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The ability of cancer cells to overproduce lactic acid aerobically was recognized by Warburg
about seven decades ago, although its molecular basis has been elusive. Increases in glucose
transport and hexokinase activity in cancer cells appear to account for the increased flux of
glucose through the cancer cells. Herein we review current findings indicating that the c-Myc
oncogenic transcription factor and hypoxia-inducible factor 1 (HIF-1) are able to bind the
lactate dehydrogenase A promoter cis acting elements, which resemble the core carbohydrate
response element (ChoRE), CACGTG. These and other observations suggest that the normal
cell responds physiologically to changes in oxygen tension or the availability of glucose by
altering glycolysis through the ChoRE, which hypothetically binds c-Myc, HIF-1, or related
factors. The neoplastic cell is hypothesized to augment glycolysis by activation of ChoRE/
HIF-1 sites through direct interaction with c-Myc or through activation of HIF-1 or HIF-1-
like activity. We hypothesize that oncogene products either stimulate HIF-1 and related factors
or, in the case of c-Myc, directly activate hypoxia/glucose responsive elements in glycolytic
enzyme genes to increase the ability of cancer cells to undergo aerobic glycolysis.
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The most striking and common feature of tumor
cells is the production of large amounts of lactic acid
which is due to enhanced glycolysis despite the pres-
ence of oxygen (Bodansky, 1975; Bustamante et al.,
1981; Goldman et al., 1964; Pedersen, 1978; Racker
and Spector, 1981) with an accompanying increased
rate of glucose transport (Templeton and Weinberg,
1991). This phenomenon was recognized about seven
decades ago (Warburg, 1930, 1956), aithough its
molecular basis and connection to cancer genetics have
remained poorly understood. Based on recent observa-
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tions on hypoxia-inducible genes and c-Myc target
genes reviewed herein, we propose a unifying hypothe-
sis which links genetic alterations in cancer to altered
tumor metabolism.

GLYCOLYTIC ENZYME GENES AND THE
CACGTG MOTIF

Understanding of the regulation of glycolytic
enzyme gene expression is beginning to emerge with
the characterization of glycolytic enzyme gene promot-
ers. Glucose is a major regulator of gene transcription
in many life forms. Glucose is able to stimulate tran-
scription of genes encoding glycolytic and lipogenic
enzymes in adipocytes and hepatocytes through the
carbohydrate response element (ChoRE) (Foufelle et
al., 1992; Jacoby et al., 1989; Lefrancois-Martinez
et al., 1994; Thompson and Towle, 1991). Transcrip-
tion of metabolic enzymes in response to carbohydrate
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occurs through ChoRE, a CACGTG motif, although
the transcription factors binding this site remain poorly
understood. Carbohydrate feeding induces the liver-
type pyruvate kinase (Liu et al., 1993) and rat S,
genes (Shih and Towle, 1994; Shih et al., 1995) at the
transcriptional level to the increased glucose metabo-
lism (Jump et al, 1990; Vaulont et al., 1986). The
promoter regions of pyruvate kinase and S;; bear
ChoRE motifs, and mutations in these motifs result in
defective glucose stimulation (Liu ez al., 1993; Shih
et al., 1995). Thus, the CACGTG motif is important
for the regulation of many glycolytic enzyme gene
expression.

Freitas et al. (1996) have reported that enzyme
activities of lactate dehydrogenase, glucose-6-phos-
phate dehydrogenase, dihydrofolate reductase, purine
nucleoside phosphorylase, and acid phosphatase are
significantly elevated in hypoxic tumor cells. These
elevated enzyme activities give tumor cells the ability
to thrive in hypoxia and remain resistant to most thera-
pies, in particular radiotherapy. Although the transcrip-
tional regulation of glycolytic enzyme genes remains
to be elucidated, sequence analysis indicates that the
ChoRE motif, CACGTG, also known as the Myc E-
box, is found frequently within the promoter and
intronic sequences glycolytic enzyme genes (Fig. 1).

Hexokinase 11

One of the rate-limiting glycolytic enzymes is
hexokinase type II which has ChoRE in its 5’ and
intronic sequences. Hexokinase II is highly overex-
pressed in many cancer cells and its amplification cor-
relates with the elevated glycolysis in tumor cells
(Rempel et al., 1996).

Pyruvate Kinase

 L-type pyruvate kinase gene responds at the tran-
scriptional level to the increased glucose metabolism
(Vaulont et al., 1986). The promoter region of L-type
pyruvate kinase gene (Liu et al., 1993) bears two con-
sensus ChoRE motifs or E-boxes, and mutations in
either motif result in defective glucose stimulation.

Enolase

Another glycolytic enzyme enolase was shown
to be the c-myc promoter binding protein, MBP-1
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Fig. 1. The glycolytic pathway with enzymes (*) which have
ChoRE in their promoter region indicated. HK, hexokinase; GPI,
glucosephosphate isomerase; DHAP, dihydroxyacetone phosphate;
TP, trisephosphate isomerase; DPG, diphosphoglycerate; DPGM,
diphosphoglycerate mutase; PEP, phosphoenolpyruvate; FDP, fruc-
tose diphosphate; PGM, phosphoglycerate mutase; G3PDH, glycer-
aldehyde-3-P dehydrogenase; GK, glucokinase.

(Chaudhary et al., 1996), and enolase itself contains
ChoRE in its promoter.

TRANSCRIPTION FACTORS WHICH MAY
REGULATE GLYCOLYSIS THROUGH
CACGTG

It is notable and intriguing that the carbohydrate
response element (ChoRE) has a core consensus
CACGTG which is identical to the c-Myc/Max binding
site or E-box (Towle, 1995). Moreover, the consensus
HIF-1 binding site also overlaps with the ¢c-Myc E-
box. Based on the structure of the basic region of
ARNT/HIF-1, it is predictable that these transcription
factors would also bind the Myc E-box, which is shared
with other factors such as USF, TFE-3, and TFE-B
(Dang et al.,, 1992). In fact, ARNT and HIF-1 have
been shown to interact with the CACGTG binding site
(Antonsson et al., 1995; Semenza et al., 1996; Sogawa
et al., 1995; Swanson et al., 1995).

c-Myc and Family Members

c-myc is an early serum response gene whose
deregulated expression is the molecular signature of
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Burkitt lymphomas and is frequently found in various
commonly occurring solid tumors (for reviews see
Cole, 1986; Dang and Lee, 1995). The c-Myc protein
participates in the regulation of cell proliferation, dif-
ferentiation, and apoptosis induced by serum depriva-
tion (Eilers et al., 1989, 1991; Evan et al., 1992;
Harrington et al., 1994; Hermeking and Eick, 1994;
Packham and Cleveland, 1995; Wagner et al., 1994,
White, 1996). c-Myc is a basic-helix-loop-helix/leu-
cine zipper (P HLH/Z) transcription factor that hetero-
dimerizes with another protein termed Max via the
HLH/Z domain to bind a DNA consensus core
sequence, CACGTG or E-box (Blackwood et al., 1992;
Dang and Lee, 1995; Evan and Littlewood, 1993;
Meichle er al, 1992; Prendergast and Ziff, 1992).
Although c-Myc provides the transregulatory function
for the heterodimer to activate through E-boxes or
suppress gene transcription through initiator elements,
its targets have not been comprehensively character-
ized and are only beginning to emerge from various
studies (Ayer et al., 1995; Bello-Fernandez et al., 1993;
Gaubatz et al., 1995; Grandori et al., 1996; Gu et al.,
1993; Jones et al., 1996; Kretzner et al., 1992; Lee et
al., 1996; Li et al., 1994; Miltenberger ez al., 1995;
Philipp et al., 1994; Schuldiner et al., 1996).

HIF-1

Hypoxia-inducible factor 1 (HIF-1) is a hetero-
dimeric basic-helix-loop-helix-PAS protein composed
of HIF-1 alpha and HIF-1 beta/ARNT subunits whose
expression is induced under conditions of reduced oxy-
gen tension (Wang et al., 1995; Wang and Semenza,
1995). Previous studies have demonstrated the ability
of HIF-1 to stimulate the expression of vascular endo-
thelial growth factor (VEGF), hemeoxygenase, and
several glycolytic enzymes (Forsythe et al., 1996; Lee
etal., 1997; Semenza et al., 1994, 1996). Mice lacking
HIF-1 beta show abnormal angiogenesis and responses
to oxygen deprivation, underscoring the importance of
HIF-1 as a critical hypoxia response factor (Maltepe
et al., 1997). To date, a role for HIF-1 in cellular
transformation or apoptosis has not been demonstrated.

USF
USF (upstream stimulatory factor, also known as

MLTF1 or UEF) was identified as the component of
a HeLa cell nuclear extract which bound to, and acti-

vated transcription from, E-box sequence upstream of
the adenovirus major late promoter. The gene encoding
the 43kDa polypeptide, known as USF, was found to
have sequences encoding a C-terminal bHLHZip
motif. It was also found to possess an N-terminal tran-
scriptional activation domain (TAD). USF forms
homodimers, but are not known to dimerize with any
other b-HLH/bHLHZip protein. The cellular function
of USF is unclear, but some studies suggest that it
possesses antiproliferative properties and that it may
even antagonize Myc-induced transformation. USF is
implicated in the transcription of many genes which
possess E-boxes; however, it is difficult to assess the
direct involvement of USF in the regulation of a partic-
ular gene (Gregor et al., 1990). USF is abundant and
ubiquitously expressed.

TFE-3 and TFE-B

TFE3 is a ubiquitous activator of the IgH enhancer
that binds the canonical E-box as well as regulatory
elements important in lymphoid-specific, muscle-spe-
cific, and some ubiquitously expressed genes (Beck-
mann et al., 1990). A closely related protein, TFEB,
is also known to bind E-box.

REGULATION OF LDH-A GENE
EXPRESSION BY HELIX-LOOP-HELIX
TRANSCRIPTION FACTORS

Alteration of LDH-A in Cancer

The LDH-A gene is an epidermal growth factor,
cAMP and phorbol ester-inducible delayed early serum
response gene whose role in neoplasia remains unes-
tablished despite its widespread use as a prognostic
tumor marker (Chung er al.,, 1995; Huang and Jung-
mann, 1995; Matrisian et al., 1985; Short et al., 1994).
Lactate dehydrogenase is a tetrameric enzyme with
five isoforms which are composed of combinations of
two subunits, LDH-A and LDH-B. The LDH-A sub-
unit converts pyruvate to lactate under nonequilibrium
anaerobic conditions in normal cells. The other isoen-
zyme, LDH-B, kinetically favors the conversion of
lactate to pyruvate and is found at high levels in aerobic
tissues such as the heart. Hereditary LDH-A subunit
deficiency causes early postimplantation embryonic
lethality in homozygotic mice (Merkle et al., 1992).
Human LDH-A deficiency presents clinically as an
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exertional myopathy, which is associated with a severe
inability of excercised muscles to produce lactic acid
(Kanno et al., 1988). In addition to its role in intermedi-
ary metabolism, the LDH-A isozyme may be function-
ally involved in the transcriptional modulation of gene
expression and/or DNA replication, since its tyrosine-
phosphorylated form localizes to the cell nucleus, and
has been found to be a single-stranded DNA binding
protein with DNA helix-destabilizing activity (Cooper
et al., 1983; Grosse et al., 1986; Sharief et al., 1986;
Williams et al.,, 1985; Zhong and Howard, 1990). In
addition, isozymes of enolase, phosphoglycerate
mutase, and lactate dehydrogenase were found to be
tyrosine phosphorylated in cells transformed by Rous
sarcoma virus (Cooper et al., 1983); although the func-
tional significance of phosphorylation is unclear.

Increased serum LDH is an independent prognos-
tic indicator in Burkitt’s lymphomas, in which deregu-
lated c-Myc expression is a hallmark of the disease
(Cowan et al., 1989; Csako et al., 1982; Endrizzi et
al., 1982; Fasola et al., 1984; Jagannath et al., 1985;
Mintzer et al., 1984; Pan et al., 1991; Schneider et
al., 1980; Swan et al., 1989). In the clinical setting,
serum LDH is the most significant independent prog-
nostic factor of survival after recurrence of breast can-
cer (Johansen et al., 1995). The elevated LDH level
yields 88% sensitivity and 85% specificity for
detecting ovarian malignancy, while the significant
shift to LDH-4 (3 subunits of LDH-A and 1 subunit
of LDH-B) or LDH-5 (4 subunits of LDH-A) of the
LDH isozyme pattern yields 84% sensitivity and
77.5% specificity, respectively. From the combined
analysis of total LDH levels and isozyme patterns, the
true positive of ovarian malignancy detection could
reach 100% (Bose and Mukherjea, 1994; Chow et
al., 1991). In addition, LDH isozyme assay of nipple
discharge is reported as a useful technique for diagno-
sis of breast cancer (Kawamoto, 1994); higher LDH-
A levels predict poor prognosis. Similarly, serum LDH
level is one of the diagnostic markers for cervical
cancer (Patel et al., 1993) and germ-cell tumors of the
testis (Klein, 1993).

LDH-A and c-Myc

Shim et al. (1997) confirmed LDH-A as a direct
target of c-Myc based on the following findings. They
identified lactate dehydrogenase subunit A gene as
one of the putative c-Myc up-regulated genes using
representational difference analysis (RDA) (Hubank
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and Schatz, 1994; Lisitsyn et al., 1993) in nonadherent
Ratla fibroblasts that only require ectopic c-Myc
expression to be transformed (Barrett et al., 1995;
Small et al., 1987; Stone et al., 1987). The RNase
protection assay shows elevated LDH-A expression
in nonadherent Ratla-Myc cells versus Ratla cells.
Nuclear run-on assays demonstrated an increased tran-
scriptional rate of LDH-A in Ratla-Myc as compared
to Ratla cells. To determine whether the LDH-A gene
might be transcriptionally activated by Myc, they used
a previously characterized Ratla cell line expressing
a Myc-estrogen-receptor (Myc-ER) fusion protein that
was activated by an addition of hydroxytamoxifen
(HOTM) to the growth medium (Eilers er al., 1989;
Grandori et al., 1996). Activation of Myc-ER by
HOTM in confluent cells causes induction of LDH-A,
which is not inhibited by the protein synthesis inhibitor
CHX. These observations suggest that induction of
LDH-A expression by Myc is direct and does not
require new protein synthesis.

The rat LDH-A promoter contains two consensus
Myc/Max binding sites or E-boxes, CACGTG (located
at -78 to -83 and -175 to -180 from the transcriptional
start site), that are conserved in both mouse and human,
suggesting that c-Myc may be able to regulate the
transcription of LDH-A through these E-boxes (Fuka-
sawa and Li, 1987; Short et al., 1994; Takano and Lj,
1990). Transient transfection experiments with a
c-Myc expression vector demonstrated an E-box-
dependent transactivation of the LDH-A promoter-
luciferase reporter gene. Mutation of either or both E-
boxes abrogated Myc-dependent transactivation. The
expression vector producing a c-Myc mutant lacking
the helix-loop-helix domain was unable to activate the
LDH-A promoter, suggesting that dimerization with
Max was required for transactivation. An expression
vector for the nononcogenic basic-helix-loop-helix-
leucine-zipper transcription factor USF (Gregor et al.,
1990), which also bound to CACGTG, was also able
to stimulate the LDH-A promoter although only half
as efficiently as the c-Myc expression vector. In vitro
electrophoretic mobility shift DNA-protein binding
assays demonstrated the ability of recombinant Myc/
Max proteins to bind the LDH-A promoter E-boxes.
These observations suggest that LDH-A is a direct
Myec-responsive target gene.

LDH-A and HIF-1

LDH-A is a well-characterized hypoxia-inducible
gene among many other glycolytic enzyme genes
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(Semenza et al., 1994). The LDH-A promoter was
found to contain a HIF-1 site that appears to cooperate
with a cAMP response element (CRE) to induce
expression under hypoxic conditions (Firth et al,
1995). Another element, CACGTG, which is a Myc
binding site (located at -78 to -83 from the transcrip-
tional start site), was also found to be critically
important for response to hypoxia. The identity of this
factor was not known in this study (Firth et al., 1995).
In a subsequent study by Semenza et al. (1996), LDH-
A, among other glycolytic enzyme gene promoters,
such as aldolase A and enolase 1, was found to contain
essential binding sites for HIF-1. The E-box element
located at -78 to -83 from the transcriptional start site
of the LDH-A promoter was found to bind HIF-1 and
an as yet unidentified factor. The LDH-A promoter
provides a model to examine the interplay between
c-Myc, HIF-1, and related factors in the regulation of
LDH-A gene expression.

These observations taken together suggest the fol-
lowing model of induction of glycolytic enzymes in
cancer cells. Given that induction of glycolysis is criti-
cal for the growth of cancer cells under adverse patho-
physiological conditions of limited supply of oxygen
and nutrients, it stands to reason that pathways capable
of activating the genetic program encoding the glyco-
lytic machinery would be altered (Fig. 2). As such,
activation of the c-myc oncogene results in an onco-
genic transcription factor capable of activating glyco-
lytic enzyme gene expression through the ChoRE or
HIF-1 sites. Further studies are necessary to test these
specific hypotheses. Activation of other oncogenes,
such as ras or src and bcr-abl tyrosine kinases, may

Src Myc RAS

HIF-1
C-Myc/Max
USF

’ “ChoRE"

——i

ACACGTGGGTTCCCGCACGTCCGC LDH-A
— |
HIF-1

Fig. 2. Hypothetical scheme of the activation of LDH-A gene pro-
moter by products of various oncogenes. c-Myc is shown to activate
the promoter directly, whereas Src and Ras are shown to hypotheti-
cally activate HIF-1 or HIF-1-like factors, augmenting the transcrip-
tion of LDH-A or genes encoding other glycolytic enzymes.

in part increase c-Myc activity although their major
effects may be through the activation of the HIF-1
pathway. Intriguingly, loss of the tumor suppressor
VHL alters the metabolism or utilization of mRNAs
encoding vascular endothelial cell growth factor
(VEGF) (Gnarra et al., 1996; Siemeister et al., 1996;
Wizigmann-Voos et al., 1995), which contains HIF-1
sites, and GLUT-1 which is also hypoxia responsive.
Therefore, it should be immediately testable as to
whether other oncogenic events activate pathways that
have overlapping or identical endpoints of activating
glycolysis through HIF-1/ChoRE/Myc E-boxes.

ROLE OF LDH-A IN TRANSFORMATION
AND APOPTOSIS

LDH-A and Anchorage-Independent Growth

Shim er al. (1997) determined whether elevated
LDH-A expression is necessary for c-Myc-mediated
anchorage-independent growth by constructing Ratla-
Myc cells and c-Myc transformed lymphoblastoid cells
expressing antisense LDH-A. Reduction of LDH-A
activity in Ratla-Myc cells by antisense expression,
which did not alter ectopically expressed Myc protein
levels, dramatically decreased soft agar clonogenicity
of Ratla-Myc cells in soft agar. Reduction of LDH-A
expression also inhibited soft agar colony formation
of human lymphoid cells transformed by ¢-Myc. EBV-
immortalized human lymphoblastoid CB33 cells can
be transformed by c-Myc in vitro, resulting in the
ability to form soft agar colonies (Lombardi et al.,
1987). These results indicate that LDH-A is necessary
for c-Myc-mediated transformation of Ratla and Bur-
kitt lymphoma cells, although LDH-A overexpression
alone is insufficient to induce the extent of growth in
soft agar characteristic of c-Myc-transformed Ratla
cells.

Reduced expression of LDH-A is able to block
Myc-mediated soft agar colony formation, suggesting
that elevated LDH-A expression in human cancers may
be necessary for their neoplastic phenotype. These
observations are instructive when the growth proper-
ties of Myc-transformed Ratla or lymphoblastoid cells
expressing antisense LDH-A in soft agar are compared
with the same cells in the normal growing conditions.
The growth rates of these Myc-transformed cells are
virtually the same when they were grown without sus-
pension in agar, suggesting that LDH-A overexpression
is required for soft agar colony formation but not for
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cell viability. The biochemical basis for this difference
remains to be established; however, it is conceivable
that a threshold level of glycolysis and production of
lactate is necessary for soft agar colony formation.
They speculate that the anaerobic conditions within
an expanding soft agar colony may select against cells
with low LDH-A levels, which are inefficient in anaer-
obic glycolysis (Hemlinger et al., 1997; Sutherland e¢
al., 1986). In fact, the growth of rat fibroblasts under
hypoxic conditions is heavily dependent on LDH-A
levels. This contention is further supported by the early
embryonic lethality of homozygous LDH-A deficient
mice, which is probably due to the postimplantation
anaerobic conditions (Ellington, 1987) that exist before
formation of the chorioallantoic placenta (Merkle et
al., 1992).

LDH-A and Apoptosis

Since LDH-A is intimately linked to glucose
metabolism and its expression is enforced by c-Myc,
we determined whether glucose deprivation would
alter the phenotype of c-Myc-transformed cells (Shim,
Chun and Dang, unpublished observation). Glucose
deprivation of nontransformed Ratla cells causes a
reduction in BrdU incorporation, an enrichment in G,
phase cells, and a reduction in S-phase and G,/M cells.
Only 67% of the Ratla-Myc cells with S-phase DNA
content incorporated BrdU, indicating that the other
33% of cells in S-phase was either arrested or died.
The nontransformed Ratla cells displayed minimal
apoptotic cell death with glucose deprivation deter-
mined by the terminal deoxynucleotidyl transferase
(TdT) end-labeling flow cytometric assay. In contrast,
19% of the c-Myc-transformed cells had undergone
apoptosis and were TdT positive after 20 h of glucose
deprivation. The apoptotic cells have DNA content
spreading from the G, into the S-phase pool as well as
some in the G, pool. Coexpression of Bcl-2 completely
blocked glucose deprivation-induced apoptosis of
c-Myc-transformed cells. These observations uncover
a novel glucose-dependent apoptotic pathway that is
activated by c-Myc overexpression and is inhibited by
coexpression of Bcl-2.

Intriguingly, overexpression of LDH-A increases
the population of Ratla cells in S-phase in the presence
of glucose. Withdrawal of glucose, however, was asso-
ciated with the dramatic reduction in BrdU-positive
cells in S-phase. Ectopic LDH-A-expressing Ratia
cells, similar to c-Myc-overexpressing cells, displayed
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significant apoptotic cell death with glucose depriva-
tion. Unlike Ratla-Myc cells, Ratla-LDH-A cell
growth was arrested with serum withdrawal and did
not display increased apoptotic cell death. These obser-
vations indicate that induction of apoptosis by glucose
deprivation and serum deprivation are distinctly differ-
ent pathways and that LDH-A links c-Myec to glucose-
dependent apoptosis.

These results indicate that overexpression of
LDH-A in rat fibroblasts is sufficient to sensitize cells
to glucose deprivation-induced apoptosis. This obser-
vation supports the hypothesis that LDH-A is a down-
stream target of c-Myc which 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 that constitutive generation
of NAD* and lactate by LDH-A and the decrease in
the regeneration of NADH by inhibition of glycolysis
contribute to oxidative stress on the cells, which then
triggers the final death pathway (Hockenbery ef al.,
1993).

LDH-A AND WARBURG EFFECT

Seven decades ago, Warburg studied glycolysis
in a variety of human and animal tumors and found
that there was a trend toward an increased rate of
glycolysis in tumor cells, resulting in the excessive
production of lactic acid from glucose (Warburg, 1930,
1956). This phenomenon known as the Warburg effect
was a subject of intense investigation, controversy, and
intrigue, yet the molecular basis of the Warburg effect
has remained unclear (Racker and Spector, 1981).

When stably transfected Ratla cells that constitu-
tively express rat LDH-A cDNA were subjected to
a soft agar anchorage-independent growth assay, the
Ratla-LDH-A cells were unable to proliferate as
strongly as Ratla-Myc cells in suspension, indicating
that increased LDH-A expression is insufficient to
induce full transformation (Shim et al., 1997). The
Ratta-LDH-A cells, however, do display more colo-
nies with larger sizes (>100 mm) than control Ratla
cells. In contrast, we observed that both c-Myc-trans-
formed and ectopic LDH-A-expressing Ratla cells pro-
duce more lactate than the control stably transfected
Ratla cells (Table I). These observations suggest that
the Warburg effect induced in fibroblasts by ¢c-Myc is
largely due to the deregulated expression of LDH-A.
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Table I. Molar Ratios of Lactate Production to Glucose
Consumption in Ratla Cell Lines?

Ratla Ratla-Myc Ratla-LDH-A
1.28 1.44 1.68
1.28 1.48 1.62
1.28 1.44 1.58
1.06 1.48 1.56
1.23 + Q.11 1.46 + 0.02 1.61 = 0.05

“ Values represent the moles of lactate produced per mole of glucose
consumed for various cell lines after 24 h incubation with fresh
medium. Values from four separate experiments and the means
with standard deviations are shown for each cell line.

The findings of Shim et al. (1997) are intriguing
when the Warburg effect and previous links between
elevated LDH-A levels and human cancers are taken
into consideration (Bodansky, 1975; Bredin er al.,
1975; Carda-Abella et al., 1982; Csako et al., 1982;
Goldman et al., 1964; Li et al., 1988; Nevin and Mul-
holland, 1988; Nishikawa et al., 1991; Schneider et
al., 1980; Tanaka et al., 1984; Vergnon et al., 1984;
Woollams et al., 1976). In particular, an elevated LDH-
A level is an independent predictor of poor clinical
outcome in Burkitt lymphoma, in which activation of
the c-myc gene by chromosomal translocations is a
sine qua non (Csako et al., 1982; Dalla-Favera et al.,
1982; Magrath et al, 1980; Schneider et al., 1980).
Our results indicate that c-Myc is able to activate the
expression of LDH-A, increase lactate production, and
perhaps account for the elevation of LDH-A levels in
various forms of commonly occurring human cancers.
An elevation of lactate production in a transgenic
mouse model that overexpresses c-Myc in the liver,
without development of liver tumor, further supports
the induction of the Warburg effect by c-Myc (Valera
et al., 1995). Moreover, we observe that ectopic LDH-
A expression is sufficient to induce the Warburg effect
in fibroblasts without conferring the full transformed
phenotype of anchorage-independent growth.

THE CELL CYCLE AND ENERGY
METABOLISM

The observation that glucose is required for non-
transformed cells to progress through the G,-S bound-
ary has been previously observed with 3T3 fibroblasts
(Holley and Kiernan, 1974; Greiner et al., 1994). Low
glucose fluxes and repressed levels of glycolytic

enzymes have been associated with the lengthening of
G, (Beck and von Meyenburg, 1968). Furthermore,
Saccharomyces cerevisiae growth was arrested prior
to the START point when deprived of glucose (Gillies
et al., 1981). Although the oxygenated yeast cells were
arrested by glucose deprivation, the starved yeast cells
were able to synthesize ATP, suggesting that the signal
for cell cycle progression is created during the catabo-
lism of glucose and not strictly by the energy supply.
Intriguingly, Aon et al. (1995) have shown that pyru-
vate kinase is one of the cell division cycle (cdc)
proteins, cdc 19, demonstrating the direct connection
of glycolysis and the cell cycle. Depletion of ATP
per se through mitochondrial uncoupling also arrests
mammalian cells in G|, and also in G, with extensive
ATP depletion (Sweet and Singh, 1995). This observa-
tion, along with our observation of a residual G,-M
population of nontransformed Ratla cells after glucose
deprivation, suggests that a glucose-dependent restric-
tion of passage through G,-M may also exist. These
studies suggest that there exists an evolutionarily con-
served glucose-dependent cell cycle checkpoint that
appears to overlap with START in yeast and with the
restriction point in mammalian cells (Pardee, 1974).

CLINICAL IMPLICATIONS

The glucose antimetabolite 2-deoxyglucose dif-
ferentially induced apoptosis in ¢c-Myc-transformed rat
fibroblasts and lymphoblastoid cells (Shim, Chun, and
Dang, unpublished observation). Moreover, 2-deoxy-
glucose induced apoptosis on two of three Burkitt
lymphoma cell lines, the Ramos and DW$, but not the
ST486; although all three cell lines overexpress c-Myc
and have elevated LDH-A levels. Since the Ramos
and the ST486 cell lines both contain mutant pS3 (Gai-
dano et al., 1991), it appears that the glucose depriva-
tion-induced apoptosis is independent of wild-type p53
activity. In contrast, wild type p53 is required for c-
Myc-induced apoptosis with serum deprivation (Evan
et al., 1992; Hermeking and Eick, 1994; Wagner et
al., 1994). The high Bcl-2 protein level in the ST486
Burkitt cell line and its low levels in the Ramos and
DW&6 cell lines suggest that Bel-2 is a critical determi-
nant of Myc-dependent glucose deprivation-induced
apoptosis. Studies performed almost four decades ago
indicate that infusions of 2-deoxyglucose into cancer
patients were well tolerated (Landau et al., 1958). In
leukemic patients, the white cell count fell during the
24-hour period following a single 2-deoxyglucose
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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 characteristics including Bcl-2/Bcl-X sta-
tus, and it is conceivable that this antimetabolite may
be effective in activating apoptosis in Bcl-2/Bcl-X| -
negative neoplasms with high LDH-A or c-Myc levels.
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