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Introduction
Lung cancer is the leading cause of cancer death worldwide. 
Causative gene alterations have been identified in various sig-
naling pathways including the MAPK, PI3K, oxidative stress 
response, RNA splicing, and processing and nucleosome 
remodeling pathways. Still, the majority of these genomic alter-
ations remain distinct to specific tumor subsets, and genetically 
defined precision medicine is limited to small groups of non–
small cell lung cancer (NSCLC) patients. Surgery remains the 
gold standard of nonadvanced NSCLC care, and the search for 
predictive biomarkers for conventional cytotoxic chemother-
apy has proven to be challenging. However, immunotherapy 
recently emerged as a standard of care for the treatment of 
advanced NSCLC (1), and promising new KRASG12C inhibi-
tors have demonstrated antitumor activity in advanced NSCLC 
patients (2). Currently, stage IV NSCLC has a 5-year survival 

rate of approximately 1%, and this dramatic situation fosters 
the need to identify early biomarkers, targets, and approaches 
to manage lung cancer.

Among the different emerging strategies for cancer therapy, 
targeting tumor bioenergetics may be promising since rewiring 
of the biochemical pathways that are involved in energy metab-
olism contributes to tumor initiation, survival, and resistance to 
therapy. Two main pathways transduce energy in cancer cells: 
the anaerobic pathway and the oxidative pathway. The former 
includes glycolysis that is linked to lactate production (Warburg 
effect). The oxidative pathway can include glycolysis but requires 
mitochondrial oxygen consumption and generates a higher yield 
of ATP using a variety of fuels. Metabolomic investigations per-
formed on 9 patients with various types of lung cancer revealed 
a metabolic heterogeneity between tumors and demonstrated 
that oxidative lung tumors rely on a carbon source other than glu-
cose to fuel the TCA cycle, given that only 8% of the acetyl-CoA 
originates from [13C]-glucose carbons (3). In particular, fatty acid 
oxidation (FAO) that is linked to oxidative phosphorylation could 
maximize ATP synthesis in oxidative lung tumors since this cata-
bolic pathway is preferred in a large variety of tumor types, such 
as breast cancer and leukemia (4, 5). Here, we demonstrated the 
validity of inhibiting the mitochondrial trifunctional enzyme 
complex in oxidative lung tumors.

Metabolic reprogramming is a common hallmark of cancer, but a large variability in tumor bioenergetics exists between 
patients. Using high-resolution respirometry on fresh biopsies of human lung adenocarcinoma, we identified 2 subgroups 
reflected in the histologically normal, paired, cancer-adjacent tissue: high (OX+) mitochondrial respiration and low (OX–) 
mitochondrial respiration. The OX+ tumors poorly incorporated [18F]fluorodeoxy-glucose and showed increased expression of 
the mitochondrial trifunctional fatty acid oxidation enzyme (MTP; HADHA) compared with the paired adjacent tissue. Genetic 
inhibition of MTP altered OX+ tumor growth in vivo. Trimetazidine, an approved drug inhibitor of MTP used in cardiology, also 
reduced tumor growth and induced disruption of the physical interaction between the MTP and respiratory chain complex I, 
leading to a cellular redox and energy crisis. MTP expression in tumors was assessed using histology scoring methods and 
varied in negative correlation with [18F]fluorodeoxy-glucose incorporation. These findings provide proof-of-concept data for 
preclinical, precision, bioenergetic medicine in oxidative lung carcinomas.

Targeting the mitochondrial trifunctional protein 
restrains tumor growth in oxidative lung carcinomas
Nivea Dias Amoedo,1,2,3 Saharnaz Sarlak,2,3 Emilie Obre,2,3 Pauline Esteves,2,3 Hugues Bégueret,3,4 Yann Kieffer,5  
Benoît Rousseau,2,6 Alexis Dupis,2,3 Julien Izotte,2,6 Nadège Bellance,2,3 Laetitia Dard,1,2,3 Isabelle Redonnet-Vernhet,1,2,7  
Giuseppe Punzi,8 Mariana Figueiredo Rodrigues,2,3 Elodie Dumon,2,3 Walid Mafhouf,3,9 Véronique Guyonnet-Dupérat,3,10  
Lara Gales,11 Tony Palama,11 Floriant Bellvert,11 Nathalie Dugot-Senan,12 Stéphane Claverol,3,13 Jean-Marc Baste,14 Didier Lacombe,2,3 
Hamid Reza Rezvani,2,9 Ciro Leonardo Pierri,8 Fatima Mechta-Grigoriou,5 Matthieu Thumerel,14 and Rodrigue Rossignol1,2,3

1CELLOMET, Bordeaux, France. 2INSERM U1211, Bordeaux, France. 3Bordeaux University, Bordeaux, France. 4Pathology Department, Haut-Lévèque Hospital, CHU Bordeaux, Bordeaux, France. 5Stress and 

Cancer Laboratory, Curie Institute — INSERM U830, Paris, France. 6Transgenic Animal Facility A2, University of Bordeaux, Bordeaux, France. 7Biochemistry Department, Pellegrin Hospital, CHU Bordeaux, 

Bordeaux, France. 8Laboratory of Biochemistry and Molecular Biology, University of Bari, Bari, Italy. 9INSERM U1035, Bordeaux, France. 10Vectorology Platform, University of Bordeaux, Bordeaux, France. 
11Laboratoire d’Ingénierie des Systèmes Biologiques et des Procédés (LISBP), Institut National des Sciences Appliquées (INSA)/CNRS 5504 — UMR INSA/Institut National de la Recherche Agronomique 

(INRA) 792, Toulouse, France. 12Histology Platform, TBM-CORE INSERM US005 — CNRS Bordeaux, France. 13Functional Genomics Center (CGFB), Proteomics Facility, Bordeaux, France. 14Thoracic Surgery, 

Haut-Lévèque Hospital, CHU Bordeaux, Bordeaux, France.

Conflict of interest: RR and NA declare a patent (PCT/EP2018/086278) entitled “Mito-
chondrial trifunctional protein (MTP) inhibitors for use in the treatment of high mito-
chondrial respiration (OX+) cancers.” Institution: AST Aquitaine — University of Bordeaux.
Copyright: © 2021, American Society for Clinical Investigation.
Submitted: September 9, 2019; Accepted: October 21, 2020; Published: January 4, 2021.
Reference information: J Clin Invest. 2021;131(1):e133081. 
https://doi.org/10.1172/JCI133081.

https://www.jci.org
https://doi.org/10.1172/JCI133081


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(1):e133081  https://doi.org/10.1172/JCI1330812

https://www.jci.org
https://doi.org/10.1172/JCI133081


The Journal of Clinical Investigation      R E S E A R C H  A R T I C L E

3J Clin Invest. 2021;131(1):e133081  https://doi.org/10.1172/JCI133081

and caveolar-mediated endocytosis signaling, and antioxidant 
response (Supplemental Figure 1B; Supplemental Table 2, sheet 
2; Supplemental Table 2, sheet 3). Specifically, a strong reduc-
tion (≥65% inhibition) in 4 glucose-metabolizing enzymes was 
observed in PZOX+ compared with PZOX– (Supplemental Figure 1C), 
in full agreement with the lower 18-FDG–PET scan SUVmax values 
determined in OX+ tumors (Figure 1G). The differential proteomic 
signature of the PZOX+ versus PZOX– tumors (Supplemental Table 2, 
sheet 4) was used to stratify a larger panel of human lung adeno-
carcinomas (LUADs) from the National Cancer Institute Genomic 
Data Commons–The Cancer Genome Atlas (GDC-TCGA) portal 
(Supplemental Figure 2A). Hierarchical clustering revealed that 
the TCGA-OX+-LUAD tumors (58% of the total TCGA LUAD 
population; Supplemental Table 2, sheet 5) were associated 
with a reduced life expectancy (Supplemental Table 2, sheet 6).  
Genetic studies further revealed a higher level of DNA copy num-
ber alterations and of point mutations in the OX+ group, without 
differences in the EGFR, ELM-ALK, or KRAS mutational status 
(Supplemental Table 2, sheet 7). Gene Ontology (GO) terms and 
KEGG pathway analyses of the genes differentially expressed at 
the mRNA level (RNA-Seq) between OX+ LUAD and OX– LUAD 
tumors (adjusted P value DESeq2 < 0.05 and fold change > 1.5) 
indicated that the OX+ group was enriched for mRNAs involved in 
protein translation and oxidative phosphorylation (Supplemental 
Figure 2, B and C, and Supplemental Table 2, sheet 8). In contrast, 
OX– LUAD tumors showed enrichment in cell-adhesion processes 
and plasma membrane receptors (Supplemental Figure 2, D and E, 
and Supplemental Table 2, sheet 9).

Metabolic vulnerability of OX+ LUADs. To identify a potential 
therapeutic target that is specific to OX+ LUADs, we performed a 
comparative proteomic analysis of the tumor region (PZOX+) with 
the corresponding cancer-adjacent tissue (HTOX+) (Figure 2A). A 
similar comparison of the tumor and adjacent tissue respiration 
was used for the bioenergetic stratification of the OX+ and OX– 
groups (Figure 1). The proteomic study (OX+

PZ/HT) revealed a spe-
cific enrichment in 7 proteins involved in fatty acid degradation 
and a reduction in 9 glycolytic enzymes (Figure 2B; Supplemental 
Table 3, sheet 1; Supplemental Table 3, sheet 2). We selected the 
mitochondrial trifunctional protein (MTP) enzyme complex as the 
target of choice because (i) this enzyme is the terminal step of FAO 
in the mitochondrion, (ii) the 2 subunits (HADHA and HADHB) 
are overrepresented in PZOX+ compared with the adjacent tissue 
HTOX+ (Figure 2, A and B), (iii) HADHA is overexpressed in can-
cer cells resistant to cisplatin and 5-fluorouracil (6) (see also the 
HADHA interactome in Supplemental Table 3, sheet 3), and (iv) an 
approved drug inhibitor of MTP (trimetazidine; TMZ) is available 
for eventual repurposing in oxidative lung cancer therapy. In silico  
analysis of MTP α-subunit (HADHA) expression in the TCGA 
cohort of human LUAD (Figure 2C and Supplemental Table 3, 
sheet 4), showed that 28% had a positive z score higher than 1.2 
(HADHA+ LUADs). A strong overlap was observed between the 
OX+ LUAD specimens (Supplemental Table 2, sheet 4) and the 
HADHA+ LUADs (Figure 2D). Determination of HADHA tumor 
absolute expression using the RNA-Seq log2 FPKM (fragments 
per kb per million mapped reads) values also showed higher levels 
in the HADHA+ subgroup (Figure 2E). Further comparison of the 
transcriptome of HADHA+ LUADs and HADHA– LUADs allowed 

Results
Mitochondrial respiration defines 2 LUAD bioenergetic subsets. 
We analyzed mitochondrial respiration in intact surgical pieces 
obtained from 19 patients with NSCLC (Supplemental Table 1; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI133081DS1) after surgery and dissection by 
the pathologist in 2 zones: the Ki67-positive cancer region (pro-
liferating zone, PZ) and the paired, cancer-adjacent, healthy 
tissue (HT) (Figure 1A). The high-resolution respirometry inves-
tigation revealed that for each patient, HT respiration system-
atically opposed that of the PZ (Figure 1, B and C), suggesting 
the existence of a “bioenergetic mispairing.” The group with 
a higher respiratory rate in the PZ compared with the HT was 
denoted OX+, and the group with tumor respiration lower than 
that of the HT was denoted OX–. Comparison of the respiratory  
rate between PZOX+ and PZOX– tumors showed a significant 
increase in the PZOX+ group, whereas the respiration of the 
HTOX+ was reduced compared with that of the HTOX– group (Fig-
ure 1D). Moreover, calculation of the ratio between tumor and 
paired-adjacent tissue respiration (PZ/HT) enabled a stronger 
(P = 0.0002) segregation of the surgical pieces in 2 bioenergetic 
groups (Figure 1E). This finding suggests that the intrinsic tumor 
bioenergetic profile is reflected in the histologically normal, 
cancer-adjacent tissue. Therefore, the strategy used to stratify 
OX+ from OX– LUAD tumors relied on 2 findings: (i) the system-
atic observation of a bioenergetic mispairing between OX+ and 
OX– tumors and their respective paired, adjacent tissue (HT) and 
(ii) a highly significant difference of the normalized respiration 
values (tumor/adjacent) between the 2 groups. No difference 
in the coupling degree of oxidative phosphorylation was found 
between the 2 groups (Figure 1F). Lastly, a lower (P = 0.0339) 
standardized uptake value (SUVmax) of [18F]fluorodeoxy-glucose 
(18-FDG) was measured in the OX+ group (Figure 1G).

Proteome remodeling in OX+ and OX– LUADs. To investigate the 
molecular basis of the bioenergetic differences between PZOX+ and 
PZOX–, we performed a comparative molecular study using label-
free proteomics. This analysis identified 333 proteins that differed 
in a significant manner (P < 0.05; 1-way ANOVA) (Supplemental 
Figure 1A and Supplemental Table 2, sheet 1). The cellular func-
tions mostly affected included phagosome maturation, clathrin- 

Figure 1. Oxidative human lung tumor (OX+ LUAD) identification by 
high-resolution respirometry. (A) Tissue sampling and study workflow. 
The cancer region (PZ; proliferating zone) and the paired, cancer-adjacent 
tissue (HT; healthy tissue) were dissected by the pathologist and used for 
subsequent bioenergetic, proteomic, and immunohistology analyses. (B) 
Tissue respiration (PZ: plain bars and HT: empty bars) identified consistent 
bioenergetic mispairing between PZ and HT in the 2 groups of tumors: OX+ 
(PZOX+ > HTOX+; red) and (C) OX– (PZOX– < HTOX–; blue). (D) Comparison of the 
respiration of the OX+ LUAD group (red circles) versus the OX– LUAD (blue 
squares), for PZ (plain symbols) and HT (empty symbols), respectively. (E) 
PZ respiration normalized to HT respiration stratified the OX+ LUAD (red 
circles) and the OX– LUAD (blue squares) subgroups. (F) Respiratory control 
ratio (routine/oligomycin treated–respiration). (G) Glucose incorporation in 
the 2 subgroups of lung tumors as measured by the [18F]-FDG–PET scan. 
Differences between the OX+ and the OX– LUAD subgroups were compared 
using a 2-sided Student’s t test. Data are expressed as mean ± SEM. *P < 
0.05, ***P < 0.001.
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above (HADHA+ LUADs) or below (HADHA– LUADs) the mean 
absolute deviation (Figure 3C). This analysis showed that 18% 
of the tested LUADs were HADHA+. Representative images of  
HADHA+ LUAD and HADHA– LUAD tumors are shown in Figure 
3B. Comparison of the 18-FDG–PET scan SUVmax values between 
the 2 subgroups of tumors also showed lower values (P < 0.05) 
in the HADHA+ LUADs (Figure 3D). These findings suggest that  
the clinical 18-FDG–PET scan analysis combined with HADHA 
tumor IHC scoring could be used to stratify HADHA+ LUADs.

The existence of HADHA+ and HADHA– LUADs was fur-
ther investigated on a panel of 12 human NSCLC cell lines with 
variable mutational status regarding P53, KRAS, EGFR, or BRAF 
(Supplemental Table 1, sheet 2). Measurement of HADHA protein 
expression revealed 2 subgroups of lung cancer cell lines that also 
differed for mitochondrial respiration (Figure 3, E–G; see com-
plete unedited blots in the supplemental material). The cell lines 
were defined as HADHA+ or OX+ when the expression of HADHA 
and the respiratory rate were above the median value. Cells with 
both HADHA+ and OX+ characteristics were defined as HADHA+/
OX+. Four cell lines belonged to the HADHA+/OX+ group (H1299, 
H2279, A549, and PC9) and 4 to the HADHA–/OX– (H460, H596, 
HCC364, and HCC1395; Supplemental Table 1, sheet 2). As for 
the tumors, no difference in the mutational status of p53, KRAS, 
EGFR, or BRAF could be observed between these 2 subgroups 
(Supplemental Table 1, sheet 2). Likewise, no difference in glu-
cose dependency was observed (Supplemental Figure 3A). Last, 
exploration of the data obtained on 80 NSCLC cell lines by Chen 
et al. (7) revealed no difference in cell malignancy between the 
OX+ and the OX– groups identified in our study (Supplemental 
Table 1, sheet 3).

The stimulation of HADHA expression was previously 
explained by the activation of β-catenin signaling in human hepato-
cytes, osteoblasts, dendritic cells, hepatocellular carcinomas, and 
breast carcinomas (8–12). In agreement with this mechanism, the 
proteomic analysis of human OX+ LUAD surgical pieces showed 
an increase of β-catenin (CTNNB1) protein levels in OX+ LUADs 
(Figure 2A). Moreover, β-catenin activation through GSK3β inhi-
bition using lithium chloride (LiCl) or using siRNAs stimulated 
the expression of HADHA in A549 cells (Supplemental Figure 
3B). Likewise, the ectopic expression of a constitutively active 
form of β-catenin (activating T41A mutant) in A549 cells triggered 
the upregulation of HADHA transcript (Supplemental Figure 3B). 
Conversely, inhibition of β-catenin transcriptional activity using 
methyl 3-{[(4-methylphenyl)sulfonyl]amino}benzoate (MSAB) or 
siRNA reduced the HADHA expression level in A549 cells (Sup-
plemental Figure 3C) and altered cell viability, without an effect in 
H460 cells (Supplemental Figure 3C). Lastly, the ectopic expres-
sion of the β-catenin T41A mutant in OX– (H460) cells increased 
their sensitivity to TMZ treatment (Supplemental Figure 3D). The 
β-catenin activation status determined by reverse-phase protein 
arrays on 80 NSCLC cell lines (7) did not reveal a higher level of 
CTNNB1 in the OX+ NSCLC cell lines compared with the OX– cells 
(Supplemental Table 1, sheet 3), suggesting that canonical muta-
tional activation of CTNNB1 is not the sole mechanism for HAD-
HA stimulation in OX+ cells.

MTP inhibition alters OX+ cancer cell proliferation and bio-
energetics. To perform mechanistic studies, we investigated the 

identification of all statistically enriched GO terms (Supplemen-
tal Table 3, sheet 5), hierarchical clustering, and visualization 
using Cytoscape (Figure 2F). The results showed that HADHA+ 
LUADs were enriched in mitochondrial transcripts and in meta-
bolic and signaling pathways similar to those found in OX+ LUADs 
(see Supplemental Figure 2, B and C), namely protein translation, 
ribosomes, mitochondrial gene expression, and oxidative phos-
phorylation (Figure 2F and Supplemental Table 2, sheet 8). The 
coexpression analysis performed on the entire TCGA LUAD pop-
ulation revealed that HADHA tumor expression was correlated  
to that of respiratory chain proteins, such as COX15, NDUFS1, or 
ATP5F1B (Figure 2G and Supplemental Table 3, sheet 6). This cor-
relation analysis also identified LRPPRC, a protein involved in the 
regulation of mitochondrial gene expression; COX7A2L, a protein 
necessary for the assembly of mitochondrial respiratory super-
complex; and IMMT (MICOS60), a component of the mitochon-
drial cristae organization system (Figure 2G).

HADHA histology scoring for OX+ LUAD stratification. To verify 
the existence of HADHA+ and HADHA– LUADs in tumor samples 
obtained from the University Hospital of Bordeaux, departments 
of thoracic surgery and oncology and pathology, we developed a 
HADHA histology scoring method using a monoclonal antibody. 
First, we used mouse hearts as a positive control for HADHA 
staining since the MTP is a central enzyme complex for cardio-
myocyte bioenergetics (Figure 3A). Then, we applied this method 
to study HADHA expression in human LUAD paraffin-embedded 
sections. Typical staining showed cytosolic HADHA expression in 
the bronchiolar and the alveolar epithelia (Figure 3B). This method  
was used to semi-quantify HADHA expression on a series of 32 
human LUADs (Supplemental Table 1). Little HADHA staining 
was observed in the HT compared with the tumor region (Fig-
ure 3B). Moreover, significant differences in HADHA tumor 
expression were observed between the samples (Figure 3, B and 
C). The HADHA histology score was used to segregate tumors 

Figure 2. The MTP subunit HADHA is a priority target in OX+ LUAD. (A) 
Volcano plot of the differential label-free proteomic analysis performed 
between PZOX+ and HTOX+ LUADs. (B) Proteins involved in glycolysis were 
repressed in PZOX+, whereas proteins involved in FAO were upregulated. 
The mean fold change ratio between OX+ PZ and OX+ HT is indicated. (C) 
Analysis of HADHA expression in 586 human LUAD samples (https://
www.cbioportal.org/). Tumors with a positive HADHA z score higher than 
1.2 (HADHA+) are indicated in red; tumors with HADHA z score less than 
0.8 (HADHA–) are shown in blue. The heatmap gives the z score for the 
genes listed on the left. (D) Venn diagram showing the overlap between 
the TCGA LUAD OX+ tumors and the TCGA LUAD HADHA+ tumors identified 
in panel C. (E) HADHA absolute mRNA expression in HADHA+ and HADHA– 
LUAD tumors. (F) RNA-Seq data from the HADHA+ and the HADHA– LUADs 
were analyzed using DESeq2 to generate the list of genes that differed 
between the 2 groups (adjusted P < 0.005). This list was further analyzed 
using Metascape (metascape.org) to identify all statistically enriched GO/
KEGG terms. The significant terms were then hierarchically clustered into 
a tree and converted into a network layout. Each term is represented by a 
circle node, where its size is proportional to the number of genes, and its 
color represents its cluster. Terms with a similarity score higher than 0.3 
are linked by an edge (the thickness represents the similarity score) and 
visualized with Cytoscape (v3.1.2). One term from each cluster was selected 
as label. (G) Genes coexpressed with HADHA in TCGA lung tumors. The top 
genes with a Pearson coefficient higher than 0.35 are shown in the bar 
graph. Data are expressed as mean ± SEM.
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anticancer effects of HADHA inhibition in 2 human NSCLC cell 
lines, A549 (HADHA+/OX+) and H460 (HADHA–/OX–), with 
contrasting addiction to glucose, bioenergetics (13), and HADHA 
expression (see Figure 3, F and G). First, we observed that H460 
cells (OX–) showed a strong dependency for growth on glucose 
availability in striking contrast with A549 cells (Figure 4A). Mito-
chondrial respiration was also higher in A549 cells (2-fold) com-
pared with H460 cells (Figure 4B; see also Figure 3G). These 2 
bioenergetic disparities mirrored the differences found between 
OX+ and OX– LUAD tumors (Figure 1, D and G). Blockade of FAO 
using the MTP inhibitor antianginal drug TMZ (14) altered cell 
viability specifically in A549 cells, without effect in H460 cells 
(Figure 4C). Likewise, a higher sensitivity to TMZ was observed 
in HADHA+/OX+ lung cancer cell lines compared with HADHA–/
OX– cell lines (Supplemental Figure 4A). In striking contrast, no 
difference in the sensitivity to 20 different chemotherapy treat-
ments was observed between these OX+ and OX– cells by Chen 
et al. (7) (Supplemental Table 1, sheet 3). TMZ could also poten-
tiate the cancer-killing effect of cisplatin in 2 OX+ cell lines (Sup-
plemental Figure 4B). Conversely, H460 cells showed a higher 
sensitivity to the chemotherapeutic drugs 5-fluorouracil, doxo-
rubicin, and etoposide (Figure 4C). Investigation of the antican-
cer effect of MTP inhibition in OX+ cells using a HADHA-shRNA 
(Supplemental Figure 4, C and D; see complete unedited blots in 
the supplemental material) or TMZ showed a reduction of A549 
cell proliferation, as assessed by BrdU incorporation (Figure 
4D), and a significant decrease in the steady-state level of ATP 
(Figure 4E). To verify the specificity of these findings and their 
reversibility, we performed a genetic rescue experiment using a 
doxycycline-inducible HADHA knockdown system in A549 cells 
(Supplemental Figure 4C). The results revealed that doxycycline 
activation of the HADHA-targeting shRNA-miR altered cell pro-
liferation and bioenergetics in A549 cells, while 96 hours doxycy-
cline washout rescued these 2 parameters (Figure 4, D and E, and 

Supplemental Figure 4, C and D). Likewise, OXPHOS inhibition 
using the complex I inhibitor rotenone specifically altered cell 
viability in the OX+ cells (Supplemental Figure 4E), which also 
showed a higher capacity to oxidize palmitate in comparison with 
OX– cells (Supplemental Figure 4F).

The on-target effect of MTP inhibition by HADHA-shRNA 
or TMZ was verified in A549 cells by using a lipidomic approach. 
HADHA-shRNA and TMZ triggered a significant reduction in 
the incorporation of [13C]-palmitate in the TCA cycle (Figure 4F), 
as shown by a reduced content of [13C]-citrate isotopomers after 
2 hours of [13C]-palmitate oxidation (Figure 4G). The different 
citrate isotopomers M1–M5 were generated by successive cycles 
of the TCA cycle. Furthermore, FAO inhibition by TMZ result-
ed in the accumulation of unprocessed fatty acids inside A549 
cells (Figure 4H). In particular, the TMZ treatment induced the 
accumulation of lipotoxic long-chain acylcarnitines (C18-OH,  
C18-1OH, C18-2OH, C16OH, C16:1OH, and C14OH), as specifi-
cally found in patients with inherited MTP deficiency (15) or in a 
transgenic mouse model of VLCAD deficiency (16).

MTP inhibition alters OX+ LUAD tumor growth in vivo. Tumor 
bioenergetics is strongly dependent on the microenvironment, 
and the anticancer efficacy of HADHA inhibition had to be ver-
ified in vivo in the lung. First, we observed that HADHA knock-
down using shRNA reduced A549 cell growth in anchorage-inde-
pendent 3D conditions (Figure 5, A and B). Then, we developed 
an orthotopic mouse model of human HADHA+/OX+ LUAD, using 
A549 cells that stably expressed luciferase and formed orthot-
opic adenocarcinoma tumors in murine lungs (17, 18). Human 
A549 cells were detected in the mouse lung parenchyma using an 
anti-HLA antibody (Figure 5C), and MTP expression in tumors 
was observed using an antibody against HADHA (Figure 5D). 
A significant reduction in lung tumor size was observed in vivo 
when HADHA was inhibited genetically (Figure 5, E and F), and 
a corresponding and significant gain in animal survival was also 
measured (Figure 5G). OX+ LUAD mice treatment with TMZ 20 
mg/kg administered per os (p.o.), as recommended for the clin-
ical utilization of this drug, led to similar results (Supplemental 
Figure 5, A and B). However, administration of TMZ 20 mg/kg 
or 80 mg/kg by i.p. injection also reduced OX+ LUAD tumor size, 
but the benefits in terms of survival were not significant (Supple-
mental Figure 5, C and D) because animal weight loss was also 
observed (Supplemental Figure 5E). Preclinical drug efficacy 
studies were performed on 3 additional orthotopic human LUAD 
mouse models generated using the HADHA+/OX+ cells PC-9 and 
the HADHA–/OX– cells HCC-1395 and H460, as determined from 
Figure 3G. The results indicated that TMZ 20 mg/kg reduced 
lung tumor growth in the HADHA+/OX+ PC9 LUAD model (Sup-
plemental Figure 6A), as observed for A549 cells (Supplemental 
Figure 5F). Of importance to the demonstration of bioenergetic 
precision medicine, no effect of HADHA inhibition by TMZ was 
seen on the OX– LUAD orthotopic mouse models obtained using 
HCC-1395 or H460 human adenocarcinoma cells (Supplemental 
Figure 6, B–D). Accordingly, little or no accumulation of hydroxyl-
ated acylcarnitines was observed in H460 cells treated with TMZ 
(Supplemental Figure 6E). Lastly, the evaluation of the TMZ oral 
treatment (20 mg/kg p.o.) in an orthotopic LLC-C57BL/6 immu-
nocompetent LUAD mouse model only showed a limited efficacy 

Figure 3. HADHA+ LUAD tumor and cell line stratification. (A) HADHA 
immunohistology staining in mouse heart (40× zoom). A strong HADHA 
cytosolic staining (brown) can be observed in the myofibers (nuclei were 
stained in blue). (B) This method was applied to study HADHA expression 
in paraffin-embedded sections of lung tumors stained with hematoxylin 
(blue), eosin (red), and with a monoclonal antibody recognizing HADHA 
(brown staining). Representative tumors with either high HADHA expres-
sion (HADHA+ LUAD; left panel) or low HADHA expression (HADHA– LUAD; 
right panel) are shown. (C) HADHA tissue expression in the tumor and the 
noncancer tissue was used to calculate the HADHA histology score in 32 
tumor samples. Tumors with HADHA score greater than median absolute 
deviation (MAD) were denominated HADHA+ LUADs (shown in red) and 
tumors with HADHA score less than MAD were denoted HADHA– LUADs 
(shown in blue). (D) Distribution of the [18F]-FDG–PET scan SUVmax values. 
(E) HADHA expression was determined by Western blot on a panel of 12 
human lung cancer cell lines. (F) HADHA expression normalized to actin 
levels (mean expression value at dashed line) was used to segregate the 
cell lines with high (HADHA+; red) or low HADHA expression (HADHA–; 
blue). Cells with a black symbol show no difference to the median value. 
(G) Mitochondrial respiration was measured in the 12 human lung cancer 
cell lines using the Seahorse extracellular flux analyzer. The mean (dashed 
line) was used to segregate the cell lines with high (red) or low (blue) 
respiration. Cells with a plain symbol correspond to the HADHA–/OX– group 
(plain blue) or to the HADHA+/OX+ group (plain red). Data are expressed as 
mean ± SEM. **P < 0.01.
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NDUFAF4, 2 essential complex I assembly factors. Likewise, bio-
chemical studies performed in patients’ cells with mutations in 
HADHA also showed a reduction in NDUFAF1 protein content 
(27), in full agreement with our findings. Last, the direct inhibition 
of complex I with rotenone could stratify the OX+ and OX– cells 
(Supplemental Figure 4D), although TMZ showed higher specific-
ity and potency, suggesting differences in the mechanism of action 
(Figure 6G). To further delineate the mode of action of TMZ, we 
compared the perturbome of TMZ and shHADHA treatments on 
the proteome of A549 cells. The corresponding pathway analysis 
(IPA) revealed conserved changes in epithelial adherens junctions, 
cholesterol biosynthesis, and mitochondrial function (Figure 6F). 
The observed upregulation of cholesterol synthesizing enzymes is 
a common consequence of FAO inhibition, and the computational 
analysis of the proteome changes predicted activation of the sterol 
regulatory element binding transcription factor 2 (SREBF2) and 
of the nuclear factor erythroid–derived 2 related factor 2 (NRF2) 
(Figure 6H and Supplemental Figure 7). Altogether, these findings 
delineate the impact of MTP inhibition on mitochondrial physiol-
ogy and cell composition in lung cancer.

Discussion
Current developments in cancer biology indicate that pecu-
liarities in tumor metabolism can eventually be targeted for 
anticancer therapy, but interpatient tumor heterogeneity must 
be considered in the early design of bioenergetic therapeutic 
approaches. In our study, we deciphered the functional status of 
mitochondria in situ on freshly excised surgical pieces of human 
LUAD using high-resolution respirometry, and this approach 
may eventually be considered for the bioenergetic profiling of 
lung tumors in the clinical setting.

More specifically, we performed 2 comparative bioenergetic 
and proteomic analyses: (i) OX+ versus OX– LUAD tumors and 
(ii) OX+ LUAD tumors versus the paired, histologically normal, 
cancer-adjacent tissue. The first observation (OX+/OX– tumors) 
revealed that half of the LUAD surgical pieces obtained from the 
University Hospital of Bordeaux or from the TCGA cohort were 
of the oxidative (OX+) bioenergetic subtype. Proteomic analysis 
showed that OX+ LUAD tumors were enriched in mitochondrial 
proteins of the OXPHOS system and enriched in components 
of the protein translation machinery as ribosome subunits. This 
proteomic observation was verified on the TCGA LUAD oxida-
tive tumors transcriptome and suggests that LUADs with intense 
biosynthetic activity could have a predominant mitochondrial 
metabolism. The mechanisms involved in coordinating OXPHOS 
and protein translation still remain unknown, and a recent inves-
tigation revealed a role for the translation initiation factor EIF3F 
in the stimulation of OXPHOS in human LUAD (18). Our work 
also showed that OX+ LUADs were further enriched in compo-
nents of the antioxidant systems, and a similar observation was  
reported in oxidative ovarian tumors (28). The main genetic  
driver of the observed oxidative, FAO-dependent phenotype of 
OX+ LUAD was activation of β-catenin. Yet, although OX+ LUADs 
have higher levels of β-catenin protein, they were not enriched in 
β-catenin mutations, suggesting that noncanonical activation of 
this pathway may have occurred. The second bioenergetic class 
of human LUAD tumors (OX–) showed enrichment in proteins 

that might be explained by the OX– profile of these murine lung 
cancer cells (19) (Supplemental Figure 5F).

TMZ inhibits respiratory chain complex I and reprograms the 
mitochondrial proteome. Our findings indicate that TMZ triggers 
the accumulation of unprocessed lipotoxic fatty acids in OX+ 
lung cancer cells (Figure 4H). Likewise, secondary inhibition 
of the mitochondrial respiratory chain by lipotoxicity has been 
proposed in the pathophysiology mechanisms of MTP genetic 
deficiencies. Accordingly, we observed that TMZ treatment of 
A549 cells triggered the accumulation of NADH (Figure 6A) as 
explained by indirect inhibition of complex I activity by 48 hours 
of TMZ treatment, by shHADHA, or by direct interaction with 
palmitoyl-CoA (Figure 6B). To clarify the link between HADHA 
and complex I, we considered the numerous biochemical studies 
that have demonstrated a physical association between HADHA 
and complex I to form a supercomplex (20–26). In particular, IP 
studies revealed that HADHA physically interacts with complex I 
subunits (25), and genetic defects in HADHA are associated with 
complex I deficiency (27). Using IP and Western blot studies, 
we also found a physical link between HADHA and complex I, 
and we discovered that HADHA inhibition by TMZ dissociates 
this link (Figure 6C). Moreover, we found a reduction in the pro-
tein content of NDUFAF1 and NDUFAF4, 2 essential complex 
I assembly factors, in A549 cells treated with TMZ or shHAD-
HA (Figure 6D). No change in the mRNA level of these factors 
was observed (Figure 6E), suggesting that protein degradation 
may have occurred. The unbiased proteomic study of these cells 
further revealed that HADHA inhibition also stimulated choles-
tero-genesis (Figure 6F and Supplemental Table 3), as typically 
observed in conditions of FAO inhibition.

Therefore, our findings demonstrated that TMZ targeted the 
multifunctional FAO-CI supercomplex (20–26) with a mechanism 
of action that involved 3 effects (Figure 6G): (i) on-target HADHA 
catalytic inhibition; (ii) dissociation of the link between HADHA 
and complex I; and (iii) reduction in the content of NDUFAF1 and 

Figure 4. Metabolic impact of HADHA inhibition in OX+ LUADs. (A) Impact 
of glucose withdrawal on A549 (HADHA+/OX+; red) and H460 (HADHA–/
OX–; blue) cell viability. (B) High-resolution respirometry comparative 
analysis of intact A549 and H460 cells: routine respiration (basal), leak res-
piration (oligomycin), ETS (uncoupled), and ROX (in presence of rotenone 
and antimycin A). All the parameters were corrected by ROX values. (C) 
Effect of trimetazidine (TMZ 500 μM; 24 hours), 5-fluorouracil (5-FU 50 
μM, 24 hours), doxorubicin (DOX 5 μM; 24 hours), and etoposide (ETO 20 
μM, 24 hours) on cell viability. (D) Reduction of BrdU incorporation in A549 
cells treated with HADHA shRNA or with 500 μM TMZ for 24 hours in vitro. 
A doxycycline-induced shRNA targeting HADHA was also used to study the 
reversibility and the specificity of HADHA inhibition on cell proliferation 
after 96 hours of doxycycline washout. (E) Total cellular ATP content of 
A549 cells treated with saline, 500 μM TMZ for 48 hours, or doxycycline- 
induced shRNA-mediated HADHA knockdown. (F) Principles of the 
lipidomic analysis of [U-13C]-palmitate oxidative metabolism. (G) The 
incorporation of [U-13C]-palmitate carbons in citrate was quantified for 
different isotopomers (M1–M6) after 4 hours in A549 cells treated with 
scramble-shRNA, shRNA targeting HADHA, or 500 μM TMZ. (H) Lipidomic 
analysis of A549 cells treated with saline or TMZ. Differences between 
the treated and the untreated groups were compared using a 2-sided 
Student’s t test (panels A–E). For panels H and G, 1-way ANOVA with Dun-
nett’s correction multiple t test comparison was used. Data are expressed 
as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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the OX+ and OX– tumor groups. Accordingly, recent transcriptomic  
studies showed that intrinsic tumor subtypes are reflected in his-
tologically normal, cancer-adjacent tissue, suggesting that bio-
markers and targets derived from the knowledge of the coupled 
tumor-adjacent tissue may be helpful in defining personalized 
therapeutic strategies or in predicting prognosis and recurrence 
risk (31, 32). In our work, the HADHA target was identified in OX+ 
LUADs after comparison of the tumor proteome (OX+ PZ) to that 
of the adjacent paired lung tissue (OX+ HT), which brings consis-
tency to our approach of tumor bioenergetic stratification. The 
molecular basis of mitochondrial activation was analyzed in OX+ 
LUAD tumors (PZOX+) by comparative proteomics and revealed 
enrichment in 7 FAO proteins and deprivation in 9 glycolytic 
enzymes compared with the paired adjacent tissue (HTOX+). We 
demonstrated that HADHA expression as determined by tumor 
histology scoring, RNA expression, or Western blot could stratify a 
subgroup (OX+/HADHA+ LUAD) of human lung tumors with pre-
dominant FAO linked to oxidative phosphorylation. Our findings 
also demonstrated that PET imaging of glucose uptake, a well-es-
tablished oncology staging technique, in contrast to respirome-
try, could be used to stratify the OX+/HADHA+ LUAD patients. 
Therefore, we suggest that the population of LUAD OX+ patients 
for targeting with TMZ should present with elevated HADHA 
tumor expression and low 18-FDG–PET scan SUVmax value. More 
generally, different criteria used for selecting the tumors eligible 
for OXPHOS inhibition therapy have been proposed in different 
studies: the Pten-null genetic status, Akt activation status, resis-
tance to BRAF inhibitors, resistance to Ibrutinib, enrichment in 
cancer-initiating cells, or glycolysis deficiency (33–39).

The identification of MTP (HADHA subunit) as a primary 
target for HADHA+/OX+ human lung tumors must be discussed 
in the context of the current understanding of lung tumor bioen-
ergetics. Hensley et al. (3) showed that the oxidative subgroup 
of lung tumors, defined as incorporating [13C]-labeled glucose 
carbons in TCA cycle intermediates, relied predominantly on a 
carbon source other than glucose and suggested the existence 
of alternative fuels. In our work, we identified that i) fatty acid 
is one source of carbon contributing to OX+ LUAD bioenergetics 
and ii) these tumors enhanced the expression of mitochondrial 
fatty acid oxidizing enzymes as the MTP subunits HADHA and 
HADHB. We also showed that cellular energy homeostasis mon-
itored through steady-state ATP levels was reduced, and that cell 
proliferation was altered when targeting HADHA. A similar anti-
cancer bioenergetic mechanism, reduction of cellular ATP lev-
els, was proposed when targeting fatty acid metabolism through 
ACSL3 (4) or CPT1 (40, 41) inhibition. Furthermore, our work 
demonstrated that MTP inhibition using genetic or pharmaco-
logical means altered HADHA+/OX+ LUAD tumor growth in 
vivo, with no effect on HADHA–/OX– LUAD orthotopic tumors. 
These findings provide proof-of-concept data for bioenergetic 
precision medicine. The proteomic comparative analysis of OX+ 
PZ and OX+ HT also revealed upregulation of the bifunction-
al enzyme acting on the peroxisomal β-oxidation (HSD17B4), 
suggesting a possible metabolic vulnerability at this level. Like-
wise, the observed upregulation of the nonspecific lipid-transfer 
protein (SCP2); 2,4-dienoyl-CoA reductase (DECR); probable 
phospholipid-transporting ATPase IH (AT11A); and fatty acid- 

involved in glycolysis associated with an increased expression 
of cell-adhesion molecular systems. The mechanical regulation 
of glycolysis via cytoskeleton architecture was recently shown in 
NSCLC cells (29), suggesting that the OX– phenotype of LUADs 
could be linked to cell-adhesion remodeling processes. More-
over, we discovered enrichment in components of the PI3K-Akt 
signaling in OX– TCGA LUADs, and previous studies showed 
that this pathway coordinates glycolysis with cytoskeleton archi-
tecture remodeling (30). Two key differences between OX+ and 
OX– LUADs were (i) the reduced patient survival in the former 
group and (ii) an increased amount of copy number alterations 
in the genome. Additional copy number alteration comparative 
profiling studies between OX+ and OX– LUADs will be required 
to better understand the genetic determinism, if any, of the bio-
energetic heterogeneity of these tumors. More specifically, dele-
tions in the S-methyl-5′-thioadenosine phosphorylase (MTAP) 
were enriched 35-fold in OX+ LUADS. This enzyme is responsible 
for the first step in the methionine salvage pathway and could be 
related to the enrichment in protein translation machineries dis-
covered in the OX+ tumor proteome.

A key finding of our bioenergetic study was that respiration of 
the paired, cancer-adjacent tissue systematically opposed respira-
tion of the tumor region, supporting the potentially novel concept 
of bioenergetic mispairing. Yet, a significantly higher respiratory 
rate exists between OX+ and OX– lung tumors (PZ), even without 
normalization to the adjacent tissue (HT). The normalization to 
the paired, cancer-adjacent tissue aimed at considering 2 points: 
(i) the eventual preexisting differences in lung tissue bioener-
getics observed between patients. Such differences could result 
from variable exposure of the lung to chemicals (exposome) but 
also from interpatient disparity in nutrition, exercise training, or 
disease history. (ii) changes in the adjacent tissue proteome and 
bioenergetics, which could also result from the mutual interaction 
with the tumor. In our work, consideration of the adjacent lung tis-
sue background respiration led to a stronger stratification between 

Figure 5. Anticancer effect of HADHA genetic inhibition in OX+ LUAD. 
(A) Reduction of OX+ LUAD spheroid growth using HADHA shRNA or 50 
μM TMZ on A549 cells cultured in anchorage-independent conditions. 
(B) Effect of MTP inhibition on A549 OX+ LUAD spheroid diameter. (C) 
Representative (10×) fields of 2 separate areas of A549 OX+ tumors: H&E 
staining (left; pink) and anti-human marker HLA (right; blue) staining of 
A549 cells in excised orthotopic human A549-OX+ LUAD tumors in NSG 
mice. (D) Immunohistology staining of HADHA in excised orthotopic 
human A549-OX+ LUAD tumors in NSG mice. H&E staining 20× zoom. 
Anti-HADHA 40× zoom. (E) Representative evolution of the biolumines-
cence signal from day 1 to day 18 in 2 groups of NSG mice: (i) orthotopic 
model of A549 expressing luciferase, (ii) orthotopic model of A549 
shHADHA expressing luciferase. (F) Relative tumor volume obtained 
from the luminescence signal in the groups of mice treated with shRNA 
scramble and shRNA HADHA (N = 20 animals per group). (G) Animal sur-
vival (Kaplan-Meier representation) in the 2 groups of mice treated with 
shRNA scramble and shRNA HADHA (N = 20 animals per group). Values 
represent mean ± SEM; N = 4–6 for the in vitro experiments; N = 8–20 
for the in vivo experiments. One-way ANOVA with Dunnett’s correction 
was used to analyze the results of panels A and B. Two-sided unpaired 
Student’s t test was used to compare the groups of mice in panel F. Log-
rank (Mantel-Cox) test was used to compare animal survival in panel G. 
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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yet. We observed that the genetic inhibition of HADHA induced 
a highly significant gain in animal survival and a 60% reduction 
of tumor size. The pharmacological treatment with TMZ showed 
less efficacy, although significant effects were measured on 
tumor size and animal survival. Therefore, we argue that HADHA  
is a target of valuable interest, as validated by genetic means, but 
also that TMZ is not the ideal drug inhibitor for metabolic can-
cer monotherapy because of a rather modest preclinical efficacy. 
Yet, we also raise the argument that more potent electron trans-
port chain inhibitors could have limitations, as recently reported  
for the complex I inhibitor IACS-01075, which triggered periph-
eral neuropathy, myalgia, and fatigue during the clinical trial 
(48). Limitations were also reported for the complex I inhibi-
tor Bay 2243 (49, 50). More generally, complex I inhibitors can 
induce neurotoxicity, weight loss, and hypocaloric state (51, 52). 
Moreover, the degree of complex I inhibition is a critical param-
eter to assess in order to avoid protumorigenic effects (53–55). 
Interestingly, mild complex I inhibitors such as mubritinib (35), 
TMZ, or metformin have anticancer properties, although the 
clinical trials on metformin showed a poor efficacy in pancreatic 
tumors (56) and melanoma (57). Regarding use of FAO inhibitors 
for cancer treatment, etomoxir and perhexiline have been dis-
couraged in clinical practice because of hepatotoxicity and car-
diotoxicity. These findings suggest that potent complex I or FAO 
blockers, even with strong tumor reduction effects at the preclin-
ical stage, are associated with stronger toxicity during clinical 
safety evaluations. This observation is key for the preclinical and 
clinical evaluation of our approach.

In contrast with the above-discussed complex I–target-
ing anticancer strategies, TMZ is a safe HADHA drug inhibitor 
approved by the European Medicines Agency in 2009. Seven-
teen clinical trials have been performed with TMZ, and it is esti-
mated that 532,544,831 patient-months have been exposed to 
this drug between 1964 and 2011 (https://www.ema.europa.eu/
en/documents/referral/trimetazidine-article-31-referral-assess-
ment-report_en.pdf). Hence, the repurposing of TMZ for cancer 
therapy in OX+ LUAD patients could be attractive because of the 
good safety profile of this drug, which is already approved for the 
treatment of angina.

The on-target effect of this drug was previously demonstrated 
in biochemical studies showing that TMZ is a 3-ketoacylcoenzyme 
A thiolase inhibitor (58). In our study, we verified this effect and 
further discovered that TMZ mode of action involved inhibition 
of respiratory chain complex I, leading to a mitochondrial bio-
energetic and REDOX crisis. The low level of glycolytic enzyme 
expression observed in the proteome of OX+ tumors might indi-
cate the incapacity to perform a reverse Pasteur effect, i.e.,  
compensatory glycolysis in a condition of OXPHOS inhibition, 
leading to cellular energy crisis.

Methods
NSCLC subjects and lung tumor sampling. Nineteen surgical pieces of 
human LUAD (see Supplemental Table 1, sheet 1 for patient descrip-
tions) were obtained from the University Hospital of Bordeaux, depart-
ments of thoracic surgery (M. Thumerel) and oncology and pathology 
(H. Bégueret). The surgeon (MT) performed tumor resection and the 
pathologist (HB) immediately collected the 2 areas of interest for the 

binding protein 4 (FABP4) in OX+ PZ could contribute to the 
OX+/FAO-dependent phenotype.

The mode-of-action study detailed in our work showed that 
when TMZ or shHADHA inhibited the MTP, they altered in turn 
the catalytic activity of respiratory chain complex I. TMZ and 
shHADHA trigger a decrease in the cellular content of NDUFAF1 
and of NDUFAF4, 2 proteins required for complex I assembly and 
function (42, 43). More generally, a functional and molecular link 
between FAO and complex I structure and function has been sug-
gested in previous studies showing that mutations in ACAD9, a 
complex I–bound acyl-CoA dehydrogenase catalyzing the initial 
rate-limiting step of the fatty acid β-oxidation, leads to complex 
I disassembly and consecutive altered function (26). Moreover, 
biochemical studies showed that the MTP physically associates 
with the respiratory chain to form the FAO-supramolecular com-
plex (20–26), and genetic defects in HADHA trigger complex I 
deficiency (27). Using biochemical IP methods, we discovered 
that HADHA pharmacological inhibition altered the physical and 
functional interaction between the MTP and complex I. We also 
discovered in 3 types of cancer that HADHA expression was posi-
tively correlated with that of COX7A2L and MICOS60, 2 proteins 
involved in the assembly of mitochondrial respiratory supercom-
plexes. Therefore, further evaluation of the interaction between 
HADHA, NDUFAF1, NDUFAF4, COX7A2L, and MICOS60 could 
 contribute to a better understanding of the regulation of respira
tory chain supercomplex assembly and function in lung cancer.

Our findings indicate that targeting MTP involved destabi-
lization of complex I, and the link between complex I inhibition 
and a decrease of tumor growth was observed in previous pre-
clinical investigations using small-molecule chemical inhibitors 
(36, 38, 44–47). However, the clinical efficacy and the lack of tox-
icity of these compounds in humans have not been demonstrated 

Figure 6. Trimetazidine disrupts the HADHA–complex I interaction. (A) 
NAD+/NADH ratio in A549 (OX+) cells treated with 500 μM trimetazidine 
(TMZ) for 48 hours. (B) NADH-oxidizing complex I enzymatic activity on 
A549 cells treated with 500 μM TMZ for 48 hours, on A549 cells express-
ing a shRNA against HADHA, or on A549 cell homogenate treated with 100 
μM palmitoyl-CoA. (C) Impact of HADHA downregulation using shRNA on 
complex I–HADHA physical association. HADHA detection was performed 
by Western blot. A negative control IgG was also used to verify the spec-
ificity of the capture. (D) Changes in complex I composition in A549 cells 
expressing the shRNA targeting HADHA or in cells treated with TMZ. Com-
plex I subunit content was quantified using mass spectrometry. The data 
are expressed as a percentage of the corresponding control. (E) NDUFAF1 
and NDUFAF4 subunit mRNA content in A549 cells treated with TMZ. (F) 
Differential proteomic analysis performed on A549 cells treated with TMZ 
versus untreated cells, or between A549 cells expressing an shRNA  
against HADHA and cells expressing a scramble shRNA. The proteome 
modifications were compared using the “comparative analysis module” of 
IPA (QIAGEN). Only proteins with changes greater than 15% and P < 0.05 
were kept for this analysis. The IPA canonical pathways altered in the 2 
conditions are shown as well as the –log P value (purple color scale). (G) 
The mechanism of action of TMZ in lung cancer cells. Three related effects 
are proposed: HADHA inhibition, dissociation from complex I, and reduced 
content of NDUFAF1 and NDUFAF4. (H) Transcription factors potentially 
activated or inhibited by the shHADHA or TMZ treatments in A549 cells, 
as predicted using the upstream analysis module of IPA. The activation z 
score is shown as a color code (orange = activated and blue = inhibited). 
Data are expressed as mean ± SEM. *P < 0.05, **P < 0.01.
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the respiratory coupling ratio (RCR), 20 μg/μL oligomycin (Sigma- 
Aldrich) was used. To exclude nonmitochondrial respiration, 2 mM 
KCN was used. The rate of respiration was normalized to the dry weight 
of the tissue, and the mean of 3–5 pieces was calculated for each sample. 
The respiratory rates were expressed as nmol O2/min/mg dry tissue.

For the A549 high-resolution respirometry study, the FAO 
OXPHOS capacity was determined using 20 μM palmitoyl-carnitine 
as an energy substrate. DatLab software (Oroboros Instruments) was 
used for data acquisition and analysis.

Human lung tumors, adjacent tissue, and NSCLC cell lines in label-free 
proteomic analysis. Immediately after tumor excision and dissection 
by the pathologist, lung tumor samples (PZ and HT) were snap-frozen 
in liquid nitrogen and stored at –80°C. Tissue lysis was performed in 
Eppendorf tubes using RIPA buffer (150 mM sodium chloride, 1.0% 
NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 
50 mM Tris, pH 8.0) under agitation for 2 hours at 4°C. The lysate was 
centrifuged for 20 minutes at 18,000g and 4°C, and the supernatant 
was used for the proteomic analysis at the mass spectrometry facility 
of the University of Bordeaux, as recently described (17, 18).

Computational analysis of human LUAD samples from the GDC- 
TCGA database using the proteomic OX+/OX– signature. Level 3 released 
gene level expression data for RNA-Seq were retrieved for 586 LUADs 
from TCGA. The data processing, quality control, and normaliza-
tion were done by TCGA workgroup. Normalized RSEM (RNA-Seq 
by expectation-maximization) values were used for the analysis. A 
hierarchical clustering was applied using the Euclidean distance and 
the Ward method for aggregation using the R package EMA. Kaplan- 
Meier curves were performed using https://xenabrowser.net. Dif-
ferential expression analysis was performed using DESeq2 R pack-
age. Pathways enrichment analysis on genes differentially expressed 
between OX+ and OX– groups (adjusted P < 0.05 and fold-change > 
1.5) was conducted using DAVID Bioinformatics Resources version 6.8 
(https://david.ncifcrf.gov/). GO Biological Process and KEGG path-
ways were used. For survival analysis, log-rank test was performed to 
test the significant difference between 2 curves.

Computational analysis of human LUAD samples from TCGA using 
the HADHA z score. In silico analysis of MTP α-subunit (HADHA) 
expression in the TCGA cohort of human LUAD was performed using 
the HADHA z score expression value that took into account the dif-
ference in the mean expression of HADHA between the tumor and 
the normal tissue and the standard deviation of these measurements. 
The z score indicates the number of standard deviations away from 
the mean of expression in the reference and was calculated by TCGA 
as follows: z = (expression in tumor sample – mean expression in ref-
erence sample)/standard deviation of expression in reference sample. 
Comparison of HADHA tumor expression was also performed directly  
using the RNA-Seq log2 FPKM values. Comparison of the transcrip-
tome of HADHA+ LUADs and HADHA– LUADs (as segregated using 
cBioPortal according to the HADHA z score value) was then performed 
using DESeq2 and Metascape (adjusted P < 0.05). The network was 
visualized with Cytoscape (v3.1.2) with “force-directed” layout and 
with edge bundled for clarity. Lastly, a coexpression analysis was per-
formed on the entire TCGA LUAD population using cBioPortal.

Cell culture conditions and lentiviral constructions and transduc-
tions. The 12 human lung cancer cells listed in Supplemental Table 1, 
sheet 2 were obtained from ATCC (A549, H1975, H460, LLC, H1299, 
H596, H1770, H1437) and from D. Santamaria’s group (INSERM 

study: the PZ and the tumor-adjacent HT. We used the terms PZOX+ 
and PZOX– to designate the 2 bioenergetic types of lung tumors, and 
HTOX+ and HTOX– to designate their corresponding cancer-adjacent tis-
sues. Immediately after tumor excision and sample preparation by the 
pathologist, the fresh tissues (PZ and HT) were divided in 3 parts. One 
part was analyzed for mitochondrial respiration by high-resolution 
respirometry (Oroboros), one part was fixed in formol for histopathol-
ogy investigations, and the last part was dissected and snap-frozen in 
liquid nitrogen for the proteomic analysis, as detailed below.

In vivo assessment of lung tumor glucose uptake by 18-FDG–PET scan. 
As part of the NSCLC diagnostic procedure performed at the Universi-
ty Hospital of Bordeaux (CHU Bordeaux; Haut-Lévèque), a 4D acqui-
sition was performed in the radiotherapy treatment position, 50 min-
utes after i.v. injection of 3.7 MBq/kg 18-FDG, on a PET/CT integrated 
system (Discovery RX, General Electric Medical System) using the 
Real-time Position Management (RPM) device (Varian) and “Motion 
Free” software (General Electric Medical System). The respiratory 
cycle was rebinned in 6 phases. The lung tumors’ glucose uptake was 
calculated as the SUVmax normalized to tumor area.

IHC and image analysis. Surgical specimens, including the tumor 
(PZ) and adjacent tissue (HT), were fixed in 10% buffered formal-
dehyde, and tissue sections from tumoral (PZ) and nontumoral (HT) 
parenchyma were routinely processed for the purpose of diagnosis. 
Selected representative slides, including tumoral and nontumor-
al cancer-associated tissue (HT), were processed for HADHA IHC. 
The 2.5-μm-thick sections were dewaxed and rehydrated, and anti-
gen retrieval was performed in a 1 mM Tris-EDTA pH 9 solution. All 
staining procedures were performed in an automated auto-stainer 
(Dako-Agilent) using standard reagents provided by the manufacturer.  
The sections were incubated with the HADHA antibody (Abcam, 
203114) at a 1:100 dilution for 45 minutes at room temperature. EnVi-
sion Flex/HRP (Dako-Agilent) was used for signal amplification for 20 
minutes and 3,3′-diamino-benzidine (DAB, Dako) development was 
used for detecting the primary antibodies. The slides were counter-
stained with hematoxylin, dehydrated, and mounted. Each IHC assay 
contained a negative control (buffer, no primary antibody). Sections 
were visualized using a Nikon Eclipse 501 microscope and scanned. 
HADHA immunopositivity was analyzed under pathologist supervi-
sion using an automated computer system with positive pixel count 
(Panoramic VIWER, 3D Histech). The quantification of HADHA  
staining was performed using a color deconvolution algorithm (ImageJ 
[NIH]) to isolate individual stains for quantification: hematoxylin or 
DAB. HADHA intensity level was determined by calculating the ratio 
between the intensity of the DAB color staining and the number of 
cells measured by the area of hematoxylin labeling. Then, the HADHA 
immunostaining score was obtained by calculating the ratio between 
HADHA intensity level in the cancer region (PZ) to that determined in 
the noncancer (HT) region.

High-resolution respirometry analysis of human lung tumors and  
cancer-associated tissue and NSLC cell lines. High-resolution respirome-
try using the Oroboros O2k apparatus was used for precisely measuring 
mitochondrial respiration on intact lung tumors (PZ) and paired, can-
cer-adjacent tissue (HT). Each piece of lung tumor (PZOX+ or PZOX–) or 
paired-adjacent tissue (HTOX+ or HTOX–) was divided in 3 to 5 samples 
of 10–20 mg and mitochondrial respiration was evaluated at 37°C using 
the O2k system (Oroboros Instruments). The respiratory medium con-
sisted of 5 mM glucose DMEM supplemented with 10% FCS. To assess 
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200 μL DMEM/F-12 medium containing 10% FBS. With this setup, 
cells do not adhere to the plastic matrix and are thus allowed to asso-
ciate, forming a multicellular 3D structure. The size of the aggregates 
was monitored every 24 hours in the inverted microscope for a total 
of 72 hours. The sulforhodamine B (SRB) cell viability assay and BrdU 
proliferation assay were performed as recently described (17).

ATP measurements. The steady-state intracellular ATP content 
was measured using the CellTiter-Glo luminescent cell viability 
assay (Promega) following the manufacturer’s instructions. Lumi-
nescence was read on a Clariostar plate reader (Promega), and val-
ues were calculated based on an ATP standard curve. The assay was 
normalized to cell number.

Complex I enzymatic activity assay. The enzymatic activity of com-
plex I was assessed by monitoring the oxidation of NADH. First, a cell 
homogenate was prepared as follows: 10 million cells were detached 
from the plate using 0.25% trypsin-EDTA solution, and a cell pellet 
was obtained by centrifugation 10 minutes at 300g. The pellet was  
frozen at –80°C and thawed at room temperature on ice. Then, 
mechanical cell lysis was performed using a glass/glass potter at 4°C 
(10 strokes in complex I enzyme assay buffer [35 mM KH2PO4, 5 mM 
MgCl2, 2 mM KCN, pH 7.2]). A cell homogenate was obtained and 
protein concentration was determined using the BCA assay (Thermo 
Fisher Scientific). Then, the rate of NADH oxidation by complex I was 
recorded using the ubiquinone analogue decylubiquinone (Sigma- 
Aldrich, D-7911) as electron acceptor as described previously (59).

NAD+/NADH determination. The NAD+/NADH ratio was mea-
sured using the NAD+/NADH colorimetric assay kit (Abcam), accord-
ing to the manufacturer’s instructions.

Immunopurification and Western blot studies. The complex I pull-
down assay was performed using Dynabeads protein A IP kit from 
Invitrogen. Dynabeads were coated with 1 μg anti–complex I immu-
nocapture antibody from Abcam (ab109798, 18G12BC2) or 1 μg of the 
negative control IgG (Sigma-Aldrich). Total proteins from A549 cells 
were extracted with a RIPA buffer. IP experiments were realized with 
positive control such as purified IgG and negative control using beads 
without antibody coating. Western blot was performed as previously  
described (18). Proteins were detected using primary antibodies 
against HADHA (Abcam, 203114).

Oxygen consumption of intact lung cancer cells by Seahorse. The 
oxygen consumption rate was determined on 12 human lung can-
cer cell lines described in Supplemental Table 1, sheet 2 using the 
Seahorse XF96 equipment as detailed in Gentric et al. (28). The 
OCR was normalized to cell number as determined using the SRB 
assay described above.

RNA extraction and cDNA synthesis. Total RNA was isolated from 
A549 cells using QiaZOL reagent (QIAGEN) according to the manu-
facturer’s instructions. Total RNA was quantified spectrophotometri-
cally and 1 μg was treated with 1 U of RNase-free DNase (Bio-Rad). 
cDNA synthesis was performed using the DNase-treated RNA accord-
ing to the iScript cDNA Synthesis kit (Bio-Rad).

Real-time PCR. Gene expression analysis was performed using 
CFX96 real-time PCR (Bio-Rad) and Power SYBR Green PCR Master 
Mix (Applied Biosystems). For this test, predesigned primer pairs were 
purchased from Sigma-Aldrich (KiCqStart SYBR Green predesigned 
primers for gene expression analysis). The comparative Ct method 
was used to compare changes in gene expression levels. GUSB and 
RPLP0 were used as an endogenous control.

U1218, Bordeaux, France) (H23, H358, PC9, H2279, H2935, 
HCC4006, HCC364, and HCC1395). The cells were maintained in 
5 mM glucose DMEM medium (Gibco) supplemented with 10% FBS, 
pH 7.4 at 37°C in a humidified incubation chamber with 5% CO2. Cells 
were subcultured every 2 days and used on experiments when they 
reached 85% confluency. Also, A549, H460, PC9, 1395, and LLC cells 
were stably transfected with luciferase (pRRLsin-MND-Luc-WPRE). 
The clones were tested as luciferase-positive using direct application 
of 2 mL of a 150 mg/mL solution of luciferine D-luciferin (Interchim), 
followed by immediate bioluminescent imaging using the photonIM-
AGER optima system. Specific suppression of human HADHA mRNA 
was achieved by transduction of lentiviral particles expressing oligo-
nucleotides bearing a short hairpin structure (OriGene, TL312528V). 
A549 cells grown in a 24-well plate at confluence of 50% were incu-
bated with control or HADHA shRNA lentiviral particles. Cells were 
grown in culture media for 48 hours. After washing with PBS, cells 
were cultured in fresh media for an additional period of 24 hours. 
Cells were then diluted in a 1:5 suspension and cultured for 10 days 
in the presence of 1 μg/mL of puromycin dihydrochloride (Sigma-Al-
drich) to select resistant cells (shHADHA). Transfected cells with 
scramble vector were used as negative control and denominated 
shScramble. The efficacy of shHADHA was determined by real-time 
qPCR using predesigned primers (Sigma-Aldrich) and Western blot 
assay using a specific antibody anti-HADHA (Abcam, 203114). The 
lentiviral shRNAmiR construction for generating the doxycycline- 
inducible HADHA knockdown in A549 cells was obtained as fol-
lows. shRNAmiR target-specific sequences were designed from the 
shRNA sequence and the shRNA targeting HADHA described above 
(Origene, TL312528A, TL312528D) and shRNA control sequence 
(SCR negative control used in pLKO1) (63) according to the technical  
manual (Thermo Fisher Scientific Open Biosystems). The hairpin 
stem consisted of 23 nt of dsRNA and a 19 nt loop from human miR30. 
The single-strain 114-mers were designed, synthesized by Eurofins, 
and annealed and phosphorylated. Double-strand oligos were then 
cloned into pTRIPZ plasmid linearized by EcoRI/XhoI and checked 
by sequencing. Lentiviral vector production was done by the service 
platform for lentiviral vector production Vect′UB′ of the TMB-Core 
of the University of Bordeaux. Cell transduction was performed as 
described above for the shRNA.

The following is the primer shRNAmiR sense XhoI over-
hang: TCGAGAAGGTATATTGCTGTTGACAGTGAGC-
GAXXXXXXXXXXXXXXXXXXXXXTAGTGAAGCCACAGATG-
TAXXXXXXXXXXXXXXXXXXXXXGTGCCTACTGCCTCGG. The 
following is the sequence primer shRNAmiR reverse EcoRI overhang: 
AATTCCGAGGCAGTAGGCACXXXXXXXXXXXXXXXXXXXXX-
TACATCTGTGGCTTCACTAXXXXXXXXXXXXXXXXXXXXXTC-
GCTCACTGTCAACAGCAATATACCTTC.

The following is the overhang for ligation mir30 context 
(stem): Mismatch for processing — Target sequence 21 nt (second 
reverse-complement to first, sense versus antisense) loop — mirHAD-
HA1 CCTATTGTGGCTGCCATCAATGG; mirHADHA TAGAAGCG-
GTGATTCCAGATCAC; mirSCR (NON-TARGETING) CCTAAGGT-
TAAGTCGCCCTCG.

Multicellular tumor spheroids and cell viability and proliferation 
assays. 3D cell cultures were essentially prepared as described by Ho et 
al. (64). Briefly, spheroids were produced by seeding U-bottom wells 
previously coated with 1% agarose with 2 × 104 cells suspended in  
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In vivo TMZ treatment. TMZ was purchased from Sigma-Aldrich 
and solubilized in saline solution. Two types of treatment were con-
sidered in our study: p.o. and i.p. In the p.o. administration, a dose of 
20 mg/kg was added to the drinking water and replaced every day. For 
the i.p. injections, 20 mg/kg or 80 mg/kg were administered daily to 
the treated group of mice.

Statistics. Results are expressed as mean ± SEM and analyzed 
using GraphPad Prism 8.1 software. The unpaired Student’s t test was 
used to compare 2 independent groups, and the paired t test was used 
for sequential measurements. For multiple comparison analyses, the 
ANOVA test with Dunnett’s correction was used. Evaluation of the 
gaussian distribution of the data was performed prior to the t test or 
ANOVA. Normal distribution of the data and variance similarity were 
verified using GraphPad Prism. A P value less than 0.05 was consid-
ered statistically significant. All experiments were performed with a 
minimum of N = 3 biological replicates and n = 3 technical replicates. 
For mouse studies, sample size was determined using the methods 
described by Berndtson et al. (62). Predetermined exclusion criteria 
included the absence of signal at the start of the experiment.

Study approval. All experiments involving the use of human tis-
sues for research were approved by the ethics committee (Comité 
de Protection des Personnes Sud-Ouest et Outre Mer III, Université 
de Bordeaux, Bordeaux, France). All procedures using animals were 
approved by the Animal Care and Use Ethics Committee of the Univer-
sity of Bordeaux (Comité d’éthique et d’expérimentation animale de 
l’université de Bordeaux, Université de Bordeaux, Bordeaux, France). 
The animal facility institutional agreement number is A33063916.
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Acylcarnitine measurements by liquid chromatography/mass spec-
trometry. Extracted samples (plasma, cells, and medium) were dis-
solved in 100 μL CHCl3, and 15 μL was used for the liquid chromatog-
raphy/mass spectrometry analysis. Liquid chromatography separation 
was achieved using a Bio-Bond 5U C4 column (Dikma). The liquid 
chromatography solvents were as follows: buffer A, 95:5 H2O/metha-
nol plus 0.03% NH4OH; buffer B, 60:35:5 isopropanol/methanol/H2O 
plus 0.03% NH4OH. A typical liquid chromatography run consisted of 
the following for 70 minutes after injection: 0.1 mL/min 100% buffer A 
for 5 minutes, 0.4 mL/min linear gradient from 20% buffer B to 100% 
buffer B over 50 minutes, 0.5 mL/min 100% buffer B for 8 minutes, 
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fatty acid analysis was performed using a Thermo Fisher Scientific Q 
Exactive Plus fitted with a heated electrospray ionization source. The 
mass spectrometry source parameters were 4 kV spray voltage, with a 
probe temperature of 437.5°C and capillary temperature of 268.75°C. 
Full-scan mass spectrometry data were collected with a resolution of 
70 k, AGC target 1 × 106, maximum injection time of 100 ms, and a 
scan range of 150–2,000 m/z. Data-dependent mass spectrometry 
(top 5 mode) was acquired with a resolution of 35 k; AGC target 1 × 105; 
maximum injection time of 50 ms; isolation window 1 m/z; scan range 
200 to 2,000 m/z; and stepped normalized collision energy (NCE)  
of 20, 30, and 40. Extracted ion chromatograms for each free fatty  
acid were generated using an m/z ± 0.01 mass window around the 
calculated exact mass (i.e., palmitic acid, calculated exact mass for 
M–H was 255.2330, and the extracted ion chromatogram was 255.22–
255.24). Quantification of the free fatty acids was performed by mea-
suring the area under the peak.

Analysis of [U-13C]palmitate oxidation by ionic-exchange chromatog-
raphy and tandem mass spectrometry. A549 cells grown in low-glucose 
DMEM were washed twice with PBS and resuspended in PBS con-
taining 2 mM [U-13C]palmitate with 10 mM glucose. The cells were 
incubated for 2 hours at 27°C before fast filtration preparation of the 
samples for mass spectrometry analysis. Metabolites were analyzed 
by ionic-exchange chromatography coupled with tandem mass spec-
trometry (IC-MS/MS) using the method described by Heuillet et al. 
(60). Retention time on the column and multiple reaction monitoring 
transition of each analyzed metabolite were determined. The 13C mass 
isotopomer distribution of intracellular metabolites was determined 
from relevant isotopic clusters in the IC-MS/MS analysis according 
to the method of Kiefer et al. (61). 13C mass isotopomer distribution 
measurements were performed using a triple quadrupole mass spec-
trometer (4000 QTRAP, Applied Biosystems). To obtain 13C-labeling 
patterns (13C isotopologs), isotopic clusters were corrected for the nat-
ural abundance of isotopes other than 13C using the in-house software 
IsoCor (available at MetaSys).

Generation of OX+ and OX– LUAD orthotopic mouse models. The 
NOD/LtSz-scid/IL-2Rγchainnull (NSG) mice were produced and 
housed in the University of Bordeaux Segalen animal facility, accord-
ing to the rules and regulations governed and enforced by the IACUC. 
Animals between 6 and 8 weeks old were included in protocols. Mice 
were monitored weekly for body weight and examined for aspect 
and behavior during the time course of the experiments. No changes 
were noticed except otherwise indicated. The orthotopic mouse mod-
els of OX+ or OX– human LUADs were obtained by using luciferase- 
expressing clones of A549, H460, PC9, and 1395 human LUAD cell 
lines, as well as the LLC murine LUAD cell line (18).
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