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A B S T R A C T   

Despite the implementation of personalized medicine, patients with metastatic CRC (mCRC) still have a dismal 
overall survival due to the frequent occurrence of acquired resistance mechanisms thereby leading to clinical 
relapse. Understanding molecular mechanisms that support acquired resistance to anti-EGFR targeted therapy in 
mCRC is therefore clinically relevant and key to improving patient outcomes. Here, we observe distinct metabolic 
changes between cetuximab-resistant CRC cell populations, with in particular an increased glycolytic activity in 
KRAS-mutant cetuximab-resistant CRC cells (LIM1215 and OXCO2) but not in KRAS-amplified resistant DiFi 
cells. We show that cetuximab-resistant LIM1215 and OXCO2 cells have the capacity to recycle glycolysis- 
derived lactate to sustain their growth capacity. This is associated with an upregulation of the lactate 
importer MCT1 at both transcript and protein levels. Pharmacological inhibition of MCT1, with AR-C155858, 
reduces the uptake and oxidation of lactate and impairs growth capacity in cetuximab-resistant LIM1215 cells 
both in vitro and in vivo. This study identifies MCT1-dependent lactate utilization as a clinically actionable, 
metabolic vulnerability to overcome KRAS-mutant-mediated acquired resistance to anti-EGFR therapy in CRC.   

1. Introduction 

Colorectal cancer (CRC) represents a prototypical cancer for which 
therapy resistance contributes to poor prognosis due to rapid clinical 
relapse. First-line options for treating patients with metastatic CRC 
(mCRC) include the use of cetuximab or panitumumab, two anti- 
epidermal growth factor receptor (EGFR) monoclonal antibodies 
(mAbs). Although they significantly improve progression-free survival 

and median overall survival when combined with chemotherapy [1–3], 
anti-EGFR mAbs achieve very limited (ω10 %) objective response rates 
in unselected CRC patients when given in monotherapy [4]. Despite 
EGFR (over)expression in about 85 % of patients with mCRC, the clinical 
applicability of such mAbs is restricted to a subset of them (ω40 %) [5]. 
Indeed, genetic alterations, associated with primary and acquired 
resistance to anti-EGFR therapies, are very diverse, thereby limiting the 
success of such targeted agents. Activating mutations within KRAS, 
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NRAS and BRAF genes have been significantly associated with a lack of 
response to anti-EGFR therapy in patients with mCRC. Moreover, other 
gene alterations (e.g. MET amplification, PIK3CA activating mutations, 
PTEN loss-of-function mutations) have been reported to affect response 
to EGFR-targeting mAbs [6,7]. Altogether, these observations under-
score the complexity (and limitation) of genomic profiling for clinical 
decision-making for mCRC patients and the urgent need to implement 
fundamental changes in the tumor treatment paradigm by the devel-
opment of new therapeutic options that can help to prevent or overcome 
the occurrence of clinical drug resistance. 

Dysregulated cell metabolism is a common hallmark of cancer and it 
has emerged as an important factor that contributes to disease pro-
gression and clinical relapse in cancer patients, including CRC [8–10]. 
Metabolic preferences in cancer cells can continuously evolve to fulfil 
their bioenergetic and biosynthetic needs and to support their growth 
and survival when facing hostile conditions, including therapy-induced 
stress [11]. Several recent studies have shown that cancer cells acquiring 
resistance to targeted agents display a profound metabolic reprogram-
ming [12–15]; however metabolic liabilities that may improve the 
response to anti-EGFR therapy have not been clearly identified yet in 
CRC. In this study, we postulated that long-term exposure to cetuximab 
could account for substantial changes of metabolic preferences in CRC 
cells, which may be therapeutically exploited to overcome secondary 
drug resistance. We found that metabolic rewiring was profoundly 
different between CRC cells that harbor distinct resistance-causing ge-
netic alterations, with enhanced glycolysis as a common feature for 
KRAS-mutant cetuximab-resistant CRC cells. We further revealed that 
these cells had the capacity to recycle glycolysis-derived lactate, in a 
MCT1-dependent manner, to sustain their growth capacity in presence 
of anti-EGFR therapy. Finally, we documented that pharmacological 
inhibition of MCT1 significantly reduced the growth of 
cetuximab-resistant CRC, in both in vitro and in vivo conditions, by 
preventing the use of lactate as an alternative energy fuel. 

2. Material and methods 

2.1. Cell lines and culture 

Human colorectal DiFi, LIM1215 and OXCO2 cancer cell lines (both 
parental and resistant derivatives) were obtained from Prof Alberto 
Bardelli, University of Torino, Italy. LIM1215 parental cell line had been 
described previously [16] and was obtained from Prof Robert White-
head, Vanderbilt University, Nashville, with permission from the Lud-
wig Institute for Cancer Research, Zurich, Switzerland. The DiFi and 
OXCO2 cell lines were a kind gift from Dr. J. Baselga in November 2004 
(Oncology Department of Vall d’Hebron University Hospital, Barcelona, 
Spain) and Dr V. Cerundolo in March 2010 (Weatherall Institute of 
Molecular Medicine, University of Oxford, Oxford, United Kingdom), 
respectively. Cetuximab-resistant DiFi and LIM1215 cancer cells were 
established as previously described [17]. Briefly, DiFi-R1 cell population 
was obtained after exposure of the parental DiFi cells, to a constant dose 
of cetuximab (350 nM), for one year. DiFi-R2 cells were established by 
increasing cetuximab dosage stepwise starting from 3.5 nM to 35 nM 
and finally to 350 nM during a time of one year. Similar protocols were 
applied to LIM1215 cells, for at least 3 months’ drug treatment, with 
variations regarding cetuximab concentrations: 1400 nM cetuximab for 
LIM1215-R1 cell selection while drug concentration started from 350 
nM, to 700 nM and finally 1400 nM for LIM1215-R2 cells. OXCO2-R6 
cell population was generated upon continuous treatment with 50 
μg/mL cetuximab. Cell lines were stored according to the supplier’s 
instructions and used within 6 months after resuscitation of frozen ali-
quots. DiFi cells were cultured in Dulbecco’s Modified Eagle Medi-
um/Nutrient Mixture F-12 (DMEM/F-12; #11330032, Thermo Fisher 
Scientific) while LIM1215 cells were grown in RPMI-1640 medium →
GlutaMAX (#61870–010, Thermo Fisher Scientific). OXCO2 cells were 
grown in Iscove’s Modified Dulbecco’s Medium (IMDM, GlutaMAX™ 

supplement, #31980022, Thermo Fisher Scientific). Media were sup-
plemented with 10 % heat-inactivated fetal bovine serum (FBS; F7524, 
Sigma-Aldrich), and 1 % penicillin-streptomycin (#15140163, Thermo 
Fisher Scientific), and cells were maintained in exponential growth in 5 
% CO2/95 % air in a humidified incubator at 37 ↑C. Cetuximab-resistant 
DiFi, LIM1215 and OXCO2 cancer cells were cultured under continuous 
treatment with 25 μg/mL cetuximab (Erbitux 5 mg/mL; Merck 
#L01XC06). All cell lines were tested for Mycoplasma contamination 
with the PCR-based MycoplasmaCheck service from Eurofins Genomics. 

2.2. Cell treatment 

Cell treatment was performed in a full culture medium with cetux-
imab, 3-BrPA (#16490, Sigma-Aldrich) or AR-C155858 (#533436, 
Sigma-Aldrich) for 72 h at different concentrations, as indicated in the 
figure legends. In some experimental conditions, cells were incubated 
for 72 h in a medium containing 10 mM sodium lactate (#71718, Sigma- 
Aldrich - instead of glucose) and 2 mM glutamine (#25030–024, 
Thermo Fisher Scientific). 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) ac-
cording to manufacturer’s instructions. 

2.3. Migration assays 

Migration assays were performed in 12-well Transwell micro- 
chambers (Corning) with 8-μm pore-sized membranes. Cells (3 ↓ 104 

cells/well; 3 wells/condition) were seeded in the upper chamber of the 
Transwells, in a serum-free medium. In some conditions (as described in 
figure legends), 20 μM AR-C155858 was added in the upper chamber for 
the time of the migration assay (24 h). A medium containing 10 % FBS 
was added in the lower chamber, and cells were allowed to migrate for 
24 h at 37 ↑C. The Transwell membranes were then fixed with 4 % 
paraformaldehyde for 1 h at room temperature (RT) and stained with 
0.5 % crystal violet in 10 % ethanol for 1 h at RT. Cells that had not 
migrated through the chamber were removed with a cotton swab. 
Migrating cells were imaged by brightfield microscopy with the Axiovert 
100 (Zeiss) before quantification with QuPath-0.3.2 software. 

2.4. In vivo tumor xenografts 

All animal experimental procedures were performed according to the 
Federation of European Laboratory Animal Sciences Associations 
(FELASA) and were reviewed and approved by the Institutional Animal 
Care and Ethics Committee of the University of Liege (Ethics committee 
approval 19–2156). Animals were housed in the GIGA-accredited ani-
mal facility (University of Liege) under standard conditions (12 h light/ 
dark cycle, light on at 7 a.m., food and water provided ad libitum). 
LIM1215-S and -R1 cells (3 ↓ 106 cells/mouse) were suspended in FBS- 
free culture medium with Matrigel (1:1 ratio). Cell suspensions were 
injected subcutaneously into the right posterior flanks of 7-week-old 
immunodeficient NOD-SCID male mice purchased from Elevage Janv-
ier. Tumor volume was monitored three times per week using caliper 
and was calculated using the ellipsoidal formula V ↔ 4/3 ↓ π x (L/2)2 x 
w/2 (L ↔ length; w ↔ width). When tumors reached a diameter of 
approximately 5 mm, AR-C155858 (3 mg/kg, resuspended in DMSO) 
was injected daily intraperitoneally. After 4 weeks of AR-C155858 
treatment, mice were euthanized, and tumors were collected. Tumor 
growth index was calculated as follows: Volume day x -Volume day 0/ 
Volume day 0. 

2.5. 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 
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lysates were then cleared by centrifugation (6000↓g, 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 μg per well) were 
then separated by SDS-PAGE (8–15 % 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 EGFR (#4267, 1:1000), Akt (#9272, 1:1000), phospho- 
Akt (Ser-473) (#4060, 1:1000), p44/42 MAPK (#9102, 1:1000) and 
phospho-p44/42 MAPK (Thr-202/Tyr-204) (#9101, 1:1000), all from 
Cell Signaling Technology; MCT1 (#AB3538P, Sigma-Aldrich, 1:500) 
and Hsp90 (#610419, BD Biosciences, 1:10,000). After several washes 
with TTBS, membranes were then incubated (1 h, RT) with horseradish 
peroxidase (HRP)-conjugated secondary antibodies (Jackson Immunor-
esearch) 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). 

2.6. RNA sequencing 

Total RNA was extracted from frozen cell pellets with the Monarch 
Total RNA Miniprep kit (New England Biolabs) by following manufac-
turer’s protocol. Total RNA (300 ng/sample) was ribodepleted by using 
the NEBNEXT rRNA Depletion kit (New England Biolabs) according to 
manufacturer’s instructions. Ribodepleted RNA was then used for the 
library preparation with the NEBNext Ultra II Directional RNA library 
prep kit for Illumina (New England Biolabs) according to manufacturer’s 
instructions. Libraries were paired-end sequenced (2 ↓ 100 base pairs) 
on a NextSeq2000 device (Illumina), with a minimal depth of 10 million 
reads. All sequencing data were analyzed using the Automated Repro-
ducible MOdular workflow for preprocessing and differential analysis of 
RNA-seq data (ARMOR v1.5.4) pipeline [18]. In this pipeline, reads 
underwent a quality check using FastQC (Babraham Bioinformatics). 
Quantification and quality control results were summarised in a Mul-
tiQC report before being mapped using Salmon [19] to the tran-
scriptome index which was built using all Ensembl cDNA sequences 
obtained in the Homo_sapiens.GRCh38.cdna.all.fa file. Then, estimated 
transcript abundances from Salmon were imported into R using the 
tximeta package [20] and analyzed for differential gene expression with 
edgeR [21]. 

2.7. Dosage of extracellular glucose and lactate 

Cancer cells (2 ↓ 105 cells/well; 3 wells/condition) were seeded in 
12-well plates with 1 mL of their routine culture medium. After 24 h, 
medium was replaced by 500 μL of DMEM containing either 10 mM D- 
glucose (#G8270, Sigma-Aldrich - for glucose consumption and lactate 
secretion) or 10 mM sodium lactate (for lactate consumption) and sup-
plemented 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 in-
cubation (from 24 h to 7 days), 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 μL) 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 μmol/hr/mg protein. 

2.8. Seahorse analysis 

Oxygen consumption rate (OCR) and extracellular acidification rate 
(ECAR) were measured by using the Seahorse XFe96 plate reader. All 
assays were carried out using a seeding density of 30,000 cells/well in 
non-buffered DMEM, adjusted at pH 7.4 and supplemented with speci-
fied metabolic substrates. Mitochondrial respiration and glycolytic ca-
pacities were assessed by using the XF Cell Mito Stress Test and XF 
Glycolysis Stress Test, respectively, according to manufacturer’s rec-
ommendations. Briefly, mitochondrial function parameters (i.e. basal 
and maximal respirations and ATP production-linked OCR) were eval-
uated in a DMEM medium containing 10 mM glucose and 2 mM gluta-
mine and after sequential treatment with 1 μM oligomycin, 1 μM 
carbonyl cyanide-4 (trifluoromethoxy)phenylhydrazone (FCCP) and 0.5 
μM rotenone/antimycin A. Lactate-dependent OCR was evaluated upon 
cell incubation in a medium containing only 10 mM lactate (in absence 
of glucose and glutamine). Glycolytic function (i.e. basal and maximal 
glycolytic capacities) was assessed in a DMEM medium containing 2 mM 
glutamine and after sequential treatment with 10 mM glucose, 1 μM 
oligomycin and 50 mM 2-DG. Glucose-dependent ECAR was calculated 
by comparing the values before and after addition of the substrate. Data 
were normalized by the protein content in each well and expressed in 
mpH/min/μg protein (ECAR) or pmoles/min/μg protein (OCR). 

2.9. Untargeted metabolomics 

Cancer cells were seeded (3 ↓ 106 cells/dish; 3 dishes/condition) in 
60-mm dishes in routine culture medium for 72 h (with medium renewal 
after 48 h). 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 incubated 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 μL/sample) 
which were 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 Biomedicals) at 6.0 m/s (3 ↓
30 s, 5 min pause time). After incubation at ↗80 ↑C for 1 h, samples were 
centrifuged (10 min at 15,000↓g, 4 ↑C) and supernatants (1.2 mL cell 
lysates) were transferred to fresh tubes and dried under a stream of ni-
trogen. Dried samples were reconstituted in 80 μL 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. Chromatographic separation was carried out on an Atlantis Pre-
mier BEH Z-HILIC column (Waters; 2.1 mm ↓ 100 mm, 1.7 μm) at a flow 
rate of 0.25 mL/min. The mobile phase consisted of water:acetonitrile 
(9:1, v/v; mobile phase A) and acetonitrile:water (9:1, v/v; mobile phase 
B), which were modified with a total buffer concentration of 10 mM 
ammonium acetate (negative mode) and 10 mM ammonium formate 
(positive mode), respectively. The aqueous portion of each mobile phase 
was pH-adjusted (negative mode: pH 9.0 via addition of ammonium 
hydroxide; positive mode: pH 3.0 via addition of formic acid). High- 
purity ammonium acetate, ammonium formate, formic acid and 
ammonium hydroxide were purchased from Merck. The following 
gradient (20 min total run time including re-equilibration) was applied 
(time [min]/%B): 0/95, 2/95, 14.5/60, 16/60, 16.5/95, 20/95. Column 
temperature was maintained at 40 ↑C, the autosampler was set to 4 ↑C 
and sample injection volume was 5 μL. Analytes were recorded via a full 
scan with a mass resolving power of 120,000 over a mass range from 60 
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to 900 m/z (scan time: 100 m s, RF lens: 70 %). To obtain MS/MS 
fragment spectra, data-dependent acquisition was carried out (resolving 
power: 15,000; scan time: 22 m s; stepped collision energies [%]: 30/50/ 
70; cycle time: 900 m s). Ion source parameters were set to the following 
values: spray voltage: 4100 V (positive mode)/↗3500 V (negative 
mode), sheath gas: 30 psi, auxiliary gas: 5 psi, sweep gas: 0 psi, ion 
transfer tube temperature: 350 ↑C, vaporizer temperature: 300 ↑C. 

All experimental samples were measured in a randomized manner. 
Pooled quality control (QC) samples were prepared by mixing equal 
aliquots from each processed sample. Multiple QCs were injected at the 
beginning of the analysis in order to equilibrate the analytical system. A 
QC sample was analyzed after every 5th experimental sample to monitor 
instrument performance throughout the sequence. For determination of 
background signals and subsequent background subtraction, an addi-
tional processed blank sample was recorded. Data was processed using 
MS-DIAL [22] and raw peak intensity 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 metabolites was performed on the cell 
number counted at the moment of the collection of the samples. Me-
tabolites 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 
imputeLCMD 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 testing using the Benjamini-Hochberg procedure to 
control the False Discovery Rate (FDR). Metabolites with an FDR ω0.05 
and a fold-change greater than 2 were considered modulated. 
Over-representation analysis (ORA) based on 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. 

2.10. 13C-based metabolic tracing 

Cancer cells were seeded (250.000 cells/well; 3 wells/condition) in 
6-well plates in routine culture medium for 24 h. The day after, the 
medium was removed and replaced with culture medium (2 mL/well) 
containing 10 mM U–13C glucose (#CIL-CLM-1396-2, LGC Standards) 
and 2 mM unlabeled glutamine for 24 h as well. Medium was then 
removed, and cells were washed with ice-cold NaCl 0.9 % solution 
before addition of extraction buffer (300 μL methanol/well) and incu-
bation for 2–3 min on ice. Cells were then harvested using cell scraper 
and extraction mix was transferred to a new microtube before centri-
fugation (15.000 rpm for 15 min at 4 ↑C). Finally, 250 μL of the super-
natant (which contains intracellular metabolites) were transferred into a 
new microtube and stored at ↗80 ↑C until mass spectrometry analysis. 

Each sample (10 μL) was loaded into a Dionex UltiMate 3000 LC 
System (Thermo Fisher Scientific) equipped with a C-18 column (Acq-
uity UPLC –HSS T3 1.8 μm; 2.1 ↓ 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 % 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, capillary temperature of 300 ↑C, sheath gas at 
40.0, auxiliary gas at 10.0. The AGC target was set at 3.0 E→006 using a 
resolution of 140,000, with a maximum IT fill time of 512 m s. Data 
collection was performed using the Xcalibur software (Thermo Fisher 

Scientific). Data analyses were performed by integrating the peak areas 
(El-MAVEN – Polly - Elucidata). 

2.11. Statistical analysis 

Statistical analyses were performed through GraphPad Prism 10 by 
using Student’s t-test, one-way or two-way ANOVA with Tukey’s mul-
tiple comparison test when appropriate. Statistical significance is indi-
cated in the figures as follows: *p ω 0.05; **p ω 0.01; ***p ω 0.001; ns, 
not significant. 

2.12. Data and material availability 

Data from RNA-sequencing analysis, generated during this study, are 
available at GEO: GSE262796. 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. Acquired resistance to anti-EGFR therapy is associated with 
abundance changes for intracellular metabolite in CRC cells 

To study the metabolic adaptation of CRC cells upon acquired 
resistance to cetuximab treatment, we first used two human colon can-
cer cell lines LIM1215 and DiFi, initially cetuximab-sensitive (denoted 
as –S), and for which populations with acquired resistance (-R1 and -R2) 
had been previously established upon chronic exposure for several 
months with the drug [17] (Fig. 1A). While DiFi-R cells harbored EGFR 
gene copy number reduction and KRAS gene amplification, LIM1215-R 
cells were reported to display KRAS activating mutations (p.G12R and p. 
G13D for LIM1215-R1 and -R2, respectively) [17] (Fig. S1A). In both 
DiFi-R and LIM1215-R cells, genomic changes (i.e. amplification or 
mutations, respectively) in KRAS were accompanied by increased basal 
activation of MAPK signaling pathway (Fig. S1B). Untargeted metab-
olomic analysis was first carried out to reveal abundance changes for 
intracellular metabolites between parental and cetuximab-resistant 
LIM1215 and DiFi cells (Fig. 1B). Only 4 metabolites were found to be 
commonly downregulated in LIM1215-R1 and -R2 cell populations (vs 
LIM1215-S cells), while 42 metabolites were consistently upregulated in 
both cetuximab-resistant LIM1215 cells (Fig. 1C–D and Tables S1–2). 
Metabolic alterations were even scarcer in DiFi-R cells, with only 16 
metabolites being commonly downregulated (and none being upregu-
lated) in both R1 and R2 cell populations, respectively (Figs. S1C–D and 
Tables S3–4). Surprisingly, we could not identify any metabolite 
commonly regulated in the four different cetuximab-resistant CRC cell 
models. Instead, we showed a greater similarity of the metabolic profiles 
between R1 and R2 populations derived from the same parental cell line 
(i.e. DiFi or LIM1215), as revealed by principal component analysis 
(Fig. S1E). Pathway enrichment analysis documented the distinct 
metabolic rewiring upon acquired resistance to cetuximab in our CRC 
cell models with glycolysis/gluconeogenesis as the most differentially 
enriched metabolic process in cetuximab-resistant LIM1215 cells 
(Fig. 1E), while amino acid metabolism was noticeably enriched in 
DiFi-R cells (Fig. S1F). 

3.2. Glycolysis is upregulated in KRAS-mutant cetuximab-resistant CRC 
cells 

Since cetuximab was shown to exert its antitumor activity, at least 
partly, via the inhibition of HIF1-mediated glycolysis in cancer cells 
[23–25], we first explored potential changes in glucose metabolism. We 
found that intracellular abundance of glycolytic intermediates (i.e. 
glyceraldehyde-3-phosphate (G3P), pyruvate and lactate) was higher in 
LIM1215-R1 and -R2 (vs –S cells), but not in cetuximab-resistant DiFi 
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Fig. 1. Metabolism is rewired in CRC cells upon acquired resistance to anti-EGFR therapy. (A) Viability of cetuximab-sensitive (S) and resistant (R1 and R2) 
LIM1215 and DiFi cells after treatment with increasing concentrations of cetuximab for 72 h. (B) Experimental workflow for the metabolomic analysis carried out in 
cetuximab-sensitive (S) and resistant (R1 and R2) LIM1215 and DiFi cells. (C) Venn diagrams depicting the number of metabolites commonly downregulated (left 
panel) or upregulated (right panel) in both cetuximab-resistant (R1 and R2) LIM1215 cell populations (vs LIM1215-S cells). (D-E) Heatmap of the commonly 
regulated metabolites (D) and pathways significantly enriched from overrepresentation analysis (E) in both cetuximab-resistant (R1 and R2) LIM1215 cell pop-
ulations (vs LIM1215-S cells). Data are plotted as the means ↘ SEM from n ↔ 3 cultures, performed each time with ≃3 technical replicates (A). Metabolomics data (C- 
E) were acquired from 3 independent cell cultures with 2 technical replicates. 
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cells (Fig. 2A and Fig. S2A). Glucose consumption, lactate secretion and 
lactate/glucose ratio were also increased in cetuximab-resistant 
LIM1215 cells, while no change was observed in DiFi cells (Fig. 2B–C 
and Fig. S2B). Interestingly, by using an additional cetuximab-resistant 
OXCO2-R6 cell model (Fig. S2C), that harbors a KRAS activating mu-
tation (p.G13D like LIM1215-R2 cells), we also observed an increased 
glycolytic activity, in comparison to parental cetuximab-sensitive cell 
counterparts (Figs. S2D–E). Accordingly, glucose-induced and maximal 
extracellular acidification rates (ECAR) were upregulated upon acquired 
resistance to cetuximab in LIM1215 cells, while being not affected in 
DiFi cells (Fig. 2D–F and Fig. S2F). To better understand the intracellular 
fate of glucose (e.g. through glycolysis or serine biosynthesis pathway), 
cetuximab-sensitive and -resistant LIM1215 and DiFi cells were incu-
bated for 24 h with a uniformly labelled 13C-glucose tracer before mass 
spectrometry analysis (Fig. 2G). This revealed a significant increase of 
labeling in glycolysis intermediates, including hexose-phosphate (i.e. 
glucose-6-phosphate and/or fructose-6-phosphate), G3P, pyruvate and 
lactate in cetuximab-resistant LIM1215 cells, while labeling was not or 
barely changed in DiFi-R cell populations (Fig. 2H–J and S2G-I). We also 
observed a greater contribution for glucose in amino acid labeling (i.e. 
serine, glycine and alanine) in LIM1215-R cells, but not in DiFi-R cells 
(Fig. 2K-L and S2J-K). Importantly, 13C-glucose tracing experiments 
showed an increased labeling of tricarboxylic acid (TCA) cycle meta-
bolic intermediates, including malate, fumarate and aspartate, through 
the conversion of pyruvate either into acetyl-CoA (via pyruvate dehy-
drogenase (PDH) activity giving rise to m→2 labeling) or into malate (via 
pyruvate carboxylase (PC) activity leading to m→3 labeling) in 
cetuximab-resistant LIM1215 cells, but not in DiFi cells (Fig. 3A–C and 
Fig. S3A-B). Nevertheless, Seahorse-based assessment of oxygen con-
sumption rates (OCR) did not reveal any major change of mitochondrial 
respiration when CRC cells were cultured in presence of glucose (and 
glutamine) (Fig. 3D and Fig. S3C). Instead, we reported a decrease of 
basal, maximal and ATP-linked respiration capacities in some 
cetuximab-resistant CRC cells (vs cetuximab-sensitive cells) (Fig. 3E–G). 
Altogether these data suggest a major role for glucose metabolism to 
support both bioenergetic and biosynthetic needs in KRAS-mutant 
cetuximab-resistant CRC cells with an enhanced glycolytic activity 
leading to lactate production. 

3.3. KRAS-mutant cetuximab-resistant CRC cells can recycle glycolysis- 
derived lactate to sustain growth in glucose-limited conditions 

In order to have a more dynamic view of glucose utilization and 
lactate release over the time in the different CRC cell populations, we 
assessed glucose and lactate extracellular levels for 7 days upon cell 
seeding in a medium initially containing 10 mM glucose. Importantly, 
we did not refresh the medium during this period of time and we used 
10 % dialyzed fetal bovine serum to prevent the presence of any trace of 
glutamine or lactate at the onset. As expected, based on our previous 
results (see Fig. 2B–C), we showed that both LIM1215-R1 and R2 cell 
populations had a greater glycolysis activity (vs LIM1215-S cells and 
DiFi cells), with glucose being fully consumed and lactate levels peaking 
after 2 days of incubation (Fig. 4A). Interestingly, we observed that 
lactate levels progressively decreased when cells were maintained in 
glucose-deprived conditions, thereby suggesting that the cells had the 
capacity to take up lactate and use it as an energetic fuel. Indeed, when 
determining the lactate recycling capacity in CRC cells, based on the 
slopes of the curves for lactate levels between days 3 and 7, we showed 
that cetuximab-resistant LIM1215 cells had a greater capacity to import 
glycolysis-derived lactate when facing glucose deprivation (Fig. 4B). Of 
note, although lactate levels were also decreased between days 3 and 7 
with DiFi cells, we did not observe any difference for lactate utilization 
between cetuximab-sensitive and -resistant cells (Fig. 4A–B). To further 
prove the ability of CRC cells to take up and use exogenous lactate as an 
energetic fuel, we first incubated cells in medium containing only lactate 
(i.e. instead of glucose). We validated a higher lactate consumption in 

cetuximab-resistant LIM1215 and OXCO2 cells (vs parental cells) 
(Fig. 4C and Fig. S4A), and this was associated with an increased lactate- 
dependent mitochondrial respiration, as revealed by Seahorse-based 
bioenergetic analysis (Fig. 4D). Finally, we showed that cetuximab- 
resistant LIM1215 and OXCO2 cells were more prone to grow in a 
lactate-containing medium for 72 h, in comparison to cetuximab- 
sensitive cell counterparts (Fig. 4E and Fig. S4B), further proving that 
increased metabolic flexibility (i.e. capacity to use different nutrients), 
here exemplified by a capacity to use either glucose or lactate, was a 
phenotypic advantage for KRAS-mutant cetuximab-resistant CRC cells 
to sustain their growth despite changes in nutrient availability. 

3.4. MCT1 overexpression supports lactate utilization in KRAS-mutant 
cetuximab-resistant CRC cells 

We then carried out a bulk RNA-sequencing analysis with the aim to 
reveal transcriptomic changes in cetuximab-resistant CRC cells and 
identify potential candidates supporting the metabolic reprogramming 
towards glycolysis. This allowed us to document expression changes for 
hundreds of genes between cetuximab-resistant and -sensitive DiFi and 
LIM1215 cells (Tables S5–8), and a closer look at glycolysis-related 
genes highlighted HK2, SLC16A1 and ENO3 as the only three genes 
consistently upregulated in both cetuximab-resistant LIM1215 cell 
populations (Fig. 5A). While HK2 and ENO3 genes encode enzymes 
(hexokinase 2 and enolase 3, respectively) that directly participate to the 
glycolytic pathway, SLC16A1 is the gene for monocarboxylate trans-
porter 1 (MCT1) mostly involved in lactate influx in several cancer types 
[26], making the latter a potential key actor for the metabolic reprog-
ramming in cetuximab-resistant CRC cells. MCT1 upregulation was 
found in LIM1215-R cell populations, but not in DiFi-R cells, both at 
mRNA and protein levels (Fig. 5B–D), and it was also observed in 
OXCO2-R6 cells (Fig. 5C and Fig. S4C), thereby suggesting that 
increased MCT1 protein levels were specific to KRAS-mutant 
cetuximab-resistant CRC cells. Even more importantly, when treating 
the cells with AR-C155858, a specific MCT1 inhibitor [27], as lactate 
levels peak (i.e. 3 days post-incubation in a glucose-containing me-
dium), we showed that lactate recycling capacity was strongly impaired 
in cetuximab-resistant LIM1215 cells, but not in DiFi cells (Fig. 5E–F and 
S4D-E). A similar decrease of lactate consumption (Fig. 5G and Fig. S4F) 
and oxidation (Fig. 5H) was observed upon AR-C155858 treatment 
when cetuximab-resistant LIM1215 and OXCO2 cells were incubated in 
a lactate-containing medium, thereby validating the straightforward 
contribution of MCT1 for lactate utilization in KRAS-mutant 
cetuximab-resistant CRC cells. 

3.5. Pharmacological inhibition of MCT1 induces detrimental effects in 
KRAS-mutant cetuximab-resistant CRC cells 

Finally, we investigated whether, and if so how, MCT1 upregulation 
could be exploited, from a therapeutic point of view, to kill specifically 
CRC cells upon acquired resistance to anti-EGFR therapy. First, we 
showed that preventing the use of lactate as energetic fuel by inhibiting 
MCT1 with AR-C155858, when glucose was limited (i.e. 3 days post- 
seeding in a glucose-containing medium), significantly delayed the 
growth of cetuximab-resistant LIM1215 cells, but not for cetuximab- 
sensitive cells (Fig. 6A–B). Similarly, pharmacological inhibition of 
MCT1 induced specific growth-inhibitory effects in cetuximab-resistant 
LIM1215 and OXCO2 cells, but not in DiFi cells, upon incubation in a 
lactate-containing medium (Fig. 6C and Fig. S5A-B). Importantly, we 
showed that treatment with AR-C155858 was able to resensitize 
LIM1215-R and OXCO2-R cell populations to cetuximab (Fig. 6D and 
Fig. S5C). As another approach, since MCT1 was shown to be the main 
entry path for 3-bromopyruvate (3-BrPA), a potent metabolic inhibitor 
[28,29], we also tested whether an upregulation of the transporter could 
make the cetuximab-resistant cells more vulnerable to this inhibitor. 
Indeed, we observed a greater reduction of viability for 
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Fig. 2. Glycolytic activity is increased in KRAS-mutant cetuximab-resistant LIM1215 cells. (A) Intracellular levels of glyceraldehyde-3-phosphate (G3P), 
pyruvate and lactate in cetuximab-sensitive (S) and resistant (R1 and R2) LIM1215 cells. (B–C) Glucose consumption (B) and lactate secretion (C) in cetuximab- 
sensitive (S) and resistant (R1 and R2) DiFi and LIM1215 cells. (D) Extracellular acidification rates (ECAR) in cetuximab-sensitive (S) and -resistant (R1 and R2) 
LIM1215 cells upon sequential treatment with 10 mM glucose, 1 μM oligomycin and 50 mM 2-deoxyglucose (2-DG). (E-F) Glucose-dependent (E) and maximal ECAR 
(F) in cetuximab-sensitive (S) and resistant (R1 and R2) DiFi and LIM1215 cells. (G) Carbon atom transition map depicting labeling of glycolytic metabolites from 
[U–13C6]glucose. (H-L) Relative abundance of glycolysis-specific mass isotopomers for hexose-phosphate (H), G3P (I), pyruvate and lactate (J), serine and glycine (K) 
and alanine (L) in cetuximab-sensitive and -resistant (R1 and R2) LIM1215 cells cultured for 24 h in the presence of 10 mM [U–13C6]glucose. Data are plotted as the 
means ↘ SEM from n ↔ 3 cultures, performed each time with ≃3 technical replicates (A-F and H-L). Significance was determined by one-way ANOVA (H–I and L) or 
two-way ANOVA (A-C, E-F and J-K) with Tukey’s multiple comparison test. *p ω 0.05; **p ω 0.01; ***p ω 0.001; ns, not significant. 
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cetuximab-resistant LIM1215 cells (vs LIM1215-S cells) upon treatment 
with 50 μM 3-BrPA for 72 h (Fig. 6E). 

Finally, since lactate metabolism has already been reported to sup-
port pleiotropic pro-tumorigenic effects in cancer cells [30], we also 
evaluated the potential importance of MCT1-dependent lactate utiliza-
tion on KRAS-mutant cetuximab-resistant CRC cell phenotype, by car-
rying out in vitro migration assays in presence or not of the MCT1 
inhibitor AR-C155858. We reported that LIM1215-R1 and -R2 cells were 
not more migratory than parental LIM1215-S cells and that MCT1 in-
hibition did not modify the migration capacity of the different cell 
populations (Fig. S5D). Surprisingly, we observed that AR-C155858 
treatment induced a significant increase of migration for both DiFi-R1 
and -R2 populations while they were initially less migratory than 
DiFi-S cells (Fig. S5E). Finally, we showed that OXCO2-R6 cells were 

more migratory than OXCO2-S cells but this pro-migratory capacity was 
not altered upon treatment with AR-C155858 (Fig. S5F). Overall, these 
data do not seem to be in favor of a major role of lactate metabolism for 
cell migration in cetuximab-resistant CRC cells. We then carried out an 
in vivo experiment with tumor xenografts from LIM1215-S or -R1 cells 
treated or not with AR-C155858. We observed that tumor growth for 
LIM1215-R1 cells was reduced after 4 weeks of treatment with 3 mg/kg 
AR-C155858 (Fig. 6F–H) while growth of LIM1215-S tumors was not 
changed (Figs. S5G–I). These data validate our in vitro data about the 
specific growth-inhibitory effect of MCT1 inhibition in 
cetuximab-resistant LIM1215 cells (vs cetuximab-sensitive LIM1215 
cells). Altogether, these data show that MCT1 upregulation and subse-
quent enhanced lactate metabolism might be therapeutically exploited 
by different means to reduce growth of KRAS-mutant CRC cells upon 

Fig. 3. Mitochondrial respiration is barely affected in CRC cells upon acquired resistance to cetuximab. (A) Carbon atom transition map depicting labeling of 
TCA cycle intermediates from [U–13C6]glucose-derived pyruvate upon activity of pyruvate dehydrogenase (PDH) or pyruvate carboxylase (PC). (B–C) Relative 
abundance of specific mass isotopomers for TCA cycle intermediates upon activity of PDH (B) or PC (C) in cetuximab-sensitive and -resistant (R1 and R2) LIM1215 
cells cultured for 24 h in the presence of 10 mM [U–13C6]glucose. (D) Oxygen consumption rates (OCR) in cetuximab-sensitive (S) and -resistant (R1 and R2) 
LIM1215 cells upon sequential treatment with 1 μM oligomycin, 1 μM FCCP and 0.5 μM rotenone/antimycin A. (E-G) Basal (E), maximal (F) and ATP-linked (G) OCR 
in cetuximab-sensitive (S) and -resistant (R1 and R2) DiFi and LIM1215 cells. Data are plotted as the means ↘ SEM from n ↔ 3 cultures, performed each time with ≃3 
technical replicates (B-G). Significance was determined by two-way ANOVA (B–C, and E-G) with Tukey’s multiple comparison test. *p ω 0.05; **p ω 0.01; ***p ω
0.001; ns, not significant. 
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acquired resistance to cetuximab. 

4. Discussion 

In the current era of precision oncology, resistance to targeted 
therapies remains a critical hurdle in our ambition for curative cancer 
treatments [31]. For instance, the clinical efficacy of anti-EGFR mono-
clonal antibodies in mCRC patients is strongly limited by the develop-
ment of acquired drug resistance after an initial tumor response. Indeed, 
while cetuximab or panitumumab can induce a tumor regression, the 
clinical response is frequently incomplete and long-term clinical relapse 
inevitably ensues due to the emergence of therapy-resistant cells [32]. 
Over the years, several mechanisms supporting acquired resistance to 
anti-EGFR therapy in mCRC have been identified, including mainly ge-
netic alterations [33,34] but also non-genetic changes such as over-
expression of long non-coding RNA [35]. Nevertheless, it has not 
modified yet the routine clinical care of mCRC patients, thereby high-
lighting the need for a better characterization of cetuximab-resistant 
mCRC and for the discovery of new actionable targets to therapeuti-
cally exploit resistance-associated phenotypic changes. In this study, we 
aimed to tackle the issue of acquired resistance to cetuximab in CRC 
through a specific metabolic angle. Indeed, metabolic rewiring has 
emerged as a critical mechanism for the adaptation and resistance to 
anticancer therapies, including targeted agents, thereby creating a new 
field of investigation for the development of novel anticancer agents 
with the potential to overcome therapeutic resistance [36,37]. 

Here, we have shown that acquired resistance to cetuximab in CRC 
cells is associated with several metabolic alterations, including changes 
of intracellular abundance for amino acids as well as for glucose and 
glutamine metabolism intermediates. Remarkably, our analyses have 
revealed that cetuximab-resistant LIM1215-R1 and -R2 cell populations, 
harboring distinct resistance-causing KRAS-activating mutations (p. 

G12R and p.G13D, respectively), exhibit common metabolic pheno-
types, with enhanced glucose consumption and lactate secretion. More 
specifically, we have reported the ability of cetuximab-resistant CRC 
cells to recycle glycolysis-derived lactate to sustain their growth ca-
pacity. Our observations are reminiscent of previous studies that showed 
a major role for lactate metabolism to support adaptive resistance to 
various targeted therapies, including MET and EGFR tyrosine kinase 
inhibitors in non-small cell lung cancers and breast cancers [38], 
PI3K/mTOR inhibitors in breast cancers [39], pan-Akt inhibitor (upro-
sertib) in colon cancers [40], and anti-angiogenic therapies in breast 
cancers [41]. More recently, Monteith and colleagues observed that 
acute myeloid leukemia cells could resist to BET inhibitors by utilizing 
lactate as a metabolic bypass to fuel mitochondrial respiration and 
maintain cellular viability [42]. These studies also reported the contri-
bution of MCT1 as the main lactate transporter in therapy-resistant 
cancer cells, with genetic invalidation or pharmacological inhibition 
of MCT1 being able to revert the phenotype and sensitize cells to ther-
apy. In our study, we have shown that MCT1-dependent lactate utili-
zation is restricted to cetuximab-resistant CRC cells carrying KRAS gene 
mutations. This increased metabolic flexibility may mirror the need for 
highly proliferating cells to metabolically switch towards the use of 
alternative energetic substrates, including lactate, when facing 
restricted availability of glucose, as already reported elsewhere [43]. In 
the same line, lactate metabolism has also been reported to be important 
in lung adenocarcinomas carrying KRAS mutations, with expression of 
lactate dehydrogenase B (mostly catalyzing the conversion of lactate to 
pyruvate) being associated with a shorter survival for KRAS-driven lung 
adenocarcinoma patients [44]. Further studies are now needed to better 
understand the molecular mechanisms involved in MCT1 transporter 
upregulation in KRAS-mutant cetuximab-resistant CRC cells. MYC 
oncoprotein may be a major actor since it has already been described to 
control transcriptional expression of SLC16A1/MCT1 [45] and MYC 

Fig. 4. KRAS-mutant cetuximab-resistant CRC cells recycle lactate to sustain their proliferative capacity. (A) Evolution of glucose and lactate concentrations 
(solid and dashed lines, respectively) for 7 days in media from cetuximab-sensitive and -resistant (R1 and R2) DiFi and LIM1215 cells initially incubated in a medium 
containing 10 mM glucose. (B) Lactate recycling capacity in cetuximab-sensitive and -resistant (R1 and R2) DiFi and LIM1215 cells. (C-E) Lactate consumption (C), 
lactate-dependent OCR (D) and growth in a lactate-containing medium for 72 h (E) for cetuximab-sensitive and -resistant (R1 and R2) DiFi and LIM1215 cells. Data 
are plotted as the means ↘ SEM from n ↔ 3 cultures, performed each time with ≃3 technical replicates (A-E). Significance was determined by two-way ANOVA (B-E) 
with Tukey’s multiple comparison test. *p ω 0.05; **p ω 0.01; ***p ω 0.001; ns, not significant. 
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gene expression is downstream of RAS signaling, with a constitutive 
expression of MYC in the presence of oncogenic mutations of KRAS [46, 
47]. A recent study has also reported the identification and use of a 
reliable lactate-related gene signature to predict response to anticancer 
treatments, including immuno- and chemotherapies, and clinical 

outcomes in patients with CRC [48]. Additionally, although this has not 
been further explored in our study, our metabolomics analyses also 
revealed some changes in glutamine/glutamate metabolism, including 
glutathione synthesis in cetuximab-resistant CRC cells. Glutamine 
metabolism is well known to be reprogrammed during cancer 

Fig. 5. MCT1 upregulation sustains lactate recycling in KRAS-mutant cetuximab-resistant CRC cells. (A) Heatmap of glycolysis-related genes in cetuximab- 
sensitive and -resistant LIM1215 cells. (B) mRNA expression levels for SLC16A1 in cetuximab-sensitive and -resistant (R1 and R2) DiFi and LIM1215 cells. (C-D) 
Representative immunoblotting (C) and quantification (D) for MCT1 in cetuximab-sensitive and -resistant DiFi, LIM1215 and OXCO2 cells. (E) Evolution of glucose 
and lactate concentrations (solid and dashed lines, respectively) for 7 days in media from cetuximab-resistant (R1) LIM1215 cells initially incubated in a medium 
containing 10 mM glucose and treated at day 3 (as indicated with an arrow) with 10 μM AR-C155858. (F) Lactate recycling capacity in cetuximab-sensitive and 
-resistant (R1 and R2) LIM1215 cells treated with 10 μM AR-C155858 for 96 h. (G-H) Lactate consumption (G) and lactate-dependent OCR (H) for cetuximab- 
sensitive and -resistant (R1 and R2) LIM1215 cells treated with 10 μM AR-C155858 for 24 h. Data are plotted as the means ↘ SEM from n ↔ 3–4 cultures, per-
formed each time with ≃3 technical replicates (B and D-H). Significance was determined by two-way ANOVA (B, D and F–H) with Tukey’s multiple comparison test. 
*p ω 0.05; **p ω 0.01; ***p ω 0.001; ns, not significant. 

E. Richiardone et al.                                                                                                                                                                                                                            



Cancer Letters 598 (2024) 217091

11

progression, including escape to conventional treatments, and it has 
been investigated as a promising target for cancer therapy [49]. A 
combined treatment with cetuximab and CB-839, a glutaminase inhib-
itor, has shown its capacity to overcome acquired resistance to anti--
EGFR antibody in a specific 3D culture of colonies with cystic 
morphology from the human RAS/BRAF wild-type, microsatellite un-
stable CRC cell line HCA-7 [50]. Moreover, overexpression of the 
glutamine transporter SLC1A5 has been reported in CRC patients with 

cetuximab resistance and its inhibition sensitizes CRC cells to anti-EGFR 
therapy [51]. Nevertheless, in the latter study, there was no information 
about the resistance status (i.e. primary vs secondary) and genetic al-
terations (if any) associated with the resistance to anti-EGFR therapy. 

Finally, it remains unclear why, despite KRAS gene amplification, 
lactate metabolism does not change in cetuximab-resistant DiFi cells. As 
previously reported [17], activation of EGFR downstream signaling 
pathways is somewhat different in cetuximab-resistant DiFi and 

Fig. 6. MCT1 inhibition overcomes acquired resistance to cetuximab in KRAS-mutant CRC cells. (A) Growth (for 7 days) of cetuximab-resistant (R1) LIM1215 
cells initially incubated in a medium containing 10 mM glucose and treated at day 3 (as indicated with an arrow) with 10 μM AR-C155858 or DMSO as vehicle 
(dashed and solid lines, respectively). (B) Cell number differences between days 3 and 7 in the panel A. (C) Growth in a lactate-containing medium for cetuximab- 
sensitive and -resistant (R1 and R2) LIM1215 cells treated or not with 10 μM AR-C155858 for 72 h. (D) Growth of cetuximab-resistant (R1 and R2) LIM1215 cells 
upon treatment with 10 μM AR-C155858 and 25 μg/mL cetuximab in combination or alone for 72 h in routine culture medium. (E) Growth of cetuximab-sensitive 
and -resistant (R1 and R2) LIM1215 cells upon treatment with 50 μM 3-bromopyruvate (3-BrPA) for 72 h in routine culture medium. (F) Volume of LIM1215-R1 
tumor xenografts in nude mice (n ↔ 4 for each group) daily treated with 3 mg/kg AR-C155858 (or DMSO as vehicle). (G-H) Tumor volume (G) and tumor 
growth index (H) at day 30 (end point). Data are plotted as the means ↘ SEM from n ↔ 2–3 cultures, performed each time with ≃3 technical replicates (A-E). 
Significance was determined by two-way ANOVA (B-E) with Tukey’s multiple comparison test. *p ω 0.05; **p ω 0.01; ***p ω 0.001; ns, not significant. 
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LIM1215 cells, with for instance a decrease of phosphorylated Akt 
(Ser-473) in DiFi-R1 and -R2 cells (vs DiFi-S cell population) whereas 
pAkt levels are maintained between all LIM1215 cell populations. On 
contrary, phosphorylation levels of MEK and Erk1/2 are found to be 
increased in cetuximab-resistant DiFi cells while being barely affected in 
cetuximab-resistant LIM1215 cells (vs parental LIM1215 cells). Overall, 
this will lead to very distinct transcriptional programs in the different 
cetuximab-resistant CRC cell models, illustrated with the SLC16A1 gene 
upregulation only present in cetuximab-resistant LIM1215 cells. Meta-
bolic reprogramming, including changes in lactate metabolism, may be 
thus seen as a consequence, rather than a cause, of the oncogene-driven 
acquired resistance to cetuximab in CRC cells. 

In conclusion, the diversity of resistance-associated genomic alter-
ations in mCRC patients is still a major limitation for the clinical success 
of targeted therapies such as anti-EGFR mAbs. The current record of 
therapy failure and clinical relapse also highlights the urgent need to 
implement fundamental changes in the treatment paradigm of these 
patients. Adding a new layer of sophistication for precision medicine, by 
considering the metabolic phenotypes shared by tumors exhibiting 
therapy resistance, may offer new therapeutic approaches to improve 
response to targeted therapies and delay or overcome development of 
secondary resistance mechanisms [52]. Our study paves the way for the 
development of novel strategies aiming to target lactate metabolism, 
including MCT1 activity, to improve response to anti-EGFR therapy in 
mCRC patients. 
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