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The phosphoinositide 3-kinase pathway and glycogen synthase kinase-3 positively regulate the activity of metal-responsive transcription factor-1 in response to zinc ions
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Metal-responsive transcription factor-1 (MTF-1) is a metal-regulatory transcription factor essential for induction of the genes encoding metallothioneins (MTs) in response to transition metal ions. Activation of MTF-1 is dependent on the interaction of zinc with the zinc fingers of the protein. In addition, phosphorylation is essential for MTF-1 transactivation. We previously showed that inhibition of phosphoinositide 3-kinase (PI3K) abrogated Mt expression and metal-induced MTF-1 activation in human hepatocellular carcinoma (HCC) HepG2 and mouse L cells, thus showing that the PI3K signaling pathway positively regulates MTF-1 activity and Mt gene expression. However, it has also been reported that inhibition of PI3K has no significant effects on Mt expression in immortalized epithelial cells and increases Mt expression in HCC cells. To further characterize the role of the PI3K pathway on the activity of MTF-1, transfection experiments were performed in HEK293 and HepG2 cells in presence of glycogen synthase kinase-3 (GSK-3), mTOR-C1, and mTOR-C2 inhibitors, as well as of siRNAs targeting Phosphatase and TENsin homolog (PTEN). We showed that inhibition of the mTOR-C2 complex inhibits the activity of MTF-1 in HepG2 and HEK293 cells, while inhibition of the mTOR-C1 complex or of PTEN stimulates MTF-1 activity in HEK293 cells. These results confirm that the PI3K pathway positively regulates MTF-1 activity. Finally, we showed that GSK-3 is required for MTF-1 activation in response to zinc ions.
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Résumé : Le facteur de transcription MTF-1 (« Metal-responsive transcription factor-1 ») est essentiel à l'induction des gènes des métallothionéines (MT) en réponse aux ions de métaux de transition. L'activation de MTF-1 dépend de la liaison des ions de zinc avec les doigts de zinc de la protéine. En outre, la phosphorylation de MTF-1 est essentielle à son activation par les métaux. Nous avons précédemment montré que l'inhibition de la phosphoinositide 3-kinase (PI3K) inhibe l'expression des Mt et l'activation de MTF-1 en réponse aux métaux, dans des cellules d'hépatocarcinome humaines HepG2 et des cellules L de souris, démontrant ainsi que la voie de signalisation PI3K contrôle l'activité de MTF-1 et l'expression des Mt de façon positive. Cependant, il a aussi été rapporté que l'inhibition de PI3K n'a pas d'effets significatifs sur l'expression des Mt dans des cellules épithéliales immortalisées, et qu'elle stimule l'expression des Mt dans les cellules d'hépatocarcinome. Dans le but de réévaluer le rôle de la voie de signalisation PI3K sur l'activité de MTF-1, des expériences de transfection ont été réalisées dans des cellules HEK293 et HepG2, en présence d'inhibiteurs de la glycogène synthase kinase-3 (GSK-3) et des complexes mTOR-C1 et mTOR-C2, ainsi que d'ARN interférents dirigés contre la « Phosphatase and TENsin homolog (PTEN) ». Nous montrons que l'inhibition du complexe mTOR-C2 inhibe l'activation de MTF-1 dans des cellules HepG2 et HEK293, alors que l'inhibition du complexe mTOR-C1 ou de PTEN stimule l'activité de MTF-1 dans des cellules HEK293. Ces résultats confirment que la voie PI3K active MTF-1. Finalement, nous montrons que GSK-3 est requise pour l'activation de MTF-1 en réponse aux ions de zinc.

Introduction

Metal-responsive transcription factor-1 (MTF-1), a Zn-finger protein highly conserved in vertebrates from pufferfish to humans [START_REF] Lichtlen | Putting its fingers on stressful situations: the heavy metal-regulatory transcription factor MTF-1[END_REF][START_REF] Günther | The taste of heavy metals: gene regulation by MTF-1[END_REF], was originally isolated as the transcription factor that controls metallothionein (Mt) gene expression in response to metal ions. MTs are small, cysteine-rich, metal binding multifunctional stress proteins pres-ent in various tissues and cell types from yeast to humans [START_REF] Coyle | Metallothionein: the multipurpose protein[END_REF][START_REF] Babula | Mammalian metallothioneins: properties and functions[END_REF]. MTs play important roles in zinc and copper homeostasis, detoxification of toxic metals, and radical scavenging. MTs have also been associated with multi-drug resistance [START_REF] Okazaki | Metallothioneinmediated resistance to multiple drugs can be induced by several anticancer drugs in mice[END_REF]) and protection against cisplatin renal toxicity (Satoh et al. 1997). Metal activation of Mt gene transcription depends on the presence of regulatory DNA sequences termed metal regulatory elements (MREs), and involves the transcription factor MTF-1 interacting with the MREs in a zinc-dependent manner [START_REF] Günther | The taste of heavy metals: gene regulation by MTF-1[END_REF][START_REF] Grzywacz | Metal responsive transcription factor 1 (MTF-1) regulates zinc dependent cellular processes at the molecular level[END_REF].

MTF-1 is essential for basal and metal-induced Mt transcription. Notably, the Mtf-1 gene is essential, as Mtf-1 knock-out (KO) mice die in utero due to liver degeneration and oedema [START_REF] Günes | Embryonic lethality and liver degeneration in mice lacking the metal-responsive transcriptional activator MTF-1[END_REF]. MTF-1 regulates the expression of several genes, including those encoding placenta growth factor [START_REF] Green | Placenta growth factor gene expression is induced by hypoxia in fibroblasts: a central role for metal transcription factor-1[END_REF], several zinc transporters [START_REF] Zhao | Zn-responsive proteome profiling and time-dependent expression of proteins regulated by MTF-1 in A549 cells[END_REF], the human prion protein [START_REF] Bellingham | Regulation of prion gene expression by transcription factors SP1 and metal transcription factor-1[END_REF], and mir132 miRNA [START_REF] Lee | Regulatory circuit of human microRNA biogenesis[END_REF]). Knocking-down MTF-1 with siRNAs changes the transcriptional response to zinc for over 1000 genes [START_REF] Hogstrand | Zinccontrolled gene expression by metal-regulatory transcription factor 1 (MTF1) in a model vertebrate, the zebrafish[END_REF]. Furthermore, MTF-1 increases lifespan [START_REF] Bahadorani | Overexpression of metal-responsive transcription factor (MTF-1) in Drosophila melanogaster ameliorates life-span reductions associated with oxidative stress and metal toxicity[END_REF], activates expression of ␤-synuclein, a protein relevant to neurodegeneration [START_REF] Mchugh | Transcriptional regulation of the beta-synuclein 5=-promoter metal response element by metal transcription factor-1[END_REF], and has been associated with epileptogenesis [START_REF] Van Loo | Zinc regulates a key transcriptional pathway for epileptogenesis via metal-regulatory transcription factor 1[END_REF], osteoarthritis [START_REF] Kim | Regulation of the catabolic cascade in osteoarthritis by the zinc-ZIP8-MTF1 axis[END_REF], and increased susceptibility to thrombosis and coronary heart disease [START_REF] Ding | A novel loss-offunction DDAH1 promoter polymorphism is associated with increased susceptibility to thrombosis stroke and coronary heart disease[END_REF]). In addition, the results from numerous studies support an important role of MTF-1 in tumour initiation and progression to malignant growth. Notably, using xenograft implantation of wild type or MTF-1-KO simian virus 40 large T antigen immortalized, and Harvey-ras-transformed mouse embryonic fibroblasts, it has been shown that the loss of MTF-1 suppresses tumour growth [START_REF] Haroon | Loss of metal transcription factor-1 suppresses tumor growth through enhanced matrix deposition[END_REF]). MTF-1 protein levels are elevated in diverse human tumour types, including breast, lung, cervical, and kidney carcinomas [START_REF] Shi | The metal-responsive transcription factor-1 protein is elevated in human tumors[END_REF]. Taken together, these observations suggest that MTF-1 plays a general role in the cellular stress response and support the concept that MTF-1 is an important multi-stress sensor.

MTF-1 is a cytoplasmic zinc sensor, characterized by increased DNA-binding activity upon zinc treatment [START_REF] Heuchel | The transcription factor MTF-1 is essential for basal and heavy metal-induced metallothionein gene expression[END_REF][START_REF] Giedroc | Metal response element (MRE)binding transcription factor-1 (MTF-1): structure, function, and regulation[END_REF][START_REF] Laity | Understanding the mechanisms of zincsensing by metal-response element binding transcription factor-1 (MTF-1)[END_REF]. Activation of MTF-1 is dependent on the interaction of zinc with the zinc fingers of the protein [START_REF] Bittel | Functional heterogeneity in the zinc fingers of metalloregulatory protein metal response elementbinding transcription factor-1[END_REF]. While direct and reversible activation of MRE-binding affinity of MTF-1 by zinc is necessary for activation of Mt gene expression, it is not sufficient for zinc induction of gene expression in vivo [START_REF] Smirnova | Zinc and cadmium can promote rapid nuclear translocation of metal response element-binding transcription factor-1[END_REF]. In addition, phosphorylation is essential for MTF-1 transactivation in response to zinc and cadmium ions, and is controlled by a complex kinase signal transduction pathway that includes protein kinase C (PKC), phosphoinositide 3-kinase (PI3K), c-Jun N-terminal kinase, casein kinase-2 (CK2), Phosphatase and TENsin homolog (PTEN), protein phosphatase 2A (PP2A), and a protein tyrosine kinase [START_REF] Larochelle | Phosphorylation is involved in the activation of metal-regulatory transcription factor 1 in response to metal ions[END_REF][START_REF] Saydam | Regulation of metallothionein transcription by the metal-responsive transcription factor MTF-1: identification of signal transduction cascades that control metal-inducible transcription[END_REF][START_REF] Lin | PTEN interacts with metal-responsive transcription factor 1 and stimulates its transcriptional activity[END_REF][START_REF] Chen | Heavy metal-induced metallothionein expression is regulated by specific protein phosphatase 2A complexes[END_REF].

We previously showed that inhibition of PI3K with wortmannin and LY294002 completely abrogated metal induction of Mt mRNA in L cells, as assayed by Northern analysis [START_REF] Larochelle | Phosphorylation is involved in the activation of metal-regulatory transcription factor 1 in response to metal ions[END_REF]. In addition, we showed that LY294002 diminished metal-induced expression of an MTF-1-specific luciferase (LUC) reporter plasmid (MRE-LUC) by 60%-70%, as assayed by transfection experiments in HepG2 cells. Taken together, these results show that the PI3K signaling pathway positively regulates MTF-1 activity and Mt gene expression. However, [START_REF] Datta | Metallothionein expression is suppressed in primary human hepatocellular carcinomas and is mediated through inactivation of CCAAT/Enhancer Binding Protein ␣ by phosphatidylinositol 3-kinase signaling cascade[END_REF] showed that inhibition of PI3K has no significant effects on either basal or zinc-induced Mt2A and Mt1 expression in immortalized human-liver-derived THLE-2 epithelial cells, as assayed by reverse-transcription PCR, although it increased basal and zinc-induced expression of Mt1 and Mt2A gene expression in human hepatocellular carcinoma (HCC) Hep3B and HepG2 cells, as assayed by reverse-transcription PCR and by transient transfections. According to the interpretation of [START_REF] Datta | Metallothionein expression is suppressed in primary human hepatocellular carcinomas and is mediated through inactivation of CCAAT/Enhancer Binding Protein ␣ by phosphatidylinositol 3-kinase signaling cascade[END_REF], Mt gene expression is downregulated in HCC because the PI3K pathway is activated in these cancer cells, thus inactivating glycogen synthase kinase-3 (GSK-3), a downstream effector of PI3K. GSK-3 phosphorylates and activates CCAAT/enhancer binding protein ␣ (C/EBP␣), which then could interact with MTF-1 and together induce Mt gene expression. Thus, PI3K would negatively regulate Mt activation by inactivating GSK-3. Given that the effect of the PI3K pathway on the activity of MTF-1 and Mt gene expression remains controversial, we further analyzed the role of this pathway on the activation of MTF-1 in response to zinc ions.

Upon activation by a receptor tyrosine kinase or RAS, PI3K produces PI(3,4,5)P 3 , which serves as a docking site for two serine/ threonine kinases [protein kinase B/Akt (Akt) and phosphoinositidedependent kinase-1 (PDK1)] and brings them into proximity at the plasma membrane [START_REF] Dibble | Regulation of mTORC1 by PI3K signaling[END_REF]. Akt is then phosphorylated and activated by PDK1 and by the mechanistic target of the rapamycin (mTOR) complex 2 (mTOR-C2). Once activated, Akt phosphorylates various target proteins at the plasma membrane, the cytosol, and the nucleus [START_REF] Manning | AKT/PKB signaling: navigating the network[END_REF]. A central target of Akt is mTOR in complex 1 (mTOR-C1), which stimulates cell growth, both by promoting ribosome production and protein synthesis and by inhibiting protein degradation [START_REF] Laplante | mTOR signaling in growth control and disease[END_REF]. Akt activates mTOR-C1 indirectly by phosphorylating and thereby inhibiting tuberous sclerosis complex 2 (TSC2), a negative regulator of mTOR-C1. Another important target phosphorylated and inhibited by activated Akt is GSK-3, active in several central intracellular signaling responses, including cellular proliferation, migration, glucose regulation, and apoptosis [START_REF] Hermida | GSK3 and its interactions with the PI3K/AKT/mTOR signalling network[END_REF]). Finally, PTEN can dephosphorylate PI(3,4,5)P 3 , and is involved in the downregulation of the pathway (summarized in Fig. 5).

Because the PI3K inhibitor LY294002 used in the previous studies affects other kinases such as GSK-3 and CK2 [START_REF] Gharbi | Exploring the specificity of the PI3K family inhibitor LY294002[END_REF], in this study, we used rapamycin, a mTOR-C1 specific inhibitor [START_REF] Brown | A mammalian protein targeted by G1-arresting rapamycinreceptor complex[END_REF][START_REF] Gulhati | Targeted inhibition of mammalian target of rapamycin signaling inhibits tumorigenesis of colorectal cancer[END_REF]), and Torin 1, which inhibits both mTOR-C1 and mTOR-C2 [START_REF] Hoang | Targeting TORC2 in multiple myeloma with a new mTOR kinase inhibitor[END_REF][START_REF] Janes | Effective and selective targeting of leukemia cells using a TORC1/2 kinase inhibitor[END_REF]). We also used specific short interfering RNAs (siRNAs) to inhibit PTEN. We confirmed that the PI3K pathway positively regulates the activity of MTF-1. In addition, we showed that GSK-3 is required for MTF-1 activation in response to zinc ions.

Materials and methods

Reagents and plasmid constructs

The protein kinase inhibitors Torin 1, rapamycin, LY2090314, and CHIR99021 were purchased from Selleckchem (Houston, Texas, USA), whereas PTEN (sc-29459) and negative control (sc-37007) siRNAs were from Santa Cruz Biotechnology, Inc. (Dallas, Tex.). All other chemicals were purchased from Sigma-Aldrich (Oakville, Ontario, Canada). The LUC reporter plasmid MT1-LUC contains 1843 bp of the 5= flanking region and 68 bp of the 5= untranslated region from the mouse Mt1 gene [START_REF] Faraonio | Characterization of cis-acting elements in the promoter of the mouse metallothionein-3 gene. Activation of gene expression during neuronal differentiation of P19 embryonal carcinoma cells[END_REF]. Similarly, the plasmid MT2A-LUC contains a human Mt2A gene DNA fragment (positions -780 to +65) cloned into pGL2 basic (Promega, Madison, Wisconsin, USA) [START_REF] Dubé | Hypoxia acts through multiple signaling pathways to induce metallothionein transactivation by the metal-responsive transcription factor-1 (MTF-1)[END_REF]). To construct plasmid (MREd) 6 -LUC, a synthetic DNA fragment containing 6 mouse Mt1 MREd elements [START_REF] Labbé | A nuclear factor binds to the metal regulatory elements of the mouse gene encoding metallothionein-I[END_REF] (5 elements in direct tandem orientation and the 6th in the opposite orientation) was cloned in front of a minimal mouse Mt1 promoter DNA fragment (positions -35 to -68) into the LUC reporter plasmid pGL2-Basic (Promega, Madison, Wis.). TOP-Flash and FOP-Flash plasmids were purchased from Upstate (Temecula, California, USA).

Cell culture, transfection, and immunoblotting

Human HEK293 cells (at passage 3) were obtained from M. Caruso (Centre de Recherche du CHU de Québec), and human HepG2 cells (at passage 109) were from A. Anderson (Centre de Recherche du CHU de Québec). Cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), and each culture was never used for more than for 8-10 passages. Where indicated, protein kinase inhibitors were added 30 min prior to the direct addition of metals and maintained during the remainder of the incubation period. Protein kinase inhibitors were dissolved in Me 2 SO as a 5 mmol/L stock solution and stored at -80 °C.

In the experiments with the protein kinase inhibitors, cells were transfected with the different plasmids using linear polyethylenimine (PEI; Polysciences, Warrington, Pennsylvania, USA) [START_REF] Roy | A dominant-negative approach that prevents diphthamide formation confers resistance to pseudomonas exotoxin A and diphtheria toxin[END_REF]. Briefly, 2 g of PEI per microgram of DNA were mixed in 100 L of serum free DMEM for 5 min. The mixture was then added to the cells containing 1 mL of DMEM with 10% FBS. Cells were seeded in 12-well plates (7 × 10 4 cells/well) 24 h prior to transfection, then exposed to the DNA precipitate for 6 h. Cells were then serum-starved (0.1% FBS), treated, or not, with inhibitors and 100 mol/L ZnCl 2 , and harvested 16 h later. Firefly LUC activity was determined with a Dual-LUC assay kit (Promega), according to the recommendations of the manufacturer, and normalized to total cellular protein contents. Protein concentrations were determined with the Bio-Rad Bradford Protein Assay (BioRad Laboratories, Mississauga, Ont.).

In the experiments with the PTEN siRNAs, cells were transfected with the reporter plasmid together with control or PTEN siRNAs (0.125 g/L) by the calcium phosphate method [START_REF] Sambrook | Protective role of metallothionein in renal toxicity of cisplatinum[END_REF]. Briefly, cells were seeded in 12 well plates (7 × 10 4 cells/well) 24 h prior to transfection. Cells were transfected with 1 g of the reporter plasmid (MREd) 6 -LUC and different concentrations of control or PTEN siRNAs, as indicated in the figure legends, shocked for 1 min at 37 °C with 10% glycerol in HEPES-buffered saline and incubated for 24 h in growth medium. Cells were then serum-starved (0.1% FBS), treated, or not, with 100 mol/L ZnCl 2, and harvested after 16 h. The plasmid pTK-rLUC (Promega) was used as an internal standard to monitor transfection efficiency. The total amount of DNA added to the cells was adjusted to 4 g per well with salmon sperm DNA. LUC activities were determined with a Dual-LUC assay kit (Promega) and expressed as a ratio of firefly LUC activity over Renilla LUC activity. The value presented for each transfected test plasmid corresponds to the mean of at least 3 separate transfections performed in triplicate. In each experiment, cells were examined under the microscope to make sure that their appearance and morphology were normal as compared to the control cells. Statistical significance was determined via one-way ANOVA followed by a Bonferroni post-hoc test using Prism 7 software (GraphPad) (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p < 0.0001).

For immunoblotting experiments, cells were washed in phosphate-buffered saline (PBS) and recovered by scraping in Laemmli buffer [90 mmol/L Tris-HCl (pH 6.8), 15% glycerol, 3% sodium dodecyl sulphate (SDS)]. Lysates were heated to 95 °C for 8 min and clarified by centrifugation at 15 000g for 10 min. Proteins were resolved on 10% SDS-polyacrylamide gels and transferred to an Immun-Blot PVDF membrane (Bio-Rad, Mississauga, Ont.). The membrane was blocked in 5% non-fat milk in PBS-Tween 0,1%, incubated with anti-S6 (54D2, 1:1000; Cell Signaling), anti-phospho-S6 S240/244 (2215, 1:1000; Cell Signaling), anti-AKT (C67E7, 1:1000; Cell Signaling), anti-phospho-AKT S473 (9271, 1:1000; Cell Signaling), anti-phospho-AKT T308 (C31E5E, 1:1000; Cell Signaling), anti-PTEN (D4.3, 1:1000; Cell Signaling), or anti-GAPDH (D16H11, 1:1000; Cell Signaling) antibodies, washed in PBS-Tween 0,1%, and incubated with horseradish-peroxidaseconjugated anti-IgG secondary antibodies. Proteins were visualized using Western Lightning Plus (PerkinElmer, Massachusetts, USA). Protein loading was normalized using anti-GAPDH (D16H11, 1:1000; Cell Signaling).

Results

Inhibition of the PI3K pathway

To confirm that the PI3K pathway positively regulates MTF-1 in response to metal ions, a first series of transient transfections were performed in 2 different cell lines, the immortalized human embryonic kidney HEK293 and the HCC HepG2 cells, treated, or not, with Torin 1, which inhibits both mTOR-C1 and mTOR-C2, or rapamycin, which specifically inhibits mTOR-C1. These 2 cell lines were selected to evaluate the action of the PI3K pathway on MTF-1 activity because it was inferred that the PI3K pathway is activated in HepG2 cells, thus repressing Mt gene expression compared with immortalized cells like HEK293 cells in which Mt genes are normally expressed and regulated. In addition, to ascertain that the results obtained with the (MREd) 6 -LUC reporter plasmid reflect the situation in the context of the native promoter, results obtained in cells transfected with the (MREd) 6 -LUC reporter plasmid and treated with Torin 1 were compared with those obtained in cells transfected with the reporter plasmids MT1-LUC and MT2A-LUC, containing 1843 bp of mouse Mt1 or 780 bp of human Mt2A gene 5= flanking sequences, respectively.

In HEK293 cells, the (MREd) 6 -LUC reporter plasmid was activated approximately 20-fold in response to zinc induction (Fig. 1A). Treatment of cells with 100 and 250 nmol/L Torin 1 reduced (MREd) 6 -LUC zinc-induced expression by approximately 50% (Fig. 1A), thus confirming that the PI3K pathway positively regulates MTF-1. To determine whether the PI3K pathway regulates MTF-1 activity in the same manner both in the context of the artificial (MREd) 6 -LUC and native promoters, and both in HepG2 and HEK293 cells, similar transfections were performed with the MT1-LUC and the MT2A-LUC reporter plasmids in HepG2 cells. As shown in Fig. 1, the MT1-LUC plasmid was activated approximately 30-fold by zinc (Fig. 1B), and the hMT2A plasmid approximately 5-fold (Fig. 1C) in HepG2 cells. Notably, Torin 1 reduced MT1-LUC and MT2A-LUC zinc-induced expression by approximately 40% and 30%, respectively (Figs. 1B and1C), thus showing that the inhibitory effect of Torin 1 on MTF-1 activation is reproduced in the context of native promoter, and this inhibition is observed in both HepG2 cells and immortalized HEK293 cells. Thus, the PI3K pathway activates MTF-1 regardless of whether MTF-1 binding sites are in their natural context or organized in tandem in an artificial promoter.

In a second series of experiments, we used the mTOR-C1 inhibitor rapamycin. To note, activated mTOR-C1 inhibits PI3K-Akt signaling by blocking mTOR-C2 activity or other upstream molecules [START_REF] Hsu | The mTOR-regulated phosphoproteome reveals a mechanism of mTORC1mediated inhibition of growth factor signaling[END_REF][START_REF] Liu | Sin1 phosphorylation impairs mTORC2 complex integrity and inhibits downstream Akt signalling to suppress tumorigenesis[END_REF]. Therefore, inhibition of mTOR-C1 should upregulate MTF-1 if the PI3K pathway positively regulates MTF-1. Indeed, while the (MREd) 6 -LUC reporter plasmid was activated approximately 12-fold in response to zinc induction (Fig. 2A), it was induced more than 35-fold in cells treated with rapamycin, thus indicating that the PI3K pathway positively regulates MTF-1.

Finally, we used siRNAs to downregulate PTEN, a phosphatase that antagonizes the PI3K signaling pathway. As for the inhibition of mTOR-C1, siRNAs directed towards PTEN should upregulate MTF-1 if the PI3K pathway positively controls MTF-1. As expected, zinc-induced (MREd) 6 -LUC activity was stimulated 40-fold in response to zinc induction in cells treated with the PTEN siRNAs compared with 30-fold in cells treated with control siRNAs (Fig. 2B). PTEN siRNAs also increased basal (MREd) 6 -LUC expression almost 2-fold compared with the control siRNAs.

To ensure that the protein kinase inhibitors were effective in inhibiting the corresponding kinases, Western blot analyses were performed with extracts prepared from HEK293 cells treated with Torin 1, rapamycin, and the PTEN siRNAs. At the concentration of inhibitors used, the mTOR-C1 and mTOR-C2 complexes were efficiently inhibited, as measured by the levels of Phospho S6 (Ser240/ 244) and Akt phosphorylated on Thr308 and Ser473 (Figs. 3A and3B). Similarly, although to a lesser extent, the PTEN levels were also reduced (Fig. 3C). However, the levels of pAkt (Thr308) and pAkt (Ser473) do not change significantly in cells treated with rapamycin (see Discussion).

Inhibition of GSK-3

Interestingly, [START_REF] Datta | Metallothionein expression is suppressed in primary human hepatocellular carcinomas and is mediated through inactivation of CCAAT/Enhancer Binding Protein ␣ by phosphatidylinositol 3-kinase signaling cascade[END_REF] also showed that inhibition of GSK-3 with LiCl inhibits Mt expression in HepG3 cells. They suggested that the interaction of C/EBP␣ with MTF-1, required for the activation of Mt gene expression, is induced by the phosphorylation of C/EBP␣ by GSK-3. Thus, the inhibition of GSK-3 by LiCl or by the activation of PI3K-Akt should abolish this interaction and abrogate Mt gene expression. In addition, we showed that treatment of mouse L cells with the PKC inhibitors Ro-31-8220 or GF109203X completely abrogated metal induction of Mt mRNA, and zinc-and cadmium-stimulated expression of both MT1-LUC and (MREd) 6 -LUC in HepG2 cells [START_REF] Larochelle | Phosphorylation is involved in the activation of metal-regulatory transcription factor 1 in response to metal ions[END_REF]). However, these 2 agents are potent inhibitors of GSK-3 activity [START_REF] Hers | The protein kinase C inhibitors bisindolylmaleimide I (GF 109203x) and IX (Ro 31-8220) are potent inhibitors of glycogen synthase kinase-3 activity[END_REF]. This suggests that GSK-3 could positively regulate MTF-1 activity. To test this hypothesis, HEK293 cells were transfected with the (MREd) 6 -LUC reporter plasmid and treated, or not, with CHIR99021 [START_REF] Ring | Selective glycogen synthase kinase 3 inhibitors potentiate insulin activation of glucose transport and utilization in vitro and in vivo[END_REF] or LY2090314 (Zamek-Gliszczynski et al. 2013), 2 potent and specific GSK-3 inhibitors. The TOP-Flash plasmid (van de [START_REF] Van De Wetering | Armadillo coactivates transcription driven by the product of the Drosophila segment polarity gene dTCF[END_REF]) was used as a positive control. This luciferase reporter construct contains a concatemer of the TCF/LEF binding site. Inhibition of GSK-3 leads to the stabilization of ␤-catenin, which then can bind the TCF site and activate LUC expression. Exposure of HEK293 cells to CHIR99021 or LY2090314 induced TOP-Flash luciferase activity (data not shown), thus confirming the inhibition of GSK-3. In addition, while the (MREd) 6 -LUC reporter plasmid was activated in control cells 50-(Fig. 4A) and 12-fold (Fig. 4B) in response to zinc induction, both GSK-3 inhibitors reduced zinc-induced (MREd) 6 -LUC expression by 60% (CHIR99021) and 40% (LY2090314) (Fig. 4). This shows that GSK-3 positively regulates MTF-1 activity.

Discussion

Role of the PI3K pathway in regulation of MTF-1 activity

MTF-1 is reversibly activated to bind to DNA and to enhance Mt gene transcription in response to increased free zinc levels. Zinc is believed to lead to an allosteric change in MTF-1, causing exposure of zinc-fingers involved in DNA binding [START_REF] Giedroc | Metal response element (MRE)binding transcription factor-1 (MTF-1): structure, function, and regulation[END_REF]). In addition, phosphorylation is involved in the complete activation of MTF-1 in response to metals. Our previous study demonstrated that the PI3K pathway is essential for MTF-1 transactivation function [START_REF] Larochelle | Phosphorylation is involved in the activation of metal-regulatory transcription factor 1 in response to metal ions[END_REF]. In this study, we further investigated the effect of the PI3K pathway on the activity of MTF-1 in response to zinc ions. We performed transfection experiments in HEK293 and HepG2 cells treated, or not, with Torin 1 and rapamycin, to inhibit protein kinases in the PI3K pathway. In addition, we also used specific siRNAs against PTEN. We compared the results obtained with the artificial (MREd) 6 -LUC reporter plasmid in cells treated with Torin 1 with those obtained with reporter plasmids containing 1843 and 877 bp of the native mouse Mt1 and human Mt2A promoter DNA sequences, respectively. First, we showed that Torin 1, a mTOR-C1 and mTOR-C2 inhibitor, diminished the expression of the (MREd) 6 -LUC reporter, thus confirming that the PI3K pathway positively controls MTF-1 activity. Indeed, mTOR-C2 is required for the activation of Akt and, as expected, its inhibition downregulated Akt (Fig. 3B) and logically its downstream effectors, including MTF-1. Second, we obtained similar results with all 3 reporter plasmids. This shows that the (MREd) 6 -LUC reporter does not behave differently from the endogenous promoter with respect to PI3K signaling, as inferred by [START_REF] Datta | Metallothionein expression is suppressed in primary human hepatocellular carcinomas and is mediated through inactivation of CCAAT/Enhancer Binding Protein ␣ by phosphatidylinositol 3-kinase signaling cascade[END_REF], thus validating and confirming our previous results obtained with a (MREd) 6 -LUC reporter [START_REF] Larochelle | Phosphorylation is involved in the activation of metal-regulatory transcription factor 1 in response to metal ions[END_REF]. Third, inhibition of the PI3K pathway diminished MTF-1 activity in response to zinc in both immortalized kidney HEK293 and HCC HepG2 cells. This result does not support the contention that the PI3K pathway is activated in HepG2 cells in which it abrogates Mt gene expression by inhibiting GSK-3 [START_REF] Datta | Metallothionein expression is suppressed in primary human hepatocellular carcinomas and is mediated through inactivation of CCAAT/Enhancer Binding Protein ␣ by phosphatidylinositol 3-kinase signaling cascade[END_REF]. Fourth, to further confirm that the PI3K pathway positively regulates MTF-1, HEK293 cells were treated with rapamycin, which specifically inhibits mTOR-C1. Interestingly, it has been reported that activated mTOR-C1 downregulates the PI3K-mTOR-C2 axis through negative feedback loops [START_REF] Hsu | The mTOR-regulated phosphoproteome reveals a mechanism of mTORC1mediated inhibition of growth factor signaling[END_REF][START_REF] Liu | Sin1 phosphorylation impairs mTORC2 complex integrity and inhibits downstream Akt signalling to suppress tumorigenesis[END_REF]. Thus, if the PI3K pathway activates MTF-1 in response to zinc ions, (MREd) 6 -LUC should be stimulated by rapamycin, because inhibition of mTOR-C1 would upregulate the PI3K-mTOR-C2 axis. Notably, the activity of the (MREd) 6 -LUC reporter is increased in cells treated with rapamycin and zinc, compared with control cells treated with zinc only (Fig. 2A). This result supports the conclusion that the PI3K pathway positively regulates MTF-1 activity. The inhibition of mTOR-C1 should inhibit the activity of S6 kinase, an immediate downstream target of mTOR-C1, and enhance that of Akt. However, Fig. 3A shows that while rapamycin strongly inhibits phosphorylation of S6 kinase, thus confirming that mTOR-C1 was efficiently inhibited, contrary to what was expected, the phosphorylation status of Akt remains unchanged, which indicates that Akt was not activated. Thus, the activation of MTF-1 in response to rapamycin does not appear to result from the activation of Akt and of the PI3K pathway. However, the absence of a detectable Akt activation in rapamycin-treated cells could be the result of a feedback loop that negatively regulates Akt activity under prolonged activating conditions to avoid an hyperstimulation of the pathway, as reported by [START_REF] Manning | AKT/PKB signaling: navigating the network[END_REF]. If this is the case, then the activation of MTF-1 in rapamycin-treated cells is the result of the activation of Akt, and confirms that the PI3K pathway activates MTF-1. Alternatively, the absence of Akt activation in rapamycin-treated cells would rather suggest the existence of mTOR-C1 downstream factors negatively regulating MTF-1 activity (Fig. 5). In support of this hypothesis, mTOR-C1 has been identified as a key negative regulator of bHLH leucine zipper transcription factor EB (TFEB) function (reviewed in [START_REF] Laplante | Regulation of mTORC1 and its impact on gene expression at a glance[END_REF]. Further experiments will be required to resolve this question. Fifth, siRNAs were used to perturb the PI3K pathway. We utilized siRNAs to inhibit PTEN, the negative regulator of the PI3K pathway. As for rapamycin, if the PI3K pathway activates MTF-1, inhibition of PTEN should stimulate (MREd) 6 -LUC activity. Indeed, as shown in Fig. 2B, PTEN siRNAs stimulated the (MREd) 6 -LUC reporter in response to zinc compared with control cells treated with non-specific siRNAs. However, in contradiction with these results, it has been reported that depletion of PTEN using siRNAs reduced Mt gene expression [START_REF] Lin | PTEN interacts with metal-responsive transcription factor 1 and stimulates its transcriptional activity[END_REF]). The activation of MTF-1 in response to the activation of the PI3K pathway by the Fig. 3. Immunoblotting analyses. S6 (Ser240/244) and Akt (Thr308 and Ser473) phosphorylation were measured in HEK293 cells serum-starved and treated or not with either the vehicle alone (DMSO), 50 or 100 nmol/L of rapamycin (A), 100 or 250 nmol/L of Torin 1 (B), and 250 ng of negative control (Ctrl) or PTEN siRNAs (C), and 100 mol/L ZnCl 2 for 16 h. Cell extracts were prepared, and immunoblotting was performed as described in the section on Materials and methods. GAPDH was used as a loading control. inhibition of mTOR-C1 and PTEN is in accordance with the downregulation of MTF-1 activity following the inhibition of the PI3K pathway with Torin 1. Overall, the data presented here clearly show that the PI3K pathway positively regulates MTF-1 transcrip-tional activity both in the context of the native promoter and of an artificial promoter like (MREd) 6 -LUC, in immortalized HEK293 cells and in the HCC HepG2 cells. The reason for the apparent discrepancies between our original results [START_REF] Larochelle | Phosphorylation is involved in the activation of metal-regulatory transcription factor 1 in response to metal ions[END_REF] as well as those presented here, and those of [START_REF] Datta | Metallothionein expression is suppressed in primary human hepatocellular carcinomas and is mediated through inactivation of CCAAT/Enhancer Binding Protein ␣ by phosphatidylinositol 3-kinase signaling cascade[END_REF] are not clear, but one possible explanation is a drift of cell lines in culture. Phenotypic drifts due to serial passages and transfers between laboratories are frequently encountered and may influence the outcome of the results [START_REF] Geraghty | Guidelines for the use of cell lines in biomedical research[END_REF].

The activity of MTF-1 is controlled by multiple signal transduction kinase pathways, including JNK, PKC, CK2, a protein tyrosine kinase, as well as PTEN and PP2A (see the Introduction for references), which together contribute to the maximal activation of MTF-1. These kinases function in complex pathways ending with one or several endpoint kinases that phosphorylates and activates MTF-1. Full activation of MTF-1 in the presence of zinc ions requires the simultaneous activation of these multiples pathways. Inhibition of one of these pathways leaves largely unaffected the other pathways controlling MTF-1 activity. Thus, the residual activity of MTF-1 observed in the presence of Torin 1, CHIR99021, and LY2090314 likely represents the activity of MTF-1 that is under the control of the other kinase signalling pathways involved in the regulation of its transcriptional activity.

Analysing the role of the PI3K pathway in the regulation of MTF-1 activity is central to understanding the signal transduction mechanisms controlling intracellular zinc levels. Zinc is an essential transition metal in humans [START_REF] Beyersmann | Functions of zinc in signaling, proliferation and differentiation of mammalian cells[END_REF][START_REF] Fukada | Zinc homeostasis and signaling in health and diseases[END_REF]) through its binding to thousands of proteins [START_REF] Passerini | Predicting zinc binding at the proteome level[END_REF]). Zinc also functions as a signaling molecule at the cellular level, and thus steady-state concentrations of free intracellular zinc ions are maintained within narrow limits by zinc homeostatic molecules including cytosolic zinc-binding proteins, such as MTs, two families of transport proteins, the ZIP channels, which increase cytosolic zinc, and the ZnT transporters, which remove zinc from the cytosol, and sensors of cytoplasmic free zinc ions like MTF-1 [START_REF] Colvin | Cytosolic zinc buffering and muffling: their role in intracellular zinc homeostasis[END_REF][START_REF] Kambe | An overview of a wide range of functions of ZnT and Zip zinc transporters in the secretory pathway[END_REF]. If free zinc concentrations increase, zinc ions will bind to MTF-1 and effect changes in the expression of genes encoding zinc homeostatic proteins. Notably, MTF-1 is the only zinc sensor protein that has been characterized in multicellular organisms [START_REF] Colvin | Cytosolic zinc buffering and muffling: their role in intracellular zinc homeostasis[END_REF][START_REF] Choi | Zinc'ing sensibly: controlling zinc homeostasis at the transcriptional level[END_REF][START_REF] Hardyman | Zinc sensing by metal-responsive transcription factor 1 (MTF1) controls metallothionein and ZnT1 expression to buffer the sensitivity of the transcriptome response to zinc[END_REF]. Interestingly, [START_REF] Taylor | Protein kinase CK2 triggers cytosolic zinc signaling pathways by phosphorylation of zinc channel ZIP7[END_REF] have shown that extracellular zinc results in ZIP7-dependent release of zinc from the endoplasmic reticulum, resulting in activation of multiple downstream pathways including tyrosine kinases, MAP kinases, mTOR, GSK-3, and PI3K-Akt [START_REF] Nimmanon | Phosphorylation of zinc channel ZIP7 drives MAPK, PI3K and mTOR growth and proliferation signalling[END_REF]. In this context, it is not surprising that the activated PI3K pathway converging on MTF-1 activates MTF-1, thus inducing Mt genes and other zinc homeostatic protein coding genes.

GSK-3 is required for the activation of MTF-1

It has been proposed that GSK-3 is essential for Mt gene expression in HepG2 cells because phosphorylation of C/EBP␣ by GSK-3 is required for the interaction of C/EBP␣ with MTF-1 and the induction of Mt expression [START_REF] Datta | Metallothionein expression is suppressed in primary human hepatocellular carcinomas and is mediated through inactivation of CCAAT/Enhancer Binding Protein ␣ by phosphatidylinositol 3-kinase signaling cascade[END_REF]. According to this model, activation of PI3K, which results in the activation of Akt and the inhibition of GSK-3, explains the upregulation of Mt expression in response to the inhibition of PI3K.

In this study, we wished instead to determine whether GSK-3 is required for the activation of MTF-1. Using 2 different GSK-3 specific inhibitors (CHIR99021 and LY2090314), we showed that, while inhibition of GSK-3 had little if any effect on constitutive MTF-1 activity, it strongly inhibited its activation in response to zinc ions (Fig. 4), thus clearly showing that GSK-3 is essential for the activation of MTF-1 in response to zinc. Thus, these results do not support the contention that activation of the PI3K pathway abrogates Mt expression by inhibiting GSK-3 but, more importantly, they reveal the existence of an MTF-1 Akt-independent GSK-3 activation Fig. 5. Putative model of the signaling pathways involved in the activation of MTF-1. Zinc ions activate a receptor tyrosine kinase (RTK), which recruits and activates PI3K. PI3K then produces PI(3,4,5)P 3 , which serves as a docking site for Akt and PDK1. Akt is phosphorylated by mTOR in complex 2 and PDK1. The activated Akt (Akt**) dissociates from the membrane and phosphorylates various target proteins including GSK-3 and TSC2, a negative regulator of Rheb, a RAS-related GTPase. Active Rheb helps activate mTOR in complex 1, thereby promoting protein synthesis by phosphorylating p70S6 kinase (S6K). Full activation of MTF-1 in response to zinc ions also requires the action of the JNK, CK2, and PKC signaling transduction pathways [START_REF] Larochelle | Phosphorylation is involved in the activation of metal-regulatory transcription factor 1 in response to metal ions[END_REF][START_REF] Saydam | Regulation of metallothionein transcription by the metal-responsive transcription factor MTF-1: identification of signal transduction cascades that control metal-inducible transcription[END_REF]. Activation of MTF-1 by the PI3K pathway may involve an Akt signal transduction pathway targeting MTF-1 (broken arrows), or the inhibition by mTOR-C1 of a putative inhibitory protein (broken lines, downstream of mTOR-C1). We show here that GSK-3 is involved in the activation of MTF-1 through an Aktindependent positive regulatory pathway (AIP). Activated GSK-3 could directly phosphorylate and activate MTF-1, or could affect MTF-1 through a signaling pathway converging on MTF-1, Alternatively, GSK-3 could affect MTF-1 by its inhibitory action on PTEN which antagonizes the PI3K signaling pathway. In addition, PTEN [START_REF] Lin | PTEN interacts with metal-responsive transcription factor 1 and stimulates its transcriptional activity[END_REF] pathway (Fig. 5, AIP). Our results also exclude the possibility that in non-induced cells, active GSK-3 negatively regulates MTF-1 and, upon zinc activation of the PI3K pathway, GSK-3 being phosphorylated and inactivated by Akt, MTF-1 is no longer inhibited by GSK-3, thus allowing a direct activation of MTF-1 through one of the kinases in the PI3K pathway. In such a situation, inhibition of GSK-3 should increase MTF-1 activity in the non-induced state and possibly potentiate its activation in response to zinc, which is not the case. Still, the activation of the PI3K pathway is required for MTF-1 activation, and thus is logically involved the activation of Akt and the phosphorylation-inhibition of GSK-3 on Ser-9 and Ser-21 by Akt [START_REF] Hermida | GSK3 and its interactions with the PI3K/AKT/mTOR signalling network[END_REF]. Consequently, there must be one or more other zinc-induced signaling events activating GSK-3, which are required for full activation of MTF-1. Notably, zinc treatments have been shown to activate GSK-3 [START_REF] An | Mechanism of zinc-induced phosphorylation of p70 S6 kinase and glycogen synthase kinase 3␤ in SH-SY5Y neuroblastoma cells[END_REF][START_REF] Mcclung | Effect of supplemental dietary zinc on the mammalian target of rapamycin (mTOR) signaling pathway in skeletal muscle and liver from post-absorptive mice[END_REF][START_REF] Min | Zinc induces cell death in immortalized embryonic hippocampal cells via activation of Akt-GSK-3␤ signaling[END_REF]). Thus, we hypothesize the existence of a zinc-activated PI3K-Akt independent pathway activating GSK-3 (Fig. 5, AIP). This signaling pathway would create a GSK-3-activated conformation capable of directly or indirectly phosphorylating and enhancing MTF-1 activity. Alternatively, zinc-activated GSK-3 could phosphorylate and inactivate PTEN, which would enhance zincinduced MTF-1 activation by the PI3K pathway. In fact, it has been shown that zinc treatment results in a reduction of the PTEN protein level in neural and airway epithelial cells [START_REF] Wu | Zinc-induced PTEN protein degradation through the proteasome pathway in human airway epithelial cells[END_REF][START_REF] Kwak | Functional interaction of phosphatase and tensin homologue (PTEN) with the E3 ligase NEDD4-1 during neuronal response to zinc[END_REF]. In addition, PTEN can be phosphorylated by GSK-3 (Al-Khouri et al. 2005;[START_REF] Min | Zinc induces cell death in immortalized embryonic hippocampal cells via activation of Akt-GSK-3␤ signaling[END_REF][START_REF] Jang | PTEN regulation by the Akt/GSK-3␤ axis during RANKL signaling[END_REF], and the phosphorylation of Thr-366 in PTEN by GSK-3 plays a role in destabilizing the PTEN protein [START_REF] Maccario | PTEN is destabilized by phosphorylation on Thr 366[END_REF][START_REF] Hermida | GSK3 and its interactions with the PI3K/AKT/mTOR signalling network[END_REF]. Moreover, inhibition of GSK-3 suppressed PTEN phosphorylation levels and enhanced Akt phosphorylation in bone-marrow macrophages [START_REF] Jang | PTEN regulation by the Akt/GSK-3␤ axis during RANKL signaling[END_REF]. Further experiments will be required to understand the mechanisms by which GSK-3 and PTEN control MTF-1 activity and Mt expression.

In conclusion, taken together, these results show that the PI3K pathway and GSK-3 positively regulate MTF-1 transactivation in response to zinc ions.

Fig. 1 .

 1 Fig.1. Effect of Torin 1 on (MREd) 6 -LUC (MRE-LUC) (A), MT1-LUC (mMT1) (B), and MT2A-LUC (hMT2A) (C) expression. HEK293 (A) and HepG2 (B and C) cells transfected with the different reporter plasmids, as indicated, were serum-starved and pre-incubated for 30 min with the vehicle alone (0) or with 100 or 250 nmol/L of Torin 1, as indicated below the graphs, and then treated or not with 100 mol/L ZnCl 2 for 16 h. Cell extracts were prepared, and measurement of LUC activity was performed with a dual LUC kit. Results are expressed as firefly LUC (fLUC) activity per microgram (g) of total protein, and as a percentage relative to that of the control induced by zinc, which is taken as 100%. The data represent the mean ± S.D. of 3 independent experiments performed in triplicate. Significant differences between the control and treated samples are based on the one-way ANOVA followed by a Bonferroni post-hoc test (*, p ≤ 0.05; ****, p < 0.0001).

Fig. 2 .

 2 Fig.2. Effect of rapamycin (A) and PTEN siRNAs (B) on (MREd) 6 -LUC expression. (A) HEK293 cells transfected by the PEI method with the reporter plasmids were serum-starved and preincubated for 30 min with the vehicle alone (0) or with 100 nmol/L of rapamycin, as indicated, and then treated or not with 100 mol/L ZnCl 2 for 16 h. Cell extracts were prepared, and measurement of LUC activity was performed as indicated in Fig.1. (B) HEK293 cells transfected by the calcium phosphate method with a mixture of (MREd) 6 -LUC and pTK-rLUC as internal standard together with 250 ng of negative control (Ctrl) or PTEN siRNAs were serum-starved and then treated, or not, with 100 mol/L ZnCl 2 for 16 h. Cell extracts were prepared, and measurement of LUC activity was performed with a dual LUC kit. Results are expressed as percentage firefly LUC (fLUC) activity relative to the level directed by the Renilla LUC (rLUC) construct. The data represent the mean ± S.D. of 3 independent experiments performed in triplicate. Significant differences between the control and treated samples are based on the one-way ANOVA followed by a Bonferroni post-hoc test (**, p ≤ 0.01; ***, p ≤ 0.001; ****, p < 0.0001).

  Fig. 5.Putative model of the signaling pathways involved in the activation of MTF-1. Zinc ions activate a receptor tyrosine kinase (RTK), which recruits and activates PI3K. PI3K then produces PI(3,4,5)P 3 , which serves as a docking site for Akt and PDK1. Akt is phosphorylated by mTOR in complex 2 and PDK1. The activated Akt (Akt**) dissociates from the membrane and phosphorylates various target proteins including GSK-3 and TSC2, a negative regulator of Rheb, a RAS-related GTPase. Active Rheb helps activate mTOR in complex 1, thereby promoting protein synthesis by phosphorylating p70S6 kinase (S6K). Full activation of MTF-1 in response to zinc ions also requires the action of the JNK, CK2, and PKC signaling transduction pathways[START_REF] Larochelle | Phosphorylation is involved in the activation of metal-regulatory transcription factor 1 in response to metal ions[END_REF][START_REF] Saydam | Regulation of metallothionein transcription by the metal-responsive transcription factor MTF-1: identification of signal transduction cascades that control metal-inducible transcription[END_REF]. Activation of MTF-1 by the PI3K pathway may involve an Akt signal transduction pathway targeting MTF-1 (broken arrows), or the inhibition by mTOR-C1 of a putative inhibitory protein (broken lines, downstream of mTOR-C1). We show here that GSK-3 is involved in the activation of MTF-1 through an Aktindependent positive regulatory pathway (AIP). Activated GSK-3 could directly phosphorylate and activate MTF-1, or could affect MTF-1 through a signaling pathway converging on MTF-1, Alternatively, GSK-3 could affect MTF-1 by its inhibitory action on PTEN which antagonizes the PI3K signaling pathway. In addition, PTEN[START_REF] Lin | PTEN interacts with metal-responsive transcription factor 1 and stimulates its transcriptional activity[END_REF] and PP2A (Chen et al. 2014) (not illustrated) have been shown to interact with MTF-1 and regulate its activity. The kinases targeted by CHIR99021 (CHIR), LY2090314, Torin 1 and rapamycin are indicated. The question marks indicate putative pathways.
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