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SUMMARY

The transport of pyruvate into mitochondria requires
a specific carrier, the mitochondrial pyruvate carrier
(MPC). The MPC represents a central node of carbon
metabolism, and its activity is likely to play a key role
in bioenergetics. Until now, investigation of the MPC
activity has been limited. However, the recent molec-
ular identification of the components of the carrier
has allowed us to engineer a genetically encoded
biosensor and to monitor the activity of the MPC
in real time in a cell population or in a single cell.
We report that the MPC activity is low in cancer cells,
which mainly rely on glycolysis to generate ATP, a
characteristic known as the Warburg effect. We
show that this low activity can be reversed by
increasing the concentration of cytosolic pyruvate,
thus increasing oxidative phosphorylation. This
biosensor represents a unique tool to investigate
carbon metabolism and bioenergetics in various
cell types.

INTRODUCTION

Cells can undergo dramatic variations in energetic metabolism
depending on their nature, activity, and microenvironment. In
this respect, cancer cells represent a good example of metabolic
adaptation. Many cancer cells dispense completely with ATP
generation through the highly efficient mitochondrial respiratory
pathway and rely on glycolysis for ATP generation even when
growing in the presence of oxygen. This process was originally
described in the early part of the last century by Otto Warburg
and has since become known as the Warburg effect (Bayley
and Devilee, 2012; Hsu and Sabatini, 2008). Though less efficient
for energy production, this type of metabolism provides an
abundant supply of carbon building blocks necessary for the
increased demands of rapidly expanding tissues and tumors
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(DeBerardinis et al., 2008; Vander Heiden et al., 2009). As a
potential strategy for cancer therapy, drugs that enhance
mitochondrial ATP production through respiration have been
proposed and have shown promising results (Jang et al., 2013;
Michelakis et al., 2010). However, the mechanisms that un-
derlie metabolic reprogramming between oxidative phosphory-
lation (OXPHOS) and aerobic glycolysis are diverse and remain
incompletely elucidated (Cairns et al., 2011; Locasale and Cant-
ley, 2011).

A key intermediate in regulating cellular energy metabolism is
pyruvate, the end product of glycolysis. Pyruvate can either be
reduced in the cytoplasm by lactate dehydrogenase (LDH), lead-
ing to production of lactate, a key step that refuels glycolysis, or it
can be transported into mitochondria as the primary substrate
for the citric acid cycle, leading to complete oxidation and highly
efficient ATP generation. Thus, control over the intracellular fate
of pyruvate emerges as a critical decision point in regulating
energy metabolism,

40 years ago, Papa et al. (1971), based on a series of biochem-
ical experiments, postulated the existence of a mitochondrial
pyruvate carrier (MPC) that allows pyruvate entry into the mito-
chondrial matrix. However, the molecular identity of the MPC
remained elusive. It was finally revealed by two groups in 2012
(Bricker et al., 2012; Herzig et al., 2012) and shown to be highly
conserved throughout evolution. In mammals, the MPC appears
to be composed of two paralogous subunits, MPC1 and MPC2,
that interact to form a heteromeric complex. Located in the inner
mitochondrial membrane, the MPC is strategically positioned at
the intersection between glycolysis in the cytosol and OXPHOS
in the mitochondria. We anticipate that its function must be
tightly and specifically regulated in the control of cell homeosta-
sis and cell fate (Vanderperre et al., 2015). Assessment of the
activity of the MPC is therefore of key importance for our under-
standing of the regulation of cell metabolism.

DESIGN

Current techniques for monitoring influx of pyruvate into
mitochondria are limited in their spatio-temporal resolution and
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provide only an indirect measure of the MPC activity. For
example, import of radiolabelled pyruvate does not allow moni-
toring of the MPC activity in real time and in situ. Alternatively,
procedures that measure pyruvate-driven oxygen consumption
in real time do not represent a direct quantification of the activity
of MPC since many steps are required for pyruvate oxidation
following its import into the mitochondria. Furthermore, flux
metabolomics (Hiller and Metallo, 2013), including the use of
hyperpolarized 'C-enriched substrates (Yang et al., 2014a)
that define a precise metabolic phenotype of cells, do not allow
direct assessment of the MPC activity. In addition, all of these
different approaches are time and cell consuming.

The recent molecular characterization of the MPC provided
new possibilities to investigate its activity, and with this aim in
mind we have engineered a genetically encoded biosensor
based on bioluminescence resonance energy transfer (BRET),
which we called RESPYR (for REporter Sensitive to PYRuvate).
By monitoring the changes in BRET in different cell types and
under different conditions, we have been able to monitor the
activity of the MPC in real time with a high temporal resolution.
Using RESPYR, we have compared beta pancreatic cells in
which mitochondrial OXPHOS is highly active, with a variety of
cancer cells in which ATP is produced mainly through aerobic
glycolysis. Similar BRET changes were recorded in all cell types
exposed to pyruvate, whereas in the presence of glucose,
only the beta pancreatic cells showed MPC activity. However,
we found that indirectly increasing the intracellular pyruvate
concentration in cancer cells by inhibition of lactate export via
the monocarboxylate transporter (MCT) significantly increased
MPC activity and cell respiration when cells were exposed to
glucose. These results therefore suggest the possibility of using
RESPYR in high-throughput screening mode to identify mole-
cules capable of modulating MPC activity. Such molecules could
provide a promising approach to cancer therapy.

RESULTS

A BRET Sensor to Detect MPC Activity

To monitor the activity of the MPC in real time, we assumed that
transport of pyruvate would induce reversible changes in its
conformation. To test this, we constructed a genetically encoded
biosensor based on BRET in which MPC1 and MPC2 were
modified by C-terminal fusion to either the donor group RLuc8
(a variant of Renilla luciferase) or the acceptor group Venus
(a variant of yellow fluorescent protein) (Figure 1A). We hypothe-
sized that conformational changes during pyruvate binding and/
or transport would cause a change in the energy transfer be-
tween MPC1 and MPC2, which may allow us to monitor MPC
activity in real time by measuring the variation in BRET.

We first confirmed that the properties of the tagged proteins
were similar to those of endogenous MPC regarding subcellular
localization (Figure 1B), expression levels (Figure S1A), molecu-
lar assembly (Figure S1B), and function (Figure 1C and Fig-
ure S1C); furthermore, we showed that stable expression of
MPC1-Venus and MPC2-RIluc8 in HEK293 cells did not alter
either proliferation or oxygen consumption (Figures S1D and
S1E). We next checked the interaction between MPC proteins
in HEK293 cells by recording the BRET signals in the presence
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of the luciferase substrate coelenterazine h (Figure 1D). When
cells were co-transfected with a fixed amount of MPC1-RLuc8
together with increasing amounts of the MPC2-Venus (Figure 1D,
left panel), a high and specific BRET signal could be measured as
shown by saturation of the signal when high amounts of MPC2-
Venus proteins were present. No evidence for MPC1 homomeri-
zation or for interaction with the negative control (the unfused
Venus construct) could be detected, as shown by the linear
and low increase in the BRET signal with increasing amounts
of the acceptors. In the converse experiment in which cells
were transfected with a constant amount of MPC2-RLuc8 (Fig-
ure 1D, right panel), a specific and saturable BRET signal with
MPC1-Venus was again detected. Interestingly, in this case a
similar signal was also measured in the presence of MPC2-
Venus, indicating that MPC2 was capable of homomerization.
Altogether, these results show that MPC1 and MPC2 were
able to heteromerize in HEK293 cells and that homomers of
MPC2 were also able to form. We then assessed the conforma-
tional changes of the MPC when cells were exposed to various
stimuli (Figure 1E). In the presence of PBS alone, the basal
BRET signal remained stable for at least the 20 min duration of
the experiment. Incubation of the cells in 5 mM pyruvate led to
a rapid increase in BRET (Figure 1E and Figure S1F), indicating
that the binding and/or transport of pyruvate caused a conforma-
tional shift in the carrier complex, bringing the BRET acceptor
and donor groups into a closer proximity. The BRET changes re-
mained stable while pyruvate was present. Similar results were
found for both configurations of the heteromeric MPC1/MPC2
complexes. In contrast, no pyruvate-induced conformational
shift was observed for MPC2 homomers (Figure 1E), in agree-
ment with our previous results showing that only MPC1/MPC2
heteromeric complexes are functional (Herzig et al., 2012). In
the work reported here, all subsequent BRET experiments
have been performed using the combination of MPC2-RLuc8
and MPC1-Venus. This biosensor was named RESPYR (for
REporter Sensitive to PYRuvate).

Functional Properties of RESPYR

To investigate the selectivity of RESPYR, various metabolites
including pyruvate lactate, malate, and citrate were added to
RESPYR-expressing cells after permeabilization to ensure ac-
cess to the biosensor. Only pyruvate was able to activate
RESPYR in HEK293 cells (Figure 2A) and other cell lines (Fig-
ure S2), with ECses ranging between 225 uM and 452 puM
(Figure 2B). For further validation of RESPYR, we used the mono-
carboxylate transporter 1 and 2 (MCT) inhibitor AR-C155858 to
block pyruvate import at the plasma membrane into HEK293
cells. Pre-incubation of cells with AR-C155858 prevented the
BRET increase induced by pyruvate (Figure 2C, left panel), while
addition of the compound 10 min after pyruvate stimulation (Fig-
ure 2C, right panel) led to a progressive decrease in the BRET
signal back to the basal level. Thus, changes in MPC activity
as measured by the BRET response are fully reversible.

Glucose Consumption Induces MPC Activity in a Beta
Pancreatic Cell Line, but Not in Cancer Cells

Because of the key location of MPC at the interface between
glycolysis and OXPHOS (Figure 3A), RESPYR provides a novel
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Figure 1. RESPYR, a BRET-Based Sensor to Monitor MPC Activity

(A) Schematic representations showing MPC subunits tagged with either RLuc8 or Venus (top panel) according to the recently described membrane topology of
MPC1 and MPC2 (Bender et al., 2015), and pyruvate-induced changes in MPC conformation leading to increase in BRET signal (bottom panel).

(B) Representative images showing the subcellular localization of h(MPC1 and hMPC2 tagged with Venus. 2 days after transfection with either MPC1-Venus or
MPC2-Venus (green), Hela cells were stained for mitochondria using Mitotracker (red) and for nuclei with Dapi (blue). Scale bar, 10 pm.

(C) MPC1-Venus and MPC2-RLuc8 are functional and able to transport pyruvate into the mitochondrial matrix. Representative experiment showing the oxygen
consumption rate (OCR) of MEFs from either wild-type (WT) or MPC1~/~ mice transfected with either GFP or MPC1-Venus and MPC2-RLuc8 (MPC1-V +
MPC2-R). Oxygen consumption profiles were determined on XF PMP permeabilized cells in the presence of pyruvate as the only carbon source.

(D) BRET saturation curves for HEK293 cells transfected with a constant amount of either AMPC1-RLuc8 (left panel) or hMPC2-RLuc8 (right panel) and increasing
amounts of hMPC1-Venus (blue), hMPC2-Venus (red), or the BRET acceptor Venus alone (black). a.u. = arbitrary unit calculated as described in Experimental
Procedures. Data are mean + SEM of three independent experiments.

(E) BRET kinetics obtained in HEK293 cells transfected with different combinations of hMPC1- and hMPC2-tagged BRET donors and acceptors as indicated.
Cells were stimulated with either PBS (black) or 5 mM pyruvate (blue) at the times indicated by the arrows. Data shown are mean + SEM from one experiment with
4 wells for each data point and are representative of three independent experiments.

See also Figure S1.
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Figure 2. Functional Properties of RESPYR
(A) BRET variation in HEK293 cells transfected with
the RESPYR components, permeabilized with 1 nM
XPMP, and exposed to different substrates (all
I present at 20 mM, with the exception of pyruvate
present at 5 mM). BRET signals were measured
T 10 min after stimulation and represented as the
percentage of the basal BRET signal.
(B) Dose response of BRET to increasing amounts
of pyruvate. Cells were permeabilized as described
in (A). The ECsq values for Hela, 143B, and HEK293
were 0.362 mM, 0.225 mM, and 0.452 mM,
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experiments.

(C) BRET kinetics in HEK293 cells expressing the
RESPYR components and stimulated with either
PBS (black) or 5 mM pyruvate (red). At the
times indicated by arrows, cells were exposed to
AR-C155858 (empty symbols). AR-C155858 was
added before (left panel) or after (right panel) stim-
ulation with PBS or pyruvate. Data are mean + SEM
from one experiment with 4 wells for each data
point and are representative of three independent
experiments.

See also Figure S2.
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means to monitor changes in cellular metabolism under various
growth conditions and in diverse cell types. As a proof of
concept, RESPYR was expressed in either rat pancreatic f cells
(INS-1E) in which ATP is predominantly produced through
OXPHOS (Spacek et al., 2008) or HEK293 cells in which glycol-
ysis provides the main source of energy (Dietmair et al., 2012;
Henry et al., 2011). In both cell types, addition of pyruvate
induced a similar rapid increase in BRET signal (Figure 3B),
showing that RESPYR was expressed and functional. In
contrast, when glucose was added as the sole energy source,
the cells responded quite differently. In INS-1E cells, the BRET
signal increased progressively over several minutes, presumably
the time required to produce pyruvate by glycolysis, and reached
a plateau when the BRET signal approached 50% of BRET
signal recorded in the presence of pyruvate (Figure 3B, left
panel). This increase was completely reversed by addition of
2-deoxyglucose (Figure S3A), a glucose analog that inhibits
glycolysis (Woodward and Hudson, 1954). On the other hand
in HEK293 cells, BRET remained at a basal level following addi-
tion of glucose (Figure 3B, right panel). This was not due to a dif-
ference in glucose uptake, which was similar in both cell types
(Figure S3B). Thus, RESPYR allowed us to distinguish between
cells that transport pyruvate into mitochondria for OXPHOS
and those, such as HEK293 cells, that divert pyruvate to lactate
and rely mainly on glycolysis.

To extend this analysis, we generated a range of cancer cell
lines stably expressing RESPYR (143B, MCF7, HCT-116,
HelLa, or MDA-MB231). We found that in all cases, the BRET
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signal increased in the presence of pyru-
vate but not in the presence of glucose
(Figure S3C).

In order to confirm these observations independently of BRET,
we labeled cells with '*C-glucose and analyzed the amount of
3G citrate after 0, 4, and 8 hr (Figure S3G) in both INS-1E cells,
in which we could detect changes in BRET when the cells were
provided with glucose, and Hela cells, in which no significant
increase in the BRET signal was detected in the presence
of glucose. We found that while a substantial accumulation
of '3C-citrate was seen in INS-1E, no appreciable increase of
3C-citrate could be detected in Hela cells, even after 8 hr of
labeling. Therefore, the lack of detectable citrate accumulation
in Hela cells, even using this sensitive isotope labeling assay,
points to a low pyruvate uptake into mitochondria from cells
grown in glucose-containing medium, which is in agreement
with the results obtained using BRET. This observation is also
fully consistent with the data previously reported by Yang et al.
(2014a). Altogether, these results suggested that in the presence
of glucose, either the concentration of pyruvate in cancer cells
was significantly below the Km of pyruvate for the MPC and/or
that the MPC or upstream processes were subjected to a
glucose-induced negative control.

To distinguish between these two possibilities, we compared
cytosolic pyruvate levels in INS-1E and HEK293 cells following
growth in the presence of glucose using the previously described
FRET sensor, Pyronic (San Martin et al., 2014). Pyronic is local-
ized in the cytoplasm, and the FRET emission decreases in the
presence of pyruvate, allowing us to monitor the cytosolic pyru-
vate concentration (Figure 3A). We found that in INS-1E, the
levels of pyruvate were only slightly lower when cells were



incubated with glucose compared to pyruvate (Figure 3D, right
panel). In contrast, in HEK293 cells, cytosolic pyruvate was
detected when cells were exposed to pyruvate (Figure 3C, right
panel, open red triangles) but not when incubated in the pres-
ence of glucose (Figure 3C, right panel, open blue squares).
Thus, we conclude that the low levels of cytosolic pyruvate pre-
sent in HEK293 cells exposed to glucose are at least partially
responsible for the reduced MPC activity observed in these cells
and in those cancer cells that rely mainly on glycolysis.

Inhibition of the MCT Leads to Increased Cytosolic
Pyruvate Concentration and Activation of the MPC in
Glycolytic Cells Exposed to Glucose

Based on the results above, we reasoned that in cancer cells, an
increase in the concentration of cytosolic pyruvate might lead to
MPC activation and an increase in OXPHOS. We hypothesized
that decreasing the efflux of lactate by the MCTs should result
in increased intracellular lactate, which in turn would favor
accumulation of pyruvate. To investigate this possibility, cells
were stimulated with glucose, and 10 min later the effect of
AR-C155858 on the BRET response was assessed (Figures 3C
and 3D). In HEK293 cells, glucose did not activate the MPC;
however, following application of AR-C155858, a rapid increase
in the BRET signal was observed (Figure 3C, left panel). Further-
more, this was associated with a rapid increase in cytosolic
pyruvate as evidenced by a change in Pyronic-based FRET (Fig-
ure 3C, right panel). Thus MCT inhibition in HEK293 leads to
accumulation of cytosolic pyruvate during aerobic glycolysis
and increased MPC activity. In INS-1E cells, exposure to AR-
C155858 accentuated the BRET and FRET changes observed
after glucose stimulation (Figure 3D, blue symbols), also consis-
tent with the notion that blocking the MCT leads to an increase in
cytosolic pyruvate. As a control, when HEK293 and INS-1E cells
were stimulated with pyruvate, inhibition of MCT1/2 by AR-
C155858 reduced the cytosolic pyruvate concentration and
thus reversed the pyruvate-induced increase in MPC activity
(Figures 3C and 3D, red triangles). Some studies have suggested
that MCT may also be localized in the mitochondria (Hashimoto
etal., 2006; Hussien and Brooks, 2011). However in these exper-
iments, any direct effect of AR-C155858 on mitochondria can be
ruled out since the inhibitor did not affect BRET when added to
isolated mitochondria (Figure 3E).

To investigate the functional consequences of increasing
cytosolic pyruvate, we studied the oxygen consumption of
HEK293. In the absence of AR-C155858, maximal oxygen con-
sumption was almost three times higher when pyruvate was pro-
vided to cells compared to glucose (Figure 3F, black columns).
However, following addition of the inhibitor, maximal oxygen
consumption in glucose increased significantly and reached
the same level as that observed in the presence of pyruvate
(Figure 3F, gray columns). This effect of MCT inhibition on oxy-
gen consumption was also observed in the absence of FCCP
(Figure S3D), showing that pyruvate imported by MPC in cells
incubated with glucose was metabolized in the TCA cycle. In
contrast, MCT inhibition had the opposite effect on maximal
oxygen consumption measured in cells exposed to pyruvate,
consistent with the decrease in MPC activity induced by AR-
C155858.

We then tested whether these observations could be
extended to other glycolytic cells. Many cancer cells have
been shown to express several MCT isoforms, including
MCT1, MCT2, and MCT4. Moreover, unlike MCT1 and MCT2,
MCT4 is insensitive to inhibition by AR-C155858 (Ovens et al.,
2010). When RESPYR was expressed in 143B cells, AR-
C155858 did not reduce MPC activity in the presence of pyruvate
(Figure 3G), suggesting that in these cells, MCT4, or another AR-
C155858-resistant carrier, transports monocarboxylates across
the plasma membrane. Consistent with this notion, we observed
that AR-C155858 did not increase MPC activity in the presence
of glucose (Figure 3G). Similar observations were found in
other cancer cell lines (HeLa, MCF7, and MDA-MB231) stably
expressing RESPYR (data not shown). To investigate directly
the role of MCT4 in AR-C155858-resistant pyruvate transport,
we used the colon cancer cell line LS174T in which the MCT4
gene had been knocked out (Le Floch et al., 2011; Marchiq
et al., 2015) (MCT4™'~ cells, Figure 3H). In these cells, but not
in the parental cell line, addition of AR-C155858 resulted in a sig-
nificant increase of MPC activity in the presence of glucose,
whereas MPC activity in the presence of pyruvate was
decreased (Figure 3H, Figures S3E and S3F). Thus, RESPYR
has enabled us to demonstrate a pro-oxidative function of the
MCT1/2 inhibitor in MCT4 null glycolytic cells, which is associ-
ated with an increased intracellular pool of pyruvate (Marchiq
et al., 2015).

Monitoring MPC Activity in Single Cells

To assess the ability of RESPYR to monitor MPC activity in
real time in single cells, we compared the sensitivity to AR-
C155858 of HEK293 and Hel a cells stably expressing RESPYR.
HEK?293 cells express MCT1/2 and are sensitive to AR-C155858,
while Hela cells also express MCT4, which is not inhibited by
AR-C155858. To distinguish between the two cell lines, mCherry
was expressed in HEK293 cells (Figure 4A). After addition of
pyruvate, the MPC was activated and BRET increased in both
cell lines as expected (Figure 4B and Figures S4A and S4B). In
contrast, when cells were pre-incubated with AR-C155858,
increased MPC activity was only visualized in HelLa cells
(Figure 4C, arrow and Figures S4A and S4B), consistent with
the results reported in the previous section.

DISCUSSION

Limitations

We have engineered a novel, genetically encoded biosensor of
the MPC, named RESPYR, that is able to monitor MPC activity
in real time. This sensor has allowed us to investigate the
difference in MPC activity between cells undergoing aerobic
glycolysis (HEK293 and cancer cells) and cells in which ATP gen-
eration is mainly provided by oxidative phosphorylation (INS-1E).
Thus, RESPYR provides a powerful, non-invasive technology to
monitor cellular energy metabolism and the shift in cancer cells
from OXPHOS to aerobic glycolysis known as the Warburg ef-
fect. While the threshold sensitivity of RESPYR is likely to be
less than other methods since it relies on real-time measurement
of pyruvate flux through the MPC rather than the accumulation of
pyruvate in mitochondria over time, it nevertheless offers several
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Figure 3. Effects of MCT Inhibition on Cell Metabolism

(A) Schematic representation of the subcellular localization of the biosensors RESPYR and Pyronic. MCT, monocarboxylate transporter; LDH, lactate dehy-

drogenase; Ext/In mb, mitochondrial external/inner membrane.

(B) BRET kinetics in either INS-1E (left panel) or HEK293 cells (right panel) transfected with RESPYR. At the times indicated by the arrows, cells were stimulated

with PBS (black), 20 mM glucose (blue), or 5 mM pyruvate (red).
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BRET. HEK293 cells express MCT1/2 and are
sensitive to AR-C155858, while Hela cells also
express MCT4, which is not inhibited by AR-
C155858. The two cell lines, stably expressing
RESPYR, are transfected with either pCl-mCherry
(HEK293) or vector alone (Hela). 24 hr after
transfection, the two cell lines are pooled and
plated in 35 mm dishes. The two cell populations
can be distinguished by excitation of mCherry.
Following preincubation for 5 min with or without
1 uM AR-C155858, 5 mM pyruvate is added to
each culture and BRET is recorded by video-
microscopy. In the presence of the MCT1/2 in-
hibitor, pyruvate-induced MPC activation should
only be observed in Hela cells.

(B and C) HEK293 cells were identified by direct
excitation of mCherry, and all cells expressing
RESPYR were identified by direct excitation of
Venus. Hela cells expressing RESPYR could thus
be identified (arrows). Parallel cultures were left
untreated (B) or exposed to 1 uM AR-C155858 (C).
Following addition of coelenterazine h, images
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were acquired at 485 and 530 nm every 2 s for 10 min, before (basal) and after stimulation with 5 mM pyruvate. A 485/530 ratio image (BRET) is presented in
pseudo-colors. In the presence of AR-C155858, pyruvate-induced MPC activation was only observed in Hela cells (C, arrow). Scale bar, 10 um.

See also Figure S4.

advantages for the study of glucose metabolism and OXPHOS:
(i) it provides a direct measurement of mitochondrial pyruvate
import in living cells with high temporal resolution; (ii) the de-
mands on cell biomass of the assay are modest; (iii) using a suit-
able imaging platform, the procedure can be adapted to the
analysis of single cells, thus providing high spatial resolution of
MPC activity; and (iv) it can be scaled up to a high-throughput
screening format in order to search for chemicals or other mole-
cules able to modulate MPC activity. A potential limitation of
the assay is that since it relies on ectopic expression of the
two tagged subunits of the carrier, this may lead to excessive
or non-uniform levels of expression of the subunits and/or to
impairment of the conformational changes that underlie pyruvate
transport. Our characterization of the biosensor thus far indi-
cates that neither effect perturbs MPC activity. Cell lines stably
expressing both subunits have been engineered using lentiviral
infection, and lines can be selected in which both subunits are
expressed at a similar level and at a level similar to that of the
endogenous subunits. Furthermore co-immunoprecipitation ex-

periments have shown that the engineered subunits are able to
interact specifically with the appropriate endogenous partner,
suggesting that C-terminal addition of the tags does not interfere
with correct folding or topology of the subunits within the mem-
brane. Experiments are currently in progress to incorporate the
components of RESPYR into liposomes, and this will allow us
to assess directly the affinity of pyruvate for the modified carrier.

RESPYR Reports Low MPC Activity in Cancer Cells
Grown on Glucose

To investigate the Warburg effect, we have engineered five can-
cer cell lines that stably express the RESPYR components. In
all of these cells, little or no change in BRET was observed in
the presence of glucose, even at a high concentration (20 mM),
and this is in marked contrast to our observations in INS-1E cells
in which MPC is activated in glucose-containing media. All cell
types tested expressed comparable levels of the BRET compo-
nents (data not shown), and all responded similarly in medium

(C and D) Parallel cultures of HEK293 cells (C) and INS-1E cells (D) to study the kinetics of BRET (left panels, cells transfected with RESPYR) and FRET (right
panels, cells transfected with Pyronic). At the times indicated (arrows), cells were stimulated with PBS (black), 20 mM glucose (blue), or 5 mM pyruvate (red) prior
to treatment with 1 uM AR-C155858 (arrows).

(E) BRET kinetics measured in isolated mitochondria from HEK293 cells transfected with RESPYR. Cells were treated with 1 uM AR-C155858 (arrows) prior to
treatment with PBS or 5 mM pyruvate. Symbols are as shown for (C) and (D).

(F) Maximal oxygen consumption rate in HEK293 cells after stimulation with 1 uM FCCP in the absence (black bars) or presence (gray bars) of 1 uM AR-C155858.
(G and H) BRET kinetics in 143B cells (G), LS174T cells (H, left panel), or LS174T-MCT4 /"~ cells (H, right panel) stably expressing RESPYR. Cells were treated as
indicated in (C). Data were analyzed by a two-way ANOVA to determine difference between cells stimulated with PBS or glucose using Prism (GraphPad)
software. *p < 0.05, **p < 0.01, **p < 0.005, and ****p < 0.001. Data in (F) are mean and SEM of three independent experiments. Data in (B)-(D) are mean and SEM
of one experiment with 4 wells per experiment and are representative of three independent experiments.

See also Figure S3.
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containing pyruvate, indicating that the MPC is present and func-
tional in all cases.

These observations therefore raise the important question of
why the cancer cell lines tested respond differently to INS-1E
cells upon stimulation with glucose. In an attempt to address
this question, we have performed labeling studies with [U-'3C]
glucose in which we show that the level of glucose-derived pyru-
vate that is converted into citrate in the TCA cycle is significantly
lower in cancer cells than in INS-1E cells. These data are in
agreement with a recent study by Yang et al. (2014a) who used
a combined '3C hyperpolarization and isotopomer analysis to
address the fate of pyruvate in cells. These authors reported
barely detectable levels of pyruvate entering into mitochondria
when cancer cells were cultured in the presence of glucose,
and they suggested that this may be due to reduced pyruvate
dehydrogenase activity. Our results using RESPYR are fully
consistent with the results of Yang et al. (2014a) obtained using
cutting-edge metabolomics. In addition, we show that one of the
reasons for this minimal pyruvate transport may be due to low
levels of cytosolic pyruvate produced through glycolysis (see
below). However, we do not exclude the possibility that other
factors may also contribute to the reduced pyruvate uptake
into mitochondria such as post-translational modifications of
the carrier maybe through acetylation (Hebert et al., 2013), or
perturbations downstream of the MPC, for example at the level
of PDH as suggested by the results of Yang et al. (2014a), which
may reduce the driving force for pyruvate import.

MCT as a Potential Target to Reverse the Warburg Effect
Pyruvate is produced through the highly regulated glycolytic
flux and can be metabolized into alanine, malate, or lactate or
transported across the outer mitochondrial membrane, probably
through the voltage-dependent anion channel (VDAC). Using
various cell types expressing RESPYR, we estimated that the
affinity of pyruvate for the MPC is in the range from 225 uM to
452 uM, and these values are comparable to the intracellular py-
ruvate concentration reported previously (Bakowski and Parekh,
2007; Berman and Halperin, 1973; Zhu et al., 2010). Furthermore,
using the pyruvate sensor Pyronic (San Martin et al., 2014), we
found that the concentration of cytosolic pyruvate was much
lower in glycolytic HEK293 cells than in INS-1E cells. We there-
fore wished to explore the importance of cytosolic pyruvate
levels on MPC activity.

The MCTs are responsible for the bidirectional flux of pyruvate
and lactate between the cytosol and the external environment
(Halestrap, 2013). Thus, we reasoned that inhibition of the MCT
in cells grown in glucose would result in an increased concentra-
tion of cytosolic lactate, feedback inhibition of LDH (Karlsson
et al., 1974), and thus an increase in the level of cytosolic pyru-
vate. Pouyssegur and co-workers have recently shown that
this is indeed the case (Marchiq et al., 2015), and their observa-
tions prompted us to test the effect of the MCT1/MCT2 inhibitor,
AR-C155858, on the activity of the MPC. We found that inhibi-
tion of MCT1/MCT2 in HEK293 cells incubated with glucose
increased cytosolic levels of pyruvate and that this resulted in
a significant stimulation of the MPC activity. However, the MCT
inhibitor had little effect on 143B cells, and other cancer cells
(data not shown), probably because these cells also express
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MCT4, which is resistant to AR-C155858. Thus, efflux of lactate
is not inhibited, and the intracellular pool of pyruvate does not
increase. This was confirmed in experiments using the colon
cancer cell line LS174T and the derivative of this line, LS174T-
MCT4~/~, in which MCT4 was genetically disrupted. While addi-
tion of AR-C155858 had no effect on the parental cell line after
stimulation with glucose, a significant increase in MPC activity
was observed in cells lacking MCT4 under the same conditions.

The Warburg effect seen in many cancer cells doubtless re-
sults from a combination of factors (Bayley and Devilee, 2012),
among which modulation of MPC may be important. Indeed,
recent data have shown that the MPC1 gene is deleted in various
colon cancers and that re-introduction of MPC1 was able to
repress the Warburg effect in these cells (Schell et al., 2014).
Moreover, suppression of the MPC activity has a profound
impact on cell metabolism and on the TCA cycle function (Va-
canti et al.,, 2014; Yang et al., 2014b). Together, these studies
indicate that modulating MPC activity in cancer cells may offer
a potential approach to treating the disease. Here, we report
that increasing pyruvate levels in the cytosol by using an inhibitor
of the MCT may provide one possible strategy to activate MPC
activity. From this proof of principle, we have now adapted our
RESPYR assay to a high-throughput format, which will allow
us to screen chemical or siRNA libraries for molecules able to
modulate MPC activity.

EXPERIMENTAL PROCEDURES

Molecular Biology

Pyronic-pcDNA3.1(-) was obtained from Addgene. Plasmids encoding
hMPC1-Flag and hMPC2-HA were generated by standard PCR cloning proce-
dures using full-length cDNA clones obtained from the I.M.A.G.E consortium
(hMPC1: clone 3452973; hMPC2: clone IRAMp995M0913Q). The amplified
sequences were C-terminally fused to HA (YPYDVPDYA) or Flag (DYKDDDDK)
tags by PCR and cloned into the pCl mammalian expression vector
(Promega) or into the lentiviral vector pWPT (Addgene) for constitutive trans-
gene expression.

For localization of the Venus fluorescent protein to the mitochondrial matrix
(Mx-Venus) or the inter-membrane space (IMS-Venus), lentiviral plasmids
were constructed in which the Venus coding sequence was fused downstream
of the mitochondrial targeting sequences derived from the human CoxVIIl or
Smac genes, respectively, and assembled into the BamHI/Sall sites of the
pWPT plasmid. Constructs were generated using the Gibson assembly
protocol (New England BioLabs). Plasmids encoding hMPC1 and hMPC2 pro-
teins tagged with RLuc8 and Venus were obtained as previously described
(Compan et al., 2012). All constructs were confirmed by DNA sequencing.

Cell Culture and Reagents
AR-C18558 was obtained from Tocris; all others reagents were from Sigma.
Mouse embryonic fibroblasts were obtained from embryonic day 12.5
(E12.5) embryos of an MPC1 genetrap mouse line (TIGM, clone OST39041)
using standard procedures. The cells lines HEK293, MCF7, 143B, HCT-116,
HelLa, MDA MB 231, and LS174T were maintained in DMEM supplemented
with 10% fetal calf serum (FCS), 2 mM glutamine, and 1% pen/strep (Invitro-
gen). INS-1E cells (gift from P. Maechler) were maintained in RPMI1640
supplemented with 5% FCS, 2 mM glutamine, 50 uM B-mercaptoethanol,
25 mM HEPES, 1 mM pyruvate, and 1% pen/strep (all from Invitrogen).
Transfections were performed using Lipofectamine-LTX (Invitrogen). MEFs
were electroporated using the Neon transfection system (Invitrogen) using
the protocol supplied by the manufacturer. Stable cell lines were generated
using a lentivirus-based procedure. Briefly, the DNA to be expressed was
cloned into pWPT and co-transfected with the lentiviral packaging plasmids
pMD2.G and psPAX2 (Addgene) into HEK293T cells by calcium phosphate



co-precipitation. Medium containing virus was collected 48 hr after transfec-
tion, centrifuged at 3,000 rpm for 5 min, and filtered (PES-glass, 0.45 um
pore). The viral supernatant was added to 70% confluent recipient cells, and
transduction efficiency was estimated by immunofluorescence after 48 hr.

Isolation of Mitochondria-Rich Fraction, Co-immunoprecipitation,
and Western Blotting

All steps were performed in the cold. Mitochondria were isolated from
HEK293T cells stably expressing Mx-Venus, MPC1-Venus, IMS-Venus, or
MPC2-Venus (4 confluent 150 mm plates per condition). Pellets containing
mitochondria were weighed and resuspended in 4 volumes (w/v) of co-immu-
noprecipitation buffer (100 mM NaCl, 20 mM HEPES [pH 7.4], 5 mM EDTA,
0.2% Triton X-100, supplemented with complete protease inhibitor [Roche]
and 1 mM benzamidine). Lysis was completed by rotation for 10 min, and
the lysates were cleared by centrifugation at 1,500 rcf for 5 min. The pellet con-
taining insoluble material (ins) was retained. Protein concentration in the super-
natant was determined using the Bradford method and adjusted to 1 mg/ml by
addition of co-immunoprecipitation buffer. This constituted the input fraction.
15 ul of GFP-nAb agarose beads (Allele Biotechnology) pre-washed in co-
immunoprecipitation buffer were added to each input fraction, and co-immu-
noprecipitation was performed for 1 hr with continuous rotation. Beads were
pelleted by centrifugation at 1,000 rcf for 1 min, and the supernatant (unbound
fraction) was kept for western blot analysis. After washing 3 times in co-immu-
noprecipitation buffer, proteins were eluted by addition of LDS sample buffer
(Invitrogen) supplemented with 10% B-mercaptoethanol and incubation at
95°C for 5 min. Samples were then loaded on 12% NuPage Bis-Tris gels (Invi-
trogen) and transferred onto 0.45 uM PVDF membranes. Western blot analysis
was performed using antibodies directed against Tom20 (sc-11415, Santa
Cruz Biotechnology), MPC1 (HPA045119, Sigma), MPC2 (mouse monoclonal,
home-made), and GFP (11814460001, Roche).

Cell Proliferation

Cells were seeded in 12-well culture plates at 2.10* cells/well. At different
times following cell plating (24 hr, 48 hr, 72 hr, and 96 hr), cells were resus-
pended using trypsin and counted using a Neubauer chamber.

Oxygen Consumption

Oxygen consumption measurements were performed using the Seahorse
XFe24 Flux Analyzer and the XF cell Mito stress kit (Seahorse Biosciences)
as previously described (Divakaruni et al., 2013). Briefly, 24-well plates were
seeded with 40,000 cells/well and incubated at 37°C. After 24 hr, cells were
incubated with DMEM (Sigma D5030) (pH7.4) containing 5 mM glucose and
0.5 mM dichloroacetate for 1 hr at 37°C without CO,. Cells were then exposed
sequentially to DMSO or AR-C18558 (1 uM), glucose (20 mM) or pyruvate
(5 mM), FCCP (1 uM), and rotenone (1 uM)/antimycin (1 puM). The values repre-
sent averages of 4 different wells.

Where indicated, OCR was measured in permeabilized cells using 1 nM XF
PMP in MAS Buffer (Seahorse Biosciences) with 5 mM pyruvate, 2 mM dichlor-
oacetate, 0.5 mM malate, and 1 uM oligomycin. Cells were sequentially
exposed to 0.5 uM FCCP, 1 uM rotenone/10 mM succinate, and 1 uM
antimycin.

BRET Measurement

Cells were plated in white 96-well plates 48 hr before recording. Cells were
washed with PBS-CM (PBS supplemented with 1 mM CaCl, and 0.5 mM
MgCl,), and readings were performed 5 min after addition of 5 uM coelenter-
azine h substrate (Invitrogen). Signals were detected with two filter settings
(R-Lucs filter, 460 + 40 nm; and Venus filter, 528 + 20 nm) at 37°C using the
Synergy 2 plate reader (Biotek). The BRET value was defined as the difference
between the emission at 528 nm/460 nm of co-transfected R-Luc8 and Venus
fusion proteins (MPC2-R + MPC1-V) and the emission at 528 nm/460 nm of the
R-Luc8 fusion protein alone (MPC2-R). Results were expressed in milliBRET
units (mBU). For saturation curves, a constant amount of the plasmid express-
ing the R-Luc8 tagged protein was co-transfected with increasing quantities
of the plasmid expressing the Venus-tagged protein. BRET signals were
determined as described above. The amount of Venus- and R-Luc8-tagged

proteins was determined in parallel plates by reading at 528 nm after excitation
at 460 nm (Venus) and at 460 nm in the presence of coelenterazine h (RLuc8).

Where indicated, cells were permeabilized with 1 nM XF PMP prior to adding
5 uM coelenterazine h substrate.

BRET Microscopy

Single-cell BRET recording was performed, as described previously (Compan
et al., 2012). Briefly, HEK and HeLa cells were transfected in 35 mm dishes as
described above. 24 hours later, both cell lines were mixed and plated in
35 mm dishes (u-Dish from Ibidi). BRET imaging studies were performed at
37°C using an Olympus LV200 equipped with a 60x/1.42 Oil objective. Trans-
fected cells were identified using filters to excite Venus (exciter SP480, emitter
HQ530/30) and mCherry (exciter HQ560/20, emitter HQ600/50). Coelentera-
zine h (20 pM) was applied 7 min before acquisition. Images were collected
using a Hamamatsu ImageEM camera (equipped with a cooled [—80°C]
CCD detector). Sequential acquisitions of 1 or 5 s (depending on sensor
expression) were performed with emission filters D485/25 nm and HQ530/
30 nm to select em485 and em530 wavelengths, respectively. Acquisition
and analysis were performed by Cellsense (Olympus) and Imaged (NIH) soft-
ware, respectively. BRET signals were represented using a continuous 256-
pseudocolor look-up table, as displayed in the figures.

FRET Measurement

Cells were prepared as described above for BRET. FRET experiments were
performed at 37°C using the Synergy 3 plate reader (Biotek). Signals were
recorded at 485 nm and 535 nm after excitation at 425 nm. The FRET was
defined as the ratio between the emission at 485 nm and 535 nm.

Immunofluorescence

For mitochondria staining, HelLa cells were incubated for 10 min at 37°C with
Mitotracker (Invitrogen, 1:1,000) diluted in complete medium before washing
for a further 10 min in complete medium. Cells were washed twice with PBS,
fixed with 4% formaldehyde, 4% sucrose in PBS for 5 min at room tempera-
ture, and then washed three times with PBS before incubation in ice-cold
acetone for 5 min. All coverslips were mounted on slides with ProLong Gold
Antifade Reagent (Invitrogen). Images were acquired with a Zeiss Axiophot mi-
croscope equipped with a 63x/1.4 Plan Apo objective and a Qlmaging Retiga
Ex camera.

Metabolomics

HEK293 cells and INS-1E cells were cultured in 6-well plates in medium con-
taining serum and supplemented with 20 mM [U-'3C]glucose. Metabolites
were extracted twice from plates in the presence of hot (75°C) 70% ethanol.
Targeted analysis of citrate levels and labeling was performed by ion-pairing,
reverse-phase, ultra-performance liquid chromatography-tandem mass spec-
trometry on a Thermo Quantum Ultra instrument (Thermo Scientific) (Buescher
et al., 2010).

Glucose Uptake

Glucose uptake studies were performed using the fluorescent glucose analog,
2-NBD-Glucose (2-NBDG, Invitrogen). Briefly, cells grown in 96-well plates
were washed with PBS and incubated with 2-NBDG (100 uM) for different
times as indicated in the figure legend. Cells were washed with PBS, and fluo-
rescence was recorded at 535 nm after excitation at 485 nm using the Synergy
3 monochromator plate reader (Biotek).

Statistical Analysis

Data points are expressed as the mean + SEM using the number of replicates
indicated in the figure legends. Unless otherwise indicated, the difference
between groups was analyzed by unpaired Student’s t test using Prism
(GraphPad) software. *p < 0.05, **p < 0.01, and ***p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and can be found with this
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