-
gen consumption and mitochondrial mass, whereas Myc-null
cells have decreased mitochondrial mass and fewer normal
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mitochondria (16, 17). cDNA microarray analysis, chromatin
immunoprecipitation, and promoter microarray analysis reveal
a number of genes involved in mitochondrial DNA replication,
transcription, and biogenesis are direct transcriptional targets
of c-Myc. These include mitochondrial transcription factor A,
DNA polymerase subunit y-1, and DNA polymerase subunit
v-2, as well as nuclear respiratory factor 1 (16 —18). These stud-
ies support a direct role for c-Myc on mitochondrial biogenesis,
pointing to the possibility that c-Myc not only promotes glycol-
ysis but also enhances the ability of cells to utilize non-glucose
substrates to fuel mitochondria. Thus, although both Akt and
c-Myc can drive the Warburg effect, they may render cells dif-
ferentially susceptible to the inhibition of glycolysis. In this
work, we establish an isogenic hematopoietic cell culture sys-
tem to study the effects of Akt and c-Myc on cellular metabo-
lism and to determine how these oncoproteins may influence
cell sensitivity to metabolic perturbation.

EXPERIMENTAL PROCEDURES

Establishment of the Dual-regulatable Cell Line—Plasmid
tri-cistronically expressing tetracycline-dependent rtTA2-M2
activator, TRSID silencer, and puromycin selection marker
(pLIB-rtTAM2iresTRSIDiresPuro, a gift from Dr. M. Ausser-
lechner of Medical University Innsbruck, Austria) (19) were
transfected into FL5.12 cells by Nucleofector transfection
(Nucleofector kit V, Program G-016, Amaxa Biosystems). After
puromycin selection (0.5 ug/ml for 48 h), stable clones were
obtained by limited dilution. The doxycycline (DOX)? induc-
ibility and stringency were tested, and a single Tet-On cell clone
was chosen for further experiments. The DOX-inducible myr-
istoylated Akt (myrAkt)-expressing cells were established by
introducing a pRev_TRE-myrAkt-IRES-Hygro plasmid to the
Tet-On cells by Nucleofector transfection, and a stable clone
was established by hygromycin selection (3 mg/ml for 4 days)
and limited dilution. To establish the inducible c-Myc-express-
ing system, a retroviral c-MycER expressing vector (pBabepuroc-
MycER™M) (20) and a plasmid encoding the ecotropic retro-
viral envelope proteins were cotransfected into 293T cells.
Virus-containing supernatant was used to transduce the DOX-
inducible myrAkt cells. The infected cells were selected in 8.0
pg/ml puromycin for 4 days and used as a stable cell pool. This
stable cell pool was designated as FL5.12-AM (A for Akt and M
for c-Myc). The cells were maintained in FL5.12 complete
medium (RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), 2 mm L-glutamine, 100 units/ml penicillin,
100 pg/ml streptomycin, 20 mm HEPES, pH 7.5, 50 uM 2-mer-
captoethanol, and 0.4 ng/ml interleukin-3 (IL-3)). Cells were
maintained at a density between 5 X 10*and 1 X 10° cells/ml at
37 °C in a humidified incubator with 5% CO.,,.

Activation of Oncoproteins and Induction of Cell Death—To
activate the expression of myrAkt and to activate MycER, cells
were plated at 5.0 X 10* cells/ml. One pg/ml DOX or 100 nm

3 The abbreviations used are: DOX, doxycycline; 4-OHT, 4-hydroxytamoxifen;
2-DG, 2-deoxyglucose; OG, oligomycin; IL-3, interleukin-3; FBS, fetal bovine
serum; PBS, phosphate-buffered saline; Pl, propidium iodide; PARP, poly-
(ADP-ribose) polymerase; myrAkt, myristoylated Akt; OCR, oxygen con-
sumption rate; Cox, complex.
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4-hydroxytamoxifen (4-OHT) was added to the cell culture for
36 h. For IL-3 deprivation, cells were washed three times with
complete medium without IL-3 and resuspended in the IL-3-
free medium at 5.0 X 10* cells/ml. For serum deprivation, cells
were washed three times and resuspended in FBS-free medium
at 5.0 X 10* cells/ml. To induce cell death with bioenergetic
inhibitors, 2-deoxyglucose (2-DG, 6 mm) or oligomycin (OG, 1
pg/ml) was used to treat cells. For glutamine deprivation, cells
were washed three times and resuspended in glutamine-free
medium at 5.0 X 10* cells/ml. Aliquots of the treated cells were
taken at various time points for cell viability measurement.

Cell Death Assay—Propidium iodide (PI) was added to each
sample at a final concentration of 1 ug/ml. Cell viability was mea-
sured by plasma membrane permeability indicated by PI exclusion
using a flow cytometer (FACSCalibur, BD Biosciences).

Measurement of Intracellular ATP Levels—Intracellular ATP
levels were determined using the CellTiter-Glo™™ luminescent
cell viability assay kit (Promega), following the manufacturer’s
instruction. Briefly, after treating with 2-DG or OG for certain
periods of time, 50 ul of lysis buffer was added to 50 ul of cells
(2 X 10° cells/ml), followed by 2 min of agitation on a platform
shaker and 10 min of incubation at room temperature. Lumi-
nescence was quantified using a SpectraMax M5 microplate
reader.

Clonogenic Cell Survival Assay—Clonogenic survival was
determined by culturing cells in the presence or absence of
2-D@ or OG for 6 h and then performing limited dilution anal-
ysis of cell growth following the removal of 2-DG or OG. Per-
cent survival was determined as the number of clones from
treated cells normalized to the number of clones from
untreated cells (21).

Whole Cell Extraction—Cells were harvested, washed once
with ice-cold PBS, and lysed in RIPA buffer (50 mm Tris-HCI,
pH 7.4, 150 mm NaCl, 1% Triton X-100, 1% sodium deoxy-
cholate, 0.1% SDS) with freshly added protease inhibitor mix-
ture (ProteCEASE™, G-Biosciences) and phosphatase inhibi-
tors, including 1 mm phenylmethanesulfonyl fluoride, 10 mm
sodium fluoride, 10 mMm B-glycerophosphate, 10 mm sodium
orthovanadate, 10 mm sodium pyrophosphate. After 30 min of
incubation on ice and brief sonication, cell lysates were centri-
fuged at 12,000 X g at 4 °C for 15 min. The supernatant was
collected and stored at —80 °C. Protein concentration was
determined by the BCA assay (Thermo Scientific).

Subcellular Fractionation—Subcellular components were
separated using the ProteoExtract subcellular proteome extrac-
tion kit (Calbiochem), following the manufacturer’s instruc-
tion. 5 X 10° cells were used for subcellular fractionation. Pro-
tein concentration was determined by the BCA assay (Thermo
Scientific).

Immunoblotting—Equal amounts of whole cell lysates or
subcellular fractions were resolved in SDS-PAGE and trans-
ferred onto nitrocellulose membrane. After blocking with
PBST containing 5% nonfat dry milk, the blots were probed
using the following primary antibodies (all from Cell Signaling
Technologies unless otherwise stated): phospho-Akt Thr-308
(catalogno. 2965), phospho-Akt Ser-473 (catalog no. 4058), Akt
(catalog no. 9272), phospho-GSK3p Ser-9 (catalog no. 9336),
GSK3p (catalog no. 9315), c-Myc (catalog no. SC-40, Santa
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Cruz Biotechnology), PARP (catalog no. SC-7150, Santa Cruz
Biotechnology), cleaved caspase-3 (catalog no. 9661), Tom40
(catalog no. SC-11414, Santa Cruz Biotechnology), Cox IV sub-
unit Va (catalog no. 459120, Invitrogen), cytochrome c (catalog
no. 556433, Pharmingen), and B-tubulin (catalog no. T4026,
Sigma). All primary antibodies were incubated overnight at
4 °C. After washing, the membrane was incubated for 1 h at
room temperature with horseradish peroxidase-conjugated or
IRDye680-conjugated secondary antibodies. The signals were
visualized using SuperSignal West Pico ECL (Thermo Scien-
tific) or using the Odyssey Infrared Imaging System (LI-COR).

Mitochondrial DNA Content—Total cellular DNA was iso-
lated. Ratios of mtDNA to nuclear DNA were determined by
quantitative real time PCR using QuantiTect® SYBR Green
PCR kit (Qiagen). The primers used for detecting nuclear DNA
were as follows: 5'-CCGATTAGGAGTACACACGAAAG-
GTG-3' (forward primer) and 5'-ACGCACAAGAGTGGAT-
GCTATTGC-3" (reverse primer) for poly(A) polymerase;
5'-AGGGGAGAGCGGGTAAGAGA-3’ (forward primer) and
5'-GGACAGGACTAGGCGGAACA-3' (reverse primer) for
18 S rDNA. The primers used for detecting mtDNA were
as follows: 5'-TTATTAACCACTCATTCATTGACC-3’
(forward primer) and 5'-AGCGAAGAATCGGGTCAAG-
GTGGC-3' (reverse primer) for cytochrome b; 5'-CCCAA-
TCTCTACCAGCATC-3' (forward) and 5'-GGCTCATAG-
TATAGCTGGAG-3' (reverse) for cytochrome c¢ oxidase
subunit 1; 5'-AATCGCCATAGCCTTCCTAACAT-3’ (forward)
and 5'-GGCGTCTGCAAATGGTTGTAA-3' (reverse) for
NADH dehydrogenase-1. Sequence detection software version 1.2
(Applied Biosystem) was used to analyze the Ct value of each reac-
tion, and the AACt method was used to calculate the relative level
of mtDNA to nuclear DNA.

Coupled and Uncoupled Endogenous Respiration Rates in
Intact Cells—To determine intact cell-coupled and -uncoupled
endogenous respiration, 3 X 107 cells were resuspended in 3 ml
of fresh medium prewarmed to 37 °C and pre-gassed with 95%
air, 5% CO.,. The cell suspension was placed in a sealed respira-
tion chamber equipped with temperature control, a microstir-
ring device, and a Clark-type oxygen electrode. The oxygen
content in the cell suspension was constantly monitored with
an YSI5300 oxymeter, and oxygen consumption rate was deter-
mined as described previously (22). After measuring basal res-
piration, oligomycin (1 ug/ml final concentration) and car-
bonyl cyanide p-(trifluoromethoxy)phenylhydrazone (1.5 um
final concentration) were used to acquire the oligomycin-in-
sensitive and carbonyl cyanide p-trifluoromethoxyphenylhy-
drazone-uncoupled oxygen consumption rate.

Mitochondrial Complex Respiration Rate—Mitochondrial
complex respiration was determined by measuring specific
substrate oxidation in permeabilized cells (23). 3 X 107 cells
were collected by centrifugation and resuspended in 3 ml of
mitochondrial respiration buffer (100 mm KCl, 24 mm NaCl, 5
mum MgCl,, 15 mm HEPES, 5 mm KH,PO,, 2 mm EGTA, 0.1 mum
ouabain). Cells were placed in the respiratory chamber and per-
meabilized by incubating with digitonin (50 ug/ml final con-
centration) for 3 min. Oxygen consumption rates were then
measured under the following conditions. (i) Oxidation of glu-
tamate and malate (5 mM each; complex I substrates) was mea-
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sured in the presence of 2 mmM ADP, and the reaction was
stopped by rotenone (100 nwm final concentration). (ii) Oxida-
tion of succinate (10 mm, complex Il substrate) was measured in
the presence of rotenone and ADP. The reaction was stopped
by antimycin A (20 nM final concentration). (iii) Oxidation of
ascorbate (2.5 mm) and NN,N',N’-tetramethyl-p-phenylenedi-
amine (0.25 mMm) (complex IV substrates) was measured in the
presence of rotenone and antimycin A, without ADP.

Immunofluorescence Staining and Flow Cytometry—Immu-
nofluorescence staining was performed as described previously
(24). Briefly, 1 X 10° cells were fixed for 10 min in 1% parafor-
maldehyde in PBS. Cells were washed with wash buffer (2% goat
serum and 0.03% saponin in PBS) and then incubated sequen-
tially with primary antibodies (mouse anti-human IgG, catalog
no. 109-3102, Rockland; Cox IV subunit 1, catalog no. A-6403,
Invitrogen) and secondary antibody (fluorescein isothiocya-
nate-conjugated anti-mouse IgG, catalog no. 710-1232, Rock-
land) for 30 min at room temperature in wash buffer containing
0.3% saponin. Fluorescence intensity was analyzed by flow
cytometry (FACSCalibur, BD Biosciences).

Mitochondrial Mass—1 X 10° cells were resuspended in 0.5
ml of complete medium containing 50 nm mitochondrial fluo-
rescent dye acridine orange 10-nonyl bromide (catalog no.
A7847, Sigma). After incubating of 30 min at 37 °C in dark, cells
were immediately transferred to a tube on ice for analysis by
flow cytometry.

Glucose Uptake—Glucose uptake was measured as described
previously with brief modifications (12, 25). 5 X 10° cells were
washed and resuspended in 0.5 ml of fresh medium. 2-Deoxy-
p-[*H]glucose (5-10 Ci/mmol, 1 uCi per reaction; PerkinElmer
Life Sciences) was added for a period of 10 min at 37 °C. The
reaction was quenched by addition of ice-cold PBS, and the cells
were washed three times with PBS. Cells were collected by cen-
trifugation, and cell pellet was solubilized in 0.1 M NaOH, and
radioactivity was measured using a 1900TR liquid scintillation
analyzer (Packard).

Glycolytic Rate—Cellular glycolytic rate was determined as
described previously (26) with modifications. 2.5 X 10° cells
were incubated in 0.25 ml of fresh medium containing 5 uCi of
[5-’H]glucose (10 20 Ci/mmol; PerkinElmer Life Sciences) for
1 h at 37 °C. The reaction was stopped by adding an equal vol-
ume of 0.2 N HCL. *H,O was separated from [5-’H]glucose by
diffusion in an airtight container for 72 h. Diffused and undif-
fused tritium was measured using a 1900TR liquid scintillation
analyzer (Packard) and compared with controls of [5-*H]glu-
cose only and *H,O only to determine the rate of glycolysis.

Lactate Concentration—2.5 X 10° cells were collected by
centrifugation at 400 X g for 5 min. After three washes with
fresh complete media, cells were resuspended in 1 ml of fresh
complete media and incubated at 37 °C for 2 h. The media were
collected and frozen at —20 °C. Lactate levels were quantified
by colorimetric assay following the manufacturer’s instructions
(EnzyChrom™ lactate assay kit, BioAssay Systems).

Glucose Oxidation—Glucose oxidation was determined as
described previously (27) with modifications. 1.5 X 10° cells
were resuspended in 3 ml of pre-gassed (95% air, 5% CO,) mod-
ified Krebs-Henseleit buffer containing 4% fatty acid-free
bovine serum albumin and 10 mm glucose. The reaction was
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FIGURE 1. Establishment of the dual-regulatable expression system to activate Akt and c-Myc in FL5.12
cells. A cell pool stably expressing DOX-regulatable myrAkt and 4-OHT-inducible c-MycER was established by
retroviral transduction. Cells were treated with DOX (1 wg/ml) or 4-OHT (100 nm) for 36 h to induce the expres-
sion of myrAkt and c-MycER, respectively. A, immunoblotting analysis of the expression of Akt and c-MycER, as
well as phospho-Akt (Thr-308 and Ser-473) and phospho-GSK3p (Ser-9). B, immunoblotting analysis of the
subcellular localization of c-MycER upon addition of 4-OHT. Cells were fractionated. The cytosolic (cyto), mem-
brane (mem), and nuclear (nuc) fractions were resolved by SDS-PAGE and probed for c-Myc, as well as the
respective molecular markers for the purity of the fractionation (B-tubulin for the cytosol, Tom40 for the
membrane, and PARP for the nucleus). Note that c-MycER fusion protein was constitutively expressed and
detected in both the membrane and nuclear fractions. Addition of 4-OHT induced accumulation of c-MycER in
the nuclear fraction. The endogenous c-Myc is predominantly localized in the nuclear fraction and does not
change levels upon 4-OHT addition. G, activation of c-Myc sensitizes cells to serum withdrawal. Cells were
cultured in serum-free media for 8 and 18 h. Cell viability was determined by Pl exclusion using flow cytometry.
Data shown are average of three experiments + S.D. (¥, p < 0.05). D, activated Akt and c-Myc protect cells from
IL-3 withdrawal. After DOX or 4-OHT induction, cells were washed with PBS and cultured in IL-3-free media for
the indicated time. Cell viability was determined by Pl exclusion using flow cytometry. Data shown are average
of three independent experiments =+ S.D. (¥, p < 0.05).

supplemented with 125 um [9,10-
*H]palmitate/palmitate (30 -60
Ci/mmol; PerkinElmer Life Sci-
ences) complexed to 2.5 mg/ml fatty
acid-free bovine serum albumin and
1 mM carnitine. A total of 1 uCi of
[9,10-*H]palmitate was used for
each reaction. Cells were cultured in
24-well plates, and after 2 h, super-
natant was recovered and added to
200 wl of 10% trichloroacetic acid.
After centrifugation at 10,000 X g
for 10 min at 4°C, 55 ul of 6 M
NaOH was added to neutralize tri-
chloroacetic acid. The mixture was
applied to ion-exchange columns
(Dowex 1X2-400; Sigma), and triti-
ated water was recovered by eluting
with 1.7 ml of H,O. A 1-ml aliquot
was used for scintillation counting
with a 1900TR liquid scintillation
analyzer (Packard).

Statistical Analysis—Data were
expressed as average * S.D. One-
way analysis of variance with
Tukey’s post hoc test was used to
determine the differences among
three means. For analysis with only
two groups, Student’s t test was
used. Significance was judged when
p < 0.05.

RESULTS

Establishment of a Dual-regulat-
able Cell Line to Activate Akt and
c-Myc—To compare directly the
effect of different oncoproteins on
cell metabolism, we established a
dual-regulatable expression system
in the IL-3-dependent mouse pro-B
cell line FL5.12. In this system,
expression of a constitutively active
Akt (myrAkt) is under the control of
a tetracycline-responsive promoter
(9), whereas c-Myc is fused to the
hormone-binding domain of the

carried out in a T25 flask. A total of 0.9 uCi of p-[U-'*C]glucose
(250 -360 mCi/mmol; PerkinElmer Life Sciences) was added to
the buffer, and the flask was quickly sealed with a rubber stop-
per. After a 90-min incubation, the buffer was acidified with
0.10 volume of 70% perchloric acid. **CO, was captured over 90
min at 37 °C into a 0.5-ml microcentrifuge tube containing 200
pl of 1 M KOH. The microcentrifuge tube was placed in a scin-
tillation vial and radioactivity measured using a 1900TR liquid
scintillation analyzer (Packard).

Fatty Acid B-Oxidation—Fatty acid B-oxidation was mea-
sured as described previously (28, 29). 2 X 10 cells were pel-
leted and resuspended in 200 ul of PBS (with Ca®>* and Mg>")
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human estrogen receptor (30). We named the stable cell pool as
FL5.12-AM (A for Akt and M for Myc). Addition of DOX to the
dual-regulatable cells induced the expression of myrAkt. This is
indicated by a marked increase of Akt phosphorylation at thre-
onine 308 and serine 473, as well as by the phosphorylation of
the Akt target GSK3p at serine 9 (Fig. 1A). c-MycER fusion
protein was constitutively expressed in the dual-regulatable
cells. Addition of 4-OHT resulted in the nuclear translocation
of c-MycER and enhanced its stability by preventing it from
being targeted to protein degradation machinery in the cytosol
(Fig. 1A). This is confirmed by subcellular fractionation analysis
showing that c-MycER was detected in both the membrane and
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nuclear fractions and was enriched in the nuclear fraction upon
the addition of 4-OHT, whereas endogenous c-Myc stayed
steadily in the nuclear fractions (Fig. 1B).

We went on to verify the biological consequences of the acti-
vation of Akt and c-Myc. As reported previously (31), c-Myc
sensitized cells to cell death induced by the deprivation of FBS
(Fig. 1C). In the IL-3-dependent FL5.12 cells, a major pro-sur-
vival effect of IL-3 comes from the IL-3 receptor-mediated acti-
vation of the Akt signaling pathway that promotes cellular glu-
cose uptake and metabolism (9). Under the condition of IL-3
deprivation, constitutively active Akt has been shown to protect
cells by promoting glucose transporter 1 localization to the
plasma membrane and glycolysis (32). Indeed, in our dual-reg-
ulatable FL5.12 cells, activation of myrAkt protected FL5.12
cells from apoptosis induced by IL-3 deprivation (Fig. 1D).
Interestingly, activation of c-Myc also protected FL5.12 cells
from IL-3 deprivation (Fig. 1D), indicating that c-Myc can also
promote cellular bioenergetic activity in the absence of growth
factor signaling. Hence, we have established an isogenic cell
system in which activation of Akt and c-Myc oncoproteins is
tightly regulated.

Activation of Akt and c-Myc Leads to the Warburg Effect— Af-
ter confirmation of the inducible activation of Akt and c-Myc,
the effect of these oncoproteins on the Warburg effect was
examined. Several events of glucose metabolism, including glu-
cose uptake, glycolysis rate, and lactate generation, were mea-
sured. Glucose uptake was determined by the accumulation of
*H-labeled 2-DG in cells. When Akt or c-Myc was induced,
glucose uptake was increased markedly as compared with unin-
duced cells (Fig. 2A4). Addition of DOX or 4-OHT to FL5.12
parental cells slightly reduces the glucose uptake (supplemental
Fig. 1A4), indicating the increased glucose uptake observed in
Akt and c-Myc cells is specifically promoted by these oncopro-
teins, but not the adverse effect of DOX and 4-OHT. Glycolytic
activity was determined by measuring the conversion of
[5->H]glucose to >H,0. Both Akt and c-Myc enhanced the gly-
colytic rate (Fig. 2B). Lactate generation increased by 3.0-fold in
Akt cells and 1.8-fold in c-Myc cells (Fig. 2C). Moreover,
glucose oxidation was decreased in the Akt and c-Myc cells
compared with uninduced cells, indicating that glycolytic
pyruvate diverged away from mitochondria, consistent with
the enhanced lactate generation in Akt and c-Myc cells
(compare Fig. 2, C and D). Interestingly, Akt cells constantly
showed higher lactate generation and lower glucose oxida-
tion with respect to c-Myc cells (Fig. 2, C and D), suggesting
that c-Myc cells have an enhanced ability to shunt pyruvate
into mitochondria than Akt. Nevertheless, our findings indi-
cate that both Akt and c-Myc promote the Warburg effect in
FL5.12 cells.

Activation of Akt and c-Myc Differentially Regulates Mito-
chondrial Function—The Warburg effect was initially de-
scribed to correlate with lower levels of oxidative phosphoryla-
tion. However, c-Myc has been implicated in promoting
mitochondrial catabolism and biogenesis. Thus, we next exam-
ined the effect of Akt and c-Myc on mitochondrial function in
the dual-regulatable system. We compared the relative levels of
mt-Cotl (encoding the cytochrome ¢ oxidase subunit 1), mt-
cyto b (encoding cytochrome b), and mt-Nd1 (encoding NADH

7328 JOURNAL OF BIOLOGICAL CHEMISTRY

*
g 3 1 s | ———
8 c_2 *
o= + 0o
BN =]
o+ >c
n S 2 0O
09 [T
o° >0
Ex: o
o5 03 1]
SRR 28
= = -
g s
e 4
0 0
DOX - + - DOX - + -
4-OHT - - + 4-OHT - - +
*
C 1o, D 10007 ———
*
Y
8 * T 8001 [T
—_ < 1
) —— Tt e
° g9
2 O 6 €% 6001
8% 8z
(5] = b3
334 S ° 4001
g S
T2 5 5 2001
=o
o
(a]
0 0
pox - + - DOX - + -
4-OHT - - + 4-OHT - - +

FIGURE 2. Akt and c-Myc cause the Warburg effect. Cells were cultured in
the presence of DOX or 4-OHT for 36 h. A, glucose uptake was measured by
the accumulation of 2-[1,2-*H]deoxy-p-glucose in cells. B, glycolytic rate
was measured by the conversion of b-[5-*H]glucose to *H,0. C, cells were
refed with fresh media for 2 h, and lactate yield was determined by mea-
suring the amount of lactate in the culture medium at the end point.
D, glucose oxidation was determined by measuring the conversion of
p-[U-"*Clglucose into '*CO,. All data shown are average of three experi-
ments = S.D. (¥, p < 0.05).

dehydrogenase-1) DNA to nuclear 18 S rDNA or poly(A) poly-
merase gene. Although DOX, 4-OHT, and Akt activation
showed a certain effect on mtDNA copy number, c-Myc acti-
vation resulted in the most significant increase in mtDNA in all
six combinations (Fig. 3A). In agreement, immunostaining
analysis showed that the protein expression level of Cox IV
subunit 1 of mitochondrial electron transport chain, which is
encoded by mitochondrial DNA, markedly increased when
c-Myc was activated (Fig. 3B). These results indicate that c-Myc
activation increases the mitochondrial DNA content and
thereby enhances the mitochondrial DNA-encoded protein
expression and mitochondrial function. Because functional
mitochondria need both mitochondrial and nuclear DNA-en-
coded proteins, we also checked nuclear DNA-encoded mito-
chondrial proteins. Immunoblotting revealed that the expres-
sion levels of cytochrome ¢ and Cox IV subunit Va are both
nuclear DNA-encoded mitochondrial proteins and were
increased in c-Myc cells, indicating that c-Myc can up-regulate
both mitochondrial and nuclear DNA-encoded proteins to
increase mitochondrial function. Interestingly, the increased
mtDNA and protein expression in c-Myc cells did not seem to
correlate with an increased mitochondrial mass, as the mito-
chondrial membrane potential independent dye acridine
orange 10-nonyl bromide failed to detect alterations in mito-
chondrial mass (Fig. 3D), indicating that in our system the
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FIGURE 3. Characterization of the effects of Akt and c-Myc on mitochondria. FL5.12 parental and
FL5.12-AM cells were cultured with DOX or 4-OHT for 36 h. A, ratio of mitochondrial DNA to nuclear DNA was
determined by quantitative real time PCR and normalized to that of uninduced cells. Three pairs of primers for
mitochondrial DNA-encoded genes and two pairs of primers for nuclear DNA-encoded genes were used. NDT,
NADH dehydrogenase-1; Cot1, cytochrome c oxidase subunit 1; Cyto b, cytochrome b. The experiments were
repeated three times, and real time PCR was performed in duplicate for each reaction. Data shown are averages
of three experiments =+ S.D. (*, p < 0.05). B, cells were incubated with control IgG or anti-Cox IV subunit 1 and
then incubated with fluorescein isothiocyanate-conjugated anti-mouse IgG secondary antibody. The expres-
sion level of mitochondrial complex IV subunit 1 was analyzed by flow cytometry. Note that the addition of
4-OHT increased the expression of complex IV subunit 1 in FL5.12-AM but not in the parental cells. C, immu-
noblotting analysis of the expression of nuclear DNA-encoded mitochondrial protein cytochrome c and Cox IV
subunit Va. B-Tubulin was used for equal loading. D, mitochondrial mass was detected in FL5.12-AM cells with
mitochondrial fluorescent dye acridine orange 10-nonyl bromide (NAO). The relative acridine orange 10-nonyl
bromide intensity was analyzed by flow cytometry. No significant difference was detected between the unin-
duced and induced cells.

The above data suggest that
c-Myc cells may have enhanced
mitochondrial activities. To con-
firm this, cellular oxygen con-
sumption rate (OCR) was mea-
sured. DOX slightly decreased
both coupled and uncoupled OCR
in both parental and FL5.12-AM
cells (Fig. 4A), indicating some
adverse effect of DOX on mito-
chondrial function. Nevertheless,
both coupled and uncoupled
endogenous respiration rates in
intact cells were significantly
increased in c-Myc cells (Fig. 4A).
Similarly, complex-specific mea-
surement of respiratory chain
function in c-Myc cells showed
increased activity of complexes II
and IV (Fig. 4B). This is in agree-
ment with the increased expres-
sion levels of Cox IV subunit 1,
Cox IV subunit Va, and cyto-
chrome c in c-Myc cells (Fig. 3, B
and C). These data indicate that
oxidative phosphorylation is en-
hanced by c-Myc. Consistent with
this, the cellular ATP level in
c-Myc cell was not sensitive to the
glycolysis inhibitor 2-DG but was
dramatically affected by mito-
chondrial F,/F,-ATP synthase
inhibitor oligomycin (Fig. 4C).
This indicates that the cellular
ATP level in c-Myc cell is mainly
maintained by mitochondrial oxi-
dative phosphorylation. Taken
together, these findings indicate
that in FL5.12 cells, c-Myc but not
Akt markedly enhances mitochon-
drial function.

Activation of Akt and c-Myc Dif-
ferentially Sensitizes Cells to Meta-
bolic Perturbation—Currently, can-
cer therapeutic strategies are being
developed targeting glycolysis based
on the Warburg effect (5, 34). Our
results indicate that activation of
Akt and c-Myc can both lead to an
altered glucose metabolism, i.e. high
glucose uptake and high glycolytic
activity, resembling the Warburg
effect in most tumor cells (Fig. 2).
However, our findings show that
activation of Akt and c-Myc can

mtDNA copy number and activity can be dissociated from differentially regulate mitochondrial function (Figs. 3 and 4),
mitochondrial biogenesis, which has been reported previously ~which may alter the cellular dependence on glycolysis, hence
(33). altering cellular sensitivity to the inhibition of glycolysis. To
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vulnerable to glycolysis inhibition.
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evaluate this possibility, we went on to examine the effect of
Akt and c-Myc on cell susceptibility to the inhibition of
glycolysis.

2-DG is an analogue of glucose that enters the cell via glucose
transporters. It is phosphorylated by hexokinases but cannot be
further catabolized along the glycolysis pathway, and thus
serves as a specific competitive inhibitor for glycolysis. To min-
imize the variation that may arise from the competition
between glucose and 2-DG, we first performed a dose titration
of the lethal effect of 2-DG on uninduced cells. Below 6 muy, the
effect of 2-DG was both dosage- and time-dependent, although
above 6 mM the killing effect of 2-DG was only time-dependent
(data not shown). Hence, we chose to use 6 mm 2-DG, which is
nearly half of the glucose concentration in RPMI 1640 medium,
for further experiments. The dual-regulatable FL5.12-AM cells
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FL5.12
Parental

FIGURE 4. Characterization of the effects of Akt and c-Myc on mitochondrial function. A, oligomycin-
sensitive OCR and carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP)-uncoupled OCR were calcu-
lated based on the measurement of cellular O, consumption in complete media using a Clark-type electrode.
Data shown are average of three experiments = S.D. (¥, p < 0.05). B, mitochondrial electron transport chain
complex-specific ADP-coupled OCR was calculated by measuring O, consumption of digitonin-permeabilized
cells supplied with complex-specific respiratory substrates as follows: glutamate and malate for complex |,
succinate for complex I, ascorbate and N,N,N',N’-tetramethyl-p-phenylenediamine for complex IV. Data
shown are average of three experiments = S.D. (*, p < 0.05). G, cellular ATP level was measured upon the
addition of glycolysis inhibitor 2-DG and the mitochondrial F,/F,-ATP synthase inhibitor oligomycinat5and 15
min and expressed as percent of ATP level of untreated cells. Data shown are average of three experiments =

this is the case, c-Myc cells would
be more sensitive to inhibition of
mitochondrial function. To test
this possibility, we treated the cells
with OG to inhibit the mitochon-
drial F,/F,-ATP synthase. At the
concentration of 1 ug/ml, the
kinetics of OG-induced cell death
is time-dependent (data not
shown); therefore, we used this
concentration for our following
experiments. As shown in Fig. 54, c-Myc cells were more
sensitive to OG treatment, compared with uninduced cells
and Akt cells, indicating that mitochondrial function plays a
more critical role in ¢c-Myc cells on maintaining cellular
bioenergetic homeostasis. The differential cell death rates of
Akt cells to 2-DG and c-Myc cells to OG were also revealed
by clonogenicity analysis (Fig. 5B), as well as by immunoblot-
ting analysis of apoptotic cleavage of caspase-3 and caspase-
3-mediated cleavage of PARP (Fig. 5D). Addition of DOX
and 4-OHT had little or virtually no effect on cell suscepti-
bility to 2-DG and OG in the FL5.12 parental cells (supple-
mental Fig. 1B).

It has been reported that c-Myc confers cells to glutamine
addiction by regulating the glutaminolysis pathway (35, 36).
c-Myc cells use glutamine as a bioenergetic and biosynthetic

FL5.12
AM
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FIGURE 5. Akt and c-Myc render cells differentially susceptible to the inhibition of glycolysis or mito-
chondrial function. Cells were cultured with DOX or 4-OHT to activate Akt or c-Myc for 36 h. A, cells were
treated with 6 mm 2-DG or 1 ug/ml OG. Cell viability was measured by Pl exclusion at indicated time points.
Data are average of three experiments = S.D. (¥, p < 0.05). B, cells were treated with 2-DG or OG for 6 h and
washed with fresh media without the inhibitors. 80 cells were placed in a 96-well plate and cultured for 14 days.

Clonogenicity of the cells represents cell survival ability after 6 h of treatment
Data are average of three experiments = S.D. (¥, p < 0.05). C, cells were cultured i

indicated time. Cell viability was measured by Pl exclusion. Data are average of three experiments = S.D. D, cell
lysates were collected at the indicated time points, and immunoblotting was performed with antibodies
against cleaved caspase-3, PARP, and B-tubulin. The ratio of cleaved PARP versus full-length PARP is indicated

in cells treated with 2-DG. n.s., nonspecific bands.

substrate through the tricarboxylic acid cycle. Consistent with
previous reports (35, 36), glutamine deprivation induced mas-
sive cell death of c-Myc cells, although Akt cells and uninduced
cells were not affected (Fig. 5C).
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ment, compared with cells cultured
in medium containing regular FBS.
Moreover, etomoxir, an inhibitor
of malonyl-CoA-dependent CPT1
(carnitine palmitoyltransferase 1)
was used to block fatty acid B-oxida-
tion (28). CPT1 is an enzyme
located on the mitochondrial outer
membrane that esterifies long chain
fatty acids to carnitine and controls the fatty acid entry into
mitochondria for B-oxidation. Although the addition of eto-
moxir itself did not affect cell viability, it sensitized c-Myc cells
to 2-DG treatment (Fig. 6C). Similar results were obtained
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FIGURE 6. Fatty acid and glutamine depletion sensitizes c-Myc cells to
glycolysis inhibition. A, fatty acid B-oxidation was measured by the conver-
sion of 3H-labeled palmitic acid into H,0. Data shown are average of three
experiments = S.D. (¥, p < 0.05). B, cells were preconditioned in media in
which regular FBS was substituted with dialyzed FBS. Cells were cultured with
4-OHT to activate c-Myc and then treated with 6 mm 2-DG. Cell viability was
determined by Pl exclusion. Data shown are average of three experiments =
S.D. (*, p < 0.05). C, cells were cultured in media with regular FBS, and c-Myc
was activated by the addition of 4-OHT. Cells were treated with 6 mm 2-DG
only, orin combination with CPT1 inhibitor etomoxir (ETOM, 0.2 mm) that was
added 30 min prior to the treatment of 2-DG. Cell viability was determined by
Plexclusion. Data shown are average of three experiments = S.D. (¥, p < 0.05).
D, cells were cultured in medium with or without glutamine and treated with
6 mm 2-DG. Cell viability was determined by Pl exclusion. The cell death curve
induced by glutamine deprivation is also shown (solid triangle). Data shown
are average of three experiments * S.D. (¥, p < 0.05 for comparisons of cell
viability between glutamine-free and glutamine-free plus 2-DG treatment).

when c-Myc cells were treated with 2-DG in glutamine-free
media. Glutamine deprivation enhanced cell death in 2-DG-
treated c-Myc cells (Fig. 6D). These results indicate that
enhanced fatty acid and glutamine usage may be the reason for
c-Myc cells to be protected from glycolysis inhibition.

DISCUSSION

The alteration of tumor cell metabolism is signified by two
coupled events, enhanced glycolysis and altered mitochondrial
function. Evidence exists indicating that in addition to passive
adaptation to the tumor microenvironment, i.e. the low oxygen
tension often encountered during tumor development, the
aberrant tumor cell metabolism can be actively regulated by
oncoproteins and tumor suppressors (4, 38). Many if not all
prominent oncoproteins, including c-Myc, Ras, Src, and Akt,
stimulate aerobic glycolysis in transformed cells (4, 39, 40). This
warrants the molecular basis for targeting cell metabolism as an
anti-cancer strategy, which is intended to target the fundamen-
tal property of cancer cells and bypass the complex prolifera-
tion and pro-survival signaling pathways in tumors that are
almost always heterogeneous. In this study, we attempt to com-
pare how tumor cells with elevated glycolytic activity, driven by
different oncoproteins, respond to metabolic perturbation. To
this end, we established a dual-regulatable FL5.12 cell line to
control the activation of Akt and c-Myc and to compare their
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responses to glycolysis and mitochondrial respiration inhibi-
tors. Our results show that although Akt cells are highly depen-
dent on glycolysis for survival and are sensitive to glycolysis
inhibition, c-Myc cells, which also display an enhanced glyco-
lytic activity, are more susceptible to perturbation of mitochon-
drial function.

Akt has been shown to protect cells from numerous causes of
death through its ability to up-regulate glucose metabolism.
This ironically makes malignant cells with high Akt activity
more susceptible to limited glucose supply (40). Inhibition of
glucose metabolism has been shown to induce apoptosis via
up-regulation of Puma and degradation of Mcl-1 (21, 41). In
addition to directly up-regulating glycolysis, Akt has been
found to drive synthesis pathways to promote cell growth,
which requires a constant supply of substrates for biosynthetic
building blocks. Under this condition, amino acids and lipids,
instead of being used as alternative bioenergetic fuel, may be
channeled into cell growth, and their catabolism is reciprocally
suppressed (40). Indeed, constitutive Akt activation blunts fatty
acid B-oxidation by suppressing expression of CPT1A (carni-
tine palmitoyltransferase 1A) that is required for the entry of
fatty acid into mitochondria (28). Pharmacological activation of
fatty acid B-oxidation can reverse glucose dependence of Akt-
transformed cells (42).

The c-Myc proto-oncoprotein is a potent regulator of multi-
ple metabolic pathways essential for cancer cell growth (43).
Oncogenic c-Myc promotes increased aerobic glycolysis
through the constitutive elevation of glycolytic enzymes such as
lactate dehydrogenase A (14, 44). Induction of lactate dehydro-
genase A by c-Myc is required for Myc-dependent transforma-
tion (15, 44). Lactate dehydrogenase A diverts glucose-derived
pyruvate into lactate, thereby depleting the mitochondrial oxi-
dation substrate. Despite this, Myc-transformed cells display
increased mitochondrial mass and O, consumption, consistent
with the findings that a number of c-Myc targets are involved in
mitochondrial biogenesis (16—18). Our results are consistent
with a recent report that c-Myc cells are sensitive to the inhibi-
tion of the mitochondrial electron transport chain (18). In
c-Myc cells, mitochondrial respiration can be maintained by
catabolizing non-glucose substrates, especially when glucose
supply is limited. In glioblastoma cells, fatty acid -oxidation
can be quickly switched on to sustain ATP generation during
glucose deprivation (45). Moreover, c-Myc can directly or indi-
rectly up-regulate the glutaminolysis pathway and promote
catabolism of glutamine (35, 36). Although glutamine may not
be used by tumor cells for ATP generation when the glucose
supply is abundant, it is critical for biosynthesis and can be used
as an energy substrate when glucose supply is limited (37).
Indeed, we observed here that c-Myc, but not Akt, sensitized
cells to the inhibition of fatty acid and glutamine metabolism
(Fig. 5C and Fig. 6).

Inhibition of glycolysis has been evaluated as an anti-cancer
approach. The application of glycolysis inhibitors has produced
encouraging antineoplastic results in vitro and in vivo (25,
46 —49). However, little work has gone into the development of
drugs that target mitochondrial function in tumor cells. It was
recently reported that in a xenograft tumor model, tumor cells
growing in oxygenated regions can use lactate for oxidative
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energy production, suggesting that tumor cells are bioenergeti-
cally heterogeneous. Although some cells have compromised
mitochondrial activities, some cells retain their mitochondrial
function (50). These tumor cells can form symbiotic relation-
ships with hypoxic cells that can be advantageous for tumor
development. Hence, targeting mitochondrial bioenergetic
function may also be a reasonable therapeutic strategy (51, 52).
Our findings indicate that variable oncogenic activities may
dictate cell susceptibility to the perturbation of cellular meta-
bolic programs. This may explain why therapeutic agents that
target glycolysis do not always provide satisfying outcomes and
points to the importance of understanding cancer cell etiology
and the complexity of their metabolic processes when design-
ing strategies to interfere with their bioenergetic supply.
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