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Autophagy is a highly conserved intracellular process that preserves cellular homeostasis by mediating the lysosomal degradation of virtually any component of the cytoplasm. Autophagy is a key instrument of cellular response to several stresses, including endoplasmic reticulum (ER) stress. Cancer cells have developed high dependency on autophagy to overcome the hostile tumor microenvironment. Thus, pharmacological activation or inhibition of autophagy is emerging as a novel antitumor strategy. ERK5 is a novel member of the MAP kinase family that is activated in response to growth factors and different forms of stress. Recent work has pointed ERK5 as a major player controlling cancer cell proliferation and survival. Therefore small-molecule inhibitors of ERK5 have shown promising therapeutic potential in different cancer models. Here, we report for the first time ERK5 as a negative regulator of autophagy. Thus, ERK5 inhibition or silencing induced autophagy in a panel of human cancer cell lines with different mutation patterns. As reported previously, ERK5 inhibitors (ERK5i) induced apoptotic cancer cell death. Importantly, we found that autophagy mediates the cytotoxic effect of ERK5i, since ATG5ˉ/ˉ autophagy-deficient cells viability was not affected by these compounds. Mechanistically, ERK5i stimulated autophagic flux independently of the canonical regulators AMPK or mTORC1. Moreover, ERK5 inhibition resulted in ER stress and activation of the Unfolded Protein Response (UPR) pathways. Specifically, ERK5i induced expression of the ER luminal chaperone BiP (a hallmark of ER stress), the UPR markers CHOP and ATF4, and the spliced form of XBP1. Pharmacological inhibition of UPR with chemical chaperone TUDC, or ATF4 silencing, resulted in impaired ERK5i-mediated UPR, autophagy and cytotoxicity. Overall, our results suggest that ERK5 inhibition induces autophagy-mediated cancer cell death by activating ER stress. Since ERK5 inhibition sensitizes cancer cells and tumors to chemotherapy, future work will determine the relevance of UPR and autophagy in the combined use of chemotherapy and ERK5i to tackle Cancer.
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INTRODUCTION
Macroautophagy, hereafter referred to as autophagy, is a highly conserved process that preserves cellular homeostasis by mediating the lysosomal degradation of cytoplasmic content (Levine and Kroemer, 2019). Mechanistically, autophagy involves the formation of transient double-membrane organelles called autophagosomes, which sequester portions of the cytoplasm and organelles, which are ultimately delivered to lysosomes for degradation (He and Klionsky, 2009). Autophagy is a key instrument of cellular response to several stresses, including nutrient starvation, hypoxia, protein aggregation and endoplasmic reticulum (ER) stress (Yin et al., 2016). Intensity and duration of the stimuli dictates the outcome of autophagy, and persistent stimulation of autophagy can lead to activation of cell death pathways, resulting in cytotoxic autophagy (Bialik et al., 2018). In cancer cells, autophagy plays a dual and paradoxical role in tumor suppression and tumor promotion (Singh et al., 2018). Since cancer cells can regulate autophagy as a response to cancer treatments, pharmacologic manipulation of autophagy represents a new strategy to design new anti-cancer therapies (Cirone et al., 2019). In this context, several antitumor molecules induce cancer cell death by modulating autophagy, including tetahydrocannabinol (Hernandez-Tiedra et al., 2016), resveratrol (Zhang et al., 2013) or ABTL0812 (Munoz-Guardiola et al., 2020). These molecules induce autophagy-mediated cancer cell death.
The endoplasmic reticulum (ER) develops an essential biosynthetic function and acts as a calcium reservoir, thus participating in cellular signalling. ER is the site of the cell where proteins and lipids are synthetized. Protein synthesis requires complex machinery, and it depends on the activity of molecular chaperones (such as BiP/GRP78 and GRP94), foldases (such as protein-disulphide isomerase, PPI) and quality control proteins (calnexin, calreticulin) to ensure proper folding and assembly of proteins (Brodsky and Skach, 2011). Different physiological and pathological conditions, including nutrient deprivation, hypoxia and viral infection, can affect the capacity of protein folding in the ER, leading to the accumulation of misfolded proteins within the ER lumen, a condition known as ER stress (Jain, 2017). In response to ER stress, a specific signalling network referred as the Unfolded Protein Response (UPR) is activated to reduce the load of unfolded proteins in the ER lumen. UPR restores cellular homeostasis by blocking general protein translation and activating a gene transcription programme directed to increase ER folding capacity (Hetz, 2012).
The UPR is controlled by three transmembrane ER stress protein sensors, namely ATF6 (activating transcription factor 6), IRE1 (inositol requiring enzyme 1) and PERK (PKR-like ER kinase), which in turn are controlled by the ER luminal chaperone BiP. Under basal conditions, BiP sterically represses the activity of these three sensors by binding their respective luminal domains. When ER homeostasis is perturbed, BiP dissociates from these sensors to bind accumulated unfolded proteins, allowing the homodimerization-mediated activation of PERK and IRE1, as well as translocation of ATF6 to Golgi where is activated by specific proteases (Walter and Ron, 2011). ATF6 and IRE1 axes induce transcription of the ER chaperones BiP and GRP94, proteins involved in ER-associated degradation (ERAD) of misfolded proteins, and of the XBP1 transcription factor (Calfon et al., 2002; Yamamoto et al., 2007). In turn, PERK promotes general protein translation arrest by phosphorylating and inactivating the initiation factor eIF2α (Liu et al., 2000). However, few specific proteins escape from this arrest and are upregulated, such as the ATF4 transcription factor that activates expression of proteins involved in protein folding, amino acid metabolism and autophagy (Schroder and Kaufman, 2005). In some circumstances, the adaptive responses provide by the UPR after a sustained ER stress might be insufficient to restore protein-folding homeostasis. In this scenario, unresolved ER stress promotes a UPR-mediated cell death programme that can be initiated by all three UPR sensors (Shore et al., 2011), being PERK-eIF2α-ATF4-CHOP the most studied pathway. Mechanistically, active ATF4 induces expression of CHOP (C/EBP homologous protein) transcription factor, which represses translation of the antiapoptotic Bcl-2 gene (McCullough et al., 2001) and activates expression of proapoptotic BIM (Puthalakath et al., 2007), among others.
Extracellular regulated kinase 5 (ERK5) is the most recently discovered member of the mitogen-activated protein kinase (MAPK) family, and is activated in response to growth factors and to different forms of cellular stress (Kato et al., 1997; Kato et al., 1998). ERK5 is activated by direct phosphorylation of the kinase domain by the MAPK kinase 5 (MEK5) (Zhou et al., 1995). Upon activation of the pathway, MEK5 phosphorylates cytosolic ERK5 to drive its translocation to the nucleus, where active ERK5 acts as a transcriptional activator (Kasler et al., 2000). Thereby, ERK5 has been reported to promote cell proliferation and cell cycle progression, among others. There are increasing evidence showing that ERK5 plays an important role in cancer cell proliferation and survival. Thus, ERK5 silencing or pharmacological inhibition compromises viability of numerous cancer cell lines, as well as impairs tumor growth in xenograft models (Reviewed in Gomez et al. (2016), Pereira and Rodrigues (2020), Stecca and Rovida (2019)).
During the last years, several ERK5 small molecule inhibitors (ERK5i) have been developed. In all the cases, pharmacological inhibition of ERK5 resulted in activation of apoptosis in a broad number of human cancer cell lines (Hoang et al., 2017). Here, we provide evidence that ERK5 signaling pathway acts a negative regulator of autophagy in cancer cells. Furthermore, ERK5 inhibition or silencing resulted in autophagy-mediated apoptotic cancer cell death. We also provide evidence that ER stress and UPR mediated in ERK5i-induced cytotoxic autophagy. Our results underline the role of autophagy in the anticancer potential of ERK5 inhibitors.
MATERIALS AND METHODS
Cell Culture and Cell Treatment
Human cervical HeLa and pancreatic ductal MiaPaCa-2 adenocarcinoma cell lines were obtained from the American Collection of Cell Cultures (ATCC). Endometrial adenocarcinoma Ishikawa cells were from European Collection of Authenticated Cell Cultures (ECACC). MEF cells obtained from wild type or ATG5 deficient (ATG5-/-) mice and immortalized by T-SV40 virus infection (Salazar et al., 2009) were kindly provided by Dr. G. Velasco (Complutense University, Spain). HeLa, MiaPaCa-2, and MEF cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, ThermoFisher) supplemented with 10% foetal bovine serum (FBS, Gibco) and 1% Penicillin/Streptomycin (Gibco). Ishikawa cells were maintained in Minimal essential medium (MEM, Sigma) containing 5% FBS, 1% Penicillin/Streptomycin and 1% L-Glutamine (Gibco). Cells were maintained at 37°C in a humidified atmosphere containing 5% CO2.
Cells were plated at the desired confluence and allowed to attach the plate for 24 h. Treatments were performed for the indicated times and concentrations, with complete medium or starvation medium (culture medium containing 0.5% FBS), as indicated for each experiment. ERK5 inhibitors JWG-071 (in-house synthesized), XMD8-92 (Tocris) and AX15836 (MedChemExpress), or MEK5 inhibitors BIX 02188 and BIX 02189 (Selleckchem) were diluted in dimethyl sulfoxide (DMSO, Sigma). For monitoring the autophagic flux, cells were pre-incubated with a combination of lysosomal proteases inhibitors E64d (Sigma-Aldrich) and Pepstatin A (PA, Sigma-Aldrich) 2 h before treatment with JWG-071. ER stress mitigation with chemical chaperones was performed with sodium tauroursodeoxycholate (Sigma-Aldrich) dissolved in distilled water. Brefeldin A (Sigma-Aldrich) was diluted in absolute ethanol.
Cell Lysis and Protein Quantitation
Cells were lysed in ice-cold radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCl pH 7.9; 150 mM NaCl; 1 mM EGTA; 5 mM sodium pyrophosphate; 0.5% (w/v) deoxycholic acid; 0.1% (w/v) sodium dodecyl sulphate (SDS); 1% (w/v) NP-40). Cell lysates were sonicated and centrifuged at 12,000 rpm for 12 min at 4oC. Soluble fractions were then transferred to a new eppendorf tube and kept at −20°C until use. Protein quantification was performed by the Bradford assay Coomassie Blue G-250 (Pierce) dye, using BSA (Sigma) as a standard. Absorbance was measured at 595 nm in a LKB spectrophotometer.
DNA Transfection and DNA Constructs
Cells were transfected with LipofectamineTM 2000 (Life Technologies), as described before (Erazo et al., 2013). Optimal DNA:Lipofectamine ratio (w:v) was determined before performing transfections. Briefly, LipofectamineTM 2000 and DNA were diluted in OptiMEM medium (Gibco) in separate tubes, vortexed and added to the plasmid-containing solution. Transfection solution was added to cells and, after 4-h incubation, the medium was changed and transfected cells were left 48 h. pEGFP-C1 plasmid encoding for GFP-tagged human LC3 was from Dr. Guillermo Velasco (Universidad Complutense Madrid, Spain).
Transfection of siRNAs
Control siRNA (5ʹ-GUA​AGA​CAC​GAC​UUA​UCG​C-3ʹ) and ATF4-directed siRNA (ATF4-1: 5ʹ-GCC​UAG​GUC​UCU​UAG​AUG​A-3ʹ) were purchased from Sigma-Aldrich. siRNAs were transfected (LipofectamineTM 2000) in cells, and cellular lysates were obtained 48 h post-transfection.
Lentivirus Infection and shRNA-Mediated ERK5 Silencing
Lentiviral vector encoding ERK5-directed shRNAs (TRCN0000197264/pLKO.1, seq. CCG​GGT​TCA​TCT​CAG​ACC​CAC​CTT​TCT​CGA​GAA​AGG​TGG​GTC​TGA​GAT​GAA​CTT​TTT​TG) was from Sigma. Control lentiviral particles were generated using an empty pLKO.1 plasmid. Lentiviral particles were generated in HEK-293 cells by co-transfecting the pLKO.1 vector together with the packaging vector psPAX2 and the viral envelope vector pMD2G, as described before (Erazo et al., 2020). MiaPaCa-2 cells (40% density) were infected with lentiviral shRNA particles, and 24 h post-infection, medium was changed. After 96 h, cells were lysed with RIPA buffer, and stored at −20°C until use.
Cell Viability Assays
Cell viability was determined using the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) reduction assay, as described before (Erazo et al., 2016). MTT absorbance was measured in a Synergy HT microplate reader (BioTek Laboratories, Inc.) at 560 nm reading wavelength and 620 nm reference wavelength. Each treatment was performed by tetraplicates. Cell viability was also determined using a LIVE/DEAD viability/cytotoxicity kit assay (ThermoFisher).
Analysis of Apoptosis by Flow Cytometry: Nuclear Staining and Flow Cytometry
Cells were seeded and treated with JWG-071 for 48 h. Then, cells were trypsinized, washed sequentially with PBS and binding buffer, and incubated in binding buffer with Annexin V and/or propidium iodide (Invitrogen) for 15 min (protected from the light). Samples were analyzed in a Beckman Coulter FC 500 flow cytometer.
Electrophoresis and Immunoblot Analysis
Proteins were resolved by SDS-polyacrylamide gel electrophoresis, using the Mini-Protean system (Bio-Rad). Samples were diluted in loading buffer (25 mM Tris-HCl pH 6.8; 2% (w/v) SDS; 10% glycerol; 0.002% (w/v); 5% (v/v) β-mercaptoethanol) and heated at 97°C for 5 min. 10–40 µg of each sample were loaded per well. Electrophoresis was run at a constant voltage of 130 V for 80 min in electrophoresis buffer (25 mM Tris; 192 mM glycine; 20 (w/v) SDS). Then, proteins were transferred onto a 0.45 µm nitrocellulose membrane (Schleicher and Schurrell) using a Mini Trans-Blot Electrophoresis Transfer Cell (Bio-Rad) and Tris-Glycine buffer (25 mM Tris, 192 mM glycine, 20% (v/v) methanol). Membranes were blocked with TBS-Tween buffer (20 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.2 (v/v) Tween) containing 5% (w/v) non-fat milk or 5% (w/v) bovine serum albumin (BSA), incubated 16 h with the corresponding primary antibody, washed and incubated with the appropriated peroxidase-conjugated secondary antibody (Pierce). Protein detection was performed by chemiluminescence, using the ClarityTM ECL Western Blotting Substrate kit (Bio-Rad) and photographic films (Fuji Medical X-ray film; Fujifilm). The following primary antibodies were used: AMPK (CST # 5832, 1:10,000), ATG5 (Abcam #ab109490, 1:1,000), ATF4 (CST # 11,815, 1:1,000), β-Actin (Santa Cruz, # sc-47778, 1:4,000), BiP (CST # 53,177, 1:2,000), CHOP (CST # 5554 1:500), Cleaved caspase 3 (CST # 9661, 1:500), ERK5 (CST # 3372, 1:1,000), GAPDH (Invitrogen # AM4300, 1:150,000), Hsp90 (CST # 4874, 1:10,000), LC3B (Abcam, # ab48394, 1:10,000), MEK5 (Santa Cruz # sc-365119), p62 (Enzo Life Sciences # BML-PW9860, 1:10,000), pT172-AMPK (CST # 2535, 1:1,000), pS235/236-S6 (CST # 4858, 1:40,000), S6 (CST # 2317, 1:40,000), pS555-ULK (CST # 5869, 1:1,000), pS757-ULK (CST # 6888, 1:1,000), ULK (CST # 8054, 1:1,000).
Fluorescence Confocal Microscopy
HeLa cells were transfected with a vector encoding for GFP-tagged LC3. Forty eight hours later, cells were treated with JWG-071 or vehicle, and incubated for the indicated times. Cells were fixed with a solution containing 4% formaldehyde (Electron Microscopy Sciences), 0.1% NP40 (Merck-Sigma), 1 μg/ml Hoechst 33342 (ThermoFisher) diluted in PBS. Cells were observed in a confocal fluorescence microscope (Zeiss LSM 700). Images of multiple fields were acquired for each treatment, and analyzed with ImageJ software (NIH, United States).
RNA Extraction From Cells. Maxwell
Total RNA was extracted from cells using the Maxwell® RSC simplyRNA Cells Kit (Promega). Genomic DNA was digested with DNase, according to the manufacturer’s instructions. Extracted RNA was retrotranscribed to cDNA, and qRT-PCR was performed using TaqManTM Universal PCR Master Mix and the following TaqManTM probes spanning at exon junctions (Applied Biosystems): human ATF4 (Hs00909569_g1), human DDIT3/CHOP (Hs99999172_m1), human GAPDH (Hs03929097_g1). For analysis of XBP1 splicing, qRT-PCR was performed using SYBR™ Green PCR Master Mix and the specific primers for the spliced human XBP1 (forward 5′-CTG​AGT​CCG​CAG​CAG​GTG​CA-3′, reverse 5′-GGT​CCA​AGT​TGT​CCA​GAA​TGC​CCA​A-3′), as well as for human GAPDH (forward 5′-CAA​ATT​CCA​TGG​CAC​CGT​CA-3′, reverse 5′-GAC​TCC​ACG​ACG​TAC​TCA​GC-3′). Values were normalized to GADPH (ATF4 and CHOP) or HPRT1 (XBP1s) levels. Relative expression levels were determined using the 2−ΔΔCt method.
Statistical Analysis and Figure Generation
Graphics and statistical analyses were generated using GraphPad Prism 8.0.1 software. Figures were generated using Adobe Photoshop software. All in vitro data were assessed using one-way ANOVA followed by Tukey multiple comparison test or Student’s t-test. Statistical significance cut-off was established as P < 0.05. Significance values are expressed as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data in the figures are presented as mean ± SD, with the result of the statistical test. Synergism analysis was performed using the Compusyn software (Chou, 2010).
RESULTS
Inhibition of MEK5/ERK5 Pathway Induces Autophagy in Cancer Cells
Several studies have shown a key role of oncogenic signaling pathways, such as Ras/Raf/ERK and PI3K-mTOR, in regulating autophagy in cancer cells (Zada et al., 2021). To investigate whether ERK5 modulates autophagy in cancer cells, we used three cancer cell lines that show different oncogenic mutations: pancreatic ductal adenocarcinoma MiaPaCa-2 cells (containing mutated KRAS), endometrial adenocarcinoma Ishikawa cells (PTEN null), and cervical carcinoma HeLa cells (no alteration in Ras/Raf/ERK or PI3K-mTOR pathways). To do so, we first checked the effect of the new specific ERK5 inhibitor JWG-071, a small compound that do not show off-target activity on bromodomain-containing proteins (BDRs) (Wang et al., 2018).
One of the hallmarks of autophagy is the conversion of the soluble form of LC3 (MAP1LC3B, also called Atg8) to lipidated LC3, known as LC3-II (MAP1LC3B-II), which is associated to autophagosomes (Klionsky et al., 2021). When autophagy is induced, the soluble form of the protein LC3 (hereafter, LC3-I) undergoes covalent attachment of a molecule of phosphatidylethanolamine, resulting in association of the lipidated form LC3-II to autophagosomal membranes. Lipidated LC3-II can be differentiated from LC3-I by immunoblotting, since it has a faster electrophoretic mobility on SDS/PAGE gels (Kabeya et al., 2004). Human cervical (HeLa), endometrial (Ishikawa) and pancreatic (MiaPaCa-2) adenocarcinoma cell lines were serum starved and treated with the ERK5 inhibitor JWG-071 for different times, and LC3-I/LC3-II levels were evaluated by immunoblotting. Inhibition of ERK5 resulted in increased levels of the lipidated form LC3-II in the three cancer cell lines tested (Figure 1A), indicative of either enhanced autophagy or a block in autophagy. The increase of LC3 lipidation was observed at 3 h of incubation with JWG-071, and it was sustained for at least 24 h, suggesting that ERK5 inhibition exacerbates the autophagy induced by serum deprivation (Figure 1A). We next investigated the effect of ERK5 inhibition in cells cultured with serum (10% FBS). In these conditions, ERK5 inhibition increased LC3-II levels at a similar extent than in serum starved cultures (Figure 1B), indicating that ERK5 inhibition induces LC3-II accumulation independently of serum deprivation. JWG-071 titration experiments further demonstrated a dose-dependent effect on LC3-II accumulation in the three cell lines tested, which was significantly observed at 1–3 μM concentration of the ERK5 inhibitor (Figure 1C).
[image: Figure 1]FIGURE 1 | Inhibition of MEK5/ERK5 pathway induces autophagy in serum starved and non-starved Cancer cells. (A,B) ERK5 inhibition induces sustained autophagy. Cells under serum starvation (0.5% FBS), (A) or cultured with 10% FBS (B, Hela Cells) were treated with vehicle (DMSO) or 10 μM JWG-071 for the indicated times. Cells were lysed and levels of the autophagy-marker protein LC3 were visualized by immunoblotting. GAPDH levels are shown as a loading control. Blots are representative of three independent experiments. (C) ERK5 inhibition stimulates autophagy in a dose-dependent manner. Serum-starved cells were treated with DMSO or the indicated concentrations of JWG-071 for 24 h, and cell lysates were analysed by immunoblot as in (A,B). Blots are representative of two separate experiments. (D) ERK5 or MEK5 inhibition impairs cellular ERK5 activity. Serum-starved cells were treated with the indicated inhibitors (5 μM), before incubation with 50 nM EGF for 30 min. Blots are representative of two separate experiments. (E) Inhibition of the MEK5/ERK5 pathway actives autophagy. Ishikawa cells were treated with either ERK5 inhibitors (5 μM JWG-071 or 10 μM XMD8-92) or MEK5 inhibitors (10 μM BIX 02188 or 10 μM BIX 02189) for 24 h. Controls were treated with vehicle. Autophagy was detected by immunoblotting as in (A,B). GAPDH levels are shown as a loading control. (F) ERK5i AX15836 induces autophagy. MiaPaCa-2 cells were treated with 3 μM AX15836 for 12 or 24 h and autophagy was monitored as in (A,B). Actin levels are shown as a loading control. (G) ERK5 silencing induces autophagy. MiaPaCa-2 cells were infected with lentiviral particles encoding for shRNA sequence to target ERK5. Levels of indicated proteins were detected by immunoblot analysis.
In order to preclude any potential JWG-071 off-target effect, we explored whether a battery of ERK5 or MEK5 inhibitors induce LC3 lipidation. We used the ERK5 inhibitor XMD8-92 (which has BRD4 activity, (Yang et al., 2010)), the more recently developed AX15836 (Lin et al., 2016), and the upstream kinase MEK5 inhibitor BIX02188 (Razumovskaya et al., 2011). All inhibitors blocked activation of ERK5 in response to EGF, as shown by immunoblot analysis (active ERK5 autophosphorylates resulting in a slower migrating band) (Figure 1D). As expected, ERK5/MEK5 inhibitors enhanced LC3 lipidation (Figures 1E,F). This observation was furtherly assessed using lentiviral shRNA specific for ERK5. ERK5 silencing also resulted in increased LC3-II levels (Figure 1G), suggesting that attenuation of the MEK5/ERK5 pathway might result in increased cellular autophagy. This was confirmed by confocal fluorescence microscopy, using HeLa cells that transiently overexpressed GFP-tagged LC3. As expected, LC3 showed a diffuse, homogeneous localization throughout the cytoplasm and nucleus in resting cells, whereas JWG-071 induced a punctuate pattern for LC3, indicative of association to autophagosomes (Figure 2A; Klionsky et al., 2021).
[image: Figure 2]FIGURE 2 | ERK5 inhibition induces autophagic flux. (A) ERK5 inhibition induces LC3 association with autophagosomes. HeLa cells transiently expressing GFP-LC3 (green) were treated with vehicle or 5 μM JWG-071 for 24 h. After staining nuclei in vivo with Hoechst 33342 (blue), cells were fixated and visualized by confocal fluorescence microscopy. Punctuate represents autophagosome formation. Similar results were obtained in two independent experiments. Scale bar. 10 μm. (B) ERK5 inhibition induces autophagic flux. Ishikawa and MiaPaCa-2 cells were pre-incubated for 2 h with ethanol (vehicle) or a combination of lysosomal proteases inhibitors E64d (10 μM) and Pepstatin-A (PA, 10 mg/ml) before treatment with 5 μM JWG-071 or DMSO for further 24 h. Cell lysates were probed against autophagy markers LC3 and p62. GAPDH levels were assessed as a loading control. Similar results were obtained in two separate experiments. Histograms show the quantification of LC3-II levels relative to GAPDH, estimated by densitometric analysis. Values represent mean ± SD of two different determinations. *p < 0.05 **p < 0.01, ***p < 0.001 from treatment with E64d + PA alone or JWG-071 alone.
Finally, to demonstrate that the increased LC3-II expression observed in response to ERK5 inhibition was due to activation of autophagy, we investigated the effect of ERK5i on the autophagic flux. Autophagic flux comprises from autophagosome assembly upon induction until its fusion with a lysosome, where autophagic cargos are degraded (Klionsky and Ohsumi, 1999; Glick et al., 2010). Given that autophagosome-lysosome fusion is subjected to independent regulation, an accumulation of autophagosomes does not necessarily indicate a higher level of autophagy. For instance, a block in autophagy can result in accumulation of LC3-II and of autophagosomes. Hence, it is imperative to evaluate the autophagic flux to confirm that autophagy is induced. To this end, we co-treated Ishikawa or MiaPaCa-2 cells with JWG-071 and a combination of E64d and Pepstatin-A (PA) lysosomal protease inhibitors that block the final step of autolysosomal degradation. Treatment with both protease inhibitors resulted in a significant accumulation of LC3-II and the autophagic cargo protein p62 (Figure 2B), indicating that ERK5 inhibition induces dynamic autophagy in cancer cells.
ERK5 Inhibition Induces Autophagy-Mediated Cancer Cell Death
Next, we evaluated the effect of ERK5 inhibition in the viability of HeLa, Ishikawa and MiaPaCa-2 cancer cells. Cell viability (MTT) assays showed that JWG-071 decreased the viability in a concentration-dependent manner in all three cancer cell lines tested, with IC50 values ranking 3–6 μM (Figure 3A). Impaired cell viability in response to ERK5i was confirmed using live/dead assay (Figure 3B). As reported for other ERK5 inhibitors (Pereira and Rodrigues, 2020), JWG-071 treatment resulted in apoptotic cell death, as determined by flow cytometry analysis of Annexin V/Propidium iodide staining (Figure 3C). Immunoblot analysis of active/cleaved caspase 3 confirmed that JWG-071 induced apoptosis in the three cancer cell lines tested (Figure 3C).
[image: Figure 3]FIGURE 3 | ERK5 inhibition induces autophagy-mediated apoptotic cancer cell death. (A) ERK5i induces cytotoxicity. MTT cytotoxicity assay in a panel of human Cancer cells. JWG-071 was incubated for 48 h at the indicated concentrations. Values represent mean ± SD of three independent experiments, each performed in tetraplicates. (B) ERK5i induces cell death. Cells were treated with 10 μM JWG-071 for 36 h, stained with LIVE/DEAD reagent, and alive (green) and dead (red) cells were visualized by fluorescence microscopy. Figure shows representative fields, and percetage of alive cells is given. (C) ERK5i induces apoptotic cancer cell death. Percentage of apoptotic cells was determined by flow cytometry (Annexin V/Propidium iodide staining) at 48 h following treatment with 5 μM JWG-071. Representative flow cytometry plots of cells are shown. Similar results were obtained in three independent experiments, each performed in duplicates. Immunoblot panels show active caspase-3 (cleaved caspase-3 levels, cCaspase 3) in response to JWG-071. (D) Autophagy induced by ERK5i precedes caspase-3 fragmentation. HeLa and Ishikawa cells were treated with vehicle or 5 μM JWG-071 for the indicated times, and autophagy (LC3) and apoptosis (Cleaved Caspase-3, cCaspase-3) markers were monitored by immunoblot. GAPDH was used as a loading control. (E) ERK5i does not activate caspase-3 in autophagy-deficient transformed MEF cells. WT or ATG5−/− transformed MEF cells were treated with vehicle or 5 μM JWG- 071 for the indicated times, and levels of autophagy and apoptosis were monitored by immunoblotting of LC3 and cleaved caspase-3, respectively. GAPDH was used as loading control. Results are representative of three independent experiments. (F,G) Autophagy-deficient ATG5−/− transformed MEF cells are insensitive to ERK5 inhibition. (F) Wild type or ATG5-/- MEFs were serum starved and treated with either vehicle (white columns) or 10 μM JWG-071 (red columns) for 48 h. Cell viability was assessed by MTT assay. Values (mean ± SD) are representative of three separate experiments, each performed in tetraplicates. ****p < 0.0001 from WT MEF cells. (G) Wild type or ATG5-/- MEFs were serum starved, treated with 10 μM JWG-071 or 48 h, stained with LIVE/DEAD reagent, and alive (green) and dead (red) cells were visualized by fluorescence microscopy. Figure shows representative fields, and percetage of alive cells is given.
Over the last years, several autophagy-activating small molecules have shown anticancer activity (Salazar et al., 2009; Puissant et al., 2010; Erazo et al., 2016; Hernandez-Tiedra et al., 2016). These compounds induce the so-called autophagy-mediated cell death, which ultimately leads to activation of apoptotic or necrotic cell death (Bialik et al., 2018). Given that ERK5 inhibitors show antitumor activity in vitro (cell lines) and in vivo (xenograft models) by inducing apoptosis (see Gomez et al. (2016), Pereira et al. (2016), for review), we next inspected whether autophagy was involved in ERK5 inhibition-mediated cytotoxicity. Interestingly, we observed that autophagy induced by JWG-071 preceded caspase-3 cleavage in HeLa and Ishikawa cancer cells (Figure 3D).
To investigate the role of autophagy in the apoptosis induced by ERK5 inhibition, we employed oncogene-transformed MEF (mouse embryonic fibroblast) cells derived from ATG5-/- mice (Salazar et al., 2009). Atg5 is an essential protein for autophagosome formation, given its critical role in the extension of the phagophoric membrane (Virgin and Levine, 2009). Therefore, ATG5-/- cells are deficient for autophagy. As expected, ERK5 inhibition by JWG-071 or AX15836 induced LC3 lipidation (autophagy) in immortalized ATG5+/+ MEF cells, but not in autophagy-deficient ATG5−/− MEF cells. More importantly, autophagy-deficient ATG5−/− MEF cells did not show active caspase-3 in response to ERK5 inhibition, as observed for ATG5+/+ MEF cells (Figure 3E). Of note, JWG-071 induced a significant increase on levels of Atg5-Atg12 conjugate in ATG5+/+ MEF cells. Since covalently binding of Atg12 to Atg5 is necessary for the formation of autophagosome (Romanov et al., 2012), this result provides a further evidence that ERK5i induces cellular autophagy. Cell viability (MTT) and LIVE/DEAD assays showed that ATG5−/− MEF cells were resistant to JWG-071-induced cell death. In contrast, with ATG5+/+ MEF cells showed elevated cytotoxicity in response to the ERK5i (Figures 3F,G). Together, our results support the notion that ERK5 inhibition induces autophagy-mediated apoptosis in cancer cells.
ERK5 Inhibition Induces ULK1-Independent Autophagy
Two of the main canonical regulators of autophagy initiation are AMPK and mTORC1. Both protein kinases fine-tune autophagy by direct phosphorylation of ULK1/Atg1, the autophagy master regulator that coordinates autophagy levels by integrating various stress inputs (Zachari and Ganley, 2017). AMPK induces autophagy by direct phosphorylation of ULK1 at Ser317, Ser555, and Ser777. On the contrary, mTORC1 phosphorylation of ULK1 at Ser637 and Ser757 results in impaired autophagy (Kim et al., 2011). Therefore, we next interrogated the implication of AMPK and mTORC1 in the ERK5-mediated autophagy. To this end, we treated HeLa and Ishikawa cells with the ERK5 inhibitor JWG-071 for different times, and we used immunoblot analysis to study the activity of AMPK (by using the phosphospecific antibody anti-pThr172) and of mTORC1 (by monitoring levels of phosphorylated ribosomal protein S6). Neither Ishikawa nor HeLa cancer cells displayed significant changes in AMPK or mTORC1 activities in response to JWG-071, indicating that both pathways remained unaffected by ERK5 inhibition (Figure 4). We also analyzed ULK1 phosphorylation at residues Ser555 (AMPK) and Ser757 (mTORC1). Consistent with unaltered AMPK and mTORC1 activities, ULK phosphorylation status at Ser555 and Ser757 was not affected by ERK5 inhibition (Figure 4). Together, these results indicate that ERK5 inhibition induces autophagy independently of AMPK- or mTOCRC1-mediated ULK1 phosphorylation.
[image: Figure 4]FIGURE 4 | ERK5 inhibition induces autophagy independently of canonical ULK phosphorylation. HeLa and Ishikawa cells were treated for the indicated times with vehicle or 10 μM JWG-071. AMPK and mTORC1 pathways were analysed by immunoblotting, using total and phosphospecific antibodies (pThr172-AMPK and pSer235/236-S6). Total ULK and phospho-ULK (pSer666-ULK and pSer757-ULK) were also evaluated by immunoblotting. GAPDH is shown as a loading control. Blots are representative of at least three separate experiments. Right histograms show the quantification of pULKSer555 and pULKSer555 levels, relative to total ULK, estimated by densitometry. Values represent mean ± SD of two different determinations.
ER Stress and UPR Mediate Autophagy Induced by ERK5 Inhibition
Endoplasmic reticulum (ER) stress and the subsequent activation of the Unfolded Protein Response (UPR) have been reported to induce cytotoxic autophagy in cancer cells under specific conditions (Salazar et al., 2009; Rashid et al., 2015). We hypothesized that ERK5 involvement on autophagy could be mediated by activation of the UPR in response to ER stress. The UPR relies on a specific signaling network that is controlled by different transmembrane ER stress protein sensors, namely IRE1/ERN1 (inositol requiring enzyme 1), PERK/EIF2AK3 (eukaryotic translation initiation factor 2-alpha kinase 3) and ATF6 (activating transcription factor 6) (Walter and Ron, 2011). These three sensors are controlled by the ER luminal chaperone BIP (also called HSPA5/GRP78). Under basal conditions, BiP sterically represses the activity of these three sensors by binding their respective luminal domains. When ER homeostasis is perturbed, BiP dissociates from these sensors to bind accumulated unfolded proteins, allowing the homodimerization-mediated activation of PERK and IRE1, as well as translocation of ATF6 to Golgi where is activated by specific proteases (Walter and Ron, 2011). Once activated, PERK allows activation of the eIF2a-ATF4-CHOP branch of the UPR, which promotes general protein translation arrest by phosphorylating and inactivating the initiation factor eIF2α (Liu et al., 2000). However, few specific proteins escape from this arrest and are upregulated, such as the ATF4 transcription factor that activates of proteins involved in protein folding, amino acid metabolism and autophagy (Schroder and Kaufman, 2005).
We first performed time-course experiments using JWG-071 in MiaPaCa-2 cells. ERK5 inhibition induced a rapidly (30 min) increased expression of the chaperone BiP, a hallmark of ER stress (Figure 5A). ERK5 inhibition also resulted in a rapid upregulation of the protein levels of the ER stress mediator ATF4 (30 min) and its downstream target CHOP, which preceded to LC3 lipidation (LC3-II) (Figure 5A). We also confirmed activation of ER stress in HeLa and Ishikawa cells by immunoblot analysis (Figure 5B). These results were further confirmed by qRT-PCR analysis. Thus, ERK5 inhibition resulted in a sustained increase on CHOP and ATF4 mRNA levels at 8 and 24 h in MiaPaCa-2 cells and HeLa cells (Figure 5B).
[image: Figure 5]FIGURE 5 | ER stress and UPR mediates ERK5i-induced autophagy. (A) ERK5i induces ER stress and UPR, which precedes autophagy. MiaPaCa-2 cells were treated for the indicated times with either vehicle or 5 μM JWG-071. The levels of the indicated proteins were monitored by immunoblot analysis. Actin was used as a loading control. (B) ERK5i induces UPR in HeLa and Ishikawa cells. Cells were treated with either vehicle or 5 μM JWG-071 for 24 h, and levels of the indicated proteins were monitored by immunoblot. (C) ERK5i induces gene expression of UPR markers. MiaPaCa-2 and HeLa cells were treated with vehicle or 5 μM JWG-071 for 8 or 24 h, and total RNA was extracted and retrotranscribed to cDNA. ATF4, CHOP, and spliced XBP1 (XBP1s) mRNA levels were analyzed by qRT-PCR and normalized by TBP (ATF4 and CHOP) or HPRT1 mRNA levels (XBP1s). Values represent the mean ± SD of two separate experiments, each performed in duplicates. **p < 0.01 ***p < 0.001 from untreated cells. (D) ERK5 silencing induces UPR markers. MiaPaCa-2 cells were infected with lentiviral particles encoding for shRNA sequence to target ERK5. Levels of indicated proteins were detected by immunoblot analysis. (E) The chemical chaperon TUDC ameliorates the UPR and autophagy induced by ERK5i. MiaPaCa-2 cells were treated with 300 μM TUDC for 3 h, previous to incubation with 5 μM JWG-071 for 15 h. Levels of the indicated proteins were evaluated by immunoblotting. Blots representative of two separate experiments. Right histograms show the quantification of CHOP and LC3-II levels, relative to actin, as estimated by densitometry. Values represent mean ± SD of two different determinations. *p < 0.05, ***p < 0.001 from JWG-071 single treatment. (F) The chemical chaperone TUDC ameliorates ERK5i-mediated cytotoxicity. Cells were pre-incubated with vehicle or 300 μM TUDC for 3 h before adding 5 μM JWG-071 for further 24 h. Cell viability was determined by MTT assay. Values (mean ± SD) are representative of three different experiments, each performed in tetraplicates. *p < 0.05, ***p < 0.001 from JWG-071 single treatment. (G) The ATF4/CHOP axis mediates in ERK5i-induced autophagy. MiaPaCa-2 cells were transfected with scrambled siRNA (siScr) or ATF4-directed siRNA (siATF4), and then treated with vehicle or JWG-071. Protein levels of ATF4, CHOP, LC3 and Actin (loading control) were analyzed by immunoblot. Blots are representative of three independent experiments. Right histograms show the quantification of ATF4 and LC3-II levels, relative to Actin, as estimated by densitometry. Values represent mean ± SD of two different determinations. *p < 0.05 **p < 0.01 ****p < 0.0001 from vehicle-treated cells.
In response to ER stress, IRE1 excises a 26-nucleotide intron of the of transcription factor XBP1 (X-box binding protein 1 unspliced) RNA, resulting in an unconventional mRNA spliced form (XBP1s) that regulates transcription genes involved in the response to ER stress (Yoshida et al., 2001). ERK5 inhibitor induced upregulation of XBP1s mRNA levels at 8 h (two-fold) or 24 h (five-fold change) in MiaPaCa-2 cells (Figure 5C), showing that ERK5 inhibition also results in activation of the IRE1/XBP1s branch of the UPR.
Finally, we performed genetic silencing experiments with specific shRNAs. As shown in Figure 5D, ERK5 silencing with specific lentiviral shRNA resulted in increased levels of ATF4 and CHOP proteins. Together, our results demonstrate that impairment of MEK5/ERK5 pathway results in a potent and sustained activation of the UPR in cancer cells.
ERK5 Inhibition Induces ER Stress-Mediated Cytotoxic Autophagy
To establish the role of the ER stress in the ERK5 inhibition-induced cancer cell death, we next investigated whether ER stress mitigation with chemical chaperones relieved JWG-071-mediated cytotoxicity. For this purpose, we used sodium tauroursodeoxycholicolate acid (TUDC), which attenuates ER stress by promoting protein folding (Cao et al., 2013). TUDC significantly impaired CHOP upregulation and LC3 lipidation in response to ERK5 inhibition (Figure 5E). Furthermore, TUDC mitigated the cytotoxicity induced by JWG-071 in HeLa, Ishikawa and MiaPaCa-2 cancer cells (Figure 5F). Parallel experiments showed that efficient silencing of ATF4 with a specific siRNA resulted in a significant decrease in the ATF4 and LC3-II levels induced by JWG-071 (Figure 5G). These results suggest that ER stress mediates cytotoxic autophagy induced by ERK5 inhibition.
Finally, we aimed to determine whether ERK5 inhibition synergizes with canonical ER stressors to induce UPR and autophagy. To this end, we treated MiaPaCa-2, Ishikawa and HeLa cells with JWG-071 and/or brefeldin A. Brefeldin A causes protein accumulation in the ER by disrupting the ER-Golgi transport, thereby leading to ER stress and the correspondent activation of the UPR (Helms and Rothman, 1992). As expected, both JWG-071 and brefeldin A induced UPR (augmented CHOP expression) and autophagy (augmented LC3-II) (Figure 6A). Interestingly, ERK5 inhibition enhanced the effect of brefeldin A on the expression of CHOP and LC3-II, resulting in higher UPR, autophagy and apoptosis (cleaved Caspase 3) (Figure 6A). Consequently, ERK5 inhibition synergized with brefeldin A to promote death in MiaPaCa-2 cells (Figure 6B, see combination index values lower than 1).
[image: Figure 6]FIGURE 6 | ERK5 inhibition cooperates with the ER stress inducer brefeldin A to activate UPR, autophagy and cytotoxicity. (A) Cells were treated for 24 h with 5 μM JWG-071 and/or 400 nM brefeldin A. Levels of the indicated proteins were determined by immunoblot analysis. cCaspase-3, cleaved caspase-3. Right histograms show the quantification of CHOP and LC3-II levels, relative to actin, as estimated by densitometry. Values represent mean ± SD of two different determinations. *p < 0.05 **p < 0.01, ***p < 0.001 from individual treatments with JWG-071 or brefeldin A. (B) ERK5i synergizes with brefeldin A to induce cytotoxicity. MTT assay of MiaPaCa-2 cells incubated during 24 h with JWG-071 and/or brefeldin A at the indicated concentrations. Right table show the combination index (CI) analysis for different concentrations of JWG-071 and brefeldin A, obtained using the Compusyn software (CI > 1, antagonism; CI = 1, summary effect; CI < 1, synergism.
DISCUSSION
Over the last years, the molecular machinery that drives autophagosome biogenesis has been extensively characterized. However, our knowledge on the regulation of autophagy in response to intra- or extracellular stimuli is far from clear, and an integrative vision of autophagy regulation is lacking (Hurtley and Young, 2017). Here, we report for the first time an unexpected role for the MEK5-ERK5 pathway as a novel negative regulator of autophagy in cancer cells. Inhibition of the MEK5/ERK5 pathway with different compounds induces the autophagic flux in a panel of cancer cell lines (Figures 1, 2). Interestingly, the cell lines used in this study present different mutation patterns, including KRAS and TP53 (MiaPaCa-2 pancreatic ductal adenocarcinoma cells), PTEN and TP53 (Ishikawa endometrial adenocarcinoma cells), or TP53 mutations only (Hela cervical carcinoma cells). Our results suggest that autophagy induction by ERK5 inhibition is independent of Ras/Raf/ERK and PI3K-mTOR oncogenic pathways, two important cellular pathways that have been shown to regulate autophagy in cancer cells (Zada et al., 2021). Numerous studies have shown that ERK5 inhibitors have antitumor activity by activating apoptosis in cancer cells and in tumor xenografts (reviewed in Gomez et al. (2016), Hoang et al. (2017), Stecca and Rovida (2019)). In this work, we show that autophagy mediates apoptosis induced by ERK5 inhibition, and therefore, the antitumor activity of the ERK5 inhibitors (Figure 3).
Our results suggest that ERK5 inhibition stimulates the autophagic flux independently of the primary autophagy regulators AMPK and mTORC1 (Figure 4). Consistently, levels and phosphorylation status of the autophagy master regulator ULK/ATG1 at Ser555 and Ser757 were not affected by ERK5 inhibition (Figure 4). However, we cannot rule out the effect of ERK5 inhibition on other kinases that, phosphorylating different residues on ULK, might activate autophagy. For instance, it has been recently reported that PKCα modulates ULK activity by phosphorylating Ser423 (Wang et al., 2018). Also, ERK5 could participate on autophagy by direct phosphorylation of components of the autophagic machinery, as previously reported for other MAPK family members. For instance, ERK8/MAPK15 promotes autophagy by direct phosphorylation of ULK1 (Colecchia et al., 2018), and JNK1 participates in the activation of the PI3KC3 complex (a key regulator of autophagosome formation) by phosphorylating the Beclin 1 inhibitor Bcl-2 (Wei et al., 2008). Conversely, it will be important to investigate whether autophagy-related ATG proteins cross-regulate ERK5 phosphorylation/activity, as reported for ERK2 (Martinez-Lopez et al., 2013) and p38 (Quiang et al., 2013). In this regard, it will be important to investigate whether ERK5 phosphorylates key proteins of the autophagic machinery.
Interestingly, ERK5 inhibition or silencing induced ER stress and sustained expression of the UPR markers CHOP, ATF4 and of the spliced form of XBP-1, whereas mitigation of UPR by chemical chaperones impaired JWG-071-mediated cytotoxicity (Figures 5A–D). Furthermore, genetic suppression of the ATF4/CHOP axis partially abrogates ERK5 inhibition-induced autophagy (Figure 5E), while the canonical ER stress inductor brefeldin A cooperates with JWG-071 to exacerbate UPR, autophagy and cytotoxicity (Figure 6). These results suggest that activation of the UPR pathway in response to ER stress mediates (at least partially) the autophagy and cytotoxicity induced by ERK5 inhibitors (see Figure 7 for a model of mechanism of action of ERK5i).
[image: Figure 7]FIGURE 7 | Mechanism of ERK5i-induced cytotoxic autophagy.
In line with our results, the ERK5 orthologue in S. cerevisiae Slt2p/Mpk1p is activated during ER stress, and this activation mediates cell survival during the UPR induced in response to ER stress (Bonilla and Cunningham, 2003; Chen et al., 2005). Here, we show by first time that ERK5 inhibition results in activation of ER stress and the UPR in human cancer cells (JWG-071 induced upregulation of the chaperone BiP, Figure 4A). Regarding the UPR, it has been shown that ERK5 inhibition activates the UPR pathway in pancreatic beta-cells, and that CHOP deficiency ameliorates ERK5 inhibition-mediated exacerbation of streptozotocin toxicity (Nam et al., 2017). On the contrary, active ERK5 mediates the suppression of ER stress and UPR necessary for the anti-apoptotic effect of neuroprotectors dexmedetomidine and Netrin-1 after cerebral ischemia injury (Yin et al., 2021). Finally, a recent analysis of global transcriptome (RNA-Seq) showed that CRISPR/Cas9 knockout ERK5 human osteosarcoma U2OS cells express elevated levels of CHOP, TRIB3 an XBP-1 mRNAs, compared to wild type U2OS cells (Craig et al., 2020). Together, these observations support our evidences showing that ERK5 pathway is involved in UPR activation.
Our work further shows that activation of the UPR ATF4/CHOP axis mediates cellular autophagy activation in response to ERK5 inhibition (Figures 5F,G). Yet, the precise molecular mechanism by which ERK5 modulates UPR and autophagy remains unanswered. Recently, the MEK5/ERK5 pathway was reported to be a positive regulator of mitophagy. Genetic o pharmacological inhibition of the MEK5/ERK5 pathway increases the mitochondrial content by impairing the lysosomal degradation of mitochondria. This could result in increased defective mitochondria and generation of reactive oxygen species (ROS), which could give rise to ER stress and UPR activation (Cao and Kaufman, 2014). In this regard, Liu et al. reported that loss of ERK5 in murine cardiomyocytes (cardiac-specific deletion of ERK5) leads to mitochondrial aberrations and increased production of ROS caused by oxidative damage (Liu et al., 2017). Hence, it will be interesting to explore whether ERK5 inhibitors activate ER stress and the UPR via generating ROS from altered mitochondrial function.
Autophagy is activated in response to stress or nutrient deprivation, including ER stress, to mitigate damage and provide nutrients for cellular survival. In response to ER stress, activation of cellular autophagy eliminates abnormal protein aggregates, thus contributing to cellular homeostasis recovery (Hetz, 2012; Rashid et al., 2015). However, the outcome of autophagy is highly dependent on the intensity and duration of the stimuli, and persistent activation can lead to cytotoxic autophagy (Marino et al., 2014). Cancer cells are particularly dependent on accurate sensing of stress cues and their energetic status, and they largely rely on precise responses to these inputs. Specifically, cancer cells have developed high dependency on the UPR and autophagy to overcome limiting tumor conditions and to maintain their high metabolic rate within the hostile tumor microenvironment (Chen and Cubillos-Ruiz, 2021). To this end, cancer cells express high levels of some of the UPR genes (like BiP and ATF6), which allow them a better tolerance against environment stress (Shuda et al., 2003). Here, we show that pharmacological and genetic suppression of the MEK5/ERK5 pathway markedly increased the UPR and the autophagic flux in cancer cells, indicating that ERK5 activity contributes to fine-tuning of UPR and autophagy in this context (Figures 1, 2). Conversely, overexpression of either MEK5 or ERK5 did not influence basal levels of UPR or autophagy (data not shown), suggesting that basal ERK5 activity is enough to restrain autophagy to a moderate rate. It is therefore intriguing to hypothesize that ERK5 levels or catalytic activity could be intrinsically subjected to stress-dependent modulation as a mechanism to regulate autophagy levels in cancer.
While UPR and autophagy typically display cytoprotective functions, they actually display a dual role in cell fate decisions. Specifically, the balance between the pro-survival and pro-death faces of the ER stress and the UPR is determined by their duration and intensity. When persistent UPR fails to relieve ER stress, sustained increased levels of the CHOP transcription factor may invoke the pro-apoptotic arm of the UPR, resulting in the so call ER-mediated apoptosis (Lu et al., 2014; Hetz and Papa, 2018). This seems to be the case for ERK5 inhibition of cancer cells, since it resulted in CHOP overexpression and XBP-1 splicing after 24 h, and in increased apoptosis (Figure 5). Similarly, a sustained and exacerbated autophagic flux elicits varied mechanisms to activate cell death pathways in case the cellular damage remains, leading to the so called autophagy-mediated cell death (Yonekawa and Thorburn, 2013). Accordingly, pharmacologic manipulation of UPR and autophagy has recently arisen as a potential tool for improving anticancer therapies (Bialik et al., 2018). For example, the lipid-derived small molecule ABTL0812—which is currently in clinical trial for the treatment of advanced endometrial (NCT02201823) and ductal pancreatic cancer (NCT04431258)—induces cytotoxic autophagy (Erazo et al., 2016) by provoking a sustained activation of the UPR (Munoz-Guardiola et al., 2020). Similar behaviour has been reported for the cannabinoid Δ9-tetrahydrocannabinol (THC), which has antitumor activity in glioblastoma by triggering autophagy-mediated apoptosis by a mechanism that involves ER stress and the UPR (Salazar et al., 2009). This could also be the case for ERK5 inhibitors, which induced a robust and sustained UPR activation (al least of 48 h) that lead to activation of caspase-3 in cancer cell lines. Because ERK5 inhibition did not induce cytotoxicity in autophagy-deficient transformed MEF cells (Figures 3F,G), our results support the notion that ERK5 modulation induces autophagy-dependent apoptotic cell death in cancer cells (Figure 7).
The unique duality of ERK5 inhibition to impair cancer cell proliferation and to induce cytotoxic autophagy underlines the anticancer potential of ERK5 inhibitors, and could have important clinical implications. Given the fact that ERK5 inhibition sensitizes cancer cells and tumors to different chemotherapies (Pereira et al., 2016; Pereira and Rodrigues, 2020), future work will be necessary to determine the relevance of the UPR and autophagy in the combined used of chemotherapy and ERK5 inhibitors to tackle cancer.
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