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A B S T R A C T   

Background: Metabolic remodeling is crucial in carcinogenesis and cancer progression. Oncogenic mutations may 
promote metabolic reprogramming in cancer cells to support their energy and biomass requirements. EGFR 
mutations are commonly found in non-small cell lung cancer (NSCLC) and may induce NSCLC metabolic 
rewiring. Whether EGFR-driven metabolic reprogramming triggers cell vulnerabilities with therapeutic potential 
remains unknown. 
Methods: The role of EGFR signaling activation by EGF was investigated using NSCLC cell lines with different 
EGFR and KRAS status: A549 (EGFR WT and KRAS c.34G > A), H292 (EGFR WT and KRAS WT) and PC-9 (EGFR 
exon 19 E746-A750 deletion and KRAS WT). The effect of EGF on NSCLC cell death and cell cycle was evaluated 
using flow cytometry, and cell migration was assessed through wound healing. EGFR, HER2, MCT1, and MCT4 
expression was analyzed through immunofluorescence or western blotting. We explored the impact of glucose 
and lactate bioavailability on NSCLC cells’ metabolic profile using nuclear magnetic resonance (NMR) spec
troscopy. Moreover, the expression of several relevant metabolic genes in NSCLC cells or patient samples was 
determined by RT-qPCR. 
Results: We showed that cell lines presented different metabolic profiles, and PC-9 cells were the most responsive 
to EGF stimulus, as they showed higher rates of cell proliferation and migration, together with altered metabolic 
behavior. By inhibiting EGFR with gefitinib, a decrease in glucose consumption was observed, which may be 
related to the fact that despite PC-9 harbor EGFR mutation, they still express the EGFR WT allele. The analysis of 
NSCLC patients’ RNA showed a correlation between MCT1/MCT4 and GLUT1 expression in most cases, indi
cating that the metabolic information can serve as a reference in patients’ follow-up. 
Conclusion: Together, this study shows that NSCLC cell lines have heterogeneous metabolic profiles, which may 
be underlaid by different genetic profiles, revealing an opportunity to identify and stratify patients who can 
benefit from metabolism-targeted therapies.   

1. Introduction 

Lung cancer is a complex and heterogeneous disease, being the 
leading cause of cancer-related death worldwide, according to WHO, 
lung cancer is responsible for 1.59 million deaths globally per year [1]. 
This high mortality is a result of different factors: the late diagnosis – due 
to lack of symptoms in early stages; the molecular heterogeneity 
(consistent with difficulties in finding a specific treatment approach); 

and the chemotherapy and targeted therapy resistance phenomena 
[2,3]. Hence, the identification of suitable targets and markers to 
develop novel therapies and stratify patients is crucial. 

Metabolic remodeling is one of the emerging hallmarks of cancer and 
due to the recognition of its vital role in cancer progression, it has gained 
more attention worldwide [4]. Cancer cells must reprogram their 
cellular metabolism to meet the high bioenergetic, biosynthetic, and 
redox demands of exponential cell proliferation and tumor growth [5,6]. 
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Although metabolic patterns vary between malignant cells, glycolysis, 
glutamine catabolism, one-carbon metabolism, and redox homeostasis 
are generally altered [6–8]. These pathways are controlled intrinsically 
by oncogenic signaling and transcriptional networks but also extrinsi
cally by tumor microenvironment factors (e. g. oxygen and nutrient 
availability, growth factors, cell-to-cell interactions) [7,9]. 

In the particular case of non-small cell lung cancer (NSCLC), it was 
described that glucose oxidation via PDH (pyruvate dehydrogenase) and 
the tricarboxylic acid (TCA) cycle were enhanced in tumors relative to 
adjacent benign lung tissue [10]. Additionally, lactate is a major fuel 
source for the TCA cycle in some NSCLC tumors [11]. In this context, 
monocarboxylate transporters (MCTs), which mediate lactate transport 
bidirectionally, are essential and allow cancer cells to transiently export 
lactate and import it to be subsequently used as a fuel for oxidative 
metabolism and gluconeogenesis [8,11–15]. 

It is well acknowledged that alterations in KRAS, the most frequently 
mutated oncogene in NSCLC (with a frequency around 25–35% [16]), 
alter cellular glucose uptake, glycolytic flux, and glutamine usage 
[17,18]. Moreover, tyrosine kinase receptor (RTK)-dependent signaling 
pathways induce metabolic remodeling, including the epidermal growth 
factor receptor 1 (EGFR), which plays crucial roles in cell differentiation, 
proliferation, migration, and invasion [19–22]. EGFR mutations have 
been detected in approximately 15–30% of tumors from the NSCLC 
group [19]. These mutations constitutively activate the EGFR tyrosine 
kinase domain, inducing an aberrant activation of signaling cascades, 
which promote pro-survival and anti-apoptotic signals through down
stream targets [23]. Some of those pathways, such as the phosphatidy
linositol 3-kinase (PI3K) pathway, also regulate metabolic remodeling, 
enhancing fatty acid synthesis and glycolytic flux [24]. Among all the 
metabolic changes observed in tumors, whether malignant cells with a 
specific oncogenic activation will show a defined metabolic preference 
is still uncertain [25]. 

In an in vitro NSCLC model, mutant EGFR was found to enhance 
glycolysis and pentose phosphate pathway (PPP), which altered py
rimidine biosynthesis and redox metabolism [26], reinforcing that 
glucose is a key substrate sustaining biosynthesis [6]. Nevertheless, in 
vivo validation of these findings is still needed. A more recent study 
showed that EGFR activation branched glycolysis to the serine synthesis 
for nucleotide synthesis and redox homeostasis in both in vitro and in vivo 
models of NSCLC [25]. Targeted therapy, implying the development of 
EGFR tyrosine kinase inhibitors (TKIs) was a great improvement for 
EGFR-mutated NSCLC patients’ treatment, however, the highly meta
static properties and drug resistance mechanisms are still a problem 
[27]. Therefore, knowing the metabolic profiles dependent on the ge
netic status of NSCLC can be an opportunity to improve prognosis and 
design alternative therapies to overcome resistance to targeted therapy. 
Moreover, the combination of EGFR TKIs with drugs that exploit the 
metabolic vulnerabilities of NSCLC may unravel more effective 
approaches. 

Our study aimed to explore, in an in vitro model, the role of EGF and 
EGFR-dependent pathways in the metabolic remodeling of NSCLC. 
Using NSCLC cell lines with different mutational status, we showed that 
NSCLC cell lines have heterogeneous metabolic profiles, which may be 
associated with a particular genetic profile, potentially laying the 
foundation for patient stratification in metabolism-targeted therapies. 

2. Materials and methods 

2.1. Cell lines and culture conditions 

Human adenocarcinoma cell line A549 (CCL-185™, ATCC) and 
mucoepidermoid carcinoma cell line H292 (CRL-1848™, ATCC) were 
obtained from American Type Culture Collection (ATCC, Manassas, VA, 
USA) and adenocarcinoma cell line PC-9 (90071810, ECACC) was ob
tained from European Collection of Authenticated Cell Cultures (ECACC, 
Porton Down, Salisbury, United Kingdom). The selected NSCLC cell lines 

present different mutational profiles for EGFR and KRAS: A549 cells 
(EGFR WT (wild type) and KRAS c.34G > A (p.Gly12Ser); H292 cells 
(EGFR WT and KRAS WT), and PC-9 cells (EGFR exon 19 deletion 
(Ex19Del; Glu746-Ala750 deletion) and KRAS WT). Cells were cultured 
in Dulbecco’s Modified Eagle’s Medium 1× (DMEM) (41965-039, Gibco, 
Life Technologies) supplemented with 10% fetal bovine serum (FBS; S 
0615, Merck), 1% Antibiotic-Antimycotic (AA; P06-07300, PAN 
Biotech) and 50 μg/mL Gentamicin (15750-060, Gibco, Life Technolo
gies). Cells were maintained at 37 ◦C in a humidified environment with 
5% CO2. Cells were cultured until an optical confluence of 75–100% and 
detachment was performed with 0.05% trypsin-EDTA 1× (25300-054, 
Invitrogen). Before any in vitro experiment, cells were synchronized 
under starvation (FBS-free culture medium) overnight. For experimental 
conditions, cells were cultured for 24 h, in 1% FBS-supplemented 
glucose-free DMEM (P04-01549, Pan-Biotech) supplemented with 
0.58 g/L L-glutamine, with or without 10 mM sodium lactate (NaLac) 
and in 1% FBS supplemented DMEM with 4.5 g/L glucose. All conditions 
were tested with or without 0.025 µg/ml EGF (E9644, Sigma-Aldrich, 
MO, USA). In EGFR inhibition assays, cells were also exposed to gefiti
nib (20 μM, SML1657, Sigma-Aldrich, MO, USA) for 24 h. The gefitinib 
concentration was chosen in accordance with the half-maximal effective 
concentration determined in NSCLC cells (EC50; see Supplementary 
Fig. 1). 

2.2. Cell cycle assay 

Cell cycle status was determined by flow cytometry, cells were seed 
in 12-well plates (2 × 105 cells /well), exposed to experimental condi
tions, and afterward collected, fixed in 70% ethanol (100983, Merck) 
and stored at 4◦C, for 6 h (minimum). Cells were centrifuged at 155 × g 
for 5 min at 4 ◦C, suspended in 100 µL of propidium iodide (PI) solution 
(50 µg/mL PI, 0.1 mg/mL RnaseA (RN-001, Citogene) and 0.05% Triton 
X-100) and incubated for 40 min at 37 ◦C. Cells were centrifuged at 155 
× g for 10 min at 4 ◦C, the supernatant was discarded, and cells were 
resuspended in 200 µL 1 × PBS + 0.1% (v/w) BSA. Samples were 
analyzed by flow cytometry (FACScalibur – Becton Dickinson), using 
FlowJo 8.7 software (https://www.flowjo.com). Experiments were 
performed in biological triplicates. 

2.3. Proliferation curves 

Cell proliferation analysis was determined by the establishment of 
proliferation curves, cells were seeded in 24-well plates (5 × 104 cells/ 
well) in complete DMEM, synchronized under starvation, and exposed to 
the experimental conditions. Cells in suspension in the culture medium 
and adherent/trypsinized cells were counted at different time points (0, 
6, 10, 24, 32, and 48 h) using a Bürker cell counting chamber. 

2.4. Calculation of cell population doubling time 

Population doubling time (DT) or the time required for a culture to 
double the number of cells was calculated according to ATCC® Animal 
cell culture Guide, using the following formula: 

DT =
Tln(2)
ln(Xe

Xb)

In which T is the incubation time in any units, Xb is the cell number 
at the beginning of the incubation time and Xe is the cell number at the 
end of the incubation time. 

2.5. Wound healing assay 

The migratory capacity of cells was examined by the wound healing 
assay. Cells were seeded in 12-well plates (2 × 105 cells /well) in 
complete DMEM and maintained until 70–80% confluence. The cells 
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were previously treated with Mitomycin-C (5 μg/mL, M4287, Sigma), 
and after 3 h the cell monolayer was scratched with a 200 μL pipette tip 
to create a wound. Cells were washed in PBS 1 × and maintained in 
experimental conditions. Wound closure was monitored by photography 
at 0, 6, 10, 24, 32, and 48 h using phase-contrast microscopy with the 
Olympus IX53 Inverted Microscope. Images were acquired and pro
cessed with Olympus cellSens software. ImageJ software (https://image 
j.nih.gov) was used to analyze and quantify the images. 

2.6. Cell death analysis 

Cell death analysis was assessed by flow cytometry. After experi
mental conditions, supernatants (conditioned culture media) were 
collected, and cells were harvested with trypsin and centrifuged, 
together with cells in the supernatant, at 150 × g for 2 min. Cells were 
suspended with 0.5 μL Annexin V- fluorescein (FITC)- (640906, Bio
Legend) in annexin V binding buffer 1 × and incubated at RT, in the dark 
for 15 min. After incubation, samples were resuspended in 200 μL PBS 1 
× − 0.1% (v/w) BSA and centrifuged at 155 × g for 2 min. Cells were 

Fig. 1. EGFR mutated cell line PC-9 (EGFRdelE746-A750 ∧ KRASWT) is the most responsive to EGF stimulus. Cells were cultured in control and EGF conditions for 
24 h. (A) Percentage of cell death analyzed by flow cytometry using Annexin V and PI. (B) Cell cycle analysis by flow cytometry in ethanol-fixed cells stained with 
propidium iodide (PI). (C) Relative gene expression of CCDN1. HPRT gene was used as endogenous control. Expression levels were normalized to those obtained for 
cells cultured in control conditions. (D) Quantification of wound closure in cells cultured in control and EGF conditions for 0, 6, 10, 24, 32, and 48 h. Results are 
shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. Unpaired t-test and two-way ANOVA with Tukey’s test were used. 
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resuspended in 100 μL of annexin V binding buffer 1 × and 2.5 μL 
propidium iodide (PI, 50 μg/mL; P4170, Sigma-Aldrich) was added and 
samples were analyzed by flow cytometry (FACScalibur – Becton Dick
inson), using FlowJo 8.7 software (https://www.flowjo.com). Experi
ments were performed in biological triplicates. 

2.7. Nuclear magnetic resonance (NMR) spectroscopy 

Nuclear Magnetic Resonance (NMR) spectroscopy was performed for 
all cell lines. Cells were plated in 175 cm2 T-Flasks: H292 (1.5 × 107 

cells/flask); A549 (2 × 107 cells/flask), and PC-9 (2.5 × 107 cells/flask). 
Cells were exposed to 5 mM D-glucose or 10 mM sodium lactate (NaLac); 
with or without 0.025 µg/mL EGF in glucose-free DMEM (P04-01549, 
Pan-Biotech), supplemented with 0.58 g/L L-glutamine, 1% FBS, 1% AA, 
for 24 h. Culture media was collected and stored at − 80 ◦C. 

Cell methanol/chloroform/water extracts were performed to sepa
rate the aqueous (methanol/water) and organic (chloroform) phases. 
The aqueous phase was lyophilized in a SpeedVac Plus system and was 
suspended in deuterated water (D2O) with 0.04% (v/v) azide, and 0.22 
mM 3-(trimethylsilyl)propionic2,2,3,3-d4 acid (TSP) was used as 
chemical shift reference and concentration standard. For extracellular 
metabolites analysis, 30 μL of 2.2 mM TSP and 30 µL of 0.4% (v/v) so
dium azide in D2O were added to 540 μL of supernatants. 1H NMR 
spectra were obtained at 25 ◦C in an UltrashieldTM Avance 500 Plus 
spectrometer (Bruker) equipped with a TCI-Z probe. Spectra were ac
quired and processed using TopSpin 4.1 software (Bruker) and the as
signments were made by resorting to spectral databases: Human 
Metabolome (HMDB) and Chenomx NMR Suite 8.11 were used to 
determine the concentration of the metabolites. 

2.8. Quantitative real-time PCR (qPCR) 

Total RNA was extracted using RNeasy Mini Extraction kit (74,104, 
Qiagen, Hilden, Germany) and cDNA synthesized from 1 μg RNA by 
SuperScript II Reverse Transcriptase (18080e44, Invitrogen), both ac
cording to the manufacturer’s protocol. 

RNA was extracted from formalin-fixed paraffin-embedded (FFPE) 
NSCLC samples collected in Instituto Português de Oncologia de Lisboa 
Francisco Gentil, EPE (IPOLFG, EPE), using semi-automatic isolation with 
the Maxwell purification system (Maxwell RSC RNA FFPE Kit, AS1440, 
Promega) and cDNA was synthesized as mentioned above. Quantitative 
Real-Time PCR (qPCR) was performed using SYBR Green PCR Master 
Mix (04707516001, Roche), according to the manufacturer’s protocol 
and the specific primers and genes are presented in Table 1. 

Real-time PCR was carried out during 40 amplification cycles, ac
cording to the manufacturer’s instructions, using a Lightcycler® 480 
System instrument (05015243001, Roche). Hypoxanthine-guanine phos
phoribosyltransferase (HPRT) was used as a housekeeping gene (Table 1). 
Experiments were performed in biological triplicates. 

2.9. Next-generation sequencing for mutation detection 

Somatic mutational data for EGFR, KRAS, BRAF, ALK, ROS1, and 
MET genes was obtained from 55 NSCLC samples in the context of the 
mutation analysis performed for clinical management according to 
standard guidelines (IPOLFG Ethical Committee Ref: UIC/1442). Briefly, 
the analysis was performed by Next-Generation Sequencing (NGS), 
using the AmpliseqTM Focus Panel kit (Illumina), on the Miseq platform 
(Illumina), with a minimum depth coverage of 500x. Bioinformatics 
analysis was performed using DNA + RNA Amplicon v.1.0.5 software 
(Illumina) for alignment and Alissa Interpret v.5.3.4 (Agilent Technol
ogies) for analysis and annotation of the genetic variants. 

2.10. Immunofluorescence 

Immunofluorescence was used to detect the expression of certain 

proteins. Cells (1 × 105 cells/well) were seeded on glass slides with a 
0.2% gelatin coating, until 80% of confluence and then fixed in 2% 
paraformaldehyde for 15 min at 4⁰C. After fixation, cells were incubated 
with 50 mM ammonium chloride (NH4Cl) for 10 min. Blocking and 
antibodies dilution were performed with PBS 1× − 0.5% BSA − 0.1% 
saponin-PBS (w/v/v), between incubations, cells were rinsed twice with 
PBS 1×, for 5 min. After blocking for 1 h, slides were incubated with 
rabbit anti-human MCT1 (1:500, ab179832, Abcam), mouse anti-human 
MCT4 (1:100, SC-376140, Santa Cruz), rabbit anti-human EGFR (1:200, 
ab131498, Abcam) and rabbit anti-human HER2 (1:200, ab16901, 
Abcam) overnight at 4 ◦C. Cells were incubated with the Alexa Fluor 488 
goat anti-rabbit (1:1000 in; A-11078, Invitrogen - Thermo Fisher Sci
entific) for 2 h at room temperature. 

The slides were mounted in VECTASHIELD media with DAPI (4′-6- 
diamidino-2-phenylindole) (Vector Labs) and examined by standard 
fluorescence microscopy under a Zeiss Imager.Z1 AX10 microscope. 
Images were acquired and processed with CytoVision software and 
quantified with ImageJ software. 

2.11. Western blotting 

Total protein extracts were obtained after cell lysis in 20 mM MOPS 
(pH 6.5), 1% Triton X100 (v/w) previously supplemented with 1 mM 
Na3VO4, 1 mM NaF, and 1X protease inhibitors (11836170001, Roche). 
Protein concentration was established by the Bradford method, using 
Bio-Rad protein assay reagent (500–0006, Bio-Rad) through spectro
photometric quantification (595 nm). After protein quantification, 
loading buffer containing 10% SDS, 0.5% bromophenol blue in Tris-HCL 
(pH 6.8), and 10% β-mercaptoethanol (M3148, Sigma) was added to 
each cell lysate and boiled at 95–100 ◦C for 10 min. Total protein (100 
μg) was loaded in 12% polyacrylamide gel (Tris-glycine SDS- 
Polyacrylamide gel) and electrophoresis was carried out in MINI- 
PROTEAN Tetra Electrophoresis System (Bio-Rad). After, proteins 
were transferred to nitrocellulose membranes (Bio-rad) with the Trans- 
Blot® Turbo TM Blotting system. For protein detection, membranes 
were incubated with the primary specific antibodies anti-EGFR (1:1000; 

Table 1 
Presentation of the target genes and designation and sequence (5′-3′) of primers 
used in RT-qPCR.  

Reference/Target Primers (5′-3′) 

SLC16A1 (encoding 
MCT1) 

For: GCTGGGCAGTGGTAATTGGARev: 
CAGTAATTGATTTGGGAAATGCAT 

SLC16A3 (encoding 
MCT4) 

For: CACAAGTTCTCCAGTGCCATTGRev: 
CGCATCCAGGAGTTTGCCTC3 

GLUT1 For: CACGGCCTTCACTGTCGTGRev: 
GGACATCCAGGGTAGCTGC 

SGLT1 For: CACAGGGTCTCTGGTCTGCRev: 
CATGATGAACATGGGCATCAG 

LDHA For: CTTGCTCTTGTTGATGTCATCGRev: 
CAGCCGTGATAATGACCAGC 

LDHB For: GAGCCTTCTCTCTCCTGTGRev: 
CTGATAGCACACGCCATACC 

PEPCK/PCK1 For: GCGGATCATGACGCGGATGRev: 
GAGCGTCAGCTCCGGGTTG 

PCK2 For: CAAGACCAACCTGGCTATGATGRev: 
GAGTCGACCTTCACTGTCAAAC 

PFKFB1 For: CCAGTATCGACGAGAGGCAGRev: 
CTCTGGTAGTGTTGGTGGCATC 

ALT For: CGTGACGGTGCTGAAGCTGRev: 
CTCGTCCAGGTAGTAATCCAC 

G6PD For: GGCAACAGATACAAGAACGTGAAGRev: 
GCAGAAGACGTCCAGGATGAG 

EGFR WT For: GTTCGCACGGTGTATAAGGRev: 
CACGCTGGCCATCACGTAG 

EGFR exon 19 
deletion 

For: CCGTCGCTATCAAGACATCTCRev: 
CACGCTGGCCATCACGTAG 

HPRT For: TGACACTGGCAAAACAATGCARev: 
GGTCGTTTTTCACCAGCAAGCT  
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ab131498, Abcam), anti-MCT1 (1:500; ab179832, Abcam) anti- 
phospho-AKT (1:1000, 9271, Cell Signalling), anti-phospho-ERK1/2 
(1:1000, 9101, Cell Signalling) and anti-phospho-Src (1:1000, 2101, 
Cell Signalling) at 4 ◦C overnight. Blots were further incubated with 
anti-rabbit horseradish peroxidase (HRP)-conjugated secondary anti
body (1:5000, 31460, Thermo Scientific) for 2 h at room temperature, 
and immunoreactive bands were detected using the enhanced chem
iluminescence (ECL) method in a ChemiDoc XRS System (Bio-Rad) with 
Image Lab software. As endogenous control β-actin was used, mem
branes were re-incubated using mouse anti-human β actin (1:5000, 
A5441, Sigma). Experiments were performed in biological triplicates. 

2.12. WST-1 assay for cell metabolic viability 

The WST-1-based colorimetric assay (Roche Applied Science, Indi
anapolis, IN, USA) was performed to quantify cell metabolic viability. 
Cells were seeded in 96-well clear bottom tissue culture plates and 
treated at different concentrations and time points. Cells were incubated 
with WST-1 reagent for 1 h at 37 ◦C with 5% CO2. In actively metabo
lizing cells, the WST-1 reagent is cleaved to formazan by cellular en
zymes. The presence of formazan was assessed through 
spectrophotometric quantification (450 nm) in Bio-Rad iMark 
(1681130) microplate reader. 

2.13. Luciferase reporter gene assay 

To evaluate the activity of MCT1 promoters after EGF stimulation of 
NSCLC cells cultured in the presence and absence of lactate and glucose, 
two different MCT1 promoter pGL3basic (Firefly luciferase) deletion 
constructs (mct1 f1 and mct1 f2) were generated using respectively with 
primers Forward 1 (Mlu I restriction): ATGACGCGTGATTGCCTA
GAGCTCGTCAG and Forward 2 (Mlu I restriction): ATGACGCGTGGA
CATCAAAGACACTCCATG paired with primers Reverse (Hind III 
restriction): ATGAAGCTTCTGCCTCGTTTGCTTGTTCC and conven
tional molecular cloning techniques, as described in [28,29]. After co- 
transfection, both Firefly and Renilla luciferase activities were 
measured sequentially in cell lysates, using a Dual-Luciferase reporter 
system (E1910; Promega) in a VICTOR™ X Light Luminescence Plate 
Reader (PerkinElmer). 

2.14. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6.0 soft
ware (https://www.graphpad.com). Sample data were presented as the 
mean (normal distribution) ± SD. Assays were performed with at least 
three biological replicates per treatment. Comparisons between data 
from each group were statistically analyzed by a two-tailed unpaired 
Student’s t-test and multiple comparisons were performed using One- 
way ANOVA with Dunnett’s or Tukey’s test. For comparisons of two 
groups, a two-tailed independent-samples t-test was used. For cell cycle 
and proliferation curves analysis, a Two-way ANOVA with Tukey’s test 
was used. To assess differences in gene expression levels in samples from 
NSCLC tumors, 2-sided independent samples Kruskal-Wallis One-way 
ANOVA with multiple comparisons or Mann-Whitney test was per
formed, where the adjusted significance was considered. In this context, 
the existence of a linear relationship between two variables was inves
tigated using a two-tailed Spearman correlation test. Differences be
tween experimental conditions were considered statistically significant 
at p < 0.05. Multivariate statistical analysis of 1H NMR data was per
formed on MetaboAnalyst 5.0 (assessed on 16 November 2022) using 
metabolites concentrations as inputs and scaled using pareto-scaling. 
Heatmaps representing the univariate analysis of the intracellular and 
extracellular levels of the different metabolites detected by NMR were 
created for each cell line using GraphPad Prism 6.0 software. 

3. Results 

3.1. EGFR mutated cell line PC-9 (EGFRdelE746-A750 ∧ KRASWT) is the 
most responsive to EGF stimuli 

The effect of EGF on different phenotypic characteristics of NSCLC 
was assessed in control conditions and under EGF stimulus during 24 h 
(Fig. 1). Considering cell death, no statistical differences were observed 
between control cells and cells exposed to EGF, but in PC-9 cells, EGF 
induced a trend to decrease cell death (Fig. 1 A). While no significant 
differences were found in terms of the cell cycle in A549 and H292, in 
PC-9 cells exposed to EGF, the G0-G1 phase was significantly decreased, 
with a corresponding increase in the percentage of cells dividing (S +
G2/M phases) (Fig. 1 B). In agreement, the relative expression of CCDN1 
(encoding Cyclin D1) was significantly augmented with EGF exposure in 
PC-9 cells (Fig. 1 C). CCDN1 expression is regulated by AP1 involved in 
EGFR-dependent pathways. 

Regarding cell migration PC-9 exhibited a higher migratory poten
tial, closing the wound within 48 h, which was not observed in A549 and 
H292 (Fig. 1 D). EGF promoted significant differences in the percentage 
of wound closure in PC-9 cells at every time point, while in A549 it only 
had an effect at later timepoints (32 and 48 h). 

The expression of the EGF receptors, EGFR and HER2, was also 
evaluated to better understand the changes observed in the EGF- 
stimulating capacity and to verify if EGF was able to regulate the 
expression of its receptors. We analyzed EGFR protein expression 
through immunofluorescence and western blotting. EGF induced a sig
nificant decrease in EGFR expression in A549 cells while the opposite 
was observed in PC-9 cells (Fig. 2 A and B). By western blotting, EGF 
increased the expression of EGFR in H292 and PC-9 cells (Fig. 2 C). We 
also analyzed the expression of WT and delE746-A750 variants of EGFR 
mRNA in PC-9 cells by qRT-PCR. This cell line mostly expresses the 
mutated variant of EGFR (80%) but the WT variant is still expressed 
(20%) (Fig. 2 D), and this ratio is maintained upon EGF exposure. 
Regarding HER2 expression, once again, PC-9 cells showed an increased 
expression after EGF exposure (Fig. 2 E and F). On the other hand, EGF 
significantly reduced HER2 in H292. 

3.2. EGF significantly regulates the levels of MCT1 and MCT4 in PC-9 
(EGFRdelE746-A750 ∧ KRASWT) 

Subsequently, we assessed EGF interference in the regulation of the 
expression of genes essential for the modulation and maintenance of 
glucose and lactate metabolism. We evaluated the levels of MCT1 and 
MCT4 by immunofluorescence and western blot. We found that H292 
and PC-9 cells treated with EGF presented significantly augmented 
MCT1 expression (Fig. 3 A and B). Looking at the basal levels of MCT1, 
H292 were the cells that expressed this protein the most, and A549 cells 
were the ones expressing the lowest levels (Fig. 3 C and D). By NMR, the 
basal intracellular levels of lactate were measured, and H292 cells 
accumulated lower levels of lactate, followed by PC-9 and A549 (Fig. 3 
E). As regards MCT4, no meaningful changes were observed in H292 and 
A549 due to EGF exposure, while PC-9 EGF-treated cells showed 
increased MCT4 expression (Fig. 3 F and G). Considering basal levels, 
H292 are the cells with the highest MCT4 expression, followed by PC-9 
and A549 (Fig. 3 H). The levels of lactate in the extracellular media 
suggested that PC-9 cells exported more lactate than H292 and A549 
(Fig. 3 I). 

3.3. NSCLC cells exhibit distinct metabolic profiles 

Afterward, we explored the impact of glucose and lactate bioavail
ability on NSCLC cells’ metabolic profile. The impact of glucose and 
lactate in cellular metabolism was characterized for the three cell lines 
by NMR spectroscopy using the metabolites identified in both super
natants (extracellular) and methanolic cell extracts (intracellular). The 
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Fig. 2. EGF increases the expression of EGFR and HER2 in PC-9 cells. Cells were cultured in control and EGF conditions for 24 h. (A) EGFR expression by 
immunofluorescence and (C) by western blotting. (B) EGFR immunofluorescence quantification (CTCF) using the ImageJ program. (D) Relative expression of EGFR 
WT and exon 19 deletion mutated variants in PC-9 cells. (E) HER2 expression by immunofluorescence and (F) respective quantification (CTCF). Results are shown as 
mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001. An unpaired t-test was used. 
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Fig. 3. EGF increases MCT1 expression in H292 and PC-9 cells and MCT4 expression in PC-9 cells, and cells expressing higher levels of MCT1 show lower 
levels of intracellular lactate. Cells were cultured in control and EGF conditions for 24 h. Immunofluorescence for the detection of (A) MCT1 and (F) MCT4, which 
were respectively quantified using ImageJ program (B and G). Basal protein levels of MCT1 by immunofluorescence (C) and by western blotting (D). Basal MCT4 
protein levels by immunofluorescence (H). Basal intracellular (E) and extracellular (I) levels of lactate. Results are shown as mean ± SD *p < 0.05, **p < 0.01, ***p 
< 0.001. Unpaired t-test or one-way ANOVA with Tukey’s test were used. 
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Fig. 4. Lung cancer cells show distinct metabolic profiles, lactate potentiates differences in the metabolic profile of each cell line while glucose only 
exerts an effect on PC-9 cells exposed to EGF, which is rescued by gefitinib. Cells were cultured in the presence of glucose or lactate, with or without EGF 
stimulation, and PC-9 cells were exposed to gefitinib. (A) Principal component analysis (PCA) score plots depict the clustering patterns from 1H NMR metabolomic 
profiles among the three lung cancer cell lines. (B) PCA score plots of metabolome data for each lung cancer cell line from supernatant samples (top) and cell extracts 
(bottom). (C, D, E) Heatmap showing the levels of intracellular and extracellular metabolites in H292, A549, and PC-9 cells, respectively. (F) PCA score plots of 
metabolome data of PC-9 cells in the presence of glucose. (G) Heatmap of 35 identified metabolites on PC9 cell extracts in the presence of glucose. The color code 
inside the heatmap depicts the relative fold change of each metabolite between classes, red and blue colors express increased or decreased levels, respectively. The 
parameters that were used for the analysis were the Euclidean distance measure and the Ward cluster algorithm, using MetaboloAnalyst 5.0 software. 
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specific metabolic patterns were assessed using principal component 
analysis (PCA). The exometabolome of each cell line shows a different 
profile depending on the carbon source (Fig. 4 A). A clustering by cell 
line is observed on the PCA scores plots of metabolites from H292, A549, 
and PC-9 cells. The carbon source does not appear to influence the 
exometabolome of H292 cells since they form well-defined clusters in 

both conditions, while A549 and PC-9 seem to be more heterogeneous. 
Interestingly, lactate potentiates differences in the metabolic profile of 
each cell line. Additionally, the PCA scores of A549 and H292 intra
cellular metabolites in the presence of lactate overlap. 

Heatmaps representing the univariate analysis of the intracellular 
and extracellular levels of the different metabolites detected by NMR 

Fig. 4. (continued). 
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were created for each cell line (Fig. 4 C, D, E). The detailed concentra
tions obtained for each metabolite in H292, A549, and PC-9 are depicted 
respectively in Supplementary Figs. 2, 3, and 4. 

3.4. Lactate in combination with EGF fuels the TCA cycle and increases 
the synthesis of nitrogenous bases in H292 cells 

In H292 cells cultured with glucose, EGF had no significant effect 
both intra and extracellularly. H292 proved to be a cell line well adapted 
to lactate and under lactate plus EGF conditions, a tendency to increase 
the levels of most amino acids was observed, at the intracellular level 
(Fig. 4 C, Supplementary Fig. 2 A). In EGF-treated H292 cells, an in
crease in the levels of aspartate, glutamate, and glycine was observed 
upon lactate exposure (Fig. 4 C, Supplementary Fig. 2 A). Glutathione 
levels tended to increase in cells exposed to lactate plus EGF. Formate 
intracellular levels were also augmented in H292 upon lactate exposure 
(Fig. 4 C, Supplementary Fig. 2B), being this increase abolished by EGF. 
Lactate in combination with EGF tended to increase lactate and pyruvate 
intracellular levels (Fig. 4C, Supplementary Fig. 2B), and intracellular 
choline was increased by lactate independently of EGF (Fig. 4 C, Sup
plementary Fig. 2 C). H292 cells stimulated with EGF plus lactate 
revealed increased levels of guanosine, cytidine, and inosine, which are 
nitrogen bases needed for nucleotide synthesis (Fig. 4 C, Supplementary 

Fig. 2 C). Regarding the extracellular media, lactate increased the levels 
of glutamate, glutamine, glycine, lysine, and threonine, while glutamine 
was significantly reduced after lactate plus EGF exposure when 
compared to lactate alone (Fig. 4 C, Supplementary Fig. 2 D). Interest
ingly, asparagine (whose precursor is oxaloacetate) was detected in the 
media of H292 cells, which did not occur in the other cell lines. More
over, EGF in combination with lactate decreased lactate levels, when 
comparing to lactate alone (Fig. 4 C, Supplementary Fig. 2 E). Addi
tionally, citrate levels tended to be higher in lactate-treated cells. These 
findings indicate that lactate in combination with EGF fueled the TCA 
cycle and boosted nitrogen bases synthesis in H292 cells. 

3.5. Glutamine catabolism is increased, and fatty acid oxidation is active 
in A549 

A549 cells showed to be adapted to glucose and lactate consumption 
and the main statistical differences in each culture condition are further 
highlighted. EGF induced a significant increase in glutamate intracel
lular levels and a trend to augment alanine in glucose-treated cells 
(Fig. 4 D, Supplementary Fig. 3 A). Cysteine was only detected in A549 
cells exposed to glucose, and neither glutathione nor glutamine were 
found in the intracellular extracts. Hypoxanthine intracellular levels 
decreased significantly after glucose plus EGF exposure (Fig. 4 D, 

Fig. 4. (continued). 
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Supplementary Fig. 3 C). Moreover, lactate decreased the levels of 
glutamate and glycine, and EGF exacerbated this effect. Acetate tended 
to be higher in lactate conditions, while lactate tended to be lower 
(Fig. 4 D, Supplementary Fig. 3 B). Considering the extracellular media, 
the levels of arginine and phenylalanine were increased in A549 cells 
exposed to lactate plus EGF (Fig. 4 D, Supplementary Fig. 3 D). Lactate 
independently of EGF augmented the levels of glutamine and lactate 
(Fig. 4 D, Supplementary Fig. 3 D, and E). Non-significant differences 
were found in formate and choline levels, however, a trend to increase 
these compounds levels was observed under lactate conditions (Fig. 4 D, 
Supplementary Fig. 3 E, and F). Interestingly, two end products of fatty 
acid β-oxidation, acetoacetate, and isobutyrate, were only detected in 
A549 (Fig. 4 D, Supplementary Fig. 3 E), not in the other cell lines. These 
results suggest that in A549 cells glutamine catabolism is increased, and 
fatty acid oxidation is active. 

3.6. EGF impacts PC-9 glucose metabolism and gefitinib promotes the loss 
of the EGF effect 

In the multivariate analysis through PCA scores, the global effect of 
EGF on the metabolite profile of H292 and A549 cells does not allow the 
separation of the experimental conditions (Fig. 4 B). However, EGF 
induced an effect in PC-9 cells exposed to glucose as in intracellular 
extracts there is a clear formation of two clusters of cells incubated with 
glucose and cells incubated with glucose in the presence of EGF. In cells 
exposed to lactate, EGF has no influence. In addition, the exometabo
lome of PC-9 shows a separation by carbon source, which is motivated 
by increased levels of acetate, alanine, glutamate, and glutamine when 
lactate is the carbon source. 

Regarding PC-9 metabolic profile responsive to EGF, we evaluated 
the effect of EGFR TKI gefitinib to confirm the influence of EGF on PC-9 
cells’ metabolic behavior, in cells cultured with glucose in the presence 
and absence of EGF. We found that gefitinib promoted the loss of the 
EGF effect as it does not promote the formation of different clusters, both 
in the presence or absence of EGF (Fig. 4 F). Through heatmap analysis 
of intracellular metabolites, we observe that cells treated with gefitinib 
form a cluster isolated from the remaining clusters and it does not 
depend on EGF (Fig. 4 G). 

Considering the heatmap from Fig. 4 E, showing the metabolites of 
PC-9 cells exposed to glucose, gefitinib, or lactate with or without EGF, it 
was observed that glucose and EGF decreased the levels of intracellular 
alanine, glycine, leucine, lysine, and tyrosine (Fig. 4 E, Supplementary 
Fig. 4 A). Controversially, these amino acids were also decreased by 
gefitinib, together with isoleucine, methionine, phenylalanine, threo
nine, and valine, and the tripeptide glutathione. Interestingly, glucose 
was only detected in cells exposed to gefitinib in the presence of glucose. 
Lactate-treated cells also showed reduced levels of alanine, and lactate 
plus EGF significantly increased the levels of glutathione. Both intra
cellular acetate and formate were increased in the presence of lactate 
(Fig. 4 E, Supplementary Fig. 4 B). Hypoxanthine was increased after 
lactate addition and uracil was also higher in the presence of lactate plus 
EGF (Fig. 4 E, Supplementary Fig. 4 C). 

At the extracellular level, alanine, glutamate, acetate, and citrate 
tended to increase in glucose-treated cells exposed to EGF (Fig. 4 E, 
Supplementary Fig. 4 D, and E). Moreover, gefitinib increased the levels 
of glutamate and glutamine in the presence of glucose. Gefitinib in 
combination with EGF further enhanced glutamate, glutamine, glycine, 
isoleucine, leucine, lysine, and threonine. Regarding extracellular sugars 
and organic acids, it was found that gefitinib alone or in combination 
with EGF increased the levels of lactate in PC-9 cells exposed to glucose 
and tended to increase α-ketoglutarate levels (Fig. 4 E, Supplementary 
Fig. 4 E). In addition, gefitinib and gefitinib plus EGF promoted higher 
levels of uracil (Fig. 4 E, Supplementary Fig. 4 F). Lactate alone or in 
combination with EGF led to an increase in alanine, lysine, and valine 
extracellular levels (Fig. 4 E, Supplementary Fig. 4 E). 

3.7. Lactate, independently of EGF, stimulates the expression of genes 
involved in lactate- and glucose-dependent pathways, which are in a cell 
line-dependent manner affected by gefitinib 

The luciferase reporter gene assay showed that lactate with or 
without EGF increased MCT1 promoter activity; being the difference 
significant in H292 cells and in PC-9 a trend was observed (Fig. 5 A). 
Glucose in combination with EGF also significantly increased MCT1 
promoter activity in PC-9 (Fig. 5 A). No meaningful differences were 
observed in A549 cells (Fig. 5 A). 

The role of EGF in the regulation of gene expression in cells cultured 
in the presence and absence of glucose and lactate was evaluated by 
qPCR. It was observed that the presence of EGF did not interfere with the 
expression of most of the studied genes, being the observed modulation 
related to the lactate and glucose supplementation. 

Firstly, genes involved in glucose and lactate transport, and lactate 
synthesis were analyzed. In the A549 cell line, the expression of MCT1 
and MCT4 was stimulated by lactate and glucose (Fig. 5 B, Supple
mentary Fig. 5 A). In H292 cells, the same was observed considering the 
expression of MCT1 (Fig. 5 B, Supplementary Fig. 5 A), while MCT4 was 
overexpressed only upon exposure to lactate. In PC-9, the expression of 
MCT1 remained unchanged amongst culture conditions; and MCT4 
expression was increased by lactate. Both LDHA and LDHB expression 
was significantly increased in all cell lines under lactate exposure (Fig. 5 
B, Supplementary Fig. 5 A). In which concerns the glucose transporters, 
lactate stimulated the expression of both GLUT1 and SGLT1 in all cell 
lines (Fig. 5 B, Supplementary Fig. 5 B). SGLT1 expression was decreased 
by glucose exposure in A549 cells (Fig. 5 B). Glucose led to higher levels 
of SGLT1 expression in PC-9 cells (Fig. 5 B). 

Considering the intracellular synthesis as a source of glucose, the 
expression of genes involved in gluconeogenesis was evaluated. The 
levels of PEPCK or PCK1 mRNA are significantly increased in all cell 
lines in the presence of lactate (Fig. 5 B, Supplementary Fig. 5 C). In 
H292, lactate and lactate plus EGF increased the expression of PCK2 in a 
significant manner while in PC-9 cells, only lactate alone exerted an 
increase in the expression of this gene. ALT gene encodes the alanine 
transaminase, which supplies gluconeogenesis as a source of pyruvate, 
and curiously lactate stimulated ALT expression in all cell lines. 

Concerning the metabolic regulation of glucose degradation and 
synthesis, the expression of PFKFB1 was assessed, which is an activator 
of glycolysis and an inhibitor of gluconeogenesis. In H292 and PC-9 
cells, lactate increased the expression of PFKFB1, (Fig. 5 B, Supple
mentary Fig. 5 D). The expression of G6PD, encoding the limiting 
enzyme of PPP, in H292 and PC-9 was increased by lactate , and glucose 
induced the opposite by decreasing G6PD expression in H292 and A549 
cells. 

Although the expression of most genes was independent of EGF 
presence, it was important to verify if EGFR activity was acting on these 
genes’ expression. Therefore, the effect of gefitinib at the gene expres
sion level was explored, and cells were exposed to gefitinib, alone or in 
combination with lactate or lactate plus EGF. Gefitinib abolished the 
lactate-mediated high expression of MCT1, MCT4, LDHA, LDHB, GLUT1, 
and PEPCK, in H292 and A549 cells (Fig. 5 C). In A549, G6PD expression 
increased with gefitinib treatment. A gefitinib-related expression profile 
was observed in PC-9 cells, revealing an increase in MCT1, SGLT1, 
PEPCK, and ALT and a decrease in MCT4, LDHA, GLUT1, and PFKFB1 
expression upon EGFR inhibition. 

3.8. EGF in the presence of glucose or lactate interferes differently with 
the cell proliferation of NSCLC cells 

To reinforce the effect of glucose availability and lactate usefulness 
in cell proliferation, assays were performed comparing the cell cycle 
dynamics of glucose and lactate culture conditions with no-glucose and 
no-glucose plus EGF control conditions. The presence of lactate 
increased the percentage of cells in the G0-G1 phase in A549 and H292 
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Fig. 5. Lactate alone or in combination with EGF promotes the activation of the MCT1 promoter in H292 and stimulates the expression of genes involved 
in lactate- and glucose-dependent pathways, which are affected by gefitinib in a cell line-dependent manner. Cells were cultured in control conditions, in the 
presence of glucose or lactate, and with EGF stimulation in the presence and absence of glucose/lactate. (A) Luciferase activity of MCT1 (F1 and F2) promoter 
constructs in transfected cells. (B) Heatmap showing the relative gene expression of relevant metabolic genes. (C) Relative gene expression of metabolic genes in cells 
cultured in control conditions (baseline culture medium represented by the dotted line), in the presence of gefitinib alone or in combination with lactate or lactate 
plus EGF. Results are shown as mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA with Dunnett’s multiple comparisons test was used. 
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cells (Fig. 6 A), and the same was seen in A549 cells exposed to lactate 
and EGF. The lactate and glucose effect was observed in later time 
points, in A549 and H292, in which an increase in cell number was 
observed, independently of EGF (Fig. 6 B). In PC-9 exposed to lactate or 
glucose together with EGF, the percentage of cells in respectively G2/M 
and S phases was increased. The same was observed in cell counting, in 
which EGF increased the proliferation of lactate- treated PC-9 cells at 48 
h. 

We calculated the doubling time of each cell line in all experimental 
conditions (Table 2), and PC-9 showed the lowest cell doubling time and 
EGF tended to decrease the cell doubling time in all conditions in A549 
and PC-9 cells. Glucose decreased the cell doubling time in H292 and 
A549 while lactate plus EGF decreased the cell doubling time in PC-9 
cells. EGF tends to increase cell proliferation at 24 h and 32 h in PC-9. 

Since the MAPK/ERK kinase and PI3K-Akt-mTOR pathways are 
known to be activated downstream of the EGFR, accounting for cancer 
cell proliferation [30], we analyzed the phosphorylation of ERK1/2 and 

Akt. Src protein is also a target of EGFR activation, being a player in 
proliferation and overactivated in cetuximab (KRAS blocker) resistant 
NSCLC [31], thus p-Src levels were assessed. ERK phosphorylation was 
stimulated by EGF, under glucose conditions, in H292 and PC-9 cells 

Fig. 6. EGF in the presence of glucose or lactate interferes differently with cell proliferation of NSCLC cells. Cells were cultured in control conditions, in the 
presence of glucose or lactate, and with EGF stimulation in the presence and absence of glucose/lactate. (A) Cell cycle analysis by flow cytometry (PI staining) and 
(B) proliferation curves in cells exposed to aforementioned conditions for 0, 6, 10, 24, 32, and 48 h. (C) Phosphorylation of AKT, ERK1/2, and SRC was analyzed 
using specific antibodies by western blotting. Results are shown as mean ± SD *p < 0.05, **p < 0.01, ***p < 0.001. Two-way ANOVA with Tukey’s test or one-way 
ANOVA with Dunnett’s multiple comparisons test was used. 

Table 2 
Glucose decreases the cell doubling time in H292 and A549 while lactate plus 
EGF reduces the doubling time in PC-9 cells.   

Cell doubling time (h) 
Cell 
line 

Control EGF Glucose Glucose 
þ EGF 

Lactate Lactate 
þ EGF 

H292 22,4 ±
1,8 

21,9 
± 2,2 

19,03* ±
2,03 

22,4 ± 2,2 20,9 ±
2,4 

22,1 ±
1,8 

A549 22,8 ±
3,02 

20,3 
± 3,9 

18,7* ±
3,6 

16,3** ±
2,4 

19,9 ±
3,3 

18,7 ±
1,8 

PC-9 21,96 ±
3,3 

18,9 
± 3,9 

21,09 ±
5,1 

18,9 ± 4,1 17,45 ±
2,5 

15,6** ±
3,4  
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(Fig. 6 C). p-AKT levels were higher in glucose conditions in H292 and in 
lactate conditions in PC-9 cells. In agreement, our previous results 
showed that lactate alone or in combination with EGF stimulated the cell 
cycle in PC-9 cells. Glucose with or without EGF strongly induced p-SRC 
in A549 cells, while in PC-9, p-Src levels increase with EGF stimulation 
in glucose-treated cells. Regarding H292 cells, increased p-Src levels 
were observed in H292 in the presence of lactate. Overall, PC-9 cells are 
the cells most responsive to EGF when they are in the presence of 
glucose. 

3.9. MCT1 and GLUT1 are positively correlated and upregulated in 
NSCLC metastatic samples 

The mRNA expression of relevant metabolic genes was evaluated in 
FFPE tumor samples from NSCLC patients. 

In our cohort, the genes showing the highest levels of expression 
were MCT4, LDHA, and LDHB (Fig. 7 A). To investigate further associ
ations in the expression of these genes, Spearman’s correlation test was 
used and revealed a weak positive/direct correlation between MCT1 and 
MCT4 (rs = 0.41), GLUT1 and LDHA (rs = 0.48) and MCT4 and LDHA (rs 
= 0.37) (Fig. 7 B). A weak negative/inverse correlation was also 
observed between LDHA and SGLT1 (rs = -0.44). A moderate positive/ 
direct correlation was found between MCT4 and GLUT1 (rs = 0.52), and 
MCT1 and GLUT1 (rs = 0.47). LDHA and LDHB (rs = 0.69) strongly 
correlated. 

Interestingly, we found that MCT1 and GLUT1 mRNA levels were 
significantly higher in metastases comparing to primary tumors (Fig. 7 
C). Additionally, adenosquamous tumors showed a higher expression of 
MCT1 and MCT4, while squamous tumors had higher levels of LDHA and 
LDHB (Fig. 7 D). 

Considering the mutational profile of the cohort included in this 
study, although in both primary tumors and metastases the most 
frequently mutated gene was KRAS followed by EGFR, only primary 
tumors harbored mutations in BRAF (Fig. 7 E). Regarding EGFR muta
tions present in all NSCLC tumors, the most frequent ones in this cohort 
were the L858R mutation (21.4%), and E746_A750del (21.4%). Gene 
expression analysis according to the different types of mutation was also 
performed in primary tumors and metastatic samples (Supplementary 
Fig. 6). Primary tumor samples harboring mutations in BRAF, KRAS, and 
MET exhibited upregulated MCT4 expression when comparing to EGFR- 
mutated tumors. Concerning GLUT1, higher levels of this gene were 
detected in KRAS and MET-mutated primary tumors, contrasting with 
tumor samples bearing mutations in EGFR. Metastatic samples displayed 
an increased GLUT1 mRNA expression comparing to KRAS-altered 
samples. In comparison to WT primary tumors, MET and ROS1-mutated 
tumors showed higher levels of LDHA expression. In addition, MET- 
altered tumors also exhibited enhanced levels of LDHB. 

Using mRNA expression data only from patients with the EGFR 
E746_A750del mutation, which is the mutation found in PC-9 cells, 
Spearman’s correlation test was performed (Fig. 7 F). Very strong 
negative/inverse correlations were observed between MCT1 and SGLT1 
(rs = -0.97), MCT4 and SGLT1(rs = -0.91), GLUT1 and SGLT1 (rs =

-0.91), MCT1 and LDHB (rs = -0.94), MCT4 and LDHB (rs = -0.94) and 
LDHB and GLUT1 (rs = -0.94). On the other hand, very strong positive/ 
direct correlations were also found, namely between MCT1 and GLUT1 
(rs = 0.89), MCT4 and GLUT1 (rs = 1), and between LDHB and SGLT1 (rs 
= 0.97). 

4. Discussion 

A better understanding of putative oncogene activation and the 
pivotal metabolic pathways is highly relevant, since it may help to 
define new and more effective metabolism-based therapeutic ap
proaches for NSCLC patients. EGFR has long been identified as an 
oncogenic driver of NSCLC [32], but its role in metabolic remodeling has 
only more recently been explored [33]. Under physiological conditions, 

EGFR activation in cells is strictly regulated to maintain tissue homeo
stasis, but in tumors, EGFR is often overexpressed and correlates with 
more aggressive phenotypes [32,34]. EGFR is a frequently overex
pressed RTK in NSCLC due to amplification of the EGFR gene; addi
tionally, the sustained production of EGFR ligands in the tumor 
microenvironment and mutations within EGFR itself can lead to 
constitutively activated receptor state [32,34,35]. EGFR overactivation 
is believed to promote intense downstream signaling, resulting in higher 
metastatic rates, poor tumor differentiation, and aggressive tumor 
behavior [32,36]. 

In this study, the role of EGFR status in metabolic profiling was 
explored considering glucose and lactate metabolism. It was shown that 
EGF stimuli exerted different effects on different NSCLC cell lines ac
counting for different metabolic profiles. Therefore, metabolic profiling 
may harbor details needed to distinguish NSCLC subsets, which in the 
future may benefit from more specific metabolism-based anti-cancer 
approaches. Indeed, PC-9 cells were the most responsive to EGF expo
sure, as this growth factor favored cell cycle progression and increased 
expression of CCDN1 mRNA, encoding cyclin D1 (Fig. 1 B and C), an 
activator of CDK4 and CDK6 [37]. Cyclin D1 expression is regulated by 
AP-1, a transcription factor that acts as a response to external stimuli, 
activating MAPK and PI3K/AKT pathways [38,39]. In agreement, pre
vious studies showed that blocking EGFR ligand binding by a mono
clonal antibody or EGFR TKIs caused a cell cycle arrest reducing CDK 
activity from the G1 phase [40]. Moreover, the migration rate of PC-9 
cells was significantly increased by EGF (Fig. 1D). A549 cells (KRAS p. 
G12S) also displayed enhanced migration upon EGF, at later time points. 
According to the literature, EGF was shown to induce migration in 
different cell models, being linked to epithelial-to-mesenchymal transi
tion (EMT) [41], a mechanism described in A549 cells due to EGF 
stimulation [42]. Additionally, EGFR is known to activate matrix met
alloproteinases (MMPs) which degrade the extracellular matrix (ECM), 
favoring cell motility and invasion, thereby connecting EGFR over
activity and metastatic potential [43,44]. Several studies demonstrated 
MMP-9 overexpressed under EGFR-dependent signaling, contributing to 
numerous metastatic steps in ovarian cancer [45] and in NSCLC [46]. 
Our findings are in agreement with the crucial role of EGFR in the 
control of NSCLC cell migration. 

The expression of EGFR and HER2 in NSCLC cell lines was assessed to 
evaluate the different stimulation capacities of EGF on cancer cells. 
Amongst cell lines, it was observed a different expression pattern of 
these EGF receptors. EGF was able to upregulate the expression of EGFR 
and HER2 in PC-9 cells (Fig. 2 A, B, E, and F), which was not expected 
since the PC-9 cell line harbors the EGFR exon 19 E746-A750 deletion 
and should have the EGFR downstream pathways constitutively acti
vated in an EGF-independent manner. However, considering that HER2 
does not bind directly to any known ligands, but it heterodimerizes with 
ligand-activated EGFR or other family members [47,48], the presence of 
HER2 may promote the dimerization with EGFR upon EGF exposure and 
increase the response to EGF stimulus. Another possible explanation is 
the fact that PC-9 cells also express the WT variant of EGFR, as seen in 
Fig. 2 D, thus the stimulation by EGF can occur in the WT rather than in 
the mutated protein. Moreover, it was reported that EGF exposure to PC- 
9 cells induced EGFR phosphorylation at Y845 and Y1173, showing that 
the mutant receptors remained sensitive to ligand stimulation [49]. 
Looking at the immunofluorescence images (Fig. 2 A), EGFR localized in 
small agglomerates in the cytoplasm, resembling vesicle-like structures, 
and in clusters near the nucleus, especially in A549. This is in agreement 
with other studies using A549 [42] and PC-14 cells [50] (which are 
presently known as PC-9 cells). 

Cancer cells strive to meet their optimal metabolic requirements in a 
TME marked by dynamic changes in nutrient availability [12]. High 
concentrations of metabolites in the TME, particularly lactate, 
contribute to all the main stages of carcinogenesis including angiogen
esis, immune escape, cell migration, and metastasis [12,51]. An 
increasing number of studies has demonstrated that lactate is not only an 
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Fig. 7. MCT1 and GLUT1 are positively correlated and upregulated in NSCLC metastatic samples and very strong direct correlations were found between 
GLUT1 and MCT1/MCT4 and SLGT1 and LDHB in patients with the EGFR E746_A750del mutation. (A) MCT1, MCT4, GLUT1, SGLT1, LDHA, and LDHB mRNA 
was quantified by relative quantifying real-time PCR using NSCLC patient samples. (B) Spearman’s correlation analysis showing gene expression levels in NSCLC 
patients. Spearman’s correlation coefficient (rs) and p-values are shown for each analysis. (C) Analysis of gene expression profiles in (C) primary carcinomas and 
metastases and in (D) adenocarcinomas (ADC), adenosquamous, and squamous NSCLC samples. (E) Pie charts showing the percentage of mutations detected in 
primary tumors and metastatic tumors, as well as the frequency of the different EGFR mutations detected in NSCLC patient samples. (F) Spearman’s correlation 
analysis using mRNA expression data from patients harboring the EGFR E746_A750del mutation. Results are shown as median. The asterisks (*) represent the 
statistical significance among groups. *p < 0.05, **p < 0.01, ***p < 0.001. Independent samples Kruskal Wallis One-way ANOVA with multiple comparisons or 
Mann-Whitney test. 
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end product of glycolysis, but also an important metabolic source for 
cancer cells [12] and a regulator, participating in several signaling 
pathways in normal and tumor tissue [52]. The transport of mono
carboxylates such as lactate, pyruvate, and ketone bodies across the cell 
membrane is crucial for carbohydrate, fat, and amino acid metabolism 
and is facilitated by proton-linked monocarboxylates transporters 
(MCTs) 1–4 [53]. MCT1 and MCT4 have been considered the most 
relevant transporters in this process and are both able to import and 
export substrates, being MCT1 often associated with import and MCT4 
with export [54,55]. Here, we found that EGF differently impacts the 
regulation of MCTs in NSCLC. MCT1 was upregulated by EGF in H292 
and PC-9 cells, while MCT4 was only modulated in PC-9 (Fig. 3 A, B, F, 
G). The increasing expression of MCT1 was accompanied by a decrease 
in intracellular levels of lactate (Fig. 3 E), suggesting that lactate is 
probably being used as fuel. Faubert et al. showed in NSCLC patient
–derived samples and in mouse models, that lactate was a major source 
for the TCA cycle, and MCT1 was the main intervenient in this context 
[11]. Moreover, Silva et al. [29] showed that the consumption of lactate 
could be a metabolic expertise of certain types of cancer cells, such as the 
squamous cells of the uterine ectocervix that can consume lactate from 
the cervicovaginal microenvironment [12]. In that study, they found 
that squamous carcinoma cells were well adapted to fully metabolize 
lactate, while adenocarcinoma cells, derived from glandular cells from 
the endocervix, were not able to consume lactate. Their findings were 
validated in tumor sections, showing that squamous carcinomas 
expressed preferentially MCT1 but adenocarcinomas expressed MCT4 
[12,29]. In the present study, the cell line with the highest levels of 
MCT1 was H292 (Fig. 3A), which is from a squamous cell carcinoma 
histological subtype and was derived from a lymph node metastasis 
[56,57]. On the other hand, PC-9 cells were established from a lymph 
node of a lung adenocarcinoma [58,59] and highly expressed MCT4 
(Fig. 3 F). A549 cells were isolated from an adenocarcinoma and show 
intermediate expression of MCT1 and low expression of MCT4. In 
NSCLC, it was also demonstrated that squamous cell carcinomas 
exhibited more active catabolism of glucose into different pathways 
including glycolysis, TCA cycle, and nucleotide, amino acid, and gluta
thione synthesis when comparing to adenocarcinomas [60]. Thus, it 
appears that metabolism may be differently reprogrammed in the major 
NSCLC subtypes and the way cancer cells metabolize lactate resembles a 
cell of origin-dependent expertise, in which MCT1 is pivotal. 

Accordingly, the NSCLC cell lines used in this study showed different 
metabolic profiles (Fig. 4). The analysis of 1H NMR spectra from culture 
media (extracellular metabolites) and aqueous intracellular metabolites 
revealed that lactate potentiated differences in the metabolic profile of 
each cell line (Fig. 4 A). The PCA scores of A549 and H292 intracellular 
metabolites in the presence of lactate overlap, suggesting the existence 
of similarities between A549 and H292 metabolism when the carbon 
source is lactate. However, PC-9 metabolic profile is different, indicating 
a different adaptation of this cell line to lactate metabolism. Addition
ally, in the multivariate analysis, the EGF stimulus did not affect H292 
and A549 cells’ metabolic profile, but it modulated PC-9 cells’ meta
bolism (Fig. 4 B). Indeed, the PCA scores of intracellular extracts of PC-9 
cells displayed a significant influence of EGF using glucose as a carbon 
source, forming different groups of cells exposed or not to EGF. Inter
estingly, this effect was lost when cells were treated with gefitinib, an 
EGFR TKI (Fig. 4 F and G). In PC-9, gefitinib treatment led to a decrease 
in glucose consumption (Fig. 4 E, Supplementary Fig. 4 B), suggesting 
that the abolition of EGFR signaling pathways affected the glycolytic 
rate. In agreement, gefitinib treatment is described as reducing glucose 
transporter 3 (GLUT3) levels in cancer cells’ plasma membrane 
concomitant with the increased cytosolic levels, in lung cancer cell lines 
[61], suggesting that gefitinib increases the internalization of GLUT3, 
reducing glucose transport ability. A similar outcome was observed 
when a third-generation EGFR-TKI was employed in NSCLC [62]. 

As mentioned previously, PC-9 has an EGFR-activating mutation 
consisting of an in-frame deletion in exon 19 (EGFRdelE746-A750), which 

leads to structural changes and increased affinity interaction between 
ATP and EGFR over-activating the kinase domain [19]. Gefitinib is a 
competitive inhibitor of the tyrosine kinase-ATP binding site that alters 
EGFR tyrosine kinase activity and blocks downstream signaling path
ways [20,21]. This inhibitor shows a higher affinity for EGFR with 
activating mutations [22] and since PC-9 cells show constitutive acti
vation of the EGFR signaling pathway due to EGFRdelE746-A750, even in 
the absence of EGF, gefitinib still exerts its inhibitory effect, which leads 
to a different metabolic behavior from that shown in cells cultured with 
glucose alone. 

In all cell lines, the glycolysis pathway was activated since in 
glucose-cultured cells, lactate was detected instead of glucose, indi
cating glucose catabolism. EGFR signaling activation has previously 
been linked to increased glycolysis activity in a variety of malignancies, 
including breast [63] and lung cancer [26]. However, the molecular 
mechanism by which EGFR signaling regulates glucose transport is still 
uncertain. EGFR was found to be physically associated with and stabi
lized the sodium/glucose transporter (SGLT1) to promote glucose up
take into cancer cells [64]. 

Looking in more detail at the metabolite concentrations in H292 cells 
(Fig. 4 C, Supplementary Fig. 2), results suggest that EGF stimulates 
lactate consumption to fuel the TCA cycle. This can be seen by the in
crease in the production of aspartate since aspartate and asparagine 
levels can indicate the synthesis of oxaloacetate, as in an aspartate-free 
medium oxaloacetate may be the sole source of aspartate [65]. Lactate 
also contributed to the synthesis of nitrogenous bases, such as purine 
synthesis (guanosine and inosine) and pyrimidine (cytidine). These 
findings are in agreement with the MCT1 expression profile, showing 
that lactate alone or in combination with EGF stimulates the activation 
of the MCT1 promoter and gene expression (Fig. 5 A and B). Glutamine 
catabolism is increased in A549 cells since no glutamine was detected in 
intracellular extracts, suggesting that it was catabolized in glutamate 
(Fig. 4 D, Supplementary Fig. 3 A). Accordingly, glutamate and succi
nate levels were increased in cells exposed to glucose and EGF. Excess 
glutamate is probably being converted into succinate as well as alanine, 
which is also augmented in the presence of glucose plus EGF. Addi
tionally, glutamine-derived glutamate also donates its amine nitrogen 
toward the biosynthesis of serine and consequently the synthesis of 
glycine [66]. Glutamine was found to be a crucial source for bio
energetics and biosynthesis in EGFR-mutated NSCLC and the combina
tory treatment of erlotinib with a glutaminase inhibitor (CB-839) 
increased the levels of cell death and resulted in tumor regression in 
mouse NSCLC xenografts [67]. In addition, glutamate can be trans
ported through the xCT antiporter in exchange for cystine, which is 
quickly reduced to cysteine inside the cell [68]. This may explain the 
presence of cysteine in A549 intracellular extracts. These results are in 
agreement with other studies, as the involvement of mutant KRAS in the 
metabolic rewiring with increased glutamine utilization was reported in 
different types of cancer [17,18]. In PC-9 cells, EGF increased the con
sumption of alanine, leucine, lysine, phenylalanine, and tyrosine; and 
gefitinib decreased the consumption of glucose and the levels of several 
intracellular amino acids. Thus, in this scenario, it is probable that the 
glucose-treated cells used intermediates of the glycolytic pathway as 
precursors for the synthesis of amino acids. On the other hand, PC-9 
treated with gefitinib showed, on growth media, higher levels of 
aspartate and glutamate, which is a precursor of α-ketoglutarate and the 
main spot of entrance of glutamine-derived compounds in the TCA cycle 
[69,70]. This observation, together with the trend to increase α-keto
glutarate levels (Supplementary Fig. 4) suggests that glucose is ac
counting for the production of TCA cycle intermediates, and glutamine 
metabolism is originating amino acids, which may be used by the cell to 
support pivotal metabolic pathways. Accordingly, glutamine-derived 
aspartate has been described as crucial for nucleotide biosynthesis and 
redox control in cancer cells [71]. Moreover glutamate export more 
commonly occurs upon cyst(e)ine import [72], a crucial metabolic 
player in carbon and energy metabolism as well as a component of 
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glutathione, supporting the high metabolic flow and chemoresistance. 
As mentioned, cysteine was not detected within the PC-9 cells, but 
glutathione turnover is highlighted by our results since reduced gluta
thione presents accentuated intracellular decreased levels upon gefitinib 
exposure. The results obtained through NMR spectroscopy are in line 
with the findings in Fig. 6, in which it is observed that NSCLC cell lines 
can adapt to environments lacking glucose as well as to exogenous 
lactate. The main conclusions of this study are schematically integrated 
in Fig. 8, identifying the main pathways acting on the NSCLC in vitro 
models explored (Fig. 8 A). Moreover, a feed-forward loop can be 
established between glucose and lactate consumption, in which the 
increased rate of glycolysis promotes increased lactate production which 
will stimulate cells to export transiently lactate and further control its 
import to sustain metabolic requirements. The higher the glycolysis rate 
is the higher lactate consumption will be (Fig. 8 B). Ultimately, different 
genetic patterns seem to condition the metabolic profiles (Fig. 8 C), 
highlighting that the metabolic definition may be a powerful tool to 
identify patients who may benefit from metabolism targeted-therapies 
as a strategy to surpass the expected mechanisms of resistance upon 
genetic-based targeted-therapy. 

The role of EGF in the regulation of gene expression in cells cultured 
in the presence and absence of glucose and lactate was evaluated, 
evidencing that lactate bioavailability influenced the expression of 
several metabolic genes (Fig. 5 B and Supplementary Fig. 5). While EGF 
promoted an increase in MCT1 protein expression in H292 and PC-9, 
and MCT4 in PC-9 cells, at basal levels, the same was not observed at 
the mRNA level. Only H292 and A549 cells showed, respectively, 
augmented MCT1 and MCT4 expression after EGF exposure (Fig. 5 B, 
Supplementary Fig. 5 A). Lactate had a more prominent effect in the 
regulation of transcriptional activity of lactate and glucose-related 
transporters, but also of gluconeogenesis and PPP-related genes (Fig. 5 
B). Indeed, lactate is actively exchanged to provide an oxidative energy 
source and gluconeogenic precursor [73] as well as for cell signaling 
[74], having been reported as a “lactormone” [12,75]. Besides, in a 
study using MCF7 cells, lactate influenced the gene expression of several 
key oncogenes and other driver genes involved in metabolic reprog
ramming, regulation of cell cycle, and proliferation [76]. Moreover, 
Zhang et al., [77] reported that “lactylation” of histone lysine residues 
acts as an epigenetic modification that directly induces gene transcrip
tion from chromatin in human and mouse cells. After exogenous lactate 
exposure, lysine lactylation (Kla) levels increased in a dose-dependent 
manner and endogenous production of lactate was a crucial driver of 
histone Kla levels [77]. Regarding gluconeogenesis, it was reported that 
NSCLC cells utilized this pathway to overcome glucose deprivation, a 
consequence of the high glucose consumption, and that PCK2 was 
expressed and active in NSCLC cell lines and samples [78]. In our study, 
we also found that lactate could serve as a gluconeogenic precursor, as 
PEPCK was significantly upregulated in all cell lines, and PCK2 was 
enhanced in H292 cells, after lactate exposure (Fig. 5 B, Supplementary 
Fig. 5 C). PEPCK, which converts oxaloacetate (OAA) to phosphoenol
pyruvate (PEP), has an important role in glucose production, but also in 
the generation of glycerol and serine [78]. PCK2, the mitochondrial 
isoform of PEPCK, was shown to directly influence TCA cycle function in 
cancer cells by catabolizing OAA generated from glutamine [79]. In an 
elegant study by Jin et al., [25] EGFR activation branched glycolysis to 
the serine synthesis for nucleotide biosynthesis and redox homeostasis. 
Interestingly, PEPCK expression was significantly upregulated in PC-9 
cells exposed to lactate plus EGF (Supplementary Fig. 5 C), and 
through NMR, it was possible to see that serine production tended to be 
higher in lactate-treated cells (Fig. 4 E, Supplementary Fig. 4 A). 
Glutathione synthesis was also enhanced in these conditions, possibly 
contributing to redox homeostasis. Again, PPP can play a role in cancer 
cells’ metabolic balance, since it is a glucose-dependent pathway, which 
can benefit from lactate as a gluconeogenesis substrate to contribute to 
nucleotide synthesis on one hand and to the regeneration of glutathione 
and redox control in another hand [80]. Accordingly, in our study G6PD 

gene is upregulated by lactate in PC-9 cells, being this effect rescued by 
EGFR blockade, as it will be further discussed. 

The effect of gefitinib at the gene expression level was investigated 
alone or in combination with lactate or lactate plus EGF, evidencing that 
EGFR blockade promoted alterations in the expression profile of 
metabolism-related genes. Interestingly, PC-9 cells responded differ
ently to gefitinib treatment when comparing to H292 and A549. Gefi
tinib abolished the expression of almost all genes studied in the EGFR 
WT cells, including glucose and lactate transporters, but also gluco
neogenic and PPP genes. However, in PC-9 cells, MCT1, SGLT1, PEPCK, 
and ALT gene expression was upregulated by this TKI inhibitor (Fig. 5 
C). This might be explained by the increased availability of glucose, as 
gefitinib decreased the consumption of glucose in these cells (Fig. 4 E, 
Supplementary Fig. 4 B). These findings cast doubt on whether patients 
with EGFR wild-type NSCLC may benefit from gefitinib therapy, or if an 
undisclosed mechanism of resistance to targeted therapy may be con
nected to metabolic remodeling, through which the adjustment of 
crucial bioenergetics and biosynthetic pathways strengthen cancer cells 
to overcome EGFR inhibition and increase their survival. 

EGF induced the activation of MAPK/ERK and SRC pathways in all 
cell lines (Fig. 6 C). Interestingly, in the absence of glucose or upon 
lactate exposure, increased levels of p-Src were observed in H292. 
Although EGFR is activated through ligand binding and auto- 
phosphorylation of its cytoplasmic tail, it is well known that Src, or 
Src family kinases, are required for the full activation of EGFR [81]. It 
was reported that HER2 and Src mediated tyrosine phosphorylation of 
LDHA at tyrosine 10, activating LDHA and providing an anti-anoikis, 
pro-invasive and pro-metastatic potential to cancer cells [82]. Lactate 
was shown to upregulate SRC kinase activity, resulting in LDHA phos
phorylation at Y10, triggering the transcriptional expression of VEGF 
under normoxia and Inducible Nitric Oxide Synthase (INOS) under 
hypoxia, to regulate macrophage polarization [83]. As H292 cells are 
metastatic, lactate may activate Src to further support the pro-metastatic 
potential of these cells. In future assays, it would be interesting to test 
the effect of gefitinib on molecular markers of the EGFR signaling 
cascade. 

The analysis of NSCLC patients’ mRNA showed significant positive 
correlations between GLUT1 and MCT1/4 and between LDHB and 
SGLT1 in NSCLC patients harboring the EGFR E746_A750del mutation 
(Fig. 7 F). Additionally, both MCT1 and GLUT1 were upregulated in 
NSCLC metastatic samples (Fig. 7 C). A significant correlation between 
increased GLUT1, MCT1 mRNA levels/protein expression, and a high 
Fuhrman grade, the grading system used to predict survival for patients 
with renal cell carcinoma, was reported in clear-cell renal cell carcinoma 
patients [64]. Moreover, in this study, high MCT1 and GLUT1 mRNA 
levels correlated with poor prognosis, being revealed as strong prog
nostic markers and promising therapeutic targets in renal carcinoma 
context [64]. Several studies have suggested that NSCLC patients car
rying the variant E746_A750del have a higher percentage of acquired 
T790M mutation than those with other EGFR 19Del variants following 
progression on earlier-generation TKIs [84–86]. The EGFR T790M mu
tation is recognized as the main mechanism of first/second-generation 
EGFR-TKI resistance [87]. Thus, NSCLC patients harboring the EGFR 
E746_A750del mutation are more prone to develop resistance to TKIs. In 
this context, considering the metabolic adaptation (Fig. 8 A) and 
combining GLUT1 inhibitors with MCT1/4 inhibitors, or inhibiting 
LDHB and SGLT1, could be an interesting therapeutic strategy to over
come the resistance in this specific group of NSCLC patients or at least 
these genes can be validated as markers for follow-up and prediction of 
therapy resistance. MCT1 inhibitor AZD3965 is in phase 1 clinical trials 
in patients with solid tumors and was already shown to be effective, 
especially in combined therapy [88]. Although no GLUT1 or MCT4 
specific inhibitors have been advanced to clinical studies, several com
pounds have been identified as having an inhibitory effect [89,90]. 
Interestingly, GLUT1 expression and glucose uptake were found to be 
increased in resistant NSCLC cells after treatment with gefitinib and 
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Fig. 8. NSCLC cell lines with different genetic 
profiles have heterogeneous metabolic specific
ities. (A) Schematic representation of the altered 
metabolic pathways in NSCLC. NSCLC cell lines exhibit 
an increased rate of glycolysis, which is hindered by 
gefitinib, at least in PC-9 cells. Glycolytic in
termediates can supply PPP and one-carbon meta
bolism, promoting nucleotide and protein 
biosynthesis, which support cell growth and prolifer
ation. The high glycolysis rate increases pyruvate 
levels that are converted into lactate by LDHA and 
exported by MCT4. Cancer cells are also known to 
consume lactate as a fuel; they import lactate through 
MCT1, which is converted into pyruvate by LDHB to 
sustain OXPHOS. Mitochondrial TCA cycle in
termediates such as OAA and citrate can be used to 
generate aspartate and acetyl-CoA for nucleotide and 
lipid synthesis, respectively. NADPH and glutathione 
are essential to maintain cellular redox homeostasis. 
Fig. 8 C shows which metabolic pathways were 
increased in each NSCLC cell line studied here. Lactate 
alone or in combination with EGF stimulated the 
expression of genes involved in lactate- and glucose- 
dependent pathways, which are affected by gefitinib 
in a cell line-dependent manner. (B) Feed-forward loop 
can be established between glucose and lactate con
sumption. An increased rate of glycolysis promotes 
lactate bioavailability, which is managed by cancer 
cells to supply metabolic pathways with lactate- 
derived compounds. The phenotypical changes occur
ring in this scenario will prompt the maintenance of 
the high rate of glucose consumption to feed glucose- 
dependent and lactate-dependent biosynthesis and 
bioenergetics. (C) Main conclusions found in EGFRWT 

H292, EGFRWT, KRASMUT A549, and EGFRMUT PC-9 
cells exposed to EGF and glucose/lactate, in the pres
ence or absence of gefitinib. ↓—decrease; ↑—increase. 
Glucose-6-P: glucose-6-phosphate; 3-P-Glycerate: 3- 
phosphoglycerate; R5P: ribulose 5-phosphate; OAA: 
oxaloacetate; α-KG: alpha ketoglutarate; MCT1/4: 
monocarboxylate transporter 1/4; LDHA/B: Lactate 
dehydrogenase A/B; GLUT1: Glucose transporter 1; 
SGLT1: Sodium/glucose cotransporter 1; PEPCK: 
Phosphoenolpyruvate carboxykinase; PCK2: Phospho
enolpyruvate Carboxykinase 2; ALT: Alanine trans
aminase; PFKFB1: 6-Phosphofructo-2-Kinase/Fructose- 
2,6-Biphosphatase 1; G6PD: glucose-6-phosphate 
dehydrogenase.   
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genetic or pharmacological inhibition of GLUT1 sensitized NSCLC with 
primary resistance and acquired resistance to gefitinib [91]. 

This study shows that both NSCLC cell lines and patient samples 
(Fig. 8 B and C) show heterogeneous metabolic profiles and are puta
tively associated with a particular genetic profile conditioning metabolic 
adaptation, potentially guiding patient stratification in innovative 
metabolism-targeted therapies in the scope of personalized medicine. It 
also reinforces that besides the complexity imposed by oncogenic al
terations, one must consider the dynamic extrinsic factors which pro
foundly influence the metabolic adaptation of cancer cells. The 
metabolic specificities may enclose the necessary information to iden
tify, distinguish and act effectively in the various subgroups of NSCLC, 
thus bringing an improvement in the therapeutic approach and 
outcome. 
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