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The prohibitin-binding compound fluorizoline affects multiple components of the translational machinery and inhibits protein synthesis

des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Fluorizoline (FLZ) binds to prohibitin-1 and -2 (PHB1/2), which are pleiotropic scaffold proteins known to affect signaling pathways involved in several intracellular processes. However, it is not yet clear how FLZ exerts its effect. Here, we show that exposure of three different human cancer cell lines to FLZ increases the phosphorylation of key translation factors, particularly of initiation factor 2 (eIF2) and elongation factor 2 (eEF2), modifications that inhibit their activities. FLZ also impaired signaling through mTOR complex 1, which also regulates the translational machinery, e.g. through the eIF4E-binding protein 4E-BP1. In line with these findings, FLZ potently inhibited protein synthesis. We noted that the first phase of this inhibition involves very rapid eEF2 phosphorylation, which is catalyzed by a dedicated Ca 21 -dependent protein kinase, eEF2 kinase (eEF2K). We also demonstrate that FLZ induces a swift and marked rise in intracellular Ca 21 levels, likely explaining the effects on eEF2. Disruption of normal Ca 21 homeostasis can also induce endoplasmic reticulum stress, and our results suggest that induction of this stress response contributes to the increased phosphorylation of eIF2, likely because of activation of the eIF2-modifying kinase PKR-like endoplasmic reticulum kinase (PERK). We show that FLZ induces cancer cell death and that this effect involves contributions from the phosphorylation of both eEF2 and eIF2. Our findings provide important new insights into the biological effects of FLZ and thus the roles of PHBs, specifically in regulating Ca 21 levels, cellular protein synthesis, and cell survival.

Dysregulation of protein synthesis (mRNA translation) plays an important roles in many diseases, in particular, cancers [START_REF] Robichaud | Translational control in cancer[END_REF]. The rate of protein synthesis can be modulated by changes in the phosphorylation of proteins involved in the initiation and elongation stages of the process of mRNA translation; these are termed eukaryotic initiation or elongation factors (eIFs, eEFs), respectively. For example, phosphorylation of the heterotrimer eIF2 on its a-subunit (eIF2a) leads to inhibition of translation initiation and thus general protein synthesis [START_REF] Wek | Role of eIF2a kinases in translational control and adaptation to cellular stress[END_REF]. Several kinases can perform this modification and are generally activated by stress conditions such as the accumulation of unfolded proteins in the endoplasmic reticulum or absence of a given amino acid. eEF2 also undergoes phosphorylation, which inhibits its activity and thus slows down translation elongation [START_REF] Kenney | Eukaryotic elongation factor 2 kinase, an unusual enzyme with multiple roles[END_REF][START_REF] Carlberg | Functional properties of phosphorylated elongation factor 2[END_REF]. This event is catalyzed by a single kinase, eEF2 kinase (eEF2K), which is activated under certain stress conditions. Its activity is normally dependent on calcium ions that activate it through calmodulin, which binds to and stimulates eEF2K, thereby inhibiting translation elongation [START_REF] Ryazanov | Ca 21 /calmodulin-dependent phosphorylation of elongation factor 2[END_REF][START_REF] Nairn | Identification of the major Mr 100,000 substrate for calmodulin-dependent protein kinase III in mammalian cells as elongation factor-2[END_REF].

Several signaling pathways can regulate the phosphorylation of translation factors, including the mechanistic (or mammalian) target of rapamycin complex 1 (mTORC1) and ERK (classical MAP kinase) pathways [START_REF] Proud | Signalling to translation: How signal transduction pathways control the protein synthetic machinery[END_REF][START_REF] Proud | Phosphorylation and signal transduction pathways in translational control[END_REF]. Among other effects, ERK activates the MAP kinase-interacting kinases (MNKs) which phosphorylate eIF4E [START_REF] Waskiewicz | Mitogen-activated kinases activate the serine/threonine kinases Mnk1 and Mnk2[END_REF]. mTORC1 phosphorylates the eIF4Ebinding proteins (4E-BPs) which, in their hypophosphorylated state, bind to and inhibit eIF4E [START_REF] Gingras | Control of translation by the target of rapamycin proteins[END_REF]. Phosphorylation of 4E-BP1 by mTORC1 induces its release from eIF4E, thereby alleviating its inhibitory effect. mTORC1 signaling negatively regulates the activity of eEF2K [START_REF] Redpath | Regulation of translation elongation factor-2 by insulin via a rapamycin-sensitive signalling pathway[END_REF], in part through the ribosomal protein kinases (S6Ks), which phosphorylate and inactivate eEF2K [START_REF] Wang | Regulation of elongation factor 2 kinase by p90 RSK1 and p70 S6 kinase[END_REF].

Prohibitins-1 and -2 (PHB1/2) are pleiotropic scaffold proteins that act as a major hub for many signaling pathways involved in metabolism, survival, differentiation, proliferation, and mitochondrial dynamics [START_REF] Ande | Prohibitin: A potential therapeutic target in tyrosine kinase signaling[END_REF][START_REF] Chowdhury | PHB in cardiovascular and other diseases: Present knowledge and implications[END_REF][START_REF] Koushyar | Unveiling the potential of prohibitin in cancer[END_REF][START_REF] Peng | Multifaceted role of prohibitin in cell survival and apoptosis[END_REF][START_REF] Theiss | The role and therapeutic potential of prohibitin in disease[END_REF][START_REF] Thuaud | Prohibitin ligands in cell death and survival: Mode of action and therapeutic potential[END_REF][START_REF] Signorile | Prohibitins: A critical role in mitochondrial functions and implication in diseases[END_REF]. PHBs may be valid therapeutic targets in a number of diseases. PHBs are expressed in many types of cancers and play diverse roles in tumor cell biology (for a recent review, see Ref. 20). For example, they affect cell proliferation, tumor metastasis, and cell survival [START_REF] Yang | Significance of prohibitin domain family in tumorigenesis and its implication in cancer diagnosis and treatment[END_REF][START_REF] Bentayeb | Prohibitin (PHB) expression is associated with aggressiveness in DLBCL and flavagline-mediated inhibition of cytoplasmic PHB functions induces anti-tumor effects[END_REF]. PHBs regulate the activation of RAF1 (C-RAF) by Ras, and consequently the oncogenic MEK/ERK/MNK/eIF4E pathway, which has multiple downstream effectors including components of the protein synthesis machinery. However, whether PHBs regulate mRNA translation by additional mechanisms remains unexplored.

Several classes of PHB ligands displaying diverse profiles of pharmacological activities, such as FL3, Mel6, Mel41, JI130, and fluorizoline (FLZ), have been reported. Because the genetic deletion of PHB is lethal, these ligands are invaluable to examine the cellular function of PHBs. FL3 binds to PHBs to block the activation of C-RAF (Raf-1) and KRAS [START_REF] Polier | The natural anticancer compounds rocaglamides inhibit the Raf-MEK-ERK pathway by targeting prohibitin 1 and 2[END_REF][START_REF] Yurugi | Targeting prohibitins with chemical ligands inhibits KRAS-mediated lung tumours[END_REF]. In addition to PHBs, FL3 also directly interacts with the helicase eIF4A to inhibit eIF4F-dependent translation and displays potent anticancer effects [START_REF] Boussemart | eIF4F is a nexus of resistance to anti-BRAF and anti-MEK cancer therapies[END_REF][START_REF] Basmadjian | Flavaglines: Potent anticancer drugs that target prohibitins and the helicase eIF4A[END_REF].

Mel6 and Mel41, respectively, inhibit and induce melanogenesis through the regulation of the mitophagic factor LC3-II and the kinase ERK [START_REF] Djehal | Targeting prohibitin with small molecules to promote melanogene-sis and apoptosis in melanoma cells[END_REF]. FLZ is a cytotoxic PHB ligand that induces mitochondrial fragmentation and apoptosis in cancer cells [START_REF] Perez-Perarnau | A trifluorinated thiazoline scaffold leading to pro-apoptotic agents targeting prohibitins[END_REF][START_REF] Cosialls | The prohibitin-binding compound fluorizoline induces apoptosis in chronic lymphocytic leukemia cells through the upregulation of NOXA and synergizes with ibrutinib, 5-aminoimidazole-4-carboxamide riboside or venetoclax[END_REF][START_REF] Moncunill-Massaguer | A novel prohibitin-binding compound induces the mitochondrial apoptotic pathway through NOXA and BIM upregulation[END_REF][START_REF] Pomares | Targeting prohibitins induces apoptosis in acute myeloid leukemia cells[END_REF][START_REF] Wierz | The prohibitin-binding compound fluorizoline induces apoptosis in chronic lymphocytic leukemia cells ex vivo but fails to prevent leukemia development in a murine model[END_REF]. FLZ kills chronic lymphocytic leukemia cells in vitro, but is unfortunately inactive in a murine model of leukemia [START_REF] Wierz | The prohibitin-binding compound fluorizoline induces apoptosis in chronic lymphocytic leukemia cells ex vivo but fails to prevent leukemia development in a murine model[END_REF]. It also inhibits the PHB-dependent activation of C-RAF [START_REF] Yurugi | Targeting prohibitins with chemical ligands inhibits KRAS-mediated lung tumours[END_REF] and promotes melanogenesis similarly to Mel41 [START_REF] Djehal | Targeting prohibitin with small molecules to promote melanogene-sis and apoptosis in melanoma cells[END_REF]. JI130 binds to PHB2 to inhibit the transcription factor Hes1 [START_REF] Perron | Small-molecule screening yields a compound that inhibits the cancer-associated transcription factor Hes1 via the PHB2 chaperone[END_REF]. PHBs may be useful targets for cancer therapy [START_REF] Ortiz | Prohibitin is a prognostic marker and therapeutic target to block chemotherapy resistance in Wilms' tumor[END_REF]; however, there remains a paucity of information about the effects of FLZ and of its targets, the PHBs.

Here we built upon earlier data indicating that PHBs (in particular PHB2) interact with certain components of the translational (protein synthesis) machinery, including ribosomal proteins, or kinases that act upon them (RRID:SCR_018711), and with some signaling proteins involved in the regulation of translation such as ERK (MAP kinase), the AMP-activated protein kinase (AMPK) or mTORC1. We now show that FLZ induces the phosphorylation of two key components of the protein synthetic machinery, initiation factor eIF2 and elongation factor eEF2. The phosphorylation of each of these general translation factors inhibits its function. Consistent with this, FLZ induces the inhibition of overall protein synthesis. FLZ also elicits a marked increase in intracellular calcium ion levels, which activate eEF2 kinase and evoke endoplasmic reticulum (ER) stress, which causes enhanced phosphorylation of eIF2. FLZ also inhibits of mTORC1 signaling and thus affects S6K and eIF4E-BP1, all of which effects likely contribute to the inhibition of overall protein synthesis caused by FLZ. FLZ also induces cell death, and this appears to involve the phosphorylation of both eEF2 and eIF2. Our data substantially extend understanding of the physiological roles of PHBs.

Results

FLZ increases the phosphorylation of eIF2 and eEF2

We began by testing a range of PHB-binding compounds for their effects, in A549 lung carcinoma cells, on translation factors or signaling pathways linked to them. As shown in Fig. 1A, FLZ caused a very marked increase in the phosphorylation of eEF2 rapidly by 15 min, whereas the other compounds had little or no effect, even after 60-min exposure. By 15 min, FLZ also elicited a rise in the phosphorylation of the AMPK, a metabolic sensor which can activate eEF2K [START_REF] Horman | Activation of AMP-activated protein kinase leads to the phosphorylation of elongation factor 2 and an inhibition of protein synthesis[END_REF][START_REF] Browne | Stimulation of the AMP-activated protein kinase leads to activation of eukaryotic elongation factor 2 kinase and to its phosphorylation at a novel site, serine 398[END_REF]. The effect on phosphorylated (P)-eEF2 occurred at concentrations lower than 20 mM, but the increased phosphorylation of AMPK did not (Fig. S1A), suggesting the change in eEF2 phosphorylation was not because of activation of AMPK. Further experiments to test the role of eEF2K are described below.

At 60 min, FLZ did not exert a noticeable effect on other proteins tested, apart from causing a small shift in the electrophoretic behavior of 4E-BP1 toward faster-migrating species, which correspond to less phosphorylated variants of this protein (cf. decrease in signal for P-Ser-65 in 4E-BP1 (Fig. 1A). This suggests that FLZ causes mild impairment of mTORC1 signaling, which was confirmed by a large decrease in the phosphorylation of p70 S6 kinase, a direct substrate for mTORC1 (Fig. 1A and Fig. S1B). However, little if any change was seen for S6, a substrate for p70 S6K (Fig. 1A and Fig. S1B). A slight increase in the phosphorylation of ERK was consistently observed (Fig. 1A), which likely accounts for the small rise in the phosphorylation of the translation initiation factor eIF4E, which is linked to ERK signaling via the eIF4E kinases, the MNKs [START_REF] Waskiewicz | Mitogen-activated kinases activate the serine/threonine kinases Mnk1 and Mnk2[END_REF][START_REF] Wang | The phosphorylation of eukaryotic initiation factor eIF4E in response to phorbol esters, cell stresses and cytokines is mediated by distinct MAP kinase pathways[END_REF].

When treatment with FLZ was extended to 120 min, it was clear that the increased phosphorylation of eEF2 was sustained (Fig. 1B and Fig. S2, A-C) and that FLZ also induced, albeit more slowly, the phosphorylation of eIF2a (Fig. 1B). Activation of AMPK (as judged from P-ACC (acetyl-CoA carboxylase) levels) declined by the final time point (Fig. 1B). The FLZ-induced rise in the phosphorylation of eEF2 was very fast, being evident as early as 1 min (Fig. S2A).

Given these striking effects of FLZ on phosphorylation of regulators of mRNA translation in A549 cells, we considered it important to assess its effects in other cancer cell lines. In MDA-MB-231 breast cancer cells FLZ also increased the phosphorylation of eEF2 and eIF2 (Fig. 1C and Fig. S2, D andE), but had little or no effect on P-ERK or P-eIF4E. Other compounds tested had little, if any, effect on the proteins studied in MDA-MB-231 cells, apart from some activation of ERK by FL3 (and FLZ) (Fig. S3A). The FLZ-induced phosphorylation of eEF2 was transient, being maximum at 30-60 min (Fig. 1C and Fig. S2, D andE); eIF2a phosphorylation again rose markedly but more slowly; it was still elevated at 120 min (Fig. 1, B-D). FLZ had little effect on the AKT/mTORC1 pathway in MDA-MB-231 cells, apart from a minor inhibitory effect on P-AKT (Ser-473), a substrate for mTORC2 (Fig. S3B). FL3 but not the other PHB ligands inhibited the phosphorylation of S6K1 (Fig. S3, A andB), a readout of mTORC1 activity in MDA-MB-231 cells, concomitant with a reduction in the phosphorylated levels of eEF2 (Fig. S3, A andB).

A broadly similar pattern of changes in the phosphorylation of eEF2 and eIF2 was also observed in a third cell line, cervical cancer HeLa cells (Fig. 1D and Fig. S2, F andG). These data show that FLZ rapidly enhances the phosphorylation of eIF2 and eEF2 in all three cell lines, with the effect on P-eEF2 being considerably faster (already higher at 5 min in all three lines) than the rise in P-eIF2 (evident by 30 min).

FLZ inhibits protein synthesis

Because FLZ increases the phosphorylation of eIF2a and eEF2 and these modifications impair the functions in the elongation and initiation phases of mRNA translation [START_REF] Wek | Role of eIF2a kinases in translational control and adaptation to cellular stress[END_REF][START_REF] Proud | Control of the elongation phase of protein synthesis[END_REF], we asked whether FLZ affected the rate of protein synthesis. To do this, we employed the widely used SunSET assay [START_REF] Schmidt | SUnSET, a nonradioactive method to monitor protein synthesis[END_REF], whereby cells are incubated with puromycin, which becomes incorporated into newly made proteins. Proteins are then resolved by SDS-PAGE and analyzed by immunoblotting using an anti-puromycin antibody. The signal observed reports newly made proteins. The assay was configured such that puromycin was added after a 15-or 45-min pretreatment of the cells with FLZ to allow us to assess effects of protein synthesis over two differ-ent time windows, 15-30 or 45-60 min. FLZ modestly reduced puromycin incorporation over the 15-to 30-min interval in A549, MDA-MB-231 or HeLa cells (Fig. 2, A-C) and more markedly decreased it over the 45-to 60-min time period. Indeed, when corrected for nonspecific labeling by comparing with the signal seen in the presence of an inhibitor of translation, cycloheximide (CHX), net puromycin incorporation was very low over the 45-to 60-min time period in FLZ-treated A549 or HeLa cells (Fig. 2, A-C).

Thus, FLZ inhibits protein synthesis and does so more strongly at time points later than the initial increase in eEF2 phosphorylation. The timing of this inhibition correlates with the increased phosphorylation of eIF2, which is well-known to cause a general inhibition of translation [START_REF] Wek | Role of eIF2a kinases in translational control and adaptation to cellular stress[END_REF]. This suggested that the inhibition of protein synthesis caused by FLZ was not only, or not primarily, because of the rise in P-eEF2.

To assess whether the inhibition of protein synthesis caused by FLZ did indeed involve the phosphorylation of eEF2, we made use of MDA-MB-231 cells in which the gene for eEF2K had been knocked out [START_REF] Xie | Eukaryotic elongation factor 2 kinase upregulates the expression of proteins implicated in cell migration and cancer cell metastasis[END_REF]; in such cells, as expected, no phosphorylation of eEF2 was observed (Fig. 2D). When compared with WT MDA-MB-231 cells, it was evident that the rapid phase of FLZ-induced inhibition was essentially lost, whereas the inhibition seen at later times was hardly affected (Fig. 2,E and F; compare quantification with that in Fig. 2B). Taken together, these data are consistent with the conclusion that the rapid phase of the inhibition of protein synthesis by FLZ involves the phosphorylation of eEF2, and the longer-term inhibition (at 45-60 min) involves additional effects, which likely include the increased phosphorylation of eIF2a and/or accumulation of 4E-BPs (see below).

Lastly, we noted that the early phase of the inhibition of protein synthesis caused by FLZ was stronger in HeLa cells than in A549 cells (Fig. 2, A andC). Interestingly, direct comparison on the same immunoblots showed that FLZ induced higher levels of P-eEF2 in HeLa than in A549 cells, which is consistent with eEF2 phosphorylation being largely responsible for the rapid inhibition of translation by FLZ in HeLa cells but playing a lesser role in A549 cells (Fig. S4).

FLZ can also inhibit 4E-BP1 phosphorylation over longer (i.e. 60 min) periods of time (Fig. 1 and Fig. S1), dephosphorylated 4E-BP1 associates with eIF4E and hence interferes with cap-dependent translation. It was therefore important to determine whether FLZ affected 4E-BP1-eIF4E binding. There was an increase in the signal for total 4E-BP1 in response to FLZ in A549 cells, which probably reflects an accumulation of dephosphorylated 4E-BP1 (cf. decreased phosphorylation of 4E-BP1 at Thr-37/46) (Fig. 3A). Dephosphorylated 4E-BP1 is stabilized by its association with eIF4E (40) and the collapse of multiple differentially phosphorylated bands into one major hypophosphorylated species. As shown by m 7 GTP affinity chromatography, although FLZ did not alter the association of 4E-BP1 with eIF4E at 15 min, it did increase 4E-BP1-eIF4E binding after 60 min (Fig. 3, B-D). However, FLZ did not alter levels of 4E-BP1 phosphorylation or total 4E-BP1 in MDA-MB-231 cells (Fig. S3, C andD). These data imply that inhibition of 4E-BP1 phosphorylation, and increased binding of this protein to eIF4E are likely to contribute to the inhibitory effect of FLZ, at least in A549 cells, on the late (60 min) but not the rapid (15 min) phase of protein synthesis, the latter being controlled mainly by the induction of P-eEF2 (Fig. 3E).

FLZ evokes eEF2K activation and induces ISR

As noted above, FLZ stimulated signaling through AMPK (Fig. S1A), an enzyme which activates eEF2K [START_REF] Horman | Activation of AMP-activated protein kinase leads to the phosphorylation of elongation factor 2 and an inhibition of protein synthesis[END_REF][START_REF] Browne | Stimulation of the AMP-activated protein kinase leads to activation of eukaryotic elongation factor 2 kinase and to its phosphorylation at a novel site, serine 398[END_REF], albeit more slowly than the rise in P-eEF2. Nonetheless, we tested its role in regulating eEF2 in this setting using a recently reported inhibitor of AMPK, A-8715, which is also termed SBI-0206965 [START_REF] Dite | AMP-activated protein kinase selectively inhibited by the type II inhibitor SBI-0206965[END_REF]. As expected, this compound clearly blunted the effect of FLZ on P-ACC, indicating it did indeed block AMPK function (Fig. S5A). However, it had no effect on the levels of P-eEF2 (Fig. S5A). It also had no consistent effect on P-eIF2a levels, suggesting that AMPK does not mediate the effects of FLZ on eEF2 or eIF2.

FLZ may increase the cellular levels of reactive oxygen species (ROS) [START_REF] Moncunill-Massaguer | A novel prohibitin-binding compound induces the mitochondrial apoptotic pathway through NOXA and BIM upregulation[END_REF]. To assess whether this was involved in its effects on P-eEF2 levels, we pretreated cells with a ROS scavenger, N-acetylcysteine (NAC). NAC did not consistently attenuate the increase in P-eEF2 caused by FLZ, indicating that ROS do not mediate this response (Fig. S5B). The ER-resident eIF2a kinase PERK is activated by ER stress, which can be evoked by disturbances in ER Ca 21 ion levels (2). This suggests that FLZ might induce such stress thereby activating PERK and phosphorylation of eIF2a.

The experiments had so far only tested the effects of FLZ up to 2 h of treatment; we felt it important to also examine its effects over longer times (up to 24 h). By 8 h, FLZ induced a sustained increase in P-eEF2 and P-eIF2a (Fig. 4, A-C); it also induced altered splicing of the mRNA for the transcription factor XBP1 (Fig. 4D). Note that the levels of eEF2K and P-eEF2 were lower at 16 and 24 h after FLZ treatment than at earlier times; this likely reflects the fact that the activation of eEF2K leads to its degradation [START_REF] Wang | Regulated stability of eukaryotic elongation factor 2 kinase requires intrinsic but not ongoing activity[END_REF][START_REF] Kruiswijk | Coupled activation and degradation of eEF2K regulates protein synthesis in response to genotoxic stress[END_REF]. It is not immediately clear why P-eEF2 levels rise again (albeit not to maximal levels) by 24 h.

The effects on P-eIF2a (which is phosphorylated by the ERstress-activated kinase PERK) and XBP1 (another well-known arm of the ISR) indicate that FLZ induces ER stress [START_REF] Hetz | The unfolded protein response: controlling cell fate decisions under ER stress and beyond[END_REF]. The transcription factor ATF4 is a marker of ER stress because its synthesis is greatly enhanced (at the level of mRNA translation) in response to phosphorylation of eIF2 during ER stress [START_REF] Wek | Role of eIF2a kinases in translational control and adaptation to cellular stress[END_REF]. In MDA-MB-231 cells, FLZ induced the phosphorylation of eIF2a (Fig. 4, E andF) and markedly increased the levels of ATF4, indicative of ER stress. We were unable to detect elevated ATF4 levels in FLZ-treated A549 cells (data not shown) despite the rise in P-eIF2a.

FLZ increases intracellular levels of Ca 21

Given that FLZ induces activation of eEF2K (a Ca 21 /CaMdependent kinase) [START_REF] Ryazanov | Ca 21 /calmodulin-dependent phosphorylation of elongation factor 2[END_REF][START_REF] Nairn | Identification of the major Mr 100,000 substrate for calmodulin-dependent protein kinase III in mammalian cells as elongation factor-2[END_REF] and ER stress (which is also linked to changes in intracellular Ca 21 levels) [START_REF] Zhang | The unfolded protein response: A stress signaling pathway critical for health and disease[END_REF], we asked whether FLZ affected cellular Ca 21 levels, by using the cell-permeable 21 -sensitive fluorescent dye, Fluo-4 AM. Treating A549 cells with FLZ caused a rapid and sustained increase in Fluo-4 fluorescence above the otherwise steady baseline (Fig. 5, A and B).

We then assessed whether this rise in cellular calcium ion levels originated from extracellular or intracellular sources. The bathing medium contained CaCl 2 (2 mM). In some cases, to remove extracellular Ca 21 while maintaining Ca 21 availability from intracellular stores, the cells were temporarily perfused with medium without CaCl 2 . The data show a very similar increase in Fluo-4 fluorescence with or without CaCl 2 in the medium and thus indicate that FLZ-mediated calcium rises do not require extracellular Ca 21 but instead stem from intracellular stores of Ca 21 (Fig. 5, C and D). Additional control experiments without cells showed that FLZ did not itself trigger fluorescence from the Fluo-4 dye (Fig. S6).

If the rise in intracellular Ca 21 levels observed here reflected Ca 21 from intracellular, not extracellular, sources and was responsible for the FLZ-induced increase in the phosphorylation of eEF2, then we would expect that FLZ should still increase P-eEF2 levels in cells in medium lacking Ca 21 . As shown in Fig. 5E, and graphed from replicate experiments (Fig. 5F), FLZ increased P-eEF2 levels to similar extents in A549 cells in media containing or lacking calcium, in agreement with our expectation. In contrast, the increase in P-ACC elicited by FLZ was greatly blunted in cells kept in Ca 21 -free medium (Fig. 5E). This indicates that FLZ's effect on AMPK is not because of elevated intracellular Ca 21 -levels, because in that case it would be the same in medium containing or lacking Ca 21 . The finding that the effects of FLZ on eEF2K and AMPK differ in this regard concurs with the lack of effect of A8715 on FLZ-induced eEF2 phosphorylation (Fig. S5A).

In A549 cells, FLZ begins to evoke eEF2 phosphorylation by 1 min, although P-eEF2 does not attain maximal levels until 15 min (Fig. S2, A andB). We noted that the Fluo-4 AM fluorescence signal only became clearly evident after about 10 min of FLZ treatment. However, there is a .3-min delay in the perfusion system from adding drug to the medium until it reaches the cells; this likely contributes to this lag period. It should also be noted that the Fluo-4 signal (and thus Ca 21 levels) continue to rise for some time, likely to well above the submicromolar concentrations needed to activate CaM/eEF2K [START_REF] Wang | Regulation of elongation factor 2 kinase by p90 RSK1 and p70 S6 kinase[END_REF]. The sustained increase in Ca 21 levels also likely maintains the activity of eEF2K at later times, when other mechanisms that may stimulate eEF2K (e.g. inhibition of mTORC1) arise.

Agents which interfere with Ca 21 uptake into the ER elicit ER stress (by raising cytoplasmic Ca 21 levels), resulting in the activation of PERK and phosphorylation of eIF2a (2). One such agent is thapsigargin, which inhibits the sarco/endoplasmic reticulum Ca 21 -ATPase [START_REF] Lytton | Thapsigargin inhibits the sarcoplasmic or endoplasmic reticulum Ca-ATPase family of calcium pumps[END_REF], and is widely used to induce ER stress. By blocking Ca 21 uptake into the ER, it also increases cytoplasmic calcium levels which would be expected to promote phosphorylation of eEF2. As shown in Fig. S7A, thapsigargin treatment of A549 cells led to a rapid increase in P-eEF2, similarly to FLZ, which was maximum about 15 min, although in this case the rise was rather less sustained (quantified in Fig. S7B). It also caused, as expected, a rise in P-eIF2a, although this effect was slower, which again resembles the effect of FLZ (data quantified in Fig. S7C). These data are consistent with the idea that at least part of FLZ's effect may be because of effects on ER calcium handling, although further work is needed to assess this, including whether FLZ actually affects the sarco/ endoplasmic reticulum Ca 21 -ATPase.

To assess the effects of extended exposure to FLZ on cell function, we performed MTT assays, which involves conversion of MTT, a water-soluble yellow dye, to an insoluble purple formazan by mitochondrial reductase and is one of the most widely used cell viability assays [START_REF] Kumar | Analysis of cell viability by the MTT assay[END_REF]. FLZ strongly inhibited metabolic activity in A549, MDA-MB-231, and HeLa cells (Fig. S8, A-C), suggesting a reduction in cell number and thus proliferation (although other explanations are possible). Consistent with this, FLZ strongly decreased the numbers of viable cells at 24 h (Fig. S8D). To a lesser extent, it also decreased cell viability as assessed by trypan blue exclusion (Fig. S8E). However, FLZ did not increase caspase 7 activity (Fig. S8F). These data indicate that FLZ impairs cell number and probably viability.

It has previously been reported that exposure to FLZ leads to increased mRNA and protein levels of Bcl-2 in acute myeloid leukemia cells [START_REF] Pomares | Targeting prohibitins induces apoptosis in acute myeloid leukemia cells[END_REF]; however, we could not detect any changes in Bcl-2 protein levels in A549 cells in response to FLZ (Fig. S9A). To explore whether the phosphorylation of eEF2 and/or eIF2a contributes to the ability of FLZ to induce cell death, we conducted additional experiments using cells in which eEF2K had been knocked down or knocked out (39) sometimes in combination with ISR inhibitor (ISRIB), a compound that inhibits the ISR by alleviating the inhibitory effect of eIF2 phosphorylation on the translational machinery [START_REF] Hetz | The unfolded protein response: controlling cell fate decisions under ER stress and beyond[END_REF]. (It should be noted that ISRIB does not work by interfering with the phosphorylation of eIF2a.) IPTG (isopropyl b-D-1-thiogalactopyranoside)-induced knockdown, or genetic KO, of eEF2K eliminated the phosphorylation of eEF2, but had little or no effect on basal or FLZ-stimulated phosphorylation of eIF2a, whereas ISRIB did not affect the phosphorylation of eEF2 or eIF2a in A549 cells, it reduced the levels of P-eIF2a in eEF2K 2/2 MDA-MB-231 cells (Fig. S9A). As shown by Annexin V-propidium iodide staining and CellTox green cytotoxicity assays, FLZ induced a large increase in early and late apoptosis in both WT and eEF2K knocked down (A549) or knockout (MDA-MB-231) cells (Fig. 6, A-C and Fig. S9, B andC). Neither knockdown nor knockout of eEF2K or ISRIB alone affected FLZ-induced apoptosis in the WT cells. However, ISRIB was able to partially reverse the apoptotic effect of FLZ in eEF2K knockdown (A549) or knockout (MDA-MB-231) cells (Fig. 6, A-C and Fig. S9, B andC). Importantly, these data imply that the induction both of eEF2 phosphorylation and of the ISR was required for the proapoptotic effect of FLZ; interfering with just either eEF2K or the ISR alone does not rescue cells. Interestingly, we consistently saw that ISRIB increased basal P-eEF2 in both cell lines and that P-eIF2a was decreased in eEF2K 2/2 MDA-MB-231 cells; this may well explain the cytoprotective effect of ISRIB in the absence of eEF2K in MDA-MB-231 cells. However, ISRIB did not alter levels of P-eIF2a in A549 cells. The mechanisms underlying these effects are unclear and may merit further investigation, beyond the scope of this study.

These data indicate that the ability of FLZ to induce the death of MDA-MB-231 or A549 cells involves the increased phosphorylation of eEF2 and eIF2a, and, in the latter case, the downstream ISR, which is well-known to be able to cause cell death [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF]. FLZ may induce cell death by inhibiting protein synthesis. To study this, we cultured A549 cells with CHX, FLZ, or both, over a 72-h period (Fig. 6D). As assessed by CellTox green cytotoxicity assays, CHX alone was unable to cause cell death; however, the cytotoxicity of FLZ was further enhanced upon the addition of CHX (Fig. 6D). These data imply that the inhibitory effect of FLZ on protein synthesis is unlikely to be the sole mechanism by which it induces cell death, although our data do indicate that phosphorylation of eEF2 and eIF2 do contribute to this. Please note that FLZ can induce cell death by additional mechanisms [START_REF] Yurugi | Targeting prohibitins with chemical ligands inhibits KRAS-mediated lung tumours[END_REF][START_REF] Moncunill-Massaguer | A novel prohibitin-binding compound induces the mitochondrial apoptotic pathway through NOXA and BIM upregulation[END_REF].

PHBs do not interact with eEF2, eEF2K, or AMPK

Lastly, because PHBs interact with proteins in the nucleus, cytosol, and mitochondria [START_REF] Thuaud | Prohibitin ligands in cell death and survival: Mode of action and therapeutic potential[END_REF][START_REF] Signorile | Prohibitins: A critical role in mitochondrial functions and implication in diseases[END_REF], we wondered whether PHBs could bind to eEF2, eEF2K, or AMPK. To assess this, we transfected A549 or HEK293T cells with vectors encoding FLAG-tagged PHB1 or PHB2 and treated some cells with FLZ. (HEK293 cells were also used here as they can be transfected at particularly high efficiency.) After immunoprecipitation with anti-FLAG, samples were subjected to SDS-PAGE and immunoblotting. The FLAG-tagged PHBs were clearly seen in the immunoprecipitates, but eEF2, eEF2K, and AMPK were not detected, with or without FLZ treatment, for either cell type (Fig. S10).

Discussion

Fluorizoline is a prohibitin-binding ligand that has multiple bioactivities; the PHBs, PHB1 and PHB2, are scaffold proteins that regulate cell functions, e.g. cell proliferation, metabolism, and inflammation by affecting cell signaling pathways [START_REF] Thuaud | Prohibitin ligands in cell death and survival: Mode of action and therapeutic potential[END_REF]. For example, FLZ can induce cell apoptosis by up-regulating the protein level of NOXA [START_REF] Cosialls | The prohibitin-binding compound fluorizoline induces apoptosis in chronic lymphocytic leukemia cells through the upregulation of NOXA and synergizes with ibrutinib, 5-aminoimidazole-4-carboxamide riboside or venetoclax[END_REF] and Bim in CLL cells [START_REF] Moncunill-Massaguer | A novel prohibitin-binding compound induces the mitochondrial apoptotic pathway through NOXA and BIM upregulation[END_REF]. It also induces the activation of melanogenesis in melanocytes through the activation of the autophagy factor LC3 [START_REF] Djehal | Targeting prohibitin with small molecules to promote melanogene-sis and apoptosis in melanoma cells[END_REF]. In this study we demonstrate that FLZ has profound effects on protein synthesis and the protein synthesis machinery, inducing phosphorylation events in two key translation factors, eIF2 and eEF2, which inhibit their activities (schematized in Fig. 7). Consistent with this, FLZ inhibited protein synthesis in all three cancer cells tested. Further analysis, including the use of cells in which eEF2K has been knocked out, indicated that phosphorylation of eEF2 is involved in the initial phase of FLZ-induced inhibition of protein synthesis whereas the later phase likely involved phosphorylation of eIF2a, a key component of ISR. eEF2 is phosphorylated by a highly specific, Ca 21 /CaM-activated protein kinase, eEF2K [START_REF] Liu | Eukaryotic elongation factor 2 kinase as a drug target in cancer, and in cardiovascular and neurodegenerative diseases[END_REF], and eIF2a can be phosphorylated in conditions of low pH, hypoxia, energy, and ER stress. Given that the effect of FLZ on P-eEF2 was particularly striking, probing the potential mechanisms by which it does this offered the potential to gain insight into the effects of FLZ on cell signaling pathways, as well as casting light on its effect on eEF2 phosphorylation. Although eEF2K is controlled by mTORC1 signaling, the apparent changes in this pathway induced by FLZ were much too slow, and probably too small, to account for the increase in P-eEF2. Of interest, FLZ but no other tested PHB ligands was able to induce the phosphorylation of eEF2. Affinity chromatographic analysis indicates that FLZ's only binding partners are PHB1 and PHB2 [START_REF] Perez-Perarnau | A trifluorinated thiazoline scaffold leading to pro-apoptotic agents targeting prohibitins[END_REF], indicating that effects of FLZ are likely to be mediated through its binding to one or both PHBs. We did attempt to test the dependence on PHB1/2 further by knocking down or overexpressing PHB1/2. Repeated attempts to deplete PHBs by siRNA only induced a partial knockdown and did not attenuate the induction of P-eEF2 by FLZ; although PHB overexpression modestly increased basal P-eEF2 levels it did not alter the response to FLZ (data not shown). Some ligands may be selective for PHB1 or PHB2, the various posttranslational modifications are expected to modulate the interactions of PHBs with their ligands, and the ligands may stabilize the PHB in different conformations. Indeed, a recent review (50) extensively discussed why various PHB ligands may induce different pharmacological responses.

We also show that FLZ can modulate the phosphorylation of certain other cellular regulators, including ACC, eIF4E, and 4E-BP1 in A549, MDA-MB-231, and/or HeLa cells. These factors involved in the process of cell metabolism, cell survival, mRNA translation, and cell proliferation. Although AMPK and mTORC1 signaling both modulate the activity of eEF2K (8), our data indicate that neither pathway accounts for the effects of FLZ on the phosphorylation of eEF2. Rather, we show that FLZ induces a marked rise in intracellular Ca 21 levels, which likely activate eEF2K, thereby inducing the very rapid increase in P-eEF2.

Changes in cellular Ca 21 levels also induce ER stress, which leads to activation of the eIF2a kinase PERK; this likely accounts for the rise in eIF2a phosphorylation, a conclusion supported by our observation that FLZ also induces altered splicing of the XBP1 mRNA, which represents another arm of the cellular response to ER stress. eIF2a kinases sense and respond to specific cellular stresses such as ER stress, hypoxia, nutrient deprivation, and oxidative stress [START_REF] Clarke | Endoplasmic reticulum stress in malignancy[END_REF]. It remains to be established how FLZ induces elevated cellular Ca 21 levels; our data imply they come from intracellular rather than extracellular sources. There are several reports of interactions, physical or functional, between PHBs and Ca 21 -ion fluxes, e.g. the inositol 1,4,5-triphosphate receptor, type 1 (52), voltage-dependent anion channel 2 [START_REF] Kasashima | Mitochondrial functions and estrogen receptor-dependent nuclear translocation of pleiotropic human prohibitin 2[END_REF] or spleen-associated tyrosine kinase [START_REF] Gross | Evidence that phospholipase C-g2 interacts with SLP-76, Syk, Lyn, LAT and the Fc receptor g-chain after stimulation of the collagen receptor glycoprotein VI in human platelets[END_REF]. Extensive additional work would be required to establish which, if any, of these proteins mediates the effects of FLZ on Ca 21 ion levels in the cells used here.

Also our results show that extended exposure to FLZ induces cancer cell death and that this involves both the phosphorylation of eEF2 (as assessed using eEF2K-KO cells) and the eIF2a-mediated arm of the ISR (demonstrated using ISRIB, and antagonist of the inhibitory effect of phosphorylated eIF2a on protein synthesis). Because that arm of the ISR, and indeed FLZ itself, induces the transcription factor ATF4, which can act to promote death of cancer cells, it is possible that FLZ-induced cell death involves elevated levels of ATF4 [START_REF] Wortel | Surviving stress: Modulation of ATF4-mediated stress responses in normal and malignant cells[END_REF].

Our data thus provide several key new insights into the actions of FLZ and the mechanisms by which it affects cell function and cell survival. More importantly, it reveals that PHBs regulate Ca 21 levels in addition to the other signaling pathways identified in previous studies. Considering the importance of Ca 21 signaling in physiology and pathophysiology, the detailed mechanisms by which PHBs regulate Ca 21 influx merits further investigation. Further studies are also required into the potential application of drugs that target PHBs as agents to tackle cancers and other diseases.

Experimental procedures

Chemicals and reagents

Compounds FL3, Mel 6, Mel 4, JI130, and FLZ were synthesized following described procedures [START_REF] Djehal | Targeting prohibitin with small molecules to promote melanogene-sis and apoptosis in melanoma cells[END_REF][START_REF] Perez-Perarnau | A trifluorinated thiazoline scaffold leading to pro-apoptotic agents targeting prohibitins[END_REF][START_REF] Perron | Small-molecule screening yields a compound that inhibits the cancer-associated transcription factor Hes1 via the PHB2 chaperone[END_REF][START_REF] Thuaud | Synthetic analogue of rocaglaol displays a potent and selective cytotoxicity in cancer cells: Involvement of apoptosis inducing factor and caspase-12[END_REF]. NAC, ISRIB [START_REF] Sidrauski | Pharmacological brake-release of mRNA translation enhances cognitive memory[END_REF], CHX, thapsigargin, and DMSO were purchased from Merck (Castle Hill, NSW, Australia). A-8715 was purchased from Assay Matrix.

Cell culture and treatment

Human A549 cells, HeLa and HEK293T cells were maintained in Dulbecco's modified Eagle's medium (DMEM) (4.5 g/ liter glucose) containing 10% (v/v) fetal bovine serum and 1% penicillin/streptomycin (growth medium). Cells were cultured at 37°C in a humidified atmosphere of 5% (v/v) CO 2 . A549 cells expressing IPTG-inducible shRNA against eEF2K were kindly provided by Janssen Pharmaceutica (Beerse, Belgium) [START_REF] Moore | Elongation factor 2 kinase is regulated by proline hydroxylation and protects cells during hypoxia[END_REF]. WT and CRISPR/Cas9-directed eEF2K 2/2 MDA-MB-231 cells were described in Xie et al. [START_REF] Xie | Regulation of the elongation phase of protein synthesis enhances translation accuracy and modulates lifespan[END_REF]. For experiments performed in Krebs-Ringer bicarbonate buffer (KRB), cells were serum starved for 16 h; the media were then removed and the cells were washed twice and incubated with modified KRB (115 mM NaCl, 5 mM KCl, 10 mM NaHCO 3 , 2.5 mM MgCl 2 , 20 mM HEPES, pH 7.4, 13 MEM amino acids, 13 MEM nonessential amino acids solution and 13 GlutaMAX) with or without Fluorizoline inhibits protein synthesis 2.5 mM CaCl 2 for 30 min, before being treated with FLZ (20 mM) for 15 min.

SDS-PAGE and Western blot analysis

Cells were treated with FLZ at the indicated times. Cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.5, with 1% (v/ v) Nonidet P-40, 0.5% (m/v) sodium deoxycholate, 0.05% (m/v) SDS, 1 mM EDTA, pH 8.0, 150 mM NaCl, supplemented with protease and phosphatase inhibitors, 0.5 mM Na 3 VO 4 ). Cell lysates were centrifuged for 10 min. The supernatants were collected, and protein concentrations were quantified by Bradford assay [START_REF] Bradford | A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding[END_REF]. Equal amounts of protein were loaded and separated by SDS-PAGE. After transfer to a nitrocellulose membrane, membranes were blocked with 5% (m/v) milk in PBS containing 0.1% (v/v) Tween 20 for 30 min and were then probed for respective primary and secondary antibodies. Blots were scanned using a Li-COR Odyssey imaging system (Millenium Science, Mulgrave, Victoria, Australia). Fluorescently tagged antibodies were from Thermo Fisher. Data were quantified using the Li-COR Image Studio Lite 4.0 software (Li-COR, Lincoln, NE, USA). Primary antibodies used in this study are listed on Table S1. Fluorescently tagged secondary antibodies were from Thermo Fisher Scientific (Thebarton, SA, Australia). m 7 GTP pulldown After treatments, cells were lysed in ice-cold Triton lysis buffer [1% (v/v) Triton X-100, 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM Na 2 H 2 P 2 O 7 , 1 mM beta-glycerophosphate, 1 mM Na 3 VO 4 , 1 mM dithiothreitol and protease inhibitor cocktail] and precleared by centrifugation for 10 min at 16,000 3 g, before binding to g-AH-m 7 GTP agarose (Jena Bioscience, Jena, Germany) for 1 h at 4°C. The beads were then washed thrice with Triton lysis buffer and resuspended in 23 Laemmli sample buffer before SDS-PAGE/Western blot analysis.

Transfection

For the transfection of DNA constructs, A549 cells were transfected using Lipofectamine ® 3000 (Thermo Fisher Scientific) according to the manufacturer's instructions. HEK293T cells were transfected using the calcium phosphate method (61) with plasmids encoding FLAG-PHB1 or FLAG-PHB2 (a kind gift from Valerie Bosch, DKFZ, Heidelberg, Germany, as described in Ref. 62). Cells were lysed 48 h after transfection.

Immunoprecipitation

Cells were grown in 10-cm plates until 90% confluent. Cells were then lysed in 200 ml ice-cold lysis buffer (1% (v/v) Triton X-100, 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM Na 2 H 2 P 2 O 7 , 1 mM b-glycerophosphate, 1 mM Na 3 VO 4 , 1 mM DTT, and protease inhibitor mixture). Antibody-bound proteins were immunoprecipitated using Dynabeads TM protein G (Thermo Fisher Scientific). Briefly, 1 mg FLAG antibody was covalently linked to 20 ml magnetic beads in 250 ml PBST (PBS containing 0.05% Tween 20) for 45 min at room temperature, then, after washing the beads twice with PBST and then once with lysis buffer. 100 ml cell lysates (;250 mg protein) plus 250 ml lysis buffer were then added and the material was mixed for 2 h at 4°C. Immunoprecipitates from cells transfected with an empty vector were used as a negative control. Beads were washed twice with lysis buffer (1 ml per sample, twice for a few seconds); proteins were removed from the beads by the addition of 23 Laemmli sample buffer and boiling; samples were then subjected to SDS-PAGE/Western blot analysis.

XBP-1 splicing analysis

After treatment, total RNA from cells were extracted using TRIzol reagent (Thermo Fisher Scientific). cDNA was produced using the QuantiNova Reverse Transcription Kit (Qiagen, Chadstone, VIC, Australia). For PCR analysis of XBP-1 splicing, the following primers were used: Forward: CCTTGTAGTTGAGAACCAGG; reverse: GGGGCTTGG TATATATGTGG, as described previously in Ref. [START_REF] Yoshida | XBP1 mRNA is induced by ATF6 and spliced by IRE1 in response to ER stress to produce a highly active transcription factor[END_REF].

Protein synthesis (SunSET) assay

Protein synthesis rates were evaluated by measuring the incorporation of puromycin into newly synthesized proteins. Cells were treated with DMSO (vehicle control), FLZ (20 mM) or CHX (10 mM) for 15 min or 45 min, puromycin (10 mM) was then added for another 15 min. Newly synthesized proteins were assessed by SDS-PAGE and Western blot analyses using the anti-puromycin antibody [START_REF] Schmidt | SUnSET, a nonradioactive method to monitor protein synthesis[END_REF].

Calcium imaging

Calcium dye Fluo-4 AM (Life Technologies, Thebarton, SA, Australia) was dissolved in DMSO and 1% pluronic acid-127 (50 ml, Molecular Probes) to create a 1-mM stock solution. A549 cells were seeded on glass coverslips. The cells were cultured until they reached 90% confluency (3-4 days). A549 cells were incubated with 5 mM Fluo-4 AM solution in basal medium (D-PBS, 1 mM MgCl 2 , 15 mM HEPES, 2 mM CaCl 2 ) for 20 min at 37°C with 5% (v/v) CO 2 and 21% (v/v) O 2 . Excess dye was removed by washing the A549 cells three times with basal medium, before being transferred into a room temperature recording chamber. The cells were continually perfused with basal medium for an additional 30 min to allow de-esterification. Subsequently the cells were perfused at a rate of 0.32 ml/min with basal media with or without 2 mM CaCl 2 and with or without 20 mM FLZ. Fluorescence images were taken every 30 s (0.03 Hz) for up to 2 h with a 403 objective (Olympus BX51) and recorded via a pco.panda 4.2 camera. A minimum of four fields-of-view (FOV) were taken for each independent experiment while switching perfusate. Using Micro-Manager v1.4.2 software, contrast and exposure settings were kept constant between time-lapse image sequences. Baseline fluorescence readings were recorded for at least 10 min before applying FLZ. The calcium activity in each perfusate with or without FLZ was subsequently analyzed. To assess cellular calcium levels, re gions of interest (ROI) were drawn around the cell bodies using ImageJ software in each FOV. The fluorescence intensity change of each ROI was adjusted for fluctuations by subtracting the average background intensity. Subsequently, the Fluo-4 fluorescence intensity per ROI was normalized to their corresponding 10-min baseline fluorescence reading (DF/F 0 ).

MTT assays

Cells were seeded on a 96-well cell culture plate with or without FLZ at indicated concentrations in 100 ml of complete growth medium. After 24-72 h, 10 ml of 5 mg/ml MTT solution was added to each well. 4 h later, 150 ml DMSO was added to each well and the cells were further incubated for 30 min. Absorbance of the solubilized MTT was then measured by GloMax Discover multimode detection system (Promega, Alexandria, NSW, Australia) at 490 nm.

Cell viability assays

Cells were seeded in 6-well plates and were incubated overnight. 24 h after treatment, cells were stained with 0.4% trypan blue as a vital dye, and the numbers of viable and dead cells were counted using a hemocytometer. Percentage of dead cells (%) was defined as 1003 the number of dead cells/(the number of viable cells 1 the number of dead cells). For the measurement of changes in cell membrane integrity, cells were cultured in 96-well plates for 48 h, cytotoxicity was determined using the CellTox TM Green assay (catalog number G8741; Promega).

Caspase 3/7 activity assays

Caspase 3/7 activity was detected using a Caspase-Glo ® 3/7 activity assay kit (Promega). Cells were seeded at a density of 1.5-2 3 10 4 cells/well on a 96-well plate and were then incubated overnight at 37°C in a humidified atmosphere of 5% (v/v) CO 2 . FLZ was added at indicated concentrations and incubated for 24 h. 20 ml Caspase 3/7 reagent was then added to each well and incubated for 30 min to 1 h at room temperature. Luminescence was measured using a GloMax Discover multimode detection system (Promega) with an excitation wavelength at 485 nm and an emission wavelength at 530 nm.

Annexin V/propidium iodide (PI) staining

Following removal of culture media, the cells were washed once with PBS and then incubated in 13 trypsin/EDTA (0.5%; v/v) for 1 min at 37°C. Growth medium was added, and the cells were gently dispersed by pipetting and centrifuged at 200 3 g for 5 min at room temperature. The medium was removed, and Annexin V/PI staining was performed using the Annexin-V-FLUOS Staining kit (Sigma-Aldrich) according to the manufacturer's instructions. The intensity of fluorescence signals was recorded using a FACSCanto TM II flow cytometer (BD Biosciences), and data were analyzed using FlowJo software version 10.2 (BD Biosciences). 

Statistical analysis

Figure 1 .

 1 Figure 1. FLZ evokes eEF2 and eIF2a phosphorylation. A, A549 cells were treated with indicated concentrations of different PHB ligands for 15 or 60 min. Lysate proteins were analyzed by SDS-PAGE/Western blotting using indicated antibodies. B-D, A549 (B), MDA-MB-231 (C), and HeLa (D) cells were treated with 20 mM FLZ for the indicated periods of times. Protein lysates were subjected to SDS-PAGE and Western blot analysis using the indicated antibodies. * = eEF2 band.

Figure 2 .

 2 Figure 2. FLZ inhibits protein synthesis in cancer cell lines. A-C, A549 (A), MDA-MB-231 (B), or HeLa cells (C) were treated with vehicle (DMSO) control (C), 20 mM FLZ, or 10 mM CHX for 15 min or 45 min. Cells were labeled with puromycin (SunSET assay) to assess the rate of protein synthesis (analyzed by immunoblotting). Puromycin was then added for a further 15 min. The time windows indicated the periods during which puromycin was present, i.e. 15-30 min and 45-60 min. D, eEF2K 1/1 and eEF2K 2/2 MDA-MB-231 cells were treated with 20 mM FLZ; puromycin was present for the indicated time windows, after which cells were lysed and samples subjected to immunoblot analysis. E, eEF2K 2/2 MDA-MB-231 cells were treated with 20 mM FLZ for the indicated periods of time before being subjected to SunSET assays. F, quantification of E. For A-C and F, results are shown as mean 6 S.D., n = 3. *, 0.01 P , 0.05; **, 0.001 P , 0.01; ***, P , 0.001.

Figure 3 .

 3 Figure 3. FLZ increased the affinity of 4E-BP1 to m 7 GTP. A, A549 cells were treated with vehicle (DMSO) or 20 mM FLZ for 15 or 60 min. 4E-BP1 and eIF4E were then isolated by affinity chromatography on immobilized m 7 GTP, followed by analysis using SDS-PAGE/Western blot analysis. C = control. B, 4E-BP1/ eIF4E ratio in m 7 GTP beads eluate. C, P-4E-BP1/actin ratio (input). D, 4E-BP1/actin ratio (input). E, P-eEF2/actin ratio (input) from A are quantified. Results are shown as mean 6 S.D., n = 3. *, 0.01 P , 0.05; **, 0.001 P , 0.01; ***, P , 0.001.

Figure 4 .

 4 Figure 4. FLZ evokes eEF2K activation and induces ISR. A, A549 cells were cultured in the absence or presence of 20 mM FLZ for the indicated periods of time. Cells were then lysed and proteins were subjected to SDS-PAGE and Western blot analysis. B and C, data were quantified in B (P-eEF2:eEF2 ratio) and C (P-eIF2a:eIF2a ratio). D, splicing of XBP1 mRNA upon FLZ (20 mM) and Tg (1 mM) treatment in A549 and MDA-MB-231 cells was assessed by RT-PCR. E, MDA-MB-231 cells were cultured in the absence or presence of 20 mM FLZ for the indicated periods of time. Cells were then lysed and proteins were subjected to SDS-PAGE and Western blot analysis. F, quantification of P-eIF2a:eIF2a ratio from E. B, C, and F, results are given as mean 6 S.D.; n = 3. *, 0.01 P , 0.05; **, 0.001 P , 0.01; ***, P , 0.001.

Figure 5 .

 5 Figure 5. FLZ increases intracellular calcium levels. Intracellular calcium changes were assessed in A549 cells. Fluorescence from the Fluo-4 calcium sensor was measured with time-lapse image sequences (1 image every 2 min) under 403 magnification while alternating perfusates with or without 20 mM FLZ. Time-lapse image sequences were recorded across 528 cells from 12 FOV in three independent experiments. ROI were drawn over the cell bodies and then averaged to determine changes in fluorescence intensity over time in different perfusates. A, the mean intracellular calcium sensor fluorescence (n = 168 cells from four FOV) in basal medium containing 2 mM CaCl 2 was stable over time in the absence of FLZ. B, the mean intracellular calcium sensor fluorescence (n = 186 cells from four FOVs) in basal medium containing 2 mM CaCl 2 was monitored after applying 20 mM FLZ. FLZ was washed out after 30 min. C, As in (B), but using medium lacking CaCl 2 . A-C, data shown as mean 6 S.E. Dotted lines represent the time at which the perfusate reached the bath (left) and the time taken to fill the bath entirely (right). Baseline Fluo-4 fluorescence measurements shown between 210 (before addition of FLZ) and 0 min. D, representative images of Fluo-4 fluorescence at 403 magnification in basal medium with and without 2 mM CaCl 2 , before and after application of 20 mM FLZ. E, A549 cells were cultured in KRB buffer in the absence or presence of CaCl 2 for 30 min, before incubated with vehicle (DMSO) or 20 mM FLZ. After 15 min of FLZ treatment, cells were lysed and proteins were subjected to SDS-PAGE and Western blot analysis. F, quantified results are given as mean 6 S.D.; n = 3. ***, P , 0.001.

Figure 6 .

 6 Figure 6. FLZ evokes eEF2K activation and induces ISR to promote cell death. A, A549 cells were pretreated with IPTG (to induce shRNA expression to knock down eEF2K) for 5 days before experiment. Cells were then cultured in the absence or presence of 1 mM ISRIB or/and 20 mM FLZ. 48 h later cells were dispersed, stained with Annexin V (FITC-A) and PI (PI-A), and then analyzed by flow cytometry. B, A549 cells were treated as described for A, and then subjected to cytotoxicity assay using CellTox Green kit. C, eEF2K 1/1 and eEF2K 2/2 MDA-MB-231 cells were cultured in the absence or presence of 1 mM ISRIB or/and 20 mM FLZ. 48 h later cells were dispersed, stained with Annexin V (FITC-A) and PI (PI-A), and then analyzed by flow cytometry. D, A549 cells were treated with vehicle (DMSO, control), 20 mM FLZ, or/and 10 mM CHX for the indicated periods of time before subjected to cytotoxicity assay using CellTox Green kit. Results are given as mean 6 S.D.; n = 3. *, 0.01 P , 0.05; **, 0.001 P , 0.01; ***, P , 0.001.

Figure 7 .

 7 Figure 7. Schematic presentation of intracellular signaling pathways evoked by FLZ to promote cell death. The figure recognizes the possibility that the effects of FLZ observed might reflect the interaction of FLZ with targets other than PHBs, although the available data indicate PHBs are the only binding partners for FLZ (27).

  Statistical analyses were performed using an unpaired Student's t test with the means of three independent experiments. GraphPad Prism (GraphPad Software, San Diego, CA, USA) software package was used to calculate P-values. Results are means 6 S.D. *, 0.01 p , 0.05; **, 0.001 p , 0.01; ***, p , 0.001.
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