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A ruthenium anticancer compound interacts with histones and impacts differently on epigenetic and death pathways compared to cisplatin
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Ruthenium complexes are considered as potential replacements for platinum compounds in cancer therapy. Their clinical development is handicapped by a lack of consensus on their mode of action. In this study, we identify three histones (H3.1, H2A, H2B) and the histone binding protein as possible targets for an anticancer redox organoruthenium compound (RDC11). Using purified histones we confirmed a direct interaction between RDC11 and histones that impacts on histone complex formation. A comparative study of RDC11 with cisplatin shows differential histone epigenetic modifications that correlate with differential expression of histone deacetylase (HDAC) genes. To characterize the impact of these epigenetic modifications on signaling pathways we performed a transcriptomic study.

Clustering analyses showed gene expression signatures specific for cisplatin (42%) and for RDC11 (30%). Signaling pathway analyses pointed to specificities distinguishing RDC11 from cisplatin. For instance, cisplatin triggers preferentially p53 and folate biosynthesis while RDC11 induces reticulum endoplasmic stress and trans-sulfuration pathways. To further understand the role of HDAC in these regulations, we used SAHA and showed that it synergizes with cisplatin cytotoxicity while antagonizing RDC11 activity. This study provides critical information for the characterization of signaling pathways differentiating both compounds. In particular, by the identification of a non-DNA direct target for a ruthenium complex.
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Epidemiology)

Almost+one+million+new+cases+of+gastric+cancer+(GC)+were+diagnosed+in+2012+(952,000+cases,+6.8%+ of+ the+ total),+ making+ it+ the+ finh+ most+ common+ malignancy+ in+ the+ world,+ aner+ lung,+ breast,+ colorectal+ and+ prostate+ cancers+ according+ to+ the+ World+ health+ organisa6on+ (WHO)+ database+ [START_REF] Mihmanli | +Ilhan,+E.,+Idiz,+U.+O.,+Alemdar,+A.+&+Demir,+U.+Recent+developments+and+innova6ons+ in+gastric+cancer[END_REF] deaths,+8.8%+of+the+total),+due+to+a+late+diagnosis+and+the+limited+range+of+treatment+op6ons+ [START_REF] Torre | +A.+et+al.+Global+cancer+sta6s6cs,+2012[END_REF].++ In+ GC,+ two+ different+ topographies+ can+ be+ dis6nguished:+ the+ distal+ cancer+ reaching+ the+ pyloric+ region,+ the+ antrum,+ body,+ or+ fundus,+ and+ the+ proximal+ cancer+ reaching+ the+ cardia+ region+ [START_REF] Karimi | .+ Gastric+ cancer:+ descrip6ve+ epidemiology,+ risk+ factors,+ screening,+ and+ preven6on.+[END_REF].+Incidence+rates+and+risk+factors+showed+differences+according+to+tumor+types,+with+ upward+trends+in+cardia+GC+type+incidence+ [START_REF] Alberts | +Cervantes,+A.+&+van+de+Velde,+C.+J.+H.+Gastric+cancer:+epidemiology,+pathology+and+ treatment.+Ann.+Oncol.+14+Suppl+2[END_REF].+In+fact,+in+developing+countries,+ GC+ is+ mostly+ related+ to+ the+ infec6on+ by+ Helicobacter* pylori+ with+ intes6nal+ histology+ type.+

Conversely,+in+Eastern+Europe+and+USA,+there+are+more+diffuse+GC+from+cardia+region+that+are+more+ aggressive+and+difficult+to+treat+ [START_REF] Pacelli | .+ Proximal+ compared+ with+ distal+ gastric+ cancer:+ mul6variate+ analysis+ of+ prognos6c+ factors[END_REF].+It+is+precisely+the+laqer+type+of+GC+which+is+ increasing+in+developed+countries.+For+example,+in+France+it+represents+4500+deaths+per+year+due+in+ part+to+lack+of+efficacy+of+current+treatments+(Figure )2).) Decrease+ of+ distal+ GC+ during+ the+ last+ decade+ can+ be+ explained+ by+ a+ beqer+ management+ of+ the+ infec6on+ of+ Helicobacter* pylori,+ a+ beqer+ diet+ (fresh+ fruits+ and+ vegetables),+ a+ decrease+ in+ tobacco+ + and+ salt+ consump6on.+ Conversely,+ increase+ in+ proximal+ GC+ type+ is+ due+ to+ a+ rise+ in+ obesity,+ acidic+ reflux+and+a+beqer+classifica6on+of+the+cancer+ [START_REF] Terry | +GAUDET,+M.+&+GAMMON,+M.+The+epidemiology+of+gastric+cancer.+Semin.+Radiat.+Oncol.+[END_REF];+see#risk#factors#sec,on). + 13 The decline in gastric cancer has become gradually smaller in some countries, particularly the USA. In France, mortality rates are predicted not to further decrease over the next years in the middle-aged population, in agreement with a less favourable tendency in most recent cohorts [START_REF] Klajner | Subcellular localization and transport kinetics of ruthenium organometallic anticancer compounds in living cells: a dose-dependent role for amino Acid and iron transporters[END_REF]. This is probably explained by the fact that a low and stable prevalence of H. pylori infection has been achieved in these countries long time ago.

Tobacco consumption -which also accounts for a sizable proportion of gastric cancer cases [START_REF] Tallarida | An overview of drug combination analysis with isobolograms[END_REF] -has been long declining in men from most of the countries with the lowest gastric cancer mortality [START_REF] Adhireksan | Ligand substitutions between ruthenium-cymene compounds can control protein versus DNA targeting and anticancer activity[END_REF], while trends in smoking have been less favourable in Southern or Eastern Europe [START_REF] Adhireksan | Ligand substitutions between ruthenium-cymene compounds can control protein versus DNA targeting and anticancer activity[END_REF][START_REF] Nagelkerke | The unfolded protein response as a target for cancer therapy[END_REF]. In Japan, smoking prevalence has been high among men, particularly among those born before the late 1950s [START_REF] Abend | Histone deacetylases as therapeutic targets -From cancer to cardiac disease[END_REF].

Classifica;ons)of)gastric)carcinoma)

Around+ 95%+ of+ GC+ are+ adenocarcinoma+ and+ the+ others+ are+ lymphoma+ (4%)+ and+ malignant+ gastrointes6nal+stromal+tumors+(GIST,+1%)+ (Kumar*and*al.,*2013).+Several+classifica6ons+exists,+GC+ can+ be+ clinically+ classified+ as+ a+ true+ GC+ in+ an+ early+ and+ advanced+ stage+ or+ a+ grastroesophagal+ junc6on+ adenocarcinoma+ to+ help+ determine+ appropriate+ interven6on,+ and+ histologically+ into+ subtypes+based+on+major+morphologic+component.+In+50+years+of+systema6c+classifica6on+of+the+ GC+pathohistological+characteris6cs,+there+is+no+sole+classifica6on+system+that+is+consistently+used+ worldwide+in+diagnos6cs+and+research+ [START_REF] Berlth | .+ Pathohistological+ classifica6on+ systems+ in+ gastric+ cancer:+ diagnos6c+ relevance+ and+ prognos6c+ value.+[END_REF] • Cardia: The first portion (closest to the esophagus)

• Fundus: The upper part of the stomach next to the cardia.

• Body (corpus): The main part of the stomach, between the upper and lower parts

• Antrum: The lower portion (near the intestine), where the food is mixed with gastric juice

• Pylorus: The last part of the stomach, which acts as a valve to control emptying of the stomach contents into the small intestine.

The first 3 parts of the stomach (cardia, fundus, and body) are sometimes called the proximal stomach. Some cells in these parts of the stomach make acid and pepsin (a digestive enzyme), the parts of the gastric juice that help digest food. They also make a protein called intrinsic factor, which the body needs to absorb vitamin B12.

The lower 2 parts (antrum and pylorus) are called the distal stomach. The stomach has 2 curves, which form its inner and outer borders. They are called the lesser curvature and or+oesophagus+cancer.+As+yet,+there+is+no+universal+guideline+regarding+the+anatomic+defini6on+of+ gastric+ cardia+ [START_REF] Hayakawa | + Oesophageal+ adenocarcinoma+ and+gastric+cancer:+should+we+mind+the+gap?+Nat.+Rev.+Cancer+16[END_REF]* Wi^ekind,* 2015).+ To+ improve+ this+ classifica6on,+ the+ American+Joint+Commiqee+in+collabora6on+with+the+Japan+Gastric+Cancer+Commiqee)reviewed+the+ TNM+classifica6on+of+GC.+Tumor+node+metastasis+(TNM)+staging+provides+guidance+for+selec6ng+the+

op6mal+treatment+modali6es.+It+also+provides+informa6on+on+the+prognosis+for+both+clinicians+and+ pa6ents.+Grossly,+this+classifica6on+is+based+on+the+loca6on+of+the+tumor+epicenter+(plus+or+minus+ 5cm)+and+the+presence+or+absence+of+GOJ+involvement+ [START_REF] Biondi | +&+Hyung,+W.+J.+Seventh+edi6on+of+TNM+classifica6on+for+gastric+cancer.+J.+Clin.+Oncol.+29[END_REF].+Unfortunately,+many+ groups+ have+ conducted+ retrospec6ve+ studies,+ and+ shown+ that+ this+ simplified+ classifica6on+ s6ll+ required+improvements.+Indeed+according+to+them,+it+would+be+easier+to+classify+these+tumors+in+ the+ GC+ setng+ rather+ than+ in+ the+ oesophagus+ cancer+ [START_REF] Röcken | + et+ al.+ Valida6ng+ the+ prognos6c+ and+ discrimina6ng+ value+ of+ the+ TNMKclassifica6on+ for+ gastric+cancer+K+a+cri6cal+appraisal[END_REF].+ To+ improve+ the+ classifica6on+and+treatment,+we+need+more+knowledge+about+the+cardia+GC.+

Early+and+advanced+gastric+carcinoma+

Early)gastric)carcinoma)(EGC))

As+described+by+Hamilton+et+al Gastric cancers can be classified endoscopically according to the growth pattern {1298, 63} The patterns I. II and III of superficial cancer (Fig. 3.03) reflect the gross morphology of the operative specimen. The risk of deep and multifocal penetration into the submucosa and the risk of lymphatic invasion is higher in type IIc, the depressed variant of type II. Infiltration 

Type I Protruded

Type IIa Elevated

Type IIb Flat

Type IIc Depressed

Lauren+classifica6on+

However,+ the+ Lauren+ classifica6on,+ described+ in+ 1965,+ has+ been+ the+ most+ successful+ system+ [START_REF] Lauren | THE+ TWO+ HISTOLOGICAL+ MAIN+ TYPES+ OF+ GASTRIC+ CARCINOMA:+ DIFFUSE+ AND+ SOK CALLED+INTESTINALKTYPE+CARCINOMA[END_REF].+ It+ defines+ two+ dis6nct+ histological+ types+ by+ microscopic+ morphology+ alone:+ the+ intes6nal+ type,+ and+ the+ diffuse+ type,+ which+ appears+ clearly+ as+ dissimilar+ clinical+ and+ epidemiological+ en66es.+ Later+ the+ indeterminate+ type+ was+ included+ to+ described+ non+ common+ 1642 Tumours of the stomach tric cancers, radiology usually is not necessary, but may complement endoscopic findings in some cases. Tumour staging prior to treatment decision involves percutaneous ultrasound or computerized tomography to detect liver metastases and distant lymph node metastases. Laparoscopic staging may be the only way to exclude peritoneal seeding in the absence of ascites.

Macroscopy

Dysplasia may present as a flat lesion (difficult to detect on conventional endoscopy, but apparent on dye-staining endoscopy) or polypoid growth. Appearances intermediate between them include a depressed or reddish or discolored mucosa. The macroscopic type of early gastric carcinoma is classified using critera similar to those in endoscopy (Fig. 3.03) {1298, 63}. The gross appearance of advanced carcinoma forms the basis of the Borrmann classification (Fig. 3.06) {63, 175}. Ulcerating types II or III are common. Diffuse (infiltrative) tumours (type IV) spread superficially in the mucosa and submucosa, producing flat, plaque-like lesions, with or without shallow ulcerations. With extensive infiltration, a linitis plastica or 'leather bottle' stomach results. Mucinous adenocarcinomas appear gelatinous with a glistening cut surface.

Tumour spread and staging

Gastric carcinomas spread by direct extension, metastasis or peritoneal dissemination. Direct tumour extension involves adjacent organs. Tumours invading the duodenum are most often of the diffuse type and the frequency of serosal, lymphatic, and vascular invasion and lymph node metastases in these lesions is high. Duodenal invasion may occur through the submucosa or subserosa or via the submucosal lymphatics. Duodenal invasion occurs more frequently than expected based on gross examination. Therefore, resection margins should be monitored by intraoperative consultation. Intestinal carcinomas preferentially metastasize haematogenously to the liver, whereas diffuse carcinomas preferentially metastasize to peritoneal surfaces {1273, 245}. An equal incidence of lymph node metastases occurs in both types of tumours with T2 or higher lesions. Mixed tumours exhibit the metastatic patterns of both intestinal and diffuse types. When carcinoma penetrates the serosa, peritoneal implants flourish. Bilateral massive ovarian involvement (Krukenberg tumour) can result from transperitoneal or haematogenous spread. The principal value of nodal dissection is the detection and removal of metastatic disease and appropriate tumour staging. The accuracy of pathological staging is proportional to the number of regional lymph nodes examined and their location. When only nodes close to the tumour are assessed, many cancers are classified incorrectly.

Histopathology

Gastric adenocarcinomas are either gland-forming malignancies composed histology+ [START_REF] Ma | .+ Lauren+ classifica6on+ and+ individualized+ chemotherapy+ in+ gastric+cancer[END_REF]*Chen*and*al.,*2016a).+The+rela6ve+frequencies+are+approximately+54%+ for+intes6nal+type,+32%+of+diffuse+type+and+15%+of+the+indeterminate+type+ [START_REF] Hu | + et+ al.+ Gastric+ cancer:+ Classifica6on,+ histology+ and+ applica6on+ of+ molecular+ pathology[END_REF] [START_REF] Correa | +&+Shiao,+Y.+H.+Phenotypic+and+genotypic+events+in+gastric+carcinogenesis.+Cancer+Res.+54[END_REF].+Moreover,+DGC+seems+to+be+less+affected+ by+the+environmental+factors,+even+if+the+H.pylori+infec6on+can+be+involved.+

Risk*factors*

Gastric+cancer+is+a+mul6factorial+disease+composed+of+both+environmental+and+gene6c+factors.+The+ marked+geographic+varia6ons,+6me+trends+and+the+migratory+effect+on+GC+incidence+suggest+that+ environmental+and+lifestyle+factors+are+major+contributes+to+the+e6ology+of+the+disease+ [START_REF] Ushijima | +T.+et+al.+Focus+on+gastric+cancer.+Cancer+Cell+5[END_REF].*

Helicobacter*pylori+infec6on+

Helicobacter* pylori* (H.pylori)* is+ associated+ with+ a+ six+ fold+ increased+ risk+ of+ GC,+ leading+ to+ its+ defini6on+as+a+human+class+I+carcinogen+by+the+Interna6onal+Agency+for+Research+on+Cancer+(IARC)+ in+ 1994+ [START_REF] Crew | ,+ A.+ I.+ Epidemiology+ of+ gastric+ cancer[END_REF].+ H.* pylori+ represents+ the+ most+ common+ chronic+ bacterial+ infec6on+ worldwide,+ infec6ng+ more+ than+ 50%+ of+ the+ world+ popula6on+ [START_REF] Fox | +G.+&+Wang,+T.+C.+Inflamma6on,+atrophy,+and+gastric+cancer.+J.+Clin.+Invest[END_REF].+ It+ is+ a+ Gram+ nega6ve+ bacillus+ which+ is+ known+ to+ colonize+ the+ gastrointes6nal+ system,+ specially+ the+ stomach+ mucosa* [START_REF] Marshall | +&+Warren,+J.+R.+UNIDENTIFIED+CURVED+BACILLI+IN+THE+STOMACH+OF+PATIENTS+WITH+ GASTRITIS+AND+PEPTIC+ULCERATION[END_REF] [START_REF] Higashi | +et+al.+SHPK2+tyrosine+phosphatase+as+an+intracellular+target+of+Helicobacter+pylori+CagA+ protein[END_REF][START_REF] Tsutsumi | + Aqenua6on+ of+ Helicobacter+ pylori+CagA+x+SHPK2+signaling+by+interac6on+between+CagA+and+CKterminal+Src+kinase[END_REF].+

The+VacA#factor#(vacuola,ng#cytotoxin)+is+secreted+by+approximately+50%+of+H.pylori+strains+and+ has+a+vacuola6ng+effect+on+gastric+cell+lines+in+vitro.+It+can+form+pores+in+epithelial+cell+membranes+ inducing+the+release+of+urea+and+nutrients+ [START_REF] Leunk | .+ R.+ Cytotoxic+ ac6vity+ in+ brothK culture+filtrates+of+Campylobacter+pylori[END_REF].+Moreover,+this+factor+has+a+proK apopto6c+cellKdependent+effect+mostly+in+parietal+cells,+leading+to+a+decrease+in+acid+secre6on.+It+ can+block+the+prolifera6on+of+the+immune+TKcell+by+a+cell+cycle+arrest+in+the+G1KS+phase+leading+to+a+ decrease+in+the+downstream+immune+signalisa6on+of+TLR+and+IL2+pathway,+important+for+pathogen+ recogni6on.+This+mechanism+can+explain+the+persistence+of+the+infec6on+ (Gebert*and*al.,*2003) (Backstrom*and*al.,*2004;[START_REF] Gerhard | .+ Clinical+ relevance+ of+ the+ Helicobacter+ pylori+ gene+ for+ bloodKgroup+ an6genK binding+adhesin[END_REF] [START_REF] Oh | + A+ naturally+ derived+ gastric+ cancer+ cell+ line+ shows+ latency+ I+ Epstein-Barr+ virus+ infec6on+closely+resembling+EBVKassociated+gastric+cancer[END_REF].+However,+EBVKposi6ve+tumors+seem+to+have+a+strong+lympha6c+

infiltra6on+ [START_REF] Kelley | +R.+et+al.+Gastric+cancer+epidemiology+and+risk+factors.+J.+Clin.+Epidemiol[END_REF]. Fraumeni+(inherited+p53+muta6on)+or+Lynch+syndrome+also+present+a+higher+risk+of+developing+GC+ [START_REF] Roder | +M.+The+epidemiology+of+gastric+cancer.+Gastric+Cancer+5[END_REF][START_REF] Nomura+a | +Stomach+cancer.+In+Schoqenfeld+D,+Fraumeni+JF:+Cancer+Epidemiology+and+Preven6on,+ 2nd+edi6on.+New+York,+NY[END_REF] (Supplementary Fig. 11.15). ession within each subtype to that of the other alignant gastric tissue (n 5 29) (Supplementary ted an aggregate score for each pathway of the on database 41 and determined statistical signifiith randomly generated pathways (Supplemenierarchical clustering of samples and pathways ral notable patterns, including elevated expresscomponents such as AURKA/B and E2F, tar-, FOXM1 and PLK1 signalling and DNA damage oss all subtypes, but to a lesser degree in geno-. In contrast, the genomically stable subtype exssion of cell adhesion pathways, including the ecan-1 mediated signalling, and angiogenesise results suggest additional candidate therapeutic urora kinases (AURKA/B) and Polo-like (PLK)

Discussion

Through this study of the molecular and genomic basis of gastric cancer, we describe a molecular classification (Fig. 6) that defines four major genomic subtypes of gastric cancer: EBV-infected tumours; MSI tumours; genomically stable tumours; and chromosomally unstable tumours. This [START_REF] Coccolini | +F.+et+al.+Advanced+gastric+cancer:+What+we+know+and+what+we+s6ll+have+to+learn.+World+J.+ Gastroenterol[END_REF].++

Surgery)

The+total+or+par6al+gastrectomy+is+associated+with+an+adequate+extend+lymphadenectomy+(at+least+ 16+ lympha6c+ nodes).+ Actually,+ there+ is+ a+ controversy+ about+ the+ extent+ of+ the+ lymph+ nodes+ resec6on.+Indeed+Japan+surgeons+favor+an+extended+lymphadenectomy+(D2)+against+a+limited+(D1)+ in+European+countries+and+in+the+USA.+Despite+a+significant+benefit+in+pa6ent+survival+and+relapse,+ a+significant+morbidity+is+observed+in+Western+countries+following+the+surgery+explained+by+a+lack+ of+experience+in+the+realiza6on+of+D2+surgery+for+the+Western+countries+ [START_REF] Roukos | .+ Targe6ng+ the+ op6mal+ extent+ of+ lymph+ node+ dissec6on+ for+ gastric+ cancer[END_REF].+ The+ surgery+ is+ now+ commonly+ combined+ with+ chemotherapy+ or+ chemoKradiotherapy+ with+ a+ survival+ of+ 8K12+ months+ compare+ to+ 3K4+ months+ observed+ without+ chemotherapy+ [START_REF] Glimelius | +et+al.+Randomized+comparison+between+chemotherapy+plus+best+suppor6ve+care+with+ best+suppor6ve+care+in+advanced+gastric+cancer[END_REF].+

Chemotherapy)and)chemocradiotherapy)

Different+protocols+can+be+found+in+the+treatment+of+GC.+In+fact+either+chemotherapy+or+chemoK radiotherapy+ is+ prescribed+ upstream+ (neoadjuvant)+ /+ downstream+ (adjuvant)+ the+ surgery+ or+ in+ a+ periopera6ve+way.+All+these+strategies+have+pros+and+cons.+Indeed,+neoadjuvant+therapy+shows+a+ beneficial+ effect+ in+ reducing+ the+ tumor+ progression+ and+ possibly+ make+ surgery+ easier,+ but+ it+ imposes+a+delay+before+the+surgery+that+can+affect+the+pa6ent's+survival+and+especially+recurrence+ [START_REF] Schuhmacher | .+ Neoadjuvant+ chemotherapy+ compared+ with+ surgery+ alone+ for+ locally+ advanced+ cancer+ of+ the+ stomach+ and+ cardia:+ European+ Organisa6on+ for+ Research+ and+ Treatment+of+Cancer+randomized+trial+40954[END_REF].+Adjuvant+therapy+also+shows+benefits+for+the+overall+survival+(OS)+and+ the+progression+free+survival+(PFS),+first+there+is+no+delay+for+surgery+and+it+can+kill+cancer+cells+too+ small+ to+ be+ detected+ during+ surgery+ (Paolem* and* al.,* 2010).+ Finally,+ periopera6ve+ therapy+ is+ frequently+given+in+European+countries+in+view+of+its+profit+on+the+OS,+PFS+and+recurrence+of+GC+ [START_REF] Mirza | + I.+ The+ postopera6ve+ component+ of+ MAGIC+ chemotherapy+ is+ associated+ with+ improved+ prognosis+ following+ surgical+ resec6on+ in+ gastric+ and+ gastrooesophageal+junc6on+adenocarcinomas[END_REF] [START_REF] Mihmanli | +Ilhan,+E.,+Idiz,+U.+O.,+Alemdar,+A.+&+Demir,+U.+Recent+developments+and+innova6ons+ in+gastric+cancer[END_REF]).+

Pallia-ve*treatment*

Pallia6ve+ treatment+ is+ applicable+ to+ unresectable+ and+ /+ or+ metasta6c+ GC+ type.+ In+ this+ type+ of+ treatment,+pallia6ve+gastrectomy+may+be+done+for+symptoma6c+tumors+(bleeding)+ [START_REF] Ouchi | +et+al.+Therapeu6c+significance+of+pallia6ve+opera6ons+for+gastric+cancer+for+survival+and+ quality+of+life[END_REF].+ It+ can+ be+ also+ combined+ with+ chemotherapy+ or+ chemoradiotherapy+ in+ order+ to+ improve+ pa6ent's+ survival+ and+ quality+ of+ life.+ However+ pa6ents+ who+ are+ not+ operated+ may+ receive+ chemotherapy+in+first+line+therapy+(drug+combina6ons+used+are+equivalent+to+that+of+the+cura6ve+ treatment)+ [START_REF] Harvey | + et+ al.+ Chemoradia6on+ therapy+ is+ effec6ve+ for+ the+ pallia6ve+ treatment+ of+ malignant+ dysphagia[END_REF]).+ different classification schema but also the differences in the populations studied. Chromosomally unstable tumors were more prevalent in the proximal stomach, whereas other groups were more prevalent in more distal regions. It is well recognized that GAC in Western populations has, in recent years, become increasingly a disease of the proximal stomach, mirroring the rise of esophageal adenocarcinoma. As this subset may be a more aneuploidy variant of GACs, a cohort such as the TCGA group with more Western patients would be expected to harbor higher degrees of aneuploidy. Indeed, in the ACRG cohort, the percentage of diffuse-type GACs was higher and proximal GACs lower than in the TCGA study. Regardless of this difference, the prevalence of distinct oncogene amplification events in these tumors does speak for the potential of these different alterations to serve to developing new therapies, we will have to take into account this clear molecular heterogeneity that relates to different etiologies of genomic instability, different microbial etiologies, and GACs possessing distinct driving somatic alterations. These differences will impact our approaches both to standard conventional therapy, emerging targeted therapies, and immunotherapy. [START_REF] Kelland | The resurgence of platinum-based cancer chemotherapy[END_REF][START_REF] Allardyce | Ruthenium in medicine: current clinical uses and future prospects[END_REF][6]. He observed the inhibition of binary cell of bacterial cell with no effect on the cell growth, which interesting observation that led to extensive research. It was ed that small amounts of platinum from the electrodes had with NH 4 Cl to produce various platinum amine halide es. Among the complexes formed cis-[Pt(NH 3 ) 2 Cl 2 ] and its nding tetrachloro complex cis-[Pt (NH 3 ) 2 Cl 4 ] were capable ce filamentous growth in the absence of an electric field ter on, Rosenberg and coworkers [START_REF] Dougan | Catalytic organometallic anticancer complexes[END_REF][START_REF] Gava | Inhibition of B16 melanoma metastases with the ruthenium complex imidazolium transimidazoledimethylsulfoxide-tetrachlororuthenate and down-regulation of tumor cell invasion[END_REF] screened cisn sarcoma 180 and leukemia L1210 bearing mice for the on of its biological activity, which led this complex in phase l trials in 1971. As a result of these studies, cis-platin was d for the treatment of testicular and ovarian cancer [START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF]. ys, cis-platin is one of the most widely used antitumor r testicular, ovarian, bladder, cervical, head and neck and ll and non-small cell lung cancers [START_REF] Dougan | Catalytic organometallic anticancer complexes[END_REF][START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF]. Despite of good success of cis-platin, it lacks tumor tissue selectivity to some severe side effects like renal impairment, xicity and ototoxicity (loss of balance/hearing). Moreover, rm or high-dose therapy of cis-platin may cause severe

TARGETED THERAPIES AND IMMUNE SYSTEM MODULATION TO TREAT GASTRIC ADENOCARCINOMA

To combat these problems, new cis-platin analogues, to second and third generation platinum based drugs have nthesized over the last past 30 years [START_REF] Markman | Toxicities of the platinum antineoplastic agents[END_REF].

atin -The Precursor molecule to whole lot of metal centered antirugs.

Generation Cis-platin Analogues iscussed above, some side effects restricted the applications latin, which compelled scientists to exploit different [START_REF] Nagelkerke | The unfolded protein response as a target for cancer therapy[END_REF][START_REF] Abend | Histone deacetylases as therapeutic targets -From cancer to cardiac disease[END_REF]. Nedaplatin has been shown to possess better anticancer activity than carboplatin. It has also similar potencies as of cis-platin with fewer side effects [START_REF] Abend | Histone deacetylases as therapeutic targets -From cancer to cardiac disease[END_REF][START_REF] Diyabalanage | Combination therapy: histone deacetylase inhibitors and platinum-based chemotherapeutics for cancer[END_REF]. Since the approval of this drug (1995) it has been used in the treatment of non-small cell lung cancer, small cell lung cancer, esophageal cancer and head and neck cancers [START_REF] Abend | Histone deacetylases as therapeutic targets -From cancer to cardiac disease[END_REF][START_REF] Diyabalanage | Combination therapy: histone deacetylase inhibitors and platinum-based chemotherapeutics for cancer[END_REF][START_REF] Chatterjee | The ruthenium(II)-arene compound RAPTA-C induces apoptosis in EAC cells through mitochondrial and p53-JNK pathways[END_REF]. The minimum therapeutic dose (MTD) of nedaplatin is 90.0 mgm -2 with thrombocytopenia and neutropenia as dose limiting toxicities (DLTs) [START_REF] Suntharalingam | Bidentate ligands on osmium(VI) nitrido complexes control intracellular targeting and cell death pathways[END_REF]. Promising results have been obtained from several Phase I and Phase II studies when nedaplatin was used in combination therapies e.g. treatment of oral squamous cell carcinoma. Nedaplatin and docetaxel regime gave a partial response (PR) rate of 33% [43]. Nedaplatin in combination with paclitaxel; in the treatment of metastatic oesophageal carcinoma; gave a complete response (CR) rate of 3% and a partial response (PR) rate of 41%. Moreover, the treatment by nedaplatin with irinotecan drugs; followed by gefitnib dosage of non-small cell lung cancer (NSCLC) had an overall response (OR) rate of 43% [44].

more+carbopla6n+molecules+are+required+to+obtain+an+equivalent+effect+to+cispla6n.+Moreover,+its+ significant+higher+cost+leads+to+a+limited+use+to+the+ovarian,+lung+and+head+and+neck+cancer.+It+is+ mostly+ described+ for+ its+ role+ in+ the+ tumor+ radiosensi6vity.+ One+ of+ the+ major+ side+ effects+ of+ this+ treatment+ is+ its+ myelosuppressive+ ac6vity+ that+ causes+ decreased+ produc6on+ of+ blood+ cells+ and+ platelets+in+the+bone+marrow+down+to+10%+of+the+usual+produc6on+ [START_REF] Carter | +K.+et+al.+Carbopla6n:+future+direc6ons.+Cancer+Treat.+Rev[END_REF].+ + Oxalipla6n+differs+with+cispla6n+in+its+structure+by+the+presence+of+a+ bulky+ diaminocyclohexane+ ligand+ (DACH).+ It+ has+ the+ ability+ to+ form+ the+ same+ DNA+ adducts+ as+ cispla6n+ but+ they+ are+ recognized+ by+ different+repair+proteins.+The+mismatch+repair+pathway+(MMR)+does+ not+ seem+ to+ be+ involved+ in+ the+ repair+ mechanisms+ following+ treatment+ with+ oxalipla6n+ in+ contrast+ with+ what+ is+ observed+ for+ cispla6n.+ Indeed,+ the+ cells+ presen6ng+ +a+loss+of+MMR+are+resistant+to+cispla6n,+but+not+to+oxalipla6n+ [START_REF] Scheeff | ,+Briggs,+J.+M.+&+Howell,+S.+B.+Molecular+modeling+of+the+intrastrand+guanineKguanine+ DNA+adducts+produced+by+cispla6n+and+oxalipla6n.+Mol.+Pharmacol[END_REF]* Meyerhardt* and* al.,* 2005).+ This+ change+ in+ the+ recogni6on+ of+ DNA+ damage+ allows+ a+ lower+ crossK reac6vity+ with+ cispla6n.+ This+ is+ why+ it+ was+ the+ first+ drug+ to+ be+ approved+ to+ replace+ cispla6n.+ Originally,+ its+ use+ has+ been+ approved+ for+ colon+ cancer,+ and+ was+ then+ extended+ to+ many+ other+ cancers.+

Mode*of*ac-on*of*pla-num*compounds*

Cispla6n,+carbopla6n+and+oxalipla6n+are+compounds+of+the+alkyla6ng+family.+They+are+composed+of+ doubly+ charged+ pla6num+ ion+ surrounded+ by+ four+ ligands.+ The+ amine+ ligands+ on+ the+ len+ side+ forming+ stronger+ interac6ons+ with+ the+ pla6num+ ion,+ and+ the+ chloride+ ligands+ or+ carboxylate+ compounds+on+the+right+side+forming+leaving+groups.+This+results+in+the+capacity+of+the+pla6num+ ion+to+form+bonds+with+DNA+bases+as+described+by+Dasari*and*al,*2014.++ 1.2.1. Transport+and+biotransforma6on+of+Cispla6n+ Cispla6n+is+ac6ve+once+inside+the+cell.+Its+transport+into+the+cell+is+mostly+passive,+but+it+can+also+be+ ac6ve+by+the+solute+carrier+importers+(CRT1,+AQP2,+AQP9).+Once+inside+the+cytoplasm,+cispla6n+is+ hydrolyzed+so+the+chlorides+atoms+will+be+replaced+by+mono+or+diaquaKmolecules,+which+confer+to+ cispla6n+ an+ electrophilic+ poten6al+ and+ allows+ it+ to+ interact+ with+ any+ nucleophiles+ such+ as+ the+ sul~ydryl+group+(KSH)+on+proteins+and+the+nitrogen+donor+atom+on+the+nucleic+acid.+Cispla6n+binds+ to+ the+ N7+ reac6ve+ center+ on+ purine+ residues,+ resul6ng+ in+ DNA+ damage,+ cell+ cycle+ arrest+ and+ apoptosis+of+the+cell+ [START_REF] Cohen | +M.+&+Lippard,+S.+J.+Cispla6n:+from+DNA+damage+to+cancer+chemotherapy.+Prog.+Nucleic+ Acid+Res.+Mol.+Biol[END_REF]*Wilshaw,*1979;[START_REF] Siddik | + Cispla6n:+ mode+ of+ cytotoxic+ ac6on+ and+ molecular+ basis+ of+ resistance[END_REF].+The+1,2Kintrastrand+crossK 32 0.0 mgm with thrombocytopenia and neutropenia as toxicities (DLTs) [START_REF] Suntharalingam | Bidentate ligands on osmium(VI) nitrido complexes control intracellular targeting and cell death pathways[END_REF]. Promising results have been several Phase I and Phase II studies when nedaplatin ombination therapies e.g. treatment of oral squamous a. Nedaplatin and docetaxel regime gave a partial ) rate of 33% [43]. Nedaplatin in combination with the treatment of metastatic oesophageal carcinoma; ete response (CR) rate of 3% and a partial response 41%. Moreover, the treatment by nedaplatin with gs; followed by gefitnib dosage of non-small cell NSCLC) had an overall response (OR) rate of 43% ration cis-platin analogues.

tion Cis-platin Analogues f good biological activities of second generation plexes, scientists furthermore attempted to improve minimizing their side effects. This approach resulted theses of third generation platinum analogues. d heptaplatin represent the third generation platinum gs. A brief description of these two third generation ugs has been discussed below.

has {[2-Hydroxypropanoato (2-)-O1,O2] [1,2- methanamine-N,N']-platinum(II)} as IUPAC name
lating activity of this drug was developed by ASTA ssa) for the treatment of cancer. This drug is often as a diastereomeric mixture of S,S-and R,Rof the carrier ligand. Lobaplatin has been approved ent of chronic myelogenous leukemia, inoperable ast cancer and small cell lung cancer [45]. Moreover, n of lobaplatin with vinorelbine was tried for the he of late-stage non-small cell lung cancer. But no in the efficacy of the treatment was observed as vinorelbine/ cis-platin regime. Contrarily, lobaplatin/ gime produced 37% PR rate in patients of advanced [46]. Currently, a combination of lobaplatin with 5orin is under phase III clinical trials for the treatment or metastatic esophageal carcinoma [47]. It is note that no alopecia [49] renal, neuro-ototoxic side served after IV bolus injection [49][50][51][52][53]. However, a and vomiting, are observed as side effects [48, 49, n, thrombocytopenia is the most commonly observed toxicity associated with this drug [46,48,50,5253545556. Boulikas andVougiouka, 2003, 2004;Boulikas, 2007). Activation of p38 MAPK is a critical requisite for the therapeutics activity of cisplatin; although c-Abl as a major determinant of p38 MAPK activation, p38 MAPK activation in response to cisplatin does not require the tyrosine kinase activity of c-Abl but instead involves the involving the Akt/PKB and the ERK1/2 signaling pathways known to be activated by cisplatin (Fuchs et al, 2008).

Cisplatin is a pleitropic molecule and additional mechanisms of action have been described. For example, a novel mechanism that may be involved in the activity and/or toxicity of platinum agents is its ability to inhibit pre-mRNA splicing, an important mechanism in the biosynthesis of mRNA; the inhibitory activity decreased in the order: ormaplatin > cis-tetraplatin > cisplatin > iproplatin > carboplatin (Schmittgen et al, 2003). [START_REF] Basu | +&+Krishnamurthy,+S.+Cellular+responses+to+Cispla6nKinduced+DNA+damage.+J.+Nucleic+Acids+[END_REF].+ However,+ the+ cytotoxic+ ac6vity+ of+ cispla6n+ is+ not+ exclusively+dependent+on+p53.+Indeed,+a+breast+cancer+cell+line+highly+sensi6ve+to+cispla6n+shows+ an+inac6va6on+of+p53+expression+due+to+its+sequestra6on+by+HPVKE6+virus+ [START_REF] Brabec | +V.+et+al.+Modifica6ons+of+DNA+by+pla6num+complexes.+Rela6on+to+resistance+of+tumors+to+ pla6num+an6tumor+drugs.+Drug+Resist.+Updat[END_REF].+ p73+ represents+ the+ second+ pathway+ involved+ in+ the+ cytotoxicity+ of+ cispla6n+ leading+ in+ cell+ apoptosis.+Indeed,+p73+is+induced+in+response+to+cispla6n+in+many+cancer+cell+lines+and+associated+ with+the+ac6vity+of+cKAbl+and+MMR+ [START_REF] Gong | +G.+et+al.+The+tyrosine+kinase+cKAbl+regulates+p73+in+apopto6c+response+to+cispla6nKinduced+ DNA+damage[END_REF].+The+MMR+sensor+ac6vity+will+allow+the+ ac6va6on+ of+ the+ cKAbl+ protein,+ a+ nonKreceptor+ tyrosine+ kinase,+ which+ is+ an+ upstream+ effector+ of+ several+ signaling+ pathways,+ as+ the+ Janus+ kinase+ (JNK),+ ERK+ /+ MAPK,+ p38+ MAPK+ pathway.+ The+ phosphoryla6on+ and+ stabiliza6on+ of+ p73+ play+ an+ important+ role+ for+ apoptosis+ in+ response+ to+ cispla6ne+ [START_REF] Siddik | + Cispla6n:+ mode+ of+ cytotoxic+ ac6on+ and+ molecular+ basis+ of+ resistance[END_REF].+

Oxida;ve)stress)and)cispla;n)

Under+normal+condi6ons,+the+cell+controls+the+forma6on+of+reac6ve+oxygen+species+(ROS)+with+a+ balance+ of+ ROS+ genera6on+ /+ elimina6on+ through+ various+ enzymes+ such+ as+ glutathione+ reductase+ (GR),+ glutathioneKSKtransferase+ (GST),+ superoxide+ dismutase+ (SOD)+ and+ catalase+ (CAT)+ [START_REF] Jungwirth | + et+ al.+ An6cancer+ ac6vity+ of+ metal+ complexes:+ involvement+ of+ redox+ processes.+ An6oxid[END_REF].+ ROS+ have+ a+ role+ in+ cell+ signaling,+ including+ apoptosis,+ gene+ expression,+ and+ the+ ac6va6on+ of+ cell+ signaling+ cascades.+ Cispla6n,+ besides+ causing+ damage+ to+ DNA,+ also+ induces+ increased+ intracellular+ ROS+ accumula6on.+ In+ addi6on,+ oxida6ve+ stress+ due+ to+ cispla6n+ is+ strongly+ linked+ to+ its+ nephrotoxic+ ac6vity* [START_REF] Saad | .+ Role+ of+ nonKselec6ve+ adenosine+ receptor+ blockade+ and+ phosphodiesterase+ inhibi6on+ in+ cispla6nKinduced+ nephrogonadal+ toxicity+ in+ rats[END_REF] the+ mitochondrial+ respira6on+ will+ induce+ a+ calcium+ efflux,+ a+ decrease+ in+ its+ mitochondrial+ membrane+ poten6al,+ the+ release+ of+ cytochrome+ c+ and+ thus+ cell+ apoptosis* [START_REF] Florea | +&+Büsselberg,+D.+Cispla6n+as+an+an6Ktumor+drug:+cellular+mechanisms+of+ac6vity,+drug+ resistance+and+induced+side+effects[END_REF][START_REF] Marullo | + et+ al.+ Cispla6n+ induces+ a+ mitochondrialKROS+ response+ that+ contributes+ to+ cytotoxicity+ depending+ on+ mitochondrial+ redox+ status+ and+ bioenerge6c+ func6ons[END_REF][START_REF] Chirino | .+ Role+ of+ oxida6ve+ and+ nitrosa6ve+ stress+ in+ cispla6nKinduced+ nephrotoxicity[END_REF].** 1.3. Side*effect* One+of+the+major+limita6ons+in+the+use+of+cispla6n+is+the+significant+development+of+side+effects.+In+ fact,+ cytotoxicity+ and+ cispla6nKdependent+ apoptosis+ do+ not+ target+ only+ the+ tumor+ cells+ but+ also+ normal+ cells.+ Among+ the+ most+ onen+ listed+ side+ effects+ for+ cispla6n,+ there+ is+ in+ majority+ a+ nephrotoxic,+neurotoxic,+cardiotoxic+and+hepatotoxic+ac6vity+ [START_REF] Florea | +&+Büsselberg,+D.+Cispla6n+as+an+an6Ktumor+drug:+cellular+mechanisms+of+ac6vity,+drug+ resistance+and+induced+side+effects[END_REF].+

Nephrotoxicity)

This+is+one+of+the+most+severe+side+effects+reported+for+cispla6n.+Cispla6n+par6cularly+accumulates+ in+ the+ kidney+ especially+ at+ the+ proximal+ tubular+ epithelial,+ being+ its+ main+ secretory+ pathway* [START_REF] Köberle | .+ Cispla6n+ resistance:+ Preclinical+ findings+ and+ clinical+implica6ons.+Biochim.+Biophys.+Acta+K+Rev[END_REF][START_REF] Hartmann | +T.+&+Lipp,+H.KP.+Toxicity+of+pla6num+compounds.+Expert+Opin.+Pharmacother[END_REF] Acquired+resistance+mechanisms+may+be+due,+to+a+decreased+drug+accumula6on+/+increased+drug+ efflux,+ modifica6on+ of+ the+ intracellular+ drug+ distribu6on,+ an+ increased+ in+ the+ detoxifica6on+ response+ (metallothionein,+ glutathione),+ an+ increased+ in+ DNAKdamage+ repair+ (NER+ pathway),+ a+ reduced+ apopto6c+ response,+ and+ to+ gene6c+ and+ epigene6c+ modifica6ons+ (miRNAs,+ HDAC…)+ (Boulikas*and*al.,*2007(b); [START_REF] Dasari | +&+Bernard+Tchounwou,+P.+Cispla6n+in+cancer+therapy:+Molecular+mechanisms+of+ac6on.+[END_REF][START_REF] Siddik | + Cispla6n:+ mode+ of+ cytotoxic+ ac6on+ and+ molecular+ basis+ of+ resistance[END_REF][START_REF] Shen | + Cispla6n+ resistance:+ a+ cellular+ selfK defense+mechanism+resul6ng+from+mul6ple+epigene6c+and+gene6c+changes[END_REF].++ 1.4.1. Transporters+and+reduced+pla6num+accumula6on+ This+is+the+most+described+mechanism+of+resistance+to+cispla6n.+The+decrease+in+cispla6n+uptake+ and+ accumula6on+ in+ the+ cells+ will+ result+ in+ the+ decrease+ in+ the+ adducts+ forma6on+ and+ thus+ in+ cispla6n+cytotoxicity.+

Copper)Transporter)1)(CTR1))in)Cispla;n)uptake)

As+ described+ by+ Howell+ et+ al.,+ CTR1+ is+ involved+ in+ the+ copper+ and+ cispla6n+ transport+ in+ the+ cell.+ Gene6c+knockKout+of+CTR1+is+correlated+with+a+decrease+in+cispla6n+accumula6on+in+the+cell+and+ thus+ in+ resistance+ to+ the+ treatment.+ Conversely,+ overexpression+ enables+ high+ accumula6on+ of+ cispla6n+and+therefore+sensi6vity+to+treatment* [START_REF] Howell | .+ Copper+ transporters+ and+ the+ cellular+ pharmacology+of+the+pla6numKcontaining+cancer+drugs[END_REF]

.+ ATP7A/B)in)Cispla;n)efflux)
They+ are+ analogues+ to+ the+ family+ of+ mul6drug+ resistanceKassociated+ transporter+ (MDR)+ that+ are+ involved+ in+ the+ detoxifica6on+ of+ many+ chemotherapeu6c+ compounds+ [START_REF] Rabik | .+ Role+ of+ copper+ transporters+ in+ resistance+ to+ pla6na6ng+ agents.+ Cancer+[END_REF].+ As+ CTR1,+ ATP7A+ and+ ATP7B,+ two+ copperKTranspor6ng+ PKtype+ ATPaseKgenes,+ are+ involved+ in+ the+ regula6on+ of+ copper+ levels+ in+ the+ cell+ [START_REF] Safaei | + Transport+ of+ cispla6n+ by+ the+ copper+efflux+transporter+ATP7B.+Mol[END_REF].+ ATP7B+ overexpression+ in+ cancer+ cell+ lines+resistant+to+cispla6n+is+correlated+to+both+a+9Kfold+increase+in+cispla6n+resistance+and+2+fold+to+ copper.+An+increase+in+their+expression+in+cancers+such+as+ovarian+cancer+make+them+good+clinical+ marker+of+chemosensi6vity+to+cispla6n* [START_REF] Safaei | +R.+et+al.+Copper+transporters+regulate+the+cellular+pharmacology+and+sensi6vity+to+Pt+drugs.+[END_REF].+

Transmembrane)protein)205)(TMEM205))

It+is+a+puta6ve+membrane+transport+involved+in+the+decrease+in+cispla6n+accumula6on+in+the+cell.+ An+ increase+ in+ its+ expression+ was+ shown+ in+ a+ cispla6n+ resistant+ cell+ line+ CPKr+ by+ Shen+ in+ 2010.+ In+ addi6on+ an+ analysis+ of+ its+ expression+ paqern+ in+ normal+ human+ 6ssues+ indicates+ a+ high+ level+ of+ expression+in+the+liver,+pancreas+and+adrenal+glands.+Also,+TMEM205+could+be+used+as+a+biomarker+ in+the+response+to+chemotherapy* [START_REF] Shen | + et+ al.+ Elevated+ expression+ of+ TMEM205,+ a+ hypothe6cal+ membrane+ protein,+ is+ associated+with+cispla6n+resistance.+J.+Cell.+Physiol[END_REF].+ 1.4.2. Cispla6n+inac6va6on+by+thiol+containing+molecules+ The+low+concentra6on+of+chloride+in+the+cell+will+allow+cispla6n+aqua6on+ac6va6on.+Cispla6n+may+ be+inac6vated+by+glutathione+(GSH),+involved+in+the+mechanisms+of+detoxifica6on+and+protec6on+ against+ROS+ (Boulikas*and*al.,*2007(b)).+This+resistance+mechanism+is+common+in+cases+of+chronic+ exposure+ to+ cispla6n,+ which+ leads+ to+ an+ increase+ of+ GSH,+ which+ could+ be+ induced+ by+ BclK2+ (an6K apopto6c+protein).+Cispla6n+has+the+ability+to+react+with+molecules+containing+sulfide+group,+found+ in+ GSH.+ Overexpression+ of+ GSH+ will+ lead+ to+ the+ increase+ of+ cispla6n+ /+ GSH+ conjugate+ forma6on+ which+will+prevent+the+interac6on+of+cispla6n+with+the+DNA+ [START_REF] Lai | +Ozols,+R.+F.,+Young,+R.+C.+&+Hamilton,+T.+C.+Effect+of+glutathione+on+DNA+repair+in+cispla6nK resistant+human+ovarian+cancer+cell+lines.+J.+Natl.+Cancer+Inst[END_REF]).+ 1.4.3. Epigene6c+changes+and+Cispla6n+resistance+ Several+ epigene6c+ pathways+ are+ involved+ in+ cispla6n+ chemosensi6vity+ of+ the+ tumor.+ Thus+ epigene6c+ profile+ of+ many+ cell+ lines+ resistant+ to+ cispla6n+ allowed+ the+ iden6fica6on+ of+ molecular+ modulators+of+these+mechanisms+ [START_REF] Shen | + Cispla6n+ resistance:+ a+ cellular+ selfK defense+mechanism+resul6ng+from+mul6ple+epigene6c+and+gene6c+changes[END_REF].+ Changes+ in+ chroma6n+ structure+ can+ be+ correlated+ with+ the+ development+ of+ resistance+ to+ treatment.+ Piwil2+ is+ involved+ in+ resistance+ to+ cispla6n.+ It+ is+ a+ member+ of+ the+ PIWI+ /+ Argonaute+ family+important+in+its+involvement+in+the+regula6on+of+chroma6n+modifica6ons,+in+RNA+silencing+ and+ in+ the+ transcrip6on+ of+ many+ genes.+ In+ fact,+ its+ increased+ expression,+ described+ in+ many+ cancers,+ results+ in+ chroma6n+ condensa6on+ thus+ affec6ng+ the+ normal+ DNA+ repair+ (Wang* and* al.,* 2011).++ However,+ the+ aberrant+ promoter+ hypermethyla6on+ is+ a+ hallmark+ of+ a+ mul6drug+ resistance. al.,* 2007;[START_REF] Leung | +K.+L.+et+al.+MicroRNA+func6ons+in+stress+responses.+Mol.+Cell+40[END_REF].+ Briefly+ some+ examples:+ overexpression+ of+ miRK214+ leads+ to+ the+ inhibi6on+ of+ its+ target+ gene+ PTEN,+ which+ promotes+ the+ survival+ of+ cells.+ Indeed,+ PTEN+ was+ previously+ described+ for+ its+ involvement+ in+ the+ p53Kdependent+ cispla6n+ response+ [START_REF] Yang | .+ MicroRNA+ expression+ profiling+ in+ human+ ovarian+ cancer:+ miRK214+ induces+ cell+ survival+and+cispla6n+resistance+by+targe6ng+PTEN[END_REF].+ Conversely,+ Sun+ and+ al.+ have+ shown+ that+ loss+ of+ expression+ of+ miRK200b+ and+ miRK15b+ reflects+ the+ establishment+ of+ the+ epithelialKmesenchymal+ transi6on+ (EMT)+ and+ therefore+ the+ acquisi6on+of+a+tumor+resistance+to+the+treatment+and+an+invasive+phenotype* [START_REF] Sun | + MiRK200b+ and+ miRK15b+ regulate+ chemotherapyKinduced+ epithelialKmesenchymal+ transi6on+in+human+tongue+cancer+cells+by+targe6ng+BMI1[END_REF].+ 1.4.4. Gastric+cancer+and+Cispla6n+resistance+ In+GC,+these+mechanisms+are+not+really+understood,+which+reinforces+the+need+to+iden6fy+robust+ molecular+ markers.+ Some+ of+ them+ are+ described+ and+ are+ mostly+ implicated+ in+ ac6va6on+ of+ DNA+ repair.+ For+ example,+ overexpression+ or+ amplifica6on+ of+ HER2+ is+ implicated+ in+ the+ cispla6n+ resistance+ in+ GC+ cells,+ leading+ to+ the+ ini6a6on+ of+ the+ epithelialKmesenchymal+ transi6on+ and+ correlated+ with+ an+ unfavorable+ outcome+ for+ pa6ents+ (Huang* and* al.,* 2013) of compounds synthesized with the trong DNA interactions due to the ompounds via intercalation and conaracter and extent of DNA distortion A adducts leads to thermodynamic their consequent biological effects. 16 gy for platinum drugs: the target is g to DNA might be less susceptible leading to compounds that remain platin finds resistance. ch as KP1019 seem to fulfil the two ted to some ruthenium complexes: elective transportation via the transs that might explain its antitumour . 17 1. Introduction. -Platinum complexes have been applied successfully in tumor therapy for more than 25 years. Today, the three Pt-based compounds, cisplatin, carboplatin, and oxaliplatin, are the only metal-based antineoplastic chemotherapeutics, which are approved for worldwide clinical practice [1]. Chemotherapy with Pt complexes is frequently accompanied by severe side effects, and their activity is limited in many widespread tumors due to acquired or intrinsic resistance. Therefore, there is an ongoing quest for metal compounds extending the spectrum of activity of metallodrugs, and the first non-platinum complexes are currently being evaluated in clinical trials [2 -6].

Among these, ruthenium complexes are believed to be the most promising alternatives to Pt complexes [7] [8]. Two representatives of this class of compounds have entered clinical trials so far: imidazolium trans-[tetrachloro(dimethylsulfoxide)(1H-imidazole)ruthenate(III)] (NAMI-A; see Fig. 1 for structure) [START_REF] Sava | Antitumour properties of dimethylsulphoxide ruthenium (II) complexes in the Lewis lung carcinoma system[END_REF] and indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(III)] (KP1019) [10 -12]. In preclinical experiments, NAMI-A showed marked efficacy against the formation of metastases [START_REF] Sava | Antitumour properties of dimethylsulphoxide ruthenium (II) complexes in the Lewis lung carcinoma system[END_REF] [13], whereas KP1019 exhibited activity against a wide range of preclinical tumor models including colorectal carcinomas and a variety of primary explanted human tumors [10 -12]. but+ also+ a+ specific+ recogni6on+ of+ tumor+ cells+ rather+ than+ healthy+ 6ssue+ [START_REF] Spreckelmeyer | +Orvig,+C.+&+Casini,+A.+Cellular+transport+mechanisms+of+cytotoxic+metallodrugs:+ an+overview+beyond+cispla6n.+Molecules+19[END_REF] [START_REF] Bergamo | .+ Ruthenium+ complexes+ can+ target+ determinants+ of+ tumour+ malignancy[END_REF].+ Hayward+ showed+ that+ in+ the+ HCT116+ colorectal+ cancer+ cell+ line,+ RM175+ triggered+ cell+ apoptosis+ by+ inducing+ the+ accumula6on+ of+ p53+ protein+ and+ its+ target+ gene+ CDKN1A+(p21),+leading+to+the+cell+cycle+arrest+in+G1+/+G2+phase.+Cell+apoptosis+is+mediated+by+p53+ and+ the+ proKapopto6c+ factor+ Bax* [START_REF] Hayward | +L.+et+al.+Inves6ga6on+of+the+role+of+Bax,+p21/Waf1+and+p53+as+determinants+of+cellular+ responses+ in+ HCT116+ colorectal+ cancer+ cells+ exposed+ to+ the+ novel+ cytotoxic+ ruthenium(II)+ organometallic+agent,+RM175[END_REF].+ Interes6ngly,+ in* vivo* treatment+ of+ the+ ovarian+ cancer+ cell+ line+ A2780+ with+ RM175+ shows+ a+ significant+ growth+ delay+ of+ the+ tumors+ [START_REF] Aird | .+ In+ vitro+ and+ in+ vivo+ ac6vity+ and+ cross+ resistance+ profiles+ of+ novel+ ruthenium+ (II)+ organometallic+arene+complexes+in+human+ovarian+cancer.+Br.+J.+Cancer+86[END_REF] opping dose escalation at 600 mg/patient because of solubility oblems of the drug [START_REF] Hayward | Investigation of the role of Bax, p21/Waf1 and p53 as determinants of cellular responses in HCT116 colorectal cancer cells exposed to the novel cytotoxic ruthenium(II) organometallic agent, RM175[END_REF]. Pharmacokinetics in vivo (including mans) is very close to that of NAMI-A, either in terms of protein nding or of half-life time elimination from the blood.

. RM175

Complexes such as RM175 (ONCO4417) (Fig. 4), prepared by PJ dler at Edinburgh, break the rule of the "activation by reduction echanism", since they are based on the Ruthenium at +2 oxidation ate then having no need to be reduced to be active.

RM175 is an organometallic complex of ruthenium, having direct etal-carbon bonds, that fulfils the general rules expected for etal-based drugs designed to target DNA with the main goals of ercoming resistance in cancer cells resistant to cisplatin. The auors expected these complexes to overcome resistance because of e mode of DNA binding of these "piano stool" shaped complexes here the "piano" of the stool is given by an arene and the legs are presented by amine ligands and by one chloride leaving group. us, besides the conventional targeting to guanines these complexes clude also binding by intercalation with the arene, as confirmed by e group of Brabec who showed a markedly more pronounced DNA amage" by the compounds with bicycle arenes than those with sine rings [59,60]. DNA binding of the complexes containing biphenyl, hydroanthracene, or tetrahydroanthracene ligands (Ru-BIP, Ru-A and Ru-THA) can involve combined coordination to guanine and non-covalent, hydrophobic interactions between the arene lind and DNA, which may include arene intercalation and minor oove binding. The adducts of Ru(II) arene compounds are preferenlly removed from DNA by mechanisms other than by nucleotide cision repair, which provides additional support for a mechanism derlying antitumor activity of Ru(II) arene compounds different m that of cisplatin. The data on DNA binding perfectly fits with e IC 50 values obtained with cells in culture [61]. RM175 binds A either with covalent and non-covalent (intercalation) bonds d leads to cell death because of modulation of the p53-p21-bax thway after short term cell exposure and leading to a less docuented p53 independent cell cytotoxicity with long term exposures colorectal HCT116 cells [62]. In particular, the determinants of e short-term in vitro response to RM175 demonstrate a role for 3 and p21 in the growth arrest and for p53 and Bax in the apoptotic sponse. It remains to be seen whether the determinants of cellular sponse identified here will be reflected in the anti-tumour activity RM175 in vivo. In vivo activity was established with RM175 in e A2780 xenograft together with non-cross-resistance in the AD 1.4. RAPTA-T Also the ruthenium complex RAPTA-T (Fig. 5), belonging to the RAPTA complexes prepared by PJ Dyson at Lausanne and characterized by the presence of the PTA (1,3,5-triaza-7-phosphoadamantane) ligand in place of the ethylendiammine ligand of the complexes of Sadler, is an organometallic complex of "piano stool" shape [64,65].

The PTA moiety confers biological characteristics that cause these complexes to be selectively activated in the hypoxic milieu of solid tumours. RAPTA-T, similarly to almost all the other derivatives of this series [65] is only weakly cytotoxic, although its cytotoxicity is better expressed on tumour cells than in non tumorigenic cells (ratio 4.5 in favour of the former), while showing a significant ability These complexes, of which the most biologically studied can be considered DW1/2 (Fig. 9), are characterized by the strong similarity with Staurosporine. Meggers replaced the sugar in the molecule of staurosporine with a metal of ruthenium carrying a number of substituents, getting a family of products capable of a significantly increased affinity and selectivity for enzymes, including GSK3, Pim-1, PI3K [71,72]. In particular, using a human melanoma derived set of cells in vitro, DW1/2 is able to inhibit either GSK3beta and PI3K leading to apoptotic cell death mediated by p53 and the mitochondrial pathway (see Fig. 10), on either two dimensional and three dimensional growth systems, and to a strong inhibition of cell invasion [73].

These complexes have not yet demonstrated anticancer activity. Nevertheless, on the basis of the selectivity and the highly specific mechanism of action of these drugs further testing is warranted. However, a number of studies are pointing out the high potential impact of this strategy to get new drugs with innovative structures. One example is given by CS292, one of these staurosporine mimetics, that was shown to get into and to block the active site, where ATP is bound, of the serine/threonine kinase BRAF, a protein that appears to be mutated in barely 70% of melanomas [74]. It would not be surprising to see soon drugs based on this structure in development as anticancer agent.

Conclusions

Ruthenium complexes have attracted a consistent interest after the initial demonstration of their potentialities for the development of anticancer agents. Clarke and Srivastava, described how ruthenium drugs might have the possibility to discriminate between healthy and cancer cells because of either the activation to cytotoxic species in the tumour hypoxic tissue and the high transportation to tumour cells by the transferrin machinery [75][76][77]. After more than 25 years, during which a number of chemical possibilities have been explored, some ruthenium-based pharmaceuticals may today represent a new important tool to get drugs to treat cancer. Importantly, these drugs suggest the possibility to act because of mechanisms different than that expected from platinum-based drugs.

It is not possible yet to indicate which of the compounds discussed in this review and listed in Table 4 is a good reference drug for future developments with ruthenium-based drugs. The compounds highlighted in this review represent very different approaches and they cannot be grouped as to whether they would belong to a common panel of agents simply because they are based on the same metal, e.g. ruthenium. The increased interest around this metal have led some experts of the field to put forward hypothesis on the advantages offered by the ruthenium chemistry for cancer treatment [START_REF] Giraldi | Antitumor action of two rhodium and ruthenium complexes in comparison with cisdiamminedichloroplatinum(II)[END_REF][START_REF] Fruhauf | New platinum, titanium, and ruthenium complexes with different patterns of DNA damage in rat ovarian tumor cells[END_REF][START_REF] Morris | Inhibition of cancer cell growth by ruthenium(II) arene complexes[END_REF]78,79]. Indeed, some of these opinion reviews start from the common view of ruthenium-based compounds as the logic continuation of the platinum-chemistry. KP1019 realizes the goal to mimic cisplatin with the potential advance to overcome resistance, and perhaps its systemic toxicity, because of a different mode of action on the nucleic acid machinery. Also RDC11 appears to differ from the other metal-based drugs simply because of the inertness of the molecule towards substitution reactions, therefore breaking the rule of ligand exchange as a critical step before (or even to allow) the interaction with its target. Nevertheless, it is without doubt that NAMI-A is the most intriguing compound for its ability to act on tu- improve+the+stability+of+the+molecule,+confer+a+specific+range+of+redox+poten6al+and+allow+them+to+ be+ efficient+ mediators+ of+ electron+ transfer+ to+ or+ from+ oxidized+ or+ reduced+ ac6ve+ sites+ of+ redox+ enzymes,+ thereby+ affec6ng+ their+ ac6vity+ [START_REF] Ryabov | +Alexandrova,+L.,+Le+Lagadec,+R.+&+Pfeffer,+M.+New+synthesis+and+new+ bioKapplica6on+ of+ cyclometalated+ ruthenium(II)+ complexes+ for+ fast+ mediated+ electron+ transfer+with+peroxidase+and+glucose+oxidase[END_REF]* Fe^er* and* al.,* 2011) [START_REF] Gaiddon | .+ Ruthenium+ (II)Kderived+ organometallic+ compounds+ induce+ cytosta6c+ and+ cytotoxic+ effects+ on+ mammalian+ cancer+ cell+ lines+ through+ p53Kdependent+ and+ p53K independent+mechanisms[END_REF][START_REF] Meng | +X.+et+al.+A+rutheniumKcontaining+organometallic+compound+reduces+tumor+growth+through+ induc6on+of+the+endoplasmic+re6culum+stress+gene+CHOP[END_REF][START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF][START_REF] Klajner | .+ Subcellular+ localiza6on+ and+ transport+ kine6cs+ of+ ruthenium+ organometallic+ an6cancer+ compounds+ in+ living+ cells:+ a+ doseKdependent+ role+ for+ amino+ acid+ and+ iron+ transporters[END_REF] Also the ruthenium complex RAPTA-T (Fig. 5), belonging to the RAPTA complexes prepared by PJ Dyson at Lausanne and characterized by the presence of the PTA (1,3,5-triaza-7-phosphoadamantane) ligand in place of the ethylendiammine ligand of the complexes of Sadler, is an organometallic complex of "piano stool" shape [64,65].

The PTA moiety confers biological characteristics that cause these complexes to be selectively activated in the hypoxic milieu of solid tumours. RAPTA-T, similarly to almost all the other derivatives of this series [65] is only weakly cytotoxic, although its cytotoxicity is better expressed on tumour cells than in non tumorigenic cells (ratio 4.5 in favour of the former), while showing a significant ability and seeded on Transwell cell culture chambers coated with Matrigel . Data repre-sent cells that have invaded and are present on the lower surface of the filter after 96 h [66]. [START_REF] Brown | .+ The+ endoplasmic+ re6culum+ stress+ response+ in+ aging+ and+ ageKrelated+ diseases[END_REF][START_REF] Oyadomari | .+ Roles+ of+ CHOP/GADD153+ in+ endoplasmic+ re6culum+ stress.+ Cell+ Death+ Differ[END_REF][START_REF] Dalton | + The+ endoplasmic+ re6culum+ stress+ marker+ CHOP+ predicts+ survival+ in+ malignant+ mesothelioma[END_REF]*Yada*and*al.,*2014) 1b). Most of the tissue-specific DNA methylation seems to occur not at CpG islands but at CpG island shores 19,20 . Differentially methylated CpG island shores are sufficient to distinguish between specific tissues and are conserved between human and mouse. Moreover, 70% of the differentially methylated regions in reprogramming are associated with CpG island shores 20,21 .

DNA methylation is less frequently coupled with transcriptional activation, as when, for instance, it occurs at gene bodies (Fig. 1c). Gene body methylation is common in ubiquitously expressed genes and is positively correlated with gene expression 22 . It has been proposed that it might be related to elongation efficiency and prevention of spurious initiations of transcription 23 .

DNA methylation and DNA methylation-associated proteins not only participate in gene transcription regulation in cis, but also act in trans, being involved in nuclear organization and in the establishment of specific chromosomal territories. An imprinted region can more than 200 bases with a G+C content of at least 50% and a ratio of observed to statistically expected CpG frequencies of at least 0.6. CpG dinucleotides are usually quite rare in mammalian genomes (~1%). About 60% of human gene promoters are associated with CpG islands and are usually unmethylated in normal cells, although some of them (~6%) become methylated in a tissue-specific manner during early development or in differentiated tissues 12 (Fig. 1a).

In general, CpG-island methylation is associated with gene silencing. DNA methylation plays a key role in genomic imprinting, where hypermethylation at one of the two parental alleles leads to monoallelic expression 13 . A similar gene-dosage reduction is observed in X-chromosome inactivation in females 14 .

DNA methylation can inhibit gene expression by various mechanisms. Methylated DNA can promote the recruitment of methyl-CpG-binding domain (MBD) proteins. MBD family members in turn recruit histonemodifying and chromatin-remodeling complexes to methylated sites 15,16 . DNA methylation can also directly inhibit transcription by precluding the recruitment of DNA binding proteins from their target sites 17 . In contrast, unmethylated CpG islands generate a chromatin structure favorable for gene expression by recruiting Cfp1, which associates with histone methyl- 
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DNA methylation does not occur exclusively at CpG islands. The term CpG island shores, referring to regions of lower CpG density that lie in close proximity (~2 kb) of CpG islands, has recently been coined. The methylation of these CpG island shores is closely associated with transcriptional inactivation (Fig. 1b). Most of the tissue-specific DNA methylation seems to occur not at CpG islands but at CpG island shores 19,20 . Differentially methylated CpG island shores are sufficient to distinguish between specific tissues and are conserved between human and mouse. Moreover, 70% of the differentially methylated regions in reprogramming are associated with CpG island shores 20,21 .

DNA methylation is less frequently coupled with transcriptional activation, as when, for instance, it occurs at gene bodies (Fig. 1c). Gene body methylation is common in ubiquitously expressed genes and is positively correlated with gene expression 22 . It has been proposed that it might be related to elongation efficiency and prevention of spurious initiations of transcription 23 .

DNA methylation and DNA methylation-associated proteins not only participate in gene transcription regulation in cis, but also act more than 200 bases with a G+C content of at least 50% and a ratio of observed to statistically expected CpG frequencies of at least 0.6. CpG dinucleotides are usually quite rare in mammalian genomes (~1%). About 60% of human gene promoters are associated with CpG islands and are usually unmethylated in normal cells, although some of them (~6%) become methylated in a tissue-specific manner during early development or in differentiated tissues 12 (Fig. 1a).

In general, CpG-island methylation is associated with gene silencing. DNA methylation plays a key role in genomic imprinting, where hypermethylation at one of the two parental alleles leads to monoallelic expression 13 . A similar gene-dosage reduction is observed in X-chromosome inactivation in females 14 .

DNA methylation can inhibit gene expression by various mechanisms. Methylated DNA can promote the recruitment of methyl-CpG-binding domain (MBD) proteins. MBD family members in turn recruit histonemodifying and chromatin-remodeling complexes to methylated sites 15,16 . DNA methylation can also directly inhibit transcription by precluding the recruitment of DNA binding proteins from their target sites 17 . In contrast, 

R E V I E W

DNA methylation does not occur exclusively at CpG islands. The term CpG island shores, referring to regions of lower CpG density that lie in close proximity (~2 kb) of CpG islands, has recently been coined. The methylation of these CpG island shores is closely associated with transcriptional inactivation (Fig. 1b). Most of the tissue-specific DNA methylation seems to occur not at CpG islands but at CpG island shores 19,20 . Differentially methylated CpG island shores are sufficient to distinguish between specific tissues and are conserved between human and mouse. Moreover, 70% of the differentially methylated regions in reprogramming are associated with CpG island shores 20,21 .

DNA methylation is less frequently coupled with transcriptional activation, as when, for instance, it occurs at gene bodies (Fig. 1c). Gene more than 200 bases with a G+C content of at least 50% and a ratio of observed to statistically expected CpG frequencies of at least 0.6. CpG dinucleotides are usually quite rare in mammalian genomes (~1%). About 60% of human gene promoters are associated with CpG islands and are usually unmethylated in normal cells, although some of them (~6%) become methylated in a tissue-specific manner during early development or in differentiated tissues 12 (Fig. 1a).

In general, CpG-island methylation is associated with gene silencing. DNA methylation plays a key role in genomic imprinting, where hypermethylation at one of the two parental alleles leads to monoallelic expression 13 . A similar gene-dosage reduction is observed in X-chromosome inactivation in females 14 . [1,[START_REF] Nagelkerke | The unfolded protein response as a target for cancer therapy[END_REF][START_REF] Diyabalanage | Combination therapy: histone deacetylase inhibitors and platinum-based chemotherapeutics for cancer[END_REF][START_REF] Chatterjee | The ruthenium(II)-arene compound RAPTA-C induces apoptosis in EAC cells through mitochondrial and p53-JNK pathways[END_REF]43,46,[48][49][50]54,60,67,72,73,76,125]. export+factor+CMR1.+HDAC4+is+maintained+in+the+cytoplasm+by+interac6on+with+the+14K3K3+factor+ [START_REF] Guenther | + The+ SMRT+ and+ NKCoR+ corepressors+ are+ ac6va6ng+ cofactors+for+histone+deacetylase+3[END_REF][START_REF] Andreucci | +J.+et+al.+Composi6on+and+func6on+of+APK1+transcrip6on+complexes+during+muscle+cell+ differen6a6on[END_REF][START_REF] Mckinsey | + SignalKdependent+ nuclear+ export+ of+ a+ histone+ deacetylase+regulates+muscle+differen6a6on[END_REF].) Interes6ngly,+ HDAC4/5/7+can+make+the+connec6on+between+HDAC3KSMRT+/+NCoR.+Thus+they+show+a+capacity+to+ fineKtune+ the+ gene+ repression+ func6on+ change+ of+ loca6on+ dependent+ s6muli+ [START_REF] Fischle | +et+al.+Enzyma6c+Ac6vity+Associated+with+Class+II+HDACs+Is+Dependent+on+a+Mul6protein+ Complex+Containing+HDAC3+and+SMRT/NKCoR.+Mol.+Cell+9[END_REF].+ HDAC9+ has+ its+ cataly6c+ domain+ at+ the+ NKterminal.+ Various+ splicing+ variants+ are+ described+ (HDAC9a+ /+ b+ /+ c),+ but+ others+ are+ suspected.+ Like+ the+ other+ members+ of+ the+ class+ IIa,+ it+ has+ the+ ability+ to+ interact+ with+ MEF2,+ indica6ng+ an+ important+ role+ in+ the+ differen6a6on+ of+ muscle+ [START_REF] Zhou | + Cloning+ and+ characteriza6on+ of+ a+ histone+ deacetylase,+HDAC9.+Proc.+Natl.+Acad.+Sci.+U.+S.+A[END_REF]*Zhou*and*al.,*2000).* 

Class

Class)IV)

HDAC11+has+phylogene6c+homology+with+the+HDAC+from+class+I+and+II+and+has+a+cataly6c+domain+in+

NKterminal.+It+has+not+been+described+for+its+interac6on+with+coKrepressor+complex+ [START_REF] Gao | +Cueto,+M.+A.,+Asselbergs,+F.+&+Atadja,+P.+Cloning+and+func6onal+characteriza6on+of+HDAC11,+ a+ novel+ member+ of+ the+ human+ histone+ deacetylase+ family.+[END_REF].*

Role*of*HDAC*

Acetyla6on+ was+ the+ first+ postKtransla6onal+ modifica6on+ of+ histones+ to+ be+ iden6fied+ and+ characterized.+50+years+ago,+Allfrey+and+colleagues+made+the+discovery+of+the+role+of+HDAC+in+the+ regula6on+of+gene+expression+ [START_REF] Allfrey | +FAULKNER,+R.+&+MIRSKY,+A.+E.+ACETYLATION+AND+METHYLATION+OF+HISTONES+AND+ THEIR+POSSIBLE+ROLE+IN+THE+REGULATION+OF+RNA+SYNTHESIS[END_REF].+The+regulatory+network+of+the+HDAC+involves+ [START_REF] Ropero | +S.+et+al.+The+role+of+histone+deacetylases+(HDACs)+in+human+cancer.+Mol.+Oncol.+1[END_REF][START_REF] Li | +&+Zhu,+W.KG.+Targe6ng+histone+deacetylases+for+cancer+therapy:+from+molecular+mechanisms+ to+clinical+implica6ons.+Int.+J.+Biol.+Sci[END_REF]):+ K They+can+repress+the+transcrip6on+through+the+stabiliza6on+of+the+DNA/histones+interac6on+ K Their+ ability+ to+ form+ coKrepressor+ complex+ allowing+ them+ to+ recruit+ histone+ modifiers+ and+ therefore+to+regulate+the+chroma6n+based+process.+ K They+can+regulate+nonKhistone+protein,+like+transcrip6on+factors+(p53,+E2F).+

Role)of)cocrepressor)complex)

HDACs+ are+ part+ of+ coKrepressor+ complex+ (mSin3,+ NCoR+ and+ SMRT).+ The+ forma6on+ of+ these+ complexes+ will+ allow+ HDACs+ to+ be+ directed+ at+ specific+ genomic+ regions+ by+ interac6ng+ with+ DNA+ binding+ factor+ such+ as+ transcrip6on+ factors,+ nuclear+ receptors+ and+ epigene6c+ modifiers+ (MBD+ DNMT+ and+ HMT)+ [START_REF] Glass | + The+ coregulator+ exchange+ in+ transcrip6onal+ func6ons+ of+ nuclear+ receptors[END_REF].+ HDACs+ thus+ allow+ through+ their+ deacetylase+ ac6vity+ to+ stabilize+ the+ silencing+ of+ certain+ genes+ introduced+ by+ DNA+ methyla6on+ for+ example.+ The+ DNMT+ have+been+described+for+their+ability+to+recruit+HDACs+at+the+methylated+DNA.+Indeed,+dele6on+of+ DNMT1+ in+ cancer+ cells+ leads+ to+ an+ increase+ in+ H3+ acetyla6on+ and+ reduced+ methyla6on.+ Furthermore+a+loss+in+interac6on+between+HDAC+and+the+heterochroma6n+protein+(HP1)+with+H3+is+ observed* [START_REF] Espada | .+ Human+ DNA+ methyltransferase+ 1+ is+ required+ for+ maintenance+ of+ the+ histone+ H3+ modifica6on+paqern[END_REF]).+HDAC2+is+involved+in+neuronal+differen6a6on+by+direct+interac6on+ with+ DNMT3b;+ treatment+ of+ PC12+ cells+ with+ a+ HDAC+ inhibitor+ allows+ a+ decrease+ in+ the+ differen6a6on+while+overexpression+of+DNMT3b+promotes+differen6a6on* [START_REF] Bai | .+ DNA+ methyltransferase+ 3b+ regulates+ nerve+ growth+ factorKinduced+ differen6a6on+ of+ PC12+cells+by+recrui6ng+histone+deacetylase+2[END_REF].)

Nonchistone)protein)substrates)

HDACs+ have+ the+ ability+ to+ target+ more+ than+ finy+ nonKhistone+ proteins.+ The+ first+ acetylated+ nonK histone+ protein+ to+ have+ been+ characterized+ is+ p53* [START_REF] Yao | + Beyond+ histone+ and+ deacetylase:+ an+ overview+ of+ cytoplasmic+ histone+ deacetylases+and+their+nonhistone+substrates[END_REF].+ Since+ then,+ many+ transcrip6on+factors,+as+well+as+cytosolic+proteins+have+been+described+as+referenced+in+the+table+ below+(Table+1).+ Thus, HDAC6 is a good example for an HDAC family member regulating multiple cancer-relevant cell biological function, which is non-epigenetic in nature. 4.3.3.3. HDAC10. Expression of HDAC10 in cancer samples has not been reported to data. Knockdown of HDAC10 (and HDAC6) reduces VEGF receptor 1 and 2 expression in cancer cells and it was suggested that these HDACs play pivotal roles in heat shock protein 90-mediated proteasomal degradation of vascular endothelial growth factor receptors [80]. Taken together, expression of specific HDAC family members was correlated with cancer progression and patient survival in several entities. Although most initial studies included only small number of patient samples, recent papers involved 100 or more specimen providing statistically significant data. The functional experiments based on selective knockdown of individual HDACs through RNA interference in cell culture models demonstrate that HDACs are involved in regulating hallmarks of cancer cell biology such as cell cycle, differentiation, apoptosis, but also migration, invasion and angiogenesis. agents+ such+ as+ pla6num+ salt,+ taxane,+ topoisomerase+ inhibitors,+ and+ also+ with+ methyltransferases+ inhibitors,+ showing+ synergis6c+ effects+ of+ the+ combina6on+ of+ different+ drugs+ [START_REF] Marchion | + P.+ Development+ of+ histone+ deacetylase+ inhibitors+ for+ cancer+ treatment.+ Expert+Rev.+An6cancer+Ther[END_REF]*Chueh*and*al.,*2014;[START_REF] Liu | .+ Histone+ deacetylase+ inhibitors:+ Mul6func6onal+ an6cancer+ agents.+ Cancer+ Treat[END_REF].+Among+the+most+cited+HDACi,+there+are:+ K ShortKchain+faqy+acid+:+Valproic+acid+(VPA),+sodium+butyrate+(NaB)+ K Cyclic+tetrapep6de+:+Depsipep6de+ K hydroxamic+acid+:+SAHA,+Trichosta6n+A+(TSA),+LAQ824+ K Benzamide+:+MS275+ Generally,+ the+ HDACi+ lead+ to+ an+ overall+ increase+ in+ histone+ and+ transcrip6on+ factors+ acetyla6on,+ but+ they+ also+ allow+ the+ decondensa6on+ of+ the+ chroma6n.+ They+ have+ the+ ability+ to+ modulate+ various+ biological+ processes+ such+ as+ cell+ cycle+ arrest,+ inhibi6on+ of+ growth,+ differen6a6on+ and+ apoptosis+ implicated+ in+ the+ carcinogenesis.+ In+ the+ following+ sec6on+ I+ became+ interested+ in+ the+ impact+ of+ HDAC+ in+ these+ different+ pathways+ involved+ in+ cancer,+ allowing+ an+ overview+ of+ the+ therapeu6c+value+of+HDACi.+

Apoptosis#

HDAC1/2+ have+ been+ described+ for+ their+ role+ in+ the+ regula6on+ of+ apoptosis.+ Indeed,+ inhibi6on+ of+ HDAC1/2+by+SAHA+and+TSA+treatment+of+colon+cancer+cells+allows+the+induc6on+of+p53Kdependent+ apoptosis+ through+ hyperacetyla6on+ and+ therefore+ stabiliza6on+ of+ p53.+ The+ HDACi+ allows+ the+ induc6on+ of+ some+ proKapopto6c+ gene+ (BAX,+ PUMA)+ and+ the+ reduc6on+ of+ an6Kapopto6c+ genes+ (BCL2)+ [START_REF] Medina | + et+ al.+ Induc6on+ of+ caspaseK3+ protease+ ac6vity+ and+ apoptosis+ by+ butyrate+ and+ trichosta6n+ A+ (inhibitors+ of+ histone+ deacetylase):+ dependence+ on+ protein+ synthesis+ and+ synergy+with+a+mitochondrial/cytochrome+cKdependent+pathway[END_REF][START_REF] Sawa | .+ Histone+ deacetylase+ inhibitors+ such+ as+ sodium+ butyrate+ and+ trichosta6n+ A+ induce+ apoptosis+through+an+increase+of+the+bclK2Krelated+protein+Bad[END_REF].+

DNA#damage#repair##

HDACs+ have+ an+ important+ role+ in+ chroma6n+ remodeling,+ especially+ in+ the+ repair+ mechanisms+ of+ DNA+ damage+ via+ the+ direct+ regula6on+ of+ repair+ proteins.+ They+ are+ involved+ in+ the+ current+ chemotherapy+resistance+mechanisms+by+promo6ng+repair+of+DNA+damage.+HDAC1/2+are+ac6vely+ recruited+at+the+DNA+lesions+to+promote+their+repair+via+ATM.+The+dele6on+of+HDAC1/2+allows+to+ sensi6ze+ tumor+ cells+ to+ chemotherapy.+ Similarly+ dele6on+ of+ HDAC3+ and+ HDAC4+ reduces+ DNA+ damage+repair+ [START_REF] Miller | +M.+et+al.+Human+HDAC1+and+HDAC2+func6on+in+the+DNAKdamage+response+to+promote+ DNA+nonhomologous+endKjoining[END_REF]*Bhaskar*and*al.,*2010).+Indeed,+HDAC4+is+involved+in+cispla6n+ resistance+in+ovarian+cancer+cells+by+allowing+the+ac6va6on+of+STAT1+and+thus+the+ac6va6on+of+DNA+ repair+ [START_REF] Stronach | + A.+ et+ al.+ HDAC4Kregulated+ STAT1+ ac6va6on+ mediates+ pla6num+ resistance+ in+ ovarian+ cancer[END_REF].*

Cell#cycle#control#

HDACs+ are+ key+ regulators+ in+ the+ DNA+ replica6on.+ They+ can+ regulate+ the+ cyclinKdependent+ kinase+ (CDK),+important+checkpoint+of+the+cell+cycle.+In+addi6on+as+previously+described+HDAC1+/+2+have+ the+ability+to+modulate+the+transi6on+from+the+G1+/+S+phase+by+the+interac6on+with+the+Rb+factor,+ while+TSA+treatment+abrogates+this+repression+ [START_REF] Brehm | .+ Re6noblastoma+ protein+ recruits+ histone+ deacetylase+ to+ repress+ transcrip6on.+ Nature+391[END_REF][START_REF] Luo | +X.+et+al.+Rb+Interacts+with+Histone+Deacetylase+to+Repress+Transcrip6on[END_REF] 

Metabolism#and#senescence#

HDAC1+has+the+capacity+to+regulate+AMPK,+a+metabolic+sensor+and+enable+its+ac6va6on+ [START_REF] Lin | .+ Func6onal+ dissec6on+ of+ lysine+ deacetylases+ reveals+ that+ HDAC1+ and+ p300+ regulate+ AMPK[END_REF].+Dele6on+of+HDAC3+allowed+to+highlight+its+involvement+in+the+regula6on+of+genes+involved+ in+ faqy+ acid+ metabolism,+ in+ the+ use+ of+ glucose,+ oxida6on+ and+ phosphoryla6on+ through+ the+ ac6va6on+of+PPARγ+and+the+mTOR+pathway+ [START_REF] Fajas | + The+ Re6noblastomaKHistone+ Deacetylase+ 3+ Complex+ Inhibits+ PPARγ+ and+ Adipocyte+ Differen6a6on[END_REF][START_REF] Knutson | .+ LiverKspecific+ dele6on+ of+ histone+ deacetylase+ 3+ disrupts+ metabolic+ transcrip6onal+networks[END_REF].+

Chaperone#func,on#

HSP90+ is+ described+ to+ favor+ structural+ matura6on+ of+ proteins+ and+ to+ protect+ them+ against+ proteosomal+degrada6on.+Its+deacetyla6on+by+HDAC6+enables+its+func6on+in+tumor+cells+through+ the+ protec6on+ of+ the+ VEGF+ receptors,+ VEGFR1/2* [START_REF] Kovacs | + et+ al.+ HDAC6+ regulates+ Hsp90+ acetyla6on+ and+ chaperoneKdependent+ ac6va6on+ of+ glucocor6coid+receptor[END_REF][START_REF] Bali | +et+al.+Inhibi6on+of+histone+deacetylase+6+acetylates+and+disrupts+the+chaperone+func6on+of+ heat+ shock+ protein+ 90:+ a+ novel+ basis+ for+ an6leukemia+ ac6vity+ of+ histone+ deacetylase+ inhibitors[END_REF].+ Moreover,+ HSP90+ is+ known+ to+ have+ the+ ability+ to+ interact+ with+ the+ p53+ mutant+ and+ some+ fusion+ proteins+ (leukemia+ characteris6c)+ and+ thus+ prevent+ their+ degrada6on+ (Yang* and* al.,* 2006).+ This+ interac6on+is+decreased+with+the+depsipep6de+treatment* [START_REF] Yu | + X.+ et+ al.+ Modula6on+ of+ p53,+ ErbB1,+ ErbB2,+ and+ RafK1+ expression+ in+ lung+ cancer+ cells+ by+ depsipep6de+FR901228.+J.+Natl.+Cancer+Inst[END_REF].+

Angiogenesis#

HDACs+ play+ an+ important+ role+ in+ angiogenesis+ through+ regula6on+ of+ hypoxia+ factors+ HIF1A+ and+ VEGF.+ Their+ recruitment+ is+ dependent+ on+ cellular+ contexts+ like+ hypoxia,+ hypoglycemia+ and+ serum+ starva6on.+ HDAC4/6+ have+ the+ ability+ to+ interact+ with+ HIF1A+ and+ prevent+ its+ proteosomal+ degrada6on+by+inhibi6ng+its+interac6on+with+VHL+protein,+an+E3Kubiqui6nase+ [START_REF] Qian | +Z.+et+al.+Class+II+histone+deacetylases+are+associated+with+VHLKindependent+regula6on+of+ hypoxiaKinducible+factor+1+alpha[END_REF].+ The+forma6on+of+HDAC7+/+HIF1A+complex+allows+its+transloca6on+to+the+nucleus+and+ac6va6on+of+ its+ target+ genes+ [START_REF] Kato | +TamamizuKKato,+S.+&+Shibasaki,+F.+Histone+deacetylase+7+associates+with+hypoxiaKinducible+ factor+1alpha+and+increases+transcrip6onal+ac6vity.+J.+Biol.+Chem[END_REF] [START_REF] Ropero | +S.+et+al.+The+role+of+histone+deacetylases+(HDACs)+in+human+cancer.+Mol.+Oncol.+1[END_REF].+Thus,+lack+of+cellular+ markers+to+predict+the+effect+of+the+drug+leads+to+an+arbitrary+selec6on+of+pa6ents+and+therefore+ nonKobjec6ve+for+clinical+benefits.+

The)microRNA)pathway)

MicroRNAs+ (miRNAs)+ are+ small+ noncoding+ singleKstranded+ RNA+ of+ 22+ nucleo6des+ in+ length.+ They+ have+ the+ ability+ to+ target+ the+ 3+ 'UTR+ region+ of+ some+ messenger+ RNAs+ (mRNA)+ to+ inhibit+ their+ transla6on.+This+mechanism+is+highly+conserved+across+species+ [START_REF] Selbach | +et+al.+Widespread+changes+in+protein+synthesis+induced+by+microRNAs[END_REF][START_REF] Lim | + Microarray+ analysis+ shows+ that+ some+ microRNAs+ downregulate+ large+ numbers+ of+ target+mRNAs[END_REF].+The+first+miRNA+being+described+in+C.*elegans+is+LinK4+by+Lee+and+colleagues+in+1991+for+his+ involvement+in+the+developmental+process+ [START_REF] Lee | .+ elegans+ heterochronic+ gene+ linK4+ encodes+ small+ RNAs+ with+ an6sense+ complementarity+to+linK14[END_REF].+Currently,+more+than+2,500+humans+ miRNAs+ have+ been+ described+ according+ to+ the+ miRBase+ database+ (Kozomara* and* GriffithsUJones,* 2014).+Each+miRNA+induces+postKtranscrip6onal+repression+of+dozens+or+even+hundreds+of+mRNA.+ This+is+explained+by+the+presence+of+a+highly+conserved+recogni6on+sequence+of+mRNA+in+5'+ends+of+ miRNAs+(the+seed+sequence,+2+to+7+nucleo6des).+Thus,+about+60%+of+proteinKcoding+genes+have+the+ capacity+ to+ be+ regulated+ by+ miRNAs* [START_REF] Bartel | +P.+et+al.+MicroRNAs:+target+recogni6on+and+regulatory+func6ons.+Cell+136[END_REF].+ Olena+ describes+ the+ genomic+ organiza6on+of+genes+encoding+microRNAs+ [START_REF] Olena | +F.+&+Paqon,+J.+G.+Genomic+organiza6on+of+microRNAs.+J.+Cell.+Physiol[END_REF] The+transcrip6on+of+genes+coding+for+miRNAs+leads+to+the+forma6on+of+a+first+long+precursor,+the) pricmiRNA,+with+a+local+stem+loop+containing+the+mature+miRNA+sequence,+and+two+single+strand+ RNA+ in+ the+ 5'+ and+ 3 '+ end+ (Bartel* and* al.,* 2004) [START_REF] Han | .+ Molecular+ basis+ for+ the+ recogni6on+ of+ primary+ microRNAs+ by+ the+ DroshaKDGCR8+ complex[END_REF].+ The+ preKmiRNA+ will+ be+ translocated+ into+ the+ cytoplasm+ by+ an+ ac6ve+ mechanism+ involving+the+RanKGTP+/+Expor6n+5+(EXP5)+complex+ [START_REF] Lund | + U.+ Nuclear+ export+ of+ microRNA+ precursors[END_REF].+In+addi6on+to+allowing+its+ export+ EXP5+ provides+ protec6on+ of+ the+ preKmiRNA+ against+ nucleoly6c+ aqacks.+ Modula6ng+ the+ export+ of+ precursor+ EXP5+ is+ a+ key+ step+ in+ the+ regula6on+ of+ miRNA+ biogenesis+ [START_REF] Bohnsack | ,+ D.+ Expor6n+ 5+ is+ a+ RanGTPKdependent+ dsRNAKbinding+ protein+that+mediates+nuclear+export+of+preKmiRNAs[END_REF][START_REF] Zeng | + Structural+ requirements+ for+ preKmicroRNA+ binding+ and+ nuclear+ export+ by+ Expor6n+5[END_REF]).+

Cytoplasmic)step)process)

The+preKmiRNA+is+recognized+by+Dicer,+another+RNase+III.+It+will+allow+the+cleavage+of+the+precursor+ at+its+terminal+loop+and+thus+the+genera6on+of+an+RNA)duplex+of+about+twenty+nucleo6des* [START_REF] Lee | +Y.+et+al.+The+nuclear+RNase+III+Drosha+ini6ates+microRNA+processing[END_REF].+The+preKmiRNA+processing+complex+is+composed+of+Dicer,+TRBP+(TAR+RNAKBinding+ protein)+and+PACT.+TRBP+modulates+the+process+efficiency+of+the+preKmiRNA+by+Dicer+and+increase+ its+ stability.+ TRBP+ and+ PACT+ will+ serve+ as+ mediators+ for+ the+ associa6on+ of+ the+ DicerKRNA+ duplex+ complex+with+the+Argonaute+(Ago)+protein+family+ [START_REF] Chendrimada | + TRBP+ recruits+ the+ Dicer+ complex+ to+ Ago2+ for+ microRNA+ processing+ and+ gene+silencing[END_REF][START_REF] Lee | +Y.+et+al.+The+role+of+PACT+in+the+RNA+silencing+pathway.+EMBO+J[END_REF].+ Moreover+ these+ two+ proteins+ can+ prevent+ the+ ac6va6on+ of+ PKR+ (Interferon+ induced+ dsKRNA+ ac6vated+protein+kinase+receptor)+by+the+presence+of+the+cytoplasmic+preKmiRNA+ [START_REF] Perron | +P.+&+Provost,+P.+Protein+interac6ons+and+complexes+in+human+microRNA+biogenesis+and+ func6on.+Front.+Biosci[END_REF][START_REF] Lee | +Y.+et+al.+The+role+of+PACT+in+the+RNA+silencing+pathway.+EMBO+J[END_REF]*Rossi*and*al.,*2005a).+Aner+Dicer+cleavage,+the+RNA+duplex+is+dissociated,+ keeping+only+the+mature+strand+called+the+"guide"+strand+who+will+associate+with+one+of+the+four+ Ago+proteins+ [START_REF] Salzman | + H.+ P68+ RNA+ helicase+ unwinds+ the+ human+ letK7+ microRNA+precursor+duplex+and+is+required+for+letK7Kdirected+silencing+of+gene+expression[END_REF][START_REF] Robb | +G.+B.+et+al.+RNA+helicase+A+interacts+with+RISC+in+human+cells+and+func6ons+in+RISC+loading.+[END_REF].+Dissocia6on+of+the+RNA+duplex+could+be+ done+ by+ Dicer+ and/or+ Ago,+ but+ others+ proposed+ the+ hypothesis+ of+ a+ combina6on+ of+ helicase+ proteins+(yet+to+be+characterized)+to+the+processing+complex.+A+model+has+been+proposed+based+ + on+work+performed+in+Drosophila,+where+the+choice+is+not+random+but+is+dependent+on+the+less+ thermodynamically+stable+5'+extremity+of+the+two+strands+ [START_REF] Khvorova | +A.+et+al.+Func6onal+siRNAs+and+miRNAs+exhibit+strand+bias.+Cell+115[END_REF].+However,+some+ studies+also+showed+that+the+strand+selec6on+can+depend+on+the+cellular+or+6ssue+context* [START_REF] Schwarz | +S.+et+al.+Asymmetry+in+the+assembly+of+the+RNAi+enzyme+complex.+Cell+115[END_REF].+ There+ are+ 4+ Ago+ proteins+ described+ in+ mammals+ (Ago1K4)+ [START_REF] Höck | +&+Meister,+G.+The+Argonaute+protein+family.+Genome+Biol.+9[END_REF] [START_REF] Huntzinger | + Gene+ silencing+ by+ microRNAs:+ contribu6ons+ of+ transla6onal+ repression+and+mRNA+decay[END_REF].+ It+ is+ now+ known+that+the+two+mechanisms,+inhibi6on+of+transla6on+ini6a6on,+and+mRNA+decay,+are+coupled+ with+ the+ former+ happening+ first,+ followed+ by+ the+ later) [START_REF] Bazzini | + Ribosome+ profiling+ shows+ that+ miRK430+ reduces+ transla6on+before+causing+mRNA+decay+in+zebrafish[END_REF][START_REF] ++ Eichhorn | +S.+W.+et+al.+mRNA+destabiliza6on+is+the+dominant+effect+of+mammalian+microRNAs+by+the+ 6me+substan6al+repression+ensues[END_REF].

Implica-on*of*miRNA*in*cancerogenesis*

The+ regula6on+ of+ miRNAs+ has+ been+ heavily+ studied+ in+ recent+ years+ for+ their+ involvement+ in+ carcinogenesis.+Indeed+in+view+of+the+number+of+their+target+mRNAs,+miRNAs+are+involved+in+the+ majority+of+biological+processes+including+differen6a6on,+prolifera6on+and+apoptosis.+However,+it+is+ difficult+ to+ determine+ whether+ miRNAs+ can+ cause+ and+ promote+ the+ development+ of+ cancer+ or+ if+ they+ are+ just+ a+ consequence+ of+ the+ perturba6ons+ associated+ with+ it* [START_REF] Krek | +et+al.+Combinatorial+microRNA+target+predic6ons.+Nat.+Genet[END_REF].+ An+ altera6on+of+the+transcrip6onal+machinery+of+miRNAs+is+generally+observed+in+cancers,+resul6ng+in+ an+overall+reduc6on+of+their+expression+correlated+with+poor+prognosis+ [START_REF] Hayes | +et+al.+MicroRNAs+in+cancer:+biomarkers,+func6ons+and+therapy.+Trends+Mol.+Med[END_REF].+

Biogenesis)Altera;on+

Biogenesis+ of+ miRNAs+ is+ a+ mechanism+ that+ is+ finely+ regulated,+ and+ its+ altera6on+ leads+ to+ the+ development+ of+ disease+ such+ as+ cancer+ and+ neurological+ disorder+ (DGRC8+ and+ DiGeorge+ Syndrome).+ The+ processing+ of+ Drosha+ is+ controlled+ by+ many+ RNAKbinding+ protein+ such+ as+ p68+ or+ Epigene;c)modifica;ons)and)miRNA)in)cancer)

As+ I+ have+ already+ men6oned,+ epigene6c+ modifica6ons+ such+ as+ DNA+ methyla6on+ and+ histone+ modifica6ons+ play+ a+ major+ role+ in+ cancer+ development.+ Recently,+ miRNAs+ have+ also+ been+ characterized+ as+ key+ actors+ in+ the+ epigenome+ regula6on+ [START_REF] Chuang | +C.+&+Jones,+P.+A.+Epigene6cs+and+microRNAs.+Pediatr.+Res.+61[END_REF].+ Indeed,+ their+ important+ roles+ in+ the+ developmental+ process+ (for+ example+ LetK7)+ and+ determining+ cell+ iden6ty+ make+ them+ key+ players+ in+ the+ development+ of+ epigene6c+ phenotypes* [START_REF] Saetrom | +Snøve,+O.+&+Rossi,+J.+J.+Epigene6cs+and+MicroRNAs[END_REF].+ Different+teams+have+shown+that+miRNAs+were+involved+in+the+regula6on+of+both++DNA+methyla6on+ and+histone+acetyla6on+levels+in+the+establishment+of+cancer.+Maison+et+al.+showed+that+an+RNase+ treatment+could+inhibit+the+colocalisa6on+of+the+H3K9+methyla6on+with+HP1+at+the+pericentromeric+ chroma6n* [START_REF]+C.+et+al.+HigherKorder+structure+in+pericentric+heterochroma6n+involves+a+dis6nct+paqern+ of+histone+modifica6on+and+an+RNA+component[END_REF].+Moreover,+Fukagawa+et+al.+described+a+poten6al+implica6on+of+ Dicer+ in+ the+ forma6on+ of+ the+ heterochroma6n,+ although+ this+ was+ done+ in+ an+ ar6ficial+ setng+ [START_REF] Fukagawa | +et+al.+Dicer+is+essen6al+for+forma6on+of+the+heterochroma6n+structure+in+vertebrate+ cells[END_REF].+Ago1+and+Ago2+may+also+be+involved+in+the+dimethyla6on+of+H3K9+and+ so+the+establishment+of+gene+silencing* [START_REF] Kim | .+ ArgonauteK1+ directs+ siRNAKmediated+ transcrip6onal+gene+silencing+in+human+cells[END_REF][START_REF] Janowski | +A.+et+al.+Involvement+of+AGO1+and+AGO2+in+mammalian+transcrip6onal+silencing.+Nat.+[END_REF].+Furthermore,+ many+ examples+ demonstrate+ that+ miRNA+ expression+ can+ be+ controlled+ by+ DNA+ methyla6on+ and+ histone+ modifica6ons,+ such+ as+ their+ deacetyla6on,+ but+ especially+ miRNAs+ have+ the+ ability+ to+ modulate+ both+ mechanisms+ [START_REF] Rusek | + MicroRNA+ modulators+ of+ epigene6c+ regula6on,+ the+ tumor+ microenvironment+ and+the+immune+system+in+lung+cancer[END_REF].+ miRK127+ is+ the+ first+ miRNA+ to+ have+ been+ described+ for+ its+ epigene6c+ regula6on+ in+ cancer+ by+ Saito+ [START_REF] Saito | + et+ al.+ Specific+ ac6va6on+ of+ microRNAK127+ with+ downregula6on+ of+ the+ protoKoncogene+ BCL6+by+chroma6nKmodifying+drugs+in+human+cancer+cells[END_REF].+ Since+ this+ first+ reported+example,+over+45%+of+miRNAs+have+been+shown+to+be+regulated+at+the+epigene6c+level.+In+ many+cancers,+such+as+breast+cancer,+expression+of+miRK127+is+greatly+reduced+in+comparison+with+ the+ healthy+ 6ssue.+ It+ is+ involved+ in+ the+ development+ of+ apoptosis+ by+ allowing+ the+ inhibi6on+ of+ BCL6,+ an+ an6Kapopto6c+ factor.+ Treatment+ of+ cancer+ cells+ by+ 5KAzaKCdR+ (a+ methyla6on+ inhibitor)+ combined+ with+ an+ HDACi+ allows+ to+ recover+ its+ expression+ [START_REF] Egger | + Epigene6cs+ in+ human+ disease+ and+ prospects+ for+ epigene6c+therapy[END_REF].+ This+ experience+ highlights+the+involvement+of+the+CpG+island+hypermethyla6on+on+miRNA+promoters+with+a+tumor+ suppressor+ ac6vity+ and+ so+ their+ transcrip6onal+ repression.+ Interes6ngly,+ in+ the+ case+ of+ intronic+ miRNAs,+ CpG+ island+ upstream+ of+ their+ sequence+ are+ frequently+ found,+ hypothe6cally+ corresponding+ to+ their+ own+ promoter,+ and+ thus+ subjected+ to+ be+ controlled+ by+ methyla6on.+ Interes6ngly,+ in+ the+ case+ of+ intronic+ miRNAs+ CpG+ island+ are+ frequently+ found+ upstream+ of+ their+ sequence,+hypothe6cally+corresponding+to+their+own+promoter+ [START_REF]+R.+et+al.+The+imprinted+an6sense+RNA+at+the+Igf2r+locus+overlaps+but+does+not+imprint+Mas1.+[END_REF][START_REF] Wutz | +A.+et+al.+Imprinted+expression+of+the+Igf2r+gene+depends+on+an+intronic+CpG+island[END_REF].+ Conversely,+ some+ miRNA+ with+ oncogenic+ ac6vity+ exhibit+ demethyla6on+ of+ their+ promoter.+ This+is+the+case+for+miRK196a,+which+surexpression+in+lung+cancer+correlates+with+advanced+clinical+ state+and+lymph+node+metastasis+development+ [START_REF] Rusek | + MicroRNA+ modulators+ of+ epigene6c+ regula6on,+ the+ tumor+ microenvironment+ and+the+immune+system+in+lung+cancer[END_REF].) Furthermore,+ histone+ modifica6ons+ including+ the+ HDACs+ also+ play+ a+ role+ in+ suppressing+ the+ expression+of+miRNAs* [START_REF] Swierczynski | .+ Histone+ deacetyla6on+ meets+ miRNA:+ epigene6cs+ and+ postKtranscrip6onal+ regula6on+in+cancer+and+chronic+diseases[END_REF].+For+example,+HDAC1+has+the+ability+to+inhibit+ transcrip6on+ of+ miRK34+ and+ miRK449a+ in+ prostate+ cancer+ [START_REF] Noonan | + et+ al.+ miRK449a+ targets+ HDACK1+ and+ induces+ growth+ arrest+ in+ prostate+ cancer[END_REF] IV. P53)FAMILY)

p53)family)members)and)gastric)cancer)

It+has+been+reported+that+proteins+of+the+p53+family+(p53,+p63,+p73)+are+involved+in+many+aspects+ of+cancer+development+in+the+diges6ve+system.+p53+is+mutated+in+60%+of+GC.+Expression+of+ΔNp73+ isoforms+correlates+with+poor+prognosis+for+pa6ents+with+GC+ [START_REF] Rivlin | +Brosh,+R.,+Oren,+M.+&+Roqer,+V[END_REF].+Moreover,+p53+ mutants+ interfere+ with+ the+ func6ons+ of+ TAp73+ isoforms+ in+ GC+ cells+ in+ response+ to+ cytotoxic+ therapies+ [START_REF] Rufini | +A.+et+al.+p73+in+Cancer[END_REF] Several+ years+ aner+ the+ discovery+ of+ p53,+ p63+ and+ p73+ have+ been+ described+ [START_REF] Yang | + et+ al.+ p63,+ a+ p53+ Homolog+ at+ 3q27-29,+ Encodes+ Mul6ple+ Products+ with+ Transac6va6ng,+ DeathKInducing,+and+DominantKNega6ve+Ac6vi6es.+Mol.+Cell+2[END_REF][START_REF] Kaghad | + Monoallelically+ Expressed+ Gene+ Related+ to+ p53+ at+ 1p36,+ a+ Region+ Frequently+ Deleted+in+Neuroblastoma+and+Other+Human+Cancers[END_REF].+They+show+a+high+sequence+similarity+to+p53+but+their+func6on+seems+to+be+ more+ important+ in+ the+ developmental+ process.+ Indeed+ the+ genera6on+ of+ knockout+ mice+ for+ p63+ and+p73+have+been+achieved,+and+in+contrast+to+p53,+they+do+not+appear+to+develop+spontaneous+ tumors.+ The+ p63Kdeficient+ mice+ are+ viable+ but+ because+ of+ the+ major+ development+ defects,+ observed,+ they+ die+ shortly+ aner+ birth.+ They+ present+ a+ total+ loss+ of+ stra6fied+ epithelium+ and+ glandular+ structures+ (thymus,+ prostate…)+ [START_REF] Mills | +A.+et+al.+p63+is+a+p53+homologue+required+for+limb+and+epidermal+morphogenesis[END_REF][START_REF] Rouleau | .+ First+ large+ rearrangement+ in+ the+ MUTYH+ gene+ and+ aqenuated+ familial+ adenomatous+polyposis+syndrome[END_REF].+ These+ * and* al.,* 1999;[START_REF] Coutandin | + et+ al.+ Conforma6onal+ stability+ and+ ac6vity+ of+ p73+ require+ a+ second+ helix+ in+ the+ tetrameriza6on+domain[END_REF].+However,+p53+mutants+can+oligomerise+with+all+the+family+members,+as+well+as+ΔNp63+and+

ΔNp73,+leading+to+the+inhibi6on+of+p53,+TAp73+and+TAp63+ac6vity+ [START_REF] Gaiddon | +Lokshin,+M.,+Ahn,+J.,+Zhang,+T.+&+Prives,+C.+A+subset+of+tumorKderived+mutant+forms+of+ p53+downKregulate+p63+and+p73+through+a+direct+interac6on+with+the+p53+core+domain[END_REF].*

Transac;va;on)domain)(TAD))

Each+ family+ member+ has+ two+ different+ promoters:+ one+ upstream+ of+ the+ first+ exon+ (the+ distal+ promoter,+ P1)+ and+ one+ located+ within+ intron+ 3+ (the+ internal+ promoter,+ P2)+ for+ the+ genera6on+ of+ different+ isoforms.+ Thus,+ transcrip6on+ from+ P1+ generates+ p53,+ TAp63+ and+ TAp73,+ each+ with+ a+ transcrip6onal+ ac6vity.+ The+ loss+ of+ the+ TAD+ due+ to+ transcrip6on+ ini6ated+ in+ P2,+ leads+ to+ the+ forma6on+ of+ the+ isoforms+ called+ «+ ΔN+ »,+ ΔNp63+ and+ ΔNp73.+ The+ ΔN+ isoform,+ also+ called+ the+ dominant+nega6ve,+lacks+is+transcrip6onal+ac6vity+without+the+TAD.+They+can+s6ll+bind+to+DNA+but+ cannot+ interact+ with+ the+ transcrip6onal+ machinery.+ For+ this+ they+ act+ by+ compe66on+ with+ the+ transac6vated+isoforms+ [START_REF]+A.+et+al.+On+the+shoulders+of+giants:+p63,+p73+and+the+rise+of+p53[END_REF].+For+example,+ΔNp73+is+able+to+bind+on+the+p53+and+

TAp73+ target+ gene+ promoters+ to+ inhibit+ their+ transcrip6on+ [START_REF] Grob | + Human+ delta+ Np73+ regulates+ a+ dominant+ nega6ve+ feedback+ loop+ for+ TAp73+ and+ p53[END_REF].+ However,+ recent+ studies+suggest+that+the+ΔNp63+and+ΔNp73+isoforms+could+s6ll+have+a+transcrip6onal+ac6vity+by+the+ presence+of+small+nonKconven6onal+TAD+domain+in+the+NKterminal+extremity+ (Lin*and*al.,*2009) 

Func;ons)of)p53))

p53+ has+ been+ described+ to+ regulate+ several+ biological+ processes+ such+ as+ cell+ cycle+ progression,+ senescence,+DNA+metabolism,+angiogenesis,+cell+differen6a6on,+immune+response+and+apoptosis.+ However,+its+major+func6ons+are+involved+in+growth+arrest+and+apoptosis.+

p53*regula-on*

p53/MDM2)repressor)complex) p53+ is+ a+ sensor+ of+ DNA+ damage+ and+ genotoxic+ stress.+ Thus,+ under+ normal+ condi6ons,+ p53+ is+ expressed+ at+ low+ levels+ in+ the+ cell,+ through+ its+ interac6on+ with+ MDM2+ protein,+ an+ E3+ ubiqui6n+ ligase.+ The+ ubiqui6nyla6on+ of+ p53+ allows+ its+ proteasomal+ degrada6on* [START_REF] Toledo | +&+Wahl,+G.+M.+Regula6ng+the+p53+pathway:+in+vitro+hypotheses,+in+vivo+veritas.+Nat.+Rev.+ Cancer+6[END_REF].+ Knockout+ of+ MDM2+ causes+ embryonic+ lethality+ in+ mouse,+ due+ to+ the+ aberrant+ expression+ of+ p53+ [START_REF] Marabese | +M.+et+al.+p73:+A+chiaroscuro+gene+in+cancer.+Eur.+J.+Cancer+43[END_REF].+In+contrast,+p53+is+itself+able+to+regulate+the+expression+of+MDM2+as+part+ of+ a+ nega6ve+ feedback+ loop.+ In+ addi6on,+ MDM2+ is+ able+ to+ process+ to+ its+ autoKubiqui6nyla6on+ allowing+ the+ disrup6on+ of+ the+ p53KMDM2+ complex+ [START_REF] Honda | .+ Oncoprotein+ MDM2+ is+ a+ ubiqui6n+ ligase+ E3+ for+ tumor+ suppressor+p53[END_REF] [START_REF] Jakupec | Antitumour metal compounds: more than theme and variations[END_REF] proposed a model of the dual mechanism of p53 function in tumors. The result of p53 activation depends on multiple variables. In this model, the p53 response to low stress results in cell cycle arrest, growth inhibition, DNA repair, and so on. This response enables cells to restore the damage induced by the cellular stress. But when the cells receive high stress that cannot be restored, p53 acts as killer that can induce apoptosis or senescence, preventing proliferation of defective cells. If p53 mistakenly responds as a protector when cells receive a high stress that cannot be repaired, the cells keep the genetic damage, which can lead to or contribute to cancer progression (dotted line).

programs [START_REF] Jakupec | Antitumour metal compounds: more than theme and variations[END_REF]. Cellular senescence induced by p53 is important not only for cancer prevention but also for the anticancer effect induced by any wild-type p53 introduced in established tumors. Xue et al. constructed a mouse model of liver cancer with conditionally regulated endogeneous p53. Reactivation of endogeneous p53 in p53-deficient tumors results in complete tumor regressions. Interestingly, the primary response to p53 was not apoptosis, but the induction of a cellar senescence program. This program triggered an innate immune response that eliminated the tumor from the host [START_REF] Nagelkerke | The unfolded protein response as a target for cancer therapy[END_REF].

and Prives proposed a mod life and death can be determ the duration of stress [START_REF] Jakupec | Antitumour metal compounds: more than theme and variations[END_REF]. In which can be repaired elicits while a high level of stress an apoptotic or senescence p53, killer and protector, in may also act as tumor prom of p53 may lead to the su may increase the possibilit (Figure 1).

Applications of p53-B

most, if not all, human c concept of restoration of attractive. An animal model type p53 to result in efficie regression of lymphoma [40 2.3.1. Reactivating Mutant molecules that reactivate th p53. PhiKan083 is a carbazo screening of the crystal struc p53, PhiKan083 raises the m p53, which results in the r PRIMA-1 is another small m screening which restored s and the active conformatio a small molecule that can mutated p53 to a more nat a wild-type function [44].

p53 Stabilization. M which controls p53 degrada MDM2

[45], even tumors w geting MDM2 for p53 stabil many reports on targeting been published.

For example, the nutlins that act as antagonists o Analysis of the crystal struc transcrip6on+of+the+14K3K3Ơ+factor+that+prevents+the+proper+nuclear+localiza6on+of+the+cyclin+B1+/+ cdc2+complex+and+therefore+inhibits+its+ac6vity+ [START_REF] Chan | +Hermeking,+H.,+Lengauer,+C.,+Kinzler,+K.+W.+&+Vogelstein,+B.+14K3K3Sigma+is+required+to+ prevent+mito6c+catastrophe+aner+DNA+damage.+Nature+401[END_REF].+ Following+the+cell+cycle+arrest,+p53+can+induce+DNA+repair.+GADD45a+ac6vated+by+p53+is+involved+in+ this+ process+ through+ its+ interac6on+ with+ the+ histone,+ crea6ng+ a+ more+ accessible+ chroma6n+ conforma6on* [START_REF] Zhan | +et+al.+Associa6on+with+Cdc2+and+inhibi6on+of+Cdc2/Cyclin+B1+kinase+ac6vity+by+the+p53K regulated+protein+Gadd45[END_REF].+ For+ example,+ in+ response+ to+ cispla6n,+ p53+ has+ the+ ability+ to+ ac6vate+ the+ transcrip6on+ of+ XPE+ and+ XPC+ who+ will+ recognize+ DNA+ adducts+ and+ allow+ the+ DNA+ repair+ by+ the+ NER+ [START_REF] Shimizu | +Iwai,+S.,+Hanaoka,+F.+&+Sugasawa,+K.+Xeroderma+pigmentosum+group+C+protein+interacts+ physically+and+func6onally+with+thymine+DNA+glycosylase[END_REF][START_REF] Fitch | +Cross,+I.+V+&+Ford,+J.+M.+p53+responsive+nucleo6de+excision+repair+gene+products+p48+ and+ XPC,+ but+ not+ p53,+ localize+ to+ sites+ of+ UVKirradia6onKinduced+ DNA+ damage,+ in+[END_REF].+ In+ addi6on,+ in+ response+ to+ DNA+ damages,+p53+ac6vates+the+transcrip6on+of+MSH2,+a+protein+of+the+MMR+in+order+to+improve+its+ effect+and+to+reduce+the+microsatellite+instability.+ Ac6va6on+of+the+senescence,+the+permanent+arrest+of+cell+division,+may+also+promote+p53+through+ p15,+p16+and+p21.+p15+and+p16,+unlike+p21+bind+permanently+CDK4+and+CDK6,+thereby+preven6ng+ the+ recovery+ of+ the+ cell+ cycle.+ This+ mechanism+ is+ par6cularly+ advantageous+ in+ inhibi6ng+ tumor+ growth+ [START_REF] Serrano | + Oncogenic+ ras+ Provokes+ Premature+ Cell+ Senescence+ Associated+ with+ Accumula6on+of+p53+and+p16INK4a[END_REF] Caspase+8+cleavage,+which+itself+ac6vates+caspase+3+leading+to+the+apoptosis+ [START_REF] Thornberry | +A.+&+Lazebnik,+Y.+Caspases:+enemies+within.+Science+281[END_REF].+Caspase+8+also+has+the+ability+to+communicate+with+the+intrinsic+pathway+by+the+cleavage+ and+ac6va6on+of+Bid,+a+proKapopto6c+BclK2+family+member+who+par6cipates+in+the+release+of+the+ cytochrome+c+from+the+mitochondria+by+ac6va6on+of+Bax+ [START_REF] Tait | +W.+G.+&+Green,+D.+R.+Mitochondria+and+cell+death:+outer+membrane+permeabiliza6on+and+ beyond.+Nat.+Rev.+Mol.+Cell+Biol[END_REF].+p53+is+involved+in+this+ pathway+by+its+ability+to+ac6vate+Fas+and+DR5+receptors+and+the+Caspase+8+expression+ (Fukasawa* and*al.,*1999;[START_REF] Wu | .+ KILLER/DR5+ is+ a+ DNA+ damageKinducible+ p53Kregulated+ death+ receptor+ gene[END_REF][START_REF] Liedtke | +Manns,+M.+P.+&+Trautwein,+C.+The+human+caspaseK8+promoter+sustains+basal+ ac6vity+ through+ SP1+ and+ ETSKlike+ transcrip6on+ factors+ and+ can+ be+ upKregulated+ by+ a+ p53K dependent+mechanism[END_REF] 

The)intrinsic)pathway)of)apoptosis)

This+ pathway+ is+ connected+ to+ the+ ac6vity+ of+ the+ mitochondria.+ p53+ will+ allow+ the+ transcrip6onal+ ac6va6on+of+several+proKapopto6c+genes+leading+to+an+increase+in+the+expression+of+the+BH3Konly+ proteins,+Puma+and+Noxa+and+the+BclK2+family+proteins,+Bax+and+Bid+ [START_REF] Fridman | +S.+&+Lowe,+S.+W.+Control+of+apoptosis+by+p[END_REF].+PumaK deficient+ mice+ present+ a+ phenotype+ similar+ to+ that+ observed+ with+ p53+ K/K+ in+ the+ absence+ of+ the+ apoptosis+implementa6on* [START_REF] Suzuki | + Recent+ advances+ in+ p53+ research+ and+ cancer+ treatment[END_REF].+Bid+ac6vates+Bax,+while+Noxa+and+Puma+bind+the+ an6Kapopto6c) BclK2Kfamily+ proteins,+ BclK2+ and+ BclKxL,+ inhibi6ng+ their+ ac6vity.+ In+ addi6on,+ the+ Cytochrome+ c+ is+ released+ from+ the+ inner+ membrane+ of+ the+ mitochondria,+ and+ associates+ with+ APAF1+ and+ Caspase+ 9+ to+ form+ the+ apoptosome.+ This+ complex+ will+ then+ ac6vate+ the+ Caspase+ 3+ among+ others,+ which+ allows+ the+ DNA+ condensa6on+ and+ fragmenta6on,+ the+ proteolysis,+ the+ compac6on+ of+ the+ cell+ membrane+ and+ budding.+ The+ cell+ membrane+ disrupts+ the+ cellular+ components+ to+ encapsulate+ them+ before+ being+ cleared+ by+ macrophages+ [START_REF] Elmore | +Apoptosis:+a+review+of+programmed+cell+death.+Toxicol.+Pathol[END_REF][START_REF] Hail | + Apoptosis+ effector+ mechanisms:+ a+ requiem+ performed+in+different+keys[END_REF].*

p73)in)tumorigenesis)

Originally,+p73+has+been+described+for+its+role+in+neuronal+development+aner+the+genera6on+of+p73+ knockout+ mice+ [START_REF] Mills | +A.+et+al.+p63+is+a+p53+homologue+required+for+limb+and+epidermal+morphogenesis[END_REF]* Yand* and* al.,* 2000).+ These+ models+ do+ not+ seem+ likely+ to+ develop+spontaneous+tumors+such+as+p53+K/K+mice.+Indeed,+the+knockout+mice+were+deficient+for+all+ the+ p73+ isoforms,+ TAp73+ and+ ΔNp73.+ Flores+ and+ colleagues+ first+ showed+ that+ the+ genera6on+ of+ mice+ heterozygous+ for+ p73+ developed+ cancers+ such+ as+ lung,+ squamous+ cell+ cancer+ and+ thymic+ lymphoma+ [START_REF] Flores | + Tumor+ predisposi6on+ in+ mice+ mutant+ for+ p63+ and+ p73:+ evidence+ for+ broader+ tumor+suppressor+func6ons+for+the+p53+family[END_REF].+Thereaner,+Tomasini+and+al.+and+Wilhelm+and+al.+generated+mice+ selec6vely+ inac6vated+ for+ TAp73+ and+ ΔNp73+ respec6vely.+ TAp73+ deficient+ mice+ develop+ spontaneous+ tumors,+ as+ observed+ with+ p53.+ Conversely,+ ΔNp73+ deficient+ mice+ do+ not+ have+ this+ characteris6c.+Embryonic+fibroblasts+derived+from+those+mice+exhibit+an+up+regula6on+of+the+p53+ family+ target+ genes,+ CDKN1A+ (p21),+ PUMA,* MDM2,+ sugges6ng+ that+ in+ normal+ cells,+ ΔNp73+ represses+transcrip6on+of+these+genes.+These+experiments+highlight+the+tumor+suppressor+ac6vity+ of+the+TAp73+isoform+and+the+oncogenic+ac6vity+of+ΔNp73. [START_REF] Tomasini | +et+al.+TAp73+knockout+shows+genomic+instability+with+infer6lity+and+tumor+suppressor+ func6ons.+Genes+Dev[END_REF][START_REF] Wilhelm | +T.+et+al.+IsoformKspecific+p73+knockout+mice+reveal+a+novel+role+for+delta+Np73+in+the+ DNA+damage+response+pathway[END_REF].+ Surprisingly,+ p73+ is+ rarely+ mutated+ in+ human+ cancers+ (less+ than+ 0.5%),+ in+ contrast+ to+ p53.+ Conversely,+ many+ cancers,+ such+ as+ neuroblastoma,+ stomach,+ breast+ and+ colon+ cancer,+ exhibit+ an+ aberrant+ p73+ expression+ [START_REF] Moll | + A.+ p53,+ p63+ and+ p73+ -+ solos,+ alliances+ and+ feuds+ among+ family+ members[END_REF].+ However,+ we+ should+ be+ careful+ with+ these+ results+ because+ many+ of+ them+ do+ not+ take+ into+ account+ the+ ra6o+ of+ TAp73/ΔNp73+ expression,+ consequence+of+a+lack+in+the+technical+detec6on.+Casciano+et+al.+showed+that+ΔNp73+expression+in+ neuroblastoma+correlated+with+decreased+survival+and+poor+outcome+for+the+pa6ent+regardless+of+ age,+primary+tumor+site,+and+localisa6on+ [START_REF] Casciano | + et+ al.+ Expression+ of+ DeltaNp73+ is+ a+ molecular+ marker+ for+ adverse+ outcome+ in+ neuroblastoma+pa6ents[END_REF].+Like+p53,+p73+is+expressed+at+low+ levels+ in+ cells+ in+ normal+ condi6ons+ and+ ac6vated+ in+ response+ to+ DNA+ damages.+ Its+ ac6va6on+ is+ modulated+by+some+transcrip6onal+and+postKtransla6onal+modifica6ons+enabling+it+to+have+a+role+ in+various+biological+processes+similar+to+p53.+ [START_REF] Irwin | .+ Role+ for+ the+ p53+ homologue+ p73+ in+ E2FK1Kinduced+ apoptosis[END_REF].+Moreover,+p53+itself+can+ac6vate+the+expression+of+p73+ (Chen*and*al.,*2001).+Conversely,+the+transcrip6on+of+the+p73+gene+may+be+also+inhibited+by+certain+ factors+ such+ as+ ZEB1+ and+ ΔNp73.+ Regula6on+ by+ ZEB1+ is+ linked+ to+ the+ status+ of+ BRCA1+ in+ breast+ cancer.+ Indeed+ BRCA1+ nega6ve+ cells+ have+ a+ p73Kdependent+ apoptosis+ in+ response+ to+ cispla6n,+ whereas+it+is+negligible+when+BRCA1+is+present.+Indeed,+ZEB1+is+repressed+when+BRCA1+is+absent+ because+of+its+methylated+promoter* [START_REF] Fontemaggi | +G.+et+al.+The+transcrip6onal+repressor+ZEB+regulates+p73+expression+at+the+crossroad+ between+prolifera6on+and+differen6a6on.+Mol.+Cell.+Biol[END_REF].+ΔNp73+can+also+ac6vate+p53+and+ TAp73+highligh6ng+the+presence+of+a+nega6ve+feedback+loop* [START_REF] Grob | + Human+ delta+ Np73+ regulates+ a+ dominant+ nega6ve+ feedback+ loop+ for+ TAp73+ and+ p53[END_REF].+ Postctransla;onal)regula;on) p73+ is+ regulated+ by+ some+ postKtransla6onal+ modifica6ons+ (ubiqui6na6on,+ sumoyla6on,+ acetyla6on)+leading+to+the+degrada6on+or+stabilisa6on+of+TAp73+and+ΔNp73+isoforms.+ MDM2+also+has+the+ability+to+interact+with+p73.+However,+the+forma6on+of+this+complex+does+not+ induce+the+degrada6on+of+p73,+but+rather+an+increase+in+its+stability+in+contrast+to+what+is+observed+ with+ + p53* [START_REF] Leng | ++ Lerner,+A.+G.+et+al.+IRE1α+Induces+ ThioredoxinKInterac6ng+ Protein+ to+ A c 6 t e+ L R P 3+ I n fl a m m a s o m e+ a n d+ P ro m o te+ Programmed+Cell+Death+under+Irremediable+ER+Stress[END_REF].+ Similarly,+ SUMO1,+ an+ ubiqui6nKlike+ protein,+ will+ modulate+ the+ interac6on+of+p73+with+other+factors+such+as+cKAbl+and+increase+its+stability+ [START_REF] Minty | +X.,+Kaghad,+M.+&+Caput,+D.+Covalent+modifica6on+of+p73alpha+by+SUMOK1[END_REF].+ Conversely,+ITCH,+a+Hect+ubiqui6n+ligase,+and+NQO1+(ubiqui6nKindependent/20S+proteasome),+will+ induce+ the+ p73+ proteasomal+ degrada6on+ in+ absence+ of+ stress+ in+ the+ cell+ [START_REF] Rossi | + et+ al.+ The+ ubiqui6nKprotein+ ligase+ Itch+ regulates+ p73+ stability[END_REF].+ Finally,+ UFD2a+ (UKbox+ type+ E4/E4+ ubiqui6n+ ligase)+ binds+ p73α+ at+ its+ SAM+ domain.+ In+ response+ to+ cispla6n,+ the+ expression+ of+ UFD2a+ is+ reduced+ in+ neuroblastoma+ cells,+ thereby+ inducing+ the+ ac6va6on+of+p73+and+the+apoptosis* [START_REF] Hosoda | + UFD2a+ mediates+ the+ proteasomal+ turnover+ of+ p73+ without+ promo6ng+ p73+ ubiqui6na6on[END_REF].+ The+ expression+ of+ p73+ may+ be+ modulated+ without+ affec6ng+ its+ protein+ level.+ For+ example,+ PIAS1+ allows+TAp73+sumoyla6on,+which+causes+a+decrease+in+its+transcrip6onal+ac6vity+at+the+G1+phase+of+ the+cell+cycle+ [START_REF] Munarriz | .+ PIASK1+ is+ a+ checkpoint+ regulator+ which+ affects+ exit+ from+ G1+ and+ G2+ by+ sumoyla6on+of+p73[END_REF].+The+acetyla6on+of+p73+by+the+p300/PCAF+complex+increases+ its+ac6vity,+unlike+the+ac6on+of+SIRT1+(a+histone+deacetylase),+which+inhibits+its+ac6vity+ (Dai*and*al.,* 2007).+ In+ response+ to+ genotoxic+ stress,+ phosphoryla6on+ of+ p73+ by+ cKAbl,+ a+ tyrosine+ kinase,+ p38+ /+ MAPK,+ and+ Chk1+ increases+ its+ stability+ and+ ac6vity* [START_REF] Urist | +Tanaka,+T.,+Poyurovsky,+M.+V+&+Prives,+C.+p73+induc6[END_REF].+ The+ p73Kdependent+ apoptosis+cannot+be+induced+if+the+cells+are+deficient+for+cKAbl.+Conversely,+its+phosphoryla6on+by+ the+cyclin+/+CDK+complex+inhibits+its+ac6vity+thereby+permitng+cell+cycle+progression+ [START_REF] Rufini | +A.+et+al.+p73+in+Cancer[END_REF].+

Promoter)binding)affinity)regula;ons)

The+ combina6on+ of+ postKtransla6onal+ modifica6ons+ allow+ p73+ ac6va6on+ in+ response+ to+ DNA+ damage,+ but+ also+ its+ interac6on+ with+ certain+ proteins+ that+ have+ the+ ability+ to+ change+ its+ binding+ affinity+ to+ the+ promoter+ of+ its+ target+ genes.+ For+ example,+ ASPP1+ and+ ASPP2+ interact+ with+ p73+ to+ promote+ the+ transcrip6onal+ ac6va6on+ of+ proKapopto6c+ genes+ [START_REF] Robinson | +A.+et+al.+Biochemical+and+structural+studies+of+ASPP+proteins+reveal+differen6al+binding+ to+p53,+p63,+and+p[END_REF][START_REF] Patel | .+ Molecular+ interac6ons+ of+ ASPP1+ and+ ASPP2+ with+ the+ p53+ protein+ family+ and+ the+ apopto6c+promoters+PUMA+and+Bax[END_REF] [START_REF] Tomasini | +et+al.+TAp73+knockout+shows+genomic+instability+with+infer6lity+and+tumor+suppressor+ func6ons.+Genes+Dev[END_REF][START_REF] Tomasini | +R.+et+al.+TAp73+regulates+the+spindle+assembly+checkpoint+by+modula6ng+BubR1+ac6vity.+[END_REF]*Vernole*and*al.,*2009) [START_REF] Hanahan | +D.+et+al.+Hallmarks+of+cancer:+the+next+genera6on[END_REF][START_REF] Beitzinger | +C.,+BeinoraviciuteKKellner,+R.+&+S6ewe,+T.+Regula6on+of+telomerase+ac6vity+ by+the+p53+family+member+p73[END_REF].+ Conversely,+ ΔNp73+ allows+ hTERT+ induc6on+ by+ disrup6ng+ the+ forma6on+ of+ the+ E2F/Rb+ complex+ (Racek* and* al.,* 2005) 

Apoptosis*

The+genera6on+of+heterozygous+model+for+p73+and+p53+shows+a+more+aggressive+tumor+phenotype+ that+ be+ one+ observed+ with+ mice+ heterozygous+ for+ p53+ alone* [START_REF] Irwin | +S.+et+al.+Chemosensi6vity+linked+to+p73+func6on[END_REF][START_REF] Flores | + Tumor+ predisposi6on+ in+ mice+ mutant+ for+ p63+ and+ p73:+ evidence+ for+ broader+ tumor+suppressor+func6ons+for+the+p53+family[END_REF].+These+observa6ons+tend+to+assume+that+p53+requires+the+p73+ac6vity+to+induce+apoptosis,+ unlike+p73+who+has+the+ability+to+play+its+role+of+tumor+suppressor+in+absence+of+p53.+These+results+ are+supported+by+the+switch+for+the+p73+expression+and+the+ini6a6on+of+apoptosis+observed+in+a+ model+of+AML+and+breast+cancer+in+a+prolonged+lack+of+p53+ [START_REF] Chakraborty | .+ Gain+ of+ cellular+ adapta6on+ due+ to+ prolonged+ p53+ impairment+ leads+ to+ func6onal+switchover+from+p53+to+p73+during+DNA+damage+in+acute+myeloid+leukemia+cells[END_REF].+ Apoptosis+induced+by+p73+requires+the+presence+of+MLH1,+a+MMR+protein,+and+cKAbl+in+response+to+ cispla6n.+ This+ has+ been+ demonstrated+ in+ colon+ cancer+ cells+ and+ in+ mouse+ embryonic+ fibroblasts+ (MEF)+deficient+for+the+two+factors.+In+response+to+ionizing+radia6on+and+DNA+damaging+agents,+cK Abl+will+be+ac6vated+by+the+MMR+and+interact+with+p73+and+p300+ [START_REF] Gong | +G.+et+al.+The+tyrosine+kinase+cKAbl+regulates+p73+in+apopto6c+response+to+cispla6nKinduced+ DNA+damage[END_REF][START_REF] Yuan | .+ p73+ is+ regulated+ by+ tyrosine+ kinase+ cKAbl+ in+ the+ apopto6c+ response+ to+ DNA+ damage[END_REF][START_REF] Agami | + Interac6on+ of+ cKAbl+ and+ p73alpha+ and+ their+ collabora6on+to+induce+apoptosis[END_REF].+The+forma6on+of+this+complex+is+promoted+by+the+ac6vity+of+YAP1+ (Yes+Associated+Protein)+and+Pin1+(prolyl+Isomerase)+and+its+interac6on+with+PMS2+(MMR+protein)+ [START_REF] Lapi | +et+al.+PML,+YAP,+and+p73+are+components+of+a+proapopto6c+autoregulatory+feedback+loop.+[END_REF][START_REF] Urist | +M.+et+al.+The+linchpin?+Pin1+meets+p73[END_REF][START_REF] Mantovani | +F.+et+al.+Pin1+Links+the+Ac6vi6es+of+cKAbl+and+p300+in+Regula6ng+p73+Func6on[END_REF].+ cKAbl+ will+ allow+ the+ phosphoryla6on+ and+ the+ accumula6on+ of+ p73.+ Nozell+ et+ al.+ showed+ that+ cKAbl+ was+ necessary+ for+ the+acetyla6on+of+p73+by+the+p300+/+PCAF+complex* [START_REF] Nozell | + Characteriza6on+ of+ p73+ func6onal+ domains+ necessary+ for+ transac6va6on+ and+ growth+suppression[END_REF].+The+acetyla6on+of+target+ genes+involved+in+cell+cycle+arrest+(p21,+p57)+mediated+by+p300+is+not+required+in+contrast+to+the+ proKapopto6c+ genes+ (BAX)+ [START_REF] Costanzo | +et+al.+DNA+damageKdependent+acetyla6on+of+p73+dictates+the+selec6ve+ac6va6on+of+ apopto6c+target+genes.+Mol.+Cell+9[END_REF][START_REF] Zeng | +Lee,+H.,+Zhang,+Q.+&+Lu,+H.+p300+does+not+require+its+acetylase+ac6vity+to+s6mulate+p73+ func6on[END_REF].+ This+ is+ followed+ by+ the+ induc6on+of+the+intrinsic+apopto6c+pathway+through+the+ac6va6on+of+Bax+and+Puma.+Moreover,+as+ p53,+p73+is+able+to+regulate+the+ac6vity+of+the+death+receptors+involved+in+the+extrinsic+apopto6c+ pathway.+ Conversely,+ ΔNp73+ promotes+ cell+ survival,+ but+ also+ modulates+ the+ chemosensi6vity+ of+ the+ cell.+ Müller+ and+ al+ describe+ that+ the+ an6Kapopto6c+ effect+ of+ ΔNp73+ takes+ effect+ at+ different+ stages+ of+ apoptosis,+ from+ the+ death+ receptor+ to+ the+ mitochondria.+ It+ is+ important+ to+ define+ the+ ra6o+ of+ + TAp73/ΔNp73+to+predict+the+clinical+response+following+chemotherapy+ [START_REF] Müller | +et+al.+TAp73/Delta+Np73+influences+apopto6c+response,+chemosensi6vity+and+prognosis+ in+hepatocellular+carcinoma[END_REF].+

p53)family)members)and)HDAC)

As+I+already+described,+p53+stability+and+ac6vity+are+dependent+on+postKtransla6onal+modifica6ons+ such+ as+ acetyla6on.+ p53+ was+ the+ first+ nonKhistone+ substrate+ described+ to+ be+ target+ by+ the+ HDAC+ [START_REF] Gu | +et+al.+Ac6va6on+of+p53+SequenceKSpecific+DNA+Binding+by+Acetyla6on+of+the+p53+CKTerminal+ Domain[END_REF] [START_REF] Jansson | +D.+&+Lund,+A.+H.+MicroRNA+and+cancer.+Mol.+Oncol[END_REF][START_REF] Rokavec | + H.+ The+ p53/microRNA+ connec6on+ in+ gastrointes6nal+ cancer[END_REF].+ Many+ miRNA+are+under+direct+or+indirect+control+of+p53.+ Analysis+ of+ the+ miRNA+ expression+ profile+ in+ response+ to+ p53+ ac6va6on+ through+ genotoxic+ stress+ allowed+to+highlight+the+family+members+miRK34+(a,+b+and+c)+as+the+most+highly+regulated+by+p53+ [START_REF] Chang | + et+ al.+ Transac6va6on+ of+ miRK34a+ by+ p53+ broadly+ influences+ gene+ expression+ and+ promotes+apoptosis[END_REF][START_REF] He | +L.+et+al.+A+microRNA+component+of+the+p53+tumour+suppressor+network.+Nature+447[END_REF][START_REF] Tarasov | + Differen6al+ regula6on+ of+ microRNAs+ by+ p53+ revealed+ by+ massively+ parallel+ sequencing:+miRK34a+is+a+p53+target+that+induces+apoptosis+and+G1Karrest[END_REF].+Transcrip6on+of+their+priKmiRNA+is+ under+ the+ control+ of+ p53.+ The+ members+ of+ the+ miRK34+ family+ have+ the+ ability+ to+ target+ mRNAs+ expression+ involved+ in+ cell+ cycle+ regula6on+ (CDK4/6,+ cdc25C)+ but+ also+ oncogenes+ (Myc,+ Bcl2)+ [START_REF] Hermeking | + MicroRNAs+ in+ the+ p53+ network:+ micromanagement+ of+ tumour+ suppression[END_REF].+In+view+of+the+signaling+pathways+regulated+by+these+miRNAs,+we+can+conclude+ that+ miRK34+ is+ an+ important+ relay+ in+ the+ establishment+ of+ the+ nega6ve+ tumor+ growth+ regula6on+ (RaverUShapira* and* al.,* 2007;* Tarawa* and* al.,* 2007).Other+ miRNAs+ have+ been+ described+ to+ be+ regulated+ by+ p53.+ For+ example,+ miRK107,+ miRK200+ and+ miRK192+ inhibit+ angiogenesis+ and+ EMT+ [START_REF] Chang | +et+al.+p53+regulates+epithelialKmesenchymal+transi6on+and+stem+cell+proper6es+through+ modula6ng+miRNAs[END_REF]*Yamaguchi*and*al.,*2010).++ Furthermore,+ p53+ is+ able+ to+ ac6vate+ transcrip6on+ of+ certain+ miRNAs+ known+ to+ target+ the+ expression+of+its+repressor+MDM2+(miRK194,+miRK215)+ [START_REF] Pichiorri | +F.+et+al.+Downregula6on+of+p53Kinducible+microRNAs+192,+194,+and+215+impairs+the+p53/ MDM2+ autoregulatory+ loop+ in+ mul6ple+ myeloma+ development[END_REF]*Xiao*and*al.,*2011).+ p53+can+also+suppress+directly+the+ac6vity+of+some+oncomiR+(miRK224,+miRK502,+miRK17K92+cluster) [START_REF] Suzuki | +I.+et+al.+Modula6on+of+microRNA+processing+by+p53[END_REF].+Furthermore,+a+fine+feedback+loop+between+p53+ and+Dicer+is+described+by+Boominathan.+p53+has+the+ability+to+modulate+Dicer+expression+through+ the+ac6va6on+of+certain+miRNAs+(miRK15/16a,+miRK206,+miRK103),+thus+promo6ng+the+matura6on+ of+ miRNA+ involved+ in+ the+ inhibi6on+ of+ growth+ and+ induc6on+ of+ apoptosis+ [START_REF] Luo | [END_REF].+ However,+ the+ knockout+ of+ Dicer+ leads+ to+ the+ ac6va6on+ of+ p53+ to+ induce+ an+ arrest+ of+ prolifera6on+ and+ the+ development+ of+ senescence.+ p53+ has+ a+ role+ of+ checkpoint+ to+ monitor+ the+ miRNA+process+ [START_REF] Mudhasani | .+ Loss+ of+ miRNA+ biogenesis+ induces+ p19ArfKp53+ signaling+ and+ senescence+ in+ primary+cells[END_REF].+Finally,+Dicer+is+known+to+be+regulated+by+p63,+which+ may+itself+be+altered+by+its+oligomeriza6on+with+the+mutant+p53+ [START_REF] Su | + et+ al.+ TAp63+ suppresses+ metastasis+ through+ coordinate+ regula6on+ of+ Dicer+ and+ miRNAs[END_REF] (Rossi* and*al.,*2009;[START_REF] Sampath | + et+ al.+ Specific+ ac6va6on+ of+ microRNA106b+ enables+ the+ p73+ apopto6c+ response+ in+ chronic+ lymphocy6c+ leukemia+ by+ targe6ng+ the+ ubiqui6n+ ligase+ Itch+ for+ degrada6on[END_REF]*Rivet*di*Val*Cerno*and*al.,*2009).+Thereaner,+TAp73+and+p21+ have+been+described+in+the+transcrip6onal+ac6va6on+of+miRK200c+for+its+inhibi6on+of+ZEB1.+ZEB1+is+ involved+ in+ the+ EMT+ and+ the+ metasta6c+ development,+ but+ above+ all+ it+ is+ able+ to+ inhibit+ TAp73+ expression* [START_REF] Shimono | +et+al.+Downregula6on+of+miRNAK200c+links+breast+cancer+stem+cells+with+normal+stem+ cells[END_REF][START_REF] Burk | +et+al.+A+reciprocal+repression+between+ZEB1+and+members+of+the+miRK200+family+promotes+ EMT+and+invasion+in+cancer+cells[END_REF].+ These metals present interesting properties that provide advantages for designing cytotoxic compounds such as: enabling, otherwise inaccessible to carbon-based chemistry, an octahedral geometry, a wide variety of redox potentials, accessibility of numerous oxidation states (I to IV) and interesting ligand exchange rate allowing covalent interactions with biological macromolecules (1,[START_REF] Jakupec | Antitumour metal compounds: more than theme and variations[END_REF]. In addition, ruthenium is hypothesized to be less toxic than platinum as it might be eliminated by iron metabolism mechanisms. A multitude of ligands have been used to produce different ruthenium complexes in the redox state (II) or (III). Most of the compounds were generated through complexion with a nitrogen atom within the ligand. Alternatively, organo-ruthenium compounds were generated via a covalent bond with a carbon (C) of the ligands. In vitro and in vivo biological studies established that several of these ruthenium-based compounds show high cytotoxicity towards a wide range of cancer cells and reduced side effects (1)[START_REF] Jakupec | Antitumour metal compounds: more than theme and variations[END_REF][START_REF] Markman | Toxicities of the platinum antineoplastic agents[END_REF][START_REF] Kelland | The resurgence of platinum-based cancer chemotherapy[END_REF][START_REF] Allardyce | Ruthenium in medicine: current clinical uses and future prospects[END_REF](6)[START_REF] Giraldi | Antitumor action of two rhodium and ruthenium complexes in comparison with cisdiamminedichloroplatinum(II)[END_REF][START_REF] Keppler | Synthesis and antitumor activity of t r i a z o l i u m -b i s ( t r i a z o l e ) -t e t r a c h l o r o r u t h e n a t e ( I I I ) a ntriazolepentachlororuthenate (III). Two representatives of a new class of inorganic antitumor agents[END_REF][START_REF] Sava | Antitumour properties of dimethylsulphoxide ruthenium (II) complexes in the Lewis lung carcinoma system[END_REF][START_REF] Fruhauf | New platinum, titanium, and ruthenium complexes with different patterns of DNA damage in rat ovarian tumor cells[END_REF][START_REF] Morris | Inhibition of cancer cell growth by ruthenium(II) arene complexes[END_REF][START_REF] Scolaro | In vitro and in vivo evaluation of ruthenium(II)-arene PTA complexes[END_REF]. Gratifyingly, ruthenium-based complexes are not affected by platinum-induced resistance mechanisms. Based on these characteristics, two ruthenium-based complexes, NAMI-A and KP1019, have been tested in phase I and II clinical trials [START_REF] Hartinger | From bench to bedside--preclinical and early clinical development of the anticancer agent indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(III)] (KP1019 or FFC14A)[END_REF][START_REF] Rademaker-Lakhai | A Phase I and pharmacological study with imidazolium-trans-DMSOimidazole-tetrachlororuthenate, a novel ruthenium anticancer agent[END_REF]. However, the lack of success of ruthenium compounds in late stage clinical trials may reside in part in the relative lack of understanding of their exact mode of action and the important chemical determinants involved.

V. OBJECTIVES)

In this respect, the mechanism of action of ruthenium-based complexes remains a matter of debate. Several modes of action have been proposed, which include interaction with DNA and activation of DNA damage pathways [START_REF] Mei | Tris(tetramethylphenanthroline)ruthenium(II): a chiral probe that cleaves A-DNA conformations[END_REF][START_REF] Brabec | DNA modifications by antitumor platinum and ruthenium compounds: their recognition and repair[END_REF][START_REF] Zeglis | Metallo-intercalators and metalloinsertors[END_REF][START_REF] Gaiddon | Ruthenium (II)-derived organometallic compounds induce cytostatic and cytotoxic effects on mammalian cancer cell lines through p53-dependent and p53-independent mechanisms[END_REF][START_REF] Hayward | Investigation of the role of Bax, p21/Waf1 and p53 as determinants of cellular responses in HCT116 colorectal cancer cells exposed to the novel cytotoxic ruthenium(II) organometallic agent, RM175[END_REF], inhibition of kinases [START_REF] Smalley | An organometallic protein kinase inhibitor pharmacologically activates p53 and induces apoptosis in human melanoma cells[END_REF] or other enzymatic activities [START_REF] Ang | Organometallic Ruthenium Inhibitors of Glutathione-S-Transferase P1-1 as Anticancer Drugs[END_REF][START_REF] Dougan | Catalytic organometallic anticancer complexes[END_REF], including extracellular metallo-proteases [START_REF] Gava | Inhibition of B16 melanoma metastases with the ruthenium complex imidazolium transimidazoledimethylsulfoxide-tetrachlororuthenate and down-regulation of tumor cell invasion[END_REF]. This variability may be due to differences in the structure of the ruthenium complexes, which reside in the variation of the nature of the ligands but also the type of bond linking the ligand to the ruthenium atom. In addition, no global approaches have been described so far that would give a more exhaustive and comprehensive understanding of the signaling pathways that are triggered in response to ruthenium-based compounds.

In this study, we have analyzed direct protein targets of RDC11 and changes in gene expressions caused by this complex in comparison to the well-established anticancer metalbased drug cisplatin. RDC11 is an organo-ruthenium compound in which two acetonitriles, one phenanthroline, and one 2-phenylpyridine ligand are linked to the metal. The 2phenylpyridine is cyclometalated to the ruthenium, i.e. it is bound to Ru via the nitrogen's lone pair and an ortho carbon atom of the phenyl unit. We previously demonstrated that RDC11 is highly cytotoxic (IC 50 between 1-5µM) on multiple cell lines including cisplatin resistant cells [START_REF] Gaiddon | Ruthenium (II)-derived organometallic compounds induce cytostatic and cytotoxic effects on mammalian cancer cell lines through p53-dependent and p53-independent mechanisms[END_REF][START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF]. Importantly, RDC11 reduces tumor growth in different models, including mouse syngeneic models (melanoma, lung cancer) and human xenografted models (glioma and ovarian cancer), with a reduced toxicity towards healthy tissues compared to cisplatin [START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF][START_REF] Meng | A Ruthenium-Containing Organometallic Compound Reduces Tumor Growth through Induction of the Endoplasmic Reticulum Stress Gene CHOP[END_REF].

We have also previously shown that RDC11 and related compounds such as RDC34 induce p53-dependent and Endoplasmic Reticulum (ER) stress pathways. However, we also showed that both pathways could not account for all the biological effect of RDC11-related compounds [START_REF] Gaiddon | Ruthenium (II)-derived organometallic compounds induce cytostatic and cytotoxic effects on mammalian cancer cell lines through p53-dependent and p53-independent mechanisms[END_REF][START_REF] Meng | A Ruthenium-Containing Organometallic Compound Reduces Tumor Growth through Induction of the Endoplasmic Reticulum Stress Gene CHOP[END_REF][START_REF] Klajner | Subcellular localization and transport kinetics of ruthenium organometallic anticancer compounds in living cells: a dose-dependent role for amino Acid and iron transporters[END_REF]. Finally, structure activity studies have indicated that RDC11 and RDC34's cytotoxicity is at least partly related to their redox potential and the production of reactive oxygen species [START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF][START_REF] Fetzer | Library of second-generation cycloruthenated compounds and evaluation of their biological properties as potential anticancer drugs: Passing the nanomolar barrier[END_REF].

To understand the mode of action of RDC11 we have used a proteomic approach identifying histones as potential proteins targeted by RDC11 and we have established the impact on the cellular transcriptome to identify novel signaling pathways that could elucidate the biological activity of RDC11. In addition, we have performed this analysis comparatively to cisplatin in order to characterize specific signatures or similarities between cisplatin and our organoruthenium compound.

Materials and methods

Chemicals

Cisplatin, pifithrin, SAHA and salubrinal were purchased from Sigma. RDC11 was synthesized and purified as previously described [START_REF] Gaiddon | Ruthenium (II)-derived organometallic compounds induce cytostatic and cytotoxic effects on mammalian cancer cell lines through p53-dependent and p53-independent mechanisms[END_REF].

Cell cultures

U87, AGS and HCT116 cells were obtained from ATCC. Cells were manipulated and cultured in DMEM with 10% FCS (Dominique Dutcher TM ) and 1% Penicillin + Streptomycin (Sigma) at 37°C with 5% CO 2 atmosphere as previously described [START_REF] Sohm | The retinoblastoma susceptibility gene product/Sp1 signalling pathway is modulated by Ca2+/calmodulin kinases II and IV activity[END_REF].

Cell survival assay 2000 cells were seeded per well in 96-well microplates (Falcon Multiwell), 48 h prior to any treatment. Cisplatin and RDC11 were applied for 48 h in fresh medium. MTT assay was performed as previously described by replacing the medium with fresh medium supplemented with 5 mg/L MTT (Sigma) for 1h [START_REF] Gaiddon | The tissue-specific transcription factor Pit-1/GHF-1 binds to the c-fos serum response element and activates c-fos transcription[END_REF]. Cells were lysed in isopropanol with 0.04 N HCl. Measurements were performed at 550 nm.

Quantitative PCR.

Cultured cells were lysed with 1ml of TRIzol (Invitrogen) per 10x10 6 cells and RNA extracted according to manufacturers instructions. RNA samples were ethanol-precipitated twice and 1 µg was used for reverse transcription (High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems). qPCR was performed using 2 ng/µl cDNA (RNA equivalent) according to manufacturers' instructions (SYBR Green PCR Master Mix, Applied Biosystems) and with 400 µM of each primer (Supplemental data, Table 1). Expression levels were normalized using average of 18S.

Statistical analysis

Statistical analyses were performed using a one-way ANOVA test followed by a Tukey post-test allowing a comparison between all the conditions. * Indicate statistical differences in graphs.

Statistical Analyses were performed using Prism (GraphPad software).

Western blotting.

Cells or tissue were lysed with LB (125mM Tris-HCl pH 6.7, NaCl 150mM, NP40 0.5%, 10% Glycerol). Proteins (20µg) were denatured and deposited directly (75µg of proteins) onto a SDS-PAGE gel. Western blotting was performed using antibodies raised against p53 (rabbit anti-p53, FL-393, Santa Cruz, CA), XBP1s (Santa Cruz, CA), EZH2 (Cell Signaling), H3 (Cell Signaling), H3K9 (Abcam) and HDAC4 (Biolegend). Secondary antibodies (anti-rabbit, antimouse: Sigma, MA) were incubated at 1:1000. Loading was controlled with actin (rabbit antiβactin, Sigma, 1:4000) [START_REF] Antoine | Ca2+/calmodulin kinase types II and IV regulate c-fos transcription in the AtT20 corticotroph cell line[END_REF].

Results

The cytotoxic organoruthenium complex RDC11 interacts with histones in cancer cells

We previously showed that although RDC11 interacts with DNA this does not fully explain its anticancer activity [START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF][START_REF] Meng | A Ruthenium-Containing Organometallic Compound Reduces Tumor Growth through Induction of the Endoplasmic Reticulum Stress Gene CHOP[END_REF][START_REF] Klajner | DNA binding to an anticancer organo-ruthenium complex[END_REF]. To identify RDC11's putative protein targets we used an affinity chromatography approach in which RDC11 is covalently bound to solid matrix (HypoGel 400-COOH) (Supplementary information S5). As a source of possible protein targets we used cell extracts of gastric cancer AGS cells. AGS cells are more sensible to RDC11 than to cisplatin (Figure 1A,B). Before loading, AGS cell extracts were treated with DNAse to maximize the liberation of DNA bound proteins. After incubation of the AGS cell extract for 1h with the RDC11-matrix, the matrix was washed several times with buffer of increasing salt concentration and then proteins were eluted with a solution of free RDC11. Eluted proteins were identified using mass-spectrometry. The experiment was repeated several times and the results were each time compared to proteins identified using only the naked matrix. Three histones, H3.1, H2A.1B and H2B.1K, and histone binding proteins, RBBP4 and RBBP7, were found repeatedly to bind to the RDC11-matrix (Figure 1C). Despite their small molecular weight, for each histone several peptides were identified by mass-spectrometry. As histones are DNA binding proteins and we previously showed that RDC11 binds to DNA, we decided to confirm that DNA did not mediate the interaction between RDC11 and histone. To do so, we used purified histones and incubated them with increasing amount of RDC11. The mixture was then put to migration in a SDS-page under non-denaturing conditions (Figure 1D). Purified histones can migrate in non-denaturing gels as monomer, dimer and trimers. In the presence of RDC11, histone H3 migrated slower and with a more diffuse pattern suggesting the presence of histones of higher molecular weight due to the binding of RDC11. Changes in histones migration were observed with histone monomers, dimers and trimers.

In cells, histones are the subject of multiple modifications that modulate their association with DNA, DNA compaction and also their translocation into the cytoplasm [START_REF] Shukla | Epigenetics of cancer stem cells: Pathways and therapeutics[END_REF]. To assess the impact of RDC11-histone interactions in cells, we treated gastric cancer cells with RDC11 and extracted histones using two different protocols that allow either a preferential extraction of a soluble histone fraction (NP40 extraction buffer) or a full extraction of the histones bound to DNA (sample buffer) (Figure 1E). We observed that already after three hours of treatment with RDC11 at the IC 50 or the IC 75 values, the soluble fraction of histone H3 was significantly reduced. All together these results indicated that RDC11 can bind directly to histones and that this binding can impact on histone function in cancer cells.

Differential impact of RDC11 and cisplatin on histone modifications and epigenetic processes

As RDC11 binds to histones and diminishes the more soluble fraction of histone we hypothesized that it might impact on the post-translational modifications of histones. We analyzed by Western-blot the acetylation of histone H3 at lysine 9. We observed that histone H3 acetylation was strongly increased by cisplatin and RDC11 already 6 hours after treatment. However, after 24 hours there was a significant decrease of histone H3 acetylation under the RDC11 conditions while it remained elevated with cisplatin (Figure 2A).

To further understand the impact of RDC11 and cisplatin on epigenetic regulations related to histones, we analyzed the expression of several genes encoding for enzymes involved in histone modifications. RT-qPCR experiments indicated that RDC11 and cisplatin regulated differently the expression of several histone deacetylases (HDAC) or other enzymes such as EZH2 (Figure 2B). In particular the expression of HDAC4 was repressed by cisplatin and not affected by RDC11 while EZH2 was induced. In addition and conversely to HDAC4, HDAC9 was induced by RDC11 and not by cisplatin. At the protein level, RDC11 induced HDAC4 at 6 hours while cisplatin already diminished its protein levels (Figure 2C). Finally, we used a xenografted tumor model to establish that the inhibition of HDAC4 expression was also observed in vivo (Figure 2D).

The organoruthenium complex RDC11 presents a distinct transcriptomic signature

The ability of RDC11 to interact directly with histones and its impact on histone posttranslational modification through epigenetic regulation suggested that RDC11 might alter a broad range of signaling pathways. Hence to identify without bias RDC11 deregulated signaling pathways we performed a transcriptome analysis. In addition, to identify similarities and specificities in the gene regulations caused by ruthenium-based complexes versus platinum-based complexes, we treated cancer U87 cells at the IC 50 values for RDC11 (2µM) and cisplatin (3µM) (Supplementary information S3A). We chose these cells because the IC 50 of the two drugs are close allowing us to identify gene regulations under similar treatment conditions. We also tested two time points, 6h and 24h, in order to identify early and later events in the gene regulations and their possible temporal and functional relationships. For the identification of regulated genes, we used Affymetrix hugene10stv1 arrays and each condition (Control: Ct; RDC11 6h: R6; RDC11 24h: R24; cisplatin 6h: C6; cisplatin 24h, C24) was performed in triplicate.

Principal component analysis of the normalized data using RMA and probe-level linear models validated that the data are reproducible (Supplementary information Fig. S1A, S2, S3B). To detect differentially expressed genes, we performed the comparative analysis between control and treated groups 6 hours and 24 hours after exposure. 4540 probe sets with fold change ≥ ±1.5 and adjusted p-value ≤ 0.05 were considered as significantly regulated in at least one comparative analysis. To find groups of genes with similar expression pattern across the different conditions and thus potentially involved in the same regulatory pathways, we performed hierarchical clustering analysis on the set of 4540 de-regulated probe-set (Figure 3). The analysis of the 4540 genes revealed that 922 probe-sets are de-regulated by cisplatin and 748 probe-sets by RDC11 6 hours after exposure (Figure 4A, Supplementary information Fig. S1B). After 24 hours, 2910 and 2314 probe-sets are regulated by cisplatin and RDC11 respectively (Figure 4A). 22% to 28% (n=207) of the probe-sets are regulated both by RDC11 and cisplatin 6 hours after treatment. These numbers increase to 38% to 48% (n=1107) by 24 hours (Figure 4A).

Several relevant groups of genes are deregulated. Differences in gene regulation are already detectable 6 hours after exposure. For instance the cluster 10, 4 and 15 are made of genes downregulated at 6 hours of cisplatin treatment compared to control. Overall, the effect on gene regulation is higher after 24 hours both in term of genes regulated and differences in gene expression levels (Figure 3). One group of genes (cluster 6, n=776) is characterized by low/moderate gene expression levels 6 hours after treatment with RDC11 or cisplatin, and high expression levels after 24 hours treatment. Gene set enrichment analysis revealed that this cluster is highly enriched for genes with functions in apoptosis (FDR < 10 -5 ) such as p21, IRF1, NFKBIB, I-kB, ATF-3, PP2A regulatory, Caspase-7, C/EBP zeta, NF-kB, PPP2R5A, suggesting that apoptosis is induced by both chemicals at 24 hours. In addition to this common set of genes, clustering revealed a specific group of genes induced either by RDC11 or cisplatin. For instance the cluster 8 (n=753), which is characterized by high expression levels this pathway is not significantly regulated in by 24h RDC11 treatment (R24). Cluster 7 (n=409) is another example highlighting intrinsic differences in the transcriptional changes induced by RDC11 and cisplatin with a group of genes highly expressed in R24 and with moderate or low expression levels in other conditions. Some effect of the cisplatin is mediated by specific down regulation of a set of 710 genes (cluster 10) enriched for function in cell adhesion via ephrin signaling (FDR < 10 -5 ) such Ephrin-A, Tiam1, FAP-1, Ephrin-A5, Fyn, GRB10, Intersectin, VAV-2, NCK2 (Grb4), FAK1 (Supplementary table T1). Clustering into the different groups was confirmed by soft clustering (Supplementary information Fig. S1C) [START_REF] Futschik | Noise-robust soft clustering of gene expression time-course data[END_REF]. This, Identifying again a group of genes, soft cluster A, showing a moderate decrease in their expression at 6 hour, which is further downregulated at 24 hours of treatment with cisplatin or RDC11, respectively.

Another example for the different effect of cisplatin and RDC11 on a group of genes is softcluster B, where cisplatin shows only a very low/moderate effect on their expression, whereas this group of genes is strongly upregulated by RDC11 at 24 hours of treatment. Together, these data suggest that cisplatin and RDC11 share some mechanism activating apoptosis, but overall the mechanism of actions of these two drugs is distinct. Indeed, although the absolute number of genes regulated in common by both chemicals reached a maximum of 48% 24 hours after the treatment (Figure 4A), the levels of regulation as well as the early and late responses are different, making the transcriptional imprint unique for each chemical in the condition tested here.

In order to assess a possible relative generalization of the findings to other cancer cell types and to validate some of the regulations observed using the arrays, we performed RT-qPCR analyses on U87 cells, HCT116 colon cancer cells and AGS gastric cancer cells. For this, several genes were chosen randomly and a representative set is shown in supplementary information figures S3C and S4. Results were compared to the data obtained by the microarray analyses.

In each cell line, drugs were applied at their IC 50 value for 6 or 24 hours. RT-qPCR experiments showed a good correlation with the results of the arrays for U87 or HCT116 cells. However, the correlation was not so strong for AGS cells, indicating that some of the mechanisms might be cell line-specific.

The organoruthenium complex RDC11 modulates pathways distinct from cisplatin

As indicated above, gene set enrichment analyses of different databases identified pathways commonly or differently affected by RDC11 and cisplatin. Figure 4B shows the number of genes identified by gene set enrichment analyses that are upregulated in RDC11 treated cells for the indicated pathway between 6 hours and 24 hours when compared to control conditions. As already seen in the clustering analyses (Figure 3), the overall regulations intensified with time, such as genes involved in apoptosis (i.e. APAF1, Caspase 3). In correlation with apoptosis-related genes, several genes involved in selected pro-apoptotic pathways, such as p53 target genes, ER stress-related and oxidative stress-related genes are induced over time. Importantly, the expression of several genes of these pathways is already induced at 6 hours. In addition, genes involved in other cellular processes, such as several DNA damage-related genes, a few miRNAs, and multiple genes encoding enzymes involved in epigenetic control are upregulated over time by RDC11.

Interestingly, when we compared the number of genes involved in these pathways and present at 24 hours in RDC11 or cisplatin treated cells, several differences can be identified (Figure 4C). For example, p53-, DNA damage-and apoptosis-related genes are more present in cisplatin-treated cells. Inversely, ER stress-and oxidative stress-related genes are more frequent in RDC11-treated cells. Note that the number of miRNAs and epigenetic-related genes present in RDC11-and cisplatin-treated cells is similar. Strikingly, gene set enrichment analyses revealed that several cellular metabolic processes were very selectively regulated by either RDC11 or cisplatin (Figure 4D). For example, trans-sulfuration and aminoacyl tRNA synthetase are selectively induced by RDC11. In contrast, genes involved in sterol biosynthesis and sucrose metabolism are preferentially regulated in cisplatin-treated cells.

All together the gene set enrichment analyses indicated that RDC11 and cisplatin present each a preference in signaling pathways they regulate. These results clearly demonstrate that cisplatin and the ruthenium-based complex RDC11 have a different mode of action and pinpoint to some potential mechanisms that may account for the cytotoxicity of RDC11.

Cisplatin is a more potent inducer of the p53 pathway than the organoruthenium complex RDC11

To further validate some of the compound specific signatures identified by the gene set enrichment analyses, we performed RT-qPCR to measure the expression of p53 target genes in HCT116. Cells were treated for 6 hours and 24 hours with cisplatin or RDC11 at their IC 50 .

Gdf15, fas, bak1 and plk3 were all induced by cisplatin and RDC11 at 24 hours (Fig. 5A,B,C,D). However, the induction by cisplatin was stronger and occurred often already at 6 hours of treatment. We then followed the protein level for p53 under the same experimental conditions. P53 proteins were more abundant in cisplatin-treated cells compared to RDC11treated cells (Fig. 5E). In addition, increased p53 protein expression was also seen at 6 hours in cisplatin-treated cells. To assess the importance of p53 in RDC11 biological activity, we used pifithrin, which is considered to be a p53 inhibitor [START_REF] Gudkov | Prospective therapeutic applications of p53 inhibitors[END_REF]. Survival of cancer cells was assessed using MTT assays. Pifithrin did not block the biological activity of RDC11 except at doses above the IC 75 values (75 % of the maximal effect of RDC11, Fig. 5F). The results indicated that RDC11 is less capable of inducing p53 signaling than cisplatin, but p53 may still play a role in the biological activity of RDC11.

RDC11 is a more potent inducer of the ER pathway than cisplatin

We also focused on the ER stress pathway that represented a more selective signature for RDC11. RT-qPCR showed that several genes, ditt3, atf4, chac1, dnajb2, involved in the ER stress pathway were preferentially induced by RDC11 (Fig. 6A,B,C,D). Some of these genes were also induced by cisplatin, but to a significantly lesser extent. To further document the induction of the ER stress pathway we analyzed the production of the spliced form of XBP1 (XBP1s). XBP1s is generated from IRE1 that is itself activated by the ER stress pathway. Figure 6E shows that RDC11 strongly induced the production of XBP1s while cisplatin had no or little effect. To assess whether eif-2α,a component of the ER stress pathway, is essential in the biological activity of RDC11 we used salubrinal, a known inhibitor of eif-2α [START_REF] Wiseman | A new pharmacology--drugging stressed folding pathways[END_REF]. Cell survival was assessed by a MTT assay and revealed that salubrinal did not significantly alter the cytotoxicity of RDC11 (Fig. 6F). These results showed that although RDC11 stimulates preferentially the expression of components of the ER stress pathway, the activity of eif-2α is not required for RDC11 cytotoxicity.

An HDAC inhibitor antagonizes RDC11 activity but synergizes with cisplatin in gastric cancer cells

The gene set enrichment analyses also showed a strong deregulation of genes involved in epigenetic mechanisms (Figure 4B andC) confirming our previous observations on the effect of cisplatin and RDC11 on HDAC gene expression (Figure 2B,C,D).

To further assess the importance of HDAC regulation in cisplatin and RDC11 biological activity in cancer cells, we used the HDAC inhibitor SAHA. MTT assays were first performed to establish the dose response curve of RDC11, cisplatin and SAHA in AGS cells (Fig. 7A,B and supplementary data). In a second step, combination treatments were performed by combining the two drugs at specific concentrations (i.e. IC 25 , IC 50 ) accordingly to the isobologram protocol [START_REF] Tallarida | An overview of drug combination analysis with isobolograms[END_REF]. The results were then analyzed using isobologram statistical analyses. This analysis performed with different combinations of HDAC inhibitor and RDC11 showed an antagonistic effect of the HDAC inhibitor on the cytotoxicity of RDC11 (Fig. 7D). In contrast, the HDAC inhibitor synergized with cisplatin cytotoxicity (Fig. 7C). This result showed again a significant difference between the mode of action of RDC11 and cisplatin. In particular, it suggests that HDAC activity might be required for RDC11 cytotoxicity but not for cisplatin.

To understand how SAHA might impact on RDC11 biological activity, we analyzed the p53 and the UPR pathway. As previously observed RDC11 induced p53 and XBP1s protein levels as well as their target genes (Figure 7E,F,G,H). Interestingly, co-treatment with SAHA significantly diminished the impact of RDC11 on both signaling pathways. These series of results indicate that the epigenetic regulation controlled by RDC11 plays a role in RDC11 biological activity and changes the signaling pathways controlled by RDC11.

Discussion

Nowadays, the precise identification of the mode of action of a drug destined for therapeutic purpose is crucial. In oncology, it allows the selection of the group of patients that have the best chance of responding to the treatment in an "a la carte" (personalized) therapeutic approach in which the mode of action of the drug matches the genetic profile of specific tumors. It also provides markers to follow the activity of the drugs during the therapy and point to the direction of a possible combination therapy by combining the compound with other therapeutic molecules. In addition, the identification of the direct target(s) is a clear advantage in developing a rational optimization process aiming at an improvement of the therapeutic activity. The general development of ruthenium-based anticancer compounds toward clinical use has been clearly handicapped by the lack of consensus about their mode of action and the long-lasting misconception that ruthenium-based compounds represent a succedaneum of platinum-based compounds by acting via the same targets. To answer this complex problematic we investigate the possible non-DNA direct targets of a ruthenium based complex (RDC11) and performed an unbiased transcriptomic approach to assess the repercussion of these interactions on cellular signaling pathways key for the control of cell survival. The results of this study provided a comprehensive view on how RDC11 targets histones and illustrate its cellular consequences. In addition, the unbiased and global transcriptomic approach presented in this study provides an unique perspective on the respective characteristics of the organoruthenium compound RDC11 and cisplatin by providing information at two levels: i) a statistical evaluation of the difference and the similarities between the genes regulated by both drugs, ii) a list of novel genes, signaling pathways and metabolic processes regulated specifically by RDC11 that represents a source of information for pathways potentially regulated by other ruthenium-based compounds.

Finally, this study illustrates also how such information may provide hints for developing novel combination treatments. In this present case, we focused on histone deacetylase (HDAC)

regulation.

An organoruthenium compound interacts with histones

Our study shows that the organoruthenium compound RDC11 interacts with several histones (H3, H2A and H2B) in cells (Figure 1C) and in vitro with purified histones (Figure 1D). This finding represents one of the very few examples of a non-DNA target for ruthenium complexes that has been validated using cellular extract. The ability of RDC11 to interact with purified histones suggests strongly that the interaction is direct. In addition, the fact that the interaction is still observed after several washes or in a polyacrylamide gel also indicates that the interaction is relatively stable. It remains to be established more precisely how the compound interacts with histones, such as whether it involves specific interactions and how it affects the proteins at the molecular and structural level. The migration pattern of the RDC11/ histone complex shows a tendency of increased trimeric forms, suggesting that the interaction between RDC11 and histone may favor formation of histone complexes (Figure 1D). This is also supported by the fact that using different protein extraction buffers, we observed that treatment of the cells with RDC11 leads to a decrease in the more soluble fraction of histones in the cells (Figure 1E). This set of results supports a precedent finding that a ruthenium complex of piano stool structure called READ-C interacts with histones [START_REF] Adhireksan | Ligand substitutions between ruthenium-cymene compounds can control protein versus DNA targeting and anticancer activity[END_REF]. In addition, our study is the first demonstration of an organoruthenium compounds that interact with histone in cells and it also shows that ruthenium compounds have an impact on the post-translational modifications of histones. These modifications are part of complex and essential epigenetic mechanisms that are essential and complex control of gene expression [START_REF] Shukla | Epigenetics of cancer stem cells: Pathways and therapeutics[END_REF].

An organoruthenium compound impacts on epigenetic regulations.

It is expected that the interaction between a ruthenium compound and histones may alter the complexes in which histones are involved: DNA/histones and histones/epigenetic enzymes modifying histones. Indeed, we observed that in cells treated with RDC11 histones have a different solubility and post-translational modification pattern. For instance, histone H3 levels are lower in the more soluble fraction and its acetylation on lysine 9 is increased (Figure 2). Interestingly, the acetylation pattern is different between RDC11 and cisplatin. It remains to be established whether the modification of solubility and acetylation is directly due to the binding of RDC11 to histone H3. Addressing this specific point represents a complex technical challenge.

Similarly, understanding precisely the relationship between the interaction of RDC11/histones and the transcriptional regulation affecting the epigenetic enzymes will be also challenging. Indeed, if RDC11 alters the expression of HDAC and demethylases (Figure 2B-D, 4B-C), we still need to assess whether these are adaptation/compensation mechanisms of the chromatin to the structural perturbation due to RDC11 binding, or whether it is a consequence of the modification of chromatin structure leading to different accessibility to transcription factors. Indeed, RDC11 treated cells show a change in the expression of several HDACs and other epigenetic modifiers. These changes are different to those induced by cisplatin. For instance, HDAC4 is strongly repressed by cisplatin whereas RDC11 induced significantly HDAC9. These changes already happen 6 hours after treatment suggesting that they participate into the gene expression regulation observed in cancer cells. The fact that these changes are also observed in vivo (Figure 2D) further support their importance for RDC11 and cisplatin's biological and anticancer activity. To elucidate the impact on gene expression of these epigenetic modifications induced by RDC11 and/or cisplatin transcriptomic data were analyzed.

Specificities in RDC11 and cisplatin transcriptomic profiles

Bio-statistical analyses of the microarray data showed significant differences in the number and quality of the genes regulated by RDC11 or cisplatin. Among the 4540 genes that we identified to be regulated, less than a third were common to RDC11 and cisplatin (Figures 3,4). About 40% were specifically regulated by cisplatin and a third by RDC11. This difference is even more marked at 6 hours post-treatment, as only 1.5% of the regulated genes are common between cisplatin and RDC11-treated cells. The clustering analyses further highlighted the existence of 17 gene clusters that show significant variation of the expression profile over time between RDC11 and cisplatin after treatment (Figures 3,4). The significant differences in the transcriptome controlled by RDC11 and cisplatin indicate that both compounds should trigger different signaling pathways, likely reflecting distinctive mode of actions.

A more detailed analysis of the signaling pathways or cellular mechanisms that are controlled by the regulated genes confirmed the existence of common and distinctive effects between RDC11 and cisplatin. Apoptosis, DNA damage, p53, epigenetic, miRNA, ER stress and oxidative stress were amongst the mechanisms that were regulated by both drugs (Figures 4,[START_REF] Allardyce | Ruthenium in medicine: current clinical uses and future prospects[END_REF]6). However, the number and the intensity of activation of the genes included in those pathways were often significantly different between RDC11 and cisplatin. For example, cisplatin induces a high number of genes involved in DNA damage, p53, and apoptosis, while RDC11 favors oxidative-and ER stress-related genes. The differences between both drugs are even more accentuated on specific metabolic pathways (Figure 4D). For example, RDC11 specifically regulates ribosome biogenesis, while cisplatin favors sucrose metabolism.

Respective contribution of the p53 and ER stress pathway in RDC11 activity

Some of these specificities were previously documented by our group, such as the preferential activation of the p53 pathway by cisplatin or the ER stress pathway by RDC11 in glioblastoma cells [START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF][START_REF] Meng | A Ruthenium-Containing Organometallic Compound Reduces Tumor Growth through Induction of the Endoplasmic Reticulum Stress Gene CHOP[END_REF][START_REF] Klajner | DNA binding to an anticancer organo-ruthenium complex[END_REF]. Here, we further extended these observations by showing that these specificities are common to cancer cells of different origin, such as colon cancer cells (HCT116) or gastric cancer cells (AGS). In addition, we extended the observation to an additional pool of genes and to the protein level for a marker of the ER stress pathway (Figures 5,6,[START_REF] Giraldi | Antitumor action of two rhodium and ruthenium complexes in comparison with cisdiamminedichloroplatinum(II)[END_REF]. All together, these novel observations validate the preferential activation of the ER stress pathway by RDC11 in different cancer cell lines. With the endoplasmic reticulum being also the place of protein translation, it is interesting to note that RDC11 triggered a ribosomal biogenesis response along with the ER stress pathway (Figure 5).

Interestingly, the preferential activation of the p53 pathway by cisplatin correlates with a preferential activation of DNA damage response. Hence, compared to RDC11, cisplatin appears to induce a coherent DNA-damage/p53 pathway response, which is also consistent with the preferential binding of cisplatin to DNA as compared to RDC11 [START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF][START_REF] Meng | A Ruthenium-Containing Organometallic Compound Reduces Tumor Growth through Induction of the Endoplasmic Reticulum Stress Gene CHOP[END_REF][START_REF] Klajner | DNA binding to an anticancer organo-ruthenium complex[END_REF].

The exact contribution of the p53 pathway and the ER stress pathways in RDC11 activity have already been investigated previously in glioblastoma cells. Using a dominant inhibitor and p53-/-cell lines, we previously showed that p53 is not absolutely necessary for RDC11 cytotoxicity [START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF][START_REF] Meng | A Ruthenium-Containing Organometallic Compound Reduces Tumor Growth through Induction of the Endoplasmic Reticulum Stress Gene CHOP[END_REF]. We confirmed here these results by showing that a known inhibitor of p53 (pifithrin) does not drastically alter the activity of RDC11. We also inhibited eIE2!, a component of the ER stress pathway, with salubrinal, which did not alter RDC11 cytotoxicity.

This result apparently contradicts previous data showing that the ER stress transcription factor CHOP is partly necessary for RDC11 full cytotoxicity [START_REF] Meng | A Ruthenium-Containing Organometallic Compound Reduces Tumor Growth through Induction of the Endoplasmic Reticulum Stress Gene CHOP[END_REF]. This apparent contradiction highlights the complexity of the ER stress pathway and might be explained by the fact that the activation of eIE2α by PERK represents only a part of the mechanisms triggered by the ER stress pathway [START_REF] Nagelkerke | The unfolded protein response as a target for cancer therapy[END_REF]. For example, CHOP can be induced by other mechanisms related to the ER stress pathway, such as ATF6.

Respective role of epigenetic regulators in RDC11 and cisplatin cytotoxicity

Amongst the mechanisms that were regulated differently by RDC11 and cisplatin, several genes encoding for histones and histone-modifying enzymes were included. These genes and in particular HDACs, are playing a critical role in various biological process and represent interesting therapeutic targets [START_REF] Abend | Histone deacetylases as therapeutic targets -From cancer to cardiac disease[END_REF]. Our study showed that whereas EZH2 was induced by both RDC11 and cisplatin, HDAC4 was preferentially repressed by cisplatin. This repression of HDAC4 by cisplatin was also observed in vivo in fragments of human colon cancer xenografted in nude mice (Figure 2D). In addition, we observed that these gene regulations impact on the acetylation of histone H3 at lysine 9 in a time-and drug-dependent manner. In particular, 6 hours after treatment, RDC11 represses H3 acetylation while cisplatin already induced it. Such differential drug response correlates with a profound difference in the impact of HDAC inhibitors on RDC11 and cisplatin biological activity. Indeed, a known HDAC inhibitor, SAHA, had a synergistic anticancer activity with cisplatin in AGS human gastric cancer cells as previously observed by others with cancer cell lines of a different origin [START_REF] Diyabalanage | Combination therapy: histone deacetylase inhibitors and platinum-based chemotherapeutics for cancer[END_REF]. In contrast, we demonstrate here that an HDAC inhibitor (SAHA) inhibits RDC11 biological activity as revealed by the antagonistic effect observed in the isobologram analysis. This result suggests that, in contrast to cisplatin, RDC11 biological activity might require the activity of some HDACs by modifying either the histones or some of their other targets. From a more therapeutic point of view, this study indicates that RDC11 is not a good candidate to be used in combinatory therapy with general HDAC inhibitors for it might depend on the expression and/or activity of HDACs in the tumor. It also confirms the potential advantage of combining HDAC inhibitors with platinum-based therapies in gastric cancers.

From a more mechanistic point of view, we also show that the combination of RDC11 with SAHA impact on the signaling pathways regulated by RDC11. The induction of p53 and Noxa is almost annihilated by SAHA when combined with RDC11. Similarly, SAHA reduced XBP1s signaling (Figure 7). These changes in signaling may account for the differential biological activity of RDC11 in presence of SAHA.

Overall this study demonstrates that RDC11 and cisplatin have different modes of action and trigger the regulation of different signaling pathways. If both lead to regulation of proapoptotic effectors and cell cycle inhibitors, the intermediate mechanisms are quite different.

These differences have profound consequences as it will define how we might use RDC11 on tumors with specific signatures (i.e. p53 mutated or not) or with specific other therapeutic molecules. It remains for us to establish how these findings can be generalized to other ruthenium-based compounds or even other metal-based compounds. Our previous studies, as well as those of others showing that ruthenium-or osmium-based compounds with different ligands trigger similar regulation of p53 and ER-stress pathways suggest that the findings of this study might point out potential signaling pathways targeted by other metalbased compounds [START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF] [START_REF] Hayward | Investigation of the role of Bax, p21/Waf1 and p53 as determinants of cellular responses in HCT116 colorectal cancer cells exposed to the novel cytotoxic ruthenium(II) organometallic agent, RM175[END_REF][START_REF] Smalley | An organometallic protein kinase inhibitor pharmacologically activates p53 and induces apoptosis in human melanoma cells[END_REF][START_REF] Chatterjee | The ruthenium(II)-arene compound RAPTA-C induces apoptosis in EAC cells through mitochondrial and p53-JNK pathways[END_REF][START_REF] Suntharalingam | Bidentate ligands on osmium(VI) nitrido complexes control intracellular targeting and cell death pathways[END_REF]. 2) Ct( 3) C6( 1) C6( 2) C6( 3) C24( 1) C24( 2) C24( 3) R6( 1) R6( 2) R6( 3) R24( 1) R24( 2) R24( 3) Ct( 1) Ct( 2) Ct( 3) C6( 1) C6( 2) C6( 3) C24( 1) C24( 2) C24( 3) R6( 1) R6( 2) R6( 3) R24( 1) R24( 2 (Ostrakhovitch* and* al.,* 2016,* Zhang* and* al.,* 2016) 
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 3 Fig. 3.07 Borrmann classification of advanced gastric carcinoma.
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 6 Figure 6 | Key features of gastric cancer subtypes. This schematic lists some of the salient features associated with each of the four molecular subtypes of gastric cancer. Distribution of molecular subtypes in tumours obtained from distinct regions of the stomach is represented by inset charts.
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 9 Figure) 9:+ DNA+ adduct+ forma6on+ with+ cispla6n+ leaving+ two+ amino+ groups+ coordinated+ on+ the+ pla6num+atom,+Boulikas,*2007a.+

Figure 2 .

 2 Figure 2. DNA adduct formation with cisplatin leaving two amino groups coordinated on the platinum atom

  .+ In+ fact,+ cispla6n+ directly+ targets+ the+ mitochondrion.+ Several+ studies+ have+ shown+ that+ cispla6n+ had+ a+ higher+ affinity+ for+ mitochondrial+ DNA+than+nuclear+DNA.+In+addi6on,+adducts+removal+efficiency+in+the+mitochondria+is+lower+than+in+ the+nucleus+(Kohno*and*al,*2015.*Chen*and*Lesnefsky,*2011).+Moreover,+Cullen+and+al.+describe+the+ ability+of+cispla6n+to+bind+to+one+of+the+mitochondrial+permeability+transi6on+(MPT)+components,+ the+voltage+dependent+anion+chanel+(VDAC),+thus+causing+its+opening#(Cullen*and*al*.*2007).+These+ two+mechanisms+resulted+in+increased+ROS+produc6on+and+a+decreased+the+an6oxidant+defenses,+ + characterized+by+the+loss+of+the+mitochondrial+proteins+sul~ydryl+groups.+Moreover,+inhibi6on+of+

  .+ Toxicity+ in+ the+ kidney+ could+ be+ explained+ by+ a+ decreased+ produc6on+ of+ the+ LKcarni6ne,+ an+ enzyme+ implicated+ in+ the+ genera6on+ of+ metabolic+ energy+and+with+an+an6oxidant+role*(Chang*B.*and*al.,*2002;*AlUMajed,*2007)It+ affects+ 50%+ of+ pa6ents+ with+ peripheral+ injury+ at+ the+ dorsal+ root+ ganglia.+ This+ results+ in+ the+ development+ of+ sensory+ neuropathy+ such+ as+ loss+ of+ sensa6on+ in+ the+ extremi6es+ for+ example.+ Neurotoxicity+appears+to+be+dose+and+6me+dependent,+but+the+mechanisms+involved+are+currently+ not+elucidated*(Argyrriou,*2008,*McWhinney*and*al.,*2009).+ Hepatotoxicity) Hepatotoxicity+is+the+consequence,+as+nephrotoxicity,+of+oxida6ve+stress+caused+by+cispla6n.+In+fact,+ ROS+ cause+ a+ decrease+ in+ the+ an6oxidant+ defenses+ such+ as+ the+ glutathione+ enzyme+ (GSH)+ and+ induce+the+increase+of+cytochrome+P450+2E1,+which+leads+to+the+toxicity+of+cispla6n+in+liver+(Liao* and*al.,*2008).+ Cardiotoxicity) Pa6ents+present+electrocardiac+changes,+arrhythmias,+myocardi6s,+cardiomyopathy+and+conges6ve+ heart+ failure.+ Cardiotoxicity+ could+ be+ a+ consequence+ of+ the+ oxida6ve+ stress+ and+ apoptosis+ increased.+ In+ fact,+ the+ lipid+ peroxida6on+ of+ cardiac+ membranes+ following+ treatment+ causes+ the+ degenera6on+and+necrosis+of+the+cardiac+muscle+fibers+cells+(ElUAwady*and*al.,*2011).+ 1.4. Resistance*mechanisms* Besides+the+side+effects,+which+in+some+cases+require+interrup6on+of+treatment,+many+resistance+ mechanisms+have+been+described+and+are+therefore+another+limit+in+the+use+of+cispla6n.+There+are+ two+ types+ of+ resistance,+ intrinsic+ or+ innate+ resistance+ and+ those+ acquired+ during+ the+ treatment.+

  ,*2010).++ In+ addi6on,+ modifica6on+ of+ histones+ plays+ an+ important+ role+ in+ maintaining+ the+ structure+ and+ func6on+of+the+chroma6n.+Histone+acetyla6on+impacts+posi6vely+the+transcrip6on+and+DNA+repair.+ Overexpression+of+some+histone+deacetylase+(HDAC),+involved+in+chroma6n+condensa6on+and+thus+ the+ inhibi6on+ of+ transcrip6on,+ has+ been+ demonstrated+ in+ many+ cancers.+ The+ treatment+ of+ a+ resistant+ovarian+cell+line+to+cispla6n,+the+A2780+/+CP70,+with+a+methyla6on+inhibitor+(DAC)+and+a+ histone+deacetylase+inhibitor+show+an+increased+expression+of+MLH1+(MMR)+and+thus+an+increased+ sensi6vity+to+cispla6n*(Steele*and*al.,*2009).+ Finally,+microRNAs+(see#part#III.3)+play+a+crucial+role+in+many+biological+processes+such+as+in+stress+ response,+in+apoptosis,+and+in+prolifera6on,+etc.+In+view+of+their+func6on,+it+is+not+surprising+that+ they+have+been+described+to+have+an+impact+in+the+sensi6vity+or+resistance+to+cispla6n*(Busha-*and*

  2.2.1. The+Ru(III)+compounds+ Among+ the+ developed+ compounds+ of+ ruthenium+ (III),+ only+ the+ NAMIKA+ and+ KP1019+ have+ been+ tested+in+clinical+trial+for+their+an6Kcancer+poten6al.+ a. NAMIcA) NAMIKA,+ Imidazolium+ transKimidazoledimethylsulfoxidetetrachlororuthenate+ was+ developed+ by+ Mestroni,+ Alessio+ and+ coKworkers.+ This+ complex+ consists+ of+ a+ DMSO+ and+ imidazole+ molecules+ coordinated+ to+ the+ ruthenium+ (III).+ NAMIKA+ does+ not+ exhibit+ direct+cytotoxic+effect+on+tumor+cells+but+it+was+described+for+its+ ability+to+inhibit+the+development+of+lung+metastases+and+their+ growth+ once+ established+ and+ those+ in+ various+ types+ of+ solid+ tumors,+including+xenograns+of+human+tumors.+Associated+with+ surgery+ of+ the+ primary+ tumor,+ a+ significant+ improvement+ in+ mouse+ lifespan+ in+ the+ Mca+ mammary+ carcinoma+ model+ is+ observed+ (Gava* and* al.,* 2006;* Alessio* and* al.,* 2004;* Antonarakis* and* al.,* 2010).+ This+ effect+ is+ independent+ of+ the+ stage+and+preKtreatment+of+the+tumor.+It+is+the+first+deriva6ve+of+ ruthenium+to+have+been+tested+in+clinical+trials+in+1999+and+reported+in+2004+for+its+an6Kmetasta6c+ proper6es+ (RademakerULakkai* and* al.,* 2004).+ Among+ the+ 24+ pa6ents+ included+ in+ the+ study+ with+ refractory+solid+tumors+to+standard+chemotherapies,+all+showed+good+tolerability+of+the+drug+and+ 20+ aqenuated+ metasta6c+ development.+ In+ addi6on,+ in* vitro+ NAMIKA+ has+ been+ shown+ to+ act+ synergis6cally+with+other+standard+chemotherapies+such+as+cispla6n.+Thus+a+clinical+trial+to+test+the+ combina6on+ of+ NAMIKA+ with+ Gemcitabine+ for+ the+ treatment+ of+ non+ small+ cell+ lung+ carcinoma+ (NSCLC)+was+performed+(Bergamo*and*al.,*2012).+NAMIcA)an;cmetasta;c)ac;vity)NAMIKA+has+the+ability+to+inhibit+the+metasta6c+tumor+growth+by+modula6ng+the+different+steps+in+ the+ process:+ detachment,+ invasion+ /+ migra6on,+ reKaqachment+ on+ a+ distant+ organ.+ Indeed+ it+ has+ been+shown+in+the+murine+model+of+mammary+carcinoma+Mca+that+when+tumors+pretreated+with+ NAMIKA+were+reimplantated,+mice+did+not+exhibit+lung+metastases+forma6on.+These+experiments+ demonstrate+ the+ ability+ of+ this+ compound+ to+ purge+ the+ heterogeneous+ popula6on+ of+ primary+ tumor+cells+for+the+elimina6on+of+those+with+metastasis+ability+(Gava*and*al.,*2006;[START_REF] Alessio | +Mestroni,+G.,+Bergamo,+A.+&+Sava,+G.+Ruthenium+an6metasta6c+agents.+Curr.+Top.+Med.+ Chem[END_REF][START_REF] Antonarakis | + A.+ RutheniumKbased+ chemotherapeu6cs:+ are+ they+ ready+ for+ prime+ 6me?+Cancer+Chemother[END_REF].+NAMIKA+induces+the+cytoskeleton+rearrangement+by+interfering+ with+ the+ polymeriza6on+ /+ depolymeriza6on+ process+ of+ the+ FKac6n+ and+ by+ modula6ng+ the+ regula6on+of+TGFB1+in+fibroblasts+and+tumor+cells.+These+two+ac6ons+will+help+to+cause+a+fibro6c+ 43 P1019 (top left), of RM175 (top right), ompounds (down left) and of NAMI-A cs 14 (Fig. 1, down left) with incredibly r even lower) for glycogen synthase trans-imidazoledimethylsulfoxide-(Fig. 1, down right) is active against r in experimental mouse tumours or

  reac6on+ leading+ to+ stronger+ adhesion+ of+ the+ tumor+ capsule.+ Its+ ability+ to+ interact+ with+ integrins+ especially+integrin+B1+reduces+cell+migra6on.+Indeed,+integrin+have+an+important+role+in+the+control+ of+cell+mo6lity+by+regula6ng+the+cytoskeletal+structure.+The+ac6vity+of+metalloproteinase+(MMP),+ regulator+of+extracellular+matrix+(ECM),+depends+on+an+intact+cytoskeleton.+In+this+context,+there+is+ a+decrease+in+their+ac6vity+especially+for+MMP2+and+MMP9+in+the+presence+of+NAMIKA,+leading+to+ an+ increase+ of+ the+ ECM+ around+ the+ vascularisa6on+ of+ the+ tumor+ and+ a+ decrease+ in+ tumor+ cell+ invasion+[START_REF] Vacca | + et+ al.+ Inhibi6on+ of+ endothelial+ cell+ func6ons+ and+ of+ angiogenesis+ by+ the+ metastasis+ inhibitor+NAMIKA[END_REF][START_REF] Sava | +et+al.+Dual+Ac6on+of+NAMIKA+in+inhibi6on+of+solid+tumor+metastasis:+selec6ve+targe6ng+of+ metasta6c+cells+and+binding+to+collagen[END_REF].+NeoKangiogenesis+is+a+crucial+mechanism+in+the+ development+ of+ metastasis+ allowing+ them+ to+ reach+ distant+ organs.+ NAMIKA+ has+ the+ ability+ to+ completely+ inhibit+ this+ process+ set+ up+ by+ the+ vascular+ endothelial+ growth+ factor+ (VEGF)+ by+ its+ capacity+ to+ interact+ with+ the+ integrins.+ Their+ ac6va6on+ will+ allow+ the+ modula6on+ of+ PKC+ ac6vity,+ the+ dephosphoryla6on+ of+ ERK+ and+ the+ inhibi6on+ of+ the+ transcrip6on+ of+ cKmyc+ leading+ to+ the+ endothelial+ cells+ death*[START_REF] Bergamo | .+ Ruthenium+ complexes+ can+ target+ determinants+ of+ tumour+ malignancy[END_REF].+ NAMIKA+ is+ able+ to+ inhibit+ the+ development+ of+ metastases,+ but+ also+ the+ growth+ of+ those+ already+ established.) Indeed+ in+ the+ animal+ model+ Mca+ mammary+ carcinoma,+ decreased+ of+ the+ metastasis+ number+ of+ metastases+ and+ their+ prolifera6on+ was+ observed.+ This+ effect+ is+ explained+ by+ a+ cell+ cycle+ arrest+ in+ G2+ /+ M+ phase+ leading+ to+ a+ less+ invasive+phenotype+for+the+cells.+ b. KP1019) KP1019+ or+ Imidazolium+ transK((tetrachloride)bis(1HKindazole)+ ruthenate(III))+was+developed+by+the+group+of+BK+Keppler+(Har-nger*and* al.,* 2006).+ It+ consists+ of+ four+ equatorial+ chloride+ and+ two+ indazole+ heterocycles+ coordinated+ to+ the+ metal+ through+ a+ nitrogen+ atom.+ This+ is+ the+second+ruthenium+compound+to+reach+clinical+trial+(2000)+in+view+of+ its+ direct+ cytotoxic+ ac6vity+ in* vitro+ against+ a+ cispla6n+ resistant+ colon+ cancer+ cell+ line.+ KP1019+ is+ generally+ described+ as+ a+ prodrug+ ac6ve+ once+ into+the+cell+because+of+the+«+reduc6on+by+oxida6on+»+reac6on+(Pizarro* and*al.,*2009).+ KP1019)cytotoxic)ac;vity) KP1019+has+the+ability+to+interact+with+serum+proteins+such+as+transferrin+and+thus+to+mimic+the+ physiological+pathway+of+the+iron+transport+[START_REF] Messori | + The+ Interac6on+ of+ the+ An6tumor+ Complexes+ Na[transKRuCl(4)+ (DMSO)(Im)]+and+Na[transKRuCl(4)(DMSO)[END_REF].+Indeed+the+transferrin+proteins+ are+crucial+for+the+prolifera6ve+tumor+that+requires+more+iron+than+other+6ssues+and+thus+increases+ the+expression+of+transferrin+receptor+(CD71).+This+allows+the+KP1019+ac6ve+transport+into+the+cell+ 44 is(1H-indazole)ruthenate(III)]; KP418, imidazolium trans-[tetrachlorobis(1H-imidazole)ruthenate(III)]; LRP, lung resistance protein; MDR, multidrug resistance; MRP1, multidrug resistance-related protein 1; MS, mass spectrometry; MTD, maximum tolerated dose; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide; NAC, N-acetylcysteine; NAMI-A, imidazolium trans-[tetrachloro-(dimethylsulfoxide)(1H-imidazole)ruthenate(III)]; NHE, normal hydrogen electrode; P-gp, P-glycoprotein; SEC, size exclusion chromatography; PARP, poly(ADP-ribose)-polymerase; RAPTA-C, [dichloro(h 6 -p-cymene)(1,3,5-triaza-7-phosphaadamantane)ruthenium(II)]; rHSA, recombinant human serum albumin; Tf, transferrin; V SS , apparent volume of distribution.

Fig. 1 .

 1 Fig. 1. The structures of KP1019, NAMI-A, KP1339, and KP418

  Studies+ into+ the+ mode+ of+ ac6on+ of+ KP1019+ has+ highlighted+ the+ concept+ of+ proKdrugs+ and+ more+ precisely+its+ac6vated+form+Ru+(II).+This+has+led+researchers+to+synthesize+new+compound+such+as+ the+ruthenium+(II)+arenaKtype+complexes,+which+shows+significant+an6Kprolifera6ve+effects+in*vivo+ and+in*vitro+in+cispla6n+resistant+cell+lines.+The+arene+ligands+can+stabilize+the+structure+of+the+Ru+(II)+ and+ provides+ a+ hydrophobic+ surface+ to+ the+ complex,+ which+ facilitates+ its+ transport+ across+ the+ membrane+and+the+interac6on+with+various+biomolecules.+ a. RM175) + The+ RM175+ is+ a+ biphenyl+ ethylenediamine+ chlorido+ Ru+ (II)+ complex+ developed+ by+ Peter+ Sadler.+ The+ advantage+ of+ this+ compound+ is+ its+ bifunc6onal+ effect+ on+ DNA,+ allowing+ its+ interac6on+ with+ DNA+ by+ conven6onal+ NKbonding,+ and+ its+ intercala6on+between+the+bases+of+DNA+through+its+biphenyl+ ligand+(Chen*and*al.,*2002;*Chen*and*al.,*2003).+The+resul6ng+ DNA+ lesions+ are+ repaired+ by+ another+ mechanism+ than+ the+ NER+pathway+preven6ng+crossKresistance+with+the+pla6num+compounds.+This+compound+has+an+in+ vitro+cytotoxicity+similar+or+higher+than+the+carbopla6n+in+the+human+colon+and+ovarian+cancer+cell+ 45 View Article Online lines+

Fig. 5 . 5 Fig. 6 .

 556 Fig. 5. Chemical structure of Ru(η 6 -C 6 H 5 Me)(PTA)Cl 2 (RAPTA-T).

Fig. 9 .

 9 Fig. 9. Chemical structure of the enantiomers DW1 and DW2; DW1/2 is a racemic mixture of DW1 and DW2.

  compounds+ of+ this+ family,+ RDC11+ was+ par6cularly+ studied+ due+ to+ a+ set+ of+ physical,+ chemical+ and+ interes6ng+ biological+ proper6es.+ It+ has+ cytotoxic+ ac6vity+ generally+ stronger+ than+ pla6num+ deriva6ves+ (IC50+ ±+ 2uM)+ and+ is+ ac6ve+ on+ pla6num+ resistant+ cell+ lines+ (Caco2,+ HCT116+p53+K/K).+In+vivo,+it+reduces+tumor+growth+in+several+ syngenic+ (melanoma,+ F10B16)+ and+ xenograns+ (U87+ glioblastoma+ and+ A2780+ ovarian+ cancer+ cell+ lines)+ tumor+ models.+ It+ has+ also+ lower+ kidney+ and+ neuronal+ chronic+ toxicity+ than+ cispla6n.+ In+ addi6on,+ the+ RDC11+ is+ less+ sensi6ve+ to+ the+ mechanisms+ of+ cispla6n+ resistance+ as+ described+ for+ the+ overK expression+of+the+ATP7B+transporter,+which+does+not+diminish+the+accumula6on+of+the+compound+ into+ the+ cell.+ Studies+ on+ RDC11+ mode+ of+ ac6on+ have+ shown+ that+ this+ compound+ can+ induce+ cell+ death+ or+ growth+ arrest,+ by+ DNA+ dependent+ and+ independent+ mechanisms* (Meng* and* al.,* 2009;* Gaiddon*and*al.,*2005).* RDC11)mode)of)ac;on) Our+laboratory+showed+that+RDC11+was+able+to+induce+the+expression+of+p53+and+p73,+as+observed+ in+response+with+cispla6n.+Apoptosis+of+tumor+cells+is+maintained+in+p53+K/K+cell+lines+in+response+to+ the+ treatment.+ Furthermore,+ overexpression+ of+ dominant+ nega6ve+ p73,+ ΔNp73,+ par6ally+ inhibits+ the+ ability+ of+ RDC11+ to+ induce+ apoptosis.+ These+ experiments+ show+ that+ RDC11+ has+ a+ p53+ dependent+and+independent+cytotoxic+ac6vity.+The+RDC11+has+also+been+described+for+its+ability+to+ induce+ the+ oxida6ve+ stress+ by+ its+ accumula6on+ in+ the+ mitochondria+ thereby+ genera6ng+ ROS+ produc6on+ and+ the+ establishment+ of+ intrinsic+ mitochondrial+ apopto6c+ pathway.+ On+ the+ other+ hand,+ the+ RDC11+ is+ also+ capable+ to+ accumulate+ in+ the+ endoplasmic+ re6culum,+ thus+ involving+ the+ stress+ of+ the+ endoplasmic+ re6culum+ pathway+ (Figure) 13)+

Fig. 7 .

 7 Fig. 7. Chemical structure of [ruthenium(phenanthroline)(κ-C,N-(2-phenyl-pyridine) (NCMe) 2 ]PF 6 (RDC11).

Figure) 13 :

 13 Figure)13:)Cellular)responses)to)endoplasmic)re;culum)stress.+Celli*and*Tsollis,*2014+

Figure) 14 :

 14 Figure) 14:) DNA) methyla;on) processes+ a).+ CpG+ island+ at+ promoters+ of+ genes+ are+ normally+ unmethylated,+ allowing+ transcrip6on.+ Aberrant+ hypermethyla6on+ leads+ to+ transcrip6onnal+ inac6va6on.+ b).+ Methyla6on+ at+ the+ gene+ body+ facilita6ng+ transcrip6on+ by+ preven6ng+ spurious+ transcrip6ons+ ini6a6ons.+ c).+ Repe66ve+ sequences+ appear+ to+ be+ hypermethylated,+ preven6ng+ chromosomal+ instability,+ transloca6ons+ and+ gene+ disrup6on+ through+ the+ retrotransposons+ element.+Portela*and*al.,*2010+

Figure 1

 1 Figure 1 DNA methylation patterns. DNA methylation can occur in different regions of the genome. The alteration of these patterns leads to disease in the cells. The normal scenario is depicted in the left column and alterations of this pattern are shown on the right. (a) CpG islands at promoters of genes are normally unmethylated, allowing transcription. Aberrant hypermethylation leads to transcriptional inactivation. (b) The same pattern is observed when studying island shores, which are located up to 2 kb upstream of the CpG island. (c) However, when methylation occurs at the gene body, it facilitates transcription, preventing spurious transcription initiations. In disease, the gene body tends to demethylate, allowing transcription to be initiated at several incorrect sites. (d)Finally, repetitive sequences appear to be hypermethylated, preventing chromosomal instability, translocations and gene disruption through the reactivation of endoparasitic sequences. This pattern is also altered in disease.
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 23 Fig. 2. Classification of HDAC is identified in mammalian cells and based on their size and number of is the yeast RPD3 homologous, HD the yeast HDA1 homologues, HDA Interestingly, Sir2 is identified as H in organisms, ranging from bacte

e 4

 4 Localization of HDACscleus is depicted in blue.14-3-3 protein (red) can retain HDAC4/5 or HDAC7 in the cytoplasm when they are phosphorylated. CaMK (green) is involved in nuclear export /calmodulin signalling pathway. Subcellular localization of (A) class I HDACs and (B) class II HDACs is shown. (C) Shuttling of HDAC4, HDACs5 and HDACs7 during muscle differe

  *and*al.,*2002).+HDAC10+has+a+complete+cataly6c+domain+in+NKterminal+ and+ a+ second+ incomplete+ and+ inac6ve+ in+ CKterminal.+ It+ has+ two+ RbKbinding+ protein+ domain,+ which+ can+ confer+ on+ it+ a+ role+ in+ cell+ cycle+ regula6on.+ It+ was+ described+ to+ interact+ with+ many+HDACs+except+HDAC6*[START_REF] Fischer | +D.+et+al.+Isola6on+and+characteriza6on+of+a+novel+class+II+histone+deacetylase,+HDAC10[END_REF][START_REF] Guardiola | +R.+&+Yao,+T.KP.+Molecular+cloning+and+characteriza6on+of+a+novel+histone+deacetylase+ HDAC10.+J.+Biol.+Chem[END_REF]*Tong*and*al.,*2002).+

Figure) 19 :

 19 Figure)19:)HDAC)family)members)control)hallmarks)of)cancer)cell)biology.+Selec6ve+targe6ng+of+ individual+ HDACs+ cause+ differen6a6on,+ apoptosis,+ cell+ cycle+ inhibi6on,+ inhibi6on+ of+ migra6on,+ suscep6bility+to+chemotherapy+and+an6Kangiogenesis.+Wi^*and*al.,*2009+
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 34 Class IV HDAC 4.3.4.1. HDAC11. No published data on HDAC11 expression in tumor tissues and its cellular function is available.

Fig. 1 .

 1 Fig. 1. HDAC family members control hallmarks of cancer cell biology. Selective targeting of individual HDACs cause differentiation, apoptosis, cell cycle inhibition, inhibition of migration, susceptibility to chemotherapy and anti-angiogenesis. See text for further information and references.

  .+Moreover+ HDAC4+has+a+dual+role+in+regula6ng+p21,+a+key+factor+in+cell+cycle+arrest+mediated+by+p53.+Indeed+in+ colonic+ crypts+ HDAC4+ interacts+ with+ SP1+ for+ the+ transcrip6onal+ repression+ of+ p21+ and+ Bax+ (an6K apopto6c+factor)+promo6ng+survival+and+cell+prolifera6on.+In+contrast,+in+response+to+the+stress+of+ DNA+damage,+p53+has+the+ability+to+recruit+HDAC4+to+induce+the+expression+of+p21+and+thus+DNA+ repair+(Mo^et*and*al.,*2009;*Wilson*and*al.,*2008).) *and*al.,*2010;* Oehme*and*al.,*2013).+

Limits

  .+ HDACi+ treatment+ allows+ the+ decrease+ of+ neovascularisa6on+ (Depsipep6de,+SAHA)+(Kwan*and*al.,*2001).* three+ issues+ that+ remain+ unresolved+ to+ help+ improve+ therapies+ with+ HDACi+(Marchion*and*al.,*2007):+ For+ example,+ the+ TSA+ preferen6ally+ inhibits+ HDAC1/3/8,+ whereas+ the+ VPA+ mainly+ target+ HDAC1/2.+ Thus+ the+ level+ of+ expression+ of+ HDAC+ will+ dictate+ the+ sensi6vity+ of+ tumors+ to+ treatment.+This+idea+is+supported+by+the+study+of+Ropero+with+the+HDAC2+muta6on+in+colon+cancer+ cells,+which+exhibit+a+response+to+TSA+but+not+to+VPA+

Figure

  Figure)20:)miRNA)biogenesis.)Winter*and*al.,*2009+ ) Nuclear)step)process)

  Figure)21:)Structure)of)the)p53)family)members))

Figure) 22 :

 22 Figure)22:)Vousden)and)Prives)[2])proposed)a)model)of)the)dual)mechanism)of)p53)func;on)in) tumors.)Suzuki*and*al.,*2011+

Figure 1 :

 1 Figure1: Vousden and Prives[START_REF] Jakupec | Antitumour metal compounds: more than theme and variations[END_REF] proposed a model of the dual mechanism of p53 function in tumors. The result of p53 activation depends on multiple variables. In this model, the p53 response to low stress results in cell cycle arrest, growth inhibition, DNA repair, and so on. This response enables cells to restore the damage induced by the cellular stress. But when the cells receive high stress that cannot be restored, p53 acts as killer that can induce apoptosis or senescence, preventing proliferation of defective cells. If p53 mistakenly responds as a protector when cells receive a high stress that cannot be repaired, the cells keep the genetic damage, which can lead to or contribute to cancer progression (dotted line).

  .+ Xue+ and+ al+ used+ an+ animal+ model+ of+ liver+ cancer.+ When+ they+ reac6vated+ p53+ expression+ they+ showed+ that+ p53+ allowed+ a+ decrease+ of+ the+ tumor+ size+ by+ the+ introduc6on+of+the+cell+senescence+followed+by+an+immune+system+response+leading+to+the+tumor+ cell+death+(Xue*and*al.,*2007;*Bertheau*et*al.,*2008).* cancers+ (MurrayUZmijewski* and* al.,* 2006).+ In+ addi6on,+ apoptosis+ is+ lost+ in+ p53+ deficient+ tumors+(Parant*and*al.,*2003).+The+two+apopto6c+pathways,+the+intrinsic+and+extrinsic+pathway+can+ be+modulated+by+p53+(Figure)23).+ The)extrinsic)pathway)of)apoptosis) This+ pathway+ involves+ the+ cell+ surface+ receptors+ of+ death+ domain,+ Fas+ and+ DR5,+ inducing+ the+ apoptosis+following+an+external+s6mulus+(inflamma6on).+The+binding+of+their+ligand+(Fas+ligand+or+ TNF)+induces+the+capacity+of+the+death+receptors+to+bind+to+proteins+adapter+and+ac6vate+the+proK

  Figure)23:)Scheme)depic;ng)intrinsic)and)extrinsic)pathways)of)apoptosis.)Youle*and*al.,*2008)

5. 1 .

 1 p73*regula-on* The+ ques6on+ that+ remains+ unclear+ is+ why+ the+ cells+ favor+ in+ some+ case+ TAp73+ or+ ΔNp73+ transcrip6on.+ The+ balance+ between+ these+ two+ isoforms+ could+ be+ broken+ by+ the+ change+ in+ the+ ini6a6on+of+the+transcrip6on+at+the+P1+and+P2+promoters,+by+a+difference+in+mRNA+stability+or+the+ change+of+the+protein+status+through+postKtransla6onal+modifica6ons*(Marabese*and*al.,*2007).+ Transcrip;onal)regula;on) The+ p73+ promoter+ contains+ response+ elements+ for+ diverse+ transcrip6on+ factors+ that+ control+ its+ transcrip6on,+such+as+E2F1.+E2F1+is+involved+in+the+regula6on+of+various+genes+involved+in+the+cell+ cycle,+ the+ cell+ fate,+ the+ DNA+ damage+ repair+ and+ the+ apoptosis.+ In+ response+ to+ DNA+ damage,+ the+ repressor+ complex+ CKEBPα+ /+ E2F1+ is+ disrupted+ by+ the+ acetyla6on+ of+ E2F1+ for+ the+ CKEBPα+ transloca6on+out+of+the+nucleus+and+the+ac6va6on+of+E2F1+(La*Thangue*and*al.,*2003).+E2F1+then+ has+the+ability+to+ini6ate+the+apoptosis+in+the+cells+by+the+ac6va6on+of+p73+and+some+proKapopto6c+ target+genes+of+p53*

Furthermore

  .+In+this+context,+p53+inac6va6on,+frequently+found+in+many+cancers+can+be+the+ result+ of+ its+ deacetyla6on+ by+ the+ HDAC+ enzymes+ promo6ng+ tumorigenesis.+ In+ fact,+ HDAC+ can+ directly+ or+ indirectly+ modulate+ p53+ expression+ and+ ac6vity+ depending+ on+ the+ cellular+ context.+ *(Murphy*and*al.,*1999).+ 6.1. Consequences*of*p53*deacetyla-on* p53+deacetyla6on+can+leads+to+its+degrada6on+through+the+MDM2+/+HDAC+coKrepressor+complex+ forma6on.+ The+ acetyla6on+ of+ p53+ prevents+ its+ degrada6on+ by+ MDM2:+ acetylated+ residues+ correspond+to+those+normally+ubiqui6nylated+(Chan*and*La*Thongue,*2001;*Brooks*and*al.,*2011).+ Interes6ngly,+ Zhang+ and+ al.+ described+ HDAC1+ as+ a+ key+ regulator+ of+ p73+ stabiliza6on.+ HDAC1+ knockdown+leads+to+the+decrease+in+TAp73+halfKlife+in+normal+and+DNA+damage+condi6ons.+Loss+of+ HDAC1+ expression+ results+ in+ the+ hyperacetyla6on+ of+ HSP90,+ making+ it+ inac6ve.+ HSP90+ can+ no+ longer+interact+and+stabilize+TAp73+leading+to+its+proteasomal+degrada6on*(Zhang*and*al.,*2013c).miRK34a,+ a+ really+ well+ known+ target+ of+ p53,+ is+ frequently+ downregulated+ in+ GC.+ It+ was+ shown+ to+ decrease+ migra6on+ and+ invasion+ by+ inhibi6ng+ the+ EMT+ pathway+ and+ enhancing+ apoptosis.+ It+ regulates+ this+ process+ by+ suppressing+ SNAIL+ and+ Bcl2+ expression.+ Restora6on+ of+ its+ expression+inhibits+the+tumorspheres+forma6on+in+gastric+cancer+cell+lines+and+sensi6zed+them+to+ current+chemotherapies+like+cispla6n+(Ji,*Q.*and*al.,*2008;*Ji,*Q.*and*al.,*2009).++ 7.1. p53*U*miRNA*feedback*loop* As+ I+ have+ already+ described,+ miRNA+ with+ a+ tumor+ suppressor+ ac6vity+ can+ be+ ac6vated+ by+ some+ transcrip6on+ factors+ such+ as+ p53.+ Inac6va6on+ of+ p53+ in+ many+ cancers+ results+ in+ a+ loss+ of+ miRNA+ expression+ with+ growth+ suppressive+ roles*
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 1 Figure 1: A. Schematic representation of cisplatin and RDC11. B. Survival curve of cancer cells AGS treated with cisplatin or RDC11. Cells were treated for 48 hours in 96-well plates and their survival was evaluated by MTT assay (n=8). C. Table indicating the number of peptides of histones and histone related proteins present in the RDC11 affinity chromatography and mass spectrometry analysis of cell extracts. Repeats are the number of experiment with presence of the peptides out of three experiments done. D. Migration of histone H3-RDC11 complex on non-denaturing SDS-Page. 100ng of histone H3 was incubated with increased concentrations of RDC11 (R 0.05 to 0.25µM) for 1 hour. M is the molecular marker. Image is a silver stained gel of the complex showing the monomeric, dimeric and trimeric forms. E. Proteins were extracted with the indicated buffer (NP40 or sample buffer) from AGS cells treated with RDC11 at the IC50 and the IC75 for 6 hours. Western blot analysis revealed histone H3 and actin protein level.

Figure 2 :

 2 Figure 2: A. Proteins were extracted from AGS treated with RDC11 (R6, R24) or cisplatin (C6, C24) for the indicated time (6h, R6 and C6; 24h, R24 and C24) using sample buffer. Western blot analysis revealed histone H3 acetyl lysine 7 (H3AK7), histone H3 (H3) and actin expression. Quantifications of H3AK7/H3 are indicated bellow as measured by Pixi imager. B Curves are fold induction versus the control (Ct) for selected histone-modifying enzymes in RDC11 and cisplatin conditions. mRNA levels were assayed in AGS gastric cancer cells by RT-qPCR. Curves are means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01. C. Proteins were extracted from AGS treated with RDC11 (R6, R24) or cisplatin (C6, C24) for the indicated time. Western blot analysis revealed EZH2, HDAC4, and actin expression. D. mRNA levels of hdac4 were assayed by RT-qPCR in fragments of human colon cancer xenografted in nude mice and after the treatment with cisplatin or RDC11. Graphs are means of fold induction versus the control (Ct) with SD (n=5). *: p < 0.01.

Figure 3 :

 3 Figure 3: Hierarchical clustering. Clustering of expression of 4540 probe-set significantly regulated in at least one treated group compared to control. Rows represent gene expression and columns biological samples. Gene expression levels are represented as scaled expression values (row Z-score from -3 to +3). Blue: low expression, Red: high expression, white: moderate expression. 17 different clusters are detected, indicated by their number and different color next the probe-set tree. C6: Cisplatin exposure for 6hrs; C24: Cisplatin exposure for 24hrs; R6: Ruthenium exposure for 6hrs; R24: Ruthenium exposure for 24hrs.

Figure 4 :

 4 Figure 4: Signaling pathways and mechanisms regulated by cisplatin or RDC11. A. Venn diagram. Significantly mis-regulated probe sets between control and exposed conditions are compared to highlight genes shared or specific to each group. C6: Cisplatin exposure for 6hrs; C24: Cisplatin exposure for 24hrs; R6: Ruthenium exposure for 6hrs; R24: Ruthenium exposure for 24hrs. B, C, D. Graphs represents number of genes in the indicated pathways that are regulated by RDC11 at 6 hours or 24 hours (B) or by RDC11 and cisplatin at 24 hours (C,D). Microarray data were analyzed using AltAnalysis and R bioinformatics tools to identify in KEGG, Gene Ontology, miRNA, transcription factors databanks, the signaling pathways and mechanisms corresponding to the mis-regulated genes.

Figure 5 :

 5 Figure 5: mRNA levels of gdf15 (A), fas (B), plk3 (C) and bak1 (D) were assayed in cancer cells by RT-qPCR. Curves are means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01. E. Proteins were extracted from cells treated with RDC11 (R6, R24) or cisplatin (C6, C24) for the indicated time. Western blot analysis revealed p53 and actin expression. F. Survival curve of AGS cells treated with RDC11 and pifithrin-α (10µM). Cells were treated for 48 hours in 96-well plates and their survival was evaluated by MTT assay (n=8).

Figure 6 :

 6 Figure 6: mRNA levels of ddit3 (A), atf4 (B), chac1 (C) and dnajb2 (D) were assayed in cancer cells by RT-qPCR. Curves are means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01. E. Proteins were extracted from HCT116 treated with RDC11 (R6, R24) or cisplatin (C6, C24) for the indicated time. Western blot analysis revealed XBP1s and actin expression. F. Survival curve of AGS cells treated with RDC11 and salubrinal (10µM). Cells were treated for 48 hours in 96-well plates and their survival was evaluated by MTT assay (n=8). Bars are means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01.

Figure 7 :

 7 Figure 7: Survival curve of AGS cells treated with SAHA (A) and RDC11 (B). Cells were treated for 48 hours in 96-well plates and their survival was evaluated by MTT assay (n=8). Bars are means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01. Isobologram analyses and combinatory index representations of combinatory treatments between cisplatin with SAHA (C) and RDC11 with SAHA (D). Doses at IC 75 , IC 60 , IC 50 , IC 30 , IC 25 were combined and the results were analyzed with the algorithm of Chu and al. using the CompuSyn software. E, G. Proteins were extracted from cancer cells treated with RDC11 (R24) or SAHA (S24) or RDC11 and SAHA (R=S) after 24 hours of treatment. Western blot analysis revealed p53 (E) and XBP1s (G) and actin expression. Quantifications are indicated bellow as measured by Pixi imager F. H. mRNA levels of p53 (A), noxa (B), ddit3 (C) and chac1 (D) were assayed in cancer

  Figure 1

  Component Analysis. Plotting of two principal components from RMA normalized data using probe probe-level linear models. Biological replicates for the 5 different conditions cluster together and no outliers are detected within the dataset. B. B. Vulcano plots. Plotting of the log10 of the fold change (x-axis) in function of the -log10 of the adjusted p values (y-axis). Unexposed cells are used as reference. Significant differential expression in microarray data are shown in red for the four comparative analysis using the threshold: |FC| ≥ 1.5 and adjusted p-value ≤ 0.05. C. Soft clustering of the normalized microarray data. The set of 4540 mis-regulated genes was subjected to soft clustering to find gene families sharing similar expression patterns. Genes belonging to the same cluster, ie. with high membership, are colored in red. Normalized and scaled expression levels are indicated on y-axis. Samples names are indicated below each graph.

  of U87 cells treated with RDC11 and Cisplatin for 48 hours. B. Graph representing microarray statistical analysis. C. mRNA levels of genes found disregulated in the microarraus: p21 and trb3 were assayed by RT-qPCR. Curves are means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01.

  

  

  

  

  

  

  

  

  The+ wellKdifferen6ated+ tubular+ and+ poorly+ differen6ated+ signetKring+ cell+ carcinoma+ make+ up+ the+ majority+ of+ tumors+ and+ they+ can+ be+ linked+ with+ the+ IGC+ and+ DGC+ respec6vely+ described+ in+ the+

	Dysplasia))
	.+ Atypical+ changes+ in+ nuclear+ morphology+ and+ 6ssue+ architecture,+ which+ is+ irregular,+ frequently+
	K Intes;nal) type) (IGC)) c) Tumor+ cells+ are+ wellKdifferen6ated,+ adherent,+ and+ exhibit+ tubular+ and+ forming+packed+tubular+structures+(adenomas)+with+irregular+lumens.+The+cells+are+confined+within+
	glandular+forma6ons.+IGC+are+always+associated+with+intes6nal+metaplasia+and+exhibit+lympha6c+ the+tubular+structures.+As+the+invasive+parts+are+onen+missed+by+biopsy,+they+are+classified+into+low+
	and+ vascular+ invasion,+ with+ scaqered+ lesions.+ IGC+ are+ located+ into+ the+ antrum+ of+ the+ stomach+ Laurèn+classifica6on.++ and+high+grades+depending+on+the+degree+of+atypical+changes.++
	and+ are+ more+ onen+ observed+ in+ elderly+ men+ than+ in+ women+ and+ correlated+ with+ a+ beqer+
	outcome+for+pa6ents+(Roukos*and*al.,*2002a).+ 3.Pathogenesis) Invasive)carcinoma)))
	K Diffuse) type) (DGC)+ K+ Tumor+ cells+ are+ undifferen6ated,+ and+ exhibit+ stromal+ invasion+ as+ a+ Dysplasic+cells+go+through+the+basal+membrane+to+become+invasive+carcinoma.+
	mucocellular+ single+ cell+ or+ subgroup,+ the+ lini6s+ plas6ca.+ They+ form+ a+ non+ cohesive+ popula6on+ 3.1. Precancerous*cascade*
	with+ scaqered+ tumoral+ cells.+ Metastasis+ development+ appears+ faster+ than+ in+ the+ IGC,+ with+ Gastric+carcinogenesis+is+described+as+a+mul6step+and+mul6factorial+process+by+Correa+(Correa*and* The+"Correa+sequence"+is+mostly+related+to+the+IGC+type,+combined+with+the+H.pylori+infec6on+and+
	peritoneal+ and+ lympha6c+ localisa6ons.+ It+ affects+ the+ body+ region+ of+ the+ stomach.+ There+ is+ a+ al.,* 1975).+ GC+ is+ define+ to+ be+ the+ endKresult+ of+ an+ inflammatory+ process+ explained+ by+ others+environmental+factors.+In+the+case+of+the+DGC+type,+it+is+more+complicated,+as+it+originates+
	prevalence+for+both+men+and+women+and+it+tends+to+occur+in+younger+people+than+the+IGC,+with+ from+gastric+mucosa+and+it+is+associated+with+gastri6s.+Unfortunately,+because+of+a+delayed+in+the+
	a+worse+prognosis+for+pa6ents*(Vauhkonen*and*al.,*2006).+ diagnosis+resul6ng+in+an+advanced+stage+of+the+disease,+there+is+a+lack+in+wellKrecognized+precursor+
	K Indeterminate)type)K+including+mixed+tumors+with+intes6nal+and+diffuse+characteris6cs.+ changes+leading+to+its+progression+
	2.2.2. WHO+classifica6on+
	poorly+ differen6ated+
	variant+is+some6mes+called+solid+carcinoma.+
	K Papillary)adenocarcinoma+K+Epithelial+projec6ons+scaffolded+by+central+fibrovascular+core.+
	It+occurs+in+the+proximal+region+of+the+stomach+and+tends+to+affect+elderly+pa6ents.+ In+ younger+ pa6ents+ the+ complete+ type+ of+ IM+ predominates,+ defines+ by+ the+ replacement+ of+ the+
	K Mucinous) adenocarcinoma+ K+ Clusters+ and+ scaqered+ tumor+ cells+ floa6ng+ in+ the+ abundant+ normal+lining+of+the+stomach+by+cells+usually+found+in+the+small+intes6ne+(absorp6ve+enterocytes,+
	extracellular+mucin.+By+defini6on,+more+than+50%+of+extracellular+mucin+is+retained+within+ brush+border,+microvilli).+Older+pa6ents+tends+to+have+incomplete+IM,+which+metaplas6c+cells+lose+
	the+tumor,+and+called+the+mucinous+pools.+ their+small+intes6ne+phenotypes+and+acquire+morphologic+features+of+the+large+intes6ne+and+are+
	lined+only+by+goblets+cells+expressing+gastric+and+intes6nal+mucin.+

The+World+Health+Organiza6on+(WHO)+classifica6on+appears+to+be+the+most+detailed+among+all+the+ pathohistological+ classifica6on+ systems.+ It+ includes+ not+ only+ adenocarcinoma+ of+ the+ stomach+ but+ also+all+other+types+of+gastric+tumors+of+lower+frequencies,+equivalent+to+the+indeterminate+type+in+ + Laurén+classifica6on+

[START_REF] Fléjou | +Classifica6on+OMS+2010+des+tumeurs+diges6ves+:+la+quatrième+édi6on.+Ann.+Pathol.+31[END_REF]

.+So+the+WHO+classifica6on+is+more+used+for+the+infrequent+types+ of+ GC.+ It+ is+ based+ on+ the+ predominant+ histologic+ paqern+ of+ the+ carcinoma+ which+ onen+ coKexists+ with+ less+ dominant+ elements+ of+ other+ histological+ paqerns.+ The+ 2010+ WHO+ classifica6on+ divides+ gastric+tumors+in+5+subtypes*

[START_REF] Werner | + Gastric+ adenocarcinoma:+ pathomorphology+ and+ molecular+pathology[END_REF]*Chen*and*al.,*1994;*Qui*and*al.,*2013)

.* K Tubular)adenocarcinoma+K+IrregularKshaped+and+fused+neoplas6c+glands+with+intraluminal+ mucus+ and+ debris.+ It+ is+ the+ most+ common+ histologic+ type+ of+ EGC.+ A+ K Signetcring)cell)carcinoma)(including)poorly)cohesive)carcinoma)+K+More+than+50%+of+the+ tumor+ consists+ of+ isolated+ or+ small+ groups+ of+ malignant+ cells+ containing+ intracytoplasmic+ mucin.+ K Mixed)carcinoma)K+It+consists+of+a+mixture+of+different+types+of+gastric+adenocarcinoma.+ environmental+ factor,+ food+ intake+ or+ bacterial+ /+ virus+ infec6on.+ Its+ progression+ leads+ a+ sequen6al+ chain+of+events,+the+precancerous+cascade+or+«+Correa+sequence+»+

[START_REF] Correa | +et+al.+Carcinogenesis+of+Helicobacter+pylori.+Gastroenterology+133[END_REF][START_REF] Siurala | +Varis,+K.+&+Wiljasalo,+M.+Studies+of+pa6ents+with+atrophic+gastri6s:+a+10K15Kyear+followK up[END_REF][START_REF] Rugge | +et+al.+Gastric+dysplasia:+the+Padova+interna6onal+classifica6on.+Am.+J.+Surg.+Pathol[END_REF]

+characterized+as:++ Chronic)Nonatrophic)Gastri;s)) Mucosal+ infiltra6on+ by+ white+ blood+ cells+ (lymphocytes,+ plasma+ cells,+ macrophages)+ with+ a+ prevalence+ in+ the+ antrum+ part+ of+ the+ stomach.+ This+ step+ can+ also+ be+ found+ in+ the+ case+ of+ a+ duodenal+ulcer,+which+show+no+progression+into+GC+in+most+of+case.+ Mul;focal)Atrophic)Gastri;s) Loss+of+stomach+glands,+like+the+oxyn6c+glands+composed+of+the+parietal+cells+responsible+to+the+ produc6on+of+hydrochloride+acid.+So+the+stomach+lacks+its+capacity+to+produce+gastric+acid,+leading+ to+ a+ higher+ bacterial+ coloniza6on.+ It+ represents+ the+ cri6cal+ step+ into+ the+ progression+ of+ gastric+ cancer.+ Intes;nal)metaplasia)(IM))complete)and)incomplete))

  .+ 

	Adhesin)and)outer)membrane)proteins)
	Only+10%+of+H.*pylori*can+bind+directly+to+the+epithelial+cells,+which+implicates+numerous+bacterial+
	cellKsurface+ receptors+ (SeminoUMora* and* al.,* 2003).+ Among+ them,+ there+ is+ the+ LewisKb+ binding+
	adhesin+(BabA),+an+outer+membrane+protein,+which+can+interact+with+the+Lewis+B+histoKblood+group+
	on+the+host+cells.+The+same+mechanism+implicates+the+receptor+SabA+and+the+host+protein+Lewis+X,+
	a+glycophospholipid,+which+is+a+known+tumoral+an6gen+used+as+a+biomarkers+for+GC+dysplasia.+H.*
	pylori+ strain+ posi6ve+ for+ BabA,+ CagA+ and+ VacA+ present+ a+ higher+ risk+ to+ develop+ GC+ for+ pa6ents*

  + A+ higher+ prevalence+ in+ men+ is+ observed+ compared+ to+ women,+

	with+an+equivalent+achievement+in+IGC+and+DGC.+EBVKassociated+GC+is+mostly+found+in+the+fundus+
	and+corpus+of+the+stomach.+The+mechanisms+involved+in+the+ini6a6on+and+progression+of+CG+are+
	currently+unclear,+however,+it+has+mostly+been+described+for+its+molecular+characteris6cs.+Indeed,+
	EBV+posi6ve+tumors+present+a+higher+hypermethylated+status+compare+to+the+EBV+nega6ve+tumors+
	(Network*TGCA*research,*2014;*see+Molecular#Characteriza,on#of#GC)+
	Dietary)
	DietKrelated+ risk+ factors+ are+ mostly+ found+ in+ nonKcardia+ IGC+ type.+ The+ consump6on+ of+ fresh+
	vegetables+and+fruits+is+inversely+correlated+with+the+risk+of+developing+GC.+Indeed,+the+reduc6on+
	in+ the+ incidence+ of+ nonKcardia+ cancer+ is+ partly+ explained+ by+ the+ advent+ of+ the+ refrigerator+ and+ a+
	between+ the+ consump6on+ of+ tobacco+ and+ alcohol+ even+ if+ the+ results+ remain+ controversial+ un6l+
	now+(Sjodahl*and*al.,*2007).+
	Pa6ents+ overweight+ and+ obesity+ present+ a+ risk+ factor+ for+ the+ development+ of+ GC,+ especially+ it+
	seems+to+play+an+important+role+for+the+cardia+diffuse+type+GC.+This+factor+is+onen+associated+with+
	the+presence+of+the+gastroesophagal+reflux+in+pa6ents+(Hoyo*and*al.,*2012).++
	Finally,+there+is+some+gene6c+predisposi6on+for+the+development+of+GC.+I+have+already+men6oned+
	the+polymorphism+of+the+IL1B+associated+with+H.pylori+infec6on.+In+addi6on,+people+with+a+type+A+
	blood+rhesus,+a+pernicious+anemia,+a+family+history,+a+hereditary+nonpolyposis+colon+cancer,+a+LiK

beqer+ diet+ in+ developed+ countries.+ In+ addi6on,+ these+ foods+ are+ known+ to+ contain+ carotenoids,+ vitamin+ C+ or+ selenium,+ compounds+ known+ for+ their+ an6Koxidant+ property+ favorable+ to+ the+ risk+ reduc6on+of+developing+cancer+of+the+diges6ve+system+

[START_REF] Bjelakovic | .+ An6oxidant+ supplements+ for+ preven6on+ of+ gastrointes6nal+ cancers:+ a+ systema6c+review+and+metaKanalysis[END_REF]

.+ Moreover,+excessive+consump6on+of+salt+and+salty+food+is+shown+to+be+strongly+associated+with+the+ development+of+GC,+especially+during+H.*pylori+infec6on.+Indeed+salty+foods+cons6tute+a+significant+ source+of+nitrites+and+nitrosamines.+Nitrates+will+be+derived+into+NKnitroso+compounds,+known+to+ be+ carcinogenic,+ by+ nitrosa6ng+ bacteria+ via+ bacterial+ nitrosa6on.+ The+ development+ of+ these+ bacteria+is+promoted+in+the+presence+of*H.*pylori*(Liu*and*al.,*2008).+ Others)risk)factors) Tobacco+consump6on+is+strongly+associated+with+the+development+of+GC+(Gonzalez*and*al.,*2003).+ Indeed,+ it+ was+ shown+ in+ a+ ferret+ animal+ model+ to+ be+ linked+ to+ a+ decrease+ in+ the+ p53+ phosphoryla6on,+ a+ well+ known+ tumor+ suppressor+ par6cularly+ described+ to+ be+ inac6vated+ in+ the+ GC.+Thus,+it+leads+to+a+reduc6on+of+some+of+its+target+genes+such+as+BAX,+p21,+and+so+an+impact+on+ cell+ prolifera6on+ and+ apoptosis+ (elUDeiry* and* al.,* 1998).+ Some+ studies+ have+ shown+ a+ synergy+

adenocarcinoma)and)proximal)polyposis)of)the)stomach)(GAPPS))

  .+ Everyone+ agrees+ on+ the+ fact+ that+ GC+ is+ a+ heterogeneous+ cancer.+ It+ does+ not+ only+ present+ interK pa6ent+ heterogeneity+ but+ also+ and+ especially+ intraKtumoral+ heterogeneity.+ Through+ the+ various+

	4. Molecular)characteriza;ons)of)GC)
	In+conclusion,+most+of+the+described+risk+factors+are+associated+with+the+nonKcardia+IGC+type.+For+
	the+cardia+DGC+type,*H.pylori+and+overweight+or+obesity+are+commonly+found.+ exis6ng+clinical+and+histological+classifica6ons+for+this+cancer,+we+can+see+a+real+complexity+in+terms+
	of+ defini6on+ of+ the+ various+ exis6ng+ subtypes.+ Moreover,+ this+ complexity+ results+ in+ a+ lack+ of+
	3.3. Hereditary*syndromes* informa6on+ about+ pa6ent+ survival+ and+ the+ choice+ of+ the+ most+ relevant+ treatment+ (Lin* and* al.,*
	Only+ 10%+ of+ GC+ are+ related+ to+ GC+ familial+ cluster,+ and+ 1K3%+ of+ this+ cases+ have+ specific+ gene6c+ 2015;*Chen*and*al.,*2016b).++
	paqerns*(Oliveira*and*al.,*2009).+There+are+three+types+of+familial+hereditary+GC:+
	These+ last+ years,+ with+ the+ emergence+ of+ highKthroughput+ experiments,+ several+ teams+ tried+ to+
	Hereditary)DGC)(HDGC)) stra6fy+ the+ GC+ based+ on+ their+ molecular+ characteris6cs.+ Indeed+ studies+ have+ been+ conducted+ to+
	This+is+the+only+case+of+familial+GC+with+a+determined+gene6c+cause.+The+penetrance+of+HDGC+is+ define+the+molecular+signature+of+the+GC+to+improve+its+diagnosis,+to+define+beqer+subtypes,+and+to+
	predict+the+TNM+status,+the+response+to+chemotherapy+or+the+prognosis*(Cristescu*and*al.,*2015).+
	Unfortunately+the+recurring+problems+of+all+these+studies+are+the+insufficient+number+of+samples+
	analyzed+ and+ the+ varia6on+ of+ the+ treatments+ used.+ I+ am+ therefore+ interested+ in+ two+ studies+
	conducted+by+the+Asian+Cancer+Research+Group+and+the+Cancer+Genome+Atlas,+which+reflect+the+
	geographic+ disparity+ of+ the+ incidence+ rate+ of+ GC,+ allowing+ a+ more+ accurate+ analysis+ (Lin* and* al.,*
	2015a;*Cancer*Genome*Atlas*Research*Network.,*2014).*
	4.1. The*Cancer*Genome*Atlas*(TCGA)*molecular*classifica-on*
	In+ 2014,+ TCGA+ defines+ a+ new+ molecular+ characteriza6on,+ integra6ng+ the+ gene6c+ altera6on+ with+
	fresh+biopsy+from+295+primary+gastric+adenocarcinomas,+many+from+the+United+states+and+Western+
	Europe.+The+pa6ents+were+not+treated+with+chemotherapy+or+radiotherapy.+The+project+was+based+
	on+ the+ molecular+ characteriza6on+ of+ GC+ by+ using+ six+ different+ pla|orms+ and+ related+ the+ results+
	GAPPS+have+been+described+for+the+first+6me+in+2012.+It+is+an+autosomal+dominant+transmission+of+ with+ the+ common+ histological+ classifica6on.+ They+ define+ four+ different+ subtypes+ for+ GC,+ the+ EBV+
	fundic+gland+polyposis+at+the+proximal+site+without+evidence+of+colorectal+or+duodenal+polyps,+or+ posi6ve+tumors+(EBVKGC),+the+microsatellite+unstable+tumors+(MSI),+the+genome+stable+tumors+(GS)+
	other+hereditary+gastrointes6nal+cancer+syndrome.+The+penetrance+of+GAPPS+is+incomplete+and+the+ and+ the+ chromosomal+ instability+ tumors+ (CIN)+ (figure) 6).+ The+ IGC+ type+ was+ found+ across+ all+
	gene6c+causes+are+currently+not+known+(Oliveira*and*al.,*2015;*Worthley*and*al.,*2012).+ subtypes,+conversely+the+DGC+type+was+mostly+linked+with+the+GS+type+(Bass*and*al.,*2015;*Zhang*
	and*al.,*2014a;*Network*TCGA*research,*2014).+
	Familial)IGC)(FIGC))
	FIGC+is+an+autosomal+dominant+inheritance+with+an+IGC+type.+As+for+the+GAPPS,+no+informa6on+is+
	available+for+the+gene6c+causes+(Oliveira*and*al.,*2015;*Caldas*and*al.,*1999).+

more+ than+ 80%+ into+ a+ family.+ Indeed,+ for+ 40%+ of+ pa6ents+ there+ is+ a+ germline+ heterozygous+ muta6on+ inherited+ in+ the+ gene+ CDH1+ (EKcadherin).+ This+ muta6on+ leads+ to+ a+ deleterious+ conforma6onal+ change+ of+ the+ protein+ that+ causes+ its+ first+ hit+ inac6va6on+

(Corso* and* al.,* 2012)

.+ Soma6c+molecular+events+can+also+lead+to+a+second+hit+inac6va6on+of+the+second+allele,+mainly+due+ to+ the+ promoter+ hypermethyla6on+

[START_REF] Ushijima | +T.+et+al.+Focus+on+gastric+cancer.+Cancer+Cell+5[END_REF]

.+ In+ 60%+ of+ cases,+ we+ do+ not+ observe+ gene+ muta6on+ but+ germline+ phenotype+ of+ monoallelic+ CDH1+ downregula6on+

[START_REF] Pinheiro | +et+al.+AlleleKspecific+CDH1+downregula6on+and+hereditary+diffuse+gastric+cancer.+Hum.+[END_REF]

.+ Inac6va6on+ or+ decreased+ expression+ of+ EKcadherin,+ an+ important+ surface+ protein+ in+ the+ maintenance+ of+ intercellular+ junc6ons,+ will+ allow+ an+ increase+ in+ the+ migra6on+ and+ cell+ invasion.+ Furthermore,+studies+have+recently+shown+the+involvement+of+the+truncated+muta6on+in+CTNNA1+ gene+(alphaKEKcatenin),+in+combina6on+or+not+with+CDH1+muta6on+

[START_REF] Majewski | + et+ al.+ An+ αKEKcatenin+ (CTNNA1)+ muta6on+ in+ hereditary+ diffuse+ gastric+ cancer[END_REF]

.+

Gastric)

The)EpsteincBarr)viruscassociated)tumors)(EBVcGC))

  

	also+found+that+50%+of+tumors+harboring+muta6ons+such+as+PIK3CA+(subunit+of+PI3K/Akt+pathway),+
	ARID1A,+ BCL6+ and+ rarely+ p53+ muta6on.+ Furthermore,+ there+ is+ also+ gene+ amplifica6ons+ such+ as+
	JAK2,+ which+ plays+ an+ important+ role+ in+ the+ signaling+ of+ some+ cytokines+ such+ as+ prolac6n,+ or+
	amplifica6on+ of+ PDKL1+ and+ PDKL2+ important+ in+ the+ control+ of+ the+ immune+ system+ via+ TKcell+
	inhibi6on.+
	As+ men6oned+ earlier,+ the+ EBV+ posi6ve+ tumors+ present+ an+ extreme+ CpG+ island+ methylator+
	phenotype+ (Kaneda* and* al.,* 2012).+ Indeed+ the+ EBV+ viral+ protein+ LMP2A+ will+ allow+ the+
	phosphoryla6on+ of+ STAT3+ thus+ leading+ to+ the+ transcrip6on+ of+ the+ DNA+ methyltransferase+ 1+
	(DNMT1)+and+the+loss+of+certain+gene+expression+such+as*CDKN2A+(p16)+and+P73.+In+addi6on,+it+is+

The)microsatellite)unstable)tumors)(MSI))

  

	The+MSI+occur+at+an+early+stage+in+GC+progression+and+were+found+in+21%+of+cases.+These+tumors+
	are+ characterized+ by+ the+ loss+ of+ expression+ of+ MLH1+ by+ the+ promoter+ hypermethyla6on,+ an+
	important+enzyme+in+the+mismatch+repair+in+response+to+DNA+damage.+There+is+a+hypermuta6on+
	state+ of+ those+ tumors+ with+ muta6on+ of+ some+ genes+ like+ HER2,+ PIK3CA+ or+ EGFR+ but+ no+ gene+
	amplifica6on+is+found+(Oda*and*al.,*2005).+

The)genomically)stable)tumors)(GS))

  

	The+ GS+ are+ found+ in+ 19%+ of+ cases+ especially+ in+ the+ DGC+ type.+ They+ are+ characterized+ by+ the+
	muta6on+ of+ RHOA+ gene+ playing+ a+ role+ in+ cell+ mo6lity+ and+ altering+ cell+ adhesion.+ CDH1+ gene+
	muta6on+ is+ also+ present+ in+ these+ tumors,+ which+ is+ consistent+ with+ previous+ studies+ linking+ its+
	inac6va6on+with+DGC+type.+Interchromosomal+transloca6ons+are+observed+leading+to+the+fusion+of+
	the+claudin+18+gene+and+the+RhoKGTPase+ac6va6ng+protein+6+gene.+This+fusion+protein+will+have+a+
	proKoncogenic+role+in+the+growth+and+tumor+prognosis.+

The)chromosomal)instability)tumors)(CIN))

  

	The+ CIN+ are+ the+ result+ of+ an+ unequal+ distribu6on+ of+ DNA+ in+ the+ daughter+ cell+ during+ mitosis,+
	resul6ng+in+chromosomal+gain+or+loss,+such+as+the+chromosome+8q+or+3p+respec6vely+(Tsukamoto*
	and* al.,* 2008).+ In+ addi6on,+ CIN+ contribute+ to+ the+ amplifica6on+ of+ some+ gene+ like+ the+ receptor+
	tyrosine+kinases+(EGFR),+or+some+modulators+of+the+cell+cycle+(cyclin+E,+D1,+CDK6)*(Weiss*and*al.,*
	2004).*

Figure)6:)Key)features)of)gastric)cancer)subtypes.)This+schema6c+lists+some+of+the+salient+features+

  

	associated+with+each+of+the+four+molecular+subtypes+of+GC.+Distribu6on+of+molecular+subtypes+in+
	tumours+ obtained+ from+ dis6nct+ regions+ of+ the+ stomach+ is+ represented+ by+ inset+ charts,+ Network*
	TGCA*research,*2014.*
	4.2. Asian*Cancer*Research*Group*(ACRG)*molecular*classifica-on*
	Another+molecular+classifica6on+was+done+by+the+ACRG+in+2015+with+300+Korean+GC+tumors+using+
	the+ same+ approach.+ Most+ of+ the+ tumors+ are+ DGC+ type.+ They+ also+ find+ a+ MSI+ subtype,+ but+ not+ a+
	dis6nct+ EBV+ subtype+ as+ described+ before+ by+ the+ TCGA+ group.+ In+ their+ study,+ the+ subtype+ mostly+
	linked+to+DGC+type+was+characterized+by+a+gene+signature+of+the+epithelialKmesenchymal+transi6on.+
	Moreover+to+discriminate+the+other+tumors+they+chose+the+gene+TP53,+known+to+be+inac6vated+in+
	60%+of+GC+(figure)7).+Briefly+the+4+molecular+subtypes+for+GC+defined+by+the+ACRG+are+defined+by+
	(Lin*and*al.,*2015a;*Lin*and*al.,*2015b;*Critescu*and*al.,*2015):+

The)microsatellite)stable)(MSS))/)EpithelialcMesenchymal)Transi;on)(EMT))tumors)

  

	The+MSS+/+EMT+tumors+occurs+at+an+elderly+age+and+are+correlated+with+a+poor+prognosis.+They+are+
	mostly+ of+ diffuse+ type+ with+ a+ high+ frequency+ of+ recurrence+ (63%).+ They+ have+ as+ a+ major+
	characteris6c,+the+loss+of+CDH1+gene+expression,+which+can+be+observed+in+the+GS+tumor+of+TCGA+
	classifica6on.+

The)microsatellite)instability)tumors)(MSI))

  

	tations and recurrent JAK2 and ERBB2 ampli-
	SI cases generally lacked targetable amplifica-
	3CA, ERBB3, ERBB2 and EGFR were noted, with
	tspot' sites seen in other cancers (Supplementary
	m MSI gastric cancers were BRAF V600E muta-
	in MSI colorectal cancer 39 . Although the geno-
	exhibited recurrent RHOA and CLDN18 events,
	ent targets were observed. In CIN tumours, we
	plifications of RTKs, many of which are amen-
	rapeutics in current use or in development. Re-
	f the gene encoding ligand VEGFA was notable
	er activity of the VEGFR2 targeting antibody
	ionally, frequent amplifications of cell cycle me-
	D1 and CDK6) suggest the potential for thera-
	in-dependent kinases
	The+characteris6cs+of+MSI+are+equivalent+with+those+of+TCGA+classifica6on,+i.e.+hypermuta6on+and+
	the+loss+of+MLH1+expression+(Mori*and*al.,*2003).+They+are+mainly+located+at+the+antrum+site+and+
	correlated+with+a+beqer+prognosis+and+a+lower+recurrence+frequency+(22%).+
	26

Figure) 7:) Molecular) subtypes) of) gastric) cancer.) Gastric+

  

	The+ p53K+ tumors+ display+ a+ high+ gene6c+ instability+ with+ a+ strong+ focal+ gene+ amplifica6on+ (EGFR,+
	ERBB2,+MYC)+and+p53+muta6ons+in+60%+of+cases.+Like+for+p53+++tumors+they+show+an+intermediate+ +
	survival+and+recurrence.++				
	In+a+more+general+way,+the+interest+of+the+molecular+characteriza6on+of+GC+has+opened+the+search+
	for+new+perspec6ves+in+the+treatment+field.+Indeed,+these+pa6ents+will+benefit+of+targeted+therapy+
	in+func6on+of+the+gene+involved.+			
	• CDH1 and RHOA	• DNA hypermethylation	• Hypermutation	• RTK-RAS activation	• TP53 mutation from
	mutations • CLDN18-ARHGAP26 fusion • Cell adhesion pathways • Younger patients	• PIK3CA mutation • PDL1 and PDL2 overexpression • Recurrent JAK2 and ERBB2 ampli cation • CDKN2A silencing • Immune cell signalling • Common in the corpus • Frequent ARID1A and • Rare TP53 mutation BCOR mutation	• MLH1 silencing • KRAS or NRAS activation • RASA1 and PTEN inactivation • Mitotic pathways • Older patients • Less A->C transversion	(ERBB2, EGFR, MET, and cardia cancer • Common in GOJ VEGFA and KRAS or NRAS) • TP53 mutation • Ampli cations of cell cycle mediators (CCNE1, CCND1 and CDK6), GATA4 and GATA6	early BO lesion cell cycle mediators • Ampli cations of • Progressive loss of tumour suppressor genes (TP53, CDKN2A, SMAD4 and ARID1A) • RTK-RAS activation (EGFR, ERBB2, VEGFA and KRAS)
					(CCND1, CCNE1
					and CDK6), MYC,
	• CDH1 silencing	• Intact TP53	• Common in the antrum	• TP53 mutation	GATA4 and GATA6
	• Younger patients	• MDM2 ampli cation	• Best prognosis	• Genomic instability	
	• Worst prognosis	• EBV infection	• Hypermutation	• Recurrent ampli cation	
		• Enrichment with	• MLH1 silencing	(ERBB2, EGFR, GATA6,	
		PIK3CA or ARID1A	• Frequent mutations in	MYC, CCNE1 and	
		mutation and	KRAS, MTOR, PTEN,	CCND1)	
		cytokine signature	PI3KCA, ASL and		
		in EBV +	ARID1A		
			cancer+ (GC)+ has+ four+ molecular+ subtypes+	Nature
	characterized+by+specific+genomic+altera6ons:+microsatellite+instability+(MSI),+genomeKstable+(GS),+
	Epstein-Barr+ virus+ (EBV)+ and+ chromosome+ instability+ (CIN)+ based+ on+ The+ Cancer+ Genome+ Atlas+
	(TCGA)+ classifica6on;+ and+ MSI,+ microsatellite+ stable+ (MSS)/epithelial-mesenchymal+ transi6on+
	(EMT),+ MSS/TP53++ and+ MSS/TP53K+ based+ on+ the+ Asian+ Cancer+ Research+ Group+ (ACRG)+
	classifica6on.+DiffuseKtype+GC+is+predominantly+included+in+the+GS+or+MSS/EMT+subtype.+It+is+likely+
			27		

tumour Similar genomic alterations EBV MSI CIN Non-MSI OAC TCGA Others* GS ACRG MSS/EMT MSS/TP53 + MSI MSS/TP53 - Lauren Diffuse type Intestinal type Intestinal type in mos GC Figure 4 | Molecular subtypes of gastric cancer and oesophageal adenocarcinoma. Gastric

  

	that+MSIKtype+tumors+represent+classical+intes6nalKtype+GC+in+the+distal+stomach.+CINKtype+GCs+are+
	commonly+found+in+the+cardia.+Hayakawa*and*al.,*2016+		
	5. Treatment)		
	The+diagnosis+of+pa6ents+is+done+by+endoscopy+and+biopsy.+Biopsies+will+enable+clinical,+histological+
	and+molecular+classifica6ons+of+the+tumor,+allowing+the+adapta6on+of+the+treatment+(Kumar*and*
	al.,* 2013).+ Unfortunately+ in+ Western+ countries,+ the+ diagnosis+ is+ delayed,+ because+ of+ an+
	asymptoma6c+ disease+ in+ the+ early+ stages,+ leading+ to+ a+ more+ advanced+ stage+ of+ GC.+ Moreover,+
	unlike+the+Asian+countries+especially+in+Japan,+we+do+not+benefit+from+large+screening+program.+So,+
	the+survival+of+pa6ents+with+advanced+GC+and+metastasis+development+is+less+than+20%+in+contrast+
	to+ the+ 90%+ in+ EGC+ and+ AGC+ without+ metastasis+ development+ observed+ in+ Japan+(Alberts* and* al.,*
	2003).+		
	5.1. Cura-ve*treatment*		R E
	Total+or+par6al+gastrectomy+represents+the+cornerstone+in+the+cura6ve+treatment+for+EGC+and+AGC+
	without+ metastasis+ development.+ It+ is+ combined+ with+ chemotherapy+ or+ radioKchemotherapy+
			cancer (GC
	four molecular subtypes: microsatellite instability (MSI), genome-stable (GS), Epstein-Barr virus (EBV) and
	chromosome instability (CIN) based on The Cancer Genome Atlas (TCGA) classification; and MSI, microsat
	(MSS)/epithelial-mesenchymal transition (EMT), MSS/TP53 +	and MSS/TP53 -	based on the Asian Cancer Re
	(ACRG) classification. Diffuse-type GC is predominantly included in the GS or MSS/EMT subtype. It is likely
	tumours represent classical intestinal-type GC in the distal stomach. CIN-type GCs are commonly found in
	gastric-oesophageal junction (GOJ). Each subtype carries specific genomic alterations; for example, the M
	mutL homologue 1 (MLH1) silencing, the EBV subtype has programmed cell death protein 1 (PD1) ligand 1
	amplifications. Most oesophageal adenocarcinomas (OACs) are MSS, whereas OACs with MSI are less com
	demonstrate characteristic chromosomal and genomic instability and frequent whole-genome duplicatio
	cancer and OAC share CIN signatures with a high frequency of TP53 mutation, activation of receptor tyros
	RAS pathways, and frequent amplifications in genes encoding cell cycle mediators, GATA binding protein
	GATA6. ALK, anaplastic lymphoma kinase; ARHGAP26, Rho GTPase activating protein 26; ARID1A, AT-rich i
	domain 1A; ASL, argininosuccinate lyase; BCOR, BCL6 co-repressor; BO, Barrett oesophagus; CCND1, cyc
	E-cadherin; CDK6, cyclin-dependent kinase 6; CDKN2A, CDK inhibitor 2A; CLDN18, claudin 18; EGFR, epid
	factor receptor; JAK2, Janus kinase 2; MSH3, mutS homologue 3; PIK3CA, PI3K catalytic subunit α; RASA1, R
	activator 1; VEGFA, vascular endothelial growth factor A. *Others: other genomic studies.

Figure)8+includes+all+clinical+trials+and+their+results.+Only+3+trials+showed+a+posi6ve+effect.+Lee+and+

  

	.++
	According+to+the+American+cancer+society+guidelines,+a+number+of+an6cancer+drugs+can+be+used+to+
	treat+ GC,+ for+ exemple+ 5KFU+ (fluorouracil),+ pla6num+ deriva6ves+ (carbopla6n,+ cispla6n,+ oxalipla6n)+
	and+Taxol+deriva6ves+(docetaxel,+pacltaxel).+These+drugs+may+be+used+alone+or+in+combina6on+as:+
	K ECF+(epirubicin,+cispla6n,+and+5KFU),+which+may+be+given+before+and+aner+surgery+
	K Docetaxel+or+paclitaxel+plus+either+5KFU+or+capecitabine,+combined+with+radia6on+as+treatment+
	before+surgery+
	K Cispla6n+plus+either+5KFU+or+capecitabine,+combined+with+radia6on+as+treatment+before+surgery+
	K Paclitaxel+and+carbopla6n,+combined+with+radia6on+as+treatment+before+surgery.+
	Targeted)therapy)
	The+ new+ molecular+ classifica6ons+ (TCGA+ and+ ACRG)+ allow+ putng+ into+ perspec6ve+ the+
	improvement+of+treatments+with+the+use+of+targeted+therapy.+In+fact,+the+molecular+subtypes+of+GC+
	have+ specific+ gene+ signatures,+ such+ as+ the+ HER2+ (Kurokawa* and* al.,* 2015)* and+ VEGFR+ gene+
	amplifica6on+found+for+CIN+or+p53K+GC+types.+Current+treatments+can+target+these+amplifica6ons+
	with+ the+ use+ of+ humanized+ an6bodies,+ Trastuzumab+ (HER2)+ and+ Beacizumab+ (VEGFR).+ Moreover+
	targeted+ therapies+ are+ mainly+ used+ in+ combina6on+ of+ exis6ng+ chemotherapies,+ and+ so+ they+ can+
	reduce+ the+ toxicity+ of+ these+ treatments+ and+ improve+ pa6ent+ survival.+ These+ last+ years+ numerous+
	clinical+trials+have+been+introduced+to+determine+the+benefit+of+these+targeted+therapies+in+terms+
	of+PFS+and+OS+in+combina6on+of+current+chemotherapies+(Bang*and*al.,*2010;*Shen*and*al.,*2015).+
	al.+explain+the+significant+numbers+of+nega6ve+trial+by+the+lack+of+a+pa6ent+selec6on+based+on+the+
	biomarker+tested+and+the+lack+of+considera6on+of+the+molecular+subtype+and+stage+of+GC+pa6ents+
	(Lee*and*al.,*2016).+

The)case)of)H.pylori)treatment)

  

	In+addi6on+to+the+above+an6cancer+protocols,+pa6ents+are+treated+to+eradicate+H.*pylori+infec6on.+ Reviews+on+the+subject+in+terms+of+benefit+are+very+controversial+in+term+of+benefit.+Pa6ents+are+ treated+ with+ proton+ pump+ inhibitors+ (PPI),+ which+ increases+ the+ acidity+ of+ the+ environment+ and+ eliminate+the+bacteria.+For+some+pa6ents,+the+significant+increase+in+stomach+acidity+will+result+in+ an+increase+in+gastroesophagal+reflux+and+suddenly+an+increased+risk+of+developing+cardia+GC+type+ or+GOJ+type+

Table 1

 1 

	summarizes representative important clinical trial
	results in GAC.
	Negative trials with targeted agents have substantially
	outnumbered the positive trials (the ToGA, REGARD, and

TABLE 1 .

 1 Major Clinical Trials in Gastric Adenocarcinoma With Targeted Agents

	LEE, BASS, AND AJANI					
				Patient		Results	
			Type of	Selection		(Primary	
	Target	Trial	Study/Line	Method	Regimen	Endpoint)	Reference
	HER2	ToGa	Phase III/first	HER2 IHC	5-FU/capecitabine +	Positive (OS)	Bang et al 2010 5
					cisplatin 6 trastuzumab		
	HER2	LOGIC	Phase III/first	HER2	Lapatinib + XELOX	Negative (OS)	Hecht et al 16
				amplification	XELOX		
	HER2	TYTAN	Phase III/second	HER2	Paclitaxel + lapatinib vs. paclitaxel Negative (OS)	Bang et al (2013) 17
				amplification			
	EGFR	EXPAND	Phase III/first	All comer	Cetuximab/XP vs. placebo/XP	Negative (OS)	Lordick et al 18
	EGFR	REAL-III	Phase III/first	All comer	Panitumumab/EOC vs. EOC	Negative (OS)	Waddell et al 19
	EGFR	Nimotuzumab Phase II/second	All comer	Nimotuzumab/irinotecan vs.	Negative	Kim et al 20
					irinotecan		
	VEGF	AVAGAST	Phase III/first	All comer	XP/bevacizumab vs. XP	Negative (OS)	Van Cutsem et al 21
	MET	RILOMET-1	Phase III/first	MET IHC	Rilotumumab/ECX vs. ECX	Negative (OS)	Iveson et al 22
	MET	METGastric	Phase III	MET IHC	Onartuzumab/FOLFOX vs. FOLFOX Negative (OS)	Shah et al 23
	FGFR2	SHINE	R-Phase II/second	FGFR2	AZD4547/paclitaxel vs. paclitaxel	Negative (PFS)	Bang et al (2015) 24
				amplification			
	mTOR	GRANITE	Phase III/second	All comer	Everolimus vs. placebo	Negative (OS)	Ohtsu et al 25
			or third				
	AKT	MK2206	Phase II/second	All comer	MK-2206	Response rate, 1%	Ramanathan et al 26
	ATM	Olaparib	R-Phase II/second	ATM IHC	Paclitaxel/olaparib vs.	Negative (PFS)	Bang et al (2015) 27
					paclitaxel/placebo		
	VEGF	MEGA	R-Phase II/first	All comer	FOLFOX/aflibercept vs. FOLFOX	Negative (6-mo PFS) Enzinger et al 28
	HER2	GATSBY	Phase II/III/ second HER2 IHC	TDM1 vs. paclitaxel or docetaxel	Negative (OS)	Kang et al 29
	VEGFR-2 RAINBOW	Phase III/second	All comer	Paclitaxel/ramucirumab vs.	Positive (OS)	Wilke et al 30
					paclitaxel/placebo		
	VEGFR-2 REGARD	Phase III/third	All comer	Ramucirumab vs. placebo	Positive (OS)	Fuchs et al 31
	Abbreviations: OS, overall survival; XP, capecitabine (Xeloda) and cisplatin; EOC, epirubicin, oxaliplatin, and capecitabine; IHC, immunohistochemistry; ECX, epirubicin, cisplatin, and
	capecitabine; PFS, progression-free survival.				

II. THERAPY)BASED)ON)ORGANOMETALLIC)COMPOUNDS) 1. Pla;num)compounds)

  

	rg et al.
	1.1. Generality*
	As+ I+ have+ described+ previously,+ pla6numKderived+ compounds+ are+ widely+ used+ in+ the+ cura6ve+ or+
	pallia6ve+ treatment+ for+ GC.+ Many+ pla6num+ deriva6ves+ have+ been+ synthesized,+ but+ only+ 3+ are+
	currently+approved+for+worldwide+diffusion+and+use,+namely+cispla6n,+carbopla6n+and+oxalipla6n.+
	They+ are+ mainly+ used+ in+ combina6on+ with+ other+ an6cancer+ drugs,+ such+ as+ an6metabolites+ 5K
	fluorouracil+ (5FU),+ and+ taxanes+ (placitaxel,+ docetaxel)+ for+ their+ synergis6c+ an6Ktumor+ ac6vity*
	(Montagnani*and*al.,*2011).+
	+
	Cispla6n+ or+ cisKdiammine+ dichloropla6num+ (II)+ is+ currently+ one+ of+ the+
	most+used+drugs+in+chemotherapy+for+its+cytotoxic+effect+and+low+cost.+
	This+ molecule+ was+ synthesized+ by+ M.+ Peyrone+ in+ 1844,+ but+ it+ was+ not+
	un6l+1960+that+its+an6Ktumor+ac6vity+was+described+by+M.+Rosenberg.+
	The+first+clinical+phase+I+trial+was+realized+in+1971.+Soon+aner,+cispla6n+
	was+ approved+ by+ the+ FDA+ in+ 1978+ exclusively+ for+ the+ treatment+ of+ tes6cular+ and+ ovarian+ cancer.+
	Since+ then+ it+ has+ been+ approved+ for+ many+ cancers+ such+ as+ bladder,+ cervical,+ head+ and+ neck,+
	stomach,+smallKcell+and+nonKsmall+cell+lung+cancer+(Dasari*and*al.,*2014;*Ali*and*al.,*2013).+Despite+
	its+role+as+standard+in+the+treatment+of+cancer,+there+are+two+major+limita6ons+in+its+use:+many+de*
	novo+ or+ acquired+ resistances+ have+ been+ described,+ and+ mul6Ktoxicity+ was+ observed,+ including+
	nephrotoxicity+and+eme6c+ac6vity.+This+is+why+more+than+a+hundred+analogues+were+synthesized+in+
	the+last+finy+years+in+order+to+counteract+the+deleterious+effects+of+cispla6n.+Among+these+2nd+and+
	3rd+genera6on+analogs,+only+carbopla6n+(1989)+and+oxalipla6n+(2002)+have+been+approved+for+the+
	treatment+of+many+cancers+(Moncharmont*and*al.,*2011).+
	Carbopla6n+ or+ cisKdiammine+ (1,1Kcyclobutanecarboxylato)+ pla6num+
	(II)+ demonstrated+ less+ side+ effects+ in+ comparison+ with+ cispla6n,+
	especially+ the+ nephrotoxic+ ac6vity.+ In+ terms+ of+ structure+ it+ differs+
	from+ cispla6n+ by+ the+ presence+ of+ a+ bidentate+ dicarboxylate+ ligand+
	instead+ of+ two+ chloride+ ligands+ observed+ for+ cispla6n.+ It+ has+ the+
	ability+ to+ form+ the+ same+ interstrand+ DNA+ adduct+ as+ observed+ with+ cispla6n,+ which+ leads+ to+
	significant+resistance+crossKreac6vity+with+cispla6n+(Burger*and*al.,*2011).+It+has+a+similar+spectrum+
	of+ efficacy+ to+ cispla6n+ but+ with+ a+ lower+ reac6vity+ and+ a+ slower+ DNA+ binding+ kine6cs.+ Four+ 6mes+
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  .+ Moreover,+ pa6ents+ treated+with+cispla6n+can+exhibit+an+overexpression+of+ERCC1+and+BRCA1,+two+enzymes+implicated+ in+ the+ NER+ pathway,+ which+ are+ correlated+ with+ a+ worse+ prognosis.+ In+ the+ other+ hand,+ overexpression+ of+ the+ same+ enzyme,+ BRCA1,+ enhance+ sensi6vity+ of+ the+ cells+ treated+ with+ docetaxel,+which+reinforces+the+complexity+of+the+system+(Pietrantonio*et*al.,*2013).++ number+ of+ cancers,+ they+ cause+ severe+ side+ effects+ that+ require+ in+ some+ cases+ a+ treatment+ arrest,+ but+ especially+ more+ than+ 50%+ of+ tumors+ exhibit+ innate+ or+ acquired+ resistance+ mechanisms.+ In+ recent+ years,+ with+ a+ goal+ to+ counteract+ the+ adverse+ effects+ of+ the+ pla6num+

	2. Ruthenium)compounds)
	2.1. Interest*on*ruthenium*compounds*
	In+ order+ to+ counteract+ the+ limita6ons+ observed+ with+ pla6num+ deriva6ves,+ there+ has+ been+ a+
	growing+interest+for+ruthenium+compounds+in+recent+years.+Indeed,+similar+to+cispla6n,+ruthenium+
	compounds+exhibit+cytotoxicity+against+cancer+cells*in*vitro+and+in*vivo,+including+cell+lines+resistant+
	to+cispla6n+(Bergamo*and*al.,*2012).+An+analogous+ligand+exchange+abili6es+to+complex+pla6num+is+
	observed.+On+the+other+hand,+in+view+of+the+different+mechanisms+of+ac6on+from+those+of+pla6num+
	deriva6ves,+ there+ is+ no+ crossKresistance+ observed+ with+ cispla6n+ and+ they+ also+ show+ a+ greater+
	spectrum+of+ac6vity.+Finally,+they+induce+a+lower+toxicity+in+healthy+6ssues+due+to+their+ability+to+
	use+ the+ physiological+ pathway+ of+ iron+ transport+ in+ the+ body+ via+ transferrin+ (Antonarakis* and* al.,*
	2010;*Meggers,*2007;*Bergamo*and*al.,*2011;*Galanski*and*al.,*2003).+In+the+70s,+Clarke+et+al.+were+
	the+first+to+describe+the+ability+of+the+ruthenium+compound+pentaammine+(purine)+ruthenium+(III)+
	to+inhibit+the+DNA+and+protein+synthesis+in+nasopharyngeal+cancer+(Kelman,*Clarke*and*al.,*1977).+
	Based+on+these+results,+a+real+aqen6on+was+paid+to+these+new+organometallic+compounds.+Among+
	those+synthesized,+only+two+have+been+tested+in+clinical+trials,+the+KP1019+(phase+I),+and+NAMIKA+
	(phase+II).++
	The+iden6fica6on+of+these+markers+will+allow+us+firstly+to+classify+the+GC+and+adapt+the+treatment,+
	and+ secondly,+ to+ develop+ targeted+ therapies,+ like+ for+ example+ the+ used+ of+ trastuzumab+ for+ HER2+ Ruthenium+ compounds+ have+ chemical+ proper6es+ making+ them+ good+ candidates+ for+ the+
	overexpression,+for+pa6ent+with+advanced+GC+with+metastasis.+This+iden6fica6on+and+progression+ development+of+new+an6Kcancer+drugs.+According+to+Bergamo+et+al.,+they+have*(Bergamo*and*al.,*
	2012):+ in+treatment+means+beqer+knowledge+of+the+mechanisms+of+ac6on+of+therapies+and+tumor+biology+ possibly+leading+to+increased+aggression.+Despite+genuine+efforts+to+improve+and+beqer+define+the+ K The+possibility+to+occupy+a+high+number+of+spa6al+posi6ons+with+up+30+stereo+isomers+due+
	to+their+expanded+set+of+octahedral+coordina6on+geometry.+ pla6numKbased+treatments,+there+are+s6ll+limita6ons+to+their+usage.+Indeed,+they+are+only+effec6ve+ K A+high+number+of+poten6al+accessory+molecules+that+can+be+carried+by+the+drug+structure.+ K An+oxida6on+/+reduc6on+state+that+allows+them+to+exist+in+the+biological+fluids+in+almost+all+ for+ a+ limited+ compounds,+different+teams+focused+on+the+development+of+other+organometallic+compounds.+ the+most+important+oxida6on+states+from+II+to+IV.+
	2.2. Ruthenium*based*molecules*
	My+ PhD+ work+ contributed+ directly+ to+ the+ ongoing+ research+ and+ development+ of+ such+ an6cancer+ The+first+compound+described+to+have+an+an6Kcancer+ac6vity+is+the+ruthenium+red+which+has+the+
	compounds+containing+ruthenium.+ ability+ to+ inhibit+ calcium+ uptake+ into+ mitochondria+ thereby+ inducing+ apoptosis.+ Since+ then,+ many+
	compounds+based+on+Ruthenium+(III)+and+(II)+oxida6on+states+were+synthesized+and+tested+for+their+
	cytotoxic+effects+in*vitro+and+in*vivo.+In+this+part,+I+will+describe+the+best+characterized+ones+un6l+
	now.+

  .+ KP1019+ becomes+ ac6ve+ once+ inside+ the+ cell+ by+ the+ reduc6on+ of+ the+ ruthenium+ (III)+ to+ ruthenium+(II)+oxida6on+state+according+to+the+hypothesis+of+the+«reduc6on+by+oxida6on».+Indeed,+ tumor+ cells+ are+ characterized+ by+ a+ low+ oxygen+ concentra6on+ and+ low+ pH,+ a+ consequence+ of+ the+ hypoxic+ status+ of+ the+ tumor.+ This+ allows+ the+ change+ in+ redox+ poten6al+ of+ the+ metal+ and+ the+

	ac6va6on+of+the+drug.+Its+direct+cytotoxic+ac6vity+is+mediated+through+its+ability+to+interfere+with+
	the+ electron+ transporta6on+ chain,+ which+ causes+ the+ depolymeriza6on+ of+ the+ mitochondrial+
	membranes.+Apoptosis+is+then+induced+by+a+decrease+in+the+expression+of+the+an6Kapopto6c+factor+
	BclK2+ and+ the+ induc6on+ of+ Caspase+ 3* (Clarke,* 2002).+ KP1019+ is+ able+ to+ interact+ with+ DNA+
	equivalently+ to+ cispla6n+ but+ with+ a+ lower+ efficiency+ (15+ 6mes+ less).+ This+ causes+ double+ strands+
	break+in+DNA+but+they+are+not+sufficient+to+induce+cell+death+directly+(Bergamo*and*al.,*2012).++
	In+ 2005,+ Kepler+ and+ Heffeter+ described+ a+ mechanism+ of+ resistance+ for+ KP1019+ involving+ the+ ABC+
	transporters.+ Resistance+ to+ treatment+ is+ observed+ in+ numerous+ cell+ lines+ which+ overexpressed+
	some+receptors+like+the+PKglycoprotein,+which+causes+a+reduc6on+of+the+compound+accumula6on+in+
	the+cell+and+thus+halved+its+ac6vity+(Heffeter*and*al.,*2005;*Trondl*and*al.,*2014).+
	2.2.2. The+Ru(II)Karene+ligand+compounds+

RAPTAcT)and)RAPTAcC)mode)of)ac;on)

  RAPTA+ complexes+ were+ developed+ by+ Dyson+ and+ have+ a+ [PTA]+ ligand.+ This+ ligand+ gives+ them+ the+ capacity+ to+ a+ pHKdependent+ ac6va6on+ enabling+ high+ selec6vity+ for+ hypoxic+ cells+ at+ low+ pH.+ This+ compound+ was+ inspired+ by+ the+ RM175+ of+ Peter+ Sadler+ with+ a+ change+ of+ the+ ethylenediamine+ ligand+ by+ the+ PTA+ ligand.+ There+ are+ several+ RAPTA+ analogs+ including+ RAPTAKT+ and+ RAPTAKC,+ which+ I+ will+ describe+ now.+ Meggers's+ team+ used+ a+ different+ strategy+ for+ the+ development+ and+ synthesis+ of+ new+ ruhtenium+ complexes.+ Indeed,+ he+ had+ used+ metal+ complexes+ as+ a+ structurally+ inert+ scaffolds+ for+ enzyme+ inhibitors+ based+ on+ the+ structure+ of+ staurosporine,+ resul6ng+ in+ compounds+ DW1+ /+ 2.+ The+ ATPK

	.*
	b. RAPTA)complexes)
	RAPTAKT+has+an+an6Kmetasta6c+ac6vity+similar+to+NAMIKA+as+has+been+demonstrated+in*vitro+in+the+
	highly+invasive+MDAKMBK231+ovarian+cancer+cell+line.+In*vivo,+the+two+compounds+provide+growth+
	inhibi6on+of+lung+metastases+with+only+a+slight+effect+on+the+primary+tumor.+Their+rela6vely+simple+
	structures+allow+them+to+be+involved+in+intracellular+and+extracellular+processes.+Each+compound+
	has+the+ability+to+interact+with+DNA+like+cispla6n+but+they+are+much+less+effec6ve.+Furthermore+the+
	lesions+ are+ mostly+ repaired+ which+ proves+ that+ their+ cytotoxic+ ac6vity+ is+ not+ DNA+ dependent+
	(Scolaro*and*al.,*2005;*Bergamo*and*al.,*2008).*
	Similarly+these+compounds+trigger+a+cell+cycle+arrest+in+G2+/+M+phase+followed+by+cell+apoptosis.+
	Indeed,+RAPTA+induce+the+accumula6on+of+p53+and+its+target+gene+CDKN1A+(p21)+and+a+decrease+in+
	Cyclin+ E+ leading+ to+ the+ mitochondrial+ apoptosis+ with+ the+ release+ of+ the+ cytochrome+ C+ and+ the+
	ac6va6on+of+the+proKcaspase+9.+Furthermore,+JNK+would+be+cri6cal+in+the+inhibi6on+of+cell+growth+
	by+RAPTAKC+(Cha^erjee*and*al.,*2008).+
	c. DW)1/2)

compe66ve+indolocarbazole+alkaloid+staurosporine,+potent+inhibitor+of+various+kinases,+was+used+ as+ a+ lead+ structure+ to+ further+ develop+ the+ compound+ by+ replacing+ the+ carbohydrate+ unit+ of+ 46
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	protein+and+thus+modulate+the+G1+/+S+transi6on+of+the+cell+cycle+(Luo*and*al.,*1998).+HDACs+have+ instability,+promo6ng+tumor+development.+HDAC+therefore+plays+a+cri6cal+role+in+establishing+the+
	also+the+ability+to+interact+with+nuclear+receptors+such+as+estrogen+receptor+(ER).+HDAC1+interacts+ tumor+ phenotype.+ Thereaner,+ the+ altered+ expression+ of+ certain+ HDACs+ was+ put+ forward+ in+ many+
	strongly+with+ER,+which+leads+to+the+repression+of+its+ac6vity+in+absence+of+estrogen+through+the+ solid+tumors.+For+example,+overexpression+of+HDAC1+is+observed+in+tumors+such+as+gastric,+breast,+
	inhibi6on+ of+ its+ target+ gene+ transcrip6on* (Kawai* and* al.,* 2003).+ Furthermore,+ acetyla6on+ of+ p53+ prostate+ cancer+ and+ correlated+ with+ poor+ prognosis+ (Choi* and* al.,* 2001;* Zhang* and* al.,* 2005;*
	can+stabilize+the+protein+by+preven6ng+its+ubiqui6na6on+on+the+same+lysine+residues.+The+complex+ Halkidou* and* al.,* 2004).+ However,+ the+ expression+ of+ HDAC1/3+ is+ correlated+ with+ that+ of+ the+
	HDAC1/NuRD+ causes+ the+ deacetyla6on+ of+ p53+ and+ therefore+ its+ degrada6on+ by+ the+ proteasome+ estrogen+ and+ progesterone+ receptor+ in+ breast+ cancer,+ which+ contribute+ to+ their+ interest+ as+ an+
	(Juan*and*al.,*2000;*Luo*and*al.,*2000).+A+genomeKwide+analysis+of+acetylated+proteins+highlighted+ independent+marker+of+prognosis*(Krusche*and*al.,*2005).+The+expression+of+HDAC8+is+increased+in+
	their+ role+ in+ many+ biological+ processes+ such+ as+ prolifera6on,+ apoptosis,+ differen6a6on+ and+ a+cancer+specific+manner,+as+in+the+childhood+neuroblastoma+and+correlates+with+a+poor+prognosis+
	angiogenesis*(Choudhary*and*al.,*2009).++	
	2.4. Therapeu-cal*interest*of*HDAC*inhibitors*treatment*in*cancer*
	The+interest+in+HDAC+has+been+growing+the+last+few+years+for+two+reasons*(Minucci*and*al.,*2006):+
	a. Their+ expression+ has+ been+ linked+ to+ carcinogenesis.+ Indeed,+ an+ altera6on+ in+ HDAC+
	expression+is+observed+in+numerous+hematological+malignancies+and+solid+tumors.+
	b. They+are+of+interest+in+cancer+therapy+in+view+of+their+reversible+ac6vity+with+the+use+of+an+
	HDAC+inhibitor+(HDACi).+	
	Fraga+et+al.+have+reported+a+loss+in+acetyla6on+of+the+histone+H4K16+and+trimethyla6on+H4K20+at+
	repeated+DNA+sequences+of+tumor+cells+in+early+stage+in+tumorigenesis*(Fraga*and*al.,*2005).+This+
	Classe early+ epigene6c+ modifica6on+ represents+ a+ cancer+ signature.+ Hypoacetyla6on+ in+ colon,+ breast,+ HDACs Subcellular)localisa;on Nonchistone)proteins
	HDAC1+ ovarian,+stomach+cancer+is+observed.+The+level+of+histone+hypoacetyla6on+is+correlated+with+tumor+ p53,+STAT1,+YY1,+ERa,+SP1,+MyoD,+E2FK1+
	I ini6a6on.+Two+hypotheses+are+possible+to+explain+this+process,+the+altera6on+of+the+expression+of+ HDAC2+ HDAC3+ Nucleus STAT3,+YY1+ SRY,+STAT3,+YY1,+SHP,+GATA1,+GATA2,+RelA+
	HDAC8 HAT+by+inac6va6ng+muta6ons+or+chromosomal+transloca6on+and+an+aberrant+expression+of+HDACs,+ -
	HDAC4+ which+is+developed+in+the+following+sec6on+(Ropero*and*al.,*2007).+	GATA1+
	IIa HDAC)and)cancer) HDAC5+ HDAC7+ HDAC9	Nucleus+/+cytoplasm+	GATA1+ -+ -
	HDAC6+ The+architectural+model+for+the+involvement+of+HDACs+in+cancer+is+the+acute+promyelo6c+leukemia+ Cytoplasm+ SHP,+αKTubuline,+Hsp90+ IIb HDAC10 Nucleus+/+Cytoplasm -(APL).+100%+of+pa6ents+with+APL+exhibit+fusion+proteins+with+the+re6noic+acid+receptor+(RAR),+as+
	IV RARKPML+(promyelo6cy6c+leukemia)+and+RARKPLZF+(PMLKzinc+finger).+Under+normal+condi6ons,+in+ HDAC11 Nucleus+/+cytoplasm -
	the+ absence+ of+ re6noic+ acid+ (RA),+ the+ RAR+ is+ present+ on+ its+ response+ elements+ with+ HDAC+ to+
	repress+transcrip6on+its+target+genes.+In+the+presence+of+RA,+there+is+a+disrup6on+of+the+complex+
	Depending+on+their+nonKhistone+target+HDAC+will+have+a+role+in+the+DNA+binding+of+the+protein,+the+ RAR+/+HDAC+and+a+transcrip6onal+ac6va6on+of+its+target+genes+(Lin*and*al.,*2001).+Fusion+proteins+
	protein+/+protein+interac6on,+the+protein+stability+and+the+protein+transloca6on+(Kim*and*al.,*2003).+ allow+the+stabiliza6on+of+the+RAR+/+HDAC+complex+regardless+of+the+presence+in+RA,+as+well+as+the+
	For+ example,+ the+ interac6on+ of+ the+ tumor+ suppressor+ Re6noblastoma+ (Rb)+ with+ HDAC1+ /+ 2+ will+ recruitment+of+other+factors+involved+in+chroma6n+remodeling+such+as+DNMT+and+HMT.+One+of+the+
	allow+ the+ repression+ of+ promoters+ containing+ E2F,+ Rb+ being+ itself+ directly+ recruited+ by+ the+ E2F+ major+reported+effects+is+the+degrada6on+of+p53,+because+of+its+hypoacetyla6on+and+therefore+its+

and+ survival+ for+ the+ pa6ent+

[START_REF] Oehme | +I.+et+al.+Histone+deacetylase+8+in+neuroblastoma+tumorigenesis.+Clin.+Cancer+Res[END_REF]

.+ In+ view+ of+ these+ factors,+ the+ contribu6on+ of+ HDACs+in+carcinogenesis+has+been+studied+(Figure

)19

).+

  .+ The+ priKmiRNA+ will+ be+ cleaved+ by+ the+

	microprocessor+composed+of+the+RNase+III+Drosha,+and+DGRC8++(DiGeorge+syndrome+cri6cal+Region+
	8)+involved+in+the+recogni6on+of+doubleKstrand+RNA+(dsRNA).+A+cross+regula6on+between+the+two+
	partners+ is+ observed.+ DGRC8+ has+ the+ ability+ to+ stabilize+ Drosha+ by+ proteinKprotein+ interac6on.+
	Conversely,+ Drosha+ is+ able+ to+ downregulate+ DGRC8.+ The+ germline+ Drosha+ and+ /+ or+ DGRC8+
	deficiency+ induces+ early+ embryonic+ lethality,+ demonstra6ng+ their+ importance+ in+ development.+ In+
	human,+ genomic+ dele6on+ of+ DGRC8+ leads+ to+ a+ neurological+ disorder,+ the+ DiGeorge+ syndrome.+
	DGRC8+ will+ therefore+ allow+ the+ recogni6on+ of+ dsRNA+ posi6oning+ Drosha+ for+ its+ endonuclease+
	ac6vity+(MacFarlane*and*al.,*2010).+Cleavage+of+the+priKmiRNA+will+allow+the+release+of+the+stem+
	loop+ structure+ and+ the+ forma6on+ of+ the+ precmiRNA+ hairpin+ precursor+ of+ 60K70+ nucleo6des+

  Many+ team+ aqempted+ to+ define+ a+ miRNA+ expression+ signature+ in+ GC.+ The+ recurring+ problem+ of+ these+ studies+ is+ the+ general+ lack+ of+ criteria+ for+ selec6on+ of+ samples+ analyzed.+ Indeed,+ these+ retrospec6ve+ studies+ do+ not+ onen+ take+ account+ of+ the+ stage+ of+ the+ tumor,+ histological+ characteris6cs+ (intes6nal,+ diffuse),+ and+ do+ not+ dis6nguish+ between+ the+ different+ treatments+ administered+ to+ the+ pa6ent.+ The+ results+ are+ biased+ and+ give+ rise+ to+ much+ controversy+ for+ the+ miRNA+ status:+ oncogenic+ or+ tumor+ suppressor.+ This+ is+ the+ case+ for+ the+ cluster+ miRK92/miRK182/

	2011).+ miRK34+ is+ involved+ in+ a+ posi6ve+ feedback+ loop+ with+ p53+ in+ the+ control+ of+ p21+ expression,+ miRNA) HDAC Target Pathways Pathology The+intravenous+injec6on+of+miRK122Kspecific+antagomir+in+mice+leads+to+a+decrease+in+the+miRNA+ and+ the+ von+ Hippen+ Lindau+ factor+ expression,+ which+ are+ both+ implicated+ in+ apoptosis+ and+
	important+ in+ cell+ cycle+ regula6on.+ Further+ evidence+ of+ the+ regula6on+ of+ miRNA+ by+ HDAC+ is+ miRK34 HDAC1 p21 Cell+cycle+arrest Prostate+cancer expression+in+the+liver+correlated+with+a+decrease+of+the+cholesterol+amount+in+the+plasma+of+obese+ angiogenesis+processes+(Choi*and*al.,*2001).+Furthermore,+HDAC4+is+overexpressed+in+GC+cell+lines+
	repression+of+miRK183+by+HDAC2+in+neuroblastoma.+This+miRNA+targets+MYCN,+which+is+important+ in+the+establishment+of+an+invasive+phenotype+and+the+development+of+metastasis.+Treatment+with+ miRK155 HDAC4 Blc6 mice*(Esau*and*al.,*2006).+Moreover,+other+molecules,+called+miRNA+mimics,+have+been+developed+ leading+to+an+increase+in+cell+growth+and+apoptosis+arrest+(Kang*and*al.,*2014).* miRK183+overexpressed+in+GC+but+whose+status+is+not+clear.+In+fact+Li+et+al.+described+it+for+its+role+in+ Cell+survival+/+ Prolifera6on BKcell+lymphoma to+allow+reKexpression+of+tumor+suppressor+miRNAs.+For+example,+the+LetK7+family+has+been+shown+ the+ini6a6on+of+metasta6c+development+while+Tang+et+al.,+gave+it+the+opposite+effect*(Zhang*and*
	HDACi+ allows+ the+ overexpression+ of+ miRK183+ following+ the+ hyperacetyla6on+ of+ its+ promoter+ miRK2861 HDAC5 BMP2 Osteogenesis Osteoporosis to+be+par6cularly+downKregulated+in+many+cancers+(stomach,+breast,+pancreas,+cancer).+Trang+et+al.+ 4.2. NonUcoding*RNA* al.,*2013b).))
	(Lodrini*and*al.,*2013).+Conversely+miRNAs+also+have+the+ability+to+regulate+these+two+mechanisms,+ called+the+epiKmiRNA.+The+DNMT+enzymes,+responsible+for+DNA+methyla6on,+are+predicted+miRNA+ miRK433 HDAC6 aKTubulin XKlinked+ have+used+an+in+vivo+KRAS+dependent++lung+cancer+model+where+they+reKintroduced+the+expression+ Recent+studies+showed+the+importance+of+miRNAs+in+the+diagnosis+and+prognosis+of+cancers+of+the+ Skeletal+ development+ dominant+ chondrodysplasia of+ LetK7a+ and+ b+ with+ specific+ mimic,+ which+ resulted+ in+ a+ decrease+ in+ tumor+ size+ (Trang* and* al.,* diges6ve+system,+but+their+precise+role+in+this+context+is+poorly+known+(Zhang*and*al.,*2008).+For+
	targets.+Indeed,+the+miRK29+family+is+capable+of+inhibi6ng+the+transla6on+of+DNMT*(Rajewsky*and* 2011).+ example,+ miRK21,+ who+ shows+ oncogenic+ ac6vity+ (oncomiR),+ has+ been+ described+ to+ be+
	al.,* 2006).+ In+ lung+ cancer,+ miRNAs+ from+ this+ family+ are+ onen+ underKexpressed,+ which+ allows+ the+ miRK140+5p HDAC7 ADAM10 Migra6on TSCC overexpressed+ in+ 92%+ of+ GC,+ and+ correlated+ with+ inhibi6on+ of+ the+ expression+ of+ its+ target+ gene+
	repression+of+many+tumor+suppressors.+The+miRK101+and+miRK138+target+EZH2,+a+member+of+the+ However,+ the+ targe6ng+ of+ miRNAs+ in+ therapeu6c+ approaches+ against+ cancer+ has+ limita6ons.+ PTEN,+a+tumor+suppressor.+Moreover+genomics+loss+of+the+tumor+suppressor+miRK101+results+in+the+
	polycomb+repressive+complex,+involved+in+H3K27+methyla6on.+Decrease+of+the+miRNA+expression+ in+ NSCLC+ (NonKSmall+ Cell+ Lung+ Cancer)+ causes+ the+ overexpression+ of+ EZH2+ and+ therefore+ an+ miRK93 HDAC8 CCDN2 Prolifera6on Indeed,+miRNAs+have+mul6ple+target+genes+which+results+in+a+decrease+of+the+specificity+of+ac6on+ overexpression+ of+ EZH2+ and+ concomitant+ deregula6on+ of+ epigene6c+ pathway,+ which+ leads+ to+ Colorectal+cancer and+an+increase+in+the+side+effects+development+related+to+the+treatment.+Furthermore,+methods+ cancer+ progression* (Ishiguro* and* * al.,* 2014).+ Upregulated+ miRK106+ and+ down+ regulated+ miRK203+
	increase+in+cell+prolifera6on,+decreased+apoptosis+and+higher+metasta6c+development+(Cho*and*al.,* for+the+in*vivo+delivery+of+antagomir+and+mimic+molecules+remain+to+be+op6mized.+Currently,++lipids+ are+associated+with+gastric+tumor+size+and,+stage,+as+well+as+lymph+nodes+and+distant+metastasis.+
	or+viral+vectors+are+used.+Unfortunately+these+techniques+lead+to+DNA+damage+and+strong+immune+ response.+In+addi6on,+the+viral+vectors+are+poten6ally+dangerous+when+they+integrate+in+the+human+ They+may+become+new+predic6ve+markers+in+GC+(Xiao*and*al.,*2009;MiRNAs+ are+ also+ related+ to+ the+ apoptosis+ process,+ as+ miRK375+ described+ to+ suppress+ Akt+ phosphoryla6on+ pathway+ and+ inhibit+ 14K3K3ζ+ an+ apopto6c+ gene,+ which+ is+ down+ regulated+ in+ various+GC+types*(Tsukamoto*and*al.,*2010).+In+addi6on,+some+of+them+are+linked+to+the+metastasis+ 2011;which+presents+a+unique+miRNA+expression+profile+allowing+to+define+the+prognosis+(Yanaihara*and* forma6on,+ as+ LetK7+ family+ members+ which+ show+ a+ inverse+ rela6onship+ with+ their+ target+ gene+
	al.,*2006).+Another+example+is+the+overKexpression+of+miRK21+in+colon+adenocarcinoma+inducing+a+ HMGA2,+implicated+in+gastric+tumor+invasion+(Motoyama*and*al.,*2008).++
	resistance+to+5KFU+treatment*(Sche^er*and*al.,*2008).+Moreover,+miRNAs+have+a+significant+interest+ ranked+GC+from+a+molecular+point+of+view.+The+TCGA+define+different+molecular+subtypes+for+GC,+
	in+these+areas+in+view+of+the+existence+of+circula6ng+miRNA+in+body+fluids+(plasma,+urine,+saliva).+ the+EBVKposi6ve+tumors+(EBVKGC),+the+microsatellite+unstable+tumors+(MSI),+the+genome+stability+ Other+ miRNAs+ have+ been+ described+ to+ play+ a+ role+ in+ the+ chemosensi6vity+ of+ the+ GC+ cells.+ For+
	The+ presence+ of+ miRNA+ in+ these+ fluids+ is+ due+ to+ their+ secre6on+ in+ the+ extracellular+ milieu+ via+ tumors+ (GS)+ and+ the+ chromosomal+ instability+ tumors+ (CIN).+ As+ described+ previously,+ EBVKGC+ and+ example,+expression+of+miRK143,+miRK144+and+miRK145+is+described+as+a+prognosis+marker+of+the+
	exosomes.+ More+ generally,+ in+ fluids+ or+ biopsies+ miRNAs+ exhibit+ very+ good+ stability+ over+ 6me+ MSI+subtypes+are+characterized+by+altera6ons+in+DNA+methyla6on+(See#molecular#characteriza,on# chemotherapy+effec6veness+(Takagi*and*al.,*2009;*Akiyoshi*and*al.,*2012).+Finally,+the+ectopic+over+
	independently+of+the+technique+of+preserva6on+(room+temperature,+freezing,+paraffin+fixa6on...).+ of#GC#sec,on).+ expression+of+miRK15b+and+miRK16,+which+are+downKregulated+in+mul6drug+resistant+gastric+cancer+
	However,+protocols+s6ll+have+to+be+standardized+for+the+extrac6on+of+these+miRNA+and+the+use+of+ cell+lines,+leads+to+a+chemoKsensi6zing+effect+via+Bcl2+inhibi6on,+an+an6Kapopto6c+gene+(Xia*and*al.,*
	their+quan6fica6on+for+clinical+purposes+(Gaarz*and*al.,*2010;*Leidinger*and*al.,*2010;*Kanke*and* 4.1. Histone*modifica-on:*the*HDAC* 2008).+
	al.,* 2009;* Michael* and* al.,* 2010).+ Nonetheless,+ the+ presence+ of+ oncomiR+ and+ the+ repression+ of+ The+ enzymes+ allowing+ DNA+ and+ histones+ methyla6on+ have+ the+ ability+ to+ recruit+ HDACs+ to+
	tumor+ suppressor+ miRNAs+ indicate+ that+ modula6on+ of+ their+ expression+ has+ a+ real+ therapeu6c+
	interest.+In+this+view,+many+molecules+have+been+synthesized+in+order+to+inhibit+the+expression+of+
	miRNAs+with+the+use+of+specific+antagonist+such+as+antagomirs+(Krutzfeldt*and*al.,*2005).+An+in+vivo+ HDAC1+and+HDAC2+are+overexpressed+in+advanced+types+and+their+expressions+are+correlated+with+
	study+of+the+specific+inhibi6on+of+miRK122+in+a+model+of+hepa6c+metabolic+disease+was+performed.+ poor+prognosis+for+pa6ents*(Mutze*and*al.,*2010).+Moreover,+HDAC1+is+known+to+downregulate+p53+

;

* Nalls* and* al.,* 73 *Zhang*and*al.,*2013a)

.+Finally,+a+number+of+miRNAs+have+the+ability+to+target+different+HDACs+ as+ described+ in+ the+ review+ of+ Swiercynski+

(Swierczinski* and* al.,* 2015)

.+ His+ team+ referenced+ all+ ar6cles+ describing+ a+ direct+ or+ indirect+ interac6on+ between+ HDACs+ and+ miRNAs,+ iden6fying+ the+ target+ genes+ and+ the+ signaling+ pathways+ involved+ in+ the+ cancer.+ Part+ of+ their+ research+ is+ summarized+in+the+table+below+(Table+2).+ The+ involvement+ of+ miRNA+ in+ epigene6c+ changes+ especially+ with+ the+ emergence+ of+ those+ characterized+ for+ their+ oncogenic+ or+ tumor+ suppressor+ ac6vity+ make+ them+ good+ therapeu6c+ candidates+for+the+treatment+of+cancers.+

Table)2

:)Liste)of)HDACs)targeted)by)miRNA+adapted+from+Swiercynski*and*al,*2015+ Clinical)and)Therapeu;c)interest) Lu+ et+ al.+ showed+ that+ the+ miRNA+ expression+ profile+ could+ help+ to+ classify+ human+ cancers,+ beqer+ than+other+exis6ng+approaches.+Indeed+this+expression+profile+known+as+miRNA+signature+could+be+ useful+ in+ the+ diagnosis,+ prognosis,+ treatment+ response,+ to+ predict+ treatment+ efficiency+ and+ metasta6c+ development+ (Lu* and* al.,* 2005).+ This+ has+ already+ been+ established+ with+ lung+ cancer,+ genome+ (MacFarlane* and* al.,* 2010).+ Slack+ and+ colleagues+ have+ shown+ that+ the+ use+ of+ nanopar6cles+for+stabilized+and+packed+inhibitors+can+be+beneficial*(Babar*and*al.,*2012;*Kosinski* and*al.,*2011).+

4. Epigene;c)aspects)of)Gastric)Cancer)

GC,+ like+ other+ cancers,+ presents+ a+ globally+ hypomethylated+ genome+ with+ some+ local+ hypermethyla6on+

[START_REF] Nursal+ | + EpsteinKBarr+ Virus+ and+ DNA+ Methyla6on+ in+ Gastric+[END_REF]

.+ These+ epigene6c+ changes,+ once+ characterized,+ helped+ consolidate+ gene+ silencing.+ An+ altera6on+ in+ expression+ of+ HDACs+ is+ observed+ in+ many+ cancers.+ However,+ few+ cases+ of+ aberrant+ HDAC+ expression+ have+ been+ described+ in+ the+ context+ of+ the+ CG.+

[START_REF] Chiang | +et+al.+Aberrant+expression+of+miRK203+and+its+clinical+significance+in+gastric+and+colorectal+ cancers[END_REF]

.+MiRNAs+ onen+ organize+ in+ clusters+ and+ they+ share+ common+ func6ons.+ For+ example,+ miRK222K221+ and+ miRK106bK25+ which+ are+ known+ to+ be+ upregulated+ in+ GC+ 6ssues,+ leads+ to+ the+ ac6va6on+ of+ CDK2+ ac6vity+ to+ increased+ the+ transi6on+ in+ the+ G1/S+ phase+

(Liao* and* al.,* 2011;[START_REF] Cho | .+ miRK372+ regulates+ cell+ cycle+ and+ apoptosis+ of+ ags+ human+ gastric+ cancer+ cell+ line+ through+direct+regula6on+of+LATS2.+Mol.+Cells+28[END_REF]

.+

  MurrayUZmijewski*and*al.,*2006;[START_REF] Marcel | +et+al.+Biological+func6ons+of+p53+isoforms+through+evolu6on:+lessons+from+animal+and+ cellular+models[END_REF][START_REF] Wei | +et+al.+Pathogenic+bacterium+Helicobacter+pylori+alters+the+expression+profile+of+p53+protein+ isoforms+and+p53+response+to+cellular+stresses.+Proc.+Natl.+Acad.+Sci.+U.+S.+A.+109[END_REF].+

	alterna6ve+splicing+of+p73+and+p53+is+observed+genera6ng+unconven6onal+TA+isoforms+(ΔEx2p73,+
	Δ40p53)+(Carboxicterminal)domain)(CTD))
	Alterna6ve+splicing+in+the+CTD+of+p53,+p63+and+p73+is+observed,+genera6ng+different+transcrip6onal+
	variants.+ For+ p53,+ 7+ variants+ are+ described+ (α,+ β,+ γ,+ δ,+ ε,+ ζ,+ ΔE6p53)+ (Bourdon* and* al.,* 2005;*
	Hofste^er* and* al.,* 2010).+ The+ p63+ gene+ was+ shown+ to+ express+ at+ least+ 5+ alterna6vely+ spliced+ CK
	terminal+isoforms+(α+K+ε),+while+the+p73+gene+expresses+at+least+7+alterna6vely+spliced+CKterminal+
	isoforms+(α+K+η)*(Mangiulli*and*al.,*2009;*Wei*and*al.,*2012).+Therefore,+the+p63+gene+expresses+6+
	mRNA+variants+which+code+for+6+different+p63+protein+isoforms,+while+p73+gene+expresses+at+least+
	35+mRNA+variants+which+code+for+29+different+p73+protein+isoforms.+Currently+no+animal+model+has+
	been+ conducted+ to+ determine+ what+ the+ func6ons+ of+ these+ isoforms+ are.+ The+ majority+ of+ studies+
	was+performed+on+the+α+and+β+isoforms+and+show+major+differences.+For+example,+TAp73β+seems+
	to+ mimic+ the+ effects+ of+ p53+ through+ the+ transcrip6onal+ ac6va6on+ p53+ target+ genes+ involved+ in+
	apoptosis.+ Conversely,+ TAp73α+ is+ involved+ in+ gene+ regula6on+ implicated+ in+ metastasisKrelated+
	func6on+ as+ the+ focal+ adhesion+ and+ the+ ac6n+ cytoskeleton.+ In+ addi6on,+ the+ func6on+ of+ these+
	isoforms+would+be+dependent+on+the+cell+type+and+the+cellular+context*(Logothe-*and*al.,*2013).+
	Differences+in+the+sequence+and+the+structure+of+these+three+members+lead+to+some+differences+in+
	the+ proteinKprotein+ interac6ons,+ differences+ in+ postKtransla6onal+ modifica6ons+ and+ par6cularly+
	differences+ in+ transcrip6onal+ ac6va6on+ of+ target+ genes.+ Now,+ I+ will+ develop+ in+ more+ details+ the+
	major+func6on+of+p53+and+p73,+especially+in+the+context+of+GC.+
	.+
	Originally,+ only+ p63+ and+ p73+ were+ described+ for+ the+ genera6on+ of+ different+ NKterminal+ isoforms.+
	Recently,+p53+was+reported+to+also+have+an+intronic+promoter+(Δ133p53,+Δ160p53).+Furthermore,+

  TAp73+ has+ been+ shown+ to+ play+ a+ role+ in+ the+ regula6on+ of+ mitosis+ and+ in+ the+ maintenance+ of+ genomic+ stability.+ Aneuploid+ and+ polyploid+ cells+ are+ found+ in+ tumors.+ This+ is+ a+ necessary+

	.* p53+ mutants+ (143A,+ 175H,+ 173L)+ have+ the+ ability+ to+ bind+ to+ p73+ inhibi6ng+ its+ transcrip6onal+ ac6vity.+Bruno+and+al.+showed+that+the+transcrip6on+regula6on+of+these+mutants+is+dependent+of+ Che1,+ a+ RNA+ Pol+ IIKbindingKprotein.+ Inhibi6on+ of+ Che1+ expression+ in+ cancer+ cell+ lines+ enables+ the+ decrease+of+the+p53+mutants+and+DNA+repair+proteins+expression.+This+results+in+the+S+phase+arrest,+ and+in+the+accumula6on+of+DNA+damage.+This+leads+to+the+ac6va6on+of+p73+modulated+by+E2F1+to+ induce+apoptosis+(Bruno*and*al.,*2010).* Finally,+ EBV+ infec6on,+ found+ in+ 10%+ of+ gastric+ cancer+ was+ correlated+ with+ the+ inhibi6on+ of+ p73+ ac6vity.+Indeed,+the+expression+of+the+EBV+nuclear+an6gen+EBNA3C+regulates+cell+cycle+progression+ through+ its+ interac6on+ with+ p73+ but+ also+ p53.+ This+ induces+ the+ development+ of+ chemotherapy+ resistance+ (doxorubicin+ in+ the+ case+ of+ lymphoma)+ because+ of+ the+ TAp73+ ac6vity+ inhibi6on+ and+ ΔNp73+stabiliza6on.+Through+its+interac6on+with+TAp73,+the+viral+protein+is+able+to+inhibit+proteinK protein+ interac6on+ with+ other+ proKapopto6c+ factors.+ In+ addi6on,+ EBV+ is+ also+ responsible+ for+ the+ + genomic+ instability+ associated+ with+ loss+ of+ expression+ of+ p73+ by+ promo6ng+ the+ promoter+ hypermethyla6on++through+DNMT*(Sahu*and*al.,*2014).+ Following+its+ac6va6on,+TAp73+is+able+to+mimic+the+p53+func6ons+through+its+role+in+cell+cycle+arrest+ mechanism+to+tumor+development,+genera6ng+a+genomic+instability.+TAp73+knockdown+mice+show+ the+ presence+ of+ primary+ polyploid+ cells+ following+ the+ aberrant+ ac6va6on+ of+ the+ cyclin+ /+ CDK+ complex+ during+ the+ S+ phase.+ In+ fact,+ TAp73+ is+ located+ in+ mito6c+ spindle+ and+ interacts+ with+ the+ spindle+assembly+checkpoint+(SAC)+proteins+(Bub1,+3)+allowing+their+ac6va6on.+Therefore+it+has+a+ role+in+the+sensing+of+improper+aqachment+of+sister+chroma6n+to+the+mito6c+spindle+and+delay+the+ anaphase+un6l+all+chromosomes+are+ready+to+segregate.+In+the+case+of+a+prolonged+mitosis+arrest+ and+apoptosis.+ 5.2. Role*in*the*cell*cycle* or+ a+ failure+ of+ the+ SAC,+ TAp73+ has+ the+ ability+ to+ induce+ cell+ apoptosis+

  .+ The+ miRK17K92+ cluster+ expression+ is+ altered+ in+ many+ cancers+ such+ as+ in+ colon+ cancer.+ They+ are+ involved+ in+ genomic+ amplifica6on+ process+ and+ promote+ prolifera6on,+ survival,+ and+ tumor+ angiogenesis.+ Yan+ and+ al.+ showed+ that+ expression+ of+ this+ cluster+ was+ decreased+ in+ response+ to+ hypoxia+by+a+direct+p53+repression*(Yan*and*al.,*2009).+

	Conversely,+some+miRNA+may+regulate+the+expression+of+p53+inducing+its+transla6onal+repression.+
	miRK125b+was+the+first+described+for+its+role+as+a+p53+repressor+by+Le+and+colleagues+(Le*and*al.,*
	2009).+ Furthermore+ miRK125b+ has+ the+ capacity+ to+ regulate+ p53+ target+ genes,+ such+ as+ Puma+ and+
	CDC25C.+ Through+ its+ ac6vity,+ it+ can+ regulate+ the+ balance+ of+ genes+ involved+ in+ the+ arrest+ of+
	prolifera6on+and+in+the+apoptosis.+Its+expression+is+altered+in+many+cancers+like+in+colorectal+cancer+
	and+it+is+correlated+with+the+tumor+size,+the+invasive+poten6al+of+the+tumor+and+the+poor+prognosis+
	for+pa6ents*(Nishida*and*al.,*2011;*Le*and*al.,*2011).+
	Finally,+p53+plays+an+important+role+in+the+regula6on+of+miRNA+biogenesis.+For+example,+p53+has+
	the+ ability+ to+ interact+ with+ p68+ (a+ RNA+ helicase).+ p68+ forms+ a+ complex+ with+ Drosha+ to+ promote+
	specific+miRNA+processing+

  mRNA levels of genes found disregulated in the microarraus: A. dusp10, sesn2, eph2, asnas were assayed in U87 (A, B RT-qPCR) colon cancer HCT116 (B) and gastric cancer AGS (B) cells by RT-qPCR. Curves are means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01. In B, number indicate average of fold changes.in*cispla-n*response* A+microarray+analysis+allowed+us+to+highlight+the+role+of+HDAC4+in+cispla6n+response.+Indeed,+we+ could+ implicate+ HDAC4+ in+ GC+ resistance+ to+ cispla6nKbased+ chemotherapy,+ by+ making+ two+ observa6ons.+ The+ first+ is+ that+ HDAC4+ expression+ is+ elevated+ in+ biopsies+ of+ GC+ compared+ to+ the+ normal+ 6ssue.+ The+ second+ is+ that+ the+ silencing+ of+ HDAC4+ favors+ cispla6n+ cytotoxicity.+ In+ this+ In+ this+ context,+ the+ specific+ inhibi6on+ of+ HDAC4+ by+ a+ HDACi+ could+ improve+ cancer+ therapies+ efficiency.+ Unfortunately,+ there+ is+ currently+ no+ efficient+ inhibitor+ of+ HDAC4.+ Our+ choice+ was+ therefore+focused+on+the+SAHA+molecule.+SAHA+is+an+inhibitor+of+class+I,+II+and+IV+of+HDACs)(Kelly* and*al.,*2005).*In+view+of+the+lack+of+treatment+efficacy+by+HDACi+used+alone+and+the+importance+of+ pla6numKderiva6ves+ side+ effects,+ I+ worked+ in+ the+ development+ of+ combined+ therapy+ with+ these+ two+ compounds.+ The+ use+ of+ combined+ treatments+ allows+ us+ to+ impact+ on+ several+ regulatory+ pathways+ simultaneously+ and+ poten6ate+ the+ effect+ of+ each+ drug+ with+ lower+ concentra6ons.+ My+ results+allowed+to+highlight+the+strong+synergy+of+these+combined+treatments+in+GC,+as+previously+ reported+(Shen*and*al.,*2007;*Sato*and*al.,*2006b;*Suzuki*and*al.,*2009b;*Zhou*and*al.,*2014;*Yoo* and*al.,*2014),*but+also+to+inform+us+about+the+mode+of+ac6on+involved+in+this+response.+The+ability+ to+ use+ lower+ concentra6ons+ for+ each+ drug+ has+ a+ real+ interest+ regarding+ in+ their+ use+ in+ clinic,+ especially+to+reduce+side+effects,+which+represent+an+obstacle+in+the+treatment.+However,+the+use+ of+ SAHA,+ a+ panKinhibitor+ present+ limits.+ Indeed,+ each+ HDACi+ has+ a+ greater+ affinity+ for+ one+ or+ another+ HDACs.+ Thus+ the+ level+ of+ expression+ of+ HDAC+ will+ dictate+ the+ sensi6vity+ of+ tumors+ to+ Spencer*and*al.,*2011;*Librizzi*and* al.,* 2012)* and+ the+ LMKK235+ inhibi6ng+ specifically+ HDAC4+ and+ HDAC5+[START_REF] Marek | .+ Histone+ deacetylase+ (HDAC)+ inhibitors+ with+ a+ novel+ connec6ng+ unit+ linker+ region+ reveal+ a+ selec6vity+ profile+ for+ HDAC4+ and+ HDAC5+ with+ improved+ ac6vity+ against+ chemoresistant+cancer+cells[END_REF].+ Our+ preliminary+ results+ show,+ as+ with+ the+ SAHA,+ a+ synergis6c+ effect+ in+ the+ combina6on+ with+ the+ We+ did+ not+ observe+ increased+ levels+ of+ miRK140+ in+ the+ miRNA+ library,+ which+ can+ be+ probably++explained+by+its+early+expression+in+response+to+the+treatment.+My+results+are+aqemp6ng+ to+ define+ the+ role+ played+ by+ miRK140+ in+ the+ chemosensi6vity+ of+ the+ GC+ in+ response+ to+ cispla6n,+ involving+ the+ repression+ of+ HDAC4.+ Moreover,+ our+ results+ are+ supported+ by+ Wang+ et+ al.,+ which+ suggest+ that+ miRK140+ and+ HDAC4+ may+ contribute+ to+ drug+ resistance+ in+ osteosarcomas+ and+ colon+ cancer+cells*[START_REF] Wang | + HDAC4:+ mechanism+ of+ regula6on+ and+ biological+ func6ons.+ Epigenomics+6[END_REF].+Moreover,+Kim+et+al.+observed+an+overexpression+of+miRK140+in+ human+GC+samples+correlated+with+the+tumor+chemosensi6vity)[START_REF] Kim | .+ miRNA+ signature+ associated+ with+ outcome+ of+ gastric+ cancer+ pa6ents+ following+ chemotherapy[END_REF].++ Furthermore,+ this+ approach+ confirmed+ our+ hypothesis+ that+ DNA+ was+ not+ a+ primary+ target+ for+ RDC*[START_REF] Gaiddon | .+ Ruthenium+ (II)Kderived+ organometallic+ compounds+ induce+ cytosta6c+ and+ cytotoxic+ effects+ on+ mammalian+ cancer+ cell+ lines+ through+ p53Kdependent+ and+ p53K independent+mechanisms[END_REF][START_REF] Meng | +X.+et+al.+A+rutheniumKcontaining+organometallic+compound+reduces+tumor+growth+through+ induc6on+of+the+endoplasmic+re6culum+stress+gene+CHOP[END_REF][START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF],+ and+ that+ mechanisms+ involved+ in+ cellular+ metabolism+ were+ more+ implicated+ in+ RDC11+ in+ comparison+with+cispla6n.++ The+transcriptome+analyses+as+well+as+a+survey+of+the+literature+suggest+that+besides+the+classical+ apoptosis+ and+ cell+ cycle+ arrest+ processes,+ other+ mechanisms+ and+ signaling+ pathways+ could+ be+ induced+ or+ regulated+ by+ our+ family+ of+ metalKbased+ compounds.+ For+ example,+ during+ my+ Ph.D,+ I+ obtained+ some+ key+ results+ that+ indicated+ a+ possible+ rela6on+ of+ RDC+ inducing+ the+ transulfura6on+ pathway.) This+ metabolic+ pathway+ impacts+ cell+ survival+ through+ glutathione,+ H2S,+ and+ cysteine+ synthesis.+ Interes6ngly,+ it+ is+ overKac6vated+ in+ cancer+ cells+ through+ the+ overKexpression+ of+ some+ implicated+ enzymes+

	To+op6mize+GC+treatment,+we+included+in+our+study+new+HDAC+inhibitors+targe6ng+specific+class+of+
	HDAC.+Among+them,+we+tested+the+JAHA+molecule,+an+analog+of+SAHA+organometallic+compound,+
	6h +2.5 +1.5 +3.5 +1.7 +1 +1 +5.2 +3.6 context,+it+is+necessary+to+beqer+characterize+the+role+of+HDAC4+in+GC+by+studying+other+aspects+ 24h 6h 24h 6h 24h 6h 24h dusp10 RDC +4 +2 +4.3 -2.1 -1,2 +4.1 +7.1 Cis +2.6 +1.1 +2.8 -2.2 -3.1 +1 +1 sesn2 RDC +5 +5.8 +8.1 +2 +2.4 +12.2 +7.1 Cis +2.7 +2.1 +3.3 +1 -1.3 +3.3 +2.1 ephb2 RDC -2.8 -1.6 -1.8 1 1.5 -1.4 -5.2 Cis -4.8 -1.3 -3.8 1 -5.6 -1.4 -5.1 asns RDC +5.2 +2.4 +4.3 1 1.5 -1.4 -5.3 Cis 5.7 +1.2 +1.3 -4.9 -2.3 1 -2.1 B A than+in*vitro+cell+survival.+In+fact,+the+role+of+HDAC4+in+this+process+is+significant+but+not+major.+It+is+ possible+that+its+role+is+more+important+for+the+survival+of+cancer+cells+in+their+low+tumor+oxygen+ environment+in+view+of+its+target+genes+such+as+the+hypoxia+factor,+HIF1α+(Hu^*and*al.,*2014;*Geng* and* al.,* 2011).+ It+ would+ be+ interes6ng+ to+ study+ how+ loss+ of+ func6on+ of+ HDAC4+ impact+ on+ the+ biological+ac6vi6es+of+HIF1α,+such+as+the+regula6on+of+cell+metabolism,+angiogenesis+or+migra6on.+ Ideally,+this+would+require+to+inhibit+the+func6on+of+HDAC4+in*vivo,+either+by+performing+a+stable+ HDAC4+knockdown+or+knockout+or+by+using+a+specific+HDAC4+inhibitor.++ which+contains+a+ferrocene+moiety,+a+specific+classe+I+inhibitor+(pla6num+deriva6ves.+ It+should+however+be+men6oned+here+that+these+results+were+obtained+in*vitro,+so+it+now+remains+ to+determine+whether+the+same+results+are+observed+in*vivo.+These+ini6al+results+are+encouraging+ for+the+development+of+new+therapies,+which+I+hope+will+one+day+have+the+chance+to+enter+clinical+ trials+within+the+GC+and+perhaps+may+be+approved+later.+ 1.2. miRNA*deregulated*in*response*to*an-cancer*drugs* I+used+a+second+unbiased+approach,+based+on+small+RNA+cloning+and+sequencing,+to+iden6fy+the+ poten6al+implica6on+of+miRNAs+in+response+to+cytotoxic+drugs+in+GC.+This+approach+allowed+us+to+ iden6fy+ more+ than+ 100+ miRNAs+ deregulated+ in+ response+ to+ cispla6n+ and+ RDC11.+ However,+ we+ could+not+observe+major+differences+in+the+expression+of+miRNAs+between+the+two+drugs.+ Subsequently,+I+focused+in+more+details+on+LetK7e,+a+known+tumor+suppressor+(Trang*and*al.,*2011),+ and+ miRK183,+ a+ miRNA,+ which+ involvement+ in+ the+ response+ of+ GC+ to+ cispla6n+ is+ currently+ controversial+(Zhang*and*al.,*2013b;#Cao*and*al.,*2014;*Tang*and*al.,*2013;*Gu*and*al.,*2014).+The+ func6onal+analysis+of+these+two+miRNAs+helped+to+highlight+their+role+in+cell+survival+in+response+to+ cispla6n.+However,+blocking+their+expression+is+not+sufficient+to+protect+the+cells+to+the+treatment.+ This+result+seems+consistent+in+view+of+the+number+of+miRNAs+described+in+humans,+currently+over+ 2500+regula6ng+more+than+60%+of+the+genome+(Kozomara*and*GriffithsUJones,*2014).+In+both+cases+ the+implementa6on+of+compensatory+mechanism+by+other+miRNAs+could+explain+this+result.+ Moreover,+I+was+also+interested+in+the+importance+of+miRK140+in+HDAC4+regula6on+in+response+to+ an6Kcancer+ drugs+ response.+ Finally+ the+ iden6fica6on+ of+ miRNA+ important+ for+ treatment+ efficacy,+ combined+with+the+development+of+new+therapies+targe6ng+miRNAs+(Krutzfeldt*and*al.,*2005)+will+ improve+pa6ent+treatment.+Moreover,+miRNA+library+data+will+enable+us+subsequently+to+complete+ our+ microarray+ data+ analysis+ to+ answer+ our+ main+ ques6on,+ which+ is+ to+ beqer+ understand+ the+ mechanisms+of+ac6on+of+these+two+drugs+in+GC.+ 2. RDC11,)a)therapy)in)development) Previous+ work+ in+ our+ team+ showed+ that+ RDC11+ has+ a+ cytotoxic+ ac6vity+ higher+ than+ pla6num+ deriva6ves+and+is+ac6ve+on+pla6numKresistant+cell+lines.+In+vivo,+it+reduces+tumor+growth+in+several+ syngenic+and+xenograns+tumor+models.+In+addi6on,+RDC11+is+less+sensi6ve+to+the+mechanisms+of+ cispla6n+resistance.+Studies+on+RDC11+mode+of+ac6on+have+shown+that+this+compound+can+induce+ The+ microarray+ data+ analysis+ allowed+ us+ to+ achieve+ a+ macroscopic+ valida6on+ of+ the+ differences+ between+the+mechanisms+of+ac6on+of+cispla6n+and+RDC11.+For+example,+a+strong+involvement+of+ the+p53+and+epigene6c+pahtways+in+response+to+cispla6n+is+observed,+versus+the+oxida6ve+and+the+ cispla6n.+ Taken+together+these+results+lead+to+the+iden6fica6on+of+some+miRNA+implicated+in+the+relay+of+the+ re6culum+ stress+ for+ the+ RDC11.+
	treatment+(Ropero*and*al.,*2007).+It+is+important+today+to+encourage+the+development+of+specific+
	inhibitor+of+HDAC,+to+contribute+to+the+overall+effort+in+order+to+achieve+a+personalized+therapy+for+
	pa6ents.+

cell+ death+ or+ growth+ arrest,+ by+ DNA+ dependent+ and+ independent+ mechanisms,+ including+ the+ re6culum+ stress+ pathway+

[START_REF] Gaiddon | .+ Ruthenium+ (II)Kderived+ organometallic+ compounds+ induce+ cytosta6c+ and+ cytotoxic+ effects+ on+ mammalian+ cancer+ cell+ lines+ through+ p53Kdependent+ and+ p53K independent+mechanisms[END_REF][START_REF] Meng | +X.+et+al.+A+rutheniumKcontaining+organometallic+compound+reduces+tumor+growth+through+ induc6on+of+the+endoplasmic+re6culum+stress+gene+CHOP[END_REF][START_REF] Vidimar | Induction of caspase 8 and reactive oxygen species by ruthenium-derived anticancer compounds with improved water solubility and cytotoxicity[END_REF][START_REF] Klajner | .+ Subcellular+ localiza6on+ and+ transport+ kine6cs+ of+ ruthenium+ organometallic+ an6cancer+ compounds+ in+ living+ cells:+ a+ doseKdependent+ role+ for+ amino+ acid+ and+ iron+ transporters[END_REF]

.+

RDC11#mode#of#ac/on##

Cell(Death( Drug(Resistance(

  .+ Glutathione+ synthesis+ is+ dependent+ of+ different+ enzymes,+ such+ as+ CBS+ (Cystathionine+ BetaKSynthase),+ CTH+ (Cystathionine+ gammaKlyase)+and+the+GCL+(γKglutamylcysteine+Ligase)+[START_REF] Hine | + Calorie+ restric6on+ and+ methionine+ restric6on+ in+ control+ of+ endogenous+ hydrogen+ sulfide+ produc6on+ by+ the+ transsulfura6on+ pathway[END_REF][START_REF] Hishiki | .+ Carbon+ monoxide:+ impact+ on+ remethyla6on/transsulfura6on+ metabolism+ and+ its+ pathophysiologic+implica6ons.+J.+Mol.+Med.+[END_REF].+These+ reac6ons+ generate+ H2S+ which+ is+ responsible+ for+ the+ produc6on+ of+ NAMPT+ (Nico6namide+ On+ the+ other+ hand,+ it+ appears+ to+ have+ a+ protec6ve+ effect+ against+ various+ stresses+ by+ par6cipa6ng+ in+ the+ regula6on+ of+ the+ mitochondrial+ metabolism+(Zhang* et* al.,* 2016,* Zong* et* al.,* 2016).+In+addi6on,+this+pathway+is+also+responsible+for+the+de+novo+synthesis+of+glutathione,+which+ allows+ homeostasis+ maintenance+ of+ the+ redox+ poten6al+ in+ the+ cell+ and+ thereby+ prevents+ the+ H2S+ I+ confirmed+ the+ rela6onship+ between+ RDC11+ and+ the+ transulfura6on+ pathway+ in+ GC+ cell+ lines.+ In+ fact,+ I+ showed+ that+ CTH,+ a+ crucial+ enzyme+ in+ this+ pathway,+ is+ strongly+ overKexpressed+ (RNA+ and+ protein+ levels)+ in+ response+ to+ RDC11.+ However,+ several+ ques6ons+ remain+ open.+ We+ must+ now+ determine+ how+ this+ pathway+ is+ regulated+ by+ RDC11+ to+ beqer+ understand+ the+ molecular+ mechanisms+implicated,+especially+how+CTH+contributes+to+the+RDCKinduced+cytotoxicity.+The+work+ hypothesis,+ supported+ by+ results+ obtained+ by+ a+ new+ Ph.D+ student+ in+ our+ laboratory,+ is+ that+ this+ regula6on+ is+ done+ through+ the+ re6culum+ stress+ pathway+ (UPR)+ by+ ATF4.+ In+ agreement+ with+ this+ hypothesis,+ Mistry+ and+ colleagues+ described+ that+ ATF4+ regulates+ the+ CTH+ expression+ by+ a+ direct+ binding+to+its+promoter+in+response+to+the+UPR+ac6va6on+(Mistry*et*al.,*2015).* Ac6va6on+ of+ ATF4+ by+ RDC11+ suggests,+ in+ view+ of+ previous+ results+ obtained+ in+ the+ laboratory+ (Bergamo*and*al.,*2012;*Vidimar*and*al.,*2012)#that+the+RDC11+is+able+to+ac6vate+the+three+parts+of+ the+ UPR+ pathway+ (PERK,+ ATF6+ and+ IRE1,+ Figure) 13).+ This+ is+ not+ the+ case+ of+ pla6num+ deriva6ves+ currently+used+in+clinic,+which+confirms+a+dissimilarity+between+the+mechanisms+of+ac6on+of+these+ compounds.+Finally,+it+will+be+important+to+iden6fy+more+generally+the+role+of+the+transulfura6on+ pathway+in+the+tumor+aggressiveness.+Indeed,+it+is+a+metabolic+pathway+that+should+also+allow+cells+ to+ adapt+ to+ their+ environment.+ It+ will+ thus+ be+ important+ to+ understand+ how+ the+ transulfura6on+ pathway+ contributes+ to+ tumor+ growth+ by+ studying+ its+ role+ in+ the+ adapta6on+ of+ cancer+ cells+ to+ hypoxia+or+metastasis.+ Like+ I+ already+ described,+ our+ results+ show+ the+ importance+ of+ the+ re6culum+ stress+ pathway+ in+ response+to+RDC11.+So,+I+looked+in+the+literature+for+miRNAs+that+may+be+involved+/+regulated+in+ this+ pathway,+ and+ I+ correlated+ this+ informa6on+ with+ data+ from+ our+ miRNA+ library.+ MiRNAs+ are+ described+as+key+regulators+of+homeostasis+of+the+endoplasmic+re6culum+and+are+involved+in+the+ re6culum+stress+pathway+[START_REF] Maurel | +&+Chevet,+E.+Endoplasmic+re6culum+stress+signaling:+the+microRNA+connec6on.+Am.+J.+[END_REF][START_REF] Byrd | +E.+&+Brewer,+J.+W.+Micro(RNA)managing+endoplasmic+re6culum+stress[END_REF][START_REF] Malhi | +MICRORNAs+IN+ER+STRESS:+DIVERGENT+ROLES+IN+CELL+FATE+DECISIONS.+Curr.+Pathobiol.+ Rep.+2[END_REF].+Indeed,+ the+cluster+miRK23a+/+27a+/+24K2+has+been+described+to+induce+the+expression+of+certain+effector+ protein+ of+ this+ pathway,+ such+ as+ CHOP,+ TRIB3,+ ATF3+ and+ ATF4,+ leading+ to+ cell+ apoptosis+[START_REF] Chhabra | .+ Gene+ expression+ profiling+ indicate+ role+ of+ ER+ stress+ in+ miRK23a~27a~24K2+cluster+induced+apoptosis+in+HEK293[END_REF].+ In+ addi6on,+ Chhabra+ and+ colleagues+ demonstrated+ that+ induc6on+ of+ this+ cluster+ expression+leads+to+a+caspaseKdependent+and+independent+apoptosis+via+JNK.+This+results+in+ROS+ genera6on+ allowing+ the+ ac6va6on+ of+ PERK+ and+ IRE1+ pathways*(Chhabra* and* al.,* 2009).+ Lerner*and*al.,*2012).+ Interes6ngly,+ we+ observed+ that+ the+ expression+ of+ miRK23a+ and+ miRK27a+ is+ strongly+ induced+ in+ response+ to+ RDC11,+ whereas+ the+ expression+ of+ miRK17+ is+ repressed.+ The+ analysis+ of+ miRNAs+ involved+in+the+response+to+the+RDC11+through+the+re6culum+stress+opens+up+new+perspec6ves+of+ study.+ Finally,+ our+ study+ represents+ the+ first+ demonstra6on+ of+ a+ direct+ target+ for+ RDC11+ by+ showing+ its+ interac6on+ with+ histones.+ It+ also+ shows+ that+ ruthenium+ compounds+ have+ an+ impact+ on+ the+ postK transla6onal+ modifica6ons+ of+ histones.+ These+ modifica6ons+ are+ part+ of+ complex+ and+ essen6al+ epigene6c+ mechanisms+ that+ are+ the+ control+ of+ gene+ expression.+ Indeed,+ our+ results+ show+ the+ The+work+done+during+my+PhD+allowed+the+iden6fica6on+of+epigene6c+mechanisms+important++for+ the+ an6cancer+ drugs+ response+ in+ GC,+ such+ as+ HDAC4+ and+ miR140.+ In+ par6cular,+ I+ showed+ that+
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	phosphoribosyltransferase),+a+molecule+which+in+turn+increases+the+expression+of+CBS+and+CTH+via+
	an+ autoKac6va6on+ loop+ (Ostrakhovitch* et* al.* 2016;* SanokawaU* Akakura* et* al.,* 2014)+ (Figure) 24).+ HDAC4+inhibits+the+ac6vity+of+cispla6n+and+its+expression+is+par6cularly+high+in+GC,+making+it+a+good+
	The+impact+of+this+pathway+on+cell+survival,+and+especially+of+cancer+cells,+is+s6ll+controversial.+For+ candidate+as+a+resistance+mechanism.+Moreover,+I+showed+how+these+epigene6c+regula6on+interact+
	example,+the+H2S+can+have+opposite+effects.+On+one+hand,+high+levels+of+H2S+can+be+toxic+to+cancer+ cells.+ Homocysteine+ Cystathionine+ Cysteine+ Glutathion+ Serine+ α4ketoglutarate+ CTH+ Glutamine+ ++ Glycine+ GCL+++ Glutathion+synthase+ Oxida&f(stress( Resistance( Furthermore,+inhibi6on+of+miRK17+expression+dependent+of+IRE1+and+JNK+allows+the+induc6on+of+ up+a+combined+therapy+of+RDC11+and+SAHA.+Surprisingly,+the+results+showed+an+antagonis6c+effect+ of+the+combina6on+of+the+RDC+and+SAHA.+This+result+strongly+suggest+that+HDAC+inhibitors+should+ not+be+used+for+a+combinatory+therapy+in+order+to+poten6ate+the+cytotoxicity+of+RDC.+ This+work+thus+opens+up+new+perspec6ves+for+understanding+mechanisms+of+ac6on+of+an6cancer+ drugs,+including+gastric+cancer,+where+this+type+of+study+has+not+been+performed+yet.+However,+the+ issues+that+remain+unresolved+are+now+to+define+if+these+signaling+pathways+are+directly+regulated+ by+ the+ RDC+ and+ cispla6n+ or+ are+ a+ consequence+ of+ adapta6on+ /+ compensa6on+ mechanisms+ in+ these+ ac6vated+ signaling+ pathways,+ the+ stress+ re6culum,+ the+ transulfura6on+ and+ the+ epigene6c+ pathways+to+beqer+understand+the+mechanisms+involved+in+RDC11+cytotoxicity+against+GC+cells.+ closely+with+members+of+the+p53+family+to+control+cell+fate.++ Using+ my+ results+ showing+ the+ crucial+ roles+ of+ p53+ and+ HDAC+ in+ the+ therapeu6c+ response,+ I+ par6cipated+in+preKclinical+development+of+new+an6cancer+compounds.+In+par6cular,+I+have+shown+ that+ ruthenium+ compounds+ having+ redox+ proper6es+ act+ independently+ of+ the+ DNA+ and+ p53+ but+ affect+ certain+ epigene6c+ regula6ons.+ Moreover,+ I+ have+ shown+ that+ cispla6n+ ac6vity+ is+ greatly+ increased+when+combined+with+HDAC+inhibitors.+ Two+PhD+students+will+try+to+answer+our+open+ques6ons.+I+am+pleased+that+this+research+project+ TXNP+expression+(thioredoxinKinterac6ng+protoein)+leading+to+cell+apoptosis+(possible+involvement+of+HDACs+in+the+biological+ac6vity+of+RDC11.+So+in+this+context,+we+tried+to+set+ response+to+other+previous+pathways+ac6vated.+We+now+have+to+make+the+connec6on+between+all+ will+con6nue.+

apoptosis+of+cancer+cells*

[START_REF] Mosharov | + The+ quan6ta6vely+ important+ rela6onship+ between+ homocysteine+metabolism+and+glutathione+synthesis+by+the+transsulfura6on+pathway+and+its+ regula6on+by+redox+changes[END_REF]
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2:Second generation cis-platin analogues.Third Generation Cis-platin AnaloguesIn spite of good biological activities of second generation platinum complexes, scientists furthermore attempted to improve these drugs by minimizing their side effects. This approach resulted into the syntheses of third generation platinum analogues.

A. Bergamo et al. / Journal of Inorganic Biochemistry 106 (2012) 90-99

O. Witt et al. / Cancer Letters 277 (2009) 8-21 

hours after cisplatin treatment, is enriched for genes in "apoptosis and survival Apoptotic Activin A" signaling (FDR < 10 -3 ) such Activin A, ActRIIA, Bcl-XL, p53, H-Ras, SHIP, c-Fos, while

Significance

Ruthenium compounds have been developed as a possible replacement for platinum compounds, but only few have reached early phase clinical trial. Their clinical development is handicapped by lack of consensus on their mode of action that is often considered being similar to cisplatin. In this study we identify histones as direct targets for an organoruthenium compound (RDC11) and we performed an unbiased comparative study on gene expression triggered by cisplatin and RDC11. Gene ontology and signaling pathway analyses pointed to major specificities distinguishing RDC11 from cisplatin, including expression change in epigenetic enzymes. This study represents the first approach that summarizes the significant differences in the mode of action of organoruthenium compounds compared to cisplatin.

Founding

This project was supported by the Centre National pour la Recherche Scientifique (CNRS, France) (CG), ARC, Ligue contre le Cancer, AFM, European action COST CM1105 and SMSdrug.net. The Laboratory of Excellence (LABEX) "Chemistry of Complex Systems" (UdS), the FRC (UdS) through the project "synergie" are thanked for partial support of this work, We are also thankful for the technical support of E. Martin. cells by RT-qPCR. Graphs are means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01. E. Proteins were extracted from cells treated with RDC11 (R24) or SAHA (S24) or RDC11 and SAHA (R+S) for the 24 hours.
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Supplementary experimental procedures

Statistical analysis of Microarray data

Data obtained from Affymetrix hugene10stv1 arrays (http://www.ncbi.nlm.nih.gov / geo / query / acc.cgi?acc=GSE66493) were analyzed in R version 3.0.1. Raw data were first extracted from the CEL files and visualized using the package affyPLM to detect potential hybridization artifacts. Probeset annotations were retrieved from Ensembl (GRCh37.p10 release 69) with Biomart (BMC Genomics 2009, 10:22 doi: 10.1186/ 1471-2164-10-22) for 32325 probe-set corresponding to 25489 mapped genes. Normalization was performed either with RMA model from the affy package (Bioinformatics. 2004 Feb 12;20(3):307-15.) or with probe-level linear models (affyPLM) (Bioinformatics. 2004;20:307-315). The normalization methods were compared by plotting ROC curves using the respective adjusted p-values values as predictor. Differential expression analysis was performed with the limma package (BMC Genomics. 2006 Oct 9;7:252. Clustering was performed on a selection of 4540 probsets showing at least one condition with |FC| ≥1.5 and adjusted p-value ≤ 0.05. Hierarchical clustering was carried out with Pearson's correlation and the completelinkage method. Clusters were defined by 1.5 times the height of the longest branch. Soft clustering was performed with the package Mfuzz using the parameters c=8 and m=1.6 [START_REF] Antoine | Ca2+/calmodulin kinase types II and IV regulate c-fos transcription in the AtT20 corticotroph cell line[END_REF]. Gene Set enrichment analysis was carried out with MetaCore (Thomson Reuters) using human annotations, pvalues ≤ 0.05 were considered as significant. Pathway analysis and transcription factor target analysis were performed with AltAnalysis.

RDC11-matrix synthesis:

The RDC11 containing support used for affinity chromatography was obtained by coordinating the hypogel-400-CO (-5-amino-1,10-phenanthroline) resin to a coordinatively-unsaturated ruthenium derivative containing a cycloruthenated phenyl pyridine ligand.

Synthesis of the phenanthroline containing support.

Commercially available (Interchim) Hypogel-400-COOH (1g, 0.3mmol) and hydroxybenzotriazole (HOBt) 0.268g, 2mmol) were added in DMF/ CH2Cl2 (2:1, 15 mL). To this solution EDCI.HCl carbodiimide.HCl) (0.379g, 2mmol) and diisopropylethylamine (60 µL (microL), 4 mmol) were added. After 30 min. stirring,0.66 mmol) suspended in DMF was added and the reaction mixture was stirred for 24h at room temperature. The resulting solid support was filtered and washed consecutively with DMF/CH2Cl2 (5/5 mL), CH2Cl2 (10 mL) and Et2O (10 mL). After drying in high vacuum the modified resin was used as such for the next step.

Synthesis of the RDC11 containing support.

The modified support obtained above (0.5g, 1.0 eq.) was suspended in dry CH2Cl2 acetonitrile solution containing 0.5% formic acid, then secondly with a 100% acetonitrile solution.
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Liquid digestion Sample were dried and solubilized in 200 µl of 8 Murea in 100 mM NH4HCO3 buffer. Each sample was reduced for 1 h at 60 °C by adding dithiothreitol to a final concentration of 10 mM. Alkylation was performed by adding iodoacetamide to a final concentration of 40 mM, 1 h at room temperature. To carry out the digestion in an optimal way, the sample was diluted to 1 M urea. An overnight digestion was performed by adding trypsin in a 1:50 enzyme to protein ratio. All samples were desalted on Sep-Pak C18 cartridges.

LC-MS/MS and data analysis

NanoLC-MS/MS analyses were performed on two systems : i/ a nanoACQUITY Ultra-Performance-LC system (UPLC) coupled to a SYNAPT HDMS Q-TOF mass spectrometer equipped with a nano-electrospray source (Waters), ii/ an Agilent 1100 series nanoLC-Chip/MS system (Agilent Technologies, Palo Alto, USA) coupled to an ion trap (amaZon, Bruker Daltonics, Bremen, Germany). i/ NanoACQUITY Ultra-Performance-LC system coupled to a SYNAPT HDMS Q-TOF nanoACQUITY UPLC system and SYNAPT HDMS Q-TOF mass spectrometer were controlled by MassLynx v4.1 (SCN 566, Waters). The solvent system consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in ACN (solvent B). Peptides were injected and first trapped during 3 min on a precolumn (Symmetry C18, 20 mm х 0.18 mm, 5 µm particle size, Waters) at a flow rate of 5 μL/min with 99% A, then eluted at 45°C on a separation column (ACQUITY UPLC® BEH130 C18, 200mm x 75 µm, 1.7 µm particle size, Waters) at a flow rate of 400 nL/min using a 35 min linear gradient from 1 to 40% B and followed by 5 min at 65% B. The mass spectrometer was operating in positive mode with the following settings: source temperature was set to 80°C, cone gas flow was 30l/h, cone voltage was 40V and the nanoelectrospray voltage was optimized to 3.5kV. Mass calibration of the TOF was achieved using phosphoric acid (H3PO4) on the 50-2000 m/z range. Online correction of this calibration was done using product ions derived from the [Glu1]-fibrinopeptide B (GFP) as lock-mass compounds. The ion (M+2H) 2+ at m/z 785.8426 was used to calibrate MS data and the fragment ion (M+H) + at m/z 684.3469 to calibrate MS/MS data. Spectra were acquired by automatic switching between MS and MS/MS modes. This was done in the mass range of 250-1500 m/z (MS, 0.5 sec) and 50-2000 m/z (MS/MS, 0.7sec). The most abundant peptide ions (the 3 most intense with a threshold of 60 counts/sec), preferably with a charge of 2 to 4, were selected from each MS spectrum for further isolation and CID (Collision Induced Dissociation) fragmentation using argon as collision gas. Ions were excluded after acquisition of one MS/MS spectrum and exclusion was released after 0.6 min. NanoLC-MS/MS raw data generated were respectively converted into « .pkl » peaklists with PLGS 2.3 (Waters).

ii/ Agilent 1100 series nanoLC-Chip/MS system coupled to an amaZon ion trap This system was fully controlled by HyStar 3.2 (BrukerDaltonics). The chip contained a Zorbax 300SB-C18 column (43 mm×75 µm, 5 µm particle size) and a Zorbax 300SB-C18 enrichment column (40 nL, 5 µm particle size). The solvent system consisted of 2% acetonitrile, 0.1% formic acid in water (solvent A) and 2% water, 0.1% formic acid in acetonitrile (solvent B).

3 µl of each sample were loaded into the enrichment column at a flow rate set to 3.75 µL/min with solvent A. Elution was performed at a flow rate of 300 nL/min with a 8-40% linear gradient (solvent B) in 30 min (in gel) or 45/90 min (liquid sample, short/long gradient), followed by a 4 min stage at 70% of solvent B before reconditioning the column at 8% of solvent B.

MS spectrums were acquired with the following settings: source temperature was set to 135°C while cone gas flow was at 3 L/min. The nanoelectrospray voltage was optimized to -1850 V. The MS spectra were acquired in the positive ion mode on the mass range 250 to 1500 m/z using the standard enhanced resolution at a scan rate of 8.1 m/z/s. The Ion Charge Control was fixed at 200000 with a maximum accumulation time of 200 ms. For tandem MS experiments, the system was operated with automatic switching between MS and MS/MS modes.

Fragmentation was performed using argon as the collision gas. The 6 most abundant peptides were selected on each MS spectrum for further isolation and fragmentation with a preference for doubly charged ions (absolute threshold of 5000, relative threshold 5%). Ions were excluded after the acquisition of 1 MS/MS spectra and the exclusion was released after 0.3 min. The Smart Parameters Setting option was used for the selected precursor ions. The MS/MS spectra were acquired on the mass range 100 to 2000 m/z. The Ion Charge Control was fixed at 300000 and 2 scans were averaged to obtain a MS/MS spectrum.

The system was fully controlled by HyStar 3.2 (BrukerDaltonics). Mass data collected during the nanoLC-MS/MS analyses were processed and converted into .mgf files using the DataAnalysis 3.3 Build 146 software (Bruker Daltonics).

Protein identification

Peaklists (.pkl and .mgf) were searched using a local Mascot server (version 2. 2. 0, MatrixScience, London, UK) against a combined target-decoy protein database containing protein sequences of Homo sapiens (taxonomy 9606) derived from UniprotKB (created 2015-10-30, 84456 entries) and common contaminants such as human keratins and trypsin. The database was created using an in-house database generation toolbox (Carapito and al. 2014). Database searches were performed using the following settings: trypsin was specified as enzyme and up to one missed cleavage by trypsin and three variable modifications (oxidation of methionine, carbamidomethylation of cysteine and acetylation of protein Ntermini) were considered. Mass tolerances on precursor and fragment ions were set to 20 ppm and 0.2 Da, respectively for system 1 and 50 ppm and 0.2 Da for system 2. Mass tolerances on precursor and fragment ions were set to 25 ppm and 0.07 Da for SYNAPT and 250 ppm and 0.5 Da for Amazon.

Identifications were validated with the in house developed Proline software (http://proline.profiproteomics.fr/) using the following validation criteria: target/decoy validation applying a 1% FDR at protein level. Carapito andal. 2014 Proteomics. 2014 May;14(9):1014-9. doi: 10.1002/pmic.201300415. Epub 2014 Mar 12. MSDA, a proteomics software suite for in-depth Mass Spectrometry Data Analysis using grid computing. Carapito C, Burel A, Guterl P, Walter A, Varrier F, Bertile F, Van Dorsselaer A.

VII.DISCUSSION)/)PERSPECTIVES)

Gastric+ cancer+ has+ a+ high+ incidence+ in+ Europe,+ corresponding+ in+ majority+ of+ cardia+ cancer+ types,+ which+ are+ more+ aggressive+ and+ difficult+ to+ treat) [START_REF] Pacelli | .+ Proximal+ compared+ with+ distal+ gastric+ cancer:+ mul6variate+ analysis+ of+ prognos6c+ factors[END_REF] Keywords: Gastric cancer, platinum, ruthenium, epigenetic, HDAC, miRNA, p53 family.