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5’-AMP-activated Protein Kinase (AMPK) Supports the
Growth of Aggressive Experimental Human Breast Cancer
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Background: 5'-AMP-activated protein kinase (AMPK) is a ubiquitous regulator of cellular energy homeostasis.
Results: AMPK contributes to the growth and core glucose metabolism of aggressive (rapidly growing) experimental human

tumors.

Conclusion: AMPK can be activated by metabolic stress to support the growth of aggressive tumors.
Significance: AMPK’s role in tumor biology could be strongly influenced by microenvironmental stress.

Rapid tumor growth can establish metabolically stressed
microenvironments that activate 5’-AMP-activated protein
kinase (AMPK), a ubiquitous regulator of ATP homeostasis.
Previously, we investigated the importance of AMPK for the
growth of experimental tumors prepared from HRAS-trans-
formed mouse embryo fibroblasts and for primary brain tumor
development in a rat model of neurocarcinogenesis. Here, we
used triple-negative human breast cancer cells in which AMPK
activity had been knocked down to investigate the contribution
of AMPK to experimental tumor growth and core glucose
metabolism. We found that AMPK supports the growth of fast-
growing orthotopic tumors prepared from MDA-MB-231 and
DU4475 breast cancer cells but had no effect on the prolifera-
tion or survival of these cells in culture. We used in vitro and in
vivo metabolic profiling with ['3C]glucose tracers to investigate
the contribution of AMPK to core glucose metabolism in MDA -
MB-231 cells, which have a Warburg metabolic phenotype;
these experiments indicated that AMPK supports tumor glu-
cose metabolism in part through positive regulation of glycoly-
sis and the nonoxidative pentose phosphate cycle. We also
found that AMPK activity in the MDA-MB-231 tumors could
systemically perturb glucose homeostasis in sensitive normal
tissues (liver and pancreas). Overall, our findings suggest that
the contribution of AMPK to the growth of aggressive experi-
mental tumors has a critical microenvironmental component
that involves specific regulation of core glucose metabolism.

Both inherent (cell autonomous) and microenvironmental
influences favor the emergence of metabolism in tumor cells
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that is fundamentally different from that in most normal cells
(1-3). Indeed, the unique energy metabolism associated with
transformation is considered a hallmark of human cancer (4).
Perhaps the most commonly observed inherent metabolic phe-
notype of tumor cells is the Warburg effect, in which glucose is
consumed by glycolysis with substantial lactate production
even in the presence of abundant oxygen (aerobic glycolysis) (1,
3). The Warburg effect is considered an important mechanism
by which tumor cells divert glucose flux from catabolism by
oxidative phosphorylation to anabolism (biomass production),
thus supporting cellular growth and proliferation at the cost of
efficient ATP production. At the tissue level, the growth of solid
tumors commonly generates regions of nutrient or metabolic
stress (e.g hypoxia, glucose deprivation, and acidification);
tumor cells in these regions may exhibit a microenvironmental
Warburg-like effect (2, 5). Research to understand the molecu-
lar basis of such phenotypes has revealed that key metabolic
regulators are important contributors to tumor cell metabolism
(1, 2). We have been interested in understanding the role of
5’-AMP-activated protein kinase (AMPK),* a master regulator
of cellular energy metabolism (6, 7), in the development of
tumors that contain metabolically stressed microenviron-
ments. In previous research, we found that AMPK is activated
by tumor-like hypoxia and glucose stress in cultures of trans-
formed cells and that AMPK activity is abundant in experimen-
tal rodent tumors such as mouse fibrosarcoma xenografts and
rat primary brain tumors (8, 9). The mouse fibrosarcomas were
prepared from HRAS G12V-transformed mouse embryo fibro-
blasts in which AMPK activity was intact (control) or elimi-
nated by disruption (knock-out/KO) of the two genes for the

“The abbreviations used are: AMPK, 5'-AMP-activated protein kinase; BisTris,
2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; CB,
cytochalasin B; PPC, pentose phosphate cycle; qPCR, quantitative RT-PCR;
KD, knockdown; TCA, tricarboxylic acid; TK, transketolase; KD, knockdown;
TN, triple-negative; El, electron impact ionization.

SASBMB

VOLUME 289-NUMBER 33-AUGUST 15,2014



AMPKa catalytic subunits (Prkaal, Prkaa2; AMPKal/2 KO
cells); we found that growth of the KO tumors was almost sup-
pressed compared with growth of the control tumors. In con-
trast, we found that AMPK activity was dispensable for the pro-
liferation or survival of the same cell lines in nutrient-rich
(normal) culture medium (8).

Here, we describe studies to investigate the importance of
AMPK for both the growth and core glucose metabolism of
aggressive (rapidly growing) experimental human breast cancer
tumors. In particular, we used knockdown (KD) technology to
inhibit expression of both the PRKAAI and PRKAA?2 genes in
the MDA-MB-231 cell line, which is a commonly used model of
triple-negative (TN) or advanced breast cancer (10, 11), and
prepared orthotopic tumor xenografts in nude mice from the
control and AMPKal/2 KD cell lines. We found that KD of
AMPK activity in these cells generated the same in vivo and in
vitro phenotypes as KO of AMPK activity in HRAS G12V-trans-
formed mouse embryo fibroblasts, i.e. poor growth as tumors in
nude mice, but no significant effect on the proliferation or sur-
vival of the same cells under nutrient-rich culture conditions.
We confirmed these two AMPKa1/2 KD phenotypes by using a
different TN human breast cancer cell line (DU4475 cells).
Because MDA-MB-231 cells have a documented Warburg
effect (12), we used these cells for metabolic profiling with **C-
labeled p-glucose (glucose) to investigate the contribution of
AMPXK to core glucose metabolism both in vitro (cell culture)
and in vivo (orthotopic tumors). We found that glucose utiliza-
tion in AMPKa1/2 KD compared with control MDA-MB-231
tumors resembled a non-Warburg metabolic phenotype;
importantly, this in vivo phenotype retained specific AMPK-
dependent effects on core glucose metabolism detected by in
vitro metabolic profiling of the same cells. Finally, we observed
AMPK-dependent effects of MDA-MB-231 tumor burden on
glucose metabolism in normal liver and pancreas, which indi-
cated a systemic interaction between tumor- and glucose-re-
sponsive normal tissues. Overall, our findings suggest the gen-
eral hypothesis that AMPK could support the growth and core
glucose metabolism of aggressive human tumors containing
metabolically stressed microenvironments.

EXPERIMENTAL PROCEDURES

Materials—Goat polyclonal anti-AMPKal and -a2 antibod-
ies were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA; catalog nos. sc-19128 and sc-19131, respectively). The fol-
lowing rabbit polyclonal antibodies were obtained from Cell
Signaling Technology: an AMPKa1/2 (AMPKa) antibody (cat-
alog no. 2532S); an acetyl-CoA carboxylase antibody (catalog
no. 3662S); and a phospho-Ser-79 acetyl-CoA carboxylase 1
antibody (3661L). A lentivirus preparation containing shRNAs
for targeting human AMPKa1/2 expression was obtained from
Santa Cruz Biotechnology (AMPKa1/2 shRNA (h) Lentiviral
Particles; catalog no. sc-45312-V). The lentivirus preparation
consists of pools of three target-specific constructs that encode
28 nucleotide (plus hairpin) shRNAs for each of the AMPKal
and -a2 mRNAs (PRKAA1/2 mRNAs). A lentivirus preparation
containing a nonsense/scrambled shRNA was used as a nega-
tive control for these studies (control shRNA lentiviral parti-
cles, Santa Cruz Biotechnology, catalog no. sc-108080).
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Cell Culture—MDA-MB-231-lucD3H2LN human breast
cancer cells (called MDA-MB-231 cells below) were obtained
from PerkinElmer Life Sciences/Caliper (Hopkinton, MA;
MDA-MB-231-luc-D3H2LN Bioware Cell Line) (13). DU4475
human breast cancer cells were obtained from the American
Type Culture Collection (ATCC) (HTB-123). These two breast
cancer cell lines are classified as TN (10, 14). Cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS and 25 mm HEPES (Invitrogen) at 37 °C
in a humidified 5% CO,/air atmosphere. Proliferation/viability
of cell cultures was measured with an AlamarBlue assay (Invit-
rogen) (15) or by cell counting using a NucleoCounter device
(ChemoMetec, Allerad, Denmark).

Generation of AMPKal1/2 KD Cell Lines—Cells were infected
with the lentivirus preparation described above to generate
shRNA control and AMPKal/2 KD cell lines. Cells at ~50%
confluency in a 24-well culture plate were exposed to lentivirus
particles in complete medium containing Polybrene (5 pg/ml;
Santa Cruz Biotechnology, catalog no. sc-134220); cells were
typically infected at multiplicity of infection values of 10 or 40.
Infected cells were incubated at 37 °C in 5% CO,/air overnight,
and the medium was replaced with complete medium for
another overnight incubation. The medium was replaced with
selection medium (containing 2 pug/ml puromycin; Invitrogen),
and the selection medium was replaced every 3—4 days until
resistant colonies appeared. Pooled colonies were expanded,
and cells were cryopreserved or used immediately for experi-
ments (culture medium was supplemented with 2 ug/ml puro-
mycin). The extent of AMPKa1/2 KD in each cell line was mon-
itored by immunoblotting and quantitative RT-PCR analyses; if
changes in the extent of KD were detected with time in culture
(passaging), early passage cells were obtained from frozen
stocks for subsequent experiments.

Immunoblotting Analysis—Culture dishes or plates were
placed on ice or on cold packs, and the medium was removed.
Cells were lysed by adding =200 ul of lysis buffer (50 mm Tris-
HCI, pH 7.4, 0.5% Nonidet P-40, 250 mm NaCl, 1 mm DTT, 50
mM NaF, 15 mm Na,P,0,, 25 mMm B-glycerophosphate, 1 mm
NazVO,, 100 nm okadaic acid (EMD/Millipore Chemicals,
Darmstadt, Germany), 50 units benzonase nuclease (EMD/Mil-
lipore), 1 X Protease Inhibitor Mixture III, PIC III (EMD/Milli-
pore)). After spinning at 9,000 X g for 10 min at4 °C, the protein
concentrations of the supernatants were determined by using a
bicinchoninic acid assay (Thermo Scientific, Rockford, IL).
Equal protein samples (typically 10—-15 pug) were resolved in
4-12% SDS-polyacrylamide gels (NuPAGE BisTris Gels, Invit-
rogen) and electroblotted onto Immobilon-FL. membranes
(EMD/Millipore). Blots were blocked in a 1:1 mixture of Odys-
sey Blocking Buffer (LI-COR Biosciences, Lincoln, NB) and
PBS, pH 7.4, at4 °C. For protein detection, blots were incubated
overnight at 4°C with a primary antibody typically diluted
1:1,000 in Odyssey Blocking Buffer containing 0.1% Tween 20.
After washing with PBS containing 0.1% Tween 20, blots were
incubated for 1 h at room temperature containing a species-
specific IRDye 800-conjugated IgG antibody (LI-COR Biosci-
ences) diluted (e.g. 1:10,000) in Odyssey Blocking Buffer con-
taining 0.1% Tween 20 and 0.01% SDS. Primary antibody
binding was detected and visualized by using an Odyssey Infra-

JOURNAL OF BIOLOGICAL CHEMISTRY 22851



AMPK Supports Breast Tumor Xenograft Growth

red Imaging System (LI-COR Biosciences). SeeBlue Plus 2
prestained standards (Invitrogen) were used to calibrate the
immunoblots.

Quantitative RT-PCR (qPCR) Analysis—Total RNA was col-
lected and purified by using an RNeasy mini kit (Qiagen, Valen-
cia, CA) according to the supplier’s instructions. First strand
(cDNA) synthesis and qPCR were performed by using an RT?
first strand kit and an RT® SYBER Green qPCR master mix kit
from SABiosciences/Qiagen. Amplicons from the human
AMPKal1/2 subunit gene mRNAs (PRKAAI and PRKAA2)
were generated with the following primer sets (RT> qPCR
primer assays, SABiosciences/Qiagen): PRKAAI, catalog no.
PPHO00043B (110-bp amplicon; located at position 1,537 in
RefSeq sequence NM_006251) and PRKAA2, catalog no.
PPH15207A (141-bp amplicon; located at position 1,530 in Ref-
Seq sequence NM_006252). The amplicons were generated by
using a LightCycler (Roche Applied Science) with the following
thermocycling program: denaturation, 95 °C, 10 min; amplifi-
cation, 95 °C, 15 s; annealing, 60 °C, 1 min; 45 cycles.

Tumor Xenografts—In vivo procedures were approved by the
SRI Institutional Animal Care and Use Committee (IACUC).
To investigate tumor growth, orthotopic tumors were initiated
by injecting shRNA control or AMPKa1/2 KD cells (3 X 10°
cells/cell line) in 100 pl of serum-free medium containing 50%
Matrigel (BD Biosciences) into the right mammary fat pad
(lower mammary papilla) of female nude mice (Harlan Labora-
tories, Livermore, CA). When the tumors reached a uniform
mean volume (~100 mm?), mice were separated into shRNA
control and AMPKal1/2 KD groups (10-15 mice/group).
Tumor growth was monitored daily, and tumor volumes were
measured twice weekly (tumor volumes were calculated using
the formula V=L X W X H X /6, where L and W represent
the longer and shorter diameters of the tumor, and H repre-
sents the height of the tumor (16)). Analysis of tumor growth,
including statistical comparisons between groups of mice, was
performed using the Study Director package (Studylog Sys-
tems, Inc., South San Francisco) and GraphPad Prism/InStat
(GraphPad Software, La Jolla, CA). One-way analysis of vari-
ance with a Tukey-Cramer post hoc test was used to determine
the statistical significance of differences between the mean vol-
umes of corresponding shRNA and AMPKa1/2 KD tumors;
p < 0.05 was considered to indicate a significant difference
between the mean tumor volumes of two groups. To investigate
tumor metabolism, orthotopic tumors were prepared by inject-
ing two groups of 30 mice each with shRNA control or
AMPKal1/2 KD MDA-MB-231 cells. When the faster growing
shRNA control tumors reached a mean volume of ~400 mm?,
metabolic profiling was performed using '*>C-labeled glucose,
as described below.

A tumor cell colonization assay (also called an experimental
metastasis assay) (17) was performed by injecting sShRNA con-
trol or AMPKa1/2 KD MDA-MB-231 cells (2 X 10° cells/tail
vein injection, suspended in serum-free medium; day 0) into
groups of beige nude mice (Harlan Laboratories; 15 mice/
group). The statistical significance of the survival data were
evaluated by using the log-rank test. The distribution of the
injected cells and the occurrence of tumors were monitored on
day 0 and day 1, and then weekly for 10 weeks by biolumines-
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cence imaging using an IVIS Lumina XR System (PerkinElmer
Life Sciences/Caliper), according to the vendor’s instructions.
As mentioned above, the MDA-MB-231 cells constitutively
express a luciferase reporter. Briefly, no later than 15 min
before imaging, mice were injected ip. with D-luciferin
(PerkinElmer Life Sciences/Caliper) in Dulbecco’s phosphate-
buffered saline (D-PBS; without calcium and magnesium,; Invit-
rogen) at 150 mg/kg/ml. Mice were anesthetized with sodium
pentobarbital (60 mg/kg) during imaging. Image analysis was
performed with Living Image software (PerkinElmer Life Sci-
ences/Caliper), and bioluminescent signals were quantified as
average signals (photon counts/s/cm®) for comparisons
between individual mice.

Steady-state Glucose and Glutamine Uptake Assays—
Steady-state glucose uptake by cultured cells was measured
essentially as described previously (18, 19). Cells were plated in
2 ml of medium in the wells of 6-well cell culture plates (1.5 X
10° cells/well) and incubated at 37 °C until they were =90%
confluent. The cells were washed at least three times with
D-PBS containing calcium and magnesium, and then 1 ml/well
of D-PBS labeling solution was added (2 wCi/ml 2-deoxy-p-
[1,2-®°H]glucose (PerkinElmer Life Sciences catalog no.
NET549A250UC; 25-50 Ci/mmol; 1 mCi/ml), 0.1 mm 2-deoxy-
D-glucose (Sigma, catalog no. D3179), 1% BSA; *20 um
cytochalasin B (CB; Sigma, catalog no. C6762). The active glu-
cose uptake inhibitor CB was used to control for passive diffu-
sion of glucose into cells. Cells were incubated in the labeling
solution at 37 °C for 10 min, and then they were placed on ice,
and 1 ml/well of ice-cold D-PBS containing 110 ug/ml phlore-
tin was added to stop active glucose uptake. Cells were washed
three times with D-PBS containing 55 ug/ml phloretin and
lysed by scraping in 0.3 ml/well of RIPA buffer (50 mm Tris
buffer, pH 7.5, 150 mm NaCl, 0.1% SDS, 0.5% sodium deoxy-
cholate, 1% Nonidet P-40 or Triton X-100, 1X protease inhib-
itor mixture (Roche Applied Science)). The lysates were spun at
12,000 rpm for 5 min, and protein concentrations were mea-
sured using a bicinchoninic acid (BCA) assay (Thermo Scien-
tific). The radioactivities of the lysates were determined by
counting 200 ul of each lysate in 4.5 ml of scintillation fluid, and
the counts for lysates from CB-treated cells were subtracted
from the counts for lysates from cells not treated with CB. Glu-
cose uptake data were expressed as picomoles/mg of protein/5
min.

Steady-state L-glutamine (glutamine) uptake by cultured
cells was measured by using L-[3,4-*H]Glutamine ([*H]glu-
tamine; PerkinElmer Life Sciences; catalog no. NET551001MC;
30-60 Ci/mmol, 1 mCi/ml) as a tracer, essentially as described
in Ref. 20. Cells were plated in 1 ml of medium in the wells of a
24-well cell culture plate (1.0 X 10° cells/well) and incubated at
37°C until they were =90% confluent. The medium was
replaced with medium containing 2 mm normal glutamine and
5 uCi of [*H]glutamine, and the cells were incubated at 37 °C
for 5 min. The plate was placed on ice, and the wells were
washed five times with ice-cold PBS and air-dried for 20 min at
room temperature. Cells were lysed by adding 210 ul/well of a
solution of 0.2 N NaOH and 0.2% SDS, followed by the addition
of 10 ul/well of 2 N HCL. The protein concentrations of the
lysates were measured using a BCA assay, and radioactivity
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measurements were made by counting 150 ul of each lysate in
4.5 ml of scintillation fluid. Glutamine uptake data were
expressed as counts/min/mg total protein.

Measurement of Oxygen Consumption and Extracellular
Acidification in Cell Cultures—Cells were plated in the wells of
96-well plates (1.5 X 10° cells/well; XF96 plates, Seahorse Bio-
science, North Billerica, MA) and incubated at 37 °C overnight.
The next day, the medium was changed to XF Assay Medium
(Seahorse Bioscience) containing 25 mMm glucose, 1 mM pyru-
vate, and 2 mMm glutamine or containing 1 mm glucose, 0.05 mm
pyruvate, and 2 mm glutamine, and the cells were incubated at
37 °C for 2 h. Steady-state (baseline) oxygen consumption rates
and extracellular acidification rates were measured with an
XF24 extracellular flux analyzer (Seahorse Bioscience). Addi-
tion of 2.5 uM oligomycin was used to evaluate the glycolytic
response of the cells by inhibiting oxidative phosphorylation;
addition of 5 uM carbonyl cyanide m-chlorophenyl hydrazone
was used to evaluate the maximal respiratory response of the
cells (21, 22).

Metabolic Profiling of *>C-Labeled Glucose Metabolites—To
investigate glucose metabolism in shRNA control and
AMPKa1/2 KD MDA-MB-231 cells in vitro, subconfluent cul-
tures of both genotypes (100-mm diameter culture plates; three
replicates/cell line) were incubated with p-[1,2-'3C,]glucose
(called [**C,]glucose below; Sigma, catalog no. 661422-1G; 99
atom % '3C) in glucose- and pyruvate-free DMEM (Sigma, cat-
alog no. D5030). Cells were incubated in either high glucose
medium (DMEM + 10% FBS; 25 mM glucose composed of 50%
normal glucose and 50% [**C,]glucose) or low glucose medium
(DMEM + 10% EBS; 1 mMm glucose composed of 50% normal
glucose and 50% ['°C,]glucose) for 48 h, with one change of
medium at 24 h. Cells were placed on ice; the medium was
removed and frozen at —80 °C; cells were washed twice with
ice-cold PBS; and cell pellets were prepared by trypsinization
(pellets were stored at —80 °C).

To investigate glucose metabolism in orthotopic tumors pre-
pared from shRNA control and AMPKa1/2 KD MDA-MB-231
cells, mice were injected ip. (1 g/kg) with [**C4lglucose
(p-[**C¢lglucose, Sigma, catalog no. 389374-2G; 99 atom %
13C) dissolved in sterile PBS (0.25 g/ml glucose; 50%
[*3Clglucose/normal glucose). Blood samples were collected
at 30, 60, and 90 min after completion of the glucose injections
(blood was collected in EDTA-treated tubes and centrifuged at
5,000 rpm for 5 min; the plasma was stored at —80 °C). Mice
used to collect blood at each time point were euthanized with
sodium pentobarbital (60-80 mg/kg). Tumor, pancreas, and
liver were immediately removed from each mouse; flash-frozen
in liquid nitrogen; and stored at —80 °C.

CO, was obtained from culture medium (100 ul) or tissue
(=100 mg) by adding an equal volume of 0.1 M NaHCO, and 1
N HCl to a sample in a gas chromatography (GC) vial, followed
immediately by analysis of the head space gas by mass spec-
trometry (GC-MS; see below for details). ***3*CO,, isotopomers
were monitored at m/z 44 and 45 in the electron impact ioni-
zation (EI) spectrum to determine the fraction of [**/**C]glu-
cose (['*C,lglucose or ['*Clglucose) that was completely oxi-
dized by the pentose phosphate cycle (PPC) and the
tricarboxylic acid (TCA) cycle, relative to '>*CO,, from the B-ox-
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idation of (unlabeled) fatty acids (23-25). L-Lactate (lactate)
was obtained from culture medium (2 ml) by acidification with
2N HC], extraction with ethylene chloride, and derivatization to
the n-propylamide-heptafluorobutyric ester (24, 25). Lactate
was obtained from tissue fragments (=100 mg) by homogeni-
zation in 1 ml of TRIzol reagent (Invitrogen) according to the
supplier’s instructions; the aqueous phase of the homogenate
was acidified with 2 N HCl (e.g. for 2 h), neutralized, and
extracted with ethyl acetate; and the extracted lactate was
derivatized to the n-propylamide-heptafluorobutyric ester.
[*/13C]Lactate isotopomers were monitored by GC-MS at the
ion cluster at 71/z 328 in the chemical ionization spectrum (car-
bons 1-3 of derivatized lactate) to detect metabolites with 1, 2,
or 3 '>C atoms from a [**C]glucose tracer (M,, M,, and M,
isotopomers, respectively, depending on the tracer). Together,
these data were used to determine the relative contributions of
the PPC and glycolysis to lactate production from [**C]glucose.
D-Ribose from RNA (ribose) was obtained as follows: cell pellets
or tissue fragments were homogenized with the TRIzol reagent;
RNA in the aqueous phase was hydrolyzed with 2 N HCI fol-
lowed by neutralization; free ribose was purified by ion-ex-
change chromatography; purified ribose was derivatized to the
aldonitrile acetate form by treatment with hydroxylamine
hydrochloride in pyridine (e.g. 100 °C, 1 h) and acetic anhydride
(e.g 100 °C, 0.5 h) (25). [**/*3C]Ribose isotopomers were mon-
itored by GC-MS at the ion clusters at 71/z 242 and m/z 217 in
the EI spectrum (carbons 1-4 and 3-5, respectively, of deriva-
tized ribose). Together, these data were used to determine the
relative contributions of the oxidative and nonoxidative PPC to
ribose production from ['*C]glucose. For example, data for
ribose with 'C at the first carbon (ribose) position (m/z 242
C,—C, M,; using [**C,]glucose) was used to determine the
fraction of ribose derived from ['*C]glucose in the oxidative
PPC, initially catalyzed by glucose-6-phosphate dehydrogen-
ase; data for ribose with *C at the first two carbon posi-
tions (m/z 242 C,—C, M,; using ["*C,]glucose or using
[*3Clglucose) was used to determine the fraction of ribose
derived from [**C]glucose in the nonoxidative PPC, catalyzed
by transketolase; data for ribose with '3C at the fourth and fifth
carbon positions (m/z 217 C;—Cg; M,; using [1*C,]glucose) was
used to determine the fraction of ribose derived from [**C]glu-
cose by triose recycling and catalyzed by transketolase and
transaldolase (24-26). Fatty acids (mainly C,, fatty acids/
palmitate; palmitate below) were obtained from cell pellets by
saponification with 30% KOH and 100% ethanol, followed by
extraction with petroleum ether. Fatty acids were obtained
from TRIzol homogenates of tissue fragments by chloroform
extraction, saponification of the phenol/chloroform layer over
3 h with 0.6 ml of 15% KOH and 50% ethanol, and extraction
with petroleum ether (e.g. three extractions, 5 ml/extraction).
Extracted fatty acids were converted to the methyl esters by
using 0.5 N methanolic HCL Derivatized [**/**C]palmitate iso-
topomers were monitored by GC-MS at the ion cluster at m/z
270 in the EI spectrum to determine the fraction of palmitate
synthesized from [**C]glucose or the fraction of acetyl units
derived from ['*C]glucose in newly synthesized palmitate (25,
26).
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FIGURE 1. A and B, transcript levels of AMPKa1 (PRKAAT) and AMPK«a2 (PRKAA2) in shRNA control and AMPKa1/2 KD MDA-MB-231 cells. Numerical values refer
to % (KD Signal/Control Signal) = % combined S.D. (n = 2 replicates). C, AMPKa1 and AMPKa2 protein levels in shRNA control and AMPKa1/2 KD MDA-MB-231
cells. Numerical values refer to % (normalized KD signal/normalized control signal) = % combined S.D. (n = 2 replicates). AMPK« signals were normalized to
the corresponding MARK2 signals (signals are intensity values (thousand pixels) obtained by image analysis). D, total AMPKa (AMPKe1/2), ACC1, and phospho-
Ser-79 ACC1 (P-ACC1) protein levels in shRNA control and AMPKa1/2 KD MDA-MB-231 cells. Numerical values refer to % (normalized KD signal/normalized
control signal) = % combined S.D. (n = 2, replicates). AMPKa signals were normalized to the corresponding MARK2 signals (signals are intensity values

(thousand pixels) obtained by image analysis).

Mass spectral data for the various metabolites were acquired
with an Agilent HP 6890N gas chromatograph connected to a
HP5975N mass selective detector (Agilent Technologies, Santa
Clara, CA). An Agilent J&W Scientific HP-5-ms column (30 m
in length; 250 wm in diameter; 0.25-um film thickness; Part
19091S-433) was used for glucose, lactate, and ribose analysis.
An Agilent J&W DB-23 column (60 m in length; 250 um in
diameter; 0.15 wm film thickness; Part 122-2361) was used for
CO, and fatty acid analysis. Helium (>99.99% purity) and
methane (>99.99% purity; Praxair, Danbury, CT) were used as
gases for the EIl and chemical ionization analysis modes, respec-
tively. Samples were injected directly into the heated (250 °C)
and pressurized inlet interface; examples of instrument settings
for the metabolites are given in Refs. 24, 27.

Data Analysis and Statistical Methods for Metabolic Profiling—
GC-MS analyses involved consecutive automatic injections of
samples (1 ul); the mass spectral data were considered accept-
able if the standard sample deviations for peak intensities from
the repeated injections were <1% of the normalized peak inten-
sities. Isotopomer peak data were obtained from three consec-
utive manual integrations of background-subtracted spectra
containing overlapping isotopomer peaks, as displayed in the
total ion chromatogram window using GC-MS analytical soft-
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ware (ChemStation, Agilent). Statistical analyses of control and
experimental samples were performed using an unpaired het-
eroscedastic, two-tailed independent sample ¢ test with 95%
confidence intervals; p < 0.05 was considered to indicate sig-
nificant differences in glucose carbon metabolism between
shRNA control and AMPKa1/2 KD cells.

RESULTS

AMPK Supports the Growth of Aggressive Orthotopic Human
Breast Tumor Xenografts—We achieved =80% KD of the
expression of the AMPKal/2 mRNAs (PRKAA1/2) in MDA-
MB-231 cells infected with lentivirus particles encoding specif-
ically targeted shRNAs (Fig. 1, A and B); control cells were
infected with a lentivirus preparation encoding a scrambled
shRNA. Fig. 1C shows a similar KD of the expression of
AMPKal and -2 protein in the MDA-MB-231 cell lines
(shRNA control and AMPKa1/2 KD cells). The greater expres-
sion of AMPKa1 compared with -a2 proteins evident in Fig. 1C
is consistent with genomic data for MDA-MB-231 cells; the
gene copy numbers for chromosome 5 (the PRKAA I locus) and
chromosome 1 (the PRKAA2 locus) are 4# and 2n, respectively
(COSMIC Database, Cell Lines Project). We have routinely
detected relatively greater levels of AMPKal compared with
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70 80

Top curve (triangles), AMPKa:1/2 KD group; bottom curve (squares), shRNA control group.

-a2 on immunoblots of total protein from human cell lines
using the antibodies described under “Experimental Proce-
dures.” AMPK activity is commonly monitored by immunolog-
ical detection of specific phosphorylation of its substrate acetyl-
CoA carboxylase 1 (ACC1; Ser-79 in human cells) (9, 28);
AMPKal1/2 KD significantly attenuated this phosphorylation
in MDA-MB-231 cells (P-ACC, Fig. 1D). More directly, as dis-
cussed below, in vitro metabolic profiling with a [**C]glucose
tracer showed that AMPKal/2 KD in MDA-MB-231 cells
altered fatty acid synthesis in a way that is consistent with
AMPK-dependent phosphorylation of ACC1. Together, these
data demonstrate that we had achieved a substantial and func-
tional KD of AMPK activity in MDA-MB-231 cells using the
shRNA lentiviral preparation.

To determine whether AMPK is important for the growth of
MDA-MB-231 tumors, we used the shRNA control and
AMPKal1/2 KD MDA-MB-231 cells to initiate orthotopic
tumors in nude mice and monitored tumor growth for 6 weeks.
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Fig. 2A shows growth curves constructed from the mean tumor
volumes from this study as follows: tumors in the AMPKa1/2
KD group became significantly smaller than tumors in the
shRNA control group by day 36, and by day 40 this difference
was substantial (control tumors, 2,385 = 613 mm?; AMPKa1/2
KD tumors, 1,287 = 572 mm?; £S.D., p < 0.001). Fig. 1C shows
an example of AMPKa1 and -a2 protein expression in lysates of
shRNA control and AMPK«1/2 KD tumors; immunoblot anal-
ysis of randomly selected shRNA control and AMPKa1/2 KD
tumors from the study (four tumors/group) indicated that
=70% KD of AMPKal/2 expression was retained in the
AMPKa1/2 KD compared with the shRNA control groups (Fig.
2A). In contrast to the inhibitory effect of AMPKal/2 KD on
the growth of orthotopic MDA-MB-231 tumors, Fig. 2B shows
that there was no significant difference in the proliferation or
survival of the same shRNA control and AMPKa1/2 KD cells
when they were cultured in nutrient-rich medium (complete
medium under normoxia (5% CO, + air)).
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Fig. 2C shows Kaplan-Meier survival curves derived from a
tumor colonization assay study (17) in which the shRNA con-
trol and AMPKal/2 KD MDA-MB-231 cells were injected i.v.
into beige-nude mice to establish tumors in lung (tumor burden
was monitored by bioluminescence imaging; see “Experimental
Procedures”). We note that the rapid growth of the orthotopic
MDA-MB-231 tumors precluded the use of bioluminescence
imaging to evaluate whether AMPK activity influenced the dis-
semination or local invasiveness of MDA-MB-231 cells in nude
mice (spontaneous metastasis) (13). Fig. 2C shows that there
were survivors in the shRNA control and AMPKal/2 KD
groups until days 49 and 70, respectively (mice were sacrificed
during the study in accordance with IACUC guidelines). The
curves in Fig. 2C are significantly different (p < 0.0001, log-rank
test) with median survival rates of 35 days (shRNA control
group) and 49 days (AMPKa1/2 KD group). Thus, MDA-MB-
231 tumor burden in mouse lung tissue caused substantial
pathology or morbidity more rapidly in the sShARNA control than
inthe AMPKa1/2 KD group. This study indicates that the effect
of AMPKa1/2 KD on the growth or development of MDA-MB-
231 tumors does not require an orthotopic tissue microenvi-
ronment. The study also demonstrates that the use of Matrigel
to initiate MDA-MB-231 tumors is not essential to reveal an
AMPK-dependent effect(s) on the tumor biology of MDA-MB-
231 cells in nude mice.

To test whether the AMPK-dependent growth defect
observed using MDA-MB-231 tumors could be reproduced
with a different TN human breast cancer cell line, we infected
DU4475 cells with the same lentiviral preparations that were
used to generate the shRNA control and AMPKa1/2 KD MDA -
MB-231 cells, and we used the shRNA control and AMPKa1/2
KD DU4475 cells to generate orthotopic tumors in nude mice
(n = 10 mice/group). Again, the AMPKal/2 KD tumors
showed a significant and substantial growth defect compared
with the control tumors (e.g. mean tumor volumes on day 21:
shRNA control group, 1271 * 268 mm?* AMPKa1/2 KD group,
552 = 352 mm?®; +S.D.; p < 0.001). The study was terminated
on day 21 in accordance with IACUC guidelines. As we found
with the shRNA control and AMPKal/2 KD MDA-MB-231
cells, there was no significant difference in the proliferation/
survival of the shRNA control and AMPKal/2 KD DU4475
cells when they were cultured in nutrient-rich medium (data
not shown).

As mentioned in the Introduction, a major consideration of
our rationale for using MDA-MB-231 cells to investigate the
importance of AMPK for experimental breast tumor growth
was that these cells have a Warburg effect (12), which is a com-
mon metabolic phenotype of human tumor cells, including
breast cancer cells (1, 3). Therefore, we evaluated the effect of
AMPKa1/2 KD on the core glucose metabolism of MDA-MB-
231 cells both in cell culture and in orthotopic tumors.

AMPK Regulates Core Glucose Metabolism in MDA-MB-231
Cells—To investigate whether AMPK contributes to the War-
burg effect in MDA-MB-231 cells, we used stable isotope-based
metabolic profiling (metabolic profiling) (23, 26) with ['*C,]- or
['°C¢lglucose tracers to investigate the effect of AMPKa1/2 KD
on the core glucose metabolism of these cells both in vitro (cell
culture) and in vivo (orthotopic tumors). Specifically, we used
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the distribution of '*C atoms from [**C]glucose to trace carbon
flow from glucose through glycolysis, the PPC, the TCA cycle,
and C,, fatty acid (palmitate) synthesis.

As detailed under “Experimental Procedures,” to investigate
glucose metabolism in cultures of shRNA control and
AMPKal/2 KD MDA-MB-231 cells, cells were incubated at
37 °C for 48 h (steady-state labeling) in medium containing
either 25 or 1 mM total glucose (containing [**C,]glucose).
MDA-MB-231 cells cultured in 1 mm glucose were used as a
control for the effect of the proliferative state on glucose metab-
olism. Fig. 3A shows that the proliferation of both shRNA con-
trol and AMPKa1/2 KD MDA-MB-231 cells was attenuated in
1 mM compared with 25 mMm glucose-containing medium. Dur-
ing the 48-h incubation time, there was no significant differ-
ence between the shRNA control and AMPKa1/2 KD cells in
the uptake of [**/*3C]glucose from the medium (data not
shown); in support of this finding, measurements of steady-
state uptake of glucose by subconfluent shRNA control and
AMPKal/2 KD MDA-MB-231 cells incubated with 2-[1,2-
*H]deoxy-p-glucose over a 5-min incubation time showed no
statistically significant difference in glucose uptake (Fig. 3B).
Thus, differences in glucose metabolism detected by metabolic
profiling of the shRNA control and AMPKal/2 KD cells
(described below) cannot be attributed to differences in glucose
uptake from the medium over 48 h of incubation.

Fig. 4B shows that the complete oxidation of glucose to CO,
(in the PPC and the TCA cycle) in MDA-MB-231 cells was
increased by AMPKa1/2 KD, as indicated by the increased >C/
'2C ratio in *'3*CO, (8'3CO,) obtained from the high glucose
medium (25 mm glucose) of AMPKal1/2 KD cells compared
with the high glucose medium (25 mm glucose) of shRNA con-
trol cells. This finding indicates that AMPK is important for the
anabolic (anaplerotic) compared with the catabolic (oxidative)
utilization of glucose by MDA-MB-231 cells in high glucose
medium. Fig. 4C shows that the release of ['*/**C]lactate (total
lactate) from AMPKa1/2 KD cells was significantly decreased
compared with that from shRNA control cells in high glucose
medium (total integrated peak area/volume of medium). There
were no significant differences in the relative contributions of
(aerobic) glycolysis and the PPC to lactate production for either
the AMPKa1/2 KD or the shRNA control cells, as indicated by
the M1, M2, and M3 metabolites at m1/z 328 (data not shown).
These findings indicate that AMPK regulates the utilization of
glucose by both glycolysis and the PPC pathways in MDA-MB-
231 cells cultured in high glucose medium. Both cell lines pro-
duced less lactate in low glucose (1 mm glucose) medium com-
pared with high glucose medium, which is consistent with the
lower rates of proliferation of the cells in low glucose medium
(Fig. 34).

Fig. 4, D and E, shows that the utilization of glucose for ribose
synthesis did not differ between the AMPKal/2 KD and
shRNA control cells in high or low glucose medium; production
of '*C-labeled ribose from all pathways (Fig. 4, D, PPC, and E,
triose recycling) as a percentage of total ['*'*C]ribose was not
significantly different between the shRNA control and
AMPKal1/2 KD cells. In high glucose medium, however,
AMPKa1/2 KD cells preferentially synthesized ribose through
the oxidative rather than the nonoxidative PPC (Fig. 4, Fand G,
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respectively; M, and M, as percentages of the ['*C]ribose (C;-
C,) fraction), compared with shRNA control cells. Because the
oxidative PPC is a major source of cellular NADPH, which is
directly synthesized from NADP™ by glucose-6-phosphate
dehydrogenase (3), this finding indirectly indicates that prolif-
erative AMPKa1/2 KD cells synthesized more NADPH than
proliferative sShRNA control cells in high glucose medium. In
this context, in high glucose medium AMPKa1/2 KD cells also
produced more palmitate from glucose than shRNA control
cells (Fig. 4H, *C-labeled palmitate from all pathways as a per-
centage of total [**'3C]palmitate) using acetyl-CoA (Fig. 4,
[*3CJacetate as a percentage of total palmitate). Cytoplasmic
acetyl-CoA, which is derived from the TCA cycle by citrate
shuttling, is converted by acetyl-CoA carboxylase to malonyl-
CoA; malonyl-CoA is used for the reductive (NADPH-depen-
dent) synthesis of palmitate and longer chain fatty acids by
fatty-acid synthase (2). The finding that AMPKal/2 KD cells
had increased synthesis of palmitate compared with shRNA
control cells (in high glucose medium) is consistent with the
established biochemistry of AMPK; AMPK-dependent phos-
phorylation of ACC1 inhibits the production of malonyl-CoA,
which decreases the synthesis of long chain fatty acids by fatty-
acid synthase (6, 7). Thus, all other things being equal, the
increased synthesis of palmitate in AMPKa1/2 KD compared
with shRNA control MDA-MB-231 cells is a predictable con-
sequence of inhibition of AMPK activity.

The differences in glucose utilization between shRNA con-
trol and AMPKal/2 KD MDA-MB-231 cells described above
were not evident in measurements of oxygen consumption
rates (respiration) and proton production rates (medium acid-
ification) under similar culture conditions (Fig. 5). A possible
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explanation for the apparent discrepancy between the results of
[*3C]lactate analysis (Fig. 4C) and the medium acidification
results (Fig. 5B) is that both shRNA and AMPKa1/2 KD MDA-
MB-231 cells could produce lactate from glutamine as well as
from glucose catabolism (1): indeed, Fig. 3B shows that both cell
lines acquired glutamine from complete medium with indistin-
guishable kinetics.

AMPK Regulates Core Glucose Metabolism in Orthotopic
Tumors Prepared from MDA-MB-231 Cells—To investigate the
effect of AMPKa1/2 KD on core glucose metabolism in MDA -
MB-231 cells in vivo, we performed metabolic profiling with
[*3Clglucose in a second orthotopic tumor xenograft study
using the shRNA control and AMPKal/2 KD MDA-MB-231
cell lines. Fig. 6B shows tumor growth curves from this study;
tumors in the AMPKal/2 KD group became significantly
smaller than tumors in the shRNA control group (e.g. day 21;
shRNA control tumors, 405 * 105 mm?® AMPKal/2 KD
tumors, 296 * 51 mm? =S.D.; p < 0.001), in agreement with
the growth results from the first orthotopic tumor study shown
in Fig. 2A. As described under “Experimental Procedures,”
groups of mice with shRNA control or AMPKa1/2 tumors were
sacrificed at 30, 60, or 90 min after injection of the ['*>C]glucose
tracer to evaluate core glucose metabolism in tumors and
selected organs (liver and pancreas) from each mouse. Data
obtained from the 30-min sacrifice time effectively represent
the response of the various tissues to a glucose challenge. We
note that the brief '*C-labeling times (30-90 min) used here
enabled analysis of core glucose metabolism in ShARNA control
and AMPKa1/2 KD tissues independently of net tumor growth
rates.
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FIGURE 5. Effect of AMPK1/2 KD on the oxygen consumption rate (OCR) (A) and proton production rate (PPR) (B) of MDA-MB-231 cells cultured under
normoxia (5% CO,, + air). Open arrow, addition of the ATP synthase inhibitor oligomycin to inhibit oxidative phosphorylation. Closed arrow, addition of the
uncoupling agent/protonophore (carbonyl cyanide m-chlorophenyl hydrazone) to uncouple the respiratory chain from ATP synthesis. Error bars, =S.D.

Fig. 6C shows that the complete oxidation of glucose to CO,
(in the PPC and the TCA cycle) in tumor tissue was decreased
by AMPKa1/2 KD, as indicated by the decreased '*C/**C ratio
in '*13C0, (86"CO,) from AMPKal1/2 KD compared with
shRNA control tumors. This finding contrasts with that
obtained for CO,, production with cultures of the shRNA con-
trol and AMPKa1/2 KD MDA-MB-231 cells by in vitro meta-
bolic profiling (Fig. 4B). Fig. 6D shows that [**/*>C]lactate (total
lactate) in AMPKal1/2 KD tumors was decreased compared
with total lactate from shRNA control tumors (total integrated
peak area/tissue weight). On glucose challenge (30-min sacri-
fice time), AMPKa1/2 KD tumors produced less '*C-labeled
lactate from all pathways (glycolysis, PPC + glycolysis) than
shRNA control tumors (Fig. 6E; '*C-labeled lactate from all
pathways as a percentage of total [**'3C]lactate). The
decreased lactate production found in AMPKal/2 KD com-
pared with shRNA control MDA-MB-231 tumors was also
found with the same cell lines by in vitro metabolic profiling
(Fig. 4C). Compared with shRNA control tumors, on glucose
challenge AMPKa1/2 KD tumors produced relatively more
lactate from the oxidative PPC + glycolysis than directly
from glycolysis (Fig. 6F; M, ['*C,]lactate/M, ['*C;]lactate)
(23). Fig. 6G shows that total RNA ribose (['*/**C]ribose, total
ribose) from AMPKa1/2 KD tumors was decreased compared
with total ribose from shRNA control tumors (total integrated
peak area/tissue weight). Moreover, synthesis of ribose through
the nonoxidative PPC was decreased in the AMPKal1/2 KD
compared with the shRNA control tumors (Fig. 6H; M, as a
percentage of the [**C]ribose [C,~C,] fraction). This finding
suggests that AMPK supports the synthesis of ribose through
the nonoxidative compared with the oxidative PPC in MDA-
MB-231 tumors, although the amount of total ribose was less in
AMPKa1/2 KD compared with shRNA control MDA-MB-231
tumors (Fig. 6G). The relatively decreased synthesis of [>C]ri-

bose in the nonoxidative PPC found in AMPK«1/2 KD com-
pared with shRNA control tumors was found with the same cell
lines by in vitro metabolic profiling (Fig. 4G). AMPKa1/2 KD
tumors did not detectably synthesize an increased amount of
palmitate from [**/*3C]glucose during the times used for the
metabolic profiling study (30 -90 min), unlike ShARNA control
tumors (Fig. 61, total integrated peak area/tissue weight; Fig. 6/,
[*3C]palmitate as a percentage of total palmitate). Fig. 6K shows
that on glucose challenge shRNA control but not AMPKa1/2
KD tumors synthesized new palmitate from acetyl-CoA
([**Clacetate as a percentage of total palmitate). Together, the
findings shown in Fig. 6, I-K, indicate that compared with
shRNA control MDA-MB-231 tumors, AMPKa1/2 KD MDA-
MB-231 tumors had lower rates of palmitate synthesis from
[*®CJacetyl-CoA, in contrast to cultures of the same cell lines in
conventional medium (Fig. 4, H and [; 48-h 13 C-labeling time).
As with ribose synthesis, the decreased amount of palmitate
synthesis in AMPKa1/2 KD compared with shRNA control
tumors correlated with the relatively decreased growth state of
the AMPKa1/2 KD tumors (Fig. 6B).

Orthotopic Tumors Prepared from shRNA Control and
AMPKal/2 KD MDA-MB-231 Cells Alter Host Glucose
Metabolism—The incorporation of '*C atoms from a glucose
tracer within RNA ribose can be used as an end point to evalu-
ate the consequences of a metabolic perturbation such as tumor
burden on host glucose homeostasis (29). Fig. 7A shows that
glucose homeostasis was altered in both pancreas and liver of
mice with AMPKal/2 KD tumors; the production of RNA
ribose in both organs was significantly and substantially
increased in mice with shRNA control compared with
AMPKa1/2 KD tumors. Moreover, compared with liver in mice
with shRNA control tumors, liver in mice with AMPKa1/2 KD
tumors produced relatively more lactate from the oxidative
PPC + glycolysis than from glycolysis (Fig. 7B; M,

FIGURE 4. Metabolic profiling of shRNA control and AMPKa1/2 KD MDA-MB-231 cells cultured with a p-[1,2-'3C,]glucose tracer in high and low
glucose-containing medium (25 or 1 mm glucose in DMEM +10% FBS). Histograms show the effect of AMPKa1/2 KD on glucose metabolism through the
following pathways. A, *C-labeling patterns of selected molecules of core glucose metabolism evaluated using ['*C,]glucose as a tracer. B, oxidation to CO, in
the PPC and the TCA cycle; C, production of lactate by aerobic glycolysis and the PPC; D-F, production of RNA ribose by triose recycling (D), the PPC (E), the
oxidative PPC (F), and the nonoxidative PPC (G); production of palmitate from all pathways (H) and from acetyl-CoA from the TCA cycle (/). Error bars, +S.D. (n =
3 plates/cell line).
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FIGURE 7. Metabolic profiling of pancreas and liver from mice used for the study detailed in Fig. 6. Histograms show the effect of AMPK«1/2 KD on glucose
metabolism in pancreas and liver tissue through the following pathways: A, production of RNA ribose by all pathways; and B, production of lactate by the
oxidative PPC relative to glycolysis. C, enrichment of '3C from the p-['*C4lglucose tracer in plasma glucose. Error bars, =S.D.

['3C,]lactate/M, ['?C,]lactate). Together these findings indi-
cate that orthotopic MDA-MB-231 tumor burden had systemic
effects on normal tissue glucose homeostasis in the murine host
and that AMPKal/2 KD in MDA-MB-231 cells altered this
homeostasis. Considering that MDA-MB-231 cells have a War-
burg effect (12), it is conceivable that the high glucose demand
of rapidly growing MDA-MB-231 tumors altered the availabil-

ity of the plasma glucose pool for both the pancreas and liver in
mice with shRNA control tumors. In fact, on glucose challenge
(30-min time point) the level of ">C-enriched plasma glucose
(representing dilution by the pre-existing glucose pool and new
synthesis by hepatic gluconeogenesis) was significantly lower in
AMPKal1/2 KD compared with shRNA control tumors (Fig.
7C). This finding could be interpreted as the outcome of

FIGURE 6. Metabolic profiling of shRNA control and AMPKa1/2 KD MDA-MB-231 orthotopic tumors with a p-['3Cglglucose tracer. A, '*C-labeling
patterns of selected molecules of core glucose metabolism evaluated using ['*C4lglucose as a tracer. B, growth curves for the orthotopic MDA-MB-231 tumors
used for the study (30 implanted mice/group). Mean tumor volume data were analyzed by one-way analysis of variance (p < 0.0001). The asterisks refer to p
values (p < 0.05; Tukey-Kramer test) for statistically significant differences in mean tumor volumes (p < 0.050) at the indicated days of tumor growth: *, day 21,
p < 0.001; **, day 18, p < 0.001 (shRNA control group, top curve/diamonds; AMPKa1/2 KD group, bottom curve/squares). Error bars, +=S.D. Histograms show the
effect of AMPKa1/2 KD on core glucose metabolism in tumor tissue (during <90 min; left-to-right, 30-, 60-, and 90-min observation times; five tumors/time)
through the following pathways: C, oxidation to CO, in the PPC and the TCA cycle; D and E, production of lactate by glycolysis and the PPC; F, production of
lactate by the oxidative PPC relative to glycolysis; production of RNA ribose by all pathways (G) and the nonoxidative PPC (H); production of palmitate from all
pathways (/ and J) and from acetyl-CoA from the TCA cycle (K). Tumor tissue and plasma samples were obtained on day 21 at 30-, 60-, and 90-min after i.p.
injection of the tracer (15 mice from each group were used for metabolic profiling; 5 mice/time point; see “Experimental Procedures” for details). Error bars,
+S.D.
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decreased intraperitoneal uptake of the ['*C]glucose tracer or
increased dilution of the tracer with newly synthesized
['*Clglucose (or both), in mice with AMPKa1/2 KD compared
with shRNA control tumors. The effect of AMPKa1/2 KD in
MDA-MB-231 tumors on host glucose homeostasis is dis-
cussed further below.

DISCUSSION

A significant finding of this study is that AMPK supports the
growth of experimental orthotopic tumors prepared from an
aggressive human tumor cell line, MDA-MB-231 breast cancer
cells, which have a TN classification (Fig. 24) (10). In contrast
to the positive effect of AMPK on the growth of MDA-MB-231
tumors, AMPK was dispensable for the proliferation or viability
of the same cells in nutrient-rich (normal) culture medium (Fig.
2B). We observed essentially identical AMPK-dependent in
vitro and in vivo phenotypes using DU4475 cells, another TN
human breast cancer cell line (10, 30). These findings, which
phenocopy our previous in vivo and in vitro findings using
AMPKal/2 KO HRAS GI12V-transformed mouse embryo
fibroblasts (8), suggest that the contribution of AMPK to the
growth of an aggressive experimental solid tumor has a critical
microenvironmental component. This idea is consistent with
the established physiological model of AMPK function; in
response to ATP depletion, AMPK acts to restore energy
homeostasis by inhibiting ATP-consuming processes and stim-
ulating ATP-generating processes (6, 7). Thus, stimulated
AMPK activity within the metabolically stressed microenviron-
ments that develop in rapidly growing solid tumors (2, 5) could
confer an adaptive or pro-survival advantage on tumor cells
subjected to severe ATP depletion (6).

We applied in vitro and in vivo metabolic profiling with
['*Clglucose tracers to investigate the importance of AMPK for
regulating core glucose metabolism in the MDA-MB-231 cell
line by comparing '*C-labeling patterns in shRNA control and
AMPKa1/2 KD MDA-MB-231 cells or tumors. In summary, we
obtained evidence from both MDA-MB-231 cultures and
orthotopic tumors indicating that AMPK is a positive contrib-
utor to the following: (i) the Warburg effect; (ii) the nonoxida-
tive PPC (Figs. 4 and 6). At the whole organism level, we also
found AMPK-dependent effects of MDA-MB-231 tumor bur-
den on glucose homeostasis in normal murine liver and pan-
creas (Fig. 7). As discussed below, these metabolic effects or
mechanisms could in part explain how AMPK supports the
development of orthotopic MDA-MB-231 tumors in nude
mice.

In vitro metabolic profiling revealed that AMPK contributes
significantly to core glucose metabolism in MDA-MB-231 cells
(Fig. 4), but this contribution does not affect the proliferative or
Warburg phenotype of these cells when cultured under nutri-
ent-rich conditions (Figs. 2B and 5). Nevertheless, two impor-
tant AMPK-dependent effects on glucose-derived carbon flow
detected in cultures of MDA-MB-231 cells could provide a
basis for understanding the contribution of AMPK to core glu-
cose metabolism in MDA-MB-231 tumors (Fig. 6). First, the
requirement for AMPK to sustain relatively high levels of extra-
cellular lactate production (Fig. 4C), which is characteristic of
the Warburg effect (1, 3), was retained in MDA-MB-231
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(shRNA control) tumors (Fig. 6, D and E). Second, we obtained
evidence that MDA-MB-231 tumors had a relatively greater
preference for ribose synthesis through the nonoxidative com-
pared with the oxidative PPC (Fig. 6H); this preference was also
detected in MDA-MB-231 (shRNA control) cultures (Fig. 4G).
These features of AMPK-dependent glucose metabolism in
MDA-MB-231 cells, found both by in vitro and in vivo meta-
bolic profiling, suggest that AMPK supports the development
of MDA-MB-231 tumors in part by regulating glucose flux
through aerobic glycolysis (producing lactate) and the PPC. At
least for orthotopic MDA-MB-231 tumors, AMPK appears to
contribute positively to the Warburg effect. In general, the role
of AMPK in the Warburg effect in tumor cells is not clear;
AMPK has been reported to be both a positive and negative
regulator of this metabolic phenotype in various tumor cell
types (31-33). Our findings suggest that direct or indirect tar-
gets of AMPK within the glycolytic pathway and the PPC deter-
mine its contribution to the Warburg effect and other pheno-
types of tumor cell metabolism. In the glycolytic pathway, for
example, AMPK has been reported to indirectly activate pyru-
vate dehydrogenase kinase leading to inhibition of pyruvate
dehydrogenase (increasing lactate production) and to directly
activate 6-phosphofructo-2-kinase leading to increased expres-
sion of the glycolytic activator fructose 2—6-bisphosphate (7,
33). The nonoxidative PPC, which produces pentose phos-
phates for nucleic acid synthesis, is primarily regulated by the
thiamine diphosphate-dependent enzyme transketolase (TK)
(34). It is possible that AMPK-dependent transketolase activity
could underlie the effect of AMPKa1/2 KD on RNA-ribose syn-
thesis in the nonoxidative PPC. The human genome contains
one TK gene (TKT) and two TK-like genes (TKTL1, TKTL2);
both TK and TK-like enzymes have been reported to support
the development or maintenance of diverse human tumors
(35-37).

In summary, in vivo metabolic profiling demonstrated that
glucose metabolism in AMPKa1/2 KD compared with shRNA
control MDA-MB-231 tumors resembled a non-Warburg phe-
notype, at least in terms of relatively diminished tissue lactate
levels (Fig. 6, D and E). This conclusion suggests a plausible
explanation for the relatively decreased growth of the
AMPKa1/2 KD tumors found in this study (Figs. 24 and 6B),
given that the Warburg effect is thought to support tumor
development (1, 2). Thus, the “cryptic’ AMPK-dependent
effects on glycolysis and the PPC detected in conventional cul-
tures of MDA-MB-231 cells may support the adaptation or sur-
vival of these cells in the metabolically stressed microenviron-
ments of orthotopic tumors. However, establishing a causal
relationship between such specific AMPK-dependent meta-
bolic effects and the growth state of MDA-MB-231 tumors may
not be straightforward. Metabolic profiling showed that MDA -
MB-231 tumor burden in mice had substantial AMPK-depen-
dent effects on glucose homeostasis in normal pancreas and
liver (Fig. 7), indicating a systemic interaction between tumor
and glucose-responsive normal tissues mediated in part by
AMPK activity. Although this interaction might be attributed
to the relatively high glucose demand of MDA-MB-231 tumors,
as discussed under “Results,” the level of '>C-labeled plasma
glucose was less in mice with AMPKa1/2 KD compared with
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shRNA control tumors (Fig. 7C); there was higher circulating
glucose in mice with wild-type tumors. Moreover, at the time of
metabolic profiling, the AMPKa1/2 KD tumors had a mean
volume only 25% smaller than that of the shRNA control
tumors (Fig. 6B); this relatively small difference in mean tumor
volume seems disproportionate to the relatively large differ-
ences in, for example, ribose synthesis shown in Fig. 7A for
pancreas and liver in the same two groups of mice. Given the
important role of AMPK in regulating whole-body energy
metabolism by hormonal or endocrine signaling (6), it is plau-
sible that AMPK activity in orthotopic MDA-MB-231 tumors
could perturb glucose metabolism in sensitive normal tissues in
a murine host through a circulating factor(s). This systems-
level perspective implies that the metabolism of such MDA-
MB-231 tumors could in turn be responsive to the state of
whole-body energy homeostasis.

Progress in understanding the role of AMPK in human
tumor biology will require expanded studies of AMPK bio-
chemistry in diverse tumor cells and experimental tumor types.
In this context, the discovery of specific small molecule AMPK
inhibitors (currently available inhibitors are not highly specific
for AMPK (38, 39)) could provide practical tool compounds in
support of such studies.
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