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Abstract

The lactate transporter SLC16A1/monocarboxylate trans-
porter 1 (MCT1) plays a central role in tumor cell energy
homeostasis. In a cell-based screen, we identified a novel class
of MCT1 inhibitors, including BAY-8002, which potently
suppress bidirectional lactate transport. We investigated the
antiproliferative activity of BAY-8002 in a panel of 246 cancer
cell lines and show that hematopoietic tumor cells, in partic-
ular diffuse large B-cell lymphoma cell lines, and subsets of
solid tumor models are particularly sensitive to MCT1
inhibition. Associated markers of sensitivity were, among
others, lack of MCT4 expression, low pleckstrin homology
like domain family A member 2, and high pellino E3
ubiquitin protein ligase 1 expression. The antitumor effect

of MCT1 inhibition was less pronounced on tumor xeno-
grafts, with tumor stasis being the maximal response. BAY-
8002 significantly increased intratumor lactate levels and
transiently modulated pyruvate levels. In order to address
potential acquired resistance mechanisms to MCT1 inhibi-
tion, we generated MCT1 inhibitor–resistant cell lines and
show that resistance can occur by upregulation of MCT4
even in the presence of sufficient oxygen, as well as by shifting
energy generation toward oxidative phosphorylation. These
findings provide insight into novel aspects of tumor response
to MCT1 modulation and offer further rationale for patient
selection in the clinical development of MCT1 inhibitors.
Mol Cancer Ther; 17(11); 2285–96. �2018 AACR.

Introduction
Tumorigenesis is associated with profound reprogramming

of cellular metabolism, and numerous connections of onco-
genic drivers and cancer cell metabolism have been described
(1, 2). The particular metabolic requirements of cancer cells
may be exploited to create therapeutic strategies for combatting
cancer (3). A well-established feature of tumor metabolism is
increased glucose uptake and fermentation of glucose to lactate.
This phenomenon is observed even in the presence of oxygen
and has been termed the Warburg effect (4). Due to the
enhanced conversion of glucose into lactate, tumor cells heavily
rely on efficient lactate transport in order to avoid lactate

accumulation and intracellular acidification. Lactate transport
across the plasma membrane is facilitated by monocarboxylate
transporters (MCT) and is coupled to the symport of protons
(5). The MCT isoforms MCT1 and MCT4 are the most fre-
quently expressed isoforms in cancer (6). The low-affinity
lactate transporter MCT4 is a Hif1a target gene and upregulated
under hypoxic conditions (7). In contrast, MCT1 is a high-
affinity lactate transporter whose expression is directly regulat-
ed via Myc oncoproteins and Wnt signaling (8, 9)

The blockade of lactate transport by inhibition of MCT1
has been shown to affect tumor growth mainly through the
accumulation of intracellular lactate, leading to a decrease of
intracellular pH and feedback inhibition of glycolysis (8, 10). As
a second mechanism, MCT1 inhibition has been described to
interfere with the reliance of some tumor cells on the import of
lactate as a fuel for oxidative phosphorylation under conditions
of limited glucose availability (11). Therefore, MCT1 inhibition
has been recognized as an attractive therapeutic strategy, and
one MCT1 inhibitor, AZD3965, is currently under clinical inves-
tigation. AZD3965 belongs to a class of compounds that has
originally been identified in a phenotypic screen for use in
immunosuppression (12–14). We have designed a dedicated
cell-based screen and identified a novel class of MCT1 inhibitors,
including the potent and orally available MCT1 inhibitor
BAY-8002.

It has been previously shown that the expression of MCT4
results in reduced antitumor efficacy ofMCT1 inhibitors (14, 15).
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However, little is known about additional factors that may
predict sensitivity or resistance as well as potential mechanisms
of acquired resistance. In this study, we used BAY-8002 to inves-
tigate resistance mechanisms and to identify sensitive tumor
subindications. We identified several genes whose expression
correlates with response to MCT1 inhibition and show that
absence of MCT4 expression is not sufficient as a single marker
to predict response to treatment. In vivo, blockade of MCT1
resulted in modulation of both intratumor lactate and pyruvate
levels. Consequently, the growth of tumors decreased, yet, no
tumor regression was observed. Re-expression of MCT isoforms
as well as increased energy generation via oxidative phosphory-
lation was identified as acquired resistance mechanism to MCT1
inhibition.

Materials and Methods
Cells and reagents

DLD-1, WSU-DLCL2, SH-SY5Y, Colo320DM, and 786-O cells
were obtained from the American Type Culture Collection, and
EVSA-T, Raji, Daudi, and SU-DHL-4 were obtained from the
German Collection of Microorganisms and Cell Cultures
(DSMZ). All cell lines were authenticated by fingerprint techni-
ques at DSMZ after two to four passages of the original stock
from the providers. The cells were maintained in RPMI-1640
(Raji, DLD-1, Daudi WSU-DLCL2, Colo320DM, SU-DHL-4),
DMEM (EVSA-T, SH-SY5Y), or DMEM/Ham's F12 (786-O)medi-
um containing 10% heat-inactivated FCS. BAY-8002 [2-({[2-
chloro-5-(phenylsulfonyl)phenyl]-carbonyl}amino)benzoic acid;
Fig. 1A] was identified and synthesized at Bayer AG as described
in the Supplementary Methods. BAY-876 was synthesized at
Bayer AG as described previously (16). AZD3965 was published
previously (14) and synthesized according to the procedure
described in the literature (described in WO 2004/065394, Exam-
ple 10. Intermediates are described in WO 2003/011868) at
WuXi AppTec Co. [3H]BAY-8002 and [3H]AZD3965 were both
prepared by catalytic exchange reaction with tritium gas as
described in the Supplementary Methods. For in vitro studies, a
10 mmol/L stock solution of BAY-8002 or AZD3965 in dimethyl
sulfoxide (DMSO) was prepared.

MCT1 and MCT4 lactate transport measurements based on
pH-dependent SNARF fluorescence in mammalian cell lines

For the lactate transport measurements in mammalian cells
based on acidification, DLD-1 cells were used to measure MCT1-
mediated lactate transport, and 786-O cells were employed
to measure MCT4-mediated lactate transport. Both cell lines
were seeded in Leibovitz L-15 (SIGMA; #SLBB5261) including
17.5 mmol/L glucose at 6,000 cells per well into 384 MTPs with
transparent bottom (Greiner Bio-One; #781092) the day before
the measurement and incubated at 37�C. In preparation of
the measurements, the mediumwas discarded, and the cells were
incubated with the SNARF-5 acetoxymethyl ester (Molecular
Probes; #C-1272) loading buffer (140 mmol/L N-methyl-D-
glucamine, 5.4 mmol/L KCl, 1 mmol/L CaCl2, 11 mmol/L glu-
cose, 1.2 mmol/L MgCl2, 10 mmol/L HEPES, 4.16 mmol/L
Probencid, 0.06% Brilliant Black, 33.2 mmol/L SNARF-5, pH 7.4)
for 90minutes at 37�C. Thereafter, test compounds were added in
the same buffer, and the incubation was continued for 10 min-
utes, before the plates were measured at an excitation wavelength
of 535 nm and an emission wavelength of 630 nm in an in-house

built fluorescence plate reader for a total of 60 seconds. After the
first 3 seconds ofmeasurement, lactate transport viaMCT1 (DLD-
1 cells) was induced by the addition of lactate to a final concen-
tration of 10 mmol/L, respectively 100 mmol/L for MCT4 (786-
O). The change in fluorescence between second 7 and second 32
was taken as read-out of intracellular acidification via MCT-
mediated lactate transport and used to calculate compound IC50s.

14C-lactate uptake measurements in mammalian cells and
Xenopus laevis oocytes

Tumor cells were seeded in minimal culture medium with-
out glucose and without pyruvate in 96-well plates to yield 70%
to 90% confluent cells the next day. The cells were briefly
equilibrated with incubation buffer (20 mmol/L Mes-buffered
glucose-free and HCO3

�-free saline solution containing
120 mmol/L NaCl, 5 mmol/L KCl, 2 mmol/L CaCl2, 1 mmol/L
MgCl2, adjusted to pH 6.0) and exposed for 10 minutes to
different concentrations of test substance as well as DMSO
control diluted in 90 mL incubation buffer to final concentra-
tions of 0.1 to 2,000 nmol/L. [14C]-L-lactate (Perkin Elmer) was
added to yield a final concentration of 1 mCi/mL (10 mmol/L)
and incubated for 30 minutes at 37�C. Uptake was stopped
by washing twice with PBS containing 100 mmol/L of unlabeled
L-lactate, and cells were lysed with 30 mL 0.1 mol/L NaOH
and 1% Triton-X100. The radioactivity was determined by addi-
tion of 70 mL Microscint 20 and counted with a Microbeta
scintillation counter (Perkin Elmer). 14C-lactate uptake measure-
ments in the Xenopus laevis (X. laevis) oocytes expression system
were performed at NMI TT GmbH as described in the Supple-
mentary Methods.

Radioligand-binding assays
For radioligand-binding experiments, cells were grown until

70% to 80% confluent, washed with TBS (50 mmol/L Tris-Cl,
pH 7.6, 150 mmol/L NaCl), and harvested by scraping and
centrifuging. Cell pellets were resuspended in 1 mL cold
50 mmol/L Tris-Cl buffer (pH 7.5) and homogenized on ice
with a Potter homogenizer. Membranes were harvested by
centrifugation for 20 minutes at 4�C and 16,000 g. Membrane
pellets were resuspended in 100 mL 50 mmol/L Tris-Cl buffer
(pH 7.5), subjected to protein determination (Pierce BCA
Protein Assay Kit #23225; Thermo Fisher Scientific), shock
frozen in liquid nitrogen, and stored at –80�C.

To determine binding of MCT1 inhibitors, cell membranes
were diluted into assay buffer (TBS, Complete Mini, EDTA-free
protease inhibitor tablets; Roche) to 40 to 100 mg/mL in a
96-well plate and incubated for 1 hour in the absence or pre-
sence of 30 mmol/L of either unlabeled BAY-8002, AZD3965, or
the Glucose Transporter 1 (Glut1)–specific inhibitor BAY-876
as control followed by a 3-hour incubation at room temper-
ature (RT) in the presence of either 5 or 50 nmol/L [3H]-BAY-
8002 or [3H]-AZD3965 in a total volume of 200 mL. The in-
cubation was terminated by vacuum filtration over UniFilter-
96 GF/B plates (Perkin Elmer) which were presoaked in 0.3%
poly(ethylenimine) (Sigma) and then prewashed once with
TBS. After sample filtration, the UniFilter plates were washed
twice, and radioactivity was determined by addition of 50 mL
Microscint-0 and counted with a TopCount scintillation count-
er (Perkin Elmer). For ligand competition binding, DLD-1
membranes were diluted into assay buffer to 30 to 40 mg/mL
and incubated for 1 hour at RT with increasing concentrations
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(10�11
–10�6 mol/L) of either BAY-8002 or AZD3965 or

DMSO as control followed by a 3-hour incubation at RT in
the presence of either 5 nmol/L [3H]-AZD3965 or 10 nmol/L
[3H]-BAY-8002, and the assay was performed as described
above.

[3H]-AZD3965 and [3H]-BAY-8002 saturation binding was
performed on Colo320DM membranes at 50 mg/mL with
increasing concentrations of tritiated ligand in a total volume
of 200 mL assay buffer as described above. Nonspecific binding
was determined in the presence of 30 mmol/L unlabeled MCT1
inhibitors. Binding data were analyzed by nonlinear least-
squares fitting using the GraphPad Prism software. For satura-
tion binding, the global fit analyzing total and nonspecific
binding simultaneously was used to determine maximum
specific binding Bmax and the equilibrium-binding constant
KD. Specific binding curves shown are calculated from total
and nonspecific binding data. Competition curves were fit to
the four-parameter logistic equation. IC50 values were calcu-
lated from the mean value of the two pIC50 determinations,
and the Ki values were calculated using the Cheng–Prusoff
correction Ki ¼ IC50/(L/KD þ 1) with L ¼ 5 nmol/L and
KD ¼ 5.5 nmol/L for [3H]-AZD3965 and L ¼ 10 nmol/L and
KD ¼ 7.9 nmol/L for [3H]-BAY-8002 (17).

Metabolite measurements in cell supernatant and tumor
tissue

Lactate levels in cell supernatant were determined using the
lactate-oxidase–based CMA600 lactate reagent (CMA Micro-
dialysis Systems, P000024). Cells were seeded at 30,000 to
40,000 cells per well in standard RPMI 1640 Medium with 10%
FCS in 96-well plates and allowed to adhere overnight. The next
day, cells were washed once with PBS and incubated with
compounds at final concentrations of 0.1 to 2,000 nmol/L in
100 mL RPMI 1640 without supplements. After 6 hours, 10 mL
of the cell media was transferred to a 384-well plate containing
20 mL of CMA600 lactate reagent per well. The plate was mixed
for 30 seconds, incubated for 10 minutes at room temperature,
and read on a spectrophotometer (540 nm). A standard curve
for lactate was run on each plate.

Extracellular acidification rate (ECAR) and oxygen consump-
tion rate (OCR) were measured using the Seahorse Bioscience
XF96 Analyzer (Agilent). Cells were plated at 15,000 cells per
well the day before analysis. Analysis of ECAR and OCR of
MCT1 inhibitor–resistant cell lines was performed using the
Agilent Seahorse XF Cell Mito Stress and Glycolysis Stress Test
Kits according to the manufacturer's instructions. Agents were
injected into wells through preloaded reagent delivery cham-
bers in the sensor probe. Final concentrations of MCT1 inhi-
bitors were 10 mmol/L to 1 nmol/L. Each data point is the
change in analyte concentration over time and was normalized
to DNA.

Intratumor lactate, pyruvate, 2/3-phosphoglycerate (2/3-PG),
and glucose-6-phosphate (G6P) levels were determined by
LC-MS, GC-MS, or both at Metabolomic Discoveries. Enzymatic
detection of intratumor lactate was performed using the color-
imetric L-lactate Assay Kit (Abcam, ab65330) according to
manufacturer's instructions. Note that 10 mg of pulverized
tumor was resuspended in 100 mL of 85% ethanol and incu-
bated overnight at 4�C. Extraction was followed by centrifuga-
tion for 5 minutes at 15,700 g and supernatant analyzed.

TaqMan and Western blot experiments
RNA isolation was performed with RNeasy Plus Mini Kit

(Qiagen), followed by cDNA synthesis using SuperScript III
First-Strand Synthesis SuperMix for qRT-PCR (Thermo Fisher
Scientific). The assaywas performed using TaqMan Fast Advanced
Master Mix and TaqMan probes designed for SLC16A1
(Hs01560299_m1), SLC16A7 (Hs00940851_m1), SLC16A8
(Hs00203456_m1), SLC16A3 (Hs00358829_m1), and human
HPRT1 or 18S rRNA as housekeeping gene. 7900HT Fast Real-
Time PCR System was used with 384-Well Block Module.

Whole-cell protein extracts were prepared from cells that
were lysed by scraping into Laemmli buffer and boiling for
10 minutes. The resulting lysates were centrifuged, and protein
levels were normalized with the BCA protein assay Kit (Pierce).
Proteins were separated by SDS-PAGE in 12% polyacrylamide
gels, transferred to nitrocellulose membranes, blocked by incu-
bation with Odyssey buffer (LI-COR Biosciences) for 1 hour,
and hybridized overnight at 4�C with primary antibody diluted
in Odyssey buffer. The following primary antibodies were used:
mouse monoclonal anti-Hsp90 clone 68 (BD Biosciences),
rabbit polyclonal anti-MCT2 (Abcam), anti-MCT1 (Abcam),
and anti-MCT4 (Santa Cruz Biotechnology). Western blots
were probed with goat anti-mouse or anti-rabbit secondary
antibodies conjugated to IRDye 680LT or IRDye 800 (LI-COR
Biosciences). The blots were imaged and quantified with the
Odyssey infrared imaging system (LI-COR Biosciences) and
Odyssey software.

Proliferation assays and resistant cell line generation
Cells were seeded at 3,000 to 6,000 cells per well in a 90 mL

volume in 96-well plates. Triplicates were treated in a dose
range of 0 to 10 mmol/L. Cells were continuously exposed to the
drug at 37�C and 5% CO2. After 72 hours, cell viability was
measured using the CellTiter Glo cell viability assay (Promega).
For the generation of resistant cell lines, cells were treated at
IC50 and upon regrowth treated with increasing concentrations
of the drug.

In vivo studies
All animal experiments were conducted in accordance with the

European animal welfare law and approved by local authorities.
For in vivo studies, tumor cells were s.c. injected in 0.1 mL
suspension to the left flank of 7- to 10-week-old immunocom-
promised female mice (3 � 106 Raji cells in 10% Matrigel;
BasementMembraneMatrix, BDBiosciences) toNODSCIDmice,
2 � 106 Colo320DM cells in 50% Matrigel to NMRI nu/nu mice
(both Taconic M&B A/S), 3 � 106 WSU-DLCL2 cells or 1 � 107

Daudi cells in 50% Matrigel to CB17 SCID mice (Charles River).
Tumor area (length x width) and body weight were determined at
least twice weekly. Tumors were allowed to establish, before mice
were allocated to different treatment and control groups by
stratified randomization based on their primary tumor size. Oral
treatments (p.o.) via gavage were performed as indicated. Final
tumor weights were determined at the end of each study. For
statistical analysis of tumor area as well as final tumor weights,
data were analyzed using one-way ANOVA followed by Tukey
multiple comparisons test.

Pharmacokinetics
Pharmacokinetic studies in mice were conducted in hepa-

rinized plasma from 3 animals/time point (1, 3, 6, and 24 hours
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after last p.o. administration). Plasma samples were precipi-
tated with acetonitrile and analyzed via LC/MS/MS. Fraction
unbound in plasma and in medium containing 10% FCS was
determined by equilibrium dialysis. Bidaily ct-profiles were
simulated by nonparametric superpositioning using Phoenix
(Pharsight).

Bioinformatics and statistical analysis
We checked if any genomic feature had a statistically signif-

icant association with response to MCT1 inhibitors using data
available for a subset of cell lines. One hundred forty-one out
of 249 tested cell lines had expression, copy-number, and
mutation data available in the Cancer Cell Line Encyclopedia
from the Broad Institute (18). For this analysis, cell lines were
categorized according to their response to AZD3965. Cell lines
with relative IC50 < 1 mmol/L and growth inhibition �35%
were called sensitive. The relative IC50 value is the concentration
of test compound that gives a response half way between the
top and bottom plateaus of the sigmoidal concentration–
response curve (inflection point of the curve). Calculation
was done by 4 parameter nonlinear curve fit (Oncotest Data
Warehouse Software). Cell lines with IC50 > 10 mmol/L were
considered resistant. All others were labeled intermediate. Cell
lines with MCT4 expression below the median expression
value were considered for the analysis of lines with low MCT4
expression. Tests for association with numerical data were
performed using Wilcoxon test excluding intermediate cell
lines. The x2 test was utilized for testing association with
categorical data. For both tests, the null hypothesis was that
there was no association with response. P values were corrected
for multiple testing using the FDR method (19).

Results
BAY-8002 inhibits MCT1-dependent cellular lactate uptake
and efflux

In order to identify inhibitors of MCT1-dependent lactate
transport, we performed a cell-based high-throughput screen
using the Bayer proprietary screening deck of approximately 3
million compounds. As a read-out for MCT1 activity, lactate
import-dependent intracellular acidification was measured based
on the fluorescent pH indicator SNARF-5. All resulting hits were
counter-screened against activity in MCT4-expressing EVSA-T
cells. Performing our hit-to-lead process led to the identification
of BAY-8002 (Fig. 1A), which inhibited cellular SNARF-5 fluo-
rescence change with an IC50 of 85 (�6) nmol/L in MCT1-
expressing DLD-1 cells and displayed excellent selectivity against
MCT4 (IC50 > 50 mmol/L in EVSA-T cells, Fig. 1B and C). In order
to rule out the possibility that the change in intracellular pHmight
be modulated by mechanisms other than lactate transport, we
measured the cellular uptake of [14C]-L-lactate into the cells. The
uptake of [14C]-L-lactate was efficiently blocked with an IC50

in the nanomolar range in MCT1-expressing cells, but not in
MCT4-expressing cells (Fig. 1D). Because MCT1 facilitates bidi-
rectional lactate transport, we next tested the effect of BAY-8002
on lactate extrusion. BAY-8002 inhibited the accumulation of
lactate in the cell supernatant (Fig. 1E) and decreased the ECAR
(Fig. 1F). In both assays, we observed only 60% efficacy in
blocking the export of lactate. This effect was observed in different
cell lines and with AZD3965 (Supplementary Fig. S1) and may
be due to the free diffusion at lower pH of the undissociated

lactic acid across the cellmembrane (20). The inhibition of lactate
transport resulted in efficient proliferation inhibition of
MCT1-expressing Raji and Daudi Burkitt lymphoma cells
(Fig. 1B and G). We did not observe any significant off-target
activity in a panel of 68 channels, transporters, and other proteins
(Supplementary Table S1).

For its use in in vivo efficacy and toxicity experiments, we
tested the species cross-reactivity of BAY-8002 by measuring
radiolabeled lactate uptake in murine and rat cells. The IC50s in
these cell lines were in the range of the IC50s determined in the
human cell lines, indicating that the compound equally inhi-
bits the human and the rodent orthologs (Fig. 1H). MCT2 is
structurally very similar to MCT1 and AZD3965, and its analogs
have been reported to be dual inhibitors of MCT1 and MCT2
(21). Therefore, we analyzed the effect of BAY-8002 on this
isoform by determining the inhibition of radiolabeled uptake
in X. laevis oocytes expressing recombinant human MCT1,
MCT2, or MCT4. BAY-8002 inhibited lactate uptake in
MCT2-expressing oocytes, with approximately 5-fold lower
potency compared with the MCT1 isoform (Fig. 1I). No inhi-
bition in MCT4-expressing oocytes was observed, confirming
the specificity against this isoform.

Binding mode of BAY-8002
Because no crystal structure of MCT1 is available to date, the

determination of the binding site of MCT1 inhibitors is chal-
lenging. We therefore set up a radioactive-binding assay in order
to assess whether BAY-8002 and AZD3965 bind to the same or
overlapping sites on MCT1. First, we prepared tritium-labeled
BAY-8002 and AZD3965 and measured specific binding to cell
membranes. Both [3H]-BAY-8002 and [3H]-AZD3965 bound to
membranes of MCT1-expressing DLD-1 and Raji cells, but not to
the membranes of MCT4-expressing EVSA-T cells, confirming
the specificity of the inhibitors (Fig. 2A). The observed
dissociation constants (KD) of the inhibitors were in the
same low nanomolar range as the IC50s in the lactate
transport assays ([3H]-AZD3965: KD ¼ 5.5 nmol/L; [3H]-BAY-
8002: KD ¼ 7.9 nmol/L, Supplementary Fig. S2). [3H]-AZD and
[3H]-BAY-8002 were fully displaced by both AZD3965 and BAY-
8002 with Ki values in the 1-digit nmol/L range (Fig. 2B and C).
No displacement was observed when using the Glut1-specific
inhibitor BAY-876 (16) as control (Fig. 2B). Although allosteric
inhibition cannot be entirely excluded, these results suggest
overlapping binding sites for AZD and BAY-8002. Consistently,
in cellular lactate transport assays, BAY-8002 and AZD3965
showed comparable low nanomolar activities. In contrast to
AZD3965, BAY-8002 displayed very high protein binding.
Therefore, in proliferation assays where the cells are cultivated
with 10% FCS, BAY-8002 showed much higher IC50s than
AZD3965 (Supplementary Table S2). When corrected for pro-
tein binding, the IC50s were again in the same range (Supple-
mentary Table S2).

Markers of tumor cell sensitivity to MCT1 inhibition
In order to identifymarkers of sensitivity toMCT1 inhibition as

well as cancer types that would be particularly good responders to
MCT1 inhibition, we profiled a set of 246 cancer cell lines for their
antiproliferative response to BAY-8002. In addition, we explored
the antiproliferative capacity of AZD3965. The sensitivity pattern
observed for both compounds was highly similar, providing
further evidence for the lack of off-target activities of both
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compounds, as observed in the selectivity panel described above.
We found that 11% of the tested cell lines responded to MCT1
inhibitor treatment. The IC50s of the cell lines showed a bimodal
distribution pattern, with two populations of either highly sen-
sitive or resistant cells to MCT1 inhibitor treatment (Supplemen-
tary Fig. S3A). More than half (59%) of the sensitive cell lines
belonged to various hematopoietic malignancies (Fig. 3A). The
highest response rate was observed for diffuse large B-cell lym-

phoma (DLBCL)with 6of 9 cell lines responding (Supplementary
Fig. S3B). In order to test whether basal metabolic preferences of
cancer cells determine sensitivity to MCT1 inhibition, we mea-
suredbasalOCRsof a set of 13 cell lines.However,weobservedno
correlation with response to MCT1 inhibitor treatment (Supple-
mentary Fig. S3C).

Next, we interrogated which markers were associated
with sensitivity to MCT1 inhibition. Bioinformatics analysis

Figure 1.

BAY-8002 inhibits bidirectional lactate transport and inhibits proliferation of MCT1-expressing cells. A, Chemical structure of BAY-8002. B, The levels of MCT1,
MCT2, and MCT4 were assayed by Western blot analysis in the indicated cell lines. Hsp90 was used as loading control. C–F, MCT1-expressing DLD-1
(black circles) and MCT4-expressing EVSA-T cells (gray squares) were treated with the indicated concentrations of BAY-8002 or DMSO control (ctrl).
Change of intracellular pH-dependent SNARF-5 fluorescence (C), inhibition of 14C-lactate uptake (D), lactate accumulation in the medium (E), or ECAR as
determined by Seahorse Analyzer measurement (F). G, MCT1-expressing Raji and Daudi Burkitt lymphoma cells and MCT4-expressing EVSA-T cells
were incubated with the indicated concentrations of BAY-8002 or DMSO control (ctrl) for 72 hours followed by CTG measurement to determine cell
survival. H, Human (DLD-1), murine (4T1), or rat (C6) MCT1-expressing cells were treated as described in D. I, Human MCT1, MCT2, and MCT4 isoforms
were recombinantly expressed in X. laevis oocytes and treated as described in D. Blots are representative of three independent experiments. All graphs
represent mean of at least three independent experiments � SEM.
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identified 239 candidate genes whose expression showed sig-
nificant association with response to MCT1 inhibition. The
most significant markers predicting sensitivity to MCT1 inhi-
bition are shown in Fig. 3B. As expected, low expression of
MCT4 was significantly associated with response. However, its
low expression alone would not be sufficient to predict
response, as many equally low expression cell lines were
resistant to MCT1 inhibition (Fig. 3B). Therefore, we per-
formed a subset analysis of the low MCT4-expressing cells
(< median MCT4 expression) in order to identify potential
markers of resistance specific for this context. We identified
9 genes whose expression correlated significantly with resis-
tance to MCT1 inhibition, but again none of these genes would
be a suitable standalone marker to predict resistance of MCT4-

low–expressing cells (Supplementary Fig. S4A). In the full
panel analysis, also none of the other identified factors would
be sufficient to reliably predict response to MCT1 inhibitor
treatment, as shown exemplarily for pleckstrin homology like
domain family A member 2 (PHLDA2) and pellino E3 ubi-
quitin protein ligase 1 (PELI1) which were the most signifi-
cantly associated low and high expressed genes, respectively
(Fig. 3B). Expression of MCT1 did not significantly correlate
with response (P ¼ 0.2). Nevertheless, no cells expressing
very low levels of MCT1 responded to MCT1 inhibition
(Fig. 3B). Very high expression of MYC, which has previously
been reported to control lactate homeostasis via MCT1 (8),
was significantly associated with response to MCT1 inhibition
(P < 0.01, Supplementary Fig. S3D).

Figure 2.

Binding of [3H]-BAY-8002 and [3H]-AZD to membranes of MCT1-expressing cell lines with comparable and competitive activity on MCT1. A, Membranes
of DLD-1, Raji and EVSA-T cells at 100 mg/mL were incubated with 50 nmol/L [3H]-BAY-8002 (left plot) or 50 nmol/L [3H]-AZD (right plot) in the
absence or presence of 30 mmol/L unlabeled compound followed by filtration and scintillation counting to detect specific binding as described in
Materials and Methods. B, Colo320DM (50 mg/mL) membranes were incubated with 5 or 50 nmol/L [3H]-BAY-8002 (left plot) or [3H]-AZD (right plot) in
the absence or presence of 30 mmol/L unlabeled AZD3965, BAY-8002, or the Glut1-specific inhibitor BAY-876 as control to detect displacement as
described in Materials and Methods. C, Displacement activity of the two MCT1 inhibitors BAY-8002 and AZD3965 was measured by incubating DLD-1
membranes (40 mg/mL) with increasing concentrations of either inhibitor or DMSO as control in the presence of 10 nmol/L [3H]-BAY-8002 (left plot)
or 5 nmol/L [3H]-AZD3965 (right plot) as described in Materials and Methods. Data analysis was performed using GraphPad Prism. Shown is one of
two independent experiments for each compound of which the pIC50 are summarized in the data table. The IC50 is calculated from the mean value of the
two pIC50 determinations, and the Ki values are calculated using the Cheng–Prusoff correction.
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MCT1 inhibition in vivo results in accumulation of lactate,
modulation of pyruvate levels but only limited antitumor
efficacy

We investigated AZD3965 in order to determine its effect on
intratumor metabolite levels. For this, we used Raji human
Burkitt lymphoma tumor–bearing mice and analyzed intratu-
mor lactate, pyruvate, 2/3-PG, and G6P levels by LC-MS,
GC-MS, or both at different time points after treatment. Intra-
tumor lactate levels were significantly increased in the treated
animals at 3 and 6 hours after treatment, suggesting that MCT1
inhibition efficiently blocked lactate efflux in this model (Fig.
4A). In contrast, pyruvate levels were significantly decreased

after 3 hours, followed by a slight increase after 6 hours
(Fig. 4A). At 24 hours, both the lactate and the pyruvate levels
returned to baseline. We did not observe any significant
changes in 2/3-PG or G6P levels (Supplementary Fig. S5).

In order to investigate antitumor efficacy, we treated Raji
tumor–bearing mice twice daily per os with 80 and 160 mg/kg
BAY-8002 or 50 mg/kg AZD3965. These treatment schedules
allowed for compound plasma levels that ensure continuous
target inhibition (Fig. 4D). The treatments were very well toler-
ated, and no significant body weight loss was observed (Fig. 4B
and C). Both BAY-8002 and AZD3965 showed significant inhi-
bition of tumor growth; however, no tumor regression was

Figure 3.

Responsive tumor subtypes and genetic markers of sensitivity to MCT1 inhibitors. A, Sensitivity to MCT1 inhibitors per tumor type. Proliferation inhibition
in 246 tumor cell lines was determined using CellTiter Blue by Charles Rivers Discovery Services GmbH. Cell lines with relative IC50 < 1 mmol/L and
growth inhibition �35% are called sensitive. Cell lines with IC50 > 10 mmol/L are considered resistant. B, The ten genes most significantly associated
with response to MCT1 inhibition (all FDRs < 5E–004), and box plots showing the gene expression levels for SLC16A3 (MCT4), SLC16A1 (MCT1) in the resistant
and sensitive subgroups as well as for PHLDA2 and PELI1, which were most significantly positively or negatively associated with response, respectively. HCC,
hepatocellular carcinoma; SCLC, small cell lung cancer.
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Figure 4.

MCT1 inhibitors modulate intratumor lactate and pyruvate levels and inhibit Raji but not WSU-DLCL2 tumor growth. A, Raji tumor–bearing mice
were treated with 50 or 100 mg/kg AZD3965 per os, and tumors were collected at the indicated time points. Lactate and pyruvate levels were
determined as described in Materials and Methods. B and C, Mice with s.c. implanted Raji (B) or WSU-DLCL2 (C) tumors were treated twice daily per os
with the indicated doses of BAY-8002 or AZD3965. Tumor area (left plot) and body weight change (middle plot) are shown. Intratumor lactate
levels (right plot) were determined by an enzymatic coupled detection assay. The time points correspond to time of tumor sampling after last treatment.
D, Unbound plasma concentration time profiles after bid oral dosing of BAY-8002 at 40, 80, and 160 mg/kg and AZD3965 at 50 mg/kg. Plasma
samples were taken after a last single dose at study end at 1, 3, 6, and 24 hours, and bid profiles were simulated by nonparametric superpositioning.
Dashed and dotted-dashed lines indicate in vitro IC50u from Raji and WSU-DLCL2 proliferation studies, respectively. Bar charts represent mean of at
least three experiments � SD. � , P < 0.05; according to a paired two-tailed t test. 2QD, twice daily; p.o., per os; s.c., subcutaneous; conc, concentration;
IC50u, IC50 corrected for protein binding of the compound.
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observed (Fig. 4B). AZD3965 showed greater (�2-fold) tumor
growth inhibition, which may be explained by the higher expo-
sure relative to IC50 achieved in vivo (Fig. 4D). After a final
compound application, we quantified intratumor lactate levels
via an enzymatic-coupled assay and found again significant
increases in lactate, as observed in the mode of action experiment
described above. Because our cell panel analysis had suggested
DLBCL as an indication well responding to MCT1 inhibition, we
further analyzed the effect of the MCT1 inhibitors on the WSU-
DLCL2 DLBCL model. However, in this model, no significant
antitumor efficacy could be detected, despite an increase of
intratumor lactate comparable with the Raji model (Fig. 4C).
Interestingly, the WSU-DLCL2 tumors had lower basal lactate
levels than the Raji tumors, possibly reflecting a lower basal
glycolytic activity of this tumor type. We extended our analysis
of antitumor efficacy in vivo to the Daudi Burkitt lymphoma and
the Colo320DM colorectal carcinoma models. Of these, only the
Daudi Burkitt lymphomamodel showed some response toMCT1
inhibition, albeit not significant for BAY-8002 (Table 1).

Acquired resistance mechanisms to MCT1 inhibition
The limited antitumor efficacy observed in vivo suggests a

capability of the cells to adapt more or less rapidly to long-term
inhibition of MCT1. In order to investigate the mechanisms
involved in this adaptation process, we chronically exposed Raji
and Colo320DM cells to increasing concentrations of both MCT1
inhibitors. Within 3 to 4 weeks already, we found that the cells
were able to proliferate in the presence of micromolar concen-
trations of both compounds. The resulting polyclonal cell lines
were termed Colo320DM BAYres, Colo320DM AZDres, Raji
BAYres, and Raji AZDres. After a short washout period, we
rechallenged the resistant cells with both MCT1 inhibitors and
observed that all four resistant cells responded less to either
MCT1 inhibitor. The resistant Colo320DM cells showed approx-
imately 50% survival at 10 mmol/L of both compounds, possibly
reflecting the existence of a highly resistant subpopulation
(Fig. 5A; Supplementary Table S3). The Raji BAYres cells showed
only an approximately 2-fold increased IC50 toward both MCT1
inhibitors. The cell line made resistant to AZD3965, however,
showed a >100-fold increased IC50 to AZD3965 (Fig. 5B; Sup-
plementary Table S3). In order to investigate the mechanism of
resistance, we quantified the expression levels of MCT1, MCT2,
MCT3, and MCT4 by real-time PCR. We observed significant
upregulation of MCT2 and MCT4 in both of the resistant
Colo320DM cell lines (Fig. 5C). The resistant Raji cells, however,
did not upregulate any MCT isoform compared with the wt cells.

In addition to upregulation of alternative MCT isoforms, another
possible resistance mechanism to MCT1 inhibition could be a
metabolic shift from glycolysis to oxidative phosphorylation,
thereby avoiding intracellular lactate accumulation. We therefore
measured cellular oxidative phosphorylation activity using the
Seahorse XF analyzer. Colo320DM BAYres and Colo320DM
AZDres both showed marked increase in oxidative phosphory-
lation, as reflected by significant increases (�2-fold) in basal
respiration, ATP-linked respiration, and maximal respiration
(Fig. 5D and E). Raji AZDres cells showed an even stronger in-
crease of oxidative phosphorylation (�4-fold), whereas Raji
BAYres cells displayed only slightly upregulated oxidative phos-
phorylation, in agreement with the observed differences in the
extent of resistance of the two cell lines described above. As the
Raji cells did not upregulate MCT4, we examined whether any
of the genes identified from the MCT4-low–expressing cell sub-
set analysis of the above described cell panel analysis would
be differentially regulated in the resistant Raji cells. Indeed, we
identified two genes, namely PELI1 and pleckstrin and Sec7
domain containing 3, to be significantly upregulated or down-
regulated, respectively (Supplementary Fig. S4B).

Discussion
Due to their particular metabolic profile, i.e., aerobic glycolysis

in the presence of glucose and the reliance on alternative energy
sources when glucose is scarce, tumors depend on functional
lactate transport across membranes. The high-affinity lactate
transporter MCT1 is therefore considered to be an attractive target
for cancer therapy. To date, only one class of MCT1/2-specific
inhibitors has been described, whichwas originally identified in a
phenotypic screen for immune-suppressants (13). In this study,
we established a dedicated cellular high-throughput screening
assay for the identification of MCT1 inhibitors, based on the
fluorescent pH indicator SNARF-5. Importantly, this type of
screen could easily be adapted to identify inhibitors of other
MCT isoforms, such asMCT4,which has also been proposed to be
an attractive anticancer target (6, 22). In this screen, we identified
BAY-8002 as potent inhibitor of MCT1-dependent bidirectional
lactate transport. BAY-8002 is structurally distinct from AZD3965
and its analogues. Nevertheless, BAY-8002 and AZD3965 both
are dual MCT1 and MCT2 inhibitors (21), suggesting that it will
be challenging to identify MCT1 inhibitors without activity on
MCT2 in the future.

Because no crystal structure of MCT1 is available, the charac-
terization of the bindingmode ofMCT1 inhibitors is challenging.

Table 1. Responses of tumor cell lines and corresponding xenografts to BAY-8002 and AZD3965

Cell proliferation inhibition In vivo (xenograft)
Model Indication Compound IC50 (nmol/L) Efficacy (%) Dose(mg/kg 2QD) T/C

Raji Burkitt lymphoma BAY-8002 666 100 80 0.59a

AZD3965 13 100 50 0.31a

Daudi Burkitt lymphoma BAY-8002 1540 75 80 0.80
AZD3965 56 75 50 0.60a

WSU-DLCL2 Diffuse large cell lymphoma BAY-8002 652 100 80 0.98
AZD3965 7 100 50 0.68

COLO320DM Colorectal BAY-8002 782 80 80 1.16
AZD3965 1.7 80 80 1.20

NOTE: Efficacy is defined as a percentage of the greatest attainable growth inhibition response. P values for treatment compared with vehicle control based on final
tumor weights. Statistical significance was determined by one-way ANOVA followed by multiple comparison versus control group procedure (Holm–Sidak).
Abbreviations: T/C, tumor over control final tumor weights; 2QD, twice a day.
aP value < 0.01.
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By microinjection and measuring the effects on several chimeric
transporters in X. laevis oocytes, it could be established that AR-
C155858, a close structural analog of AZD3965, binds to an
intracellular site comprising transmembrane helices 7 to 10
(23). We could show that BAY-8002 and AZD3965 displaced

each other in experiments with radiolabeled compounds, sug-
gesting that BAY-8002 binds to the same or overlapping sites.
Nevertheless, binding to a distal site cannot be entirely ruled out,
as allosteric inhibitors may in certain cases also display compet-
itive inhibition.

Figure 5.

Cancer cells may develop multiple resistance mechanisms against MCT1 inhibition. A and B, Colo320DM (A) or Raji (B) cells and the corresponding resistant
cell lines were incubated with the indicated concentrations of BAY-8002, AZD3965, or DMSO control (ctrl) for 72 hours followed by CTG measurement
to determine cell survival. C, mRNA levels of SLC16A1 (MCT1), SLC16A7 (MCT2), SLC16A8 (MCT3), and SLC16A3 (MCT4) in the indicated cell lines were
determined by TaqMan PCR. D, OCRs of the indicated cell lines and the modulation of OCR by addition of 1 mmol/L Oligomycin (Oligom, ATP synthase
inhibitor), 1 mmol/L Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, uncoupling agent), and 0.5 mmol/L rotenone/antimycin A (RþA,
complex I/III inhibitor) were determined by Seahorse XF measurements. E, Quantification of basal respiration, ATP production, and maximal respiration
in the indicated cell lines was performed as detailed in the Materials and Methods section. Cells were normalized to DNA content. All graphs represent mean of
three independent experiments � SEM. � , P < 0.01.
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MCT4 has previously been reported to compensate for loss or
inactivation of MCT1 and to be therefore a marker of resistance
to MCT1 inhibition (14, 15). We confirmed high expression of
MCT4 to be negatively associated with response to MCT1 inhib-
itor treatment. However, our results also demonstrate that MCT4
alone is not sufficient for predicting response, as many of the
resistant cells also expressed no or very low levels of MCT4. In an
unbiased analysis, we identified a set of additional markers
significantly associated with response to treatment. PHLDA2 was
the gene whose low expression was most significantly associated
with response. This gene was located in a cluster of imprinted
genes on chromosome 11p15.5, presumably a tumor-suppressor
gene region. Interestingly, PHLDA2 has been reported to have a
tumor-suppressor role in osteosarcoma (24, 25). Among the few
genes where high expression correlated with response to MCT1
inhibition, PELI1 was the most significant. The encoded protein,
signal-responsive E3 ubiquitin ligase pellino 1, has been reported
to be involved in lymphomagenesis via induction of the onco-
protein B-cell chronic lymphocytic leukemia (BCL6; ref. 26). To
date, little is known about the function of these proteins, and
further investigation of their influence on cellular metabolism
would be an interesting topic for future research. It is of note that
only a relatively small portion (11%) of the 246 analyzed cells
showed significant proliferation inhibition in response to MCT1
inhibitor treatment. This further underlines the necessity for
patient stratification when considering MCT1 inhibitor therapy.

Previous studies ofmetabolite levels in cells have demonstrated
an increase in cellular lactate and G6P levels and a decrease in
pyruvate and 2/3-PG levels upon MCT1 inhibitor treatment (8).
In xenograft tumors in vivo, we confirmed the increase in intra-
tumor lactate and observed transient changes in pyruvate levels,
but could not detect changes in G6P and 2/3-PG. Together, these
results suggest that despite efficient and continuous inhibition of
lactate efflux, the attenuating effects on glycolysis may be rather
transient. It has been postulated that increased concentrations of
intracellular lactate would block the conversion of pyruvate to
lactate by lactate dehydrogenase A (LDHA) and therefore result in
a depletion of NADþ which is critical for sustaining glycolysis.
However, NADþmay also be supplied by the salvage pathway via
nicotinamide phosphoribosyltransferase (NAMPT; ref. 27). It
would therefore be interesting to test combinations of NAMPT
inhibitors with MCT1 inhibitors in the future. Combinations of
the LDHA inhibitor FX11, which inhibits the conversion of
pyruvate to lactate and therefore NADþ replenishment, have been
reported to have synergistic effects (28).

The capacity for metabolic adaptation may explain the lim-
ited antitumor efficacy of the MCT1 inhibitors observed in our
in vivo studies. We investigated the capacity to adapt to MCT1
inhibition utilizing Raji cells, which were responsive in vivo,
and of Colo320DM, which did not respond to treatment in vivo.
Colo320DM cells were able to escape deleterious effects of
MCT1 inhibition by upregulating MCT4 expression as well as
by shifting cellular metabolism toward oxidative phosphory-
lation. Metabolic adaptation was also observed in the resistant
Raji cells; however, the cells did not upregulate MCT4. A
metabolic shift to oxidative phosphorylation may allow for
continued survival and slow growth of tumors. However, as it is
well established that most tumors are characterized by hypoxic
regions where oxidative phosphorylation is impaired due to

lack of oxygen, the upregulation of MCT4 may be the more
relevant resistance mechanism in vivo.

With BAY-8002, we present here for the first time a represen-
tative of a novel class of MCT1 inhibitors. Our findings from
preclinical analyses of BAY-8002 provide new information about
the cancer subtypes which may represent valid indications for
MCT1 inhibitor treatment. The response data and in vivo studies
demonstrate that patient selection will be crucial. Furthermore,
efficient tumor inhibition may only be achievable by combining
MCT1 inhibitorswith other treatments such as radiation, complex
I inhibitors (e.g., BAY 87-2243 or phenformin) as has been
suggested previously (6, 21, 29–31). Importantly, we show that
tumor cellsmay respond toMCT1 inhibitionwithupregulation of
MCT4, even in the absence of hypoxia. Therefore, it will be
important to monitor the emergence of MCT4 expression in
potential clinical studies.
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