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Abstract

Metabolic reprograming in cancer supports the increased biosynthesis required for unchecked
proliferation. Increased glucose utilization is a defining feature of many cancers that is
accompanied by altered pyruvate partitioning and mitochondrial metabolism. Cancer cells also
require mitochondrial tricarboxylic acid cycle activity and electron transport chain function for
biosynthetic competency and proliferation. Recent evidence demonstrates that mitochondrial
pyruvate carrier (MPC) function is abnormal in some cancers and that increasing MPC activity
may decrease cancer proliferation. Here we examine recent findings on MPC function and cancer
metabolism. Special emphasis is placed on the compartmentalization of pyruvate metabolism and
the alternative routes of metabolism that maintain the cellular biosynthetic pools required for
unrestrained proliferation in cancer.
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Introduction

Cancer is characterized by aberrant metabolism that decouples biosynthesis and proliferation
from normal cell cycle control. As recognized by Otto Warburg decades ago, a common
feature of adaptive metabolism in cancer is high utilization of glucose, which supports
cancer bioenergetics and biosynthesis in both normoxic and hypoxic environments. Indeed,
increased glucose uptake is used as a clinical diagnostic to identify cancer in vivo

by 18fluorodeoxyglucose positron emission tomography [1]. However, cancer cells also
require intact electron transport chain function and mitochondrial metabolism-dependent
biosynthetic pathways [2,3]. High rates of oxidative or reductive glutaminolysis frequently
accompany increased glycolysis in cancer as mechanisms for supporting tricarboxylic acid
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(TCA) cycle-dependent biosynthesis when glycolytic carbon is directed away from
mitochondrial metabolism [4]. Numerous mechanisms have been explored and demonstrated
to contribute to elevated glycolysis in cancer. The reader is directed to several excellent
reviews providing broad coverage of these mechanisms [5-7]. The purpose of this mini
review is to highlight emerging research on the recently identified Mitochondrial Pyruvate
Carrier (MPC) and the relationship between the critical metabolic decision of mitochondrial
pyruvate uptake and overarching adaptive mechanisms in cancer metabolism.

The Mitochondrial Pyruvate Carrier

The Mitochondrial Pyruvate Carrier (MPC) conducts pyruvate from the cytosol into the
mitochondrial matrix. The import of pyruvate into mitochondria is a critical metabolic
decision because it links glycolysis, which does not require oxygen, with mitochondrial
oxidative phosphorylation. The MPC biochemical activity was first measured in 1971 [8]. In
1977, a report on MPC function in cancer found that isolated mitochondria from Ehrlich
hyperdiploid ascites tumor cells displayed an MPC activity with a decreased Vmax but
unchanged Km relative to rat liver mitochondria [9]. The decreased MPC VVmax in tumor
cells was accompanied by a 20-fold decreased rate of pyruvate oxidation. A subsequent
study in 1983 observed similar results in Ehrlich ascites tumor cells and also found that
MPC activity was decreased in Morris hepatoma tumors [10]. However, mechanistic studies
to understand the specific biochemical basis for decreased MPC activity and the potential
contribution to aerobic glycolysis were hindered by lack of a molecular identity.

The genes encoding the MPC protein complex were recently identified, which now enables
targeted molecular-genetic studies on MPC function [11,12]. The MPC1 and MPCZ2 genes
encode two obligate protein subunits of the MPC, MPC1 and MPC2 respectively. These
proteins form a heteroligomeric complex of currently undetermined stoichiometry in
mammalian systems [11,13,14]. Both proteins are required for activity because loss of one
leads to destabilization and loss of the other and thus loss of the MPC complex [11,12,14].

An important event contributing to the molecular identification of the MPC was the
observation of a patient with an in-born error in pyruvate metabolism not explained by
decreased pyruvate dehydrogenase or pyruvate carboxylase activity [15]. Fibroblasts from
this patient displayed greatly decreased ability to oxidize pyruvate. This phenotype was
reversed when the cells were disrupted but not when permeabilized, suggesting an error in
mitochondrial pyruvate uptake [15]. The causative mutation was subsequently identified to
be in the MPCI gene, which resulted in a change of a highly conserved arginine residue to
tryptophan [11].

Recent molecularly targeted investigations of the MPC have identified important functional
contributions to both gluconeogenesis in diabetes [16,17] and proliferation in cancer
[18-20], which share the common pathology of excessive biosynthesis. For broad coverage
of pyruvate metabolism and historical overviews of scientific advances on understanding of
MPC function beyond the intended scope of this work, the reader is referred to several
review articles [21-26].
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Mechanisms by which decreased MPC activity promotes cancer

Glycolytic support of biosynthesis—High rates of glycolysis enable cancer growth
under both normoxic and hypoxic conditions. Glycolysis produces ATP, supports
biosynthesis of triglycerides, ceramides, amino acids, and nucleotides for proliferation
(Figure 1), and contributes to immune cell evasion and metastasis by acidifying the local
tumor environment [6,27-29]. The first glycolytic intermediate, glucose 6-phosphate, may be
either channeled for continued glycolytic oxidation or biosynthetic metabolism by the
pentose phosphate pathway. Flux of glucose into the pentose phosphate pathway produces
ribose for nucleotide synthesis and NADPH for reductive biosynthesis and maintenance of
reduced glutathione and thioredoxin pools for defense against reactive oxygen species
[30,31]. Further glycolytic breakdown of glucose 6-phosphate to fructose 1,6-bisphosphate
followed by aldol cleavage produces dihydroxyacetone phosphate for phospholipid and
triacylglycerol biosynthesis and 3-phosphoglycerate for the biosynthesis of amino acids and
ceramide [6]. Reduction of dihydroxyacetone phosphate produces glycerol 3-phosphate that
is acylated to generate phosphatidic acid upstream of the synthesis of di- and triacylglycerol,
membrane lipids, and lipid signaling molecules [32]. Finally, a three-step process reduces,
transaminates, and hydrolyzes 3-phosphoglycerate to serine, which supplies the polar head
group and amide linkage for the de novo synthesis of ceramide and participates in protein
synthesis [33].

The terminal step of glycolysis is catalyzed by pyruvate kinase, which converts
phosphoenolpyruvate (PEP) to pyruvate. In some cancers the M2 isoform of pyruvate kinase
(PKM2), typically a tetramer, is upregulated and adopts a dimeric form [34]. Dimeric PKM2
has decreased affinity for PEP such that at physiological concentrations of PEP the enzyme
is essentially inactive (Figure 2A). Loss of PKMZ2 activity could lead to the accumulation of
PEP, however this may be avoided by an alternative glycolytic pathway wherein PEP
donates phosphate to the catalytic histidine of phosphoglycerate mutase generating pyruvate
[35]. Yet even with this partial outlet for PEP removal, inactive PKM2 could promote the
accumulation of other glycolytic intermediates. However, the high biosynthetic rate of
rapidly proliferating cancer cells functions as a sink for these intermediates and prevents
mass action-driven allosteric inhibition of glycolysis, thus preserving glycolytic flux [36].

Lactate production enables cancer bioenergetics and tumorigenesis—
Complete breakdown of glucose to pyruvate may also promote cancer when coupled to its
reduction to lactate. LDHA reduces pyruvate to lactate and simultaneously oxidizes NADH
to NAD+, thereby regenerating the NAD+ pool required for the glyceraldehyde phosphate
dehydrogenase step of glycolysis and supporting unrestrained flux [37,38] (Figure 2A). A
key feature of many solid tumors is their heterogeneous composition. Individual cells are
subject to differing physiological conditions, such as oxygen and nutrient availability,
depending on location within the tumor. Location within poorly vascularized hypoxic areas
of tumors frequently results in induction of a well-studied regulator of pyruvate metabolism
HIF-1a, which positively regulates expression of lactate dehydrogenase A (LDHA) and
monocarboxylate transporter 4, among other genes [39-42]. Under these conditions,
inhibitory mass action effects of lactate buildup are avoided by its transport out of the cell by
monocarboxylate transporter proteins (MCTs) 1-4 [43]. The rapid proton-linked export of
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lactate also functions to acidify the tumor microenvironment, suppress local immune
responses, and activate metalloproteases that clear the way for progression to metastasis
[27-29,44]. Thus, diversion of glycolytic carbon away from transit through the MPC into
mitochondrial metabolism may promote cancer by redox, biosynthetic, and higher order
metastatic mechanisms.

Therapeutically, decreasing LDHA activity has been actively investigated to prevent lactate
production and NAD+ regeneration in cancer [45-47]. In the absence of LDHA activity, high
rates of glycolysis and biosynthetic flux are unsustainable due to limited supply of NAD+
and potential allosteric regulation by pyruvate accumulation. However, LDHA inhibition
may not be effective in cancers that do not rely upon this mechanism to sustain biosynthetic
flux. Some cancers promote shunting of glycolytic carbon away from mitochondrial
oxidation and towards cytosolic biosynthetic pathways by activating pyruvate
dehydrogenase kinase, a negative regulator of pyruvate dehydrogenase [48,49].
Therapeutically, dicholoroacetate targets pyruvate dehydrogenase kinase and has been the
focus of numerous studies in cell culture and animal models where it has manifested
antitumor properties [50,51]. It has been found to decrease cancer cell growth in vivo in
animal models and exert synergistic effects in combination with other chemotherapeutics
and radiation [52]. These findings in animals have prompted phase I clinical trials [53-55].
In one study with a small cohort of human patients with glioblastomas, dichloroacetate was
well-tolerated and decreased tumor-cell proliferation in three of five subjects; however, this
study was not designed to determine efficacy [53]. Further investigation is required to fully
understand the efficacy of dichloroacetate in the treatment of cancer. However, these studies
suggest that an additional mechanism of action for LHDA inhibitors could be to promote
oxidative metabolism by increasing MPC-dependent flux of pyruvate into mitochondria,
leading to increased TCA cycle activity, electron transport chain activity, and elevated
oxidative stress detrimental to cancer cell proliferation and survival [56,57].

Decreased MPC activity and expression in cancer—The relatively low rates of
mitochondrial pyruvate oxidation in highly glycolytic cancers suggest that mitochondrial
pyruvate metabolism and therefore MPC activity are dispensable. If so, loss of MPC activity
could be expected to drive tumorigenic glucose utilization by preventing mitochondrial
pyruvate uptake and oxidation. Indeed, several recent molecularly targeted studies indicate
decreased MPC activity may contribute to aerobic glycolysis and cancer proliferation.
MPC1 expression was found to be decreased in human cancers, which correlated with poor
survival rates in lung and colon adenocarcinoma as well as kidney clear cell carcinoma [18].
Overexpression of MPC1 and MPC2 in HCT15 and HT29 colorectal cancer cell lines
decreased cell growth in spheroids, decreased tumor size in subcutaneous xenografts, and
suppressed markers of stemness including ALDH, Lin28A, LGR5, and NANOG [18].
Decreased growth in spheroids of cells re-expressing MPC1 and MPC2 was reversed by
treatment with a specific MPC inhibitor, UK5099. Finally, continued passage of MPC1- and
MPC2-overexpressing HCT15 cells in culture prior to xenograft injection resulted in the loss
of MPC1 protein, suggesting in vivo selection against MPC1 expression [18]. Similarly,
MPC inhibition by UK5099 in prostate cancer cells induced the Oct3/4 and NANOG
markers of cell stemness [58].
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In addition to decreased MPC expression, cancer may also involve decreased MPC specific
activity. Using the recently developed RESPYR system that can detect pyruvate flux through
the MPC by bioluminescence resonance energy transfer, MPC activity was found to be
decoupled from glycolysis in a cellular lactate export-dependent manner. LS174T colon
cancer cells treated with glucose did not manifest significant amounts of MPC flux unless
MCT4 was knocked down and the MCT1 and MCT2 inhibitor AR-C155858 was added. In
contrast, significant MPC-dependent pyruvate flux was observed in MCT4 knockdown cells
incubated with pyruvate in the absence of AR-C155855 [59]. These data suggest that cancer
cells preferentially channel glycolytically-derived lactate to MCTs for efflux from the cell,
thus decreasing flux of pyruvate through the MPC.

Maintenance of TCA cycle activity when MPC activity is lost

Although glycolysis supplies abundant intermediate molecules and ATP to support
biosynthesis, cancer cells also require electron transport chain function and TCA cycle
activity for full biosynthetic competency [3,60-62]. In most non-transformed cells pyruvate
is a critical substrate for mitochondrially routed biosynthesis. Pyruvate may be utilized to
either anaplerotically replenish the TCA cycle by conversion to oxaloacetate, by pyruvate
carboxylase, or to directly drive forward TCA cycle flux by conversion to acetyl-CoA, by
pyruvate dehydrogenase. Condensation of oxaloacetate with acetyl-CoA generates citrate, a
critical intermediate for the de novo synthesis of fatty-acids, which are esterified to
glycolytically-derived glycerol 3-phosphate for producing phosphatidic acid upstream of
membrane lipid synthesis [63,64] (Figure 2B). Additionally, TCA cycle intermediates help
maintain the intracellular redox environment via the malate-aspartate shuttle system and aid
in the production of aspartate for protein and purine synthesis [60,62]. If mitochondrial
pyruvate metabolism is utilized to support TCA cycle flux and biosynthesis, what sustains
these pathways in glycolytically active cancer where MPC activity is low?

Glutaminolysis is a major alternative pathway for sustaining TCA cycle metabolism [65]
and is promoted by disruption of MPC activity [16,19,20]. Many cancers, including those of
c-Myc and Kras origin, upregulate glutaminolysis to maintain TCA flux [66-69].
Glutaminolysis is the series of reactions by which glutamine enters into the TCA cycle after
deamination to glutamate by glutaminase and further deamination to a-ketoglutarate by
glutamate dehydrogenase (Figure 2C). a-ketoglutarate may be further oxidized to
downstream TCA cycle products such as malate and oxaloacetate. Conversely, a-
ketoglutarate may be reductively carboxylated to isocitrate and further isomerized to citrate
to support lipid biosynthesis under hypoxic conditions. The enzymatic components required
for reductive carboxylation of a-ketoglutarate are found in both the cytoplasm and
mitochondria and, indeed, this process has been shown to occur in either compartment [70].

Chemical inhibition of the MPC in SF188 glioblastoma cells modified to express the anti-
apoptotic protein Bel-xL using UK5099 led to increased glutaminolysis, specifically the
reductive carboxylation pathway generating M+5 citrate from universally labeled 13C
glutamine [20]. Inhibiting glutamate dehydrogenase activity in addition to MPC activity
using EGCG and CHC, respectively, decreased cell growth 80% in culture and caused a
significant decrease in tumor size in a subcutaneous xenograft model using A549-derived
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human lung cancer cells. A separate study demonstrated that knockdown of Mpc2in C2C12
cells increased glutaminolysis and fatty acid oxidation [19]. These results were also
observed in differentiated myotubes. Reductive carboxylation of glutamine was not different
between MpcZ knockdown and control cells during culture in hypoxic 1% O, conditions.
Interestingly, significantly more reductive metabolism of glutamine was observed during
Complex I inhibition by rotenone compared to MPC inhibition by UK5099. These data may
reflect the availability of NADH for the reverse activity of isocitrate dehydrogenase during
Complex I inhibition. However, further investigation is required to elucidate the precise
mechanisms that result in these unique metabolic programs.

In addition to glutaminolysis, recent studies utilizing Mpc1 and MpcZ2 liver-specific
knockout mice demonstrated a pyruvate-alanine cycling mechanism to circumvent loss of
MPC activity in order to maintain gluconeogenic flux [16,17]. Here, pyruvate is
transaminated to alanine in the cytoplasm by alanine aminotransferase 1 (Alt1) and then
transported into the mitochondrial matrix by a carrier protein of unknown identity. Once in
the matrix, deamination of alanine to pyruvate by alanine aminotransferase 2 (Alt2)
produces pyruvate for further metabolism by pyruvate dehydrogenase or pyruvate
carboxylase. While this cycle has not been directly investigated in cancer, inhibition of
alanine aminotransferases by p-Chloro-alanine was sufficient to impair the growth of
malignant fibroblasts and the Lewis lung carcinoma LLC1 cell line [71]. Finally, we note
that although not directly investigated in the context of decrease MPC activity, the metabolic
reprograming of some cancers allows for the uptake of acetate and its conversion to acetyl-
CoA in the cytoplasm by acetyl-CoA synthetase enzyme 2, thus bypassing the TCA cycle
for generation of the cytoplasmic acetyl-CoA for lipogenesis [72,73].

Consideration of MPC function in cancers dependent upon oxidative phosphorylation

Although many cancers are characterized by highly glycolytic metabolisms, actively
respiring mitochondria are required in some cancers [2,3,74,75]. Xenografts of
mitochondrial DNA-depleted, electron transport chain-deficient B16 melonoma and 4T1
breast carcinoma cells displayed decreased tumor growth, yet the cells that established
metastatic tumors showed no difference in tumor growth upon re-implantation. Cells isolated
from the metastatic tumor were found to contain host mitochondrial DNA and normalized
electron transport chain activity, while still being of xenograft origin [3]. In an independent
study, inhibition of the electron transport chain at Complex Il by antimycin A decreased
growth of lung cancer cells, indicating the importance for forward TCA cycle flux and
electron transport chain activity [75].

Cancers may employ coordinated adaptations in both glycolytic and glutaminolytic flux to
sustain high rates of glycolysis and oxidative phosphorylation, to provide the energy and
material required for high rates of biosynthesis. For example, Kras-transformed pancreatic
cancers frequently display highly oxidative metabolisms, which utilize both glucose and
glutamine [76]. In these cancers, glutaminolytic flux supports forward TCA cycle activity
originating from a-ketoglutarate, the production of aspartate, and cytosolic malic enzyme 1
(MEZ1) activity for the generation of NADPH. Concomitantly, glucose metabolism, in a
potentially MPC-dependent manner, supports production of citrate for de novo lipogenesis
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by providing mitochondrial acetyl-CoA, via pyruvate dehydrogenase activity, to supply the
citrate synthase reaction [69] (Figure 2D). Furthermore, some cancers are reliant on pyruvate
carboxylase activity, suggesting a dependence on mitochondrial pyruvate metabolism.
MDA-MB-231 breast cancer cells displayed high levels of pyruvate carboxylase expression
that when knocked down led to decreased migration and invasion in culture [77]. Similarly,
human non-small-cell lung carcinoma tumor tissue showed increased pyruvate carboxylase
expression relative to adjacent non-transformed tissue [78]. Finally, a recent study
demonstrated that pyruvate carboxylase and pyruvate dehydrogenase are each required for
tumor growth in a subcutaneous xenograft model using Kras-p53 mutant lung tumor-derived
parental cells [79]. Together, these data demonstrate the critical importance of oxidative
metabolism in some cancers and suggest a subset may rely on MPC-dependent pyruvate
transport to sustain it.

Conclusions

Pyruvate, the product of glycolysis, sits at a central node of cellular metabolism linking
glycolysis and the TCA cycle via the activity of the MPC. Evidence supports a model where
the biosynthetic needs of cancer require coordination between glycolysis and TCA cycle
activity to sustain anabolic metabolite pools and maintain redox balance. In some cases, the
loss of MPC expression and activity observed in cancer may be acquired and provide an
advantage in cell survival and unchecked proliferation. This phenomenon is still poorly
understood and the mechanisms leading to loss of MPC expression and diminished activity
in some cancers have yet to be explained in detail. More work is also needed to understand
the mechanisms by which glycolytic carbon is preferentially channeled towards cellular
efflux by MCTs rather than MPC-dependent mitochondrial metabolism. Conversely, the
observation that some cancers require pyruvate carboxylase activity suggests, in these
cancers, that MPC-dependent pyruvate metabolism may be important for growth and
proliferation. Understanding the divergent regulation of MPC activity in different cancers
may help define metabolic events that precede and underlie the unique modes of
transformation across different cancers. Further knowledge of the cancer-specific conditions
that induce one pathway of pyruvate metabolism versus another in relation to MPC activity
may support the development of cancer type-specific therapeutic strategies that target
metabolic vulnerabilities elicited by specific alterations in pyruvate metabolism.
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Glycolysis and the TCA cycle are linked by a common molecule, pyruvate, and the activity
of the MPC, which conducts pyruvate across the mitochondrial inner membrane. Glycolytic
and TCA cycle intermediates support biosynthetic pathways: Glycolysis provides carbon in
the form of glucose 6-phosphate to the pentose phosphate pathway for reductive
biosynthesis. Dihydroxyacetone supports phospholipid and triacylglycerol biosynthesis. 3-
phosphoglycerate supports production of amino acids and ceramide. The TCA cycle
generates citrate that supports cytoplasmic production of acetyl-CoA for de novo
lipogenesis. Oxaloacetate may be transaminated to aspartate for amino acid biosyntheses.
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Figure 2.
Metabolic reprogramming alters pyruvate metabolism in some cancers: A) Dimeric PKM2

prevents the glycolytic production of pyruvate. Pyruvate is shunted away from mitochondrial
metabolism by reduction to lactate. B) Citrate produced by the TCA cycle is converted to
acetyl-CoA in the cytoplasm for de novo lipogenesis. Acetyl-CoA may also be generated
directly from acetate by acetyl-CoA synthetase 2. C) In the absence of MPC activity in
highly oxidative cancers glutaminolysis maintains TCA cycle intermediate pools. When
MPC activity is decreased, reductive carboxylation of a-ketoglutarate supports citrate
production for de novo lipogenesis. D) Some cancers rely on pyruvate carboxylase to
produce oxaloacetate. Oxaloacetate may be transaminated to aspartate to support protein
synthesis.

Curr Opin Genet Dev. Author manuscript; available in PMC 2017 June 05.



	Abstract
	Introduction
	The Mitochondrial Pyruvate Carrier
	Mechanisms by which decreased MPC activity promotes cancer
	Glycolytic support of biosynthesis
	Lactate production enables cancer bioenergetics and tumorigenesis
	Decreased MPC activity and expression in cancer

	Maintenance of TCA cycle activity when MPC activity is lost
	Consideration of MPC function in cancers dependent upon oxidative phosphorylation

	Conclusions
	References
	Figure 1
	Figure 2

