Gabriela Reyes-Castellanos 
  
Alice Carrier 
email: alice.carrier@inserm.fr
  
  
A novel anticancer pharmacological agent targeting mitochondrial complex I

Keywords: Mitochondria, oxidative phosphorylation system, complex I, anticancer therapies, cancer metabolism, tumor microenvironment

Targeting metabolic reprogramming has proven successful in oncology, but this field requires better identification of drugs that inhibit mitochondrial metabolism in cancer cells. Recent work from Dr. Wolf's group reveals that the primary target of the antitumor compound SMIP004-7 is mitochondrial complex I (NDUFS2 subunit), whose inhibition promotes anti-cancer immune surveillance.

Text

In order to develop new and efficient therapeutic strategies targeting cancer metabolism, determining the metabolic vulnerabilitie(s) of subsets of patients is required. In this context, the identification of dependencies on energetic metabolism (i.e. ATP production) has received considerable interest in recent years. Glycolysis and mitochondrial respiration are the two pathways responsible for the production of ATP. Cancer cells often show a high level of aerobic glycolysis (see Glossary), the so-called Warburg effect, i.e. high glycolytic activity in cancer cells even in the presence of oxygen. Notwithstanding, glycolysis is not the only provider of ATP in tumors, since mitochondria are fully functional in most of cancer cells, sustaining their aberrant proliferation.

Mitochondria play an instrumental role in normal cell homeostasis and cancer cell metabolic reprogramming, through their major functions in metabolism and cell death regulation [START_REF] Smith | Mitochondrial pharmacology[END_REF]. Mitochondria produce high levels of ATP by the oxidative phosphorylation (OXPHOS) system belonging to the mitochondrial respiration. The respiratory chain consists of five coupled protein complexes located in the mitochondrial inner membrane. The last complex (complex V or ATP-synthase) phosphorylates ADP into ATP by using the proton force generated by the flux of proton ions from the mitochondrial intermembrane space to the matrix. Proton ions accumulate in the intermembrane space via the transfer of electrons through complexes I, II, III, and IV (where oxygen is the last electron acceptor), collectively forming the electron transport chain (ETC). Electrons are provided by the reductive molecules NADH and FADH2, generated by the tricarboxylic acid (TCA) cycle in the mitochondrial matrix. The TCA cycle is fed by substrates from glycolysis, fatty acid oxidation (FAO), and amino acid catabolism.

There is now significant evidence that most cancers depend on mitochondria to meet their metabolic needs as they provide energy and key metabolites for the anabolic pathways of macromolecule (nucleic acids, lipids, proteins) synthesis [START_REF] Porporato | Mitochondrial metabolism and cancer[END_REF][START_REF] Vasan | Mitochondrial Metabolism as a Target for Cancer Therapy[END_REF]. Mitochondria not only promote tumor growth, but also tumor chemotherapy resistance, cancer cell invasiveness and metastasis [START_REF] Porporato | Mitochondrial metabolism and cancer[END_REF][START_REF] Vasan | Mitochondrial Metabolism as a Target for Cancer Therapy[END_REF]. A body of evidence demonstrates that different cancers are OXPHOS dependent, such as leukemia, melanoma, lung carcinoma, ovarian and pancreatic cancer (Figure 1A) [START_REF] Reyes-Castellanos | Mitochondrial Metabolism in PDAC: From Better Knowledge to New Targeting Strategies[END_REF][START_REF] Ashton | Oxidative Phosphorylation as an Emerging Target in Cancer Therapy[END_REF]. Therefore, cancers can be rationally targeted on the basis of metabolic dependencies in general and OXPHOS in particular, in order to develop new therapeutic strategies.

Reciprocally, a dysfunctional OXPHOS system is often accompanied by an increase in the partial reduction of oxygen into superoxide anion, a main reactive oxygen species (ROS). Even if superoxide anion can be eliminated by multiple antioxidant defenses, excessive production of ROS associated with dysfunctional OXPHOS often leads to oxidative stress [START_REF] Smith | Mitochondrial pharmacology[END_REF]. Importantly, drug-induced inhibition of OXPHOS leads to oxidative stress, which is one of the major pathways that triggers cell death. In this context, the identification of new cytotoxic molecules targeting OXPHOS and inducing tumor elimination is promising.

A paper published recently in Cell Chemical Biology by the group of Dieter Wolf uncovers the molecular mechanism of action of the chemical compound SMIP004-7 to inhibit the mitochondrial complex I (CI) [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF] (Figure 1B). SMIP004-7 is an analog of SMIP004 (N-[4butyl-2-methyl-phenyl] acetamide) which was identified by the same laboratory a decade ago, as a powerful antitumoral agent in prostate cancer, in both cellular and mouse xenograft models [START_REF] Rico-Bautista | Small molecule-induced mitochondrial disruption directs prostate cancer inhibition via UPR signaling[END_REF]. Cancer cell treatment with SMIP004 in vitro induced the disruption of mitochondrial respiration leading to oxidative stress, resulting in cell cycle arrest and apoptosis [START_REF] Rico-Bautista | Small molecule-induced mitochondrial disruption directs prostate cancer inhibition via UPR signaling[END_REF] (Figure 1C). The SMIP004-7 analog was tested in vivo since it had shown the highest cytotoxic activity in vitro, thus demonstrating its antitumor activity [START_REF] Rico-Bautista | Small molecule-induced mitochondrial disruption directs prostate cancer inhibition via UPR signaling[END_REF]. Now, Jain and collaborators report the identification of the molecular target of SMIP004-7 [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF].

By quantitative proteomic and metabolic analyses, the authors demonstrated that SMIP004-7 inhibits the NADH:ubiquinone oxidoreductase activity in mitochondrial CI [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF].

They also showed that promoting CI activity by genetic complementation allowed to rescue SMIP004-7-mediated cytotoxicity [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF]. These experiments point to the NDUFS2 subunit as the main target of SMIP004-7 in the CI matrix arm which contains seven catalytic subunits [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF]. Four functional modules and 45 subunits constitute the mammalian mitochondrial CI (Figure 1B) [START_REF] Smith | Mitochondrial pharmacology[END_REF][START_REF] Urra | The Mitochondrial Complex(I)ty of Cancer[END_REF]. Fourteen subunits are considered core subunits, including the NDUFS2, and the rest are called accessory or supernumerary subunits.

The correct assembly of CI is mandatory for its structure and function [START_REF] Smith | Mitochondrial pharmacology[END_REF][START_REF] Urra | The Mitochondrial Complex(I)ty of Cancer[END_REF]. Using native PAGE experiments, Jain and collaborators showed increased levels of cellular CI but not the other mitochondrial complexes in NDUFS2-overexpressing cells, suggesting the importance of NDUFS2 in de novo assembly of CI [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF]. SMIP004-7 treatment in vitro demonstrated a strong depletion of the assembled CI, suggesting a disassembly of the respirasome (i.e. respiratory supercomplex) and CI degradation (Figure 1B). Enzyme kinetics assays showed that SMIP004-7 is an uncompetitive inhibitor with regard to the ubiquinone, contrary to other compounds targeting CI such as piericidin A which interacts with the ubiquinone-10-binding site (Figure 1B) [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF].

Importantly, treatment with SMIP004-7 in immunocompetent preclinical models of breast cancer (orthotopic syngeneic allografts with murine 4T1 cells) confirmed that NDUFS2 is the target of SMIP004-7 in vivo as well, demonstrating its potential in the clinic [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF].

Moreover, SMIP004-7 treatment reversed hypoxia and increased infiltration with CD4 + and CD8 + T lymphocytes in the tumor microenvironment (TME) (Figure 1D) [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF]. It's possible that reduced oxygen consumption by the tumor cells upon SMIP004-7-driven mitochondrial disruption could explain decreased hypoxia, although this remains to be proven. In addition, reduced hypoxia by SMIP004-7 could promote the recruitment, proliferation, or survival of T cells. The exact nature of these T cells and of other immune cells that could be impacted by SMIP004-7 treatment remains to be investigated. In addition, the effect of SMIP004-7 on the metabolism and function of immune cells is worth further investigation. Nevertheless, the potential of SMIP004-7 in modulating the TME offers perspectives for the field of immunotherapy, including the use of immune checkpoint inhibitors such as anti-PD1 or PD-L1 antibodies, for which failures stem in part from hypoxic and immunosuppressive TME [START_REF] Anderson | Obstacles Posed by the Tumor Microenvironment to T cell Activity: A Case for Synergistic Therapies[END_REF].

In cancer, strategies are being developed to target mitochondrial metabolism to eliminate tumors [START_REF] Vasan | Mitochondrial Metabolism as a Target for Cancer Therapy[END_REF][START_REF] Reyes-Castellanos | Mitochondrial Metabolism in PDAC: From Better Knowledge to New Targeting Strategies[END_REF][START_REF] Ashton | Oxidative Phosphorylation as an Emerging Target in Cancer Therapy[END_REF]. The list of compounds targeting ETC and OXPHOS function is growing.

The most numerous are small molecules inhibiting mitochondrial CI, such as the biguanides Metformin and Phenformin, fenofibrate, and IACS-010759 [START_REF] Urra | The Mitochondrial Complex(I)ty of Cancer[END_REF][START_REF] Greene | Targeting OXPHOS and the electronic transport chain in cancer; Molecular and therapeutic implications[END_REF]. Some of these CI inhibitors induce cancer cell death through a mechanism that involves increased ROS production or interaction with AMP-activated protein kinase (AMPK) and hypoxia inducible factor 1-alpha (HIF1-α) signaling [START_REF] Urra | The Mitochondrial Complex(I)ty of Cancer[END_REF]. Importantly, targeting pharmacological molecules into mitochondria has proven to be a beneficial approach to increase their potency [START_REF] Urra | The Mitochondrial Complex(I)ty of Cancer[END_REF]. This can be done by conjugation to a lipophilic cation such as triphenylphosphonium (TTP), resulting in selective uptake of the attached bioactive moiety into the mitochondrial matrix [START_REF] Smith | Mitochondrial pharmacology[END_REF]. SMIP004-7 should now be added to the list of CI inhibitory pharmacological agents with clinical relevance in cancer [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF].

To conclude, multiple clinical trials are currently testing the efficacy of mitochondrial metabolism inhibition as a therapeutic treatment for cancer [START_REF] Vasan | Mitochondrial Metabolism as a Target for Cancer Therapy[END_REF]. Efforts to identify cancerspecific metabolic vulnerabilities, including mitochondrial dependencies, are essential to GLOSSARY Aerobic glycolysis or Warburg effect: In non tumoral cells, glucose is metabolized to pyruvate, which is either transferred to the mitochondria and used for respiration or metabolized via glycolysis to lactate under low oxygen conditions. The Warburg effect described in cancer cells stands for high levels of glycolysis and lactate production, even in the presence of normal oxygen concentrations.

Mitochondrial respiration:

The central process of energy metabolism. The respiratory chain (complexes I-IV) channels electrons derived from nutrients to oxygen, using the energy released to produce ATP.

OXPHOS system: It's composed of the four respiratory chain complexes that are responsible for electron transport and generation of the proton gradient in the mitochondrial intermembrane space, and of the fifth complex (ATP synthase) which uses this proton gradient to produce ATP.

Reduction of oxygen:

In the mitochondrial inner membrane, oxygen can be partially reduced to superoxide by the gain of one electron at the level of complexes I or III, or it can be fully reduced to water at the level of complex IV where it is the last acceptor of electron transfer. In the redox system, reduction is electron gain, and oxidation is electron loss. A reducing molecule is an electron donor (ex: NADH) and an oxidant is an electron acceptor (ex: NAD + ). 
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propose new effective therapeutic strategies against cancer. There is also a need to characterize the mechanism of action of pharmacological compounds that may affect metabolism, as has been done for SMIP004 compounds [START_REF] Jain | Metabolic targeting of cancer by a ubiquinone uncompetitive inhibitor of mitochondrial complex I[END_REF], and to chemically modify them to increase their efficacy and improve their pharmacology.
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