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This study was designed to investigate the impact of 1,25-dihydroxyvitamin D (1,25(0H),D) on glucose
metabolism during early cancer progression. Untransformed and ras-oncogene transfected (ras) MCF10A
human breast epithelial cells were employed to model early breast cancer progression. 1,25(0OH),D mod-
ified the response of the ras cells to glucose restriction, suggesting 1,25(0OH),D may reduce the ras cell
glucose addiction noted in cancer cells. To understand the 1,25(0OH), D regulation of glucose metabolism,
following four-day 1,25(0OH),D treatment, metabolite fluxes at the cell membrane were measured by a
nanoprobe biosensor, ['3Cg]glucose flux by '*C-mass isotopomer distribution analysis of media metabo-
lites, intracellular metabolite levels by NMR, and gene expression of related enzymes was assessed.
Treatment with 1,25(0OH),D reduced glycolysis as flux of glucose to 3-phosphoglycerate was reduced
by 15% (P=0.017) and 32% (P<0.003) in MCF10A and ras cells respectively. In the ras cells, 1,25(0H),D
reduced lactate dehydrogenase activity by 15% (P<0.05) with a concomitant 10% reduction in the flux of
glucose to lactate (P=0.006), and reduction in the level of intracellular lactate by 55% (P=0.029). Treat-
ment with 1,25(0OH),D reduced flux of glucose to acetyl-coA 24% (P=0.002) and 41% (P<0.001), and flux
to oxaloacetate 33% (P=0.003) and 34% (P=0.027) in the MCF10A and ras cells, respectively, suggesting a
reduction in tricarboxylic acid (TCA) cycle activity. The results suggest a novel mechanism involving the
regulation of glucose metabolism by which 1,25(0H),D may prevent breast cancer progression.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Breast cancer is the second leading cancer among women in
the US, with devastating consequences physically, emotionally and
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financially. Approximately 15% of cancer deaths in women result
from breast cancer [1]. A growing body of evidence suggests that
vitamin D may play a role in preventing the development of breast
cancer [2-6]. For example, areas with higher latitudes and lower
solar radiation, which leads to lower vitamin D synthesis in the
skin, have increased mortality from breast cancer [3]. Substantial
literature also supports that better vitamin D status is associated
with reduced risk of breast cancer [2,4,5], but the mechanism is not
clear.

The major circulating form of vitamin D, 25(0OH)D, produced
in the liver, is hydroxylated by la-hydroxylase in the kid-
ney to the bioactive form of vitamin D, 1a,25-dihydroxyvitamin
D (1,25(0OH),D). Research supports that 1,25(0OH);D has anti-
neoplastic effects in colon, prostate, ovarian and breast cancer [2,7].
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1,25(0OH),D is proposed to prevent cancer progression through the
modulation of expression of many genes involved in cell growth,
apoptosis, angiogenesis and immune responses [8,9]. However, the
mechanisms in progression of breast cancer in particular and the
effect of oncogenes on the action of 1,25(0OH),D in early cancer
progression are not fully understood.

One of the critical shifts in progression to tumorigenesis is in
cellular energy metabolism [10]. The metabolic switch that occurs
during carcinogenesis (including the Warburg effect) is a gen-
eral characteristic of proliferating cells [10,11], which may lead to
increased glucose metabolism and the dependence of cells on glu-
cose (addiction) [12]. Proliferating cells not only require energy, but
also nutrients in amounts greater than their bioenergetic needs in
order to provide biosynthetic precursors, such as lipids, proteins
and nucleic acids, for continued cell proliferation [11]. In nonpro-
liferating cells, most of the pyruvate generated by glycolysis can
be completely metabolized through the TCA cycle to produce large
amount of ATPs in the presence of oxygen. In contrast, in rapidly
proliferating cells and cancer cells, there is an increased glucose
uptake and a shift of the pyruvate oxidative phosphorylation in
the mitochondria toward a more rapid aerobic glycolysis, even in a
normoxic environment, as described in the classic Warburg effect
[10,11]. This decrease in glucose flux into the TCA cycle, which
is controlled by the key enzyme pyruvate dehydrogenase (PDH)
and its inhibitory kinase pyruvate dehydrogenase kinase (PDK), is
another key feature of the classic Warburg effect [13,14]. These
alterations in glucose metabolism result in dramatically reduced
production of ATP and increased conversion of pyruvate to lac-
tate, which allows glycolysis to continue by regenerating NAD+.
The resulting lactate may also serve as an energy source for tumor
cells [15]. Further, the rate of glucose metabolism in this metabolic
switch increases dramatically. In fact, cancer cells divert about
10% of the glucose into biosynthetic pathways upstream of pyru-
vate production [11], which provides an advantage to 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 pentose phosphate pathway
(PPP) while greater glycolysis provides intermediates to maintain
anaplerosis and supply of biosynthetic intermediates [11] for the
synthesis of fatty acids, nucleic acids and amino acids for continued
cellular growth and replication. Further, the high rate of NADPH
generation also aids in the anti-oxidant defense mechanisms of
the cancer cells. Thus, deprivation of glucose can induce oxidative
stress and other defects in metabolism which leads to cancer cell
apoptosis [16,17]. Inhibitors of glucose transporters and glycoly-
sis have been implemented as effective anticancer treatments and
can also sensitize the tumor cells to other chemotherapeutic drugs
[18,19]. Unlike in untransformed proliferating cells, the metabolic
reprogramming in cancer cells is controlled by growth factor inde-
pendent, chronic activation of the proliferative pathways [11].
Previous studies demonstrate that the increase in glycolysis in
the Warburg effect in cancer cells is at least in part mediated by
increases in multiple enzymes in the glycolytic pathway [19]. In
order to establish strategies for cancer prevention by vitamin D,
it is critical to determine whether and through which mechanism
it regulates energy metabolism in normal cells and prevents the
metabolic switch in cells containing oncogenes such as the acti-
vated ras gene.

The ras proto-oncogene is frequently mutated in cancer and
affects a variety of tumorigenic processes including proliferation
[20,21]. It encodes four distinct RAS proteins (HRAS, NRAS, KRAS4A
and KRAS4B) which are small GTPases essential for the signal trans-
duction induced by numerous growth factors to stimulate cell
proliferation. The oncogenic RAS promotes both pro-growth and
inhibits anti-growth signals in a growth factor independent manner
[20]. The oncogenic RAS may also aid in metabolic reprogramming

toward glycolysis in transformed cells. Previous studies show
that K-ras transformed fibroblast cells have increased glycolytic
activity and altered cellular glucose metabolism [22]. Furthermore,
research supports that vitamin D receptor (VDR) transcriptional
activity is down-regulated in the presence of ras oncogene [23-25],
potentially disrupting the effect of 1,25(OH),D to inhibit tumori-
genesis. Therefore, it is important to study the effect of 1,25(0H),D
on cellular energy metabolism in ras oncogene transformed cells.

The effect of 1,25(0H),D on cellular glucose metabolism and its
biological outcomes in early breast cancer progression have not
been studied. The purpose of the current study was to investi-
gate the effect of 1,25(0H),D regulation of cellular glucose energy
metabolism in human breast epithelial cells with and without the
Harvey-ras oncogene. The hypothesis of the current study is that
1,25(0H), D shifts glucose utilization toward reduced glycolysis and
lactate production as well as reduced flux through the TCA cycle in
Harvey-ras transfected breast epithelial cells but not in untrans-
formed cells. These results will contribute to the understanding of
1,25(0OH), D action on breast tissue during mammary carcinogene-
sis.

2. Materials and methods
2.1. Chemicals and reagents

The1,25(0H),D was purchased from Biomol (Plymouth Meet-
ing, PA). Dulbecco’s modified Eagle medium: Nutrient Mixture
F-12 (DMEM/F12) media, horse serum, trypsin and peni-
cillin/streptomycin were obtained from Life Technologies, Gibco-
BRL (Rockville, MD). Cholera toxin was purchased from Calbiochem
(Darmstadt, Germany). Bicinchoninic acid (BCA) protein assay
reagents were obtained from Pierce (Rockford, IL). Protease
inhibitor cocktail, trypan blue, insulin, epidermal growth factor,
and hydrocortisone were from Sigma (St. Lois, MO). Tris—HCl
Bio-Rad Ready Gels were purchased from Bio-Rad Laborato-
ries (Hercules, CA). The QuantiChrom Lactate Dehydrogenase Kit
was from BioAssay Systems (Hayward, CA). All reagents for gas
chromatography-mass spectrometry (GC-MS) analyses were from
Pierce (Rockford, IL). D-[13Cg]Glucose was purchased from Cam-
bridge Isotope labs (Woburn, MA). Mass spectrometry analysis
confirmed its chemical and isotopic purity (92.7% [13Cg|glucose and
6.9% [13Cs]glucose).

2.2. Cell culture

MCF10A human breast epithelial cells and MCF10A cells sta-
bly transfected with the Harvey-ras oncogene (MCF10A-ras cells)
were a gift from Dr. Michael Kinch, Purdue University. MCF10A
and MCF10A-ras cells were cultured in the standard media recom-
mended for these cells [26], the Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F12, 1:1) containing 17 mM glucose,
and supplemented with 5% horse serum, 10 mg/L insulin, 20 pg/L
epidermal growth factor, 50 pg/L cholera toxin, 50 mg/L hydrocor-
tisone, 100 units/ml penicillin, and 0.1 mg/mL streptomycin in a
humidified environment at 37°C with 5% CO,  DMEM/F12 (1:1)
containing 17 mM glucose was used in all assays except for the
MTT and flow cytometry analysis as indicated in Fig. 1. Cells were
maintained in fresh media changed every 24 h during the 4-day
treatment period. The 1,25(0OH),D treatment was delivered to cells
in 100% ethanol at a final ethanol concentration <1%.

2.3. MTT cell proliferation assay
Cells were cultured in media containing 5 mM glucose and the

media changed that containing different glucose levels (0.1, 1,
5, and 17 mM) for the last 24 h. Relative viable cell levels were



W. Zheng et al. / Journal of Steroid Biochemistry & Molecular Biology 138 (2013) 81-89 83

A 14
[ Vehicle a
121 | mmmm 1,25(0H),D
o
° ab ab
$2 10l McFi0A abc
> = :
e
£8 o8 o De
&8
© 3>
O o6
o=
Qo
EE d d
22 o4
o)
O 2]
00
121 MCF10A-ras a
<@
S 101 a
g}
2=
£n
- 0.8 |
2% b
&8 bc bc
£H 061 bc
s cd
e€
g n 044 d
Zc
K]
(@] 0.2 4
0.0
0.1mM 1mM 5mM 17 mM
Glucose Concentration in DMEM
B 100
1 Vehicle MEFRreins
. 1,25(0H)2D
80
o)
(2]
@ a
=
0 g0
-
o
£
L 40
[0
(&]
X
20 |
0

1mM 5mM
Glucose Concentration in DMEM

Fig. 1. 1,25(0H),D reduces glucose addiction. MCF10A and MCF10A-ras cells were
treated with vehicle or 1,25(0H),D (10 nM) for 4 days before analysis. Cells were
switched from media containing 5mM glucose to the indicated glucose levels for
the last 24 h. (A) Relative amount of MCF10A and MCF10A-ras cells compared to
vehicle treated cells in 5 mM glucose media assessed by MTT assay. (B) Percentage
of MCF10A-ras cells arrested in G1 cell cycle, analyzed by flow cytometry. Groups
with the same letters are not significantly different (P<0.05).

determined by the MTT assay according to the manufacturer’s rec-
ommendations. Results were expressed as the relative absorbance
compared to that in the vehicle treated cells in media containing
5 mM glucose.

2.4. Cell cycle analysis

From each sample, 1 x 10° cells were harvested with phosphate
buffered saline (PBS) in single cell suspension. Cells were fixed with
ice cold ethanol, pretreated with 0.2 mg/ml Rnase A, and stained

with 10 ug/ml propidium iodide. Flow cytometry analysis was per-
formed with a Beckman Coulter FC500 flow cytometer equipped
with 488 nm laser. The results were analyzed using Flow]o (Tree
Star, Inc., Ashland, OR). Results were expressed as percentage of
total cells arrested in G1 phase in the cell cycle.

2.5. LDH assay

Cells were washed with calcium and magnesium free-
phosphate buffered saline (CMF-PBS) and harvested on ice into
buffer containing 100 mmol/L potassium phosphate (pH 7.0),
2 mmol/LEDTA, and 1% protease inhibitor cocktail and phosphatase
inhibitor cocktail. Cells were briefly sonicated and cell debris was
removed by centrifugation at 12,000 RPM for 15 min at 4°C. Col-
orimetric kinetic determination of lactate dehydrogenase (LDH)
activity in the cell lysate was measured using the QuantiChrom
Lactate Dehydrogenase Kit (DLDH-100, BioAssay Systems). Values
are expressed as LDH activity/total protein (specific activity).

2.6. Metabolomics

Cells were washed with CMF-PBS and harvested on ice into
doubly distilled water. Cell lysates were obtained by freezing the
cells in dry ice/ethanol bath for 5 min, and thawing them in 37°C
water bath for 1min. Cell debris was pelleted by centrifugation
at 12,000RPM for 2 min at 4°C. The supernatant was collected
for metabolite profiling analysis using nuclear magnetic resonance
(NMR) spectroscopy and mass spectrometry (MS) as described
previously [27-29]. Metabolite levels were normalized to protein
content.

2.7. 13C-metabolite flux analysis

Two hours prior to cell harvest, media were changed to fresh
media with equal concentrations of unlabelled and '3Cg-labeled
glucose, and collected after incubation for two hrs. Cells were rinsed
with CMF-PBS, harvested on ice into lysis buffer and briefly soni-
cated. The cell lysates were saved for protein and DNA analysis, and
media was used to determine the 13C-mass isotopomer distribu-
tion analysis of metabolites and amino acids using GC-MS. Briefly,
0.2 mL of sulfosalicylic acid (50%, w:v) was added to 1 mL of media.
The acid-supernatant was desalted by cation (AG 50W-X8, H+ form)
exchange, and amino acids and lactate eluted with 2 mol/L NH4;OH
followed by water. The frozen eluate was lyophilized to dryness,
and amino acids converted to their t-butyldimethylsilyl derivative
prior to GC-MS (HP 5973N Mass Selective Detector, Agilent, Palo
Alto, CA). Fragment ions containing all carbons of an analyte (lac-
tate, pyruvate, serine, aspartate and glutamate) were monitored
under electron impact mode. Normalized crude ion abundances
of the enriched analytes were corrected for the measured natural
abundance of stable isotopes present in the original molecule and
that contributed by the derivative using the matrix approach [30].

Flux calculations were based on tracer:tracee ratios (TTR) in
the form mol !3C-isotopomer (M+n) per 100mol '2C analyte
(M+0), where n equals the number of '3C-labeled carbons in
the analyte, e.g. [M+1], [M+2] and [M + 3]lactate. Catabolism of
[13Cglglucose via the glycolytic pathway results in distinctive 13C-
labeling patterns in metabolites that provide information on the
contributions of glucose to pathways fluxes and the activity of
the enzymatic pathways through which the 13C-skeleton traversed
[31]. Under steady-state conditions, catabolism of [13Cg]glucose
leads to [M +3]pyruvate and then [M +3]lactate. Thus, the contri-
bution of glucose to the flux of pyruvate and lactate can be assessed
from the ratios [M + 3]pyruvate to [M + 6]glucose and [M + 3]lactate
to [M+6]glucose, respectively. Further, since lactate derives
from cytosolic pyruvate, appearance of [M+1] and [M +2]lactate
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represents metabolism of [13Cg]glucose via the PPP. Thus, the ratio
[M +3]lactate to [M + 1]lactate provides a crude measure of the rel-
ative activities of glycolysis versus the PPP.

Metabolism of the [M+3]pyruvate isotopomer via pyruvate
carboxylase (PC) introduces the [M+3]oxaloacetate isotopomer
into the Krebs cycle which, subsequently, reaches a metabolic
equilibrium with its transamination partner [M + 3]aspartate [32].
Similarly, [M +3]oxaloacetate eventually leads to formation of
[M +3]a-ketoglutarate, which is in metabolic equilibrium with
its transamination partner [M+3]glutamate. Alternatively, the
[M + 3]pyruvate isotopomer can be metabolized via pyruvate dehy-
drogenase (PDH) to yield [M+2]acetyl-CoA and thence [M+2]a-
ketoglutarate and [M + 2]glutamate. However, the [M + 2]glutamate
also arises as a consequence of the equilibrium reaction between
oxaloacetate and fumarate. This metabolic cycle yields an equal
mixture of 2 positional isotopomers of [M+3]oxaloacetate, one
labeled in carbons 1-3 and the other in carbons 2-4. In conse-
quence, because the decarboxylation step between citrate and
a-ketoglutarate leads to the loss of carbon 1 of oxaloacetate (i.e.
half of [M+3]oxaloacetate contributes to [M+2]a-ketoglutarate
enrichment), a correction to the [M +2]glutamate enrichment was
made. In consequence, the contribution of glucose to oxaloacetate
and acetyl-CoA fluxes can be assessed by the ratios [M + 3]aspartate
to [M +6]glucose and corrected [M + 2]glutamate to [M + 6]glucose,
respectively. Furthermore, the relative activities of PDH vs. PC can
be assessed from the ratio of [M +2]glutamate to [M + 3|glutamate.

2.8. Membrane metabolite fluxes

A highly sensitive and selective glucose oxidase-based micro
biosensor decorated with platinum nanoparticle was employed
in self-referencing mode to measure real-time physiological glu-
cose flux across the cell membrane [33]. Self-referencing involves
oscillation of a single microsensor via computer-controlled stepper
motors within the concentration boundary layer near cells/tissues.
This non-invasive technique provides direct measurement of trans-
membrane analyte flux, and is reviewed in detail by McLamore and
Porterfield [34].

2.9. 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 tran-
scriptase (Promega, Madison, WI). Real-time quantitative PCR was
performed using the Brilliant I SYBR Green QPCR Master Mix (Agi-
lent, 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 Table 1.

2.10. Statistical analysis
Values are presented as mean+SEM. Results are expressed
compared to the vehicle within the same cell line, by the Student’s

t-tests (LSD), or by analysis of variance (ANOVA), with P<0.05 con-
sidered statistically significant.

3. Results
3.1. 1,25(0H),D reduces glucose addiction

The impact of 1,25(0H),D treatment on glucose addiction of
the cells was examined by MTT cell proliferation assay and flow

Table 1
Primers used in QPCR analysis of gene expression.

Genes Primer information
GLUT1 Forward: 5'-TATCGTCAACACGGCCTTCACTGT-3’
Reverse: 5'-CACAAAGCCAAAGATGGCCACGAT-3'
HK2 Forward: 5'-CTGCAGCGCATCAAGGAGAACAAA-3’
Reverse: 5'-ACGGTCTTATGTAGACGCTTGGCA-3'
PGK1 Forward: 5'-TCACTCGGGCTAAGCAGATTGTGT-3'
Reverse: 5'-CGTGTTCCATTTGGCACAGCAAGT-3'
PKM2 Forward: 5'-ATTATTTGAGGAACTCCGCCGCCT-3’
Reverse: 5'-CATTCATGGCAAAGTTCACCCGGA-3'
PDK1 Forward: 5'-TCATGTCACGCTGGGTAATGAGGA-3’
Reverse: 5'-AACACGAGGTCTTGGTGCAGTTGA-3'
18S Forward: 5'-TTAGAGTGTTCAAAGCAGGCCCGA-3’

Reverse: 5'-TCTTGGCAAATGCTTTCGCTCTGG-3'

cytometry analysis. 1,25(OH),D reduced the number of MCF10A-
ras cells but not MCF10A cells by 44% and 37% in media containing
5 and 17 mM glucose, respectively (Fig. 1A). Glucose restriction
at 0.1 and 1 mM reduced the number of MCF10A-ras cell by 60%
and 39%, respectively (Fig. 1A), indicating the cell dependence on
glucose (addiction). However, 1,25(0OH),D prevented the reduc-
tion in cell number at 1 mM glucose, suggesting 1,25(0H),D may
reduce the cell glucose addiction of MCF10A-ras cells. Consistent
with these results, cell cycle analysis by flow cytometry showed
that 1,25(0H),D increased the percentage of MCF10A-ras cells in
G1 phase from 63% to 70% and from 48% to 64% in 1 and 5 mM glu-
cose, respectively (Fig. 1B). Glucose restriction at 1 mM caused 30%
more ras cells in G1 phase, but 1,25(0H),D treatment prevented
the increase in G1 arrest (Fig. 1B), which suggest that 1,25(0H),D
may reduce glucose addiction. These results suggest 1,25(0OH),D
reduces the MCF10A-ras cell glucose addiction, supporting the reg-
ulation of glucose metabolism by 1,25(0H),D during early cancer
progression.

3.2. 1,25(0H),D reduces glucose uptake and aerobic glycolysis

To investigate the impact of 1,25(0H),D on glucose uptake and
glycolytic activity, MCF10A and MCF10A-ras cells were treated
with vehicle or 1,25(0OH),D for 4 days. Glucose influx across the
cell membrane in response to increasing concentrations of glu-
cose in the media was measured employing a bio-nanosensor
[33]. There was a glucose concentration dependent increase in
glucose influx for both 1,25(0H),D and vehicle treated MCF10A-
ras cells (Fig. 2A). At high glucose concentration (15 mM), glucose
influx was reduced in cells treated with 1,25(0H),D compared to
cells treated with vehicle (P<0.05). The effects of 1,25(0H),D on
the expression of proteins and enzymes in the glycolytic path-
way were also examined. Glucose transporter 1 (GLUT1) is the
major glucose transporter expressed in the human breast epithe-
lial cells. Results showed that mRNA expression of GLUT1 was
reduced by 28% in the 1,25(0OH),D treated MCF10A cells, but
not for the MCF10A-ras cells compared to vehicle treated cells
(Fig. 2B), suggesting that the reduction of glucose uptake by
1,25(0H), D treated MCF10A-ras cells may not be mediated through
a decrease in expression of GLUT1. In contrast, mRNA expres-
sion of hexokinase 2 (HK2), the enzyme mediating the first step
of phosphorylation of glucose during glycolysis, was induced by
23% by 1,25(0OH),;D in MCF10A cells, but not MCF10A-ras cells
(Fig. 2C). Phosphoglycerate kinase 1 (PGK1) catalyzes the seventh
step of glycolysis, where 1,3-bisphosphoglycerate is converted to
3-phosphoglycerate. 1,25(0H),D reduced the expression of PGK1
by 13% in MCF10A cells but not in MCF10A-ras cells (Fig. 2D).
Consistent with the latter, results from the analysis of the flux
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Fig. 2. 1,25(0H),D reduces glucose uptake and aerobic glycolysis. MCF10A and MCF10A-ras cells were treated with vehicle or 1,25(0OH),D (10 nM) for 4 days before mea-
surement or harvest. (A) Glucose influx at the cell membrane (mol/cm?/s) in response to increasing doses of added glucose in the media in MCF10A-ras cells (n=4). The
mRNA expression is shown for GLUT1 (B), HK2 (C), and PGK1 (D) relative to vehicle in each cell type (n=3). Flux contributions of 13Cg-labeled glucose to 3-phosphoglycerate
(E) and pyruvate (F) are shown in percent metabolite flux from glucose (n=4). (G) Intracellular levels of phosphoenolpyruvate (PEP) relative to vehicle treatment in each
cell type (n=4). (H) The mRNA expression of PKM2 relative to vehicle in each cell type (n=3). (I) The enzyme activity of total PK relative to vehicle in each cell type (n=3).
Results are expressed as mean & SEM. An asterisk (*) indicates a significant difference between vehicle and 1,25(0H),D treatments within the same cell type (P<0.05).
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contribution of 3Cg-labeled glucose to glycolytic intermediates
showed that following 1,25(0H),D treatment, the contribution of
glucose to 3-phosphoglycerate flux was reduced by 15% and 32%
compared to vehicle in MCF10A and MCF10A-ras cells, respectively
(Fig. 2E). Moreover, the proportion of pyruvate flux from glucose
was reduced by 9% in MCF10A-ras cells, but was not altered in
MCF10A cells (Fig. 2F), suggesting that glycolysis is reduced by
1,25(0OH);D only in the MCF10A-ras cells.

Phosphoenolpyruvate (PEP) is a glycolytic intermediate con-
verted to pyruvate via pyruvate kinase (PK) in the rate-limiting final
step of glycolysis. But metabolic profiling of MCF10A and MCF10A-
ras cells showed that compared to vehicle treated cells, intracellular
levels of PEP was ~1.5-fold higher in MCF10A and MCF10A-ras cells
treated with 1,25(0OH),D (Fig. 2G). However, the mRNA expression
of pyruvate kinase M2 (PKM2) (Fig. 2H), the predominant iso-
form of PK expressed in the MCF10A cells that promotes metabolic
programming for tumor growth [35], was not different in vehicle
and 1,25(0OH);D treated MCF10A and MCF10A-ras (Fig. 2H). Fur-
ther, total activity of PK was not affected by 1,25(0OH),D treatment
(Fig. 2I), suggesting that the accumulation of PEP is not a result of
reduced PK activity by 1,25(0OH),D. Collectively, these data support
that 1,25(0OH), D may reduce glucose uptake and glycolytic activity
in MCF10A-ras cells at an early stage of cancer progression.

3.3. 1,25(0H),D reduces lactate production

One of the components of the Warburg effect in tumor cells is the
increased conversion of pyruvate to lactate. To determine whether
1,25(0OH), D impacts lactate production, the activity of lactate dehy-
drogenase (LDH) was examined in MCF10A and MCF10A-ras cells
following 4 days of 1,25(0OH),D treatment. There was a 15% reduc-
tion in LDH activity by 1,25(0OH),D in MCF10A-ras cells, but not
in MCF10A cells, compared to vehicle (Fig. 3A). Consistent with the
reduction in LDH activity, 1,25(0OH), D reduced the intracellular lac-
tate by 55% in MCF10A-ras cells, but not in MCF10A cells (Fig. 3B).
13Cg-Glucose kinetics also showed that 1,25(0OH),D reduced the
contribution of glucose to lactate flux by 10% in MCF10A-ras
cells, but not in MCF10A cells (Fig. 3C). These results suggest that
1,25(0H);D may reduce lactate production in MCF10A-ras cells
during cancer progression, but not in untransformed MCF10A cells.

3.4. 1,25(0H),D reduces TCA cycle activity

The impact of 1,25(0H),D on TCA cycle activity in cells in pro-
gression to tumor were examined. The contribution of glucose
to TCA cycle intermediate fluxes was assessed. Following 4 days
of 1,25(0H),D treatment, there were 24% and 41% reductions in
the contribution of glucose to acetyl-CoA flux in MCF10A and
MCF10A-ras cells, respectively, compared to vehicle (Fig. 4A). Fur-
ther, 1,25(0H), D treatment reduced the contribution of glucose to
oxaloacetate flux by 33% and 34% (Fig. 4B) in MCF10A cells and
MCF10A-ras cells, respectively, suggesting an overall reduction of
glucose metabolism in the TCA cycle. Consistent with these results,
the 13C-tracer kinetics indicated a reduction in pyruvate dehydro-
genase (PDH) activity by 22% and 24% in MCF10A and MCF10A-ras
cells treated with 1,25(0OH), D (Fig. 4C). In addition, metabolic pro-
filing showed there was a 29% reduction in the intracellular level of
succinate, an intermediate of the TCA cycle, by 1,25(0H),D treat-
ment in the MCF10A-ras cells, but not in MCF10A cells, compared to
vehicle (Fig. 4D). The latter provides further support of the overall
reduction in TCA cycle activity in response to 1,25(0OH),D in cells
during early progression to tumors. In contrast, mRNA expression

asterisk (*) indicates a significant difference between vehicle and 1,25(0H),D treat-
ments within the same cell type (P<0.05).
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of pyruvate dehydrogenase kinase 1 (PDK1) (Fig. 4E), the inhibit-
ing kinase of PDH that regulates the flux of pyruvate into the TCA
cycle, was not altered by 1,25(0H),D in MCF10A or MCF10A-ras
cells, suggesting that the reduced PDH activity and flux of glucose
into the TCA cycle induced by 1,25(0OH),D may not be mediated
through upregulation of PDK1.

4. Discussion

Alteration in cellular glucose metabolism is a signature charac-
teristic of tumor cells which drives cell proliferation by increasing
bioenergetics and biosynthesis, maintaining redox potential, and
via initiation of signal transduction controlled by changes in cel-
lular metabolism [11,36,37]. Interventions that target metabolic
pathways are now emerging as potential preventive or therapeutic
approaches for the treatment of cancers [18,19,38,39]. In the cur-
rent study, the effects of 1,25(OH), D on cellular energy metabolism
were explored in untransformed and H-ras oncogene transfected
MCF10A cells, a human breast epithelial cell model for studying
early mammary carcinogenesis. The results support the hypothesis
that 1,25(OH), D reduces the glucose addiction of cells in progres-
sion to cancer, as a consequence of the shift in glucose metabolism
toward reduced glycolysis and lactate production (reversal of the
classic Warburg effect) as well as reduced TCA cycle activity in
H-ras transfected MCF10A cells, suggesting a preventive effect of
1,25(0H); D on glucose utilization for rapid cell proliferation during
breast cancer progression. To our knowledge, these results are the
first to show that 1,25(OH), D regulates cellular glucose metabolism
which may be a potential mechanism for preventing early breast
cancer progression.

Previous studies suggested that activity of the activated K-ras
gene alone may lead to an increase in glycolysis in mouse and
human cells [22], similar to that seen in cancer cells [11,40]. Results
from our laboratory support these results. The MCF10A-ras cells,
which represent an initiation stage of tumor progression, show
changes in several energy status parameters that are characteris-
tic of tumors, including the increased glucose uptake (by 2.1 fold,
P<0.01) [41] and lactate accumulation (by 2.4 fold, P<0.05, data
not shown), which is consistent with the Warburg effect [40,42],
supporting the hypothesis that very early changes in energy sta-
tus may occur during cancer progression in the presence of the
H-ras oncogene. The current study suggests that 1,25(0H),D may
reverse the alterations in glucose metabolism during early breast
cancer progression mediated by the H-ras oncogene. One of the
outcomes for the altered glucose metabolism by 1,25(0H),D was
the reduced glucose addiction via reducing G1 cell cycle arrest at
glucose restriction. It has been suggested that part of the chemo-
preventive effects of 1,25(0H), D against cancer is mediated by G1
cell-cycle arrest, as a result of the upregulation of proteins sup-
pressing cyclin-dependent kinase activity [43-45]. Consistently,
the current study showed that 1,25(0H), D induced the G1 cell cycle
arrest of MCF10A-ras cells but prevented the increase in G1 arrest
(Fig. 1B) at glucose restriction, suggesting 1,25(0H),;D may reduce
the glucose addiction of MCF10A-ras cells through the regulation
of G1 cell cycle arrest.

Results suggesting a reduction in glycolysis by 1,25(0H),D are
supported by the reduced flux of glucose to 3-phosphoglycerate
by 1,25(0H),D in MCF10A and MCF10A-ras cells respectively. In
the MCF10A-ras cells, 1,25(0H),D was shown to reduce lactate
production, and a reduction of intracellular lactate levels, as well
as a reduction in lactate dehydrogenase activity. 1,25(0H),D-
induced reduction in TCA cycle activity was observed as reduced
glucose flux to acetyl-coA and to oxaloacetate in the MCF10A and
MCF10A-ras cells, respectively. It is also intriguing that one of the
glycolytic intermediates, PEP, was increased by 1,25(0OH),D in the

MCF10A-ras cells. One mechanism that may contribute to the accu-
mulation of PEP may be due to the reduced activity of the enzyme
downstream of this metabolite in the glycolytic pathway, PK. PK
regulates the rate-limiting and final step of glycolysis, the conver-
sion of PEP to pyruvate. The M2 isoform (PKM2) is a critical enzyme
expressed predominantly in tumor tissues that promotes aerobic
glycolysis [35]. The accumulation of PEP suggests a potentially
decreased activity of PKM2 by 1,25(0OH),D. However, the mRNA
expression of PKM2 was not different in vehicle and 1,25(0H),D
treated MCF10A and MCF10A-ras cells (Fig. 2H); and neither was
the total activity of PK enzyme (Fig. 2I), suggesting that accumu-
lation of PEP is not a result of reduced PK activity by 1,25(0OH),D.
Regulation of the activity of other enzymes in hexogenesis, gly-
colysis or flux into the TCA cycle may contribute to the increased
accumulation of PEP mediated by 1,25(0OH);,D. There are differen-
tial effects of 1,25(OH), D on energy metabolism and cell growth in
the untransformed and ras oncogene transformed MCF10A cells.
Overall, our results suggest that 1,25(OH),D has a greater effect
on metabolic parameters in the MCF10A-ras cells than in MCF10A
cells, which may contribute to the growth inhibitory effects in dif-
ferent glucose concentrations (Fig. 1A lower panel). Although there
are changes in some of the metabolic parameters by 1,25(0OH),D in
MCF10A cells (Figs. 2 and 4), there are no changes in the biological
consequences (growth) in these cells (Fig. 1A, upper panel). These
differences in quantitative impact of 1,25(0H), D may suggest that
the effects in MCF10A cells were not great enough to lead to a
change with respect to growth in different glucose concentrations.
Further investigations are needed to understand how the changes
in metabolic parameters contribute to the biological consequences
such as growth and glucose dependence.

Overall, the results of the current study support our hypothesis
that 1,25(OH);D regulates the metabolic reprogramming during
early breast cancer progression. Specifically, 1,25(0H),D reduces
cell glucose addiction, shifts glucose utilization toward reduced
glycolysis and lactate production as well as reduced flux through
the TCA cycle in H-ras transformed MCF10A breast epithelial cells.
To our knowledge, this is the first study to demonstrate that
1,25(0OH),D regulates cellular energy metabolism in a model of
early breast cancer progression. These results indicate that vitamin
D, as a potential chemopreventive agent, has multiple functions
during cancer progression. Acquiring a better understanding of
vitamin D regulation of glucose metabolism during cancer progres-
sion should allow the identification of its targeted regulatory points
in the metabolic pathways and its interaction with oncogenes such
as ras, so as to contribute to the development of effective strategies
for breast cancer prevention.
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