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Abstract

Pyruvate is a key intermediate at the branchpoint of anaerobic and aerobic energy metabolism. Its
transport into the mitochondrial matrix is necessary prior to its decarboxylation into acetyl-CoA,
which feeds the reducing equivalent-generating tricarboxylic acid (TCA) cycle. Although the exis-
tence of specific carrier transport of cytosolic pyruvate into the mitochondria has been inferred
from a myriad of studies, the identities of the mitochondrial pyruvate carrier (MPC) were only
confirmed very recently. Identification of the MPC facilitated several other recent advances. These
include the finding of MPC'’s inhibition by the insulin-sensitizing drug family thiazolidinediones,
how cells respond flexibly to a reduction in MPC functionality, as well as insights into how changes
in MPC levels affect oncogenic potential of cancer cells. These new findings, discussed here in this
brief review, have important implications in therapeutic approaches towards metabolic disorders
and cancer.
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1. Introduction

The 3-carbon monocarboxylate pyruvate is a product of cytosolic glycolysis, and is a key meeting point of the
principal metabolic pathways of sugars, fatty acids and amino acids. In anaerobic glycolysis, pyruvate could be
fermented to lactate in the cytosol by lactate dehydrogenase (LDH). In aerobic respiration, pyruvate needs to
enter the mitochondria and be decarboxylated into the 2-carbon acetyl-CoA that feeds into the TCA cycle in the
mitochondrial matrix. Pyruvate could be converted back to glucose by the process of gluconeogenesis and
deaminated to form the amino acid alanine. In the mitochondria, it could also be carboxylated into the 4-carbon
oxaloacetate (OAA), which could enter the TCA cycle or participate in anabolic pathways of glucose, amino
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acid and fatty acid synthesis (Figure 1).

While the need for cytosolic pyruvate to be transported into the mitochondrial matrixin aerobic respiration is
basic textbook knowledge, how exactly pyruvate is transported was somewhat controversial. The outer mito-
chondrial membrane (OMM) is rather permeable to small molecules, but pyruvate in its ionized form is unlikely
to negotiate the inner mitochondrial membrane (IMM) by passive diffusion. Although there was some early
evidence for a significant degree of pyruvate free diffusion across artificial membranes, subsequent studies using
purified mitochondria demonstrated saturation Kinetics [1], thus suggesting the existence of a specific carrier(s).
This notion is supported by the discovery of an inhibitor, the cinnamate a-cyano-4-hydroxycinnamate (CHC) [2],
which inhibited pyruvate oxidation in intact but not disrupted mitochondria [3]. The cinnamate derivativealpha-
cyano-beta-(1-phenylindol-3-yl)acrylate] (UK5099) was shown to diminish labelling by [*H]N-phenylmaleimi-
de (a thiol-blocking agent which inhibits pyruvate transport) of a 15 kDa protein in heart and liver mitochondria
[4]. The molecular size of this unidentified protein actually coincided well with those MPC components eventu-
ally found (which are small proteins of 14 - 16 kDa in size) [5]. The exact molecular identity of the MPC has,
however, remained elusive for some time. Its recent identification shall be described in more detail below.

As a key metabolic node, enzymes directly involved in pyruvate metabolism are tightly regulated [6] [7].
Likewise, pyruvate influx into the mitochondria is also likely regulated by multiple inputs from connecting
pathways, and these regulatory mechanisms could be defective in disease conditions. Importantly, dysregulation
of pyruvate mitochondrial influx could tip the balance between aerobic respiration and anaerobic glycolysis. A
prominent example of such an imbalance is the Warburg effect [8]. As was observed and documented by Nobe-
list Otto Warburg in 1927 [9], tumor cells preferentially produce energy by heightened glycolysis and pyruvate-
lactate fermentation rather than oxidation of pyruvate in mitochondria. Although the effect could be exaggerated
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Figure 1. Schematic diagram of a mitochondrion illustrating the cellular components associated
with pyruvate transport and metabolism. MPC—mitochondrial pyruvate carrier; MOS—Malate-
OAA shuttle; OMM—outer mitochondrial membrane; IMS—intermembrane space; IMM—inner
mitochondrial membrane; OAA—oxaloacetate; a-KG—a-ketoglutarate; TCA—tricarboxylic acid
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by an increased intumor-specific pyruvate kinase isozyme M2 (PKM2) [10] and LDH, or a general mitochon-
drial dysfunction in cancer cells, defects in pyruvate influx is also a possibility. Pyruvate uptake by isolated mi-
tochondria is a relatively slow process and evidence suggests that mitochondrial pyruvate transport might be rate
limiting for mitochondrial pyruvate oxidation [11] [12].

With the molecular identification of MPC [13] [14], investigations into its role in metabolic regulation in
normal can cancer cells are now feasible. In this brief review, | shall provide an update of some recent findings
associated with the MPC.

2. Identification of the Mitochondrial Pyruvate Carrier (MPC) Complex

Identification of CHC as an inhibitor of pyruvate transport activity facilitated early attempts at partial purifica-
tion and cell-free functional constitution of MPC [15]-[17]. Attempts were also made with affinity chromatog-
raphy on immobilized CHC [18]. These attempts did not lead to any definitive identification of polypeptides that
correspond to a functional MPC. A possible breakthrough came in 2003 when Halestrap’s laboratory identified a
possible MPC candidate in the yeast S. cerevisiae by a genetics approach. The authors measured UK5099-sen-
sitive pyruvate uptake into mitochondria from 18 mitochondrial carrier family (MCF) deletion mutants. Only
one mutant, YILO06W, exhibited no inhibitor-sensitive pyruvate transport, and the gene encodes a MCF family
protein with likely mammalian homologues [19]. However, YILOO6W was later shown by cloning and liposomal
functional reconstruction assays to be one of two isoforms of the yeast NAD™ transporters (Ndtlp) [20]. The
highly anticipated molecular identification of MPC had to wait for almost another 10 years.

Rutter’s laboratory was examining groups of mitochondrial proteins that are evolutionarily conserved, and
noted the homologous YGLO80W, YHR162W, and YGR243W genes which encode yeast Mpcl, Mpc2 and Mpc3,
respectively [13]. The authors localized the gene products of these, which encode small polypeptides of 14 - 16
kDa, to the mitochondrial inner membrane. Mpcl and Mpc2 were found to form a multimeric complex of ~150
kD. mpclA and mpc2A cells (but not mpc3A) displayed mild growth defects on nonfermentable carbon sources,
and Drosophila or human MPCL1 orthologs, could both rescue the mpclA phenotype. The Drosophila dMPC1
mutants have defective carbohydrate metabolism as they are sensitive to a diet consisting of only carbohydrates.
Metabolomic analyses revealed that dMPC1 mutants on a sugar diet had high levels of pyruvate but a significant
depletion of TCA cycle intermediates. A corresponding elevation/reduction profile of amino acids and other in-
termediates that could be derived from either cytosolic pyruvate or mitochondrial acetyl-CoA was also observed.
Clear functional evidence that these genes encode MPC components came from a combination of biochemical
and genetic experiments. Mitochondria of yeast mpc1A mutant exhibited no **C-pyruvate uptake, a defect that
could be effectively rescued by transgenic MPC1 in a MPC inhibitor UK5099-sensitive manner. The authors
have also identified a yeast MPC1 mutation, Asp118 — Gly, which confers resistance to the MPC inhibitor UK-
5099. A very clinically relevant and significant finding of the Rutter’s group is the identification of BRP44L
(human MCP1) mutations in families with impaired basal and uncoupling agent FCCP-stimulated pyruvate oxi-
dation. Transgenic expression of wild type human MPC1 in cells derived from patients rescued the pyruvate
oxidation defect, while mutant forms of human MPC1s have diminished or no rescue effect of the yeast deletion.

The Martinou group discovered MPC components while investigating defects in the synthesis of lipoic acid, a
co-factor of several multi-subunit dehydrogenase complexes in the mitochondrial matrix [14]. The authors have
previously identified Brp44L (human MPCL1) in a proteomics analysis [21] and noted its homology with the
yeast YGLO80W, YHR162W, and YGR243W genes. They also found that the mpc1A and mpc2A mpc3A deletion
mutants grew more slowly in amino acid-free medium, a phenotype that was relieved by addition of the amino
acids valine or leucine, but not other amino acids. *C tracer analysis showed that mpc1A cells have drastically
reduced **CO, release that corresponded with decreased dehydrogenase activities and their lipoylation, and li-
poic acid production. The authors traced these defects to an upstream event of acetyl-CoA production and mito-
chondrial uptake of **C pyruvate, and like the Rutter group, found that mammalian (mouse) MPC1 could rescue
the yeast defects. A key additional functional test performed by the Martinou group was the expression of
mMPC1 and mMPC2, alone and in combination, in the bacteria Lactococcus lactis, a naive system. Expression
of both MPC proteins resulted in pyruvate uptake that was sensitive to UK5099, and with similar properties to
mitochondrial pyruvate transport.

The genetic conservation and compelling biochemical and functional evidence for the MPCs discovered in the
works described above provided strong evidence that the real MPC has now been identified. The polypeptides
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Mpcl and Mpc2 form functional multimeric complexes at the IMM to mediate pyruvate translocation. It would
appear that Mpc3, which is highly homologous to Mpc2, may have functional redundancy with the latter. Some
caveats to this notion have been pointed out by Halestrap [22], and pyruvate transport by the purified protein(s)
functionally reconstitution of into liposomes have not yet been demonstrated. We now await the structural
analysis of these proteins in anticipation of the functional insights that shall be obtained. Interestingly, another
recent report implicated an Arabidopsis thaliana gene, NRGA1, which is homologous to MPC2 and when co-
expressed with AtMPC1, complemented the yeast mpc2A/mpc3A mutation [23]. NRGAL negatively regulates
abscisic acid-induced signaling in Arabdopsis guard cells in response to drought, but how this is connected to
pyruvate transport is unclear at the moment.

3. Aspects of Metabolic Regulation Unveiled by MPC Inhibition

Several recent studies have been aided by the molecular identification of MPC. Murphy and colleagues found
that the anti-diabetic drug family of thiazolidinediones (TZDs), better known as peroxisome proliferator-acti-
vated receptor gamma (PPARy) inhibitors [24], also inhibits MPC at clinically relevant concentrations [25]. The
authors showed that low dosages of TZD acted like UK5099 and specifically inhibited pyruvate and not gluta-
mate of succinate oxidation in several cell types. The IMM-permeable methyl pyruvate rescued both the TZD
and UK5099 inhibition, as it did the respiratory defects in cells with MPC1 or MPC2 silenced by lentiviral-
shRNA. Importantly, MPC inhibition by TZD underlies its stimulation of glucose uptake, degrees of which in
myotubes and myocytes were directly proportional to the level of respiratory inhibition by TZDs or UK5099.
TZD activation of the energy status-sensing, catabolism driver AMP-activated protein kinase (AMPK) [26], is
also mimicked by UK5099. In another report, MCP1 and MCP2 were identified as mitochondrial proteins that
could be chemically crosslinked to TZD [27] in a manner that could be blocked by UK5099. These authors also
showed that TZDs altered the incorporation of **C-labeled carbon from glucose into acetyl CoA. These findings
thus connect mitochondrial pyruvate uptake to acute responses in glucose sensing and uptake, which could be
therapeutically useful.

Another recent finding further suggests that MPC activity affects glucose sensing and insulin sensitivity. In
mice, loss of Mpc2 is embryonically lethal, but Vigueira et al. generated a viable MPC2 hypomorphic mouse
line harboring an N-terminally truncated protein and exhibiting reduced capacity for mitochondrial pyruvate
oxidation [28]. These mice have elevated blood glucose and lactate when subjected to an intraperitoneal pyru-
vate bolus. The mice are insulin-sensitive, but had reduced plasma insulin. Glucose intolerance in this strain was
attributed to impaired glucose-stimulated pancreatic insulin secretion, which could be corrected by sulfonylurea
treatment. This rather specific insulin secretion defect in a MPC2 hypomorph is interesting, and attested again to
a connection between mitochondrial pyruvate uptake and glucose sensing.

What exactly would the consequences of MPC inhibition be on the core metabolic pathways such as the TCA
cycle? A recent study by Vacanti et al. using **C metabolic flux analysis of cells after genetic or pharmacologi-
cal ablation of MPC activity revealed a surprising degree of cellular metabolic flexibility and adaptation [29]. In
MPC-deficient cells, both glucose and pyruvate oxidation were suppressed. However, the authors found that cell
growth, oxygen consumption, and the TCA cycle functionality were surprisingly maintained by enhanced oxida-
tive glutaminolysis. Also, MPC silencing increased fatty acid g-oxidation and branched-chain amino acid oxida-
tion. This response is therefore unlike those observed during inhibition of the electron transport chain complex |
or PDH, and cells could apparently reprogram to adapt to a reduction in mitochondrial pyruvate transport by
channeling in products of amino acids and fatty acid metabolism to feed the TCA cycle.

The findings of Vacanti et al. are mirrored by another report. Yang et al. have previously found that glucose
deprivation in c-Myc transformed cancer cells prompted acetyl-CoA generation via glutamine, which iscon-
verted into glutamate by glutaminase and subsequently a-ketoglutarate by elevated glutamate dehydrogenase
(GDH) activity [30]. With tracer experiments, the authors now found that glucose and pyruvate transport into
mitochondria suppresses GDH and acetyl-CoA formation from glutamine [31]. Impairment of pyruvate transport
into mitochondria by UK5099 inhibition of MPC conversely induces glutamine-dependent acetyl-CoA forma-
tion. While UK5099 and glutaminase or GDH inhibitors only moderately suppressed cell proliferation and did
not cause significant cell death, a combination UK5099 with inhibition of either glutaminase or GDH synergis-
tically increased growth suppression and cell death. Interestingly, a combination of MPC and GDH inhibitors
also impaired tumor growth in mouse xenografts. Other than uncovering aspects of metabolic flexibility, these
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results also suggest that pyruvate transport may be considered as a potential target in cancer therapeutics.

4. MPC, Mitochondrial Pyruvate Transport and Cancer

Cancer cells have profound metabolic alterations compared to noncancerous cells [32]. One prominent feature,
termed the Warburg effect [8], is highlighted by the fact that many cancer cells tend to generate lactate from
pyruvate and have reduced aerobic oxidation, even under normoxic and aerobic conditions. This has been attrib-
uted to mitochondrial damage and impaired aerobic respiration. However, many cancer cells with an intact TCA
cycle nonetheless exhibit the Warburg effect. Alternative explanations for the effect include decrease pyruvate
production by PKM2, upregulated LDH and increase expression of PDH kinase PDK1. Rutter’s group now
showed that impaired mitochondrial transport due to MPCL1 deletion or diminished expression could also explain
the Warburg effect [33]. The authors found that while the gene locus of MPC2 is not frequently loss or altered in
cancer, the MPC1 locus is within the most frequently deleted region across all cancer samples investigated.
MPC1 expression is also reduced in all cancer types examined, with its reduced expression correlating with poor
disease prognosis. Re-expressing of MPC1 and MPC2 in cells increased mitochondrial pyruvate oxidation, and
interestingly impaired anchorage-independent growth and xenograft growth of these cells. The cancers cells
therefore appeared to lose oncogenic potential, but did not suffer impaired health or viability.

How exactly does expression of MPC reverse the cancer phenotype? The authors noted that the enzyme alde-
hyde dehydrogenase (ALDH), a cancer stem cell marker [34] [35], was significantly decreased in the MPC-ex-
pressing tumors. Further examination revealed other stem cell markers such as LGR5 [36], LIN28A [37] and
NANOG [38] were decreased in cells upon MPC expression. The mitochondrial pyruvate transport, or indeed
the carrier itself, could have profound effects on the oncogenic expression profile of cancer cells beyond the su-
perficially perceived alteration in metabolic profile.

5. Concluding Remarks

In the paragraphs above, recent advances in the molecular cloning and identification of the mitochondrial trans-
port carrier were outlined, and some recent intriguing findings that have been facilitated by the discovery of
MPC were discussed. Much remains to be learned about the MPC-mediated pyruvate transport process itself,
such as the mechanism of transport and its regulation. Manipulations of MPC-dependent pyruvate transport into
the mitochondria through MPCs have already revealed some surprising findings pertaining to metabolic flexibil-
ity of cells, and we could expect more revelations along this line in the near future. That MPC levels or function
affect expression profiles of cancer stem cell markers is unexpected and exciting. We could look forward to the
resolution of the underlying mechanism, and anticipate how this might become applicable in terms of cancer
therapeutics.
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