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ARTICLE INFO ABSTRACT

Keywords: Altered metabolic pathways in cancer such as exacerbated glycolytic flux and increased glutamine metabolism

pHe are promising targets for anti-cancer therapies. While commonly observed in glycolytic tumors, extracellular

13C-NMR acidosis has never been considered as a potential modulator of anti-metabolic drug activity such as di-

Glyeolysis inhibition chloroacetate (DCA). Using cancer cells from various origins selected for their ability to proliferate under acidic

gzzizzztil:snmy conditions, we found that DCA exerts greater inhibitory effects on the growth of these acid-adapted cells than in
parental cells. Moreover, daily DCA administration to mice led to a significant decrease in tumor growth from
acid-adapted cells but not from parental cells. 13C-tracer studies revealed that DCA induced a double metabolic
shift, diminishing glycolysis and increasing intracellular glutamine in acid-adapted cells. As a consequence, DCA
reduced the pentose phosphate pathway activity more extensively and increased apoptosis in acid-adapted cells.
Finally, the combination of DCA with a glutaminase inhibitor significantly enhanced the cytotoxic effects of
DCA. Overall, the interplay between acidosis and DCA exposure leads to metabolic reprogramming that con-
siderably alters cellular fitness.

1. Introduction

Glucose fermentation through glycolysis even in the presence of
oxygen (aerobic glycolysis) is a common feature of malignant tumors
and is associated with cancer aggressiveness and invasion [1,2]. This
exacerbated glycolytic flux is an enticing target for treatments because
of their specificity to cancer cells. Indeed, upregulated glycolysis is
described as an effective way for cancer cells to support rapid pro-
liferation, an adaptation that is not present in most normal cells [3,4].
To date, clinical studies with glycolysis inhibitors have provided en-
couraging data [5,6] but efforts are still needed to identify which tu-
mors will benefit from these treatments. Among glycolytic modulators,
inhibitors of pyruvate dehydrogenase kinase (PDK) have received par-
ticular attention [7-9]. PDK inactivates the enzyme pyruvate dehy-
drogenase (PDH) by phosphorylation. The active unphosphorylated
PDH converts pyruvate to acetyl-CoA that fuels the tricarboxylic acid
cycle (TCA). Therefore, the inhibition of PDK reactivates PDH leading
to a redirection of glucose metabolism from cytoplasmic glycolysis to
mitochondrial oxidation [10].

It has been repeatedly observed that dichloroacetate (DCA), a PDK

inhibitor currently tested in clinical studies (i.e. Trial ID: NCT01386632
and ACTRN12615000226505), decreases the proliferation of various
cancer cells lines [11-14]. DCA reverses aerobic glycolysis leading to a
decrease in lactate production. In addition, by reactivating the mi-
tochondrial function, DCA reverses the suppression of mitochondria-
dependent apoptosis [12,15]. Finally, DCA decreases glycolytic inter-
mediates available for anaplerosis, in particular through the pentose
phosphate pathway [12]. Consequently, this reduction of building
blocks from glycolysis accounts for the anti-proliferative effects of PDK
inhibition [16]. Besides these direct metabolic effects, it has been
shown that DCA decreases HIF-1 alpha activity and increases p53 ac-
tivity resulting in decreased glucose uptake, tumor angiogenesis, tumor
perfusion and tumor growth [12,17,18]. In addition, a survey of studies
on DCA from Papandreou et al. highlighted that DCA was more effec-
tive in vivo than in vitro [19]. These observations suggest that factors of
the tumor microenvironment may modulate the efficacy of DCA.
Because the exacerbated glycolytic flux in tumor leads to extra-
cellular acidosis, it is crucial to investigate the effect of cell adaptation
to acidosis on DCA activity [20,21]. Indeed, besides its contribution to
tumor genomic instability and invasiveness [22-24], extracellular
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acidosis can lead to tumor metabolic reprogramming [25-27]. For ex-
ample, it was recently demonstrated that a long-term exposure of
cancer cells to acidic pH leads to a metabolic reprogramming towards
glutamine metabolism at the expense of the glycolytic metabolism
[28,29].

The aim of our study was to unravel the role of extracellular acidosis
on the efficacy of DCA. On one hand, because of its mode of action, DCA
should theoretically target aggressive glycolytic tumors. On the other
hand, the extracellular acidosis associated with glycolysis is responsible
for a metabolic shift from glycolysis to glutamine metabolism: this
metabolic reprogramming could render cells adapted to low extra-
cellular pH (pHe) less sensitive to DCA because they are less dependent
on glycolysis. Considering these theoretical contradictory effects, we
aimed to examine how acidic pH influenced the effects of DCA on the
bioenergetics and proliferation of cancer cells. We used a long-term
selection of cancer cells able to proliferate under acidic conditions [28].
We first observed that DCA was more effective in acidic pH-adapted
cells compared to their native counterparts in reducing cell viability,
cell proliferation and tumor growth. To dissect the mechanisms re-
sponsible for this enhanced effect, we assessed the uptake of DCA by the
tumor cells, the PDK isoforms abundance and the phosphorylation of
PDH by PDK. Via '*C NMR spectrometry, we measured metabolic shifts
induced by DCA in glucose and glutamine metabolism. To further in-
vestigate the link between metabolic shift and their action on growth
and proliferation, we measured pentose phosphate pathway activity
and mitochondrial dependent apoptosis. Finally, we assessed the re-
levance of our results by performing a combined therapy with DCA and
glutaminase inhibitors. Overall, we discovered that the metabolic
plasticity observed under acidosis can be exploited to enhance the ac-
tivity of PDK inhibitors.

2. Material and methods
2.1. Cell culture and reagents

All cell lines were acquired from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were stored according to
the supplier's instructions and used within 6 months after defrosting
frozen aliquots. SiHa cervix cancer cells and HCT-116 colon cancer cells
were maintained in DMEM supplemented with 10 mM of glucose, 2 mM
of glutamine (Sigma-Aldrich, Saint-Louis, MO, USA), 10% heat-in-
activated FBS (Thermo Fisher Scientific, Waltham, MA, USA) and with
25 mmol/L of both PIPES and HEPES to adjust pH to 7.4 or 6.5. Acidic
pH-adapted tumor cells were established as previously described by
Corbet et al. [28]. Briefly, SiHa and HCT-116 cell lines were cultured in
DMEM medium (supplemented with 10 mM of glucose, 2 mM of glu-
tamine, 10% heat-inactivated FBS and with 25 mmol/L of both PIPES
and HEPES) buffered at pH 6.5. 72 h of incubation in the 6.5 medium
led to a significant inhibition of tumor cell growth. Tumor cells were
maintained in this medium (repeatedly renewed) for 8-10 weeks until
they completely recovered and grew at the same rate as parental cells.
Dichloroacetate (DCA) and 6-Aminonicotinamide (6-AN) were pur-
chased from Sigma-Aldrich and were directly dissolved in culture
media. Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulphide
(BPTES) was purchased from Sigma-Aldrich and first dissolved in
DMSO and then diluted in culture media.

2.2. Cell density

Cell density was assessed by using the Presto Blue reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to manufacturer's in-
structions. Four cancer cell types were analyzed: parental cells cultured
at a pH of 7.4 or acutely exposed to an acidic pH (pH 6.5; 48h) and
chronically acid-adapted cells cultured at a pH 6.5 or exposed to a pH
7.4 for 24 or 48 h. Cells were treated with 0, 5 or 10 mM of DCA. For
the combined study, cells were treated with 0, 1 or 5 mM of DCA in
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presence or not of 10 uM BPTES. 48 h after, 10% Presto Blue reagent
was added to each well. After 1 h at 37°-C, fluorescence intensity (Aexc/
Aem = 544/612 nm) was measured using a plate reader (SpectraMax
M2e, Molecular Devices), which allowed the quantification of cell
viability by using the reducing power of living cells.

2.3. Cell proliferation

Cell proliferation was assayed with a 5-bromo-2’-deoxyuridine
(BrdU)-ELISA based kit (Roche, Bale, Switzerland) following the pro-
vider's instructions. Cells were treated with 0, 5 or 10 mM of DCA. After
treatment for 48 h, cells were incubated in the presence of BrdU for 2 h.
The amount of BrdU incorporated in the cells was assessed by mea-
suring the absorbance at 370 nm using a plate reader (SpectraMax M2e,
Molecular Devices), which allowed the quantification of DNA synthesis
in replicating cells.

2.4. Western blotting analyses of PDK isoforms and PDH phosphorylation

Whole cell lysates were collected and subjected to immunoblot
analysis as previously described [30]. Primary antibodies: PDHK1
(1:1000,#3820, Cell Signaling, Danvers, MA, USA), phospho-PDHE1-A
(1/1000, #ABS204, Millipore, Burlington, MA, USA), PDK1 (1/1000,
#3205, Cell Signaling), PDK2 (1/1000, WH0005164M2, Sigma), PDK3
(1/1000, NBP1-32581, Novus, Saint Charles, MO, USA) and PDK4 (1/
1000, NBP1-07047, Novus). Gel loading was normalized with a HSP90
antibody (1/1000, 610419, BD Bioscience, San Jose, CA, USA).

2.5. 13C NMR spectroscopy measurement of intra/extracellular metabolites

Intra- and extracellular metabolites were measured with *C nuclear
magnetic resonance (NMR) via the use of 13C-labeled tracers.
1 x 10° cells were seeded in 100 mm dishes for Glucose-'>Cq tracer
experiments and 2 x 10° cells were seeded in 150 mm dishes for
Glutamine-'3Cy tracer experiments (two dishes per condition). After
24 h, cells were cultured with or without 5 mM DCA and with DMEM
supplemented with either 10 mmol/L of p-Glucose-'3C4 (CLM-1396,
Euriso-top, Saint-Aubin, France) and 2 mmol/L of unlabeled i-gluta-
mine, or 10 mmol/L of unlabeled p-glucose and 2 mmol/L of i-
Glutamine-'3Cs (CC1050P1, Cortecnet, Voisins-le-Bretonneux, France).
24h after treatments, extracellular media were collected and polar
cellular metabolites were extracted using dual phase extraction proce-
dure adapted from Teng et al. [31]. Briefly, a mixture of methanol,
chloroform and water in the volume ratio 2:2:1 was used to generate
two-phase extracts after centrifugation. The upper aqueous phase con-
taining polar metabolites was collected. The solvent was completely
removed using a vacuum concentrator. The sample was reconstituted in
600 pl sodium phosphate buffer with 10% deuterium oxide containing
0.75 wt % 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid (TSP) (Sigma-Al-
drich, 293040). For extracellular metabolites, 540 pl of media was used
and 60 pl of deuterium oxide containing 0.75 wt % TSP was added. *3C
NMR spectra of cellular extracts and media were acquired on a
600 MHz Bruker NMR equipped with a broadband cryoprobe. The ac-
quisition time was 0.8 s with 1024 repetitions for Glucose-'3Cq tracer
and 2048 repetitions for 1-Glutamine-'3Cs and 10 s of interpulse delay
(1D sequence with inverse gated decoupling using 30° flip angle).
Spectrum analysis, assignment and quantification were performed with
Topspin and MestReNova software. For Glutamine-'>Cs tracer extra
dishes were seeded for protein normalization (Pierce™ BCA Protein
Assay Kit, Thermo Fisher).

2.6. Measurement of oxygen consumption rate
The effect of DCA on oxygen consumption rate (OCR) was evaluated

on parental and acid-adapted cell lines via a X-band Electron
Paramagnetic Resonance (EPR) spectrometer operating at 9 GHz
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Fig. 1. Chronic acidosis enhances the growth inhibitory action of DCA. A-B, effect of increasing doses of DCA (0-5-10 mM) on cell density (A, HCT-116 cells and B,
SiHa cells) after 48 h exposure (n = 3). C-D, acid adapted cells were incubated at pH 7.4 for 24 and 48 h. Cell density measurement (C: HCT-116 cell lines and D: SiHa
cell lines) after DCA treatment (10 mM, 24 and 48 h) of parental (white), acid-adapted cells (gray) and acid-adapted cell cultured at pH 7.4 (black) (n = 3). E-F, effect
of increasing doses of DCA (0-5-10 mM) on cell proliferation (E, HCT-116 cell lines and F, SiHa cell lines) after 48 h exposure (n = 3). G, tumor growth of SiHa
parental and SiHa acid-adapted xenografts in nude mice (n = 8-10) treated daily with or without DCA (100 mg/kg). H, Final tumor volume of SiHa/7.4 and SiHa/6.5
xenografts. Statistical analysis: Two-way ANOVA Sidak's multiple comparisons test (A-G) and unpaired t-test (H). *p < 0.05, **p < 0.01, ***p < 0.001,
*Ekp <0, 0001.
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(Bruker EMXplus) as previously described [32]. Cells were incubated
with 5 mM of DCA for 24h; after trypsinization, cells were resuspended
in cell growth medium at a concentration of 2.5 x 10° cells/mL.
100 pL of cell suspension were mixed with 100 pL of 20% w/v of
dextran in 0.9% NaCl solution and 6 pL of 0.2 mM '°N-PDT, which
served as oxygen sensor. A 75 pL-glass capillary tube (Hirschmann
Labogerite) was filled with the cell suspension, sealed and inserted into
a quartz tube, then placed into the EPR cavity. The cavity was con-
tinuously flushed with a gas mixture (400 1/h) at 37 °C throughout the
spectra acquisition. EPR spectra were acquired every 60 s, and pO,
values were obtained by measuring the peak to peak EPR signal line-
widths, which was then converted into pO, by means of a calibration
curve. Oxygen consumption rate (OCR) was then calculated as the slope
of pO, over time curve.

2.7. DCA uptake measurement

Cells were treated with or without 5 mM DCA. 24 h after treatment,
extracellular media was collected and proteins were extracted and
quantified (Pierce™ BCA Protein Assay Kit, Thermo Fisher Scientific) for
sample normalization. Collected extracellular media was processed and
analyzed by *C NMR spectroscopy as described in the previous section.
DCA chemical shift of the carbon from the carboxylic group was found
at 173.56 ppm.

2.8. NADPH and NADP™" measurements

Cells were treated with or without 5 mM DCA and with or without
0.1 mM 6-aminonicotinamide (6-AN) for 48 h. NADPH and NADP™"
levels were detected individually from 12,000 harvested cells using the
NADP/NADPH-Glo Assay kit (Promega, Leiden, Netherlands) according
to manufacturer's instructions.

2.9. Flow cytometry

After treatment with or without 10 mM DCA for 48 h, cells were
rinsed with PBS, detached with trypsin and resuspended in fresh media.
EBioscience™ Annexin V Apoptosis Detection Kit APC (Invitrogen™,
Thermo Fisher Scientific) was used for the determination of the per-
centage of living, apoptotic and dead cells following provider's in-
structions. The cells were distinguished between alive (double negative)
and dead: early/medium apoptotic (AnnV + DAPI-), late apoptotic
(AnnV + DAPI+). Flow cytometric data were acquired using a BD
FACS Canto II flow cytometer and processed with FlowJO software.
FACS analysis by FlowJo was processed for each cell line separately. At
least 20,000 events were analyzed for each sample.

2.10. Mass spectrometry

Cells were washed with PBS before adding culture media containing
2 mM L-[U—13C]glutamine tracer for 24 h. Tumor cells were rinsed in
cold 0.9% NaCl and snap-frozen in liquid nitrogen. Mass spectrometry
measurements (*C isotope analysis and absolute quantification of in-
tracellular metabolites) were then performed by the Metabolism Core in
the Sanford Medical Discovery Institute (La Jolla) [33].

2.11. In vivo tumor growth

Animal studies were undertaken in accordance with Belgian and the
Université catholique de Louvain ethical committee regulations
(agreement numbers 2018/UCL/MD/021). A total of 2.10° native SiHa
cells or acidic pH-adapted SiHa cells were inoculated subcutaneously
into the right flank of six-week-old female NMRI nude Mice (Janvier, Le
Genest-Saint-Isle, France). Tumors were measured three times per week
with an electronic caliper. When they reached a mean diameter of
5 mm, DCA in PBS (100 mg/kg) or PBS alone was injected daily
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intraperitoneally.

2.12. Statistical analysis

Data are expressed as mean * SEM (standard error of the mean).
The number of experiments and the statistical test used are given in
each figure caption. All data were analyzed with the GraphPad Prism
8.0 software.

3. Results
3.1. Chronic acidosis enhances the growth inhibitory action of DCA

We first examined whether extracellular acidosis could influence the
effects of DCA on cancer cell growth. We investigated possible changes
on cell density and cell proliferation under DCA treatment in acid-
adapted HCT-116 and SiHa cancer cells in comparison to native (par-
ental) counterparts. The effect of increasing doses of DCA on cell den-
sity was significantly more pronounced in acid-adapted cells compared
to corresponding parental cells (Fig. 1A-B). In contrast, in cells acutely
exposed to acidosis, DCA did not induce any significant effect on cell
density: cell density was not significantly different between parental
cells under physiological pH and under acute acidic pH (Fig. 1A-B). We
investigated the reversibility of the increased sensitivity to DCA re-
sulting from chronic exposure to acidic pH. For that purpose, HCT-116/
6.5 and SiHa/6.5 cells were cultured at pH 7.4 for 24 and 48 h. After
24 h of DCA treatment at pH 7.4, there was no significant difference
between acid-adapted cells cultured at pH 6.5 and 7.4. However, after
48 h h, acid-adapted cells cultured at pH 7.4 presented the same sen-
sitivity to DCA than parental cells (Fig. 1 C-D). The effect of increasing
doses of DCA on cell proliferation was also significantly more pro-
nounced in acid-adapted cells compared to corresponding parental cells
(Fig. 1E-F). Exposition to 10 mM DCA induced a reduction in cell
proliferation by 78% and 66% in acid-adapted HCT-116 and SiHa cells,
respectively but either was not or barely effective in parental cells. To
assess the therapeutic relevance of our in vitro experiments, we mon-
itored the in vivo effect of DCA on the growth of tumors obtained by
injection of parental or acid-adapted SiHa cells in mice. Daily admin-
istration of DCA (100 mg/kg) had no effect on parental SiHa tumors. In
contrast, DCA treatment led to a significant decrease in tumor growth
obtained from acid-adapted SiHa cells (Fig. 1G-H).

3.2. The higher uptake of DCA and the lower expression in PDK isoforms in
acid-adapted cells account for the larger decrease in PDH phosphorylation

We first confirmed that the effects observed on cell density and
proliferation were related to PDK inhibition, i.e. to a decrease in
phosphorylated PDH. For both cell lines exposed to 5 mM DCA, a de-
crease in phosphorylated PDH was observed, and this reduction was
more important in acid-adapted cells compared to parental cells
(Fig. 2A). Of note, in untreated SiHa cells, the basal level of phos-
phorylated PDH was lower in acid-adapted cells compared to parental
cells (Fig. 2A, right panel). We further explored the possible mechan-
isms responsible for this higher activity of DCA in acid-adapted cells.
We first found that the DCA uptake, as quantified by '*C NMR spec-
trometry, was significantly higher in acid-adapted cells than in parental
cells (Fig. 2B). We also quantified the expression of the four different
PDK isoforms in parental and acid-adapted cells. We observed that,
except for PDK1 in HCT-116 cells, the abundance of each PDK isoform
was reduced in acid-adapted cells compared to parental cells (Fig. 2C).
This reduction in the pool of PDK as well as the higher uptake of DCA in
acid-adapted cells is very likely to contribute to the larger decrease in
PDH phosphorylation induced by DCA in acid-adapted cells.
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3.3. The “glycolysis to oxidative” metabolic shift induced by DCA is larger
in acid-adapted cells

13C NMR spectrometry was further used to assess the effect of DCA
on glucose metabolism in parental and acid-adapted cells. These two
parental cell lines are known to present different metabolic profiles.
The glucose consumption is two times higher in HCT-116 than in SiHa
cells (8 umol/10° cells vs 4 umol/10° cells) and lactate secretion is two
times lower in SiHa than in HCT-116 cells (7 umol/10° cells vs
16 pumol/10° cells [28]. In Fig. 3B, we also measured the lactate pro-
duction that was two times higher in HCT-116 than in SiHa cells.
Consequently, the HCT-116 cell line is more glycolytic than the SiHa
cell line. We monitored the fate of p-Glucose-'3Cg in parental and acid-
adapted cells, exposed or not to 5 mM DCA, for lactate and alanine
production (Fig. 3A). We observed that the basal lactate production
from glucose was significantly lower in acid-adapted cells compared to
parental cells (Fig. 3B), confirming that acid-adapted cells are less
glycolytic as previously shown in our laboratory [28,29]. When ex-
posed to DCA 5 mM, we observed the expected reduction in lactate
production from glucose (Fig. 3A, C). This result was observed in all
parental and acid-adapted cancer cells. Interestingly, we observed that
the relative decrease in lactate production from glucose was sig-
nificantly more important in acid-adapted cells than in parental cells
(Fig. 3C). In parental HCT-116 cells, we also observed that DCA treat-
ment reduced the production of alanine, a metabolite produced by re-
ductive amination of pyruvate (Fig. 3D). In SiHa cells, the very low
basal glycolytic flux prevented the detection of alanine. Finally, an
increase in OCR was observed in all cell lines except in SiHa parental
cell line. This increase in OCR was more important in acid-adapted cells
than in parental cells (Fig. 3E).

3.4. DCA-induced oxidative shift accounts for the growth inhibitory action
of DCA through reduction of PPP activity and enhancement of apoptosis

De Preter et al. previously demonstrated that the inhibition of gly-
colysis by DCA controlled proliferation through reduction in pentose
phosphate pathway (PPP) [16]. To bridge this gap between the
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proliferation assays and glycolytic flux measured in parental and acid-
adapted cells, we evaluated the PPP flux by measuring the NADPH/
NADP ratio after treatment using DCA and/or using 6-aminonicotamide
(6-AN), a specific inhibitor of the PPP [33,34]. We observed that DCA
had no influence on NADPH/NADP ratio in parental cells (Fig. 4A), but
significantly reduced this ratio in acid-adapted cells. Interestingly, 6-AN
also slightly reduced the NADPH/NADP ratio depending on the cell
type (Fig. 4A). Most importantly, there was no significant difference
between cells treated with DCA or 6-AN. Moreover, no additional de-
crease was observed when cells were simultaneously exposed to DCA
and the PPP inhibitor, 6-AN. Overall, these results suggest that the
decrease in NADPH production in acid-adapted cells is linked to a re-
duction in the PPP.

In addition to DCA anti-proliferative effects, we also observed that
DCA exposure led to a decrease in cell density. Therefore, we in-
vestigated the effect of DCA exposure on apoptosis and cell death with
flow cytometry. 10 mM DCA exposure for 48 h induced an increase in
early and late apoptotic cells in acid-adapted HCT-116 cells, but not in
parental cells (Fig. 4B—C). In acid-adapted SiHa cells, DCA exposure did
not increase the proportion of early apoptotic cells but increased the
proportion of late apoptotic/dead cells. In contrast, DCA exposure did
not increase early apoptosis nor cell death in SiHa parental cells.

3.5. DCA exposure exacerbates glutamine metabolism in acid-adapted cells

We used L-Glutamine-'3Cs tracer to measure glutamine metabolism
(glutamate, malate and aspartate production from glutamine) by '°C
NMR spectrometry (Fig. 5A). We first observed that the glutamine up-
take (determined from residual extracellular glutamine concentration
after 24h) was higher in acid-adapted cells than in parental cells
(Fig. 5B). Interestingly, for both cell lines the intracellular concentra-
tion of glutamine was higher in acid-adapted cells than in parental cells
(Fig. 5C). DCA also increased intracellular glutamine concentration in
acid-adapted cells but not in parental cells. No significant change in
glutamate concentration was observed after DCA treatment, except for
HCT-116 acid-adapted cells (Fig. 5D). Contrarily to the effect observed
in parental cells, exposure to 5 mM DCA induced a significant increase
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Fig. 3. The “glycolysis to oxidative” shift induced by DCA is larger in acid-adapted cells. A-D, Tumor cells were exposed during 24h to 10 mM of glucose-'>Ce with or
without 5 mM of DCA. Intra- and extracellular metabolites were measured by '3C NMR spectroscopy (n = 5). A, representative spectra of intracellular metabolites of
HCT-116 parental cells with zero (green) or 5 mM of DCA (red). B, lactate production from glucose in control conditions (0 mM DCA); results are expressed as ratio of
total lactate (sum of intra-and extracellular lactate) on intracellular glucose. C, Baseline-corrected lactate production from glucose highlighting the larger effect of
DCA in acid-adapted cells. D, alanine production from glucose (ratio of intracellular alanine on intracellular glucose). E, Oxygen consumption rate measured in
parental HCT - 116, SiHa cell lines and their corresponding acidic-adapted cells, treated with or without 5 mM DCA for 24h (n = 3). Statistical analysis: paired t-test
(D) and Two-way ANOVA (B, C, E) (Sidak's multiple comparisons test) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0. 0001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

in malate production from L-Glutamine-'3Cs in acid-adapted cells
(Fig. 5E). We also observed that the intracellular concentration of as-
partate (produced from 1-Glutamine-'3Cs) was increased in parental
cells exposed to DCA 5 mM (Fig. 5F). As aspartate is produced by ox-
aloacetate, an intermediate of TCA cycle, this supports a stimulatory
effect of DCA on glutamine metabolism in parental cells maintained at
neutral pH. Using '*C NMR, we failed to detect aspartate in acid-
adapted cells. Finally, with mass spectrometry, we observed that the
production of pyruvate from glutamine, a reaction involving another
intermediate of the TCA cycle, namely malate, was more important in
acid-adapted SiHa cells compared to parental SiHa cells (Fig. 5G).

3.6. The combination of DCA with a glutaminase inhibitor enhances the
cytotoxic effect of DCA in acid-adapted cells

As DCA increased glutamine utilization, we hypothesized that
stronger cytotoxic effects could be obtained by the association of DCA
to an inhibitor of the glutamine pathway. For this purpose, we com-
bined DCA with BPTES, an inhibitor of glutaminase-1 which converts
glutamine into glutamate. We observed that in parental and acid-
adapted cells, the combination DCA and BPTES significantly enhanced
the growth inhibitory action of DCA (Fig. 6), an effect that was much
more pronounced in acid-adapted cells.

4. Discussion

At first sight, the higher DCA-induced toxicity on tumor cells
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chronically exposed to acidosis compared to parental cells (Fig. 1) looks
paradoxical considering that those cells are more prone to use gluta-
mine and fatty acids at the expense of the glycolytic metabolism [28].
This unexpected observation prompted us to dissect the mechanisms
responsible for this DCA effect which revealed an exquisite interplay
between acidosis, pyruvate dehydrogenase and mitochondria at the
origin of this enhanced anti-cancer activity.

We first observed a larger decrease in PDH phosphorylation in acid-
adapted cells (Fig. 2A), an effect consistent with the PDK inhibition
induced by DCA. Both the higher uptake of DCA and the lower ex-
pression of PDK isoforms observed in acid-adapted cells account for this
enhanced PDK inhibition (Fig. 2B-C). It has been suggested that the
uptake of DCA is mediated by monocarboxylate transporter and tra-
verses the mitochondrial membranes via pyruvate transporter systems
[11]. In addition, MCT1 (monocarboxylate transporter 1) is upregu-
lated in tumor cells chronically exposed to acidosis [28]. However, in
our case, the MCT1 blocker AR-155858 [35] and the MPC (mitochon-
drial pyruvate carrier) blocker 7ACC2 [36] did not affect DCA-induced
cytotoxicity (data not shown). While DCA is mostly present under the
ionized deprotonated form at pH 6.5 and 7.4 (due to its low pKa, 1.35),
the proportion of neutral protonated form is about ten times higher at
pH 6.5 compared to pH 7.4, a factor that could contribute to a higher
diffusion of DCA through the cell membrane. However, the sole in-
crease in DCA uptake cannot account for the increase in toxicity as we
did not observe any significant difference in cell density between par-
ental cells under physiological pH and cells acutely exposed to acidic
pH under acute acidic (Fig. 1A-B). The increase in DCA concentration
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Fig. 5. Glutamine utilization is higher in acid-adapted cells leading to an increase in pyruvate production. A-F, SiHa and HCT-116 tumor cells were exposed during
24h to 2 mM Glutamine-'3C5 with or without 5 mM DCA. Intra- and extracellular metabolites were measured by *C NMR spectroscopy (n = 4) and result were
normalize by total protein mass (mg). A, representative spectra of intracellular metabolites of HCT-116 parental cells with zero (green) or 5 mM of DCA (red). B,
glutamine uptake. C, intracellular glutamine concentration. D, intracellular glutamate concentration. E, intracellular malate concentration. F, intracellular aspartate
concentration. G, relative abundance of pyruvate mass isotopomers in parental and acidic acid-adapted SiHa cells cultured for 72 h with glutamine-5-3C. Statistical

analysis: Two-way ANOVA Sidak's multiple comparisons test (B-F) and paired t-test (G). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0, 0001. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

coincided with a lower abundance of PDK isoforms observed in acid-
adapted cells (Fig. 2C). This downregulation of PDKs could be due to
alterations in the transcription factor HIF1-alpha activity. Corbet et al.
have indeed previously demonstrated that acid-adapted cells present a
downregulation of HIF-1 alpha [28] and other studies have shown that
PDK1 and PDK3 are upregulated by HIF-1 alpha [37-39]. To our
knowledge, the regulation of PDK2 and PDK4 by HIF-1 alpha has not
been studied yet. The decrease in target enzyme together with higher
concentration of the inhibitor may easily explain the larger decrease in
PDH phosphorylation, a phenomenon usually associated with the re-
activation of the transformation of pyruvate into acetyl-CoA. In our
study, although the basal production of lactate was lower in acid-
adapted cells compared to parental cells (Fig. 3B), we found that DCA
induced a larger decrease in glycolytic flux (i.e., a larger relative re-
duction in lactate/glucose ratio) and an increase in oxidative
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phosphorylation (as evidenced by a net increase in OCR) in acid-
adapted cells (Fig. 3). One may thus hypothesize that the low residual
glycolytic metabolism in acid-adapted cancer cells renders them highly
sensitive to the effects of DCA that completely shifts the glucose me-
tabolism towards oxidative phosphorylation.

We further analyzed the consequences of this metabolic shift on cell
proliferation and viability. It has been previously demonstrated that
DCA controlled proliferation through reduction in PPP activity in MDA-
MB-231 cell line [16]. DCA decreased PPP activity in acid-adapted cells,
but not in parental cell lines (Fig. 4A), an effect that is consistent with
the anti-proliferative effect of DCA in acid-adapted cells. Moreover,
DCA has been described as a reactivator of mitochondrial apoptosis. By
increasing the flux of pyruvate into the TCA cycle, it has been de-
monstrated that DCA enhanced mitochondrial membrane depolariza-
tion, which resulted in a release of pro-apoptotic mediators in the
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cytoplasm [12]. Here, we observed that DCA induced an increase in
early and late apoptotic cells in acid-adapted cells (Fig. 4B—C), but not
in parental cells. Altogether, these data suggest that DCA exacerbates
the glycolytic to oxidative shift observed in acid-adapted cells, thereby
decreasing the PPP flux, and reactivates mitochondrial-dependent
apoptosis in these cancer cells that are intrinsically dependent on mi-
tochondrial OXPHOS for growth and survival.

Because it has been reported that chronic exposure of tumor cells to
acidosis is responsible for a higher dependency toward glutamine uti-
lization [28], we also investigated the effect of DCA treatment on the
glutamine pathway. As expected, the uptake of '*C-glutamine was
higher in acid-adapted cells (Fig. 5B). The increase in intracellular
glutamine concentration in acid-adapted (Fig. 5C) cells as well as pyr-
uvate production from glutamine (Fig. 5G) support the concept that
chronic exposure to acidosis leads to an increase in glutamine meta-
bolism via TCA cycling. In acid-adapted cells, we also found that DCA
increased the intracellular concentration of glutamine, glutamate and
malate in agreement with the DCA-based stimulation of the TCA cycle
(Fig. 5C-E). We also found that DCA increased the aspartate production
from glutamine in parental cells, in agreement with the DCA-based
stimulation of the TCA cycle generating oxaloacetate, the aspartate
precursor (Fig. 5F). The failure to detect aspartate in acid-adapted
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3). Statistical analysis: One-way ANOVA Sidak's multiple

cancer cells suggests that its use to generate purine is by far higher than
its production under acidosis. This may arise from a decreased TCA
cycle turnover associated to the reduced glucose metabolism in acid-
adapted cancer cells. The increased uptake of glutamine could thus
reflect an attempt to compensate this alteration as supported by the
anaplerotic formation of pyruvate from glutamine (Fig. 5G). This model
also supports why the exacerbation of this process in DCA-treated acid-
adapted cancer cells, as evidenced by the increased glutamine uptake,
makes these cells particularly sensitive to glutaminase inhibitor BPTES
(Fig. 6). The interaction between DCA and glutaminase inhibitor de-
serves to be studied more profoundly and the benefit of this combina-
tion should be investigated in vivo in order to open new perspectives for
combined therapy.

In conclusion, the metabolic reprogramming induced by acidosis
sensitizes cancer cells to DCA (Fig. 7) by stimulating apoptosis and
thereby opens new perspectives of treatment as monotherapy but also
in combination with glutaminase inhibitors since DCA exposure also
exacerbates cancer cell addiction towards glutamine metabolism.
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proliferation such as intermediates for the pentose phosphate pathway (PPP). PPP generates NADPH (defence against ROS) and is involved in nucleotide synthesis.
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