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ABSTRACT The lactate dehydrogenase A (LDH-A) gene,
whose product participates in normal anaerobic glycolysis
and is frequently increased in human cancers, has been
identified as a c-Myc-responsive gene. It was of interest,
therefore, to compare the effect of glucose deprivation in
c-Myc-transformed and nontransformed cells. We observed
that glucose deprivation or treatment with the glucose anti-
metabolite 2-deoxyglucose caused nontransformed cells to
arrest in the G0yG1 phase of the cell cycle. In contrast,
c-Myc-transformed fibroblasts, lymphoblastoid, or lung car-
cinoma cells underwent extensive apoptosis. Ectopic expres-
sion of LDH-A alone in Rat1a fibroblasts was sufficient to
induce apoptosis with glucose deprivation but not with serum
withdrawal, suggesting that LDH-A mediates the unique apo-
ptotic effect of c-Myc when glycolysis is blocked. The apoptosis
caused by glucose deprivation was blocked by Bcl-2 expression
but appeared to be independent of wild-type p53 activity.
These studies provide insights on the coupling of glucose
metabolism and the cell cycle in c-Myc-transformed cells and
may in the future be exploited for cancer therapeutics.

Deregulation of the c-myc oncogene is prevalent in various
human cancers (1–3). The c-Myc protein participates in the
regulation of cell proliferation, differentiation, and apoptosis
induced by serum withdrawal (4–11). The mechanisms by
which c-Myc induces neoplastic transformation and apoptosis
are only beginning to emerge from studies of c-Myc target
genes and signal transduction pathways (12). One of the
putative c-Myc up-regulated genes that we identified by rep-
resentational difference analysis was lactate dehydrogenase A
(LDH-A) (13), which plays an essential role in glycolysis and
has been strongly implicated as a tumor marker.

Glucose is an essential energy source for many life forms,
and its deprivation can lead to growth arrest in yeast (14) and
mammalian cells (15). In many normal nonproliferating cells,
glucose is catabolized to pyruvate to generate ATP and
NADH. Under aerobic conditions, pyruvate is further metab-
olized in the mitochondria to generate ATP through oxidative
phosphorylation. When normal cells are deprived of oxygen,
glucose continues to be catabolized to pyruvate, thereby
generating ATP, but depleting the NAD1 pool. The conver-
sion of pyruvate to lactate during anaerobic glycolysis regen-
erates NAD1, which may be reused for further catabolism of
glucose. Glucose is required for mitogen-activated rat thymo-
cytes to undergo proliferation that is coupled with a transition
from aerobic to anaerobic metabolism, an 18-fold increase in
glucose utilization, and an 8-fold induction of glycolytic en-
zymes (16). Tumor cells characteristically maintain a high
glycolytic rate even under aerobic conditions, a phenomenon

recognized by Warburg (17) and subsequently by Crabtree (18)
seven decades ago. Because glucose levels are limited by
diffusion into spheroid clusters of tumor cells (19), which are
characterized by high aerobic glycolysis rates, we sought to
determine whether glucose deprivation may play a role in
regulating the growth of c-Myc-transformed cells and found
that c-Myc transformed cells undergo apoptotic cell death with
glucose deprivation.

EXPERIMENTAL PROCEDURES

Description of Plasmids. The rat LDH-A sense expression
vector was constructed by ligating an EcoRI–BglII 1.6-kb
LDH-A cDNA fragment from pLDH-2 (20) into the corre-
sponding sites of pSG5, a simian virus 40 promoter-driven
expression vector (Stratagene).

Cell Culture and Transfection. Rat fibroblast cells and
mouse embryo fibroblast cells were cultured in a humidified
atmosphere of 5% CO2 in air at 37°C in DMEM supplemented
with 10% fetal bovine serum (FBS; GIBCOyBRL) and anti-
biotics (GIBCOyBRL). Human lymphoid cells were similarly
cultured in Iscove’s modified Dulbecco’s medium (GIBCOy
BRL). Human lung carcinoma cells were cultured in RPMI
1640 medium (GIBCOyBRL).

For glucose deprivation studies, cells were washed twice
with PBS and then cultured with DMEM without glucose
(GIBCOyBRL) containing dialyzed 10% FBS supplemented
with sodium pyruvate. For serum withdrawal studies, cells
were washed twice with PBS and cultured in DMEM with 0.1%
FBS.

Rat1a fibroblasts were transfected with pSG5-LDH-A sense
and a puromycin-resistance marker plasmid (pBABE puro) by
using Lipofectin (GIBCOyBRL) as described (21). Pooled
transfected Rat1a cells were selected with puromycin (Sigma;
0.75 mgyml).

Apoptosis Assay and Bromodeoxyuridine (BrdUrd) Label-
ing. The cell cycle distribution and the fraction of actively
proliferating cells were determined by two-dimensional f low
cytometry. Time-dependent data were obtained from cells
grown to a half-confluent monolayer in culture flasks. After
incubation for 30 min with BrdUrd (10 mM), the cells were
washed, fixed in 70% ethanol at 220°C, digested with pepsin
(0.4 mgyml in 0.1 M HCl) for 30 min, incubated in 2 M HCl
for 20 min at room temperature, and then stained with a
f luorescein isothiocyanate-labeled anti-BrdUrd antibody
(Becton Dickinson Immunocytometry Systems). The nuclei
were subsequently stained for total DNA with propidium
iodide (22, 23). Propidium iodide and fluorescein isothiocya-
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nate fluorescence and forward light scattering were detected
by using a Coulter EPICS 752 flow cytometer equipped with
MDADS 11 software, Version 1.0. Cell cycle distribution profiles
were determined with a curve fitting program ELITE Version
3.0 (Coulter).

DNA fragmentation characteristics of apoptosis were quan-
tified by using two-dimensional f low cytometry (24). Cells
were fixed in 1% formaldehyde followed by 70% methanol,
washed, and incubated at 37°C with the deoxynucleotide
analog biotin-16-dUTP plus terminal deoxynucleotidyltrans-
ferase (TdT; Boehringer Mannheim). Cells were then treated
with fluorescein isothiocyanate-conjugated avidin (Boehr-
inger Mannheim) followed by propidium iodide staining and
analyzed by flow cytometry as described above.

RESULTS

Glucose Deprivation Induces Apoptosis of c-Myc-
Transformed Cells. It has been reported that c-Myc partici-
pates in the regulation of apoptosis induced by serum depri-
vation (6, 8–10). Given c-Myc’s recently identified role as a
transactivator of LDH-A, we sought to determine whether
there were differences in the role of glycolysis in c-Myc-
transformed cells compared with nontransformed cells. We
first examined the effects of glucose deprivation on rat fibro-
blasts. Glucose deprivation of nontransformed Rat1a cells
caused a reduction in BrdUrd incorporation, an enrichment in
G0yG1 phase cells, and a reduction in G2yM cells (Fig. 1). Of
the cells identified by curve fitting as being in S phase, 88% of
glucose-deprived Rat1a cells incorporated BrdUrd, indicating
that almost all were viable. In contrast, of the S phase Rat1a
cells overexpressing c-Myc (Rat1a-Myc) upon glucose depri-
vation, 33% did not incorporate BrdUrd, indicating that a
significant fraction of these cells were either arrested or dead.

Microscopic examination showed that 20% of the Rat1a-Myc
cells were round, refractile, and floating after 20 h of glucose
deprivation, consistent with the hypothesis that they were
either necrotic or apoptotic. We therefore determined the
extent of apoptotic cell death by using the TdT end-labeling
flow cytometric assay. As shown in Fig. 2, the nontransformed
Rat1a cells displayed minimal apoptotic cell death with glu-
cose deprivation. In contrast, the Rat1a-Myc cells underwent
extensive apoptosis, as shown by TdT labeling over a 48-h
period of glucose deprivation (Fig. 2B). These observations
uncover a glucose-dependent pathway that is activated by
c-Myc.

Overexpression of LDH-A Sensitizes Rat Fibroblasts to
Glucose Deprivation-Induced Apoptosis. Because LDH-A is
intimately linked to glucose metabolism and its expression is
enforced by c-Myc (13), we investigated whether LDH-A
overexpression may underlie the ability of glucose deprivation
to induce apoptosis in c-Myc-transformed cells. We studied the
effects of glucose deprivation in stably transfected Rat1a cells
that overexpress LDH-A (Rat1a-LDH-A) (13). Withdrawal of
glucose was associated with a dramatic 85% reduction in
BrdUrd-positive cells in S phase (Fig. 1). Of the S phase cells,
63% did not incorporate BrdUrd, indicating that these cells
were apoptotic. It is notable, however, that overexpression of
LDH-A caused a different cell cycle profile than the profile
seen when c-Myc is overexpressed, suggesting that these cells
have different phenotypes. Glucose-deprived Rat1a cells ec-
topically expressing LDH-A, similar to c-Myc overexpressing
cells, displayed a significant extent of apoptotic cell death with
the TdT end-labeling assay (Fig. 2). We also determined
whether LDH-A overexpression contributed to the apoptotic
cell death of serum-starved Myc-transformed fibroblasts (Fig.
2C). With serum withdrawal, 48% of Rat1a-Myc cells showed
apoptosis, whereas Rat1a-LDH-A cells growth-arrested with

FIG. 1. Cell cycle distribution and BrdUrd incorporation characteristics of Rat1a, Rat1a-LDH-A, Rat1a-Myc, and Rat1a-Myc-Bcl-2 cells.
Two-dimensional f low cytometric distributions of DNA content stained by propidium iodide (abscissa) and BrdUrd labeling (ordinate) are shown
for each cell line cultured for 20 h in the presence (Upper) or absence (Lower) of glucose. Distributions of nuclei in each compartment (G0yG1,
S, or G2yM phases) were estimated by curve fitting and are shown below. (Lower) Numbers in parentheses for the S phase indicate the percentage
of BrdUrd-labeled cells. (Upper) The percentage of cells in S phase and those labeled with BrdUrd were equal.
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only 5% apoptotic cell death over a 48-h period. We have
overexpressed another putative c-Myc target gene, rcl, as
described (25) to determine whether sensitivity to glucose is

specific for fibroblasts expressing c-Myc or LDH-A. Although
the Rat1a-Rcl cells displayed only 4% cell death with 20 h of
glucose deprivation, 18% of the Rat1a-LDH-A cells died.

FIG. 2. (A) Glucose-deprivatio-induced apoptotic cell death of c-Myc- or LDH-A-overexpressing cells. Rat1a, Rat1a-LDH-A, Rat1a-Myc, and
Rat1a-Myc-Bcl-2 cells were cultured for 20 h in the presence (Upper) or absence (Lower) of glucose. Cells were harvested, and DNA strand breaks
were labeled with biotin-dUTP by using TdT and then stained with propidium iodide. DNA content determined by propidium iodide staining is
shown on the abscissa and DNA strand breaks content is shown on the ordinate. The numbers below indicate the percentage of cells that were
apoptotic and labeled with biotin-dUTP. (B) Time course of glucose-deprivation-induced apoptotic death of Rat1a-Myc and Rat1a-LDH-A cells
as compared with Rat1a and Rat1a-Myc-Bcl-2 cells. (C) Time course of serum-deprivation-induced apoptotic death of Rat1a-Myc cells as compared
with Rat1a-LDH-A and Rat1a cells.
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Coexpression of Rcl in LDH-A-overexpressing cells did not
significantly alter the extent of apoptotic death, resulting in
21% cell death with a 20-h period of glucose deprivation.
These observations indicate that induction of apoptosis by
glucose deprivation and serum deprivation are initiated from
different pathways and that LDH-A links c-Myc to glucose-
dependent apoptosis.

Glucose Deprivation-Induced Apoptosis Is Blocked by Bcl-2
but Independent of Wild-Type p53 Activity. The product of the
bcl-2 gene protects cells from apoptosis induced by a variety of
stimuli. To determine whether Bcl-2 also impacted upon this
glucose-dependent pathway, we used Rat1a-Myc cells that
overexpressed Bcl-2 as described (21). Glucose deprivation of
these cells resulted in an S phase population in which 83% of
cells incorporated BrdUrd, similar to the 88% noted in Rat1a
cells (Fig. 1). TdT end-labeling assay (Fig. 2) confirmed that
there was no significant apoptotic cell fraction and, therefore,
that Bcl-2 blocks apoptosis induced through this pathway.

Because p53 is reported to mediate apoptosis in c-Myc-
transformed cells deprived of serum (8, 10), we examined
whether wild-type p53 is required for glucose-deprivation-
induced apoptosis in c-Myc-overexpressing cells. (10.1)Val-
Myc, a mouse BALByc 3T3 fibroblast line that overexpresses
c-Myc and has a temperature-sensitive p53 allele (26), was
cultured at a nonpermissive temperature and subjected to
either glucose deprivation or serum deprivation to determine
whether the apoptosis caused by glucose deprivation is depen-
dent on p53 activity. As shown in Fig. 3, glucose deprivation
caused apoptosis in (10.1)Val5-Myc cells, and serum with-
drawal had a diminished apoptotic effect over a 48-h period.
These observations imply that the apoptosis of c-Myc-
overexpressing cells caused by glucose deprivation is indepen-
dent of wild-type p53 activity.

The Glycolytic Inhibitor 2-Deoxyglucose (2-DG) Induces
Apoptosis in c-Myc-Transformed Cells. Because glucose de-

privation is able to selectively induce apoptosis of c-Myc-
transformed cells, we used the glucose antagonist 2-DG to
determine whether inhibition of glycolysis was able to induce
apoptosis of c-Myc-transformed cells. 2-DG is thought to
inhibit glycolysis via competitive inhibition after it is phos-
phorylated by hexokinase (27). Fig. 4A shows that 2-DG
differentially induced apoptosis of Rat1a-Myc cells versus
nontransformed Rat1a cells. Bcl-2 coexpression blocked the
ability of 2-DG to induce apoptosis of c-Myc-transformed cells.
Interestingly, Rat1a cells transformed by Ras (Rat1a-Ras) did
not contain a significant apoptotic population after 2-DG
treatment, unlike the Rat1a-Myc cells, indicating that this
process was indeed due to c-Myc activity and not part of the
process of transformation.

To determine whether 2-DG induced apoptosis is cell-type
specific, we expanded the 2-DG treatment to nonfibroblast
human cells overexpressing c-Myc. Nontransformed CB33
lymphoblastoid cells, those transformed by c-Myc (CB33-
Myc), and three Burkitt lymphoma cell lines with c-myc
chromosomal translocations (Ramos, ST486, and DW6 cell
lines) were studied. The c-Myc-transformed lymphoblastoid
and Burkitt lymphoma cell lines all have elevated c-Myc
protein expression that is associated with elevations in LDH-A
levels compared with the nontransformed lymphoblastoid
CB33 cells (13). Studies of the effects of 2-DG on these
lymphoid cells showed that only the CB33-Myc, Ramos, and
DW6 cell lines, but not ST486, displayed apoptosis (Fig. 4B).
Although ST486 cells have elevated Myc expression, they also
overexpress Bcl-2 (13), which may block the apoptosis caused
by 2-DG. The Ramos Burkitt lymphoma cell line, which
contains a mutant p53 (28), displayed apoptosis with 2-DG
treatment (Fig. 4B). This combined with data shown in Fig. 3
suggests that the apoptosis of c-Myc-overexpressing cells
caused by glucose deprivation is independent of wild-type p53
activity.

FIG. 3. Myc-mediated apoptosis caused by glucose deprivation appears to be independent of wild-type p53 activity. (A) A mouse embryo
fibroblast cell line, (10.1)Val5-Myc (1Myc) that overexpresses c-Myc and lacks the wild-type p53 function at 39°C, underwent more extensive
apoptosis caused by glucose deprivation when compared with (10.1)Val5 cells (2Myc) that do not overexpress murine c-Myc. (B) Mouse fibroblast
cells were grown in DMEM with 10% FBS and deprived of serum (0.1% FBS) for 24 or 48 h before flow cytometric analysis for apoptosis.
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The human NCI H209 small cell lung cancer cells (29) are
also sensitized to 2-DG by overexpression of c-Myc. c-Myc
overexpression elevates LDH enzyme activity by 30% in H209
cells (data not shown) and sensitizes the H209 cells to 2-DG-
induced apoptosis to a greater extent than Ras overexpression
in the same cell type (Fig. 4C).

To determine whether the differential effect of 2-DG on
c-Myc-overexpressing cells was caused by differences in 2-DG
uptake, the uptake rate of [1-14C]2-DG was measured in
CB33-Myc cells compared with CB33 cells. CB33-Myc cells
took up [1-14C]-2-DG only 30% higher than CB33 cells (data
not shown), whereas 2-DG induced 8-fold more apoptosis in
CB33-Myc compared with CB33 cells. Thus, the differences in
2-DG uptake do not account for the differential effect of 2-DG
on c-Myc-overexpressing cells. These observations suggest that
overexpression of c-Myc causes cells, when exposed to 2-DG,
to undergo apoptotic cell death that is independent of wild-
type p53 function and is suppressed by the overexpression of
Bcl-2.

DISCUSSION

The growth of neoplastic cells in spheroid clusters is limited by
the diffusion of oxygen, glucose, and other nutrients into the
tumor mass (19, 30, 31). We have observed (13) that the
induction of LDH-A by c-Myc is advantageous to transformed
cells that exist under hypoxic conditions. In this report,

however, we observe that glucose deprivation induces exten-
sive apoptosis of fibroblasts, lymphoblastoid, or lung carci-
noma cells that overexpress c-Myc. Overexpression of LDH-A
alone in rat fibroblasts is sufficient to sensitize cells to this
glucose-deprivation-induced apoptosis. This observation sup-
ports the hypothesis that LDH-A is a downstream target of
c-Myc that mediates this unique apoptotic phenotype.

The connection between LDH-A overexpression, glucose
deprivation, and the common pathway leading to apoptotic cell
death remains to be elucidated. We speculate, however, that
constitutive generation of NAD1 and lactate by LDH-A and
the decrease in the regeneration of NADH by inhibition of
glycolysis alter the redox state in the cells, which then triggers
the final apoptotic pathway (32). Glucose and oxygen are
potent regulators of glycolytic enzyme gene transcripts (33).
Therefore, genetic alterations in cancer other than activation
of c-Myc are expected to augment LDH-A and other glycolytic
enzyme transcripts. These other genetic alterations are also
expected to sensitize transformed cells to glucose deprivation.
Glucose is able to stimulate transcription of genes encoding
glycolytic and lipogenic enzymes in adipocytes and hepato-
cytes through the carbohydrate response element (ChoRE), a
CACGTG motif (34–37). Intriguingly, the ChoRE motif has
the same sequence as the core binding site for c-Myc. Likewise,
hypoxia induces the transcription of glycolytic enzymes
through the hypoxia-inducible factor HIF-1, which binds to
sequences resembling the Myc E-box CACGTG (38, 39).
Therefore, we hypothesize the existence of a direct connection
between deregulated c-Myc expression, acting through
LDH-A, and aerobic glycolysis, which in turn contribute to
transformation.

Our observation that glucose is required for nontrans-
formed cells to progress through the G1–S boundary has been
observed with 3T3 fibroblasts (40). Furthermore, Saccharo-
myces cerevisiae growth-arrested before the START point
when deprived of glucose (14). Extensive depletion of ATP per
se through mitochondrial uncoupling also arrests mammalian
cells in G1 and G2 phases (41). Our results and previous studies
suggest that there exist regulatory points in the cell cycle that
are sensitive to glucose deprivation (16, 42).

The glucose-dependent apoptotic pathway described herein
is suppressed by Bcl-2 but appears to be independent of p53
status. As such, the therapeutic implications of our observa-
tions must take into consideration the status of the Bcl-2 family
of proteins in tumors. Studies performed almost four decades
ago indicate that infusions of 2-DG into cancer patients were
well tolerated (43). In leukemic patients, the white cell count
fell during the 24-h period after a single 2-DG infusion and
glycolysis was lowered in the leukemic cells. With the available
modern molecular probes, cancer cells may be characterized
with regard to their molecular markers, including their Bcl-
2yBcl-XL and status. On the basis of the data described herein,
2-DG should be effective in activating apoptosis in Bcl-2yBcl-
XL-negative neoplasms with high c-Myc or LDH-A levels
through this glucose-dependent pathway. It may, therefore,
prove to be valuable in the therapy of such neoplasms in the
future.
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