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Metabolic reprogramming that alters the utilization of glucose including the “Warburg effect” is critical in the
development of a tumorigenic phenotype. However, the effects of the Harvey-ras (H-ras) oncogene on cellular energy
metabolism duringmammary carcinogenesis are not known. The purpose of this studywas to determine the effect of H-ras
transformation on glucose metabolism using the untransformed MCF10A and H-ras oncogene transfected (MCF10A-ras)
human breast epithelial cells, a model for early breast cancer progression. We measured the metabolite fluxes at the cell
membrane by a selective micro-biosensor, [13C6]glucose flux by 13C-mass isotopomer distribution analysis of media
metabolites, intracellular metabolite levels by NMR, and gene expression of glucose metabolism enzymes by quantitative
PCR. Results from these studies indicated that MCF10A-ras cells exhibited enhanced glycolytic activity and lactate
production, decreased glucose flux through the tricarboxylic acid (TCA) cycle, as well as an increase in the utilization of
glucose in the pentose phosphate pathway (PPP). These results provide evidence for a role of H-ras oncogene in the
metabolic reprogramming of MCF10A cells during early mammary carcinogenesis. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

The increased glycolytic metabolism and pyruvate
oxidative phosphorylation noted in tumors termed
the “Warburg effect” was described decades ago [1].
This shift in cellular metabolism describes an in-
creased glucose uptake and a shift of the pyruvate
oxidative phosphorylation in the mitochondria to-
wards a more rapid aerobic glycolysis even in a
normoxic environment, and increased conversion of
pyruvate to lactate [1]. The resulting lactate may also
serve as an energy source for tumor cells [2]. It is now
known that this metabolic reprogramming also
occurs in proliferating cells [3]. These increased rates
of glucose uptake and metabolism provide an advan-
tage to proliferating and cancer cells by favoring
utilization of the most abundant energy and carbon
sources. For example, glucose metabolism yields
ribose for nucleic acid synthesis and NADPH through
the pentose phosphate pathway (PPP) while greater
glycolysis provides intermediates tomaintain anaple-
rosis and supply biosynthetic intermediates [3]. The
biological importance of this metabolic shift is
supported by the high rate of glycolysis and an over
expression of glucose transporters and glycolytic
enzymes in many types of solid tumors [4]. Depriva-
tion of glucose can induce oxidative stress and other
defects in metabolism which leads to cancer cell

apoptosis [5,6]. Further, inhibitors of glucose trans-
porters and glycolytic inhibitors have been imple-
mented as effective anticancer treatments and can
also sensitize the tumor cells to other chemothera-
peutic drugs [7,8]. Unlike in the normal proliferating
cells, suchmetabolic reprogramming in cancer cells is
controlled by oncogenes which lead to the growth
factor independent, chronic activation of the prolif-
erative pathways [3].

The Ras subfamily of proteins is a group of small
GTPases which serve as an important effector
essential for the signal transduction induced by
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numerous growth factors to stimulate cell prolifera-
tion. The ras proto-oncogene is frequently mutated
in cancers [9,10] and affects a variety of processes
involved in cancer progression. The oncogenic ras
drives cellular proliferation in the transformed cells
by promoting pro-growth and inhibiting anti-
growth signals in a growth factor independent
manner [9]. Although mutations in the ras gene
are not common in breast cancers [11,12], Ras may
be pathologically activated in breast cancer by
overexpression of growth factor receptors signaling
through Ras such as the ErbB2 receptor, which is
activated in 30% of breast cancers [13,14]. Harvey-
ras (H-ras)-induced tumors are characterized by
activation of mitogen-activated protein kinase sig-
naling [15] and is associated with early neoplasia
and poor prognosis [13,16]. Although K-ras trans-
fection has been shown to alter cellular metabolism
in fibroblast cells [17], the impact of H-ras in
epithelial cells in models representative of early
progression has not been studied.

The purpose of the current study was to determine
the effect of theHarvey-rasoncogene (H-ras) on cellular
energy metabolism in untransformed MCF10A and H-
ras transfected MCF10A (MCF10A-ras) human breast
epithelial cells, which serve as a model for studying
early mammary carcinogenesis. The hypothesis of the
study is thatMCF10A-ras cells have increased glycolytic
activity and lactate production as well as reduced flux
through the tricarboxylic acid (TCA) cycle. These
results will contribute to understanding the effect of
H-ras on the regulation of cellular energy metabolism
during early breast cancer progression.

MATERIALS AND METHODS

Chemicals and Reagents

Dulbecco’s modified Eagle medium (DMEM/F12),
horse serum, trypsin and penicillin/streptomycin
were obtained from Life Technologies, Gibco-BRL
(Rockville, MD). Cholera toxin was purchased from
Calbiochem (Darmstadt, Germany). Protein assay
reagents were obtained from Pierce (Rockford, IL).
Protease inhibitors cocktail, trypan blue, insulin,
epidermal growth factor, and hydrocortisone were
purchased from Sigma (St. Louis,MO). All reagents for
gas chromatography-mass spectrometry (GC–MS)
analyses were from Pierce. D-[13C6]Glucose was
purchased from Cambridge Isotope labs (Woburn,
MA). Mass spectrometry analysis confirmed its
chemical and isotopic purity (92.7% [13C6]glucose
and 6.9% [13C5]glucose).

Cell Culture

MCF10Ahumanbreast epithelial cells andMCF10A-
ras cells were a gift from Dr. Michael Kinch, Purdue
University. The phenotypes of the two cell lineswhich
were originally derived from human fibrocystic
mammary tissue have been well characterized in the

literature. The MCF10A cells are spontaneously
immortalized but otherwise normal, which do not
form colonies in soft agar or grow in immuno-
compromised mice [18], but undergo a well-defined
program of proliferation and differentiation in three-
dimensional (3-D) reconstituted basementmembrane
culture, forming acinar structures that recapitulate
many aspects of mammary architecture in vivo
[19]. The MCF10A-ras cells were premalignant breast
epithelial cells generated by transfecting the MCF10A
cells with constitutively active T24 Harvey-ras onco-
gene. They can form complex multi-acinar structures
that produce a basement membrane but undergo
delayed cell cycle arrest and have incomplete luminal
development when grown in 3-D culture [19].
Therefore, these two cell lines with the same genetic
background serve as a uniquemodel to represent early
breast cancer progression. TheMCF10A andMCF10A-
ras cells were cultured in DMEM/F12 (1:1) containing
5% horse serum and supplemented with 10mg/L
insulin, 20mg/L epidermal growth factor, 50mg/L
cholera toxin, 50mg/L hydrocortisone, 100units/mL
penicillin, and 0.1mg/mL streptomycin in a humidi-
fied environment at 378C with 5% CO2. Cells were
maintained in fresh media changed every 24h for 4d
before measurement or harvest.

RNA Isolation and Analysis

RNA was isolated with TriReagent (Molecular
Research Center, Cincinnati, OH) following the
manufacturer’s instructions. Reverse transcription of
total RNA was performed using MMLV reverse
transcriptase (Promega, Madison, WI). Real-time
quantitative PCR was performed using the Brilliant
II SYBRGreenQPCRMasterMix (Agilent, Santa Clara,
CA). The mRNA abundances of enzymes involved in
glucose metabolism were determined from the
threshold cycle (Ct) value. The mRNA expression
was normalized to 18S expression and results were
expressed as arbitrary units. The primers used are
shown in Table 1.

Metabolomics

Cells were washed with calcium and magnesium
free-phosphate buffer saline (CMF-PBS) and were
harvested on ice into doubly distilled water and the
intracellular metabolites were extracted following
freeze-thaw procedure specially optimized for mam-
malian cell cultures [20]. Cell debris was pelleted by
centrifugation at 12,000 RPM for 2min at 48C. The
supernatant was collected for metabolite profiling
analysis using nuclear magnetic resonance (NMR)
spectroscopy andmass spectrometry (MS) [21–23]. For
metabolites analysis using NMR, water was removed
by freeze-drying and the resulting residue reconsti-
tuted in 100mM phosphate buffer (pH 7.4) prepared
using deuterated water. Metabolite levels were nor-
malized to protein content, which was determined by
protein assay (Pierce).
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13C-Metabolite Flux Analysis

Two hours before cell harvest, media were changed
to fresh media containing equal concentrations of
unlabelled and labeled glucose, and media collected
after incubation for 2h and stored at �808C.
Subsequently, media was used to monitor the 13C-
mass isotopomer distribution in metabolites using
GC–MS. To 1mL of media was added 0.2mL of
sulfosalicylic acid (50%w:v). The acid-supernatant
was desalted by cation (AG 50W-X8, Hþ form)
exchange, and amino acids, pyruvate and lactate
eluted with 2mol/L NH4OH followed by water. The
frozen eluate was lyophilized to dryness, and analytes
converted to their t-butyldimethylsilyl derivative
prior to GCMS (HP 5973N Mass Selective Detector,
Agilent, Palo Alto, CA). Fragment ions containing all
carbons of an analyte (lactate, pyruvate, aspartate,
and glutamate) were monitored under electron
impact mode. Normalized crude ion abundances of
the enriched analytes were corrected for themeasured
natural abundance of stable isotopes present in the
original molecule and that contributed by the
derivative using the matrix approach [24].
Flux calculations were based on tracer:tracee ratios

(TTR) in the form mol 13C-isotopomer (Mþn) per
100mol 12C analyte (Mþ0), where n equals the
number of 13C-labelled carbons in the analyte, for
example [Mþ1], [Mþ2] and [Mþ3]pyruvate. Catabo-
lism of [13C6]glucose via the glycolytic pathway
results in distinctive 13C-labelling patterns in metab-

olites that provide information on the contributions
of glucose to pathway fluxes and the activity of the
enzymatic pathways through which the 13C-skeleton
traversed [25]. Catabolism of [13C6]glucose via the
glycolytic pathway leads to the synthesis of [Mþ3]
phosphoglycerate, thus [Mþ3]serine. It is important
to note that the DMEM media contains serine, thus
results are expressed as relative flux. Catabolism of
[13C6]glucose leads to [Mþ3]pyruvate (and [Mþ3]
lactate) which is readily released into the media after
synthesis. It is important to note that the DMEM/F12
media does not contain pyruvate and lactate, thus the
appearance and 13C-labelling of these metabolites in
media directly measures their activity in the intracel-
lular pool. Thus, the contribution of glucose to the
flux of pyruvate (and lactate) can be assessed from the
ratios [Mþ3]pyruvate to [Mþ6]glucose. For measure-
ment of pyruvate dehydrogenase (PDH) activity, we
took advantage of the unique labeling patterns that
result when [Mþ3]pyruvate is metabolized in the
tricarboxylic acid (TCA). First, metabolism of the
[Mþ3]pyruvate isotopomer via pyruvate carboxylase
(PC) introduces the [Mþ3]oxaloacetate isotopomer
into the TCA cycle and that this [Mþ3]oxaloacetate
eventually leads to formation of [Mþ3]a-ketogluta-
rate. Second, the [Mþ3]pyruvate isotopomer can also
be metabolized via PDH to yield [Mþ2]acetyl-CoA
and thence [Mþ2]a-ketoglutarate. However, the
[Mþ2]a-ketoglutarate isotopomer can also arise as a
consequence of the equilibrium reaction between
oxaloacetate and fumarate. This metabolic cycle
yields an equalmixture of two positional isotopomers
of [Mþ3]oxaloacetate, one labeled in carbons 1–3 and
the other in carbons 2–4. In consequence, because the
decarboxylation step between citrate and a-ketoglu-
tarate leads to the loss of carbon 1 of oxaloacetate (i.e.,
half of [Mþ3]oxaloacetate contributes to [Mþ2]a-
ketoglutarate enrichment), a correctionmust bemade
to the [Mþ2]a-ketoglutarate enrichment [26]. Direct
measurement of intracellular oxaloacetate and a-
ketoglutarate enrichments is technically challenging,
particularly in the current study with cells in culture.
As an alternative, we measured [Mþ2], [Mþ3]aspar-
tate and [Mþ2], [Mþ3]glutamate inmedia since these
isotopomers can only arise from intracellular synthe-
sis from oxaloacetate and a-ketoglutarate, respective-
ly. And, even though the DMEM/F12 media
contained unlabelled aspartate and glutamate, the
dilution of the 13C-isotopomers of these amino acids
will not alter the relative labeling of the [Mþ2] and
[Mþ3]isotopomers. In consequence, the relative
contribution of [Mþ3]pyruvate to [Mþ2]acetyl-CoA,
that is, PDH activity, can be assessed by the ratio of
[Mþ2]acetyl-CoA to [Mþ3]pyruvate [26].

Membrane Metabolite Fluxes

A sensitive and selective enzyme-based micro-
biosensor decorated with platinum nanoparticle was
employed in self-referencing mode to measure real-

Table 1. Primers Used in QPCR Analysis of Gene Expression

Genes Primer information

GLUT1 Forward: 50-TATCGTCAACACGGCCTTCACTGT-30

Reverse: 50-CACAAAGCCAAAGATGGCCACGAT-30

SGLT1 Forward: 50-GCTCATGATTGCCGGAAGGTTGTT-30

Reverse: 50-AATGGGTGGTCCCAAGTAACTGGT-30

HK2 Forward: 50-CTGCAGCGCATCAAGGAGAACAAA-30

Reverse: 50-ACGGTCTTATGTAGACGCTTGGCA-30

PGK1 Forward: 50-TCACTCGGGCTAAGCAGATTGTGT-30

Reverse: 50-CGTGTTCCATTTGGCACAGCAAGT-30

PKM1 Forward: 50-AGAACTTGTGCGAGCCTCAAGTCA-30

Reverse: 50- CATTCATGGCAAAGTTCACCCGGA-30

PKM2 Forward: 50-ATTATTTGAGGAACTCCGCCGCCT-30

Reverse: 50-CATTCATGGCAAAGTTCACCCGGA-30

LDHA Forward: 50-TGGTCCAGCGTAACGTGAACATCT-30

Reverse: 50-TTGCAACCGCTTCCAATAACACGG-30

PDK1 Forward: 50-TCATGTCACGCTGGGTAATGAGGA-30

Reverse: 50-AACACGAGGTCTTGGTGCAGTTGA-30

PEPCK Forward: 50-AGATCATCTCCTTTGGCAGTGGGT-30

Reverse: 50-GTGCGTCAAACTTCATCCAGGCAA-30

G6PD Forward: 50-TGCCTTCCATCAGTCGGATACACA-30

Reverse: 50-GCATAGCCCACGATGAAGGTGTTT-30

18S Forward: 50-TTAGAGTGTTCAAAGCAGGCCCGA-30

Reverse: 50-TCTTGGCAAATGCTTTCGCTCTGG-30
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time physiological glucose, oxygen and lactate flux
across the cell membrane [27]. Self-referencing
involves oscillation of a single microsensor via
computer-controlled stepper. This non-invasive tech-
nique provides direct measurement of trans-mem-
brane analyte flux, reviewed in detail by McLamore
and Porterfield [28].

Statistical Analysis

Data were analyzed by ANOVA to account for the
effects of treatment and experiment replication.
Values are presented as means and standard errors
(SEM). Means were compared using the Student’s
t-test and by analysis of variance (ANOVA) andmeans
were considered different when P<0.05.

RESULTS

MCF10A-ras Cells Have Greater Aerobic Glycolysis

The impact of the activated H-ras gene on glucose
uptake and glycolytic activity was investigated in the
MCF10A and MCF10A-ras cells. The flux of glucose
into the glycolytic pathway was assessed by the flux
contribution of 13C6-labeled glucose to the glycolytic
intermediates 3-phosphoglycerate and pyruvate. Re-
sults showed that glucose flux into 3-phosphoglycer-
ate was increased 94% in MCF10A-ras cells compared
to MCF10A cells (Figure 1A), while pyruvate flux
from glucose was not different in the two cell lines
(Figure 1A), suggesting an increased flux of glucose
through the glycolytic pathway in the H-ras trans-
formed MCF10A cells.

Basal glucose influx at the cell membrane from
the media was measured by the nano-biosensor as
described previously. Glucose influx at the cell
membrane was more than two-fold greater in the
MCF10A-ras cells (328�17pmol/cm2/sec) than in the
MCF10A cells (156�19pmol/cm2/sec, P<0.01;
Figure 1B), suggesting an increase in glucose uptake
in ras transformed MCF10A cells, a hallmark of the
Warburg effect during cancer progression. However,
mRNA expression of the glucose transporter 1
(GLUT1) gene, the major glucose transporter in
mammalian cells, was 35% lower in the MCF10A-ras
cells (Figure 1C). In addition, expression of the sodium
dependent glucose transporter (SGLT1) gene in the
MCF10A-ras cells was also significantly lower than in
the MCF10A cells (Figure 1C). These results suggest
that the increase in glucose uptake in theMCF10A-ras
cells is not due to an induction of the expression of
these two glucose transporters by the ras oncogene.

Expression of genes for key enzymes in the
glycolytic pathway were also measured in both cell
lines. The expression of hexokinase 2 (HK2), the
enzymemediating the first step of phosphorylation of
glucose during glycolysis, was not significantly
different in the MCF10A-ras and MCF10A cells
(Figure 1D). Phosphoglycerate kinase 1 (PGK1)
catalyzes the seventh step of glycolysis, where 1,3-

bisphosphoglycerate is converted to 3-phosphoglyc-
erate with the formation of one ATP molecule. The
MCF10A-ras cells have 20% greater expression of
PGK1 (Figure 1D), consistent with the increase of flux
into 3-phosphoglycerate from glucose (Figure 1A).
Pyruvate kinase M1 (PKM1) and M2 catalyze conver-
sion of phosphoenolpyruvate (PEP) to pyruvate, the
rate-limiting final step of glycolysis. PKM2 is the
predominant isoform expressed in bothMCF10A and
MCF10A-ras cells, and the switch of PKM1 to PKM2
has been shown to be important for the shift in
cellular metabolism to aerobic glycolysis which
promotes tumor growth [29]. There was a 47% greater
expression of PKM1 but not PKM2 in the MCF10A-ras
cells (Figure 1D). In addition, the enzyme activity
assay of total pyruvate kinase (PK) showed that PK
activity was not different between the two cell types
(Figure 1E). Moreover, metabolic profiling showed
that the intracellular PEP level was not different in
the two cell types (Figure 1F), suggesting that the
increased glucose flux into glycolysis may not be
due to an increased conversion of PEP to pyruvate in
the MCF10A-ras cells.

MCF10A-ras Cells Have Greater Lactate Production

One of the results of the Warburg effect in cells
during cancer progression is the increased conversion
of pyruvate to lactate. To determine whether there is
an increase in lactate production in the H-ras trans-
formed cells, the mRNA expression of lactate dehy-
drogenase A (LDHA), the enzyme which converts
pyruvate to lactate, was examined in both cell types.
There was a 34% increase in LDHA gene expression in
the MCF10A-ras cells compared to the MCF10A cells
(Figure 2A). Consistent with the increased LDHA
expression inMCF10A-ras cells,metabolic profiling of
the cells showed that intracellular lactate level was
2.4-fold higher in MCF10A-ras than in MCF10A cells
(Figure 2B).

MCF10A-ras Cells Have Reduced TCA Cycle Activity

Since our results suggest that H-ras transformed
cells have increased aerobic glycolysis and lactate
production in progression to cancer, the activity of
tricarboxylic acid (TCA) cycle was examined in both
MCF10A and MCF10A-ras cells. The flux of glucose
into the TCA cycle was assessed by the flux contribu-
tion of 13C6-glucose to the intermediates in the TCA
cycle. Although there was no significant reduction in
the 13C6-glucose flux to TCA cycle intermediates such
as acetyl-CoA and oxaloacetate, the enzyme activity
of pyruvate dehydrogenase (PDH), the mitochondrial
enzyme complex converting pyruvate to acetyl-CoA
for entering the TCA cycle, was reduced by 12%
in MCF10A-ras cells compared to MCF10A cells
as assessed by the 13C6-glucose tracer kinetics
(Figure 3A), suggesting a reduction in TCA cycle
flux fromglucose. Furthermore, themRNA expression
of pyruvate dehydrogenase kinase 1 (PDK1), which

114 ZHENG ET AL.

Molecular Carcinogenesis



Figure 1. Assessment of glycolysis in MCF10A and MCF10A-ras
cells. MCF10A and MCF10A-ras cells were cultured for 4 d before
measurement or harvest. (A) Relative flux contributions of 13C6-labeled
glucose to 3-phosphoglycerate and pyruvate shown in percent
metabolite flux from glucose (mean� SEM, n¼ 4). (B) Basal glucose
influx at the cell membrane (pmol/cm2/sec) in normal culture
conditions. Results are expressed as mean� SEM (n¼ 3). (C) mRNA
expressions of glucose transporters GLUT1 and SGLT1 are expressed

relative to mRNA expression in the MCF10A cells as mean� SEM
(n¼ 3). (D) mRNA expression of glycolytic enzymes are expressed
relative to mRNA expression in the MCF10A cells as mean� SEM
(n¼ 3). (E) Specific activity of pyruvate kinase are shown in mU enzyme
activity per mg total protein (mean� SEM, n¼ 3). (F) Intracellular level
of phosphoenolpyruvate (PEP) relative to that in the MCF10A cells
(mean� SEM, n¼ 4). �Significant difference between the two cell
types (P< 0.05).
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acts to inactivate PDH by phosphorylation, was 54%
higher in MCF10A-ras cells (Figure 3B), further
supporting a reduced flux of glucose into the TCA
cycle through the PDH.

MCF10A-ras Cells Have Greater G6PD Expression

One explanation for the shift to aerobic glycolysis is
to provide metabolic intermediates as precursors and
NADPH as reducing equivalent for the synthesis of
fatty acids, protein and nucleic acids for rapid cell
proliferation [3]. The PPP is an anabolic alternative to

glycolysis, which produces NADPH and ribose-5-
phosphate used in the synthesis of nucleotides. To
determine the impact of the ras oncogene on the PPP,
the expression of glucose-6-phosphate dehydro-
genase (G6PD) was examined. The gene expression
of G6PD was 45% higher in the MCF10A-ras cells
(Figure 4). Since G6PD is the rate limiting enzyme in
the PPP and is also important in maintaining NADPH
levels against oxidative damage [30], this result
indicates that the ras transformed cells may have
increased PPP activity and thus potentially increased

Figure 2. Lactate production inMCF10A andMCF10A-ras cells. MCF10A andMCF10A-ras cells were cultured for
4 d before harvest. (A) mRNA expression of lactate dehydrogenase A (LDHA) is expressed relative to mRNA
expression in theMCF10A cells as mean� SEM (n¼ 3). (B) Intracellular level of lactate relative to that in theMCF10A
cells (mean� SEM, n¼ 4). �Significant difference between the two cell types (P< 0.05).

Figure 3. TCA cycle activity in MCF10A and MCF10A-ras cells. MCF10A and MCF10A-ras cells were cultured for
4 d before harvest. (A) Relative enzyme activity of pyruvate dehydrogenase (PDH) in arbitrary units, determined from
flux contribution of 13C6-labeled glucose (mean� SEM, n¼ 4). (B) mRNA expression of pyruvate dehydrogenase
kinase 1 (PDK1) is expressed relative to mRNA expression in the MCF10A cells as mean� SEM (n¼ 3). �Significant
difference between the two cell types (P< 0.05).
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nucleotides and NADPH synthesis, which promotes
the survival and proliferation of these cells in early
progression to cancer.

DISCUSSION

Alteration in cellular energy metabolism, especially
glucose metabolism, is a signature characteristic of
cancer cells. These alterations drive cell proliferation
through increasing bioenergetics and cellular biosyn-
thesis,maintaininganaplerosis and redoxpotential, as
well as through initiating signal transductions which
are controlled by changes in cellular metabolism
[3,31,32]. Interventions targetingmetabolic pathways
are now emerging as potential preventive or thera-
peutic approaches for cancer [33,34]. In the current
study, these data support the hypothesis that com-
pared to the untransformed MCF10A cells, MCF10A-
ras cells have greater glycolytic activity and glucose
uptake, increased lactate, as well as reduced TCA cycle
flux from glucose at an early stage of cancer progres-
sion. These results together suggest that MCF10A-ras
cells, which are in the early stage of cancer progres-
sion, have a dramatic alteration in energymetabolism
compared to the untransformedMCF10A cells. To our
knowledge, these results are the first evidence of an
early shift in energy metabolism mediated by a single
H-ras oncogene in epithelial cells.

Our results are consistent with previous literature
that an increase in glycolysismay bemediated by only
the activity of the activated K-Ras gene in mouse and
human cells [17], similar to cancer cells [3,4]. Previous
literature demonstrates that the increase in glycolysis
in the Warburg effect in cancer cells is mediated by
increases in multiple enzymes in the glycolytic
pathway, including GLUT1, HK2, PGK1, and PKM2
[4,29,35–41] and an increase in oxygen flux [42].
Similarly, the results of the current study, summarized
in Figure 5, demonstrate the reprogramming of
glucose metabolism that occurs in the MCF10A-ras
breast epithelial cells. In the MCF10A-ras cells,
glucose influx to the cells is upregulated (Figure 5,
solid black arrow). The flux of glucose to the glycolytic
intermediate 3-phosphoglycerate was increased (Fig-
ure 5, solid grey arrow), and consistent with this, the
expression of glycolytic enzyme PGK1 was increased
(Figure 5, dashed upward arrows). However, PKM1 is
increased in the ras-transformed MCF10A cells,
whereas the PKM2 isoform is predominantly ex-
pressed in the MCF10A and MCF10A-ras cells, and it
is the switch of PKM1 to PKM2 that has been shown to
associate with the shift in cellular metabolism to
aerobic glycolysis which promotes tumor growth
[3,29]. However, the enzyme activity of total PK was
not different between the two cell types (Figure 5,
open box). Therefore, the current results support an
increase in glycolytic activity, with a potential
difference in the mechanism underlying this meta-
bolic reprogramming.

Figure 4. G6PD expression in MCF10A and MCF10A-ras cells.
MCF10A and MCF10A-ras cells were cultured for 4 d before harvest.
mRNA expression of glucose-6-phosphate dehydrogenase (G6PD) is
expressed relative to mRNA expression in the MCF10A cells as
mean� SEM (n¼ 3). �Significant difference between the two cell
types (P< 0.05).

Figure 5. Summary of altered glucose metabolism in MCF10A-ras
cells. MCF10A-ras cells exhibited enhanced glycolytic activity and
lactate production, decreased glucose flux through the tricarboxylic
acid (TCA) cycle, as well as a potential increase in glucose utilization in
the pentose phosphate pathway. GLUT1, glucose transporter 1; SGLT1,
sodium dependent glucose transporter1; HK2, hexokinase 2; PGK1,
phosphoglycerate kinase1; PK, pyruvate kinase; PKM1, pyruvate kinase
isoform M1; LDHA, lactate dehydrogenase A; PDH, pyruvate dehydro-
genase; PDK1, pyruvate dehydrogenase kinase 1; G6PD, glucose-6-
phosphate dehydrogenase.
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Anunderlyingmechanismbywhich glucose uptake
is increased in cancer cells is by an increase in
expression of the GLUT1 membrane transporter
[43]. In contrast, in the current study the expression
of major glucose transporters in mammary epithelial
cells GLUT1 and SGLT1 are decreased significantly
in the ras-transformed cells (Figure 5, dashed down-
ward arrows), suggesting that the increased glucose
uptake is not a result of increased expression of
glucose transporters but may be due to increased
glucose flux into the glycolytic pathway. It is possible
that with the increased rate of glycolysis in the
MCF10A-ras cells, which was reflected by increased
expression of glycolytic enzymes (Figure 1D), and
the increased glucose flux to 3-phosphoglycerate
(Figure 1A), there may be increased activity of the
glucose transporters to accommodate the increased
glycolytic activity downstream. More work is needed
to investigate the molecular mechanism such as how
ras oncogene may regulate the GLUT1 activity, to
explain the dramatic increase in glucose uptake in the
MCF10A-ras cells.

Consistent with the classic Warburg effect that the
cancer cells have increased production of lactate as a
result of the increased glycolysis [4], our results
showed increases in both the expression of LDHA
and the intracellular lactate level (Figure 5, dashed
upward arrows) in the MCF10A-ras cells, indicating a
similar effect in lactate production mediated by the
single ras gene activation and that in the cancer cells.
Interestingly, the proliferation rates of the MCF10A
and MCF10A-ras cells are not different (data not
shown), suggesting that the ras-oncogene mediated
shifts in glucose metabolism occur at earlier stage
during tumor progression before the increase in cell
proliferation [43,44].

Another key feature of the classic Warburg effect
is a decrease in glucose flux into the TCA cycle, which
is controlled by the key enzyme PDH and its
inhibitory kinase PDK1 [45,46]. The current results
show that PDH activity is lower (Figure 5, solid box),
concomitant with a substantially increased PDK1
expression (Figure 5, dashed upward arrow) in
the MCF10A-ras cells, suggesting a decrease in
glucose utilization through the TCA cycle. This
decrease is consistent with previous studies showing
a significantly lower mitochondrial Complex I activi-
ty in K-Ras transformed mouse and human cells
[17,47,48].

Evidence suggests that the transcription factors
HIF-1 and Myc, both of which are the key transcrip-
tion factors in the Warburg effect and tumorigenesis,
regulate the expression of the enzymes involved in
the classic Warburg effect, including GLUT1, HK2,
PGK1, LDHA, PDK1, and PK [45,46,49]. The results of
the current study suggest that the increase flux of
glucose through the glycolytic pathway and lactate
production may involve the increased expression of
PGK1, PKM1, and LDHA, and the decreased flux of

glucose into the TCA cycle may involve the increased
expression of PDK1, consistent with regulation by
HIF-1 and Myc. However, the expression of GLUT1
and HK2 were not altered in the MCF10A-ras cells,
which suggests theremay be a difference in regulators
of the effect compared tomore advanced stage cancer
cells. Therefore, these results suggest that the ras-
oncogene may mediate the shift in glucose metabo-
lism at least in part through the transcription
regulation by HIF-1 and Myc, but may also involve
other regulatory elements.
The expression of G6PD is also increased in the

MCF10A-ras cells (Figure 5, dashed upward arrow),
which is consistent with the literature that G6PD was
particularly overexpressed in some human cancer cell
lines, and its overexpression can result in the neoplas-
tic transformation [50]. Since G6PD is the rate limiting
enzyme in the PPP and plays an important role in cell
growth and proliferation [30], these result may suggest
a ras-oncogene mediated increase in the activity of
the PPP and potentially an increased production of
reducing equivalents (NADPH) and nucleotides to
promote the survival and proliferation of these cells in
early progression to cancer.
In conclusion, Harvey-ras transformed MCF10A

human breast epithelial cells have altered glucose
metabolism including increased glycolytic activity,
lactate production, as well as reduced glucose
flux through the TCA cycle. These alterations in
glucose metabolism, consistent with the classic
Warburg effect, may promote cell proliferation and/
or survival during early breast cancer progression
mediated by the initiating event of the activation of
the H-ras gene [3]. Further research is needed to
determine the mechanism by which H-ras oncogene
regulates the shifts in glucosemetabolism. The results
of this studymay aid in the identification of targeting
points in the metabolic pathways to contribute to
the development of effective agents for breast cancer
prevention.
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