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Colorectal cancer (CRC) represents a prototypical example of a cancer type for which inter- and intra-tumor
heterogeneities remain major challenges for the clinical management of patients. Besides genotype-mediated

Add(]’:ii_ phenotypic alterations, tumor microenvironment (TME) conditions are increasingly recognized to promote
x?ta olsm " intrinsic diversity and phenotypic plasticity and sustain disease progression. In particular, acidosis is a common
1croenvironmen . N . oy & . . .
PHGDH hallmark of solid tumors, including CRC, and it is known to induce aggressive cancer cell phenotypes. In this

study, we report that long-term adaptation to acidic pH conditions is associated with common metabolic al-
terations, including a glycolysis-to-respiration switch and a higher reliance on the activity of phosphoglycerate
dehydrogenase (PHGDH), in CRC cells initially displaying molecularly heterogeneous backgrounds. Pharmaco-
logical inhibition of PHGDH activity or mitochondrial respiration induces greater growth-inhibitory effects in
acidosis-exposed CRC cells in 2D and 3D culture conditions, and in patient-derived CRC organoids. These data
pave the way for drugs targeting the acidic tumor compartment as a “one-size-fits-all” therapeutic approach to
delay CRC progression.

Mitochondrial respiration

1. Introduction patients with metastatic CRC [2]. Indeed, in the metastatic setting, ge-

netic profiling for RAS/BRAF and immunohistochemistry-based assess-

Colorectal cancer (CRC) represents the third most common cancer in
developed countries and is a leading cause of cancer-related deaths
worldwide [1]. While clinical management of CRC patients is largely
determined by pathological examination of tumor specimens (i.e., bi-
opsy, polypectomy, or surgical resection), molecular testing plays an
increasingly important role in the era of personalized medicine for

ment of mismatch repair/microsatellite instability (MSI) are routinely
applied to guide the use of anti-EGFR targeted therapy and immune
checkpoint inhibitors, respectively [3]. Nevertheless, CRC is a hetero-
geneous group of diseases with distinct morphological, molecular, and
clinical features, and the prognosis for CRC patients remains very poor
due to therapy resistance and disease progression. A gene
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expression-based classification of CRC into four consensus molecular
subtypes (CMS) has contributed, in the last decade, to a better under-
standing of inter-patient heterogeneity and prognosis [4], but without
modifying the clinical routine yet. A major clinical challenge for CRC
patients resides in the intratumoral heterogeneity that can manifest at
(epi)genomic, transcriptomic, and proteomic levels [5]. Indeed, several
studies have carried out single-cell dissection of CRC to reveal
intra-cancer diversification, with various mutational signatures, meth-
ylome and transcriptome patterns, and distinct responses to conven-
tional anticancer treatments [6-9].

Tumor microenvironment (TME) is thought to strongly contribute to
genomic and phenotypic intratumoral heterogeneity in CRC [10]. For
instance, glucose deprivation has been reported as a strong selection
pressure for mutated KRAS in CRC cells [11]. Acidosis is a common
hallmark of solid cancers, including CRC, and acidosis-based imaging
modalities have recently emerged as promising strategies to improve
CRC detection, surveillance, and staging [12-14]. Acidosis is known to
contribute to the genetic instability of tumor cells [15,16], and to pro-
foundly alter their transcriptomic profile [17]. Extracellular acidic pH
has also been reported to sustain a more aggressive cancer cell pheno-
type, by favoring a slow-proliferating, stem-like, and pro-invasive cell
state [18,19]. We and others have documented an increased autophagic
flux [20] and a metabolic addiction towards exogenous fatty acids
[21-24] in cancer cells upon chronic adaptation to acidic pH conditions.

In this study, we reason that chronic exposure to an acidic TME may
override molecular heterogeneity in CRC cells to shape common meta-
bolic traits that may be therapeutically exploited, as a “one-size-fits-all”
approach to thwart acidosis-induced cancer cell aggressiveness. We
report a shift from glycolysis to mitochondrial respiration as a consistent
metabolic alteration in acidosis-adapted CRC cells, regardless of their
genetic background and basal metabolic profile. We further reveal that
these cells strongly depend on the activity of phosphoglycerate dehy-
drogenase (PHGDH), the rate-limiting enzyme of the serine biosynthesis
pathway, to sustain their aggressiveness. Finally, we document that
pharmacological inhibition of PHGDH or oxidative phosphorylation
(OXPHOS) significantly reduces the viability of acidosis-exposed CRC
cells, as well as the growth of patient-derived CRC models.

2. Materials and methods
2.1. Cell lines and culture

HCT-116 (#CCL-247) and HT-29 (#HTB-38) human colon cancer
cell lines were purchased from the American Type Culture Collection
(ATCCQC). DiFi and LIM1215 human colon cancer cell lines were obtained
from Prof Alberto Bardelli, University of Torino, Italy, with permission
from the Ludwig Institute for Cancer Research, Zurich, Switzerland. The
LIM1215 cell line had been described previously [25]. Cell lines were
stored according to the supplier’s instructions and used within 6 months
after resuscitation of frozen aliquots. All cell lines were maintained in
Dulbecco’s Modified Eagle Medium (#D5030, Sigma-Aldrich) supple-
mented with 10 % heat-inactivated fetal bovine serum (FBS; F7524,
Sigma-Aldrich), 10 mM D-glucose (#G8270, Sigma-Aldrich), 2 mM
L-glutamine (#25030-024, Thermo Fisher Scientific), 1 %
penicillin-streptomycin (#15140163, Thermo Fisher Scientific) and 25
mM of both PIPES (#P1851, Sigma-Aldrich) and HEPES (#H3375,
Sigma-Aldrich) before adjusting pH to 7.4 or 6.5. Acidic pH-adapted
tumor cells were established as previously described [22,23]. All cell
lines were maintained in exponential growth in 5 % CO2/95 % air in a
humidified incubator at 37 °C and then tested for mycoplasma
contamination with the PCR-based MycoplasmaCheck service from
Eurofins Genomics.

2.2. Cell treatment and transfection

Cells were seeded (5 x 10* cells/well; >3 wells/condition) in 96-well
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plates in a routine culture medium. The day after, cell treatment was
performed in routine culture medium with NCT-503 (#SML1659,
Sigma-Aldrich) or IACS-010759 (#HY-112037, MedChemExpress) for
72h at different concentrations, as indicated in the figure legends. In
some conditions, cells were cultured in a serine-deprived culture me-
dium, with or without supplementation with 0.21 g/L L-serine (#S4311,
Sigma-Aldrich). Cell growth was assessed either by direct cell counting
on a hemocytometer with Trypan Blue exclusion dye or by using the
Presto Blue reagent (#A13262; Thermo Fisher Scientific) according to
the manufacturer’s instructions.

Cell transfection with 50 nM of either a non-targeting pool of 4 siRNA
sequences (D-001810-10-05) or a pool of 4 siRNA sequences targeting
human PHGDH (L-009518-00-0005), all from Horizon Discovery, was
carried out with Lipofectamine™ RNAiIMAX transfection reagent
(#13778150; Thermo Fisher Scientific), according to manufacturer’s
instructions.

2.3. Western blot analysis

Subconfluent cancer cells were washed twice with ice-cold PBS and
lysed in a RIPA buffer supplemented with phosphatase and protease
inhibitor cocktails (#4906837001 and P8340, Sigma-Aldrich). Cell ly-
sates were then cleared by centrifugation (6000xg, 10 min, 4 °C) and
stored at —80 °C until analysis. After determination of protein concen-
tration using a bicinchoninic acid-based assay (Thermo Fisher Scienti-
fic), samples were denaturated (5 min, 95 °C) with Laemmli sample
buffer containing 100 mM dithiothreitol. Samples (20 pg per well) were
then separated by SDS-PAGE (8 % acrylamide/bis-acrylamide gels) and
transferred to PVDF membranes. Membranes were blocked with 5 %
bovine serum albumin (BSA) in TBS-0.1 % Tween 20 (TTBS) and sub-
sequently immunoblotted overnight at 4 °C with specific primary anti-
bodies against PHGDH (#66350, Cell Signaling Technology, 1:1000),
PSAT1 (#NBP1-32920, Novus Biologicals, 1:1000), PSPH (#58258, Cell
Signaling Technology, 1:1000), SHMT1 (#41107, Cell Signaling Tech-
nology, 1:1000), SHMT2 (#33443, Cell Signaling Technology, 1:1000)
or Hsp90 (#610419, BD Biosciences, 1:10,000). After several washes
with TTBS, membranes were then incubated (1h, room temperature
(RT)) with horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (Jackson Immunoresearch) and chemoluminescent signals were
revealed by using ECL Western Blotting Detection Kit (GE Healthcare)
on X-ray films in a dark chamber or with an Amersham Imager 600 (GE
Healthcare).

2.4. RNA extraction and RT-qPCR

Subconfluent cancer cells were washed twice with ice-cold PBS and
harvested in Tri-Reagent (Molecular Research Center). RNA was
recovered after separation in 1-bromo-3-chloropropane and precipita-
tion with isopropanol, washed with 70 % ethanol, resuspended in
RNase-free water, and then quantified by spectrophotometry (Nanodrop
1000, Thermo Fisher Scientific). After reverse transcription on 1 pg of
total RNA with the RevertAid Reverse-Transcriptase, oligo-dT and
random hexamers (Thermo Fisher Scientific), quantitative PCR ampli-
fication was performed on a ViiA 7 real-time PCR system (Applied
Biosystems) using SYBR® select master mix for cfx (Thermo Fisher
Scientific) and gene-specific primer sequences for human PHGDH
(PHGDH-Fw: CTTACCAGTGCCTTCTCTCCAC, PHGDH-Rv: GCTTAGG-
CAGTTCCCAGCATTC, amplicon size: 153 bp) or human RPLPO as
reference gene (RPLPO-Fw: AGCCCAGAACACTGGTCTC, RPLPO-Rv:
ACTCAGGATTTCAATGGTGCC, amplicon size: 97 bp). Data were
analyzed according to ddCt method.

2.5. Dosage of extracellular glucose and lactate

Cancer cells (2 x 10° cells/well; 3 wells/condition) were seeded in
12-well plates with 1 mL of their routine culture medium. After 24h, the
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medium was replaced by 500 pL of DMEM containing 10 mM D-glucose
(#G8270, Sigma-Aldrich) and supplemented with 2 mM L-glutamine
and 10 % dialyzed FBS (#F0392, Sigma-Aldrich). Initial concentrations
of glucose and lactate in the experimental medium were also assessed by
including control wells containing only cell culture medium (no cells) on
each plate. After incubation for 24h, extracellular media were collected
and deproteinized by centrifugation (15 min, 10,000 rpm, 4 °C) in 10
kDa cut-off filter tubes (VWR). Glucose and lactate concentrations were
measured in the samples (50 pL) by using enzymatic assays (CMA
Microdialysis AB) and an ISCUSflex microdialysis analyzer (Aurora
Borealis). Data analysis was done by calculating the difference in
glucose and lactate concentrations between the control wells and the
experimental wells. Data were then normalized by the protein content in
each well and expressed in pmol/hr/mg protein.

2.6. Seahorse analysis

Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) were measured by using the Seahorse XFe96 plate reader (Agi-
lent). All assays were carried out using a seeding density of 3 x 10* cells/
well in non-buffered DMEM, adjusted at pH 7.4 or 6.5 according to the
cell lines. Mitochondrial respiration and glycolytic capacities were
assessed by using the XF Cell Mito Stress Test and XF Glycolysis Stress
Test, respectively, according to the manufacturer’s recommendations.
Briefly, mitochondrial function parameters (i.e. basal and maximal
respirations) were evaluated in a DMEM medium containing 10 mM
glucose and 2 mM glutamine and after sequential treatment with 1 pM
oligomycin, 1 pM carbonyl cyanide-4 (trifluoromethoxy)phenyl-
hydrazone (FCCP) and 0.5 pM rotenone/antimycin A. Glycolytic func-
tion was assessed in a DMEM medium containing 2 mM glutamine and
after sequential treatment with 10 mM glucose, 1 pM oligomycin and 50
mM 2-DG. Glucose-dependent ECAR was calculated by comparing the
values before and after the addition of the substrate. Data were
normalized by the protein content in each well and expressed in mpH/
min/pg protein (ECAR) or pmoles/min/pg protein (OCR).

2.7. Untargeted metabolomics

Cancer cells were seeded (3 x 10° cells/dish; 3 dishes/condition) in
60-mm dishes in routine culture medium for 72h (with medium renewal
after 48h). The medium was then removed, and cells were washed with
ice-cold PBS. Dishes were kept from this step on dry ice. Ice-cold
methanol 80 % (v/v) was added to each dish (4 mL/dish) and incu-
bated for 20 min at —80 °C. Cells were scraped and transferred to 5 mL
Eppendorf tubes pre-cooled in dry ice. Metabolomics standard mix 1
(#MSK-MET1-1; Cambridge Isotope Laboratories), used as an internal
standard for untargeted metabolomics, was added to each sample (1.2
pL/sample) which was then directly stored at —80 °C until processing.
For further homogenization, zirconia/glass beads (1.0 mm; Biospec
Products) were added to the quenched cell suspension, and samples
were processed on dry ice via a bead beater (FastPrep-24; MP Bio-
medicals) at 6.0 m/s (3 x 30 s, 5 min pause time). After incubation at
—80 °C for 1h, samples were centrifuged (10 min at 15,000xg, 4 °C), and
supernatants (1.2 mL cell lysates) were transferred to fresh tubes and
dried under a stream of nitrogen. Dried samples were reconstituted in
80 pL acetonitrile:methanol:water (2:2:1, v/v), vortexed for 5 min,
centrifuged, and transferred to analytical glass vials. LC-MS grade water,
acetonitrile, and methanol were obtained from Th. Geyer (Germany).
The LC-MS/MS analysis was initiated within 1 h after the completion of
the sample preparation.

LC-MS/MS analysis was performed on a Vanquish UHPLC system
coupled to an Orbitrap Exploris 240 high-resolution mass spectrometer
(Thermo Fisher Scientific) in negative ESI (electrospray ionization)
mode, as previously described [26]. All experimental samples were
measured in a randomized manner. Pooled quality control (QC) samples
were prepared by mixing equal aliquots from each processed sample.
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Multiple QCs were injected at the beginning of the analysis to equilibrate
the analytical system. A QC sample was analyzed after every 5th
experimental sample to monitor instrument performance throughout the
sequence. For the determination of background signals and subsequent
background subtraction, an additional processed blank sample was
recorded. Data was processed using MS-DIAL [27], and raw peak in-
tensity data was exported. Feature identification was based on accurate
mass, isotope pattern, MS/MS fragment scoring, and retention time
matching to an in-house library. Normalization of the analyzed metab-
olites was performed on the cell number counted at the moment of the
collection of the samples. Metabolites detected in less than 20 % of
samples were filtered out. Missing values for the remaining metabolites
were imputed using random draws from a Gaussian distribution
centered at a minimal value with the impute LCMD v.2.1 Bioconductor
package. Differential expression analysis was performed using limma
v.3.54.1 Bioconductor package to obtain fold-change and p-values for
each metabolite. P-values were adjusted for multiple tests using the
Benjamini-Hochberg procedure to control the False Discovery Rate
(FDR). Metabolites with an FDR <0.05 and a fold-change greater than 2
were considered modulated. Over-representation analysis (ORA) based
on a hypergeometric test was conducted from the resulting list of
modulated metabolites on the Kyoto Encyclopedia of Gene and Genomes
(KEGG) database using fgsea v.1.24.0 Bioconductor package.

2.8. 13C-based metabolic tracing

Cancer cells were seeded (2.5 x 10° cells/well; 3 wells/condition) in
6-well plates in routine culture medium for 24h. The day after, the
medium was removed and replaced with culture medium (2 mL/well)
containing 10 mM u-3c glucose (#CIL-CLM-1396-2, LGC Standards)
and 2 mM unlabeled glutamine or 10 mM unlabeled glucose and 2 mM
U-13¢ glutamine (#605166, Sigma-Aldrich) for 24h as well. The me-
dium was then removed, and cells were washed with ice-cold NaCl 0.9 %
solution before the addition of extraction buffer (300 pL methanol/well)
and the incubation for 2-3 min on ice. Cells were then harvested using a
cell scraper, and the extraction mix was transferred to a new microtube
before centrifugation (15,000 rpm for 15 min at 4 °C). Finally, 250 pL of
the supernatant (which contains intracellular metabolites) were trans-
ferred into a new microtube and stored at —80 °C until mass spec-
trometry analysis.

Each sample (10 pL) was loaded into a Dionex UltiMate 3000 LC
System (Thermo Fisher Scientific) equipped with a C-18 column (Acg-
uity UPLC -HSS T3 1. 8 ym; 2.1 x 150 mm, Waters) coupled to a Q
Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific) oper-
ating in negative ion mode. A step gradient was carried out using solvent
A (10 mM TBA and 15 mM acetic acid) and solvent B (100 % methanol).
The gradient started with 5 % of solvent B and 95 % of solvent A and
remained at 5 % B until 2 min post injection. A linear gradient to 37 % B
was carried out until 7 min and increased to 41 % until 14 min. Between
14 and 26 min, the gradient increased to 95 % of B and remained at 95 %
B for 4 min. At 30 min, the gradient returned to 5 % B. The chroma-
tography was stopped at 40 min. The flow was kept constant at 0.25 mL/
min, and the column was placed at 40 °C throughout the analysis. The
MS operated in full scan mode (m/z range: [70.0000-1050.0000]) using
a spray voltage of 4.80 kV, a capillary temperature of 300 °C, sheath gas
at 40.0, and auxiliary gas at 10.0. The AGC target was set at 3 x 10°
using a resolution of 140000, with a maximum IT fill time of 512 ms.
Data collection was performed using the Xcalibur software (Thermo
Fisher Scientific). Data analyses were performed by integrating the peak
areas (EI-MAVEN - Polly - Elucidata).

2.9. 3D spheroid models
Spheroids were initiated and cultured as previously described [21].

Briefly, HT-29 cells (3 X 10° cells/well; >6 wells/condition) and
HCT-116 cells (1.5 x 10° cells/well; >6 wells/condition) were seeded in
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ultra-low attachment 96-well plates (Corning) in RPMI and DMEM
respectively, supplemented with 10 % heat-inactivated FBS, 10 mM
D-glucose and 2 mM L-glutamine. Spheroid growth was followed with
daily picture acquisition by using an Axiovert 100 microscope (Zeiss)
and area measurement using ImageJ 2.1.0/1.53c Java 1.8.0.172
(64-bit) software.

For immunofluorescence staining, OCT-embedded spheroids were
cut into 5 pm slices using a cryostat CM1950 (Leica). Slides were incu-
bated in 4 % PFA for 20 min at RT. Antigen retrieval was performed by
immersing the slides in a mix of citrate buffer pH 6.8, Triton-X100, and
water, with microwave cycles (4 min at 900W, 15 min at 90W, 90 s at
900W). The slides were then blocked with 5 % BSA in TTBS and sub-
sequently incubated for 1h at RT with specific primary antibody against
cleaved-caspase3 (#9661, Cell Signaling Technology, 1:200). Secondary
antibody incubation with Envision™ system HRP-anti-rabbit (K4003,
Dako) was carried out for 40 min at RT, followed by TSA amplification
with fluorophore TSA CF647 (#96022, Biotium). Samples were stained
with DAPI and prepared with a fluorescence mounting medium (Dako),
before acquisition with an Axioscan Imager (Zeiss).

2.10. Patient-derived CRC organoids

CRC#2 organoid model was generated from colon cancer tissue ob-
tained from a patient undergoing surgery at Cliniques Universitaires St
Luc in Brussels (ethics committee approval ONCO-2015-02 updated on
13-05-2019 following the principles of the Declaration of Helsinki), as
previously described [15]. Metastatic CRC organoid cultures
(mCRC#327, #399, #534, and #1331) were obtained from a
well-annotated living biobank at Candiolo Cancer Institute (Turin,
Italy), containing patient-derived xenograft (PDX) models and
PDX-derived organoids from patients with liver CRC metastatic lesions
[28]. Signed informed consent was obtained from the patient before
tumor collection and all personal/clinical data remained strictly confi-
dential for the investigators. All CRC organoid cultures were plated in
50-pL domes of Cultrex Basement Membrane Extract, Type 2
(#3532-010-02, Bio-Techne) and maintained in Advanced DMEM/F12
(Thermo Fisher Scientific) supplemented with 1 % Glutamax (Thermo
Fisher Scientific), 1 % HEPES (Thermo Fisher Scientific), 1 %
penicillin-streptomycin (Thermo Fisher Scientific), 1 % B27 without
vitamin A (Thermo Fisher Scientific), 1 % N2 supplement (Thermo
Fisher Scientific), 50 ng/mL EGF, 10 mM nicotinamide (Sigma-Aldrich)
and 1.25 mM N-acetyl cysteine (Sigma-Aldrich). Organoids were typi-
cally passaged every 7-10 days, and the medium was changed every 2-3
days. For splitting organoids, the medium was replaced with 500 pl
Gentle Cell Dissociation Reagent (STEMCELL Technologies). The Cultrex
dome was scraped and collected using a P1000 while pipetting up and
down to break up the organoids and incubated on ice for 20 min before
being centrifuged for 5 min at 400 g. The pellet was resuspended in an
appropriate volume of Cultrex and plated in 50-pL domes in a 24-well
plate (#3524, Costar, Corning). The plate was incubated at 37 °C for
15 min before adding 500 pL PDO medium.

Organoids were processed into single cells and seeded with a density
of 5000 cells/5 pL Cultrex matrix per well in a 96-well plate. After 3-5
days, organoids acquired their typical 3D structure and were further
treated with different concentrations of NCT-503 or IACS-010759 for 7
days. Cell viability was then assessed using the CellTiterGlo 3D Viability
assay kit (G9682; Promega) by measuring ATP levels as luminescence
with the GloMax plate reader (Promega). In parallel, after single-cell
dissociation, organoids were seeded (4 X 10* cells per well) in 24
multi-well plates (Corning) embedded in the Cultrex matrix. After 3
days, organoids were treated with 5 uM NCT-503 or 10 nM IACS-010759
for 7 days. Organoids were then transferred into a p-slide 8-well High
Glass Bottom Ibidi chamber (#80841) for imaging purposes. To assess
proliferation capacity, CRC organoids were incubated (4h at 37 °C) with
Click-iT™ EdU Cell Proliferation Kit for Imaging, Alexa Fluor™ 647 dye
(C10340; Thermo Fisher Scientific), according to manufacturer’s
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recommendations, and then fixed with 4 % PFA for 1h at RT. The
samples were further incubated in a permeabilization buffer composed
of 0.2 % Triton-X100 and 1 % Tween-20 in TBS overnight at 4 °C. The
following day, blocking with 5 % BSA in TTBS was performed, followed
by overnight incubation with anti-Ki67 antibody (#MA5-14520, Invi-
trogen, 1:200) at 4 °C. Organoids were also stained with AlexaFluor-647
conjugated phalloidin (Thermo Fisher Scientific, 1:400). Samples were
then washed and incubated with Hoechst 33258 (1:10,000), AlexaFluor-
488 anti-rabbit secondary antibody (1:500) overnight at 4 °C. The day
after, slides were prepared with a fluorescence mounting medium
(Dako), and staining was visualized with a Zeiss Imager LSM800
confocal microscope (Zeiss).

For the CRC organoid live/dead staining, organoids were treated
with the indicated drugs for 1 week. The culture medium was then
withdrawn, and samples were washed with PBS three times. A 2X live-
dead cell imaging solution (#R37601, Thermo Fisher Scientific) was
prepared and added to the organoids after dilution in PBS. Subsequently,
organoids were stained for 30 min at RT in the dark. Images were ac-
quired with a Zeiss Axiovert S100 microscope, before analysis with
ImageJ software (v.1.8.0).

2.11. Statistical analysis

Statistical analyses were performed with GraphPad Prism 10 soft-
ware by using one-way or two-way ANOVA with Tukey’s multiple
comparison test when appropriate. Statistical significance is indicated in
the figures as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ns, not
significant.

2.12. Data and material availability

All unique reagents generated in this study will be made available on
request by Prof. Cyril Corbet (cyril.corbet@uclouvain.be) with a
completed material transfer agreement (MTA).

3. Results

3.1. Adaptation to chronic acidosis is associated with common metabolic
alterations in molecularly heterogeneous CRC cells

To address the influence of chronic acidosis on CRC cell phenotypes,
we first used four human CRC cell lines, namely DiFi, HCT-116, HT-29,
and LIM1215, all harboring distinct KRAS, NRAS, BRAF, and PIK3CA
gene alterations and MSI status (Fig. 1A) commonly observed in the
patient population [29]. Importantly, all CRC cell lines exhibited
different metabolic profiles at the basal level, as revealed by
Seahorse-based bioenergetics analysis (Fig. 1B) and untargeted metab-
olomics (Fig. 1C). Of note, while HT-29 cells (with BRAF and PIK3CA
activating mutations) were found to be the most glycolytic cell line,
quadruple wild-type DiFi and LIM1215 cells showed a prevailing aerobic
metabolism. HCT-116 cells displayed an “energetic” phenotype, with
both mitochondrial respiration and glycolysis being active in these cells.
All CRC cell lines were then chronically adapted to acidic extracellular
pH (pH 6.5 vs pH 7.4 for control cell counterparts), as previously
described [21-23], before metabolic characterization (Fig. 1D). Untar-
geted metabolomic analysis identified tens of down- or up-regulated
metabolites (loga FC < -1 or >1, respectively; FDR<0.05) between
acidosis-adapted CRC cells and parental cell counterparts (Fig. 1E).
Pathway enrichment analysis revealed alterations in several metabolic
pathways, including amino acid metabolism, nucleotide metabolism, as
well as glycolysis and gluconeogenesis (Supplementary Figs. S1A-D).
Nevertheless, only four metabolites were found to be consistently up-
(4-pyridoxic acid) or down-regulated (butyryl carnitine, lactic acid, and
N-carbamoyl-DL-aspartic acid) in the four CRC cell lines under chronic
acidic conditions (Fig. 1F). While 4-pyridoxic acid is a metabolite of
vitamin B6, whose levels in serum samples from human patients were
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Fig. 1. Adaptation to chronic acidosis is associated with common metabolic alterations in molecularly heterogeneous CRC cells. (A) Molecular charac-
teristics of DiFi, HCT-116, HT-29, and LIM1215 CRC cell lines. MSS; microsatellite stability (B) Seahorse-based energetic profile (i.e., mitochondrial respiration vs
glycolysis). of the different CRC cell lines after evaluation of basal oxygen consumption rates (OCR) and extracellular acidification rates (ECAR). (C) Principal
component analysis of metabolomics data depicting the basal metabolic differences between the four CRC cell lines. (D) Experimental workflow for the metabolomic
analysis carried out in native (pH7.4-exposed) and acidosis-adapted CRC cells. (E) Number of metabolites differentially up- or down-regulated in acidosis-adapted
CRC cells (vs. native cells/7.4) and (F) heatmap of the commonly regulated metabolites in the four acidosis-adapted CRC cell populations. Data (B-C and E-F) were

acquired from 2 independent cell cultures with 2 or 3 technical replicates.

associated with an increased lung cancer risk [30], butyryl carnitine is a
butyrate ester of carnitine, previously reported to exert
growth-inhibitory effects in CRC cells [31]. N-carbamoyl-DL-aspartic
acid, also known as ureidosuccinic acid, serves as an intermediate in
pyrimidine biosynthesis, and a drop in urinary levels for this metabolite
was associated with bladder cancer [32]. Altogether, our data reveal
that long-term exposure to extracellular acidosis can override, at least
partly, the molecular heterogeneity in CRC cells to induce common
metabolic alterations that may be further therapeutically exploited.

3.2. Glycolysis-to-respiration switch is a consistent metabolic adaptation
in CRC cells under chronic acidosis

Downregulation of intracellular lactic acid levels, identified in the
four acidosis-adapted CRC cell lines, is reminiscent of previous studies,
including ours, reporting decreased glycolysis in tumor cells exposed to

(long-term) acidic conditions [22,33]. To confirm that reduced glyco-
lytic activity was a common metabolic trait in CRC cells exposed to
chronic acidosis, regardless of their molecular background and basal
metabolic profile, we first assessed, by mass spectrometry, the intra-
cellular abundance of  glycolytic intermediates, from
hexose-6-phosphate to pyruvate and lactate. This analysis revealed that
levels of most glycolysis-derived metabolites were consistently
decreased in pH6.5-exposed CRC cells (Fig. 2A and Supplementary
Figs. S2A-F). Importantly, this was associated with reduced glucose
consumption and lactate secretion, as well as a decreased
glucose-to-lactate ratio in all CRC cell populations under acidic culture
conditions (Fig. 2B-D). Seahorse-based evaluation of extracellular
acidification rates (ECAR; i.e. reflecting glycolytic activity through H*
ion release) also showed that glucose-dependent and maximal ECAR
values were lower in acidosis-adapted CRC cells (vs pH7.4-maintained
parental cells) (Fig. 2E-I), thereby confirming that reduced glucose
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Fig. 2. Glycolytic activity is consistently decreased in CRC cells under chronic acidosis. (A) Intracellular levels of glycolytic metabolites in native and acidosis-
adapted CRC cells. (B-D) Glucose consumption (B), lactate secretion (C), and glucose-to-lactate ratio (D) in native and acidosis-adapted CRC cells. (E-H) ECAR profile
upon sequential treatment with 10 mM glucose, 1 pM oligomycin, and 50 mM 2-DG in native and acidosis-adapted DiFi (E), HCT-116 (F), HT-29 (G) and LIM1215
cells (H). (I) Glucose-dependent ECAR in native and acidosis-adapted CRC cells. Data are plotted as the means + SEM from n = 3-4 cultures, performed each time
with >3 technical replicates (A-I). Significance was determined by two-way ANOVA (A-D and I) with Tukey’s multiple comparison test. **p < 0.01; ***p < 0.001.

metabolism towards lactate production/release was a common hallmark
of CRC cells under chronic acidic conditions.

On the contrary, we observed that mitochondrial respiration was
consistently increased in pH6.5-exposed CRC cells, in particular at
maximal levels (i.e., upon treatment with the uncoupling agent FCCP in
a medium containing 10 mM glucose and 2 mM glutamine to feed the
tricarboxylic acid cycle) (Fig. 3A-C and Supplementary Figs. S3A-C).
This was associated with greater growth-inhibitory effects in acidosis-
adapted CRC cells (vs parental pH7.4-exposed CRC cells) upon treat-
ment for 72h with 100 nM IACS-010759, a potent and specific inhibitor
of mitochondrial respiratory complex I (Fig. 3D and E and Supplemen-
tary Figs. S3D-E). Importantly, we showed that IACS-010759 treatment
was able to stimulate glycolytic activity (i.e. glucose consumption and
lactate secretion) in pH6.5-exposed CRC cells, to an extent similar to that
of parental cell counterparts (Fig. 3F-I and Supplementary Figs. S3F-I).

We also hypothesized that glutamine could play an anaplerotic role in
acidosis-exposed CRC cells to sustain mitochondrial respiration.
Seahorse-based bioenergetic analysis showed that, while glutamine-
dependent OCR was increased in acidosis-adapted LIM1215 cells, it
was not modified in the 3 other CRC cell models (Fig. 3J), thereby
excluding a consistent metabolic change in CRC cells upon exposure to
acidosis. Moreover, metabolic tracing analysis in CRC cells incubated
with U-13C-glutamine for 24h revealed that contribution of glutamine to
TCA cycle intermediates (through its successive conversion into gluta-
mate and then alpha-ketoglutarate) was not changed, and even
decreased, in acidosis-adapted CRC cells, as shown with the percentage
of labeling for glutamate, alpha-ketoglutarate (m-+5), and succinate,
fumarate, malate, aspartate, and citrate (m+4) through the oxidative
metabolism of glutamine (Fig. 3K-M and Supplementary Figs. S3J-K).
Altogether, our data show that acidosis-adapted CRC cells downregulate
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the glycolytic pathway and instead consistently become dependent on
mitochondrial respiration to support their growth. Moreover, since
oxidative phosphorylation (OXPHOS) inhibition with IACS-010759
triggers glycolysis stimulation in all CRC cell populations, regardless
of the extracellular pH, we can exclude that acidosis-induced glycolysis
downregulation relies on a defect in glycolytic enzymatic machinery or
an incapacity to release lactate and H' ions against the physico-
chemical gradient imposed when cells are incubated at pH 6.5.

3.3. PHGDH activity is indispensable for CRC cell viability under acidosis

To better assess the intracellular fate of glucose in acidosis-adapted
CRC cells, we carried out metabolic tracing experiments on parental
and acidosis-adapted CRC cells incubated for 24h with uniformly
labeled 13C-glucose (Fig. 4A). This analysis showed a lower 3¢ labeling
for most of the glycolytic intermediates (isotopomers m+6 or m+3),
including hexose-(bi)phosphate, glyceraldehyde-3-phosphate (G3P),
pyruvate and lactate in all pH6.5-exposed CRC cells (Fig. 4B-E and
Supplementary Figs. S4A-D), thereby suggesting that glucose may be
diverted towards alternative metabolic pathways. Interestingly, we
observed that labeling for the m+3 isotopomer of serine (derived from 3-

Cancer Letters 613 (2025) 217512

phosphoglycerate (3-PG) and subsequent activity of serine biosynthetic
pathway (SBP) enzymes) was consistently increased in acidosis-adapted
CRC cells (vs parental CRC cells) (Fig. 4F). This was associated with an
increase in total intracellular levels of this amino acid in all pH6.5-
exposed CRC cells (Fig. 4G), implying that glucose would be redir-
ected towards the SBP to sustain CRC cell growth under chronic acidic
conditions. Importantly, we could exclude a major role for glutamine
metabolism in the production of serine since '>C labeling in serine and
glycine was undetectable or very weak (<0.5 %) in all CRC cell pop-
ulations upon incubation with U-'3C-glutamine for 24h (Supplementary
Figs. S4E-F).

To further explore the role of SBP in CRC cells under acidosis, we first
assessed protein expression levels for the different enzymes involved in
this pathway, namely phosphoglycerate dehydrogenase (PHGDH),
phosphoserine aminotransferase 1 (PSAT1), phosphoserine phosphatase
(PSPH), as well as serine hydroxymethyltransferases (SHMT) 1 and 2.
Western blot analysis did not reveal any major and consistent protein
expression change for PSPH, SHMT1, and SHMT2 in the different CRC
cell populations (Supplementary Fig. S5A). On the contrary, PHGDH and
PSAT1 followed the same expression pattern, with a downregulation in
acidosis-adapted CRC cells (vs pH7.4-exposed parental cells), which was
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reversed when cancer cells were cultured back at pH 7.4 for 2 weeks
(Supplementary Fig. SSA). Then, to evaluate the functional contribution
of the SBP in acidosis-exposed CRC cells, we treated the different CRC
cell populations with NCT-503, a potent and specific PHGDH inhibitor.
We reported greater growth-inhibitory effects upon treatment for 72h
with NCT-503 in all acidosis-adapted CRC cells (vs parental CRC cells)
(Fig. 5A-D). Of note, a structurally-related inactive compound was also
used as a negative control in those experiments and it did not show any
major toxicity in CRC cells, even at the highest concentrations
(Fig. 5A-D). Moreover, pharmacological treatment with CBR-5884,
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another PHGDH inhibitor, as well as siRNA-based genetic knock-down
of PHGDH, exhibited similar cytotoxic effects specifically in acidosis-
adapted CRC cells (Supplementary Figs. S5B-E), highlighting the
importance of PHGDH enzymatic activity in those cell populations.
Importantly, we also excluded the possibility that NCT503-induced
specific cytotoxicity in pH6.5-exposed CRC cells was directly due to
the extracellular pH by itself (i.e., change in protonation/activity state of
the compound) rather than to an acidosis-driven metabolic cell pheno-
type. Indeed, when carrying out viability assays upon treatment with
NCT-503 with pH6.5-adapted CRC cells cultured back at pH 7.4 only for
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Fig. 5. PHGDH activity is indispensable for the growth of acidosis-adapted CRC cells. (A-D) Viability of native and acidosis-adapted DiFi (A), HCT-116 (B), HT-
29 (C), and LIM1215 cells (D) after treatment with increasing concentrations of NCT-503 (or structurally-related inactive control) for 72h. (E-G) Viability of native
and acidosis-adapted HCT-116 (E), LIM1215 (F), and HT29 cells (G) upon treatment with 50 pM NCT-503 in a culture medium buffered at pH 7.4 or 6.5. In some
conditions, acidosis-adapted CRC cells were cultured back at pH 7.4 for short-term (ST; 72h) or long-term (LT; 2 weeks) periods. (H-K) Viability of native and
acidosis-adapted HCT-116 (H), HT-29 (I), DiFi (J), and LIM1215 cells (K) upon treatment with 50 pM NCT-503 in a serine-containing or serine-deprived culture
medium. (L) Oxygen consumption rates (OCR) at maximal levels (i.e., upon treatment with 2 pM FCCP) in native and acidosis-adapted HCT-116 cells upon treatment
with 12.5 pM NCT-503 or vehicle for 24h. Data are plotted as means + SEM from n = 3 cultures, performed each time with >3 technical replicates (A-L). Significance
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the 3 days of treatment (i.e., short-term (ST) incubation not sufficient to
reverse the acidosis-induced metabolic phenotype, as previously re-
ported [22,23]), PHGDH inhibition still triggered a dramatic growth
inhibition in these cells (Fig. 5E-G). Instead, after culturing the
pH6.5-adapted CRC cells back at pH 7.4 for 2 weeks (i.e., long-term (LT)
incubation leading to metabolic phenotype reversal), NCT-503 effects
on CRC cell growth were abolished (Fig. 5E-G and Supplementary
Figs. S5F-H). Surprisingly, we also showed that medium supplementa-
tion with exogenous serine was not sufficient to rescue CRC cell viability
upon PHGDH inhibition (Fig. SH-K), thereby suggesting that the reli-
ance of acidosis-adapted CRC cells on PHGDH enzymatic activity is not
directly linked to the de novo serine synthesis. Interestingly, blockade of
PHGDH enzyme activity also correlated with decreased maximal respi-
ration rates in acidosis-adapted CRC cells treated with NCT-503 for 24h
(Fig. 5L and Supplementary Figs. S5I-J). Importantly, in CRC cells
cultured at physiological pH, NCT-503 treatment did not induce sig-
nificant changes in OCR levels, thereby suggesting that PHGDH activity
would be important to maintain mitochondrial respiratory capacity in
CRC cells only when exposed to chronic acidosis.

3.4. 3D CRC cell models reveal spatially-resolved growth-inhibitory
effects of OXPHOS and PHGDH inhibitors

In addition to imposing acidic pH culture conditions on 2D CRC cell
monolayers via the use of HEPES/PIPES-buffered media, we also
exploited 3D culture systems that naturally reproduce several physico-
chemical gradients, including nutrients, oxygen, and pH, to examine
the growth-inhibitory effects of OXPHOS and PHGDH inhibitors. First,
we generated 3D spheroids from HCT-116 and HT-29 CRC cells and
treated them, 3 days post-initiation, with 100 nM IACS-010759 or 12.5
pM NCT-503 for 4 days. 7-day-old spheroids were further processed for
immunostaining for cleaved caspase 3 as a marker of apoptotic cell
death. Fluorescence microscopy analysis allowed us to reveal a spatial
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distribution of cleaved caspase 3 staining upon treatment of HT-29
spheroids with either IACS-010759 or NCT-503, with a greater fluo-
rescent signal intensity in the core of the spheroids (vs the periphery)
(Fig. 6A-E). Even though it was not statistically significant, a higher
staining intensity for cleaved caspase 3 was also observed in inner re-
gions from HCT-116 spheroids treated with OXPHOS or PHGDH in-
hibitors (Supplementary Fig. S6 A-E). In both spheroid models, staining
was found to be more intense in internal regions (at ~100 pm from the
periphery) that correspond to areas where an acidic environment can
naturally develop, as already reported [21]. These data suggest that CRC
cells, located in inner (likely more acidic) regions of 3D spheroids, are
more vulnerable to OXPHOS or PHGDH inhibition.

Finally, 3D patient-derived CRC organoids (PDO) were utilized to
validate our initial observations in more complex and clinically relevant
model systems. PDO models were derived from either primary colon
tumors (pCRC#2) or CRC liver metastases (mCRC#327, #399, #534,
and #1331) (Fig. 7A). We showed that both IACS-010759 and NCT-503
induced dose-dependent growth-inhibitory effects in all CRC PDO
models (Fig. 7B and C). Brightfield images of CRC PDO models upon 1-
week treatment with IACS-010759 or NCT-503 illustrated drug-induced
cytotoxic effects with a significant alteration in the 3D architecture of
the PDO cultures, regardless of their initial morphological shape
(Fig. 7D). Remarkably, immunofluorescence analysis of CRC PDO
models revealed a reduced proliferative activity, as indicated by the EQU
marker (Fig. 7E) and Ki67 staining (Supplementary Fig. S7A) upon
treatment with OXPHOS or PHGDH inhibitors. 3D PDO architecture was
also impaired under treatment, as shown by phalloidin staining, which
highlighted a more filamentous appearance under both treatments
compared to the control condition (Supplementary Fig. S7A). Addi-
tionally, immunofluorescence staining with live and dead cell markers
(calcein-AM and BOBO-3 iodide, respectively) revealed an increased cell
death in CRC PDO models treated with IACS-010759 and NCT-503
compared to vehicle condition (Fig. 7F), thereby highlighting the

C

Fig. 6. Inhibition of OXPHOS or PHDGH activity induces greater growth-inhibitory effects in the acidic core of 3D CRC spheroids. (A) Representative
immunofluorescence images for cleaved caspase 3 staining on slices from HT-29 spheroids upon treatment with 100 nM IACS-010759 or 12.5 pM NCT-503 for 96h.
Magnification: 20x; scale bar: 100 pm. (B-D) Quantification of cleaved caspase 3 staining, indicated as pixel intensity, from the periphery of the spheroids towards
the core in HT-29 spheroids treated with vehicle (B), 100 nM IACS-010759 (C) or 12.5 pM NCT-503 (D) for 96h. (E) Cleaved caspase 3 staining pixel intensities in
different layers of HT-29 spheroids, starting from the periphery (0 pm) to the core of the 3D structure. Data are plotted as the means + SEM from n = 3 cultures,
performed each time with 2 technical replicates (B-E). Significance was determined by two-way ANOVA (E) with Tukey’s multiple comparison test. **p < 0.01; ns,

not significant.
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Fig. 7. Inhibition of OXPHOS or PHDGH activity triggers cytotoxic effects in patient-derived CRC organoids. (A) Drawing depicting the patient-derived CRC
organoid models used in our study, originating from either primary colon tumor (pCRC#2) or CRC liver metastases (mCRC#327, #399, #534, #1331). (B-C)
Viability of CRC PDO models after treatment with increasing concentrations of IACS-010759 (B) or NCT-503 (C) for 1 week. (D) Representative brightfield pictures of
CRC PDO models after treatment with 5 pM NCT-503 or 10 nM IACS-010759 for 7 days. Magnification: 5x; scale bar: 100 pm. (E) Representative (immuno)fluo-
rescence images for EAU (red) and DAPI (nuclear marker; blue) in CRC PDO models after treatment with 10 nM IACS-010759 or 5 pM NCT-503 for 7 days.
Magnification: 20x; scale bar: 50 pm. (F) Representative fluorescence images for calcein-AM and BOBO-3 iodide staining in mCRC#534 PDO model after treatment
with 10 nM IACS-010759 or 5 pM NCT-503 for 7 days. Magnification: 5x; scale bar: 200 pm. Data are plotted as the means + SEM from n = 3 cultures, performed
each time with 3 technical replicates (B-C). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

therapeutic potential of these drugs in preclinical models of CRC. instability, highly selective local microenvironments (the so-called
niches) are thought to help the development of adaptive phenotypes

4. Discussion in tumor cells to sustain malignant progression and support therapeutic
failures [34]. For instance, along with cancer progression, metabolic

According to the Darwinian nature of cancer, besides genetic acidosis (i.e., local accumulation of H" ions) is one of the major
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microenvironmental selection barriers that tumor cell populations must
surmount to sustain disease development [35,36]. Acidosis largely ari-
ses from the conjunction of the exacerbated metabolism of cancer cells
(and cancer-associated cells) with a spatio-temporal disorganization of
the tumor vasculature that limits access to O5 and prevents the rapid
elimination of waste products, including protons. Many studies have
reported therapeutic approaches to target tumor acidosis, ranging from
direct neutralization of tumor-derived acid with systemic buffers [37],
use of inhibitors for HT and HCO3-handling proteins [38] to the
administration of pH-sensitive drug delivery systems [39]. In addition,
several groups, including ours, have shown that exploiting
acidosis-induced metabolic vulnerabilities may also represent a new
strategy to target this specific tumor cell compartment and reduce dis-
ease progression, including therapy resistance and metastatic dissemi-
nation [40]. Nevertheless, it remains unclear whether the molecular
heterogeneity of tumor cells may impact the effectiveness of
metabolism-interfering treatments aiming at killing acidosis-exposed
tumor cells.

Here, by using a panel of CRC cell lines harboring distinct molecular
features, including the presence of KRAS, BRAF, PIK3CA activating gene
mutations, and MSS or MSI status, we first revealed a consistent
downregulation of glycolysis in all CRC cells in favor of an increase of
mitochondrial respiration and serine metabolic pathways, upon long-
term exposure to acidic pH conditions. Our findings parallel earlier
observations delineating the pronounced impact of acidosis, as opposed
to hypoxia, on the metabolic and transcriptomic profiles exhibited by
cancer cells [17,41,42]. Indeed, OXPHOS was shown to be increased
under acidic conditions with a parallel reduction of the glycolytic po-
tential in a variety of tumor types, including glioblastoma, and liver and
lung cancers [43-45]. In particular, NDUFS1, among other
OXPHOS-related genes, proved to be essential for the survival of cancer
cells under acidic conditions [46]. Importantly, we reported specific
growth-inhibitory effects for IACS-010759, a potent inhibitor of the
electron transport chain complex I, towards acidosis-exposed CRC cells
in 2D culture models but also in more complex systems such as 3D
spheroids and patient-derived tumor organoids in which gradients for
oxygen, pH, and nutrients naturally develop, thereby making these
systems suitable for metabolic studies [47]. An obvious explanation
behind the glycolysis-to-respiration in cancer cells exposed to acidic
conditions resides in the limited capacity to release glycolysis-derived
lactate and H+ ions against their concentration gradients, forcing
them to turn to preferentially mitochondrial metabolism. Nevertheless,
we cannot exclude that the phenotypic advantage of an
OXPHOS-dependent metabolic phenotype goes beyond the bio-
energetic/biosynthetic supply, as it may also be linked to other pheno-
typic changes, including epigenetic modifications.

In this study, we also identified a glucose diversion towards the SBP,
leading to a metabolic dependency on the enzymatic activity of PHGDH
in acidosis-exposed CRC cells. Increased SBP activity has been associated
with poor prognosis in CRC patients [48], and linked to an increase in
purine biosynthesis and better response to 5-FU-induced DNA damage
[49]. While genetic and pharmacological targeting of PHGDH led to
growth inhibition specifically in acidosis-exposed CRC cells, its func-
tional role remains poorly understood. Indeed, supplementation with
extracellular serine failed to rescue CRC cell viability upon PHGDH in-
hibition, suggesting an alternative function of the enzyme. In several
studies, PHGDH has been associated with alternative roles beyond its
canonical function in serine production, in particular by increasing
mitochondrial respiration. In breast cancers, PHGDH suppression did
not affect intracellular serine levels but resulted in a deficiency in ana-
plerosis of glutamine to aKG [50]. Another recent study shed light on a
non-canonical activity of PHGDH and its role in liver cancer growth via
increased mitochondrial translation and respiratory metabolism [51].
Nuclear translocation of PHGDH has also been linked to reduced NAD*
levels and repression of c-Jun PARylation and transcriptional activity in
the nucleus, thereby leading to tumor growth under nutrient
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stress-induced conditions [52]. Altogether, these observations suggest
that increased PHGDH activity and mitochondrial respiration may be
intricately connected to support CRC cell growth under acidic
conditions.

From a therapeutic perspective, the identification of cellular meta-
bolism as a critical adaptation mechanism to therapy- and
microenvironment-induced stress conditions in cancer cells created a
new field of investigation for the development of new antitumor com-
pounds aiming at preventing disease progression [53-55]. Nevertheless,
metabolic plasticity and flexibility capacities in cancer cells usually lead
to quick adaptive responses, thereby preventing the use of
metabolism-interfering strategies as monotherapies. For instance,
several PHGDH inhibitors have been developed and used in preclinical
studies but they have not reached clinical application yet [56]. More-
over, results from a phase I clinical trial revealed that IACS-010759
showed very disappointing outcomes in cancer patients, with a narrow
therapeutic index associated with intolerable neurotoxicity, despite
initially promising preclinical findings [57,58].

To conclude, our findings raise the possibility of therapeutically
targeting, individually or in combination, mitochondrial metabolism
and the serine biosynthesis pathway as new cancer treatment options to
kill some of the most aggressive cancer cell subpopulations, located in
acidic regions within the tumor bulk, delay tumor progression, and
improve response to conventional anticancer treatments.
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