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Regulation and functions of PHBs

Prohibitins-1 and -2 (PHB1/2) are pleiotropic scaffold proteins involved in many important cell functions, including survival, proliferation, metabolism, and mitochondrial dynamics (Fig 1) [START_REF] Ande | Prohibitin: a potential therapeutic target in tyrosine kinase signaling[END_REF][2][START_REF] Koushyar | Unveiling the potential of prohibitin in cancer[END_REF][START_REF] Peng | Multifaceted role of prohibitin in cell survival and apoptosis[END_REF][START_REF] Theiss | The role and therapeutic potential of prohibitin in disease[END_REF][START_REF] Thuaud | Prohibitin ligands in cell death and survival: mode of action and therapeutic potential[END_REF]. This review will, in the first instance, provide a general overview how PHBs are regulated through many post-translational modifications and how they control a myriad of signaling pathways before to present every class of PHB ligands, with an emphasis on their pharmacological potential. The primary aim of this article is to collate and comprehensively analyze various studies employing PHB ligands which in turn shed further insights into the physiological and pathophysiological roles of prohibitins. Ultimately, it is not unlikely that these forays will stimulate further investigations to unravel the central role of PHBs in cell physiology and lead to important clinical applications.

PHBs can be phosphorylated at several different positions (Fig 2 andTable 1) by Akt, Cam kinase IV, Aurora A, protein kinase C (PKC), Lyn and the receptors to insulin [START_REF] Ande | Prohibitin: a potential therapeutic target in tyrosine kinase signaling[END_REF][START_REF] Thuaud | Prohibitin ligands in cell death and survival: mode of action and therapeutic potential[END_REF]. PHBs are also regulated by O-GlcNAc modifications, N-myristoylation, palmitoylations, tyrosine nitrosylation and sulfatation, transamidations and arginine deamination (Figs 1 and2, Table 1). All of these regulations have two consequences. First, they modify the binding of PHBs to specific lipids, which orientate their localization to specific cellular compartments such as the plasma membrane, mitochondria, endoplasmic reticulum, peroxisomes, the cytosol and the nucleus [START_REF] Sripathi | Prohibitin as the Molecular Binding Switch in the Retinal Pigment Epithelium[END_REF]. Second, the conformational changes could dictate the interaction of PHBs with their partner proteins and thus the signaling events associated with them. Currently, the function of many of these post-translational modifications has not been explored. Yet, the interplay between the established phosphorylation, O-GlcNAc modification and palmitoylation is complex and has been recently described in an excellent review [START_REF] Ande | Prohibitin: a potential therapeutic target in tyrosine kinase signaling[END_REF]. How these events reflect on the structure of PHBs remain an open question as no 3D structure of full length PHB has been established yet. Only the coiled-coil region of PHB2 has been solved. This motif was shown to interact with a number of mitochondrial intermembrane space proteins [START_REF] Yoshinaka | Structural Basis of Mitochondrial Scaffolds by Prohibitin Complexes: Insight into a Role of the Coiled-Coil Region[END_REF].

In addition, PHBs also binds to second messengers: phosphatidylinositol 3,4,5-triphosphate (PIP3) for PHB1 to modulate the signaling of Tyr kinase receptors and also sphingosine-1-phosphate (S1P) for PHB2 to promote cytoprotection [START_REF] Ande | Prohibitin interacts with phosphatidylinositol 3,4,5-triphosphate (PIP3) and modulates insulin signaling[END_REF][START_REF] Gomez | A novel role for mitochondrial sphingosine-1-phosphate produced by sphingosine kinase-2 in PTPmediated cell survival during cardioprotection[END_REF]. In the cytosol and the inner face of the plasma membrane PHBs interact with a multitude of signaling proteins, such as the kinases C-RAF (RAF1), Akt, IKK, MLK2, the phosphatase Shp1/2, the scaffold proteins 14-3-3 and the cytoskeleton protein α-actinin to cite few representative examples.

One of the determinant factors of PHB functions is their localization within cells. On the outer face of the plasma membrane, PHBs are involved in cell-cell interactions [START_REF] Yurugi | Prohibitins function as endogenous ligands for Siglec-9 and negatively regulate TCR signaling upon ligation[END_REF], the immune response [START_REF] Kim | The Scaffold Protein Prohibitin Is Required for Antigen-Stimulated Signaling in Mast Cells[END_REF][START_REF] Buehler | Targeting prohibitins at the cell surface prevents Th17mediated autoimmunity[END_REF] and also to the chemoresistance to taxoids in cancer cells [START_REF] Patel | Rescue of paclitaxel sensitivity by repression of Prohibitin1 in drug-resistant cancer cells[END_REF]. In the nucleus, PHBs interact with several transcription factors (p53, NRF2, estrogen receptor, androgen receptor, E2Fs, HES1, MyoD, CTCF, MEF2 , MAFG, c-MYC and MAX [START_REF] Fusaro | Prohibitin induces the transcriptional activity of p53 and is exported from the nucleus upon apoptotic signaling[END_REF][START_REF] Gamble | Prohibitin, a protein downregulated by androgens, represses androgen receptor activity[END_REF][START_REF] Joshi | Differential regulation of human YY1 and caspase 7 promoters by prohibitin through E2F1 and p53 binding sites[END_REF][START_REF] Lee | PHB2 interacts with RNF2 and represses CP2c-stimulated transcription[END_REF][START_REF] Montano | An estrogen receptor-selective coregulator that potentiates the effectiveness of antiestrogens and represses the activity of estrogens[END_REF][START_REF] Sun | Akt binds prohibitin 2 and relieves its repression of MyoD and muscle differentiation[END_REF][START_REF] Wang | Prohibitin co-localizes with Rb in the nucleus and recruits N-CoR and HDAC1 for transcriptional repression[END_REF][START_REF] Wang | Prohibitin, a potential tumor suppressor, interacts with RB and regulates E2F function[END_REF][START_REF] Wang | Rb and prohibitin target distinct regions of E2F1 for repression and respond to different upstream signals[END_REF][START_REF] Ramani | Prohibitin 1 Regulates the H19-Igf2 Axis and Proliferation in Hepatocytes[END_REF][START_REF] Yang | Prohibitin 1 suppresses liver cancer tumorigenesis in mice and human hepatocellular and cholangiocarcinoma cells[END_REF][START_REF] Yang | Activation of a novel c-Myc-miR27-prohibitin 1 circuitry in cholestatic liver injury inhibits glutathione synthesis in mice[END_REF]), transcriptional co-activators and co-repressors to regulate transcription, methionine adenosyltransferase α1 (MATα1) [START_REF] Yang | Prohibitin 1 suppresses liver cancer tumorigenesis in mice and human hepatocellular and cholangiocarcinoma cells[END_REF] and also to the minichromosome maintenance protein complex that controls DNA replication [START_REF] Rizwani | Prohibitin physically interacts with MCM proteins and inhibits mammalian DNA replication[END_REF]. For example, PHB1 heterodimerizes with MAX and MATα1 to bind to the E-box element and repress its promoter activity [START_REF] Yang | Prohibitin 1 suppresses liver cancer tumorigenesis in mice and human hepatocellular and cholangiocarcinoma cells[END_REF]. PHBs also trap the transcription factors HES1 and STAT3 outside the nucleus to inhibit their transcriptional activity [START_REF] Han | Prohibitin 1 modulates mitochondrial function of Stat3[END_REF][START_REF] Perron | Small-molecule screening yields a compound that inhibits the cancer-associated transcription factor Hes1 via the PHB2 chaperone[END_REF]. In the case of STAT3, this interaction takes place in mitochondria to promote cell survival [START_REF] Han | Prohibitin 1 modulates mitochondrial function of Stat3[END_REF][START_REF] Qureshi | FL3, a Synthetic Flavagline and Ligand of Prohibitins, Protects Cardiomyocytes via STAT3 from Doxorubicin Toxicity[END_REF].

In addition, PHBs can also bind to DNA and RNA. Indeed, both PHB1 and PHB2 directly bind to the (TGYCC) 15 motif of the promoter of p53-induced gene 3 (PIG3) to enrich the PIG3 transcription, thereby provoking apoptosis [START_REF] Guan | Identification of prohibitin and prohibiton as novel factors binding to the p53 induced gene 3 (PIG3) promoter (TGYCC)(15) motif[END_REF]. PHB1 also binds with a high affinity to mitochondrial DNA [START_REF] Sripathi | Prohibitin as the Molecular Binding Switch in the Retinal Pigment Epithelium[END_REF]. PHB2 itself interacts with the long non-coding RNA LOC283070 in the nucleus to inhibit the activity of the androgen receptor in prostate cancer cells [START_REF] Zhang | The novel long noncoding RNA LOC283070 is involved in the transition of LNCaP cells into androgen-independent cells via its interaction with PHB2[END_REF]. In the inner membrane of mitochondria, alternating PHB1 and PHB2 assemble into ring complexes to regulate metabolism, mitochondrial fusion, morphogenesis, mitophagy, survival, apoptosis and cell proliferation [START_REF] Signorile | Prohibitins: A Critical Role in Mitochondrial Functions and Implication in Diseases[END_REF]. All these interactions could be governed by posttranslational modifications in a context and cell type dependent manner.

PHBs ligands

Several classes of PHB ligands have been discovered. Importantly, these different classes of compounds display diverse profiles of pharmacological activities, suggesting that they stabilize different conformations of PHBs. The most studied class of PHB ligands are natural compounds called flavaglines found in trees used in traditional Chinese medicine. Most of the other types of PHBs ligands are synthetic small molecules identified in phenotypic screenings.

Considering that genetic inactivation or deletion of PHBs induce cellular dysfunction due to their essential role in mitochondria, PHB ligands represent invaluable tools to unravel their role in physiology in addition to their therapeutic potential.

Flavaglines

Structure and identification of their targets

Flavaglines were first discovered in 1982 based on their antileukemic effects [START_REF] King | X-Ray crystal structure of rocaglamide, a novel antileukemic 1H-cyclopenta[b]benzofuran from Aglaia elliptifolia[END_REF]. Their structure is characterized by a complex cyclopenta[b]benzofuran (Fig. 3), which has been the object of many total syntheses (recently reviewed in [START_REF] Zhao | Recent Advances in the Synthesis of Flavaglines, a Family of Potent Bioactive Natural Compounds Originating from Traditional Chinese Medicine[END_REF]). Their most striking feature is their unique ability to induce death pathways in the cancer cells, while they promote survival pathways in non-cancer cells such as neurons and cardiomyocytes toward various types of stresses. Fig. 3 Representative examples of pharmacologically active natural and synthetic flavaglines.

The pharmacology of flavaglines is complex (Fig. 4). In addition to their effect on PHB signaling, flavaglines also inhibit the initiation factor of translation eIF4A. eIF4A is necessary for the translation of a small fraction of mRNAs that mainly code for proteins involved in cancer signaling. While the inhibition of eIF4A is critical for every cancer cell type, the action on PHB is cell type dependent. Indeed, every cancer cell seems to display a high activity of eIF4A to drive a translational program supporting tumorigenesis. Thus, a partial inhibition of eIF4A can be sufficient to kill cancer cells without being toxic to normal cells [START_REF] Truitt | Differential Requirements for eIF4E Dose in Normal Development and Cancer[END_REF]. On the opposite, the role of PHBs in cancer varies widely according to the cell type. Some tumors overexpress PHBs, but not all of them [START_REF] Yang | Significance of prohibitin domain family in tumorigenesis and its implication in cancer diagnosis and treatment[END_REF]. In addition, this overexpression can be manifested in the nucleus or in mitochondria depending of the cell type. It is thus clear that the signaling and function of PHBs differ according to the type of cancer cells.

In this review, we focus on the pharmacological effects that have been demonstrated to be mediated by a modulation of PHB signaling. Early investigations in 80's and the 90's showed that flavaglines postpone tumor growth, but do not eradicate the tumors. These observations put a halt to further studies, until Li-Weber and collaborators identified by affinity chromatography PHB1 and PHB2 as bona fide targets of flavaglines [START_REF] Polier | The natural anticancer compounds rocaglamides inhibit the Raf-MEK-ERK pathway by targeting prohibitin 1 and 2[END_REF].

Inhibition of Ras/C-RAF/MEK/ERK signaling

Importantly they showed that these compounds block the activation of C-RAF (Raf-1) by Ras. Indeed, the binding of growth factors to tyrosine kinase receptors triggers a cascade of events that induces the Ras/C-RAF/MEK/ERK signaling pathway to promote cancer development. The activation of the protein kinase C-RAF by the proto-oncogene RAS requires a direct interaction of PHBs with C-RAF that is blocked by flavaglines [START_REF] Polier | The natural anticancer compounds rocaglamides inhibit the Raf-MEK-ERK pathway by targeting prohibitin 1 and 2[END_REF][START_REF] Rajalingam | Prohibitin is required for Ras-induced Raf-MEK-ERK activation and epithelial cell migration[END_REF]. Inhibition of C-RAF/MEK/ERK signaling was shown to be determinant to the in vivo antitumor effect of flavaglines in murine models of ERK-driven pancreatic ductal adenocarcinoma [START_REF] Luan | Targeting the prohibitin scaffold-CRAF kinase interaction in RAS-ERK-driven pancreatic ductal adenocarcinoma[END_REF], vemurafenib resistant melanoma [START_REF] Doudican | Inhibition of the CRAF/prohibitin interaction reverses CRAF-dependent resistance to vemurafenib[END_REF], KRAS-mediated lung [START_REF] Yurugi | Targeting prohibitins with chemical ligands inhibits KRAS-mediated lung tumours[END_REF], and neuroblastoma [START_REF] Macarthur | Prohibitin promotes dedifferentiation and is a potential therapeutic target in neuroblastoma[END_REF].

Recently, flavaglines have been shown to inhibit also the activation of KRAS [START_REF] Yurugi | Targeting prohibitins with chemical ligands inhibits KRAS-mediated lung tumours[END_REF]. This isoform of RAS is one of the most frequently mutated oncogenes in human cancers. More specifically, flavaglines inhibit KRAS-GTP loading in KRAS-mutated cells as well as in EGF-stimulated cells. Considering that after 3 decades of intensive research no inhibitor of KRAS has yet been approved for the treatment cancers, this appealing effect of flavaglines is poised to be further explored. Fig. 4 Overview of the mechanism of action of flavaglines in cancer cells involving PHBs. Flavaglines inhibit the activation of KRAS and C-RAF, to block the C-RAF/MEK/ERK pathway necessary to the survival of many cancer cell types. In bladder cancer, flavaglines inhibit PHB1 phosphorylation by Akt, leading to removal of PHB1 in mitochondria. Flavagline also upregulate GADD45α to inhibit cdc2/cyclin B1 kinases and cell cycle progression in the G2/M phase. They can also inhibit the signaling of the paracrine factor Wnt that is necessary to the survival of several cancer cell types. Moreover, flavaglines block mitophagy and energy productions by inhibiting the effects of PHB2 on the mitochondrial inner protease PARL and LC3-II. Flavaglines can also induce apoptosis of cancer cells by activating AIF, JNK, p38 through yet uncharacterized mechanisms. Although it is critical to the cytotoxicity of flavaglines in cancer cells, the action of flavaglines on the initiation factor eIF4A is not disclosed to remain in the scope of this review.

Many studies have demonstrated that flavaglines exhibit potent anticancer properties in mouse models of human cancers, but whether these effects are due to on action on eIF4A or PHBs remains uncertain in vivo. Nevertheless, rocaglamide [START_REF] Ande | Prohibitin: a potential therapeutic target in tyrosine kinase signaling[END_REF] has been shown to reverse C-RAF-mediated vemurafenib resistance in a human melanoma xenograft model due to its effect on PHBs leading to an inhibition of C-RAF [START_REF] Doudican | Inhibition of the CRAF/prohibitin interaction reverses CRAF-dependent resistance to vemurafenib[END_REF]. Another flavagline, FL3 (4) also prevents the oncogenic growth in mouse models of bladder and KRASdriven non-small cell lung cancer through its effects on PHBs [START_REF] Yuan | Flavagline analog FL3 induces cell cycle arrest in urothelial carcinoma cell of the bladder by inhibiting the Akt/PHB interaction to activate the GADD45alpha pathway[END_REF][START_REF] Yurugi | Targeting prohibitins with chemical ligands inhibits KRAS-mediated lung tumours[END_REF]. Importantly, PHB1 was overexpressed in both types of cancer. Inhibition of KRAS/C-RAF signaling was proposed to be determinant for the apoptosis of non-small cell lung tumors [START_REF] Yurugi | Targeting prohibitins with chemical ligands inhibits KRAS-mediated lung tumours[END_REF].

Activation of GADD45α signaling

For the urothelial carcinoma of the bladder, another mechanism was proposed: binding of FL3 to PHB1 inhibits its phosphorylation by Akt, which consequently decreases the localization of PHB1 in the mitochondria [START_REF] Yuan | Flavagline analog FL3 induces cell cycle arrest in urothelial carcinoma cell of the bladder by inhibiting the Akt/PHB interaction to activate the GADD45alpha pathway[END_REF]. Besides, microarray analysis of mRNA expression experiments indicated that both FL3 treatment and PHB1 knockdown upregulate the mRNA expression of the growth arrest and DNA damage-inducible alpha (GADD45α) gene that inhibits Cdc2 kinase to promote G 2 /M arrest. Additionally, knocking down the expression of GADD45α blocked the inhibitory effect of FL3 on cell cycle, indicating that GADD45α upregulation is critical to FL3-induced cell cycle inhibition.

Inhibition of NF-κB signaling

Flavaglines also inhibit the signaling of Nuclear Factor κB (NF-κB), which is a transcription factor that regulates the immune responses, inflammation, differentiation, and cell survival. NF-κB family members (p50, p52, p65 (RelA), RelB, and c-Rel) form various homo-or heterodimers. In unstimulated cells, these NF-κB dimers are sequestered in the cytoplasm by the inhibitory family protein IκB. Upon activation by several receptors, the IKK complex IKKα/IKKβ/NEMO phosphorylates IκB to induce its degradation (Fig. 5). This event releases NF-κB dimers and allows them to translocate into the nucleus to regulate transcription. Recently, Liang and coll. showed that phosphorylation of PHB1 at T258 promote its association with MEKK1, IKK1 and IKK2 in the membrane raft of lung cancer cells to promote NF-κB signaling and consequently to enhance metastasis [START_REF] Ho | MIG-7 and phosphorylated prohibitin coordinately regulate lung cancer invasion/metastasis[END_REF]. In contrast, Lu and coll. found that silencing PHB1 activates NF-κB signaling in liver cancer cells to stimulate tumorigenesis by enhancing the expression of interleukin 8 [START_REF] Yang | The mitochondrial chaperone Prohibitin 1 negatively regulates interleukin-8 in human liver cancers[END_REF]. Interestingly, flavaglines had been shown to inhibit canonical NF-κB pathway in Jurkat T cells at nanomolar concentration [START_REF] Baumann | Rocaglamide derivatives are potent inhibitors of NF-kappa B activation in T-cells[END_REF]. This report was done prior to the discovery of PHBs as the target of flavaglines [START_REF] Polier | The natural anticancer compounds rocaglamides inhibit the Raf-MEK-ERK pathway by targeting prohibitin 1 and 2[END_REF], and consequently the relationship with PHBs was not explored. However, the authors found that flavaglines act upstream of the IkB kinase complex and downstream of the TNF receptor-associated protein 2, which is coherent with an action on PHBs. More recently, rocaglamide was shown to inhibit the phosphorylation of NF-κB component p65 protein and its localization in nucleus [START_REF] Li | Rocaglamide-A Potentiates Osteoblast Differentiation by Inhibiting NF-kappaB Signaling[END_REF]. This inhibition of NF-κB signaling promoted osteoblast differentiation, suggesting that flavaglines hold some potential to prevent the bone loss associated to rheumatoid arthritis. Whether flavaglines disrupt the interaction between PHB1 and the kinases MEKK1, IKK1 or IKK2 and the functional consequences thereof have not been examined yet. Rocaglamide (1) has also been shown to prevent metastasis of cancer cells by inhibiting the formation of pseudopodia, which are extension of the cytoplasm enriched in PHBs used by cancer cells to migrate [START_REF] Choi | Proteomic profiling of human cancer pseudopodia for the identification of anti-metastatic drug candidates[END_REF].

Inhibition of Wnt signaling

In addition to these mechanisms, flavaglines inhibits Wnt signaling in STF/293 cells [START_REF] Arai | Synthesis of rocaglamide derivatives and evaluation of their Wnt signal inhibitory activities[END_REF]. Wnt is a paracrine glycoprotein that activates a Frizzled receptor at the cell surface to block the degradation of the transcription factor β-catenin. Recently, PHB1 was shown to repress the expression of several Wnt ligands and inhibit canonical Wnt signaling [START_REF] Mavila | Prohibitin 1 Acts As a Negative Regulator of Wingless/Integrated-Beta-Catenin Signaling in Murine Liver and Human Liver Cancer Cells[END_REF]. Several flavaglines have been tested for their effect on Wnt signalling, and compound 5 displayed the highest anti-Wnt activity (IC 50 of 32 nM) and also the highest cytotoxicity in TRAIL-resistant cancer cells [START_REF] Arai | Synthesis of rocaglamide derivatives and evaluation of their Wnt signal inhibitory activities[END_REF].

Inhibition of mitophagy

Moreover, flavaglines inhibit mitophagy and energy production in cancer cells (Fig. 6). Indeed, PHB2 is involved in mitophagy, which is the selective removal of damaged or unwanted mitochondria. In normal condition, the mitochondrial kinase PINK1 and the phosphatase PGAM5 are continuously processed and degraded by mitochondrial inner proteases PARL and m-AAA, i-AAA. Upon mitochondria depolarization or damage, PHB2 directly inhibits PARL to prevent the degradation of PGAM5 and PINK1. Then, PINK1 can migrate to the outer mitochondrial membrane (OMM) to recruit the cytosolic E3 ubiquitin protein ligase Parkin to the OMM where it induces the ubiquitination and degradation of OMM proteins, resulting in OMM rupture, which allows PHB2 to interact with LC3-II in phagophores and initiate mitophagy.

Fig. 6 Regulation of mitophagy by PHB2. In healthy mitochondria the protease PINK1 and the phosphatase PGAM5 are continuously imported and degraded by the protease PARL. Upon damage, PHB2 interacts with PARL to block its activity leading to accumulation of uncleaved PINK1 on the outer mitochondrial membrane. Then PINK1 phosphorylates the ubiquitinated chains conjugated to mitochondrial proteins as well as cytosolic Parkin and the kinase TBK1 to induce their activation. TBK1 phosphorylates 3 times Optineurin (Optn). Autophagy receptors, PHB2, Optn, and p62 interact with LC3-II to recruit the phagophore and promote its expansion. Flavaglines inhibit the interaction between PHB2 and PARL, leading to an inhibition of mitophagy [START_REF] Wei | Prohibitin 2 Is an Inner Mitochondrial Membrane Mitophagy Receptor[END_REF]. At the mitochondrial inner membrane, PHB2 forms ring-like oligomers with PHB1, but a role of PHB1 in mitophagy has not been established yet.

Two flavaglines, rocaglamide (1) and FL3 (4), have been found to inhibit the interactions between PARL and PHBs, the downregulation of PARL, PINK1 accumulation in depolarized mitochondria, the mitochondrial recruitment of Parkin and the elimination of mitochondria. Flavaglines not only inhibit PINK1/Parkin-mediated mitophagy, they also block energy production at nanomolar concentrations in cancer cells contributing to the anticancer activity of this class of PHB ligands.

Antiviral activities

Inhibition of C-RAF signaling holds some potential to treat not only cancers, bus also chronic hepatitis C virus (HCV) infection [START_REF] Liu | A Novel Class of Small Molecule Compounds that Inhibit Hepatitis C Virus Infection by Targeting the Prohibitin-CRaf Pathway[END_REF]. Indeed, PHBs interact with HCV at the plasma membrane to mediate HCV entry in a C-RAF dependent manner. These events are inhibited by several flavaglines, and in particular aglaroxin C [START_REF] Thuaud | Prohibitin ligands in cell death and survival: mode of action and therapeutic potential[END_REF], which displays a potency and therapeutic index superior to that of rocaglamide (1) and other flavaglines. Optimization of aglaroxin C led to the development of CMLD012043 (9) and CMLD012044 [START_REF] Gomez | A novel role for mitochondrial sphingosine-1-phosphate produced by sphingosine kinase-2 in PTPmediated cell survival during cardioprotection[END_REF], which show an enhanced inhibition of HCV infection with low cytotoxicity [START_REF] Zhang | Chemical Synthesis Enables Structural Reengineering of Aglaroxin C Leading to Inhibition Bias for HCV Infection[END_REF]. These two compounds inhibit HCV viral entry into cells, but not HCV RNA replication and mRNA translation, suggesting that these effects are mediated by an action on PHBs rather than eIF4A.

PHBs are also required to internalize Chikungunya virus into microglial cells. This internalization is partially blocked by flavaglines, but not sufficiently enough to have a genuine therapeutic potential [START_REF] Wintachai | Assessment of flavaglines as potential chikungunya virus entry inhibitors[END_REF]. Very recently, the enterovirus 71 (EV71), which causes Hand, Foot and Mouth Disease and also neurological complications in children has been shown to use cell surface-expressed PHB1 to facilitate its entry into the host cells [START_REF] Too | Prohibitin plays a critical role in Enterovirus 71 neuropathogenesis[END_REF]. Importantly, rocaglamide (1) is able to prolong the life EV71-infected mice and lower virus loads in their central nervous system. Mechanistic studies showed that this antiviral effect is not due to an inhibition of the C-RAF/MEK/ERK signaling, but to a diminution of the localization of PHB1 in mitochondria, which impairs viral replication.

Cytoprotectant activities

Not only flavaglines do not display overt signs of toxicity in vivo, but they protect the heart against the severe toxicity of anthracyclines, such as doxorubicin (Fig. 7). This class of chemotherapeutic agents is extremely used in spite of it severe cardiac adverse effects [START_REF] Nebigil | Updates in Anthracycline-Mediated Cardiotoxicity[END_REF]. In a mouse model of acute toxicity to doxorubicin, the flavagline FL3 has been shown to increase the survival rate from 31 to 55% in doxorubucin treated mice [START_REF] Bernard | Flavaglines alleviate doxorubicin cardiotoxicity: implication of Hsp27[END_REF]. This cardioprotective effect is mediated by activation of mitochondrial STAT3 and the small heat shock protein Hsp27 [START_REF] Bernard | Flavaglines alleviate doxorubicin cardiotoxicity: implication of Hsp27[END_REF][START_REF] Qureshi | FL3, a Synthetic Flavagline and Ligand of Prohibitins, Protects Cardiomyocytes via STAT3 from Doxorubicin Toxicity[END_REF]. Signal transducer and activator of transcription 3 (STAT3) acts as a transcription factor in the nucleus and promotes survival when located in mitochondria. FL3 has been found to induce a phosphorylation of STAT3 and a translocation of both PHB1 and phosphorylated STAT3 into mitochondria to promote cell survival (Fig. 7) [START_REF] Qureshi | FL3, a Synthetic Flavagline and Ligand of Prohibitins, Protects Cardiomyocytes via STAT3 from Doxorubicin Toxicity[END_REF]. FL3 also activates Hsp27 to protect cells against many types of damage, including the cardiotoxicity of doxorubicin, through its chaperone activity, control of redox homeostasis, and inhibition of apoptosis [START_REF] Bernard | Flavaglines alleviate doxorubicin cardiotoxicity: implication of Hsp27[END_REF]. Besides, FL3 induces the overexpression of PHB1 in cardiomyocytes, which reinforces their resistance to many types of insults. Interestingly, this compound has an opposite effect in bladder cancer cells where it down-regulates PHB1 expression [START_REF] Yuan | Flavagline analog FL3 induces cell cycle arrest in urothelial carcinoma cell of the bladder by inhibiting the Akt/PHB interaction to activate the GADD45alpha pathway[END_REF]. Fig. 7 Summary of the mechanism of cardioprotection against doxorubicin-induced cardiotoxicity. Doxorubicin is an anticancer drug that induces the apoptosis in cardiomyocytes and the translocation of PHB1 and STAT3 to the nucleus. Flavaglines protect cardiomyocytes by inducing the translocation of PHB1 and STAT3 to mitochondria, a phosphorylation of Hsp27 and an overexpression of PHB1.

Recently, FL3 was shown to promote the survival of non-cancer normal skin cells through the phosphorylation of the anti-apoptotic protein Bad by Akt, which unraveled a new mechanism of resistance to cell death by flavaglines (Fig. 8) [START_REF] Emhemmed | The synthetic flavagline FL3 spares normal human skin cells from its cytotoxic effect via an activation of Bad[END_REF]. Interestingly, the structural requirements for cardioprotection and the anticancer effects are quite similar. In a series of analogues, the relative order of activity may change, but all cardioprotectant flavaglines display are also cytotoxic in cancer cells and vice versa [START_REF] Ribeiro | Flavaglines as Potent Anticancer and Cytoprotective Agents[END_REF].

Similarly, another synthetic flavagline, IMD-019064 [START_REF] Sripathi | Prohibitin as the Molecular Binding Switch in the Retinal Pigment Epithelium[END_REF], developed by Bayer scientists has also been shown to display anti-inflammatory and neuroprotectant properties in mouse models of Parkinson and traumatic brain injury [START_REF] Fahrig | A synthetic derivative of the natural product rocaglaol is a potent inhibitor of cytokine-mediated signaling and shows neuroprotective activity in vitro and in animal models of Parkinson's disease and traumatic brain injury[END_REF]. Further optimization of this compound has yielded to IMD-026259 [START_REF] Yoshinaka | Structural Basis of Mitochondrial Scaffolds by Prohibitin Complexes: Insight into a Role of the Coiled-Coil Region[END_REF], which has been developed for the treatment of Parkinson's disease.

In line with these observations, Li-Weber and coll. have found that rocaglamide (1) protects normal T cells against chemotherapeutic agents targeting DNA such as doxorubicin, teniposide, and bleomycin [START_REF] Becker | The traditional Chinese medical compound Rocaglamide protects nonmalignant primary cells from DNA damage-induced toxicity by inhibition of p53 expression[END_REF]. Rocaglamide has been shown to protect normal human peripheral blood B cells, NK cells, neutrophils, cardiomyocytes, hematopoietic stem cells and progenitor cells (HSPCs) against the cytotoxicity of etoposide. These data indicate that flavaglines can protect a wide array of primary nonmalignant cells from DNA damage-induced cytotoxicity. Overall, these data support the model that flavaglines could protect cancer patients against the adverse effects of chemotherapies.

Flavaglines are also able to protect mice in a model of Crohn's disease in which inflammation is driven by epithelial ulceration of the colon [65]. In this model, FL3 (4) decreased the inflammation of the colon and in the same time promoted the survival of the intestinal epithelial cells against the inflammatory stress. Importantly, in accordance with the findings on the context of cytoprotection in cardiomyocytes [START_REF] Qureshi | FL3, a Synthetic Flavagline and Ligand of Prohibitins, Protects Cardiomyocytes via STAT3 from Doxorubicin Toxicity[END_REF], FL3 also increased the expression of PHB1 in intestinal epithelial cells. This observation is important, because cells tend to overexpress PHB1 to protect themselves against various kinds of stresses. In addition, Theiss and coll. showed that PHB1 is down-regulated during intestinal inflammation and overexpressing PHB1 in mice alleviates the inflammatory damages of the colon in an in vivo model of Crohn's disease [START_REF] Kathiria | Prohibitin attenuates colitis-associated tumorigenesis in mice by modulating p53 and STAT3 apoptotic responses[END_REF].

Pharmacological development

Despite the demonstrated efficacy of flavaglines in preclinical models of cancers, inflammatory, neurological and cardiac diseases, these compounds have not entered in a clinical trial yet. The major obstacle toward this end is an intellectual property issue. Indeed, flavaglines have been first examined two decades ago when their molecular targets were unknown. At that time, drug discovery was conducted differently. Now, we have a more useful scientific background to develop these compounds toward clinics but considering that their structure and pharmacological properties have been reported, they cannot be patented anymore and there is little interest from pharmaceutical industry to support expensive clinical trials with no lucrative returns on their investment.

Trifluorothiazolines

In 2014, Albericio, Gil, Lavilla and coworkers synthesized a series of cytotoxic trifluorothiazolines, including fluorizoline (11, Fig. 9, EC 50 of 3.6 and 1.8 µM in Jurkat and HeLa cells) [START_REF] Perez-Perarnau | A trifluorinated thiazoline scaffold leading to pro-apoptotic agents targeting prohibitins[END_REF]. Using an affinity chromatography approach, these authors identified PHB1 and PHB2 as the molecular target of these compounds. Fluorizoline induces mitochondrial fragmentation, cristae disorganization and the intrinsic pathway of apoptosis in cancer cells [START_REF] Cosialls | The prohibitin-binding compound fluorizoline induces apoptosis in chronic lymphocytic leukemia cells through the upregulation of NOXA and synergizes with ibrutinib, 5aminoimidazole-4-carboxamide riboside or venetoclax[END_REF][START_REF] Moncunill-Massaguer | A novel prohibitin-binding compound induces the mitochondrial apoptotic pathway through NOXA and BIM upregulation[END_REF][START_REF] Pomares | Targeting prohibitins induces apoptosis in acute myeloid leukemia cells[END_REF]. Although this compound is cytotoxic in vitro in chronic lymphocytic leukemia cells, it is inactive in a murine model of leukemia [START_REF] Wierz | The prohibitin-binding compound fluorizoline induces apoptosis in chronic lymphocytic leukemia cells ex vivo but fails to prevent leukemia development in a murine model[END_REF].

Interestingly, similarly to flavaglines, fluorizoline inhibits epidermal growth factor (EGF)/RAS-induced C-RAF activation [START_REF] Yurugi | Targeting prohibitins with chemical ligands inhibits KRAS-mediated lung tumours[END_REF]. However, the detailed mechanism between these 2 classes of PHB ligands differs. Indeed, in the opposite to flavaglines, fluorizoline does not prevent the localization of PHBs at the plasma membrane and the binding of GTP to KRAS in response to EGF [START_REF] Yurugi | Targeting prohibitins with chemical ligands inhibits KRAS-mediated lung tumours[END_REF].

Melanogenin derivatives

Using a cellular screening of a tagged-triazine library, Orlow and collaborators have identified a triazine called melanogenin as an inducer of melanogenesis, which upregulates tyrosinase, the rate-limiting enzyme in the biosynthesis of melanin [START_REF] Snyder | Dissection of melanogenesis with small molecules identifies prohibitin as a regulator[END_REF]. This study uncovered the role of PHB in melanogenesis. Further pharmacomodulation studies recently led to the development of more active compounds, such as Mel9 [START_REF] Yurugi | Prohibitins function as endogenous ligands for Siglec-9 and negatively regulate TCR signaling upon ligation[END_REF] and Mel41 (13) (Fig. 10) [START_REF] Djehal | Targeting prohibitin with small molecules to promote melanogenesis and apoptosis in melanoma cells[END_REF]. Fluorizoline activates melanogenesis as well, confirming that this event is indeed mediated by PHBs. Mechanistic studies demonstrated that the binding of Mel9 and Mel41 to PHBs triggers a cascade of events that involves the autophagic factor LC3, the kinase ERK and the transcription factor MITF. LC3 is a protein involved in autophagy and melanogenesis [START_REF] Yun | Microtubuleassociated protein light chain 3 is involved in melanogenesis via regulation of MITF expression in melanocytes[END_REF]. Its cytosolic form (LC3-I) can be cleaved and conjugated to phosphatidylethanolamine to generate the active form LC3-II, which interacts with PHB2 in damaged mitochondria to induce a mitochondrial destruction by a processed known as mitophagy [START_REF] Wei | Prohibitin 2 Is an Inner Mitochondrial Membrane Mitophagy Receptor[END_REF]. The discovery of Mel9 and Mel41 permitted to show that the regulation of melanogenesis by LC3-II is mediated by PHBs. It has also been found that LC3-II activates ERK, which triggers a cascade of events to promote the transcriptional activity of MITF, the master regulator of melanogenesis. This study highlights the power of small molecules as chemical probes to unravel PHBs signaling.

Interestingly, these new PHB ligands were shown to induce the death of a variety of human cancer cells [START_REF] Djehal | Targeting prohibitin with small molecules to promote melanogenesis and apoptosis in melanoma cells[END_REF]. Preliminary investigations showed that they inhibit the phosphorylation of the pro-survival kinase AKT, which probably contribute to this cytotoxicity. 

JI130

The transcription factor Hes family bHLH transcription factor 1 (Hes1) is an emerging target in oncology. While they were searching for inhibitors of Hes1 signaling, Uesugi, Kodama and collaborators identified D8C (14, Fig. 11) that significantly blocks Hes1 transcriptional activity and proliferation of HEK293 cells with an EC50 of 1.8 μM [START_REF] Perron | Small-molecule screening yields a compound that inhibits the cancer-associated transcription factor Hes1 via the PHB2 chaperone[END_REF]. These authors synthesized a series of 130 compounds and identified in particular two improved derivatives, JI051 [START_REF] Patel | Rescue of paclitaxel sensitivity by repression of Prohibitin1 in drug-resistant cancer cells[END_REF] and JI130 ( 16), the latter one displaying an enhanced solubility in water. These authors have found that JI051 binds to PHB2 to stabilize the interaction between Hes1 and PHB2 outside the nucleus, and promotes G2/M cell cycle arrest. Importantly, JI130 reduced by half the tumor growth in a pancreatic tumor xenograft model. Whether this class of compounds modulates the interaction between PHB2 and some of its other partners remains an open question.

Fig. 11

Structure, mechanism of action and cytotoxicity in HEK293 cells of D8C, JI051 and JI130. The binding of these compounds to PHB2 promotes its interaction with the transcription factor Hes1 in the cytosol, thereby preventing its oncogenic transcriptional activity.

Aurilide

Aurilide (17, Fig. 12) is a cyclic depsipeptide isolated from a marine mollusk that blocks the PHBdependent inhibition of the proteolytic processing of the dynamin-like GTPase optic atrophy 1 (OPA1) leading to disintegration of mitochondria and consequently an extreme toxicity, which excludes any development as a medicament [START_REF] Sato | Marine natural product aurilide activates the OPA1-mediated apoptosis by binding to prohibitin[END_REF]. 

Sulfonyl-and phosphoryl-amidines

The current treatments of osteoporosis display some potential adverse effects and a limited efficacy on non-vertebral fracture reduction [START_REF] Langdahl | Treatment of Osteoporosis: Unmet Needs and Emerging Solutions[END_REF]. Due to these limitations and the ageing of the population, the discovery of new anti-osteoporotic agents is a matter of public health. In this context, Chang et al. have screened a library of sulfonyl-and phosphoryl-amidine for their in vitro ability to block the differentiation of pre-osteoclast into osteoclasts that mediate the removal of bone cells [START_REF] Lee | Synthesis and SAR of sulfonyl-and phosphoryl amidine compounds as anti-resorptive agents[END_REF]. The phosphorylamidine 18 and the sulfonylamidine 19 (Fig. 13) were found to be particularly potent inhibitors of osteoclast differentiation with an IC50 of 2.6 and 3.3 μM respectively. They also block the bone resorbing activity of mature osteoclasts. Using affinity chromatography, PHB1 has been identified as the molecular target of these compounds [START_REF] Chang | Chemical affinity matrix-based identification of prohibitin as a binding protein to anti-resorptive sulfonyl amidine compounds[END_REF]. Since then, PHB1 has been demonstrated to inhibit the formation of mature osteoclasts [START_REF] Lee | Overexpression of prohibitin-1 inhibits RANKL-induced activation of p38-Elk-1-SRE signaling axis blocking MKK6 activity[END_REF]. Although the engagement of PHB1 in the activity of 18 and 19 has not been established yet, some key events in the mechanism of action of these compounds have been clarified [START_REF] Kim | Anti-resorptive activity and pharmacokinetic study of N(1),N(1)-diisopropyl-N(2)-(diphenylphosphoryl)-2-(4nitrophenyl)acetamidine[END_REF]. Osteoclast differentiation is initiated by the binding of RANK ligand (RANKL) to RANK, which activates TRAF6 and consecutively, IKK and ERK, leading to the activation of the transcription factors NF-κB, c-Fos and NFATc1 (Fig. 13). Compound 18 has been shown to dose-dependently inhibit the RANKL-induced activation of ERK, and both the translocation to the nucleus and the transcriptional activity of NF-κB. In addition, 18 repressed the mRNA expression levels of c-Fos and NFATc1 induced by RANKL, indicating that 18 mitigates RANKL-induced signaling and transcription factors required for osteoclast differentiation. Compound 18 also repressed the expression of the matrix metalloproteinase 9 (MMP-9) and the kinase c-Src that both promote osteoclastic bone resorption. In vivo, 18 (daily 100 mg/kg for 4 weeks) restores the loss of trabecular bone in the femur of ovariectomized mice, comforting its potential for the treatment of osteoporosis. Fig. [START_REF] Kim | The Scaffold Protein Prohibitin Is Required for Antigen-Stimulated Signaling in Mast Cells[END_REF] Structure of the phosphoryl-and sulfonyl-amidines 18 and 19 and overview of their mechanism of inhibition of osteoclastogenesis. Compound 18 inhibits the activation of ERK, the translocation of NF-κB to the nucleus and also the expression of osteogenic genes (the transcription factors c-Fos and NFATc1, the matrix metalloproteinase 9 (MMP-9) and the kinase c-Src).

Similarly to the flavagline FL3, sulfonylamidine 19 was also shown to block the PHB-dependent entry of Chikungunya virus into microglial cells [START_REF] Wintachai | Assessment of flavaglines as potential chikungunya virus entry inhibitors[END_REF], indicating that this type of PHB ligand may exhibit various pharmacological effects unrelated to osteoclastogenesis.

Adipotide

Adipotide results from a sequence homologous to the region of annexin A2 fused to proapoptotic sequence tissue [START_REF] Kolonin | Reversal of obesity by targeted ablation of adipose tissue[END_REF]. This chimeric peptide interacts with PHB1 at the surface the endothelial cells of adipose tissue to destroy the vasculature of this tissue and consequently alter its blood supply. Adipotide reduces body weight in fat mice and rats exposed to a high-fat diet. In obese rhesus monkeys, adipotide also lowers body fat, food intake and insulin resistance [START_REF] Barnhart | A peptidomimetic targeting white fat causes weight loss and improved insulin resistance in obese monkeys[END_REF]. However, the absence of additional report since 2012 suggests that this approach hold serious limitations for a clinical development to treat type 2 diabetes.

Vi polysaccharide of Salmonella typhi

Vi capsular polysaccharide (Vi) (20, Fig. 14A) of Salmonella typhi, the causative agent of typhoid fever interacts with cell surface PHBs to inhibit ERK activity and interleukin-8 secretion in human intestinal epithelial cells (Fig. 13) [START_REF] Sharma | Vi polysaccharide of Salmonella typhi targets the prohibitin family of molecules in intestinal epithelial cells and suppresses early inflammatory responses[END_REF]. As a consequence the early inflammatory response from intestinal epithelium is down regulated causing systemic infection in humans [START_REF] Parween | The Virulence Polysaccharide of Salmonella Typhi Suppresses Activation of Rho Family GTPases to Limit Inflammatory Responses From Epithelial Cells[END_REF]. In monocytes and T-cells, Vi also inhibits the GTPases Rac1 and Cdc42, NF-κB signaling, ERK pathways and actin cytoskeletal rearrangements to inhibit the inflammatory response. Interestingly, the binding of Vi released by S. Typhi on the membrane PHBs blocks IL-2 secretion from T cells stimulated through the T-cell receptor (TCR) but not Protein Kinase C [START_REF] Santhanam | The Virulence Polysaccharide Vi Released by Salmonella Typhi Targets Membrane Prohibitin to Inhibit T-Cell Activation[END_REF]. None of these events are observed in Salmonella, such as Salmonella typhimurium, that do not synthesize Vi [START_REF] Garg | Hemoglobin Transforms Anti-Inflammatory Salmonella typhi Virulence Polysaccharide into a TLR-2 Agonist[END_REF][START_REF] Parween | The Virulence Polysaccharide of Salmonella Typhi Suppresses Activation of Rho Family GTPases to Limit Inflammatory Responses From Epithelial Cells[END_REF][START_REF] Santhanam | The Virulence Polysaccharide Vi Released by Salmonella Typhi Targets Membrane Prohibitin to Inhibit T-Cell Activation[END_REF]. In line with this study, K. Rajalingam and coll. recently reported that Vi capsular polysaccharide can alleviate multiple sclerosis symptoms in mice (Fig. 14B) [START_REF] Buehler | Targeting prohibitins at the cell surface prevents Th17mediated autoimmunity[END_REF]. Importantly, the cell surface of CD4 + T cell has been found to overexpress PHB1 in blood samples from multiple sclerosis patients in comparison with healthy persons. Among the different subsets of CD4 + T cells, T helper (Th)17 cells are particularly involved in the etiology of autoimmune diseases due to their capacity to produce interleukin (IL)-17. These cells overexpress PHB1 at the cell surface to activate the C-RAF/MEK/ERK pathways and regulate the activity of the transcriptions factors FOXP3 and RORγt leading to the pathogenic expression of IL-17. Both Vi polysaccharide, which is used as a vaccine (Typhim) against Salmonella enterica infections, and rocaglamide have been shown to block these events in vitro and in a mouse model of multiple sclerosis.

Lipoteichoic acid

PHB2 was shown to bind to another polyanionic bacterial lipid, lipoteichoic acid (21, Fig. 15) a cell wall constituent of gram-positive bacteria [START_REF] Jang | Identification of staphylococcal lipoteichoic acid-binding proteins in human serum by highresolution LTQ-Orbitrap mass spectrometry[END_REF]. Even though the consequence of this binding has not been disclosed yet, this observation highlights the implication of PHBs in the immune response to infections. Interestingly, lipoteichoic acid has been shown to activate RAF in the cornea, but whether this involves PHBs has not been documented yet [START_REF] You | Lipoteichoic acid selectively induces the ERK signaling pathway in the cornea[END_REF]. 

Capsaicin

Capsaicin (22, Fig. 16) is a component of hot chili peppers that shares some structural and pharmacological properties with JI130 [START_REF] Kuramori | Capsaicin binds to prohibitin 2 and displaces it from the mitochondria to the nucleus[END_REF]. Indeed, it also binds to PHB2 to promote its translocation from mitochondria to the nucleus, dissociating it from the Adenine Nucleotide Translocator 2 (ANT2). Thus, it initiates the mitochondrial apoptosis in human myeloid leukemia cells. The concentration of capsaicin used in this experiment was too high to be pertinent for therapeutic purpose, but this work may constitute the basis for an optimization program to develop a clinically useful drug. Fig. [START_REF] Fusaro | Prohibitin induces the transcriptional activity of p53 and is exported from the nucleus upon apoptotic signaling[END_REF] Structure and cytotoxicity mechanism of capsaicin [START_REF] Wang | Prohibitin co-localizes with Rb in the nucleus and recruits N-CoR and HDAC1 for transcriptional repression[END_REF] in myeloid leukemia cells. Capsaicin induces the translocation to the nucleus of PHB2, which is normally localized to the inner mitochondrial membrane.

Xanthohumol

Xanthohumol (23, Fig. 17), a polyphenol found in hops, binds to PHB2 to inhibit its binding to Brefeldin Ainhibited guanine nucleotide exchange protein 3 (BIG3), which suppresses the inhibitory activity of PHB2 on the estrogen receptor alpha (ERα) in breast cancer cells [START_REF] Yoshimaru | Xanthohumol suppresses oestrogen-signalling in breast cancer through the inhibition of BIG3-PHB2 interactions[END_REF]. Thus, the binding of xanthohumol has been shown to block ERα-positive breast cancer cell growth both in vitro and in vivo. However, the polyphenolic structure of this natural compound coupled to its moderate potency precludes its development as a drug candidate. Fig. [START_REF] Gamble | Prohibitin, a protein downregulated by androgens, represses androgen receptor activity[END_REF] Structure and mechanism of action of xanthohumol [START_REF] Wang | Prohibitin, a potential tumor suppressor, interacts with RB and regulates E2F function[END_REF]. Xanthohumol binds to PHB2, thereby preventing its interactions with BIG3. Free PHB2 directly binds to both nuclear and membraneassociated ERα to inhibit their activity.

Spiro-oxindoles

The spiro-oxindole 24 (Fig. 18) has been found to bind to 7 different proteins, including PHB2 [START_REF] Hati | Spiro[pyrrolidine-3, 3 -oxindole] as potent anti-breast cancer compounds: Their design, synthesis, biological evaluation and cellular target identification[END_REF]. Further studies showed that this compound exists as a mixture of two regioisomers 24a and 24b in equilibrium, and that the introduction of an allyl or an isobutyl on the pyrrolidine nitrogen (25 and 26) blocks this epimerization [START_REF] Elderwish | Discovery of 3,3'-pyrrolidinylspirooxindoles as cardioprotectant prohibitin ligands[END_REF]. Interestingly, similarly to flavaglines, these compounds protect cardiomyocytes against the toxicity of doxorubicin. Mechanistic studies showed that these compounds bind to both PHB1 and PHB1 and induce the phosphorylation of STAT3 to promote cardiomyocyte survival. 

Adenine derivatives Aftin-4 and PDD005

Amyloid-beta (Aβ) peptides generate the amyloid plaques in the brain of patients suffering from Alzheimer's disease and Parkinson's disease dementia. These neurodegenerative diseases are also characterized by hyperphosphorylation of tau protein, progressive neuronal loss, neuroinflammation, and impairment of neurogenesis.

An adenine derivative, Aftin-4 (27, Fig. 19), was found to promote the production of the toxic amyloid-β42 (Aβ42) peptide in vitro and in vivo, resulting in a rapid and severe Alzheimer's syndrome in the mouse brain [START_REF] Bettayeb | Small-molecule inducers of Abeta-42 peptide production share a common mechanism of action[END_REF][START_REF] Hochard | Aftins Increase Amyloid-beta(42), Lower Amyloid-beta(38), and Do Not Alter Amyloid-beta(40) Extracellular Production in vitro: Toward a Chemical Model of Alzheimer's Disease?[END_REF]. Further investigation showed that this compound binds to PHB1 along with VDAC1 and mitofilin.

Thereafter, an analogue, PDD005 [START_REF] Rizwani | Prohibitin physically interacts with MCM proteins and inhibits mammalian DNA replication[END_REF], was found to display opposite effects [START_REF] Guyot | A Small Compound Targeting Prohibitin with Potential Interest for Cognitive Deficit Rescue in Aging mice and Tau Pathology Treatment[END_REF]. Indeed it rescues cognitive deficits associated with aging in mice. Not in only it alleviates neurogenesis deficiency by upregulating the expression of neurotrophic factors, but, similarly to flavaglines IMD-019064 and IMD-026259 (7, 8, Fig. 3, [START_REF] Fahrig | A synthetic derivative of the natural product rocaglaol is a potent inhibitor of cytokine-mediated signaling and shows neuroprotective activity in vitro and in animal models of Parkinson's disease and traumatic brain injury[END_REF]), it also inhibits neuro-inflammation. This neuroprotectant activity is also manifested by a reduction of tau phosphorylation in aging mice.

PDD005 was shown to interact with PHB1 and PHB2 with a kD of 9.5 ± 4.6 µM and 1.29 ± 1.16 µM, respectively (determined by microscale thermophoresis). Interestingly, PDD005-treatment significantly enhances the expression of PHB1 and PHB2 in the hippocampal dentate gyrus of aged mouse. It also increases about 1.5 times the phosphorylation of GSK-3β in organotypic hippocampal slice cultures, suggesting that this signaling protein is involved, at least partially, in the mechanism of neuroprotection. 

Concluding remarks and future directions

PHBs regulate a myriad of signaling pathways in every cell of the body, which constitutes both a threat and an opportunity. A threat, because a pessimist would expect unacceptable adverse effects for any drug candidate targeting PHBs. An opportunity, because an optimist would consider that such a candidate might be used to treat several types of diseases. Indeed, known PHB ligands have been shown to display a significant efficacy in mouse models of cancers, Parkinson disease, cardiac damage, Crohn's disease, and osteoporosis. The coming decade will probably uncover the potential PHB ligands for other types of ailments. One may wonder why the different classes of PHB ligands display very different profiles of pharmacological activities. The answer is probably multiple. First, some drugs may be selective of PHB1 or PHB2 (Fig. 20A). Second, some ligands may preferentially interact with forms of PHBs harboring specific post-translational modifications (Ser and Tyr phosphorylations, palmitoylations, …, Fig. 20B). Third, even for each specific form of post-translationally modified PHB, two different ligands may form dissimilar interactions to stabilize the PHB in different conformations and modulate its interaction with its proteins partners, including the enzymes that are responsible for the post-translational modifications of PHBs (Fig. 20C). And finally, some compounds may target PHBS and additional proteins, such as eIF4A for flavaglines for example (Fig. 20D). Except of aurilide that induces the disintegration of mitochondria [START_REF] Kim | Anti-resorptive activity and pharmacokinetic study of N(1),N(1)-diisopropyl-N(2)-(diphenylphosphoryl)-2-(4nitrophenyl)acetamidine[END_REF], most of the PHB ligands do not seem to perturb critical functions in non-cancer cells, which explain why they do not display a strong acute toxicity at their active doses in mice. However, as far as we know, no study focusing on the toxicity of these drugs has been disclosed yet. Nonetheless, a critical step to advance them to clinics will be to define their on-target and off-target acute and chronic toxicity profile to optimize their therapeutic index.

In addition to small molecules, antibodies represent an effective class of medicines for targeted therapies. However, using an antibody targeting PHB1 may be problematic. Indeed, a quarter of patients suffering from Behcet's disease, but not healthy controls, express PHB1 autoantibodies, suggesting that anti-PHB1 antibody may induce severe blood vessel inflammation [START_REF] Xun | Identification of prohibitin as an antigen in Behcet's disease[END_REF].

Even though, no PHB ligand has entered a clinical trial yet, this class of drug has already found some utility to decipher PHB signaling in different physiological and pathological settings, such as cancer cell metabolism and survival, inflammation, cardioprotection, neuroprotection and viral infection. The growing numbers of reports on PHB functions in physiology and pathophysiology should stimulate the development new PHB ligands and possibly lead to a clinical candidate in the future. 
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 1 Fig. 1 Overview of PHB signaling. Post-translational modifications and endogenous ligands (sphingosine-1-phosphate, DNA and long noncoding RNA) regulate the intracellular localization of PHBs along with their interactions with signaling proteins such as the kinases AMPK, C-RAF, IKK, MLK2, the phosphatases Shp 1/2 or the scaffold protein 14-3-3.

Fig. 2

 2 Fig. 2 Schematic representation of PHB1 and PHB2 showing the location of known post-translational modification sites [11].
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 5 Fig. 5 Inhibition of NF-κB signaling by flavaglines.
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 8 Fig. 8 Pro-survival activation of Bad by flavaglines in non-cancer cells.
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 9 Fig. 9 Structure of fluorizoline (11).

Fig. 10

 10 Fig. 10 Structure and mode of action of Mel9 and Mel41. The binding of Mel9 or Mel 41 to PHB2 promotes the conversion of LC3-I to LC3-II, which activates the kinase ERK, and though a cascade of events the transcriptional factor MITF to induce melanogenesis in melanocytes.
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 12 Fig. 12 Structure and mechanism of aurilide (17).
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 14 Fig.[START_REF] Buehler | Targeting prohibitins at the cell surface prevents Th17mediated autoimmunity[END_REF] Structure of Vi polysaccharide[START_REF] Montano | An estrogen receptor-selective coregulator that potentiates the effectiveness of antiestrogens and represses the activity of estrogens[END_REF] and overview of its mechanism of immunosuppression during typhoid infection and in multiple sclerosis. A) Salmonella activates the kinase ERK, small Rho family GTPases, Cdc42, and Rac-1 to induce inflammation. Vi released by Salmonella interacts with PHBs to block the activation of ERK, Cdc42 and Rac-1 resulting in reduced invasion of cells with Salmonella and inhibition of inflammatory responses. B) Mechanism of immunosuppression of Vi[START_REF] Montano | An estrogen receptor-selective coregulator that potentiates the effectiveness of antiestrogens and represses the activity of estrogens[END_REF] and rocaglamide (1) in T helper 17 cells in multiple sclerosis.
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 15 Fig. 15 Structure of lipoteichoic acid (21).
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 18 Fig. 18 Structure of spiro-oxindoles 24-26.

Fig. 19

 19 Fig.[START_REF] Lee | PHB2 interacts with RNF2 and represses CP2c-stimulated transcription[END_REF] Structure of Aftin-4[START_REF] Yang | Activation of a novel c-Myc-miR27-prohibitin 1 circuitry in cholestatic liver injury inhibits glutathione synthesis in mice[END_REF] and PDD005[START_REF] Rizwani | Prohibitin physically interacts with MCM proteins and inhibits mammalian DNA replication[END_REF] and mechanism of PDD005 neuroprotection in neurons, astrocytes and microglia.

Fig. 20

 20 Fig.[START_REF] Montano | An estrogen receptor-selective coregulator that potentiates the effectiveness of antiestrogens and represses the activity of estrogens[END_REF] Proposed explanation why various classes of PHB ligand display different pharmacological profiles.
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Table 1

 1 Post-translational regulation of PHBs. Phosphorylation at Tyr 114 and Tyr 259 by Lyn Formation of a ternary complex consisting of PHB1, the IgE receptor FcεRI and the kinase Syk that triggers mast cell activation Phosphorylation at Ser 82 and Ser 218 by Aurora and/or Polo-Like Kinase

	Post-translational modification	Consequence			References
	PHB1			
	Phosphorylation at Thr 258 by Akt	Inhibition of the interaction of PHB1 with	[9]
		PIP3 and Shp2.	
		Localization of PHB1 in mitochondria to	[98]
		promote cell survival
	Phosphorylation at Thr 258 induced by PGE2	Interaction of PHB1 with Ras, phospho-	[47]
	or growth factors such as EGF, HGF and IGF-1	Akt(Ser 473), phospho-Raf-1(Ser 338),
		MEKK1 and IKKα/β(Ser 176/180) in the raft
		domain		
	Phosphorylation at Tyr 114 by the insulin	Interaction with SH2 domain containing	[99]
	receptor	tyrosine phosphatase-1 (Shp1) leading to a
		desensitization of insulin signaling
	Phosphorylation of Tyr 249, Thr 258 and Tyr	Localization of PHB1 in mitochondria to	[100]
	259 by MEK1 and p38MAPK in response to	promote cell survival and differentiation of
	FSH stimulation	ovarian granulosa cells
					[13]
	Palmitoylation at its only cysteine residue (Cys	Translocation of PHB1 to the plasma	[13]
	69)	membrane			[101]
		Interaction with Eps 15 homology domain
		protein 2 (EHD2).	
	Phosphorylation by PKC (possibly at	Localization of PHB1 in mitochondria to	[102]
	at Ser 8, Ser 129, Thr 155)	promote cell survival
	Phosphorylation by both MEK1 and PKC-delta Promotion of cell survival and invasion and	[102]
		inhibition	of	inner	mitochondrial
		permeability		
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