


the preparation of this report, we noticed that similar
observation was reported with different cell models, where
the biosynthesis of aspartate was proposed to be the critical
role of pyruvate-mediated rescue of ETC-defective cells
[42, 43]. In our experimental setting, knockdown of PC
did not block 143B206 proliferation rescued by exogenous
pyruvate, indicating the pyruvate to OAA pathway is not
critical. Alternatively, OAA, as a keto acid, may similarly
act as an electron acceptor in the reaction catalyzed by
malate dehydrogenase (MDH1), and aspartate may rescue
143B206 proliferation by being catabolized to OAA, a
reaction catalyzed by cytosolic aspartate aminotransferase
(GOT1) (Supplementary Figure S2B and S2C). Consistent
with this explanation, inhibiting citrate synthesis by CS
knockdown not only relieves the NADH accumulation,
but also conserves OAA. While theoretically, most
keto-acids may serve as electron acceptors to regenerate
NAD", we note that pyruvate shows significantly better
rescuing effects than OAA. The underlying biochemical
mechanisms remain unknown, but a plausible explanation
is the thermodynamic and enzymatic difference among
these reactions.

Data from cell culture studies clearly indicate that
exogenous pyruvate enhances cell viability and supports
oxygen-independent proliferation of ETC-defective cells.
Within an in vivo environment, the source of pyruvate

exogenous to solid tumor cells is an interesting question.
We have shown that well-oxygenated cells release pyruvate
into culture media. It has been well-known that hypoxic
tumor cells export lactate and well-oxygenated tumor
cells uptake lactate as substrate for metabolism [44, 45].
Taking these facts together, we propose that adjacent well-
oxygenated cells, including normal cells, tumor cells or
stromal cells, may release pyruvate, while hypoxic cells
uptake and use the exogenous pyruvate as an oxygen
surrogate to maintain the intracellular NAD" levels to
survive and proliferate (Figure 8).

It is known that cell surface monocarboxylate
transporters (MCT1, 2, and 4) are upregulated by hypoxia
[46], which may facilitate hypoxic cells to uptake
exogenous pyruvate. In fact, recent studies have showed the
efficacy of MCT inhibitors in killing cancer cells [47, 48].
How the secretion of pyruvate by non-hypoxic cells is
regulated, and particularly, whether hypoxic or cancer
cells positively regulate the pyruvate secretion from
adjacent, well-oxygenated cells remains to be investigated.
Intracellularly, mitochondrial membrane pyruvate
transporters were discovered recently [49, 50]. Whether
these transporters play a role in the rescuing effects of
exogenous pyruvate by increasing mitochondrial uptake
of pyruvate also remains to be studied. Nevertheless,
limiting the utilization of exogenous pyruvate may be a

Figure 8: Proposed model of pyruvate cycle. Tissue oxygen concentration decreases as the distance between cells and blood vessels
increases. Cells in well-oxygenated areas mainly use ETC to regenerate NAD"; and a portion of pyruvate generated from glycolysis is
released to the circulation, which may diffuse to hypoxic region. Hypoxic cells uptake exogenous pyruvate and use it as oxygen surrogate
to maintain NAD" availability, avoiding NAD" depletion and eventual inhibition of glycolysis. In turn, the lactate released from hypoxic
cells may be up-taken by the well-oxygenated cells and be oxidized to pyruvate.
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promising approach to treat hypoxic cancer cells, which
are often resistant to chemotherapy and radiation.

The best known cellular response to hypoxia
includes stabilization of HIF-1 and activation of AMPK.
Increased AMP concentration as a result of ATP shortage
activates AMPK [51]. The AMPK pathway inhibits
energy-consuming processes such as fatty acid synthesis
and protein synthesis, and upregulates energy generation
pathways to increase ATP levels [51]. Activated AMPK
also facilitates the activation of HIF-1 by nuclear
exporting HDACS, which promotes HIF-10. maturation
and nuclear localization [52]. In addition to HIF-1 and
AMPK signaling pathways, hypoxia-caused ATP shortage
and ROS accumulation may trigger other cellular adaptive
responses including the endoplasmic reticulum (ER) stress
response. ER stress response represents an important
adaptive mechanism for cell adaptation to stresses
including hypoxia [53]. Severe and prolonged hypoxia
may overwhelm cells’ capacity to adapt, and eventually
leads to apoptosis via the intrinsic pathway [54]. In this
study we have shown that exogenous pyruvate relieves
hypoxia-triggered AMPK activation. How exogenous
pyruvate may modulate ER stress response and apoptosis
in hypoxic cells remains to be investigated.

In summary, this study provides evidence to support
that exogenous pyruvate is required to support oxygen-
independent survival and proliferation of cancer and non-
cancer cells under prolonged hypoxic conditions. The
protective effect is dependent on the ability of pyruvate
to act as an oxygen surrogate to accept electrons, hence
maintaining the intracellular NAD" levels to ensure ATP
production. The biosynthetic role of exogenous pyruvate
is dispensable. These findings expand our current
understanding of the Pasteur and Warburg effects, provide
new insight into the interaction between cancer cells and
adjacent cells, and pave a way towards the development of
potential new treatment for hypoxic cancers, based upon
targeting the utilization of exogenous pyruvate, either
alone or as a sensitizer for chemotherapy or radiation.

MATERIALS AND METHODS

Cell culture

HeLa and Hep3B were purchased from ATCC
(Chicago, IL). H9¢c2 was a kind gift from Dr. P. Lelkes
(Temple University, Philadelphia, PA). 143B and 143B206
were kind gifts from Dr. M. King (Thomas Jefferson
University, Philadelphia, PA). All cell lines were cultured
in Dulbecco’s modified Eagle’s medium (DMEM)
containing 25 mM glucose, | mM pyruvate and 4 mM
glutamine supplemented with 10% fetal bovine serum
(FBS), unless otherwise indicated. The culture medium for
143B206 cells was further supplemented with 50 pg/mL
uridine. All cells were cultured in humidified 5% CO,/95%

air atmosphere at 37°C. For pyruvate-deprivation study,
cells were cultured in pyruvate-free DMEM with 25 mM
glucose, 4 mM glutamine and 10% dialyzed FBS. Hypoxia
treatement was carried out by culturing cells directly in a
hypoxic Workstation (Invivo, 300, Ruskinn Technology,
Sanford, ME) equipped with a programmable controller
of humidity, temperature and premixed gas (2% O,, 5%
CO,, balanced with N,).

Cell proliferation assay

Cell proliferation rates were determined by
CyQUANT® NF Cell Proliferation Assay Kit (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol.
In brief, cells were plated at density of 100-500 cells per
well in a 96-well microplate. Cell numbers in wells were
measured every one or two days. Culture medium was
removed gently, 50 pL of CyQUANT® NF dye solution
(which exhibits strong fluorescence enhancement after
binding with DNA) was added to the well and then
the microplate was covered and incubated at 37°C for
30 min. The fluorescence intensity was measured using a
fluorescence microplate reader with excitation at 485 nm
and emission detection at 530 nm. As DNA content is
closely proportional to cell number, the assay is designed
to produce a linear analytical response from at least 100—
20,000 cells per well in a 96-well microplate. The relative
cell number stands for the ratio of cell number at indicated
time to the starting cell number at the time of treatment.

Microscopy analysis of living cell morphology

143B and 143B206 cells were seeded in 6-well
culture plates and cultured in the medium with 1 mM
pyruvate or not for 48 h. Images of the living cells
were photographed under inverted Axioplan phase-
contrast microscope (Zeiss, Thornwood, NY) at 400 x
magnification, and analyzed with the software Slidebook6
(31, Denver, CO).

Extracellular acidification rate (ECAR)

ECAR was measured using Seahorse XF24
extracellular Flux analyzer (Seahorse Bioscience, North
Billerica, MA) following the manufacturer’s instructions.
In brief, 143B and 143B206 cells were seeded at a density
of 2 x 10*and 3 x 10*cells/well respectively into Seahorse
24-well microplates and allowed to grow for 18 h. Thirty
minutes before the assay, the culture medium was replaced
with unbuffered XF assay medium (pH7.4) supplemented
with 25 mM glucose and 1 mM or 0 mM pyruvate, and
incubated at 37°C for 30 minutes for stabilization of
pH and temperature. After all the measurements were
completed, cells were treated with trypsin and counted.
These cell counts were used to normalize ECAR.
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ATP concentration assay

The ATP concentrations in cells were determined
with ATP Determination Kit (Thermo Fisher Scientific)
based on the manufacturer’s protocol and literature [55].
Briefly, cells were plated in 60 cm culture dishes and
cultured overnight. Then the cells were treated with
indicated conditions. After 24 hours of treatment cells
were lysed in 1% NP40 (plus protease inhibitors) and
centrifuged at 14,000 rpm for 15 min. The supernatant
was collected as cell lysates for ATP assay. Protein
concentrations in lysates were measured with Bio-Rad
Protein Assay Dye Reagent Concentrate. ATP levels were
normalized by protein concentrations.

NAD"and NADH assay

Intracellular NAD* and NADH levels were
determined with the Fluoro NAD/NADH™ Detection Kit
(Cell Technology, Mountain View, CA) according to the
manufacturer’s protocol. Briefly, 143B and 143B206 cells
were seeded at a density of 2 x 10°and 3 x 10° cells into
a 10 cm culture dish respectively and cultured under 21%
or 2% oxygen with 0 mM or 1 mM pyruvate for 24 h.
Cells were harvested and lysed with provided lysis buffer.
The lysates were then centrifuged at 8,000 rpm for 5 min
at 4°C. The supernatant was retrieved for subsequent
NAD"and NDAH measurement with excitation 530-570
nm/emission 590-600 nm fluorescent assay. The NAD'/
NADH ratio was then calculated. A parallel culture dish of
both cells were cultured under the same condition and then
counted for normalization of NAD" levels.

Knockdown with siRNA

Knockdown of pyruvate carboxylase (PC) (EC
number: 6.4.1.1), pyruvate dehydrogenase (lipoamide)
alpha 1 (PDHAT1) (EC number: 1.2.4.1), citrate synthase
(CS) (EC number: 2.3.3.16), and lactate dehydrogenase A
(LDHA) (EC number: 1.1.1.27) were performed using the
specific Invitrogen Silencer® Select siRNAs (PC siRNA
ID: s10089, PDHAI1 siRNA ID: s10245, CS siRNA
ID: s3583, LDHA siRNA ID: s351). Silencer® Select
Negative Control siRNA served as negative control.
Lipofectamine™ 2000 Transfection Reagent (Invitrogen)
was used for the transfection of siRNAs. Briefly, cells
were seeded into a 60-mm culture dish and were allowed
to achieve 95% confluence. 200 pmol siRNA and 6 pL
Lipofectamine 2000 Transfection Reagent were incubated
in 0.5 mL Gibco Opti-MEM® I Reduced-Serum Medium
(Thermo Fisher Scientific) for 5 min, respectively, and then
mixed and incubated for 20 min. Cells were transfected
with the mixed medium. 6 h after transfection, cells
were seeded in 96-well microplates for cell proliferation
assay, and in 60 mm culture dishes for RNA and protein
extraction.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted with Qiagen RNeasy kit
(Invitrogen). cDNA was synthesized using SuperScript
II Reverse Transcriptase (Invitrogen), and then used
for quantitative analysis with specific TagMan probes
for PC (Hs00559398 m1), PDHA1 (Hs01049345 gl),
CS (Hs02574374 s1) and PB-actin (Hs01060665 gl)
in StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA). cDNA was amplified in
20 pL reactions containing 1 pL of probe and 10 pL of
2 x Tagman® Gene Expression Master Mix (Applied
Biosystems). The procedure applied was 50°C for 2 min
and 95°C for 10 min at Stage 1, 95°C for 15 s and 60°C
for 1 min for 40 cycles at Stage 2. Data were quantitatively
analyzed by the software StepOne™ v2.1 (Applied
Biosystems) with comparative C. method. B-actin was
used as endogenous control. All genes were analyzed in
triplicates.

Immunoblotting

Cells were lysed in RIPA buffer (50 mM Tris-HCI,
pH 7.4, 150 mM NacCl, 0.5% Sodium deoxycholate, 0.1%
SDS and 1% NP-40), homogenized and centrifuged at
14,000 rpm for 15 min. The supernatant was collected as
whole cell lysates. Protein concentrations in the lysates
were measured with Bio-Rad Protein Assay Dye Reagent
Concentrate (BIO-RAD, Hercules, CA). 30 pg of proteins
were separated by 8% SDS-PAGE, transferred to PVDF
membrane (BIO-RAD), and probed with specific primary
antibodies including rabbit anti-phospho-acetyl-CoA
carboxylase (Ser79) (Catalog # 11818S), rabbit anti-
acetyl-CoA carboxylase (Catalog # 3662S), rabbit anti-
LDHA (Catalog # 3582S), rabbit anti-phospho-mTOR
(Ser2448) (Catalog # 5536S), rabbit anti-mTOR (Catalog #
2983S), rabbit anti-phospho-4E-BP1 (Thr37/46) (Catalog
# 2855S), and rabbit anti-4E-BP1 (Catalog # 9452S) from
Cell Signaling, mouse anti-pyruvate carboxylase (Catalog
# sc-271493), mouse anti-PDHAT1 (Catalog # sc-377092),
mouse anti-citrate synthase (Catalog # sc-390693) from
Santa Cruz, and mouse anti-a-tubulin (Catalog # T9026,
Sigma). The primary antibodies were detected with
appropriate secondary antibody including horseradish
peroxidase-conjugated goat anti-mouse (catalog #A4416)
or goat anti-rabbit (catalog #A6154) from Sigma and
developed with SuperSignal® West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific). The detected bands
were quantified with ImageJ (NIH, Bethesda, MD).

Pyruvate concentration assay

Cells were cultured in 6-well plates with 2 mL
culture media in each well. Culture medium was replaced
with pyruvate-free DMEM supplemented with 10%
dialyzed FBS and 50 uM pyruvate, and then the cells
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were cultured in 2% O, at 37°C for 24 h. An aliquot
of incubation medium was subsequently collected for
measurement of pyruvate concentration with the Pyruvate
Assay Kit (Eton Bioscience, San Diego, CA) according to
the manufacturer’s instruction.

Data analysis

Data in the Figures are presented as mean values + SD.
Student’s #-test and multivariate analysis of variance
were used for statistical analysis with GraphPad Prism
6.0 (GraphPad Software, San Diego, CA). Differences in
all the tests were considered as statistically significant at
p value <0.05.

ACKNOWLEDGMENTS

We thank Dr. M. King (Thomas Jefferson
University) for the gift of 143B and 143B206 cells and
Dr. P. Lelkes (Temple University) for the gift of H9¢c2
cells. We thank Dr. G. Stein (Vermont Cancer Center)
and Dr. D. Dhanasekaran (Stephenson Cancer Center)
for helpful discussion and constructive advices. We thank
Mr. E. Tucker for proofreading the manuscript prior to
submission.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest with the contents of this article.

GRANT SUPPORT

This work is supported in part by grant RO1-
CA129494 (to NS) from NCI, National Institutes of
Health (NIH).

REFERENCES

1. Boroughs LK, DeBerardinis RJ. Metabolic pathways
promoting cancer cell survival and growth. Nat Cell Biol.
2015; 17:351-359.

2. Kim Y, Lin Q, Glazer PM, Yun Z. Hypoxic Tumor
Microenvironment and Cancer Cell Differentiation. Curr
Mol Med. 2009; 9:425-434.

3. Wilson DF, Erecinska M, Drown C, Silver IA. Effect of
oxygen tension on cellular energetics. Am J Physiol. 1977;
233:C135-140.

4. Hernansanz-Agustin P, Izquierdo-Alvarez A, Sanchez-
Gomez FJ, Ramos E, Villa-Pina T, Lamas S, Bogdanova A,
Martinez-Ruiz A. Acute hypoxia produces a superoxide
burst in cells. Free Radic Biol Med. 2014; 71:146-156.

5. Guzy RD, Hoyos B, Robin E, Chen H, Liu LP,
Mansfield KD, Simon MC, Hammerling U, Schumacker PT.
Mitochondrial complex 111 is required for hypoxia-induced

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

ROS production and cellular oxygen sensing. Cell Metab.
2005; 1:401-408.

Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev
Cancer. 2003; 3:721-732.

Lu H, Forbes RA, Verma A. Hypoxia-inducible factor 1
activation by aerobic glycolysis implicates the Warburg effect
in carcinogenesis. J Biol Chem. 2002; 277:23111-23115.
Lum JJ, Bui T, Gruber M, Gordan JD, DeBerardinis RJ,
Covello KL, Simon MC, Thompson CB. The transcription
factor HIF-1 alpha plays a critical role in the growth
factor-dependent regulation of both aerobic and anaerobic
glycolysis. Gene Dev. 2007; 21:1037-1049.

Ivan M, Kondo K, Yang HF, Kim W, Valiando J, Ohh M,
Salic A, Asara JM, Lane WS, Kaelin WG. HIF alpha
targeted for VHL-mediated destruction by proline
hydroxylation: Implications for O-2 sensing. Science. 2001;
292:464-468.

Benita Y, Kikuchi H, Smith AD, Zhang MQ, Chung DC,
Xavier RJ. An integrative genomics approach identifies
Hypoxia Inducible Factor-1 (HIF-1)-target genes that form
the core response to hypoxia. Nucleic Acids Res. 2009;
37:4587-4602.

Chen XJ, Butow RA. The organization and inheritance of the
mitochondrial genome. Nat Rev Genet. 2005; 6:815-825.

Shen J, Khan N, Lewis LD, Armand R, Grinberg O,
Demidenko E, Swartz H. Oxygen consumption rates and
oxygen concentration in molt-4 cells and their mtDNA
depleted (rho0) mutants. Biophys J. 2003; 84:1291-1298.

King MP, Attardi G. Human cells lacking mtDNA:
repopulation  with  exogenous mitochondria by
complementation. Science. 1989; 246:500-503.

Yin C, Qie S, Sang N. Carbon source metabolism and its

regulation in cancer cells. Crit Rev Eukaryot Gene Expr.
2012; 22:17-35.

Roudier E, Perrin A. Considering the role of pyruvate in
tumor cells during hypoxia. Biochim Biophys Acta. 2009;
1796:55-62.

Pallotti F, Baracca A, Hernandez-Rosa E, Walker WF,
Solaini G, Lenaz G, Melzi D’Eril GV, Dimauro S, Schon EA,
Davidson MM. Biochemical analysis of respiratory
function in cybrid cell lines harbouring mitochondrial DNA
mutations. Biochem J. 2004; 384:287-293.

Mihaylova MM, Shaw RJ. The AMPK signalling pathway
coordinates cell growth, autophagy and metabolism. Nat
Cell Biol. 2011; 13:1016-1023.

Tomas E, Tsao TS, Saha AK, Murrey HE, Zhang CC,
Itani SI, Lodish HF, Ruderman NB. Enhanced muscle
fat oxidation and glucose transport by ACRP30 globular
domain: Acetyl-CoA carboxylase inhibition and AMP-
activated protein kinase activation. P Natl Acad Sci USA.
2002; 99:16309-16313.

Canto C, Menzies KJ, Auwerx J. NAD(+) Metabolism and
the Control of Energy Homeostasis: A Balancing Act between
Mitochondria and the Nucleus. Cell Metab. 2015; 22:31-53.

www.impactjournals.com/oncotarget

47508

Oncotarget



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Iyer NV, Kotch LE, Agani F, Leung SW, Laughner E,
Wenger RH, Gassmann M, Gearhart JD, Lawler AM,
Yu AY, Semenza GL. Cellular and developmental control of
02 homeostasis by hypoxia-inducible factor 1 alpha. Genes
Dev. 1998; 12:149-162.

Wise DR, DeBerardinis RJ, Mancuso A, Sayed N,
Zhang XY, Pfeiffer HK, Nissim I, Daikhin E, Yudkoff M,
McMahon SB, Thompson CB. Myc regulates a
transcriptional program that stimulates mitochondrial
glutaminolysis and leads to glutamine addiction. P Natl
Acad Sci USA. 2008; 105:18782-18787.

Khan A, Ling ZC, Landau BR. Quantifying the
carboxylation of pyruvate in pancreatic islets. J Biol Chem.
1996; 271:2539-2542.

Doucette CD, Schwab DJ, Wingreen NS, Rabinowitz JD.
alpha-ketoglutarate coordinates carbon and nitrogen
utilization via enzyme I inhibition. Nat Chem Biol. 2011;
7:894-901.

Laplante M, Sabatini DM. mTOR Signaling in Growth
Control and Disease. Cell. 2012; 149:274-293.

Cheng SWY, Fryer LGD, Carling D, Shepherd PR.
Thr(2446) is a novel mammalian target of rapamycin
(mTOR) phosphorylation site regulated by nutrient status.
J Biol Chem. 2004; 279:15719-15722.

Nave BT, Ouwens DM, Withers DJ, Alessi DR, Shepherd PR.
Mammalian target of rapamycin is a direct target for protein
kinase B: identification of a convergence point for opposing
effects of insulin and amino-acid deficiency on protein
translation. Biochem J. 1999; 344:427-431.

Hay N, Sonenberg N. Upstream and downstream of mTOR.
Gene Dev. 2004; 18:1926-1945.

Laplante M, Sabatini DM. mTOR signaling at a glance.
J Cell Sci. 2009; 122:3589-3594.

Gingras AC, Gygi SP, Raught B, Polakiewicz RD,
Abraham RT, Hoekstra MF, Aebersold R, Sonenberg N.
Regulation of 4E-BP1 phosphorylation: a novel two-step
mechanism. Genes Dev. 1999; 13:1422-1437.

Gwinn DM, Shackelford DB, Egan DF, Mihaylova MM,
Mery A, Vasquez DS, Turk BE, Shaw RJ. AMPK
phosphorylation of raptor mediates a metabolic checkpoint.
Mol Cell. 2008; 30:214-226.

Henderson GC, Horning MA, Lehman SL, Wolfel EE,
Bergman BC, Brooks GA. Pyruvate shuttling during rest
and exercise before and after endurance training in men.
J Appl Physiol. 2004; 97:317-325.

Kelsay JL, Behall KM, Holden JM, Crutchfield HC.
Pyruvate and lactate in human blood and saliva in response
to different carbohydrates. J Nutr. 1972; 102:661-666.

Le A, Cooper CR, Gouw AM, Dinavahi R, Maitra A,
Deck LM, Royer RE, Vander Jagt DL, Semenza GL,
Dang CV. Inhibition of lactate dehydrogenase A induces
oxidative stress and inhibits tumor progression. Proc Natl
Acad Sci U S A. 2010; 107:2037-2042.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Granchi C, Roy S, Giacomelli C, Macchia M, Tuccinardi T,
Martinelli A, Lanza M, Betti L, Giannaccini G, Lucacchini A,
Funel N, Leon LG, Giovannetti E, et al. Discovery of
of human lactate
dehydrogenase isoform A (LDH-A) as starvation agents
against cancer cells. ] Med Chem. 2011; 54:1599-1612.

Ying WH. NAD(+)/ NADH and NADP(+)/NADPH in
cellular functions and cell death: Regulation and biological
consequences. Antioxid Redox Sign. 2008; 10:179-206.
Chiarugi A, Dolle C, Felici R, Ziegler M. The NAD
metabolome - a key determinant of cancer cell biology. Nat
Rev Cancer. 2012; 12:741-752.

Sellers K, Fox MP, Bousamra M, Slone SP, Higashi RM,
Miller DM, Wang YL, Yan J, Yuneva MO, Deshpande R,
Lane AN, Fan TWM. Pyruvate carboxylase is critical for

N-hydroxyindole-based inhibitors

non-small-cell lung cancer proliferation. J Clin Invest.
2015; 125:687-698.

Wise DR, Thompson CB. Glutamine addiction: a new
therapeutic target in cancer. Trends Biochem Sci. 2010;
35:427-433.

Heiden MGV, Cantley LC, Thompson CB. Understanding
the Warburg Effect: The Metabolic Requirements of Cell
Proliferation. Science. 2009; 324:1029-1033.

Meng M, Chen SY, Lao TT, Liang DM, Sang NL. Nitrogen
anabolism underlies the importance of glutaminolysis in
proliferating cells. Cell Cycle. 2010; 9:3921-3932.

Hensley CT, Wasti AT, DeBerardinis RJ. Glutamine and

cancer: cell biology, physiology, and clinical opportunities.
J Clin Invest. 2013; 123:3678-3684.

Sullivan LB, Gui DY, Hosios AM, Bush LN, Freinkman E,
Vander Heiden MG. Supporting Aspartate Biosynthesis Is
an Essential Function of Respiration in Proliferating Cells.
Cell. 2015; 162:552-563.

Birsoy K, Wang T, Chen WW, Freinkman E, Abu-Remaileh M,
Sabatini DM. An Essential Role of the Mitochondrial
Electron Transport Chain in Cell Proliferation Is to Enable
Aspartate Synthesis. Cell. 2015; 162:540-551.

Pavlides S, Whitaker-Menezes D, Castello-Cros R,
Flomenberg N, Witkiewicz AK, Frank PG, Casimiro MC,
Wang C, Fortina P, Addya S, Pestell RG, Martinez-
Outschoorn UE, Sotgia F, et al. The reverse Warburg effect:
aerobic glycolysis in cancer associated fibroblasts and the
tumor stroma. Cell Cycle. 2009; 8:3984-4001.
Whitaker-Menezes D, Martinez-Outschoorn UE, Lin Z,
Ertel A, Flomenberg N, Witkiewicz AK, Birbe RC,
Howell A, Pavlides S, Gandara R, Pestell RG, Sotgia F,
Philp NJ, et al. Evidence for a stromal-epithelial “lactate
shuttle” in human tumors MCT4 is a marker of oxidative
stress in cancer-associated fibroblasts. Cell Cycle. 2011;
10:1772-1783.

de Heredia FP, Wood IS, Trayhurn P. Hypoxia stimulates
lactate release and modulates monocarboxylate transporter
(MCT1, MCT2, and MCT4) expression in human
adipocytes. Pflug Arch Eur J Phy. 2010; 459:509-518.

WWW

.impactjournals.com/oncotarget

47509

Oncotarget



47.

48.

49.

50.

51.

Polanski R, Hodgkinson CL, Fusi A, Nonaka D, Priest L,
Kelly P, Trapani F, Bishop PW, White A, Critchlow SE,
Smith PD, Blackhall F, Dive C, et al. Activity of the
Monocarboxylate Transporter 1 Inhibitor AZD3965 in Small
Cell Lung Cancer. Clin Cancer Res. 2014; 20:926-937.

Le Floch R, Chiche J, Marchiq I, Naiken T, Ilk K,
Murray CM, Critchlow SE, Roux D, Simon MP,
Pouyssegur J. CD147 subunit of lactate/H+ symporters
MCT1 and hypoxia-inducible MCT4 1is critical for
energetics and growth of glycolytic tumors. P Natl Acad
Sci USA. 2011; 108:16663—16668.

Bricker DK, Taylor EB, Schell JC, Orsak T, Boutron A,
Chen YC, Cox JE, Cardon CM, Van Vranken JG,
Dephoure N, Redin C, Boudina S, Gygi SP, et al. A
Mitochondrial Pyruvate Carrier Required for Pyruvate
Uptake in Yeast, Drosophila, and Humans. Science. 2012;
337:96-100.

Herzig S, Raemy E, Montessuit S, Veuthey JL, Zamboni N,
Westermann B, Kunji ERS, Martinou JC. Identification
and Functional Expression of the Mitochondrial Pyruvate
Carrier. Science. 2012; 337:93-96.

Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated
protein kinase: Ancient energy gauge provides clues to

modern understanding of metabolism. Cell Metab. 2005;
1:15-25.

52.

53.

54.

55.

Chen S, Yin C, Lao T, Liang D, He D, Wang C, Sang N.
AMPK-HDACS pathway facilitates nuclear accumulation
of HIF-lalpha and functional activation of HIF-1 by
deacetylating Hsp70 in the cytosol. Cell Cycle. 2015;
14:2520-2536.

Hetz C. The unfolded protein response: controlling cell fate
decisions under ER stress and beyond. Nat Rev Mol Cell
Biol. 2012; 13:89-102.

Shimizu S, Eguchi Y, Kamiike W, Itoh Y, Hasegawa J,
Yamabe K, Otsuki Y, Matsuda H, Tsujimoto Y. Induction of
apoptosis as well as necrosis by hypoxia and predominant
prevention of apoptosis by Bcl-2 and Bel-X(L). Cancer Res.
1996; 56:2161-2166.

Schafer ZT, Grassian AR, Song LL, Jiang ZY, Gerhart-
Hines Z, Irie HY, Gao SZ, Puigserver P, Brugge JS.
Antioxidant and oncogene rescue of metabolic defects
caused by loss of matrix attachment. Nature. 2009;
461:109-U118.

www.impactjournals.com/oncotarget

47510

Oncotarget



