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Metabolic profiling of cell growth
and death in cancer: applications in
drug discovery
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Metabolic profiling using stable-isotope tracer technology enables the

measurement of substrate redistribution within major metabolic pathways

in living cells. This technique has demonstrated that transformed human

cells exhibit profound metabolic shifts and that some anti-cancer drugs

produce their effects by forcing the reversion of these metabolic changes.

By revealing tumor-specific metabolic shifts in tumor cells, metabolic

profiling enables drug developers to identify the metabolic steps that

control cell proliferation, thus aiding the identification of new anti-cancer

targets and screening of lead compounds for anti-proliferative metabolic

effects.
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V¥ A mammalian cell’s genetic program di-
rects the cell’s response to specific regulatory
ligands, resulting in a distinctive phenotype
at any given point during the cell’s life cycle.
This phenotype is expressed in the context of
the microenvironment, particularly substrate
availability, which profoundly determines en-
zyme activities and substrate utilization and
redistribution within and among major meta-
bolic pathways [1-3]. Alterations in substrate
flow in response to hormonal, environmental
or carcinogenic stimuli reflect changes in
metabolic enzyme activities. These changes
occur through either protein phosphorylation
or glycosylation, or metabolic enzyme gene
expression regulated by transcription factors.
The metabolic profile of a given cell repre-
sents the integrated end-point of many growth
modifying signaling events against the back-
ground of the cell’s genetic makeup. Thus,
metabolic profiling is the simultaneous assess-
ment of substrate flux within and among
major metabolic pathways of macromolecule
synthesis and energy production under various
physiological conditions, growth phases and

substrate environments. It can greatly assist
the industrial drug discovery process by reveal-
ing metabolic adaptive changes that occur as
a consequence of gene expression and changes
in microenvironment, and is, therefore, com-
plementary to genetic profiling. Obtaining
metabolic profiles can both characterize the
efficacy of new anti-proliferative drugs and
provide a screening tool for drug development.

This article reviews the changes in substrate
carbon flow and re-distribution among vari-
ous metabolic pathways observed in the trans-
formed proliferating-cell phenotypes observed
in cancer, and illustrates how metabolic pro-
filing can be used to identify crucial enzymes
and their substrate analogues to facilitate drug
development.

Metabolic profiling of tumor cells: tools
and applications

The excess accumulation of the '8Fluor tracer
attached to deoxyglucose is a reliable indica-
tor of increased metabolic activity in tumor
cells, which also correlates with malignancy,
growth rates and response to therapy [4,5].
Although indispensable as a diagnostic tool,
this imaging technique does not permit the
detailed characterization of the destinations
or routes taken by glucose carbons in the
macromolecule and energy producing meta-
bolic reactions. However, with the use of mass
spectrometry (MS) and glucose molecules
labeled with stable (non-radiating) isotope
(13C), the distribution of labeled carbons in
various intermediates during de novo macro-
molecule synthesis in cancer cells can be
revealed. Metabolic profiling is designed to
uncover detailed substrate-flow modifications
in response to pathological processes or new
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1. Possible rearrangements of 13C in various metabolites of glycolysis using [1,2-13C]glucose as the single tracer. Glucose activation via
hexokinase/glucokinase and the formation of fructose-1,6-bis-phosphate maintain the 3C-labeled carbons in the 1st and 2nd positions.
13C-labeled carbon positions derived from [1,2-13C]glucose are red, whereas 2C native-labeled carbon positions are black. During
oncogenesis there is a large increase in glucose-carbon entry into transforming cells, which can be detected by an increase in the glycolytic
flux towards lactate and nucleotides in cells treated with isofenphos or transforming growth factor-f2 (TGF-f3,). Gleevec™ inhibits
hexokinase and glucose entry into leukemia cells at one of its metabolic target sites.

anti-tumor therapies. Here we discuss the specific appli-
cation of [1,2-13C]glucose in metabolic profiling.

The changing pattern of distribution of 13C from [1,2-
13C]glucose in intracellular metabolic intermediates pro-
vides a measure of carbon flow towards the pentose
cycle, glycolysis, direct glucose oxidation, the tricarboxylic
acid (TCA) cycle and fatty acid synthesis, simultaneously.
Metabolic profiling reveals specific flux changes in lactate,
glutamate, nucleic acid ribose, palmitate and CO, during
oncogenesis and during anti-proliferative treatments.
Thus, it indicates major changes in glucose utilization for
macromolecule synthesis in cancer, information that can
also be used for drug target development.

Rationale for 13C labeling
In general, [1,2-13C,]glucose metabolism produces two iso-
tope-labeled intermediary metabolite species (also called
mass isotopomers): m1, with one 13C substitution, and m2,
with two 13C substitutions. These isotopomers are readily
separated and measured using gas chromatography-mass
spectrometry (GC-MS) techniques described elsewhere [6-9].
Lactate is the main three-carbon product of glycolysis
and is readily secreted into the cell culture medium; there-
fore, it can be used to measure label incorporation into the
three-carbon metabolite pool. The possible arrangements
of 13C labels from [1,2-13C]glucose to lactate through gly-
colysis are shown in Fig. 1 and Fig. 2. Glucose oxidation
through the pentose cycle, however, results in a loss of the

first 13C of glucose (shown in Fig. 3). 13CO, is also released
during glucose oxidation, which reflects glucose utilization
for energy production in the pentose and TCA cycles.
During metabolic profiling we determine not only the
amount of 13C isotope accumulation but also the positions
of 13C-labeled carbons within lactate. It is easy to see that
the ratio between m1 (recycled lactate from oxidized glu-
cose via the oxidative branch of the pentose cycle) and m2
(lactate produced by the Embden-Meyerhof-Parnas gly-
colytic pathway) is indicative of the activity of G6PD and
glucose recycling in the pentose cycle. A detailed descrip-
tion of the reactions and calculations can be found else-
where [6]. Anti-cancer drug treatment that affects direct
glucose oxidation or glycolytic flux is expected to alter
glucose-label rearrangement in lactate.

Ribose and deoxyribose are the building blocks of nu-
cleotides and, therefore, 13C incorporation from glucose
into RNA ribose or DNA deoxyribose indicates changes in
nucleic-acid synthesis rates through the respective
branches of the pentose cycle. Singly labeled ribose mol-
ecules on the first carbon position (m1) represent ribose
that is produced by direct glucose oxidation through G6PD
(Fig. 3). This ribose can either be incorporated into nucleic
acid or returned to glycolysis as shown in Fig. 4. The alter-
native pathway for ribose synthesis is through the non-
oxidative steps of the pentose cycle using glycolytic metab-
olites. The non-oxidative synthesis of ribose from glucose
is controlled by transketolase as shown in Fig. 5. There is
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Figure 2. Formation of [2,3-13C]lactate through the Embden-Meyerhoff-Parnas pathway. The production of three-carbon metabolites by
aldolase, glyceraldehyde and dihydroxyacetone phosphates transfers the labeled carbons into the 2nd and 3rd positions of glyceraldehyde.
There are no subsequent positional changes in terms of 13C labeling by triose phosphate isomerase in the three-carbon metabolite pool that
undergoes glycolysis, resulting in the release of lactate. Oncogenesis increases lactate production from glucose in all transformed cells,
which can be detected as an increase 13C labeling in lactate in the medium. The M, isoform of pyruvate kinase inhibits glycolysis but
expands the phosphometabolite pool for nucleic acid synthesis.
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Figure 3. The rearrangement of '3C in pentose cycle metabolites resulting from direct glucose oxidation. The loss of the first labeled carbon
of glucose resulting from direct oxidation produces ribulose molecules that are labeled only on the first position with '3C. During the
oxidation of glucose, 13CO, is released, which can easily be detected using isotope ratio mass spectrometry (IRMS). Reducing equivalent
NADP+ is also produced that can be used in lipid synthesis, DNA nucleotide production or to maintain reductive-oxidative reactions
throughout metabolism. New anti-cancer treatment modalities such as Gleevec™ and Avemar™ primarily target glucose oxidation and
ribose synthesis in the pentose cycle by decreasing G6PD and glucose carbon flow towards nucleic acid synthesis.
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Figure 4. [1-13C]Ribose-5-P formation in the non-oxidative pentose cycle after glucose oxidation. The non-oxidative steps of the pentose
cycle generate several intermediates that can be used for nucleic acid synthesis (ribose-5-P, as seen in proliferating cells) or recycled back to
glycolysis (glyceraldehydes-P and fructose-P, as seen in non-proliferating, resting cells).
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Figure 5. The formation of [1,2-13C]ribose through the non-oxidative reactions of the pentose cycle. Rapidly proliferating tumor cells are
able to synthesize ribose-5-P via non-oxidative pentose cycle reactions in which thiamin (vitamin B,) functions as the necessary co-factor of
transketolase. This process enables the unrestrained production of ribose-5-P in tumor cells, independent of available NADP, a phenomenon
observed in response to isofenphos pesticide or transforming growth factor-32 (TGF-f3,) treatment in transforming cells. Increased non-
oxidative synthesis of ribose from glucose deprives tumor cells of reducing compounds. Although this gives rise to great cell-proliferating
potential, reductive synthesis, differentiation, normal cell morphology and functions are diminished. Both the wheatgerm product,
Avemar™, and the soybean phytochemical, genistein, inhibit transketolase and thereby inhibit carbon flow through the non-oxidative steps
of the pentose cycle as their primary mechanism of anti-proliferative action.
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Figure 6. Formation of 3C-labeled acetyl-CoA and glutamate through pyruvate dehydrogenase and pyruvate carboxylase in the TCA cycle.
Glucose carbons readily label TCA-cycle metabolites and fatty acids because the first two carbons of glucose form the acetate molecules
that enter the TCA cycle and lipid synthesis pathways. The M, pyruvate-kinase tumor-marker enzyme has low affinity for phosphoenol
pyruvate (PEP), which decreases TCA cycle carbon flux and fatty acid synthesis in transformed cells. Gleevec™ and genistein are strong
inhibitors of fatty acid synthesis in tumor cells, which can be demonstrated by decreased '3C-labeled carbon flow toward fatty acid
synthesis. TCA cycle metabolism is evidently not a primary target of anti-tumor drugs, because the TCA-cycle carbon flow and the labeling
of glutamate from glucose are not significantly changed in tumor cells after these treatments.

no net carbon-loss throughout the non-oxidative steps of
the pentose cycle; therefore, ribose molecules labeled on
the first two carbon positions with 13C (m2) represent nu-
cleic acid ribose synthesis through the non-oxidative route
[6]. The ratio between m1 and m2 of nucleic acid ribose
and deoxyribose closely reflects the involvement of glucose
oxidation and non-oxidative ribose synthesis in tumor
cells. These reactions are effectively modulated by novel
and effective cancer treatment modalities during de novo
nucleic acid synthesis and cell growth, as described later.

13CO, release is a reliable marker of glucose oxidation
(Fig. 3). 13CO, production from [1,2-13C]glucose takes place
in both the pentose and TCA cycles and is measured as part
of the metabolic profiling process to determine the rate of
glucose oxidation in response to anti-cancer therapies.
Decreased glucose oxidation with increased glucose uptake
is always a reliable sign of increased anabolism, as seen in
transformed cells.

Glutamate, a non-essential amino acid, is partially pro-
duced from mitochondrial o-ketoglutarate, which is a cen-
tral intermediate of the TCA cycle. Glutamate is readily
released into the culture medium after synthesis, which
represents one of the routes for glucose carbon utilization.

22 www.drugdiscoverytoday.com

Therefore, label incorporation from glucose into glutamate
is a good indicator of TCA cycle anabolic metabolism for
amino acid synthesis instead of glucose oxidation (Fig. 6)
[7,8]. Surprisingly, cell-transforming agents and anti-cancer
treatments only weakly influence TCA cycle carbon flow as
demonstrated by unaltered glutamate 13C accumulation
from glucose in tumor cell cultures.

Fatty acid synthesis is also strongly dependent on glu-
cose carbons through the formation of acetyl-CoA via
pyruvate dehydrogenase. The incorporation of 13C from
[1,2-13C]glucose gives key information about the fraction
of de novo lipogenesis in tumor cells and about glucose car-
bon contribution to acetyl-CoA for fatty acid synthesis
(Fig. 6) [9]. Almost all cancer treatment modalities alter
fatty acid synthesis, and changes in the flow of carbon to-
ward fatty acid synthesis are important in tumor growth
control.

Studying metabolic profiles in response to cell-trans-
forming agents or cancer growth-controlling compounds
using stable isotopes in cancer cell cultures or in vivo, can
reveal how the growth signaling and metabolic processes
are linked and to what extent metabolic pathway flux in-
fluences cell growth. Effective anti-cancer therapeutics are
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Table 1. Metabolic profiles during carcinogenesis

Transforming agent  Target pathways

Transforming growth  Pentose cycle,

Metabolic profile

Increased glucose carbon flow through the

Phenotype Ref.

Poorly differentiated lung [11]

factor b2 glycolysis, TCA cycle non-oxidative pentose cycle; decreased carcinoma
glycolysis and glucose oxidation
Isofenphos Pentose cycle, TCA  Increased glucose carbon flow through the Rapidly progressing [12]
organophosphate cycle, fatty acid non-oxidative pentose cycle; severely leukemia
pesticide synthesis diminished fatty acid synthesis and glucose
oxidation
Bcr/Abl tyrosine Glucose High increase in glucose intake resulting from  Highly proliferative, [19]
kinase oncogene phosphorylation the expression of a high affinity glucose differentiated
(leukemia) transporter GLUT-1
M2 isoform pyruvate  Glycolysis Decreased glycolytic flux, increased levels of ~ Transformed, highly [13]

kinase

glucose-phosphate intermediates available for

proliferative

nucleotide precursor synthesis

Abbreviation: TCA, tricarboxyric acid.

expected to limit carbon flow towards nucleic acid synthe-
sis and shift glucose toward oxidation or fatty acid synthe-
sis. These changes can easily be revealed by metabolic pro-
filing, making it an excellent tool for screening potential
new drugs to treat cancer. Examples of how metabolic pro-
files change in cells, how cancer therapeutics reverse them,
and how metabolic profiling can reveal both types of
change as they happen, are provided in the next section.

Increased pentose cycle carbon flow and cell
transformation
Cancer progression is enhanced by the autonomous
growth promoting tyrosine kinase signaling ligand, trans-
forming growth factor-f, (TGF-B,) [10]. This process pri-
marily depends on non-oxidative glucose conversion into
ribose as the end-result of this signaling pathway [11].
Similarly, the carcinogen pesticide isofenphos directs glu-
cose carbon-flow towards nucleic acid ribose synthesis in
myeloid cells, resulting in a proliferative phenotype [12].
As depicted in Table 1, cell-transforming agents uniformly
induce carbon-flow changes consistent with increased pen-
tose cycle metabolism. The primary direction of glucose
carbon flow in transformed human cells is toward nucleic
acid ribose synthesis. By contrast, decreased carbon flow is
observed towards amino acid and fatty acid synthesis path-
ways. The phenotypic consequences of this include rapidly
proliferating, poorly differentiated cells with aneuploidy.
This increased carbon flow towards nucleic acid synthesis
requires the unremitting expansion of six, five and three-
carbon phospho-metabolite pools. This is expedited by the
oncogenic expression of the dimer M, isoform of pyruvate
kinase (M,PK) [13]. The oncogenic transition lowers the

affinity of substrate phosphoenolpyruvate for pyruvate
kinase, thus decreasing glycolytic flux but expanding all
glucose phosphate intermediary metabolites in tumor cells
that promote nucleotide synthesis (Fig. 2; Table 1). The ex-
pression of M,PK has consistently been observed in kidney
[14], lung [15], gastrointestinal [16], and breast malignan-
cies [17], indicating the presence of malignant cells with
sufficiently high specificity and sensitivity that it is now
recommended as a reliable tumor marker.

Decreased pentose cycle carbon-flow as a cell
growth controlling mechanism

Oncogenic transformation of myeloid cells in chronic
myeloid leukemia (CML) results from the expression of a
constitutively active tyrosine-kinase signaling protein con-
struct, generated by the re-alignment of the breakpoint
cluster region and Ableson leukemia virus proto-oncogene
sequences (Bcr/Abl) [18]. This construct stimulates glucose
transport in multipotent hematopoietic cells [19]. The in-
hibition of the Bcr/Abl tyrosine kinase by the anti-cancer
drug, STIS71 (Gleevec™), has been shown to effectively in-
hibit glucose utilization towards nucleic acid synthesis and
leukemia cell proliferation [20]. At doses comparable to
those used in the treatment of myelogenous leukemia,
STIS71 suppresses hexokinase and G6PD activities in K562
myeloid leukemia cells. As a result, STIS71 limits pentose
cycle carbon-flow towards nucleic acid ribose synthesis, as
depicted in Table 2.

Decreased glucose carbon-flow towards nucleic acid syn-
thesis has also been observed in cancer cells after treatment
with other agents, including phytochemicals (Avemar™,
genistein) [21,22] and natural hormones such as dehy-
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Table 2. Metabolic profiles in response to anticancer treatments

Treatment

Gleevec (STI571)
(Bcr/Abl tyrosine
kinase inhibitor)

Target pathways

Glucose intake,
pentose cycle, fatty
acid synthesis

Metabolic profile

Decreased glucose intake and carbon flow
through the oxidative pentose cycle;
decreased fatty acid synthesis; inhibitor of

Phenotype Ref.

Decreased cell [20]
proliferation

hexokinase and G6PD

Genistein (soy bean
phytochemical)

Pentose cycle, fatty
acid synthesis

Decreased glucose intake and carbon flow
through the non-oxidative pentose cycle;

Apoptosis [21]

decreased fatty acid synthesis

AVEMAR (fermented
wheat germ extract;
G6PD and
transketolase inhibitor)

DHEA-S(G6PD inhibitor) Pentose cycle

Oxythiamine Pentose cycle
(transketolase inhibitor)

Pentose cycle, fatty
acid synthesis

Decreased glucose intake and carbon flow
through the non-oxidative pentose cycle;
increased fatty acid synthesis

Decreased oxidative pentose cycle flux
Decreased non-oxidative pentose cycle flux

Decreased proliferation; [22]
cancer patients gain
weight

G1 cell cycle arrest [23]
G1 cell cycle arrest [23,31]

Abbreviation: DHEA-S, dehydroepiandrosterone sulphate; G6PD, glucose-6-phosphate dehydrigenase.

droepiandrosterone sulfate (DHEA-S) [23] (Table 2).
Because ribose is a structurally similar metabolite of glu-
cose and ribose nucleotides are essential for de novo DNA
and RNA synthesis, it is evident that metabolic profiling
using specifically labeled glucose isotopes will have far
reaching applications in the discovery of anti-proliferative
drugs. Metabolic profiling has been much appreciated
for its role in uncovering the leukemic effect of anti-
cholinesterases by revealing what happens metabolically
when cells shift from a normal to a tumorigenic cell cycle
[24]. It is rather surprising that the TCA cycle is not a pri-
mary target of the cell transformation process [11] and
anti-cancer modalities. Treatments that effectively limit
carbon flow in the pentose cycle do not induce the same
effect in the TCA cycle [21,22].

Metabolic control coefficients in metabolic profiling

It is evident that high levels of pentose cycle enzymes are
associated with cell aging, uncontrolled cell proliferation
and prolonged cell survival [25]. Pentose cycle enzymes
provide the necessary ribose substrate for de novo nucleic
acid synthesis as well as the reducing compound NADP+
for deoxyribose and fatty acid syntheses. A shortage in glu-
cose carbon flow towards nucleic acid synthesis, as well as
decreased NADP+ production, are strong metabolic signs of
cell cycle withdrawal and apoptosis in rapidly dividing
cells [26,27] (Table 2). To understand why pentose cycle
enzymes have such a strong influence on cell physiology
and how they control cell growth and transformation, one
needs to consider the concept of metabolic control analysis
(MCA). MCA provides a quantitative description of substrate
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flux in response to changes in various system parameters
in complex enzyme systems [28]. Therefore, MCA and
metabolic profiling are closely related fields, because car-
bon flow changes are the combined results of enzyme ac-
tivity changes and substrate availability and redistribution.

In MCA, the control exerted over substrate flux or any
systemic parameter (e.g. cell proliferation) can be quantita-
tively described as a control coefficient for each and every
enzyme in a metabolic network. Pentose cycle enzymes
have been characterized in terms of their flux control co-
efficients in various mammalian cells, including tumor
cells. The growth control coefficients of G6PD and transke-
tolase in the Ehrlich’s tumor model were recently reported
to be high [29] and these enzymes are ranked as new
promising anti-cancer drug targets [30]. The expanded
understanding of crucial proliferative processes provided
by MCA and metabolic profiling make it clear that target
metabolic enzymes for new anti-cancer therapies have to
be those that are demonstrated to have high control coeffi-
cients to limit substrate flow for nucleic acid ribose synthesis.
This is, of course, also a crucial criterion in drug develop-
ment efforts in which the efficacy of potential anti-prolif-
erative drugs is determined by metabolic screening.

Applying metabolic profiling in drug discovery

Current drug discovery places heavy emphasis on finding
new anti-cancer compounds that work by interfering with
cell growth by targeting specific signal transduction path-
ways or genes. The use of metabolic profiles in the drug
discovery process enables the determination of the crucial
enzymatic steps that control carbon flow into proliferation-
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related macromolecules. It is possible, using metabolic pro-
filing, to identify new targets for anti-cancer compounds
that selectively disrupt the unique metabolic networks of
cancer cells. Our previous studies have mainly focused on
glucose metabolic enzymes including hexokinase, G6PD
and transketolase. Other potential targets remain to be ex-
plored with the notion that advanced, therapy-resistant
tumor growth probably depends on constitutively active
metabolic networks, which can be reached only by using
drugs that inhibit metabolic enzymes. A combined ap-
proach of studying signaling, genetic and metabolic events
on the same bench enables us to better define the meta-
bolic processes of cancer cell growth and death. Using such
an approach, a much larger set of anti-cancer compounds
could be screened according to their signaling properties
and metabolic profiles during the industrial drug develop-
ment process.

The need for metabolic profiling using stable isotope-
labeled substrates is demonstrated by the fact that although
molecular genetic studies can anticipate changes in metab-
olism, they can not fully reveal whether metabolic network
enzymes with strong control properties are active and their
substrates abundantly present.

Conclusion

Metabolic profiling provides vital information beyond the
reach of signal transduction and genetic studies, showing
whether the adjustments in carbon flow and pentose cycle
metabolism that are essential for rapid cell proliferation are
taking place. Furthermore, the use of metabolic profiling
to both identify crucial targets and fully establish whether
a candidate anti-cancer drug actually produces a growth-
limiting effect makes molecular profiling a valuable new
tool in the efficient development of effective mechanism-
based anti-cancer drugs.
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