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We determined the molecular mechanisms by which the novel therapeutic GZ17-6.02 killed non-small cell lung cancer (NSCLC) cells. Erlotinib, afatinib, and osimertinib interacted with GZ17-6.02 to kill NSCLC cells expressing mutant EGFR proteins. GZ17-6.02 did not interact with any EGFR inhibitor to kill osimertinib-resistant cells. GZ17-6.02 interacted with the thymidylate synthase inhibitor pemetrexed to kill NSCLC cells expressing mutant ERBB1 proteins or mutant RAS proteins or cells that were resistant to EGFR inhibitors. The drugs interacted to activate ATM, the AMPK, and ULK1 and inactivate mTORC1, mTORC2, ERK1/2, AKT, eIF2α; and c-SRC. Knockdown of ATM or AMPKα1 prevented ULK1 activation. The drugs interacted to cause autophagosome formation followed by flux, which was significantly reduced by knockdown of ATM, AMPKα1, and eIF2α, or by expression of an activated mTOR protein. Knockdown of Beclin1, ATG5, or [BAX + BAK] partially though significantly reduced drug combination lethality as did expression of activated mTOR/AKT/MEK1 or over-expression of BCL-XL. Expression of dominant negative caspase 9 weakly reduced killing. The drug combination reduced the expression of HDAC2 and HDAC3, which correlated with lower PD-L1, IDO1, and ODC levels and increased MHCA expression. Collectively, our data support consideration of combining GZ17-6.02 and pemetrexed in osimertinib-resistant NSCLC.




Keywords: GZ17-6.02, pemetrexed, osimertinib, NSCLC, resistance, autophagy, EGFR, ER stress



Introduction

The drug GZ17-6.02 is undergoing phase I evaluation in solid tumor patients (NCT03775525). GZ17-6.02 has three components that are natural chemicals: curcumin (10%), isovanillin (77%), and harmine (13%) (1–4). The most widely studied compound is curcumin, i.e., turmeric, the spice most associated with Indian cuisine, which is composed of ~95% of curcumin and curcuminoid derivatives. The safe maximal plasma concentration of commercially available lecithin liposomal curcumin, e.g., Meriva®, for an 800-mg ingestion is approximately 2 µM. Our prior in vitro studies have used GZ17-6.02 with the basal concentration of curcumin set at 2.0 μM (1–3). The plants Arum palaestinum and Peganum harmala have been used for centuries in the Levant and Orient for the treatment of many ailments, including cancer (5–9). The most bio-active chemical isolated from these plants is harmine. Studies have shown that while harmine has anti-proliferative effects in tumor cells, the compound appears to lack any anti-proliferative biologic effects in non-transformed cells. We have previously shown that GZ17-6.02 interacted with 5-fluorouracil (5FU) to kill GI tumor cells, with doxorubicin to kill sarcoma cells and with [trametinib + dabrafenib] to kill cutaneous melanoma cells expressing B-RAF V600E (1, 2). Our new studies were performed to determine whether GZ17-6.02 could kill non-small cell lung cancer (NSCLC) cells expressing mutant activated forms of the EGF receptor (ERBB1).

The treatment of NSCLC over the past 20 years has been revolutionized, first by the development of the pemetrexed carboplatin drug combination and then subsequently by checkpoint inhibitory immunotherapy (10–14). For NSCLC tumors expressing mutant RAS proteins or without a clear oncogenic driver, the combination of pemetrexed, carboplatin, and an anti-PD1 antibody, e.g., pembrolizumab, is a standard of care therapeutic approach. A subset of NSCLC patients present with tumors whose biology is driven by expression of mutated active forms of ERBB1. Some of the mutant ERBB1 proteins are point mutation mutants and others are deletion mutants (10, 11). Multiple ERBB1 inhibitors are approved to treat this form of the disease including erlotinib, afatinib, and recently osimertinib. Osimertinib is a relatively specific inhibitor of mutant active forms of ERBB1 and is, at present, the standard of care therapeutic. As with all targeted drugs in cancer, eventually NSCLC cells become osimertinib resistant, with diverse mechanisms, including gain of additional ERBB1 mutations or activation of other receptor tyrosine kinases such as c-MET and FGFRs (15–18). Overcoming osimertinib resistance remains an important area for the developmental cancer therapeutics field in NSCLC.

The studies in the present manuscript initially determined whether GZ17-6.02 interacted with ERBB1 inhibitors to kill NSCLC cells expressing mutant ERBB1 proteins. Subsequently, we determined how GZ17-6.02 killed osimertinib-resistant NSCLC cells and interacted with the standard of care agent pemetrexed to further enhance killing.



Materials and Methods


Materials

All human NSCLC lines were obtained from the ATCC (Bethesda, MD). Lewis Lung Carcinoma cells were obtained from the NCI repository (Bethesda, MD). Pemetrexed, erlotinib, afatinib, and osimertinib were purchased from Selleckchem (Houston, TX). All materials were obtained as described in the references (19–24). Trypsin-EDTA, DMEM, RPMI, and penicillin-streptomycin were purchased from GIBCOBRL (GIBCOBRL Life Technologies, Grand Island, NY). The kit to assess GSH levels and the GSH : GSSG ratio was purchased from Promega (GSH/GSSG-Glo Assay; Madison WI) and assays were performed as per the kit instructions. Other reagents and performance of experimental procedures were as described (19–24). Antibodies used: AIF (5318), BAX (5023), BAK (12105), BAD (9239), BIM (2933), BAK1 (12105), Beclin1 (3495), cathepsin B (31718), CD95 (8023), FADD (2782), eIF2α (5324), P-eIF2α S51 (3398), ULK-1 (8054), P-ULK-1 S757 (14202), P-AMPK S51 (2535), AMPKα (2532), P-ATM S1981 (13050), ATM (2873), ATG5 (12994), mTOR (2983), P-mTOR S2448 (5536), P-mTOR S2481 (2974), ATG13 (13468), MCL-1 (94296), BCL-XL (2764), P-AKT T308 (13038), P-ERK1/2 (5726), P-STAT3 Y705 (9145), P-p65 S536 (3033), p62 (23214), and LAMP2 (49067) all from Cell Signaling Technology (Danvers, MA); P-ULK-1 S317 (3803a) was from Abgent; P-ATG13 S318 (19127) was from Novus Biologicals. Anti-PD-L1, PD-L2, and MHCA antibodies were from ABCAM (Cambridge, UK). The ODC antibody was purchased from Santa Cruz Biotechnology (Dallas, TX). Specific multiple independent siRNAs to knock down the expression of CD95, FADD, Beclin1, ATG5, and eIF2α, and scramble control, were purchased from Qiagen (Hilden Germany). Control studies were presented showing on-target specificity of our siRNAs, primary antibodies, and our phospho-specific antibodies to detect both total protein levels and phosphorylated levels of proteins (1–3, 19–24) (Supplementary Figure S1).



Methods

All bench-side methods used in this manuscript have been performed and described in the peer-reviewed references (1–3, 19–24). All cell lines were cultured at 37°C (5% (v/v CO2) in vitro using RPMI supplemented with dialyzed 5% (v/v) fetal calf serum and 1% (v/v) Non-essential amino acids. Drugs are dissolved in DMSO to make 10 mM stock solutions. The stock solution is diluted to the desired concentration in the media that the cells being investigated grow in. We ensure that the concentration of DMSO is never more than 0.1% (v/v) in the final dilution that is added to cells, to avoid solvent effects. Cells were not cultured in reduced serum media during any study in this manuscript.



Generation of Erlotinib, Afatinib, and Osimertinib-Resistant Cells

Cells were incubated in vitro with increasing concentrations of vehicle control or erlotinib or osimertinib until after ~6 weeks the HCC827 and H1975 and H1650 cells grew with similar kinetics to sensitive cells in either erlotinib (1 μM) or osimertinib (1 μM), respectively. Afatinib-resistant cells were created in vivo by repeated high dosing until tumors disappeared and then regrew, as previously described (25).



Assessments of Protein Expression and Protein Phosphorylation

Multi-channel fluorescence HCS microscopes perform true in-cell Western blotting. Three independent cultures derived from three thawed vials of cells of a tumor were sub-cultured into individual 96-well plates. Twenty-four hours after plating, the cells are transfected with a control plasmid or a control siRNA, or with an empty vector plasmid or with plasmids to express various proteins. After another 24 h, the cells are ready for drug exposure(s). At various time points after the initiation of drug exposure, cells are fixed in place using paraformaldehyde and using Triton X-100 for permeabilization. Standard immunofluorescent blocking procedures are employed, followed by incubation of different wells with a variety of validated primary antibodies and subsequently validated fluorescent-tagged secondary antibodies are added to each well. The microscope determines the background fluorescence in the well and in parallel randomly determines the mean fluorescent intensity of 100 cells per well. Of note for scientific rigor is that the operator does not personally manipulate the microscope to examine specific cells; the entire fluorescent accrual method is independent of the operator.

For co-localization studies, three to four images of cells stained in the red and green fluorescence channels are taken for each treatment/transfection/condition. Images are approximately 4 MB sized files. Images are merged in Adobe Photoshop CS5, and the image intensity and contrast is then post-hoc altered in an identical fashion inclusive for each group of images/treatments/conditions, so that the image with the weakest intensity is still visible to the naked eye for publication purposes but also that the image with the highest intensity is still within the dynamic range, i.e., not over-saturated.



Detection of Cell Death by Trypan Blue Assay

Cells were treated with vehicle control or with drugs alone or in combination for 24 h. At the indicated time points, cells were harvested by trypsinization and centrifugation. Cell pellets were resuspended in PBS and mixed with trypan blue agent. Viability was determined microscopically using a hemocytometer. Five hundred cells from randomly chosen fields were counted and the number of dead cells was counted and expressed as a percentage of the total number of cells counted.



Transfection of Cells With siRNA or With Plasmids


For Plasmids

Cells were plated and, 24 h after plating, transfected. Plasmids to express FLIP-s, BCL-XL, dominant negative caspase 9, activated AKT, activated mTOR, and activated MEK1 EE were used throughout the study (Addgene, Waltham, MA). Empty vector plasmid (CMV) was used as a control. Plasmids expressing a specific mRNA or appropriate empty vector control plasmid (CMV) DNA was diluted in 50 μl of serum-free and antibiotic-free medium (one portion for each sample). Concurrently, 2 μl of Lipofectamine 2000 (Invitrogen) was diluted into 50 μl of serum-free and antibiotic-free medium (one portion for each sample). Diluted DNA was added to the diluted Lipofectamine 2000 for each sample and incubated at room temperature for 30 min. This mixture was added to each well/dish of cells containing 100 μl of serum-free and antibiotic-free medium for a total volume of 300 μl, and the cells were incubated for 4 h at 37°C. An equal volume of 2× serum-containing medium was then added to each well. Cells were incubated for 24 h and then treated with drugs.



Transfection for siRNA

Cells from a fresh culture growing in log phase as described above and 24 h after plating were transfected. Prior to transfection, the medium was aspirated, and serum-free medium was added to each plate. For transfection, 10 nM of the annealed siRNA or the negative control (a “scrambled” sequence with no significant homology to any known gene sequences from mouse, rat or human cell lines) were used. Ten nanomolar siRNA (scrambled or experimental) was diluted in serum-free media. Four milliliters of Hiperfect (Qiagen) was added to this mixture and the solution was mixed by pipetting up and down several times. This solution was incubated at room temperature for 10 min and then added dropwise to each dish. The medium in each dish was swirled gently to mix and then incubated at 37°C for 2 h. Serum-containing medium was added to each plate, and cells were incubated at 37°C for 24 h before and then treated with drugs (0–24 h).



Assessments of Autophagosome and Autolysosome Levels

Cells were transfected with a plasmid to express LC3-GFP-RFP (Addgene, Watertown MA). Twenty-four hours after transfection, cells are treated with vehicle control or the drugs alone or in combination. Cells were imaged and recorded at 60× magnification 4 h and 8 h after drug exposure and the mean number of GFP+ and RFP+ punctae per cell was determined from >50 randomly selected cells per condition.



Data Analysis

Comparison of the effects of various treatments was done using one-way ANOVA for normalcy followed by a two tailed Student’s t-test with multiple comparisons. Differences with a p-value of <0.05 were considered statistically significant. Experiments are the means of multiple individual data points per experiment from three independent experiments (± SD).





Results


GZ17-6.02 Interacts With ERBB1 Inhibitors to Kill NSCLC Cells

GZ17-6.02 interacted with erlotinib, afatinib, and osimertinib to kill H1975 and H1650 cells that express mutant activated ERBB1 proteins (Figures 1A–C). In erlotinib HCC827 cells, the abilities of erlotinib and afatinib to enhance GZ17-6.02 lethality were significantly reduced as was also observed in afatinib-resistant H1975 cells (Figures 1A, B). The ability of osimertinib to enhance the efficacy of GZ17-6.02 was also reduced in afatinib- and erlotinib-resistant cells (Figure 1C).




Figure 1 | GZ17-6.02 interacts with ERBB1 inhibitors to kill NSCLC cells expressing mutant active forms of ERBB1. (A, B) H1650, wild-type sensitive, and afatinib-resistant (AR) H1975 and erlotinib-resistant (ER) HCC827 cells were treated with vehicle, erlotinib (500 nM), afatinib (500 nM), GZ17-6.02 (2 μM curcumin final), or the drugs in combination for 24 h. Cell viability was determined by trypan blue exclusion (n = 3 ± SD). #p < 0.05 greater than GZ17-6.02 alone; ¶p < 0.05 less than the corresponding values in drug-sensitive cells. (C) H1650, wild-type sensitive, and afatinib-resistant (AR) H1975 and erlotinib-resistant (ER) HCC827 cells were treated with vehicle, osimertinib (100 nM), GZ17-6.02 (2 μM curcumin final), or the drugs in combination for 24 h. Cell viability was determined by trypan blue exclusion (n = 3 ± SD). #p < 0.05 greater than GZ17-6.02 alone; ¶p < 0.05 less than the corresponding values in drug-sensitive cells.





GZ17-6.02 Kills Osimertinib-Resistant NSCLC Cells

We generated osimertinib-resistant H1975 and H1650 cells, as described in the Methods. In osimertinib-resistant cells, the abilities of erlotinib and osimertinib to enhance GZ17-6.02 killing were abolished, with only afatinib capable of modestly enhancing tumor cell killing (Figure 2A). We next determined whether GZ17-6.02 could interact with the NSCLC therapeutic pemetrexed to kill wild-type and osimertinib-resistant cells. As noted in Figure 2A, osimertinib resistance weakly reduced the efficacy of GZ17-6.02 as a single agent, and it interacted to kill both wild-type and osimertinib-resistant cells, albeit with a lesser efficacy in the resistant cells (Figure 2B). We then determined whether GZ17-6.02 interacted with pemetrexed to kill other NSCLC cell lines, regardless of mutant RAS or ERBB1 expression; GZ17-6.02 and pemetrexed interacted to kill (Figure 2C).




Figure 2 | GZ17-6.02 interacts with pemetrexed to kill NSCLC cells. (A) H1975 and H1650 cells [wild-type sensitive and osimertinib resistant (OR)] were treated with vehicle, erlotinib (500 nM), afatinib (500 nM), osimertinib (100 nM), GZ17-6.02 (2 μM curcumin final), or the drugs in combination for 24 h. Cell viability was determined by trypan blue exclusion (n = 3 ± SD). #p < 0.05 greater than GZ17-6.02 alone; ¶p < 0.05 less than the corresponding values in drug-sensitive cells. (B) H1975 and H1650 cells [wild-type sensitive and osimertinib resistant (OR)] were treated with vehicle, pemetrexed (500 nM), GZ17-6.02 (2 μM curcumin final), or the drugs in combination for 24 h. Cell viability was determined by trypan blue exclusion (n = 3 ± SD). #p < 0.05 greater than GZ17-6.02 alone; ¶p < 0.05 less than the corresponding values in drug-sensitive cells. (C) NSCLC cells were treated with vehicle, pemetrexed (500 nM), GZ17-6.02 (2 μM curcumin final), or the drugs in combination for 24 h. Cell viability was determined by trypan blue exclusion (n = 3 ± SD). #p < 0.05 greater than GZ17-6.02 alone. The mutational status of K-/N-RAS or of ERBB1 is noted in each graph. * = mutated active





GZ17-6.02 and Osimertinib Interact to Inactivate mTOR and eIF2a

We then determined the alterations in cellular signaling and protein expression in NSCLC cells treated with GZ17-6.02 and either osimertinib or pemetrexed. GZ17-6.02 interacted with osimertinib in wild-type H1975 cells to activate ATM, the AMPK, ULK1, ATG13, and PERK (Supplementary Tables S1 and S2). The drugs interacted to cause inactivation of mTORC1, mTORC2, eIF2α, MEK1/2, ERK1/2, AKT, JAK2, STAT3, STAT5, ERBB1, PDGFRβ, c-MET, p70 S6K, c-SRC, NFκB, JNK1/2, YAP, and TAZ. The drug combination increased protein MHCA expression and reduced the levels of PD-L1, IDO1, HDAC1, HDAC2, HDAC3, HDAC4, HDAC6, and HDAC7. Similar findings were made in H1650 cells. In afatinib-resistant H1975 cells, the drug combination caused significantly more ERK1/2 inactivation and did not inactivate p70 S6K or STAT5 and caused a compensatory increase in c-KIT survival signaling (that was not observed in osimertinib-resistant cells).



GZ17-6.02 and Osimertinib Interact to Cause Autophagosome Formation Followed by Autophagic Flux

Based on our prior studies with GZ17-6.02, we predicted that the inactivation of mTOR, the activation of ULK1, and increased ATG13 S318 phosphorylation would cause autophagosome formation (1–3). GZ17-6.02 interacted with osimertinib in an additive fashion to increase autophagosome formation and subsequently autophagosome formation (Supplementary Figure S2A, upper graph). In afatinib-resistant H1975 cells, GZ17-6.02 enhanced autophagosome formation to a lesser extent than in wild-type sensitive cells and did not further interact with osimertinib (lower graph). Increasing numbers of autolysosomes were also observed 8 h after treatment, but again, this value was lower than that observed in the sensitive cells. Knockdown of Beclin1 or ATG5 prevented the initial increase in autophagosome levels and the subsequent increase in autolysosome levels (not shown).



Autophagosome Formation and Autophagic Flux Play Key Roles in Causing Tumor Cell Death

We next determined the relative role of altered cellular signaling processes in autophagosome formation and autophagic flux. Knockdown of ATM, AMPKα, eIF2α; or expression of activated mTOR or activated STAT3 significantly suppressed autophagosome formation and autophagic flux (Supplementary Figures S2B, C). Knockdown of [BAX + BAK], Beclin1, ATG5, or FADD significantly reduced cell killing by [GZ17-6.02 + osimertinib] (Supplementary Figure S3). The total levels of GSH and the GSH : GSSG ratio were not significantly altered by GZ17-6.02 over 12 h (Supplementary Figure S4). Modest significant reductions in the levels of GSH and alterations in the ratio were observed after 24–48 h; however, there was no clear dose dependency comparing the two GZ17-6.02 concentrations. These data imply that autophagy, death receptor signaling, and mitochondrial dysfunction play key roles in the cell killing caused by the drug combination, with altered redox potential unlikely to play any role. Of note was that expression of dominant negative caspase 9 relatively weakly prevented cell death compared to other interventions arguing that non-apoptotic processes downstream of the mitochondrion played key roles.



Regardless of ERBB1 Inhibitor Resistance, GZ17-6.02 and Pemetrexed Regulate Cell Signaling in a Near-Identical Fashion

Based on our viability data with GZ17-6.02 and pemetrexed in ERBB1 inhibitor-resistant NSCLC cells, we compared and contrasted the ability of the drug combination to alter signaling and protein expression in H1975 cells; wild-type sensitive; afatinib-resistant; and osimertinib-resistant. Regardless of drug resistance, the drug combination activated ATM, AMPK, ULK1, ATG13, and PERK. The combination inactivated ERBB1, ERBB2, mTORC1, mTORC2, eIF2α, AKT, ERK1/2, JAK2, STAT3, STAT5, p70 S6K, NFκB, c-SRC, c-MET, and c-KIT. The combination increased the expression of Beclin1, ATG5, and FAS-L and reduced the expression of BCL-XL and MCL1 (Supplementary Tables S3 and S4). Regardless of osimertinib resistance, the drug combination reduced the protein levels of HDAC2, HDAC3, and HDAC6 (Supplementary Table S5). In prior work, we have linked reduced expression of HDAC2 and HDAC3 to increased expression of the immunotherapy biomarker MHCA and reduced levels of PD-L1. In multiple NSCLC lines, the drug combination significantly reduced expression of PD-L1, ODC, and IDO1 and elevated MHCA levels (Supplementary Table S6).



GZ17-6.02 and Pemetrexed Interact to Increase Autophagy

GZ17-6.02 interacted with pemetrexed in an additive fashion to increase autophagosome formation and to cause autophagic flux (Figure 3A). The drug combination caused significantly less autophagosome formation and autophagic flux in the afatinib-resistant cells. The ability of afatinib-resistant cells to form autophagosomes after drug exposure was significantly reduced by knockdown of eIF2α, ATM, or AMPKα or by expression of activated mTOR or activated STAT3 (Figure 3B). The ability of [GZ17-6.02 + pemetrexed] to cause autophagosome formation in the osimertinib-resistant cells was significantly lower than that found in wild-type sensitive or afatinib-resistant cells (Figure 3C). Autophagosome formation in the osimertinib-resistant cells was also significantly reduced by knockdown of eIF2α, ATM, or AMPKα or by expression of activated mTOR or activated STAT3. In contrast to our autophagosome data, the drug-induced levels of autolysosomes in the afatinib-resistant and osimertinib-resistant cells were not significantly different. Similar alterations in cell signaling, autophagy, and viability data were obtained treating A549 NSCLC cells with the drug combination that expresses a mutant K-RAS protein and erlotinib-resistant HCC827 cells (Figure 4; Supplementary Figure S5). In contrast to the other lines tested, the HCC827 line exhibited a strong dependence on altered signaling by ATM and mTOR to stimulate autophagosome formation.




Figure 3 | Resistance to ERBB1 inhibitors is associated with a reduced ability to form autophagosomes. (A) H1975 [wild-type sensitive and afatinib-resistant (AR)] were transfected to express LC3-GFP-RFP and subsequently treated with vehicle, pemetrexed (500 nM), GZ17-6.02 (2 μM curcumin final), or the drugs in combination for 4 h and 8 h. The number of intense staining GFP+ and RFP+ punctae was determined randomly in at least 50 cells, and the mean number of punctae per cell was determined (n = 3 ± SD). #p < 0.05 greater than GZ17-6.02 value; ¶p < 0.05 greater than the corresponding values after 4 h; ~p < 0.05 less than the corresponding values in wild-type sensitive cells. (B) Afatinib-resistant H1975 cells were transfected with siRNA molecules to knock down protein levels or with plasmids to express activated forms of mTOR or STAT3 and then subsequently treated with vehicle or [pemetrexed (500 nM) + GZ17-6.02 (2 μM curcumin final)] in combination for 4 h and 8 h. The number of intense staining GFP+ and RFP+ punctae were determined randomly in at least 50 cells, and the mean number of punctae per cell was determined (n = 3 ± SD). ¶p < 0.05 greater than the corresponding values after 4 h; *p < 0.05 less than the corresponding values in siSCR/CMV-transfected cells. (C) Osimertinib-resistant H1975 cells were transfected with siRNA molecules to knock down protein levels or with plasmids to express activated forms of mTOR or STAT3 and then subsequently treated with vehicle or [pemetrexed (500 nM) + GZ17-6.02 (2 μM curcumin final)] in combination for 4 h and 8 h. The number of intense staining GFP+ and RFP+ punctae was determined randomly in at least 50 cells and the mean number of punctae per cell determined (n = 3 ± SD). ¶p < 0.05 greater than the corresponding values after 4 h; ~~p < 0.05 less than the corresponding values in afatinib-resistant H1975 cells; *p < 0.05 less than the corresponding values in siSCR/CMV-transfected cells.






Figure 4 | GZ17-6.02 and pemetrexed interact to alter cell signaling, increase autophagosome formation, and kill via toxic autophagy A549 NSCLC cells that express a mutant K-RAS protein. (A) A549 cells were treated with vehicle control, GZ17-6.02 (2 μM final curcumin), pemetrexed (500 nM), or the drugs combined for 6 h. Cells were fixed in place and immunostaining was performed to determine protein expression and phosphorylation (n = 3 ± SD) *p < 0.05 less than vehicle; **p < 0.05 less than GZ17-6.02 alone; #p < 0.05 greater than vehicle control; ##p < 0.05 greater than GZ17-6.02 alone. (B) A549 cells were transfected with siRNA molecules to knock down protein levels or with plasmids to express activated forms of mTOR or STAT3 and then subsequently treated with vehicle or [pemetrexed (500 nM) + GZ17-6.02 (2 μM curcumin final)] in combination for 4 h and 8 h. The number of intense staining GFP+ and RFP+ punctae were determined randomly in at least 50 cells, and the mean number of punctae per cell was determined (n = 3 ± SD). ¶p < 0.05 greater than the corresponding values after 4 h; *p < 0.05 less than the corresponding values in siSCR/CMV-transfected cells. (C) A549 cells were transfected to knock down Beclin1 or ATG5 expression. Subsequently cells were treated with vehicle, pemetrexed (500 nM), GZ17-6.02 (2 μM curcumin final), or the drugs in combination for 24 h. Cell viability was determined by trypan blue exclusion (n = 3 ± SD). *p < 0.05 less than the corresponding values in siSCR cells.





GZ17-6.02 and Pemetrexed Use Autophagy to Kill NSCLC Cells

The ability of [GZ17-6.02 + pemetrexed] to kill osimertinib-resistant cells trended lower than the ability of the drug combination to kill afatinib-resistant cells (Figures 4 and 5). Combined knockdown of BAX and BAK significantly reduced killing in both the afatinib-resistant and the osimertinib-resistant cells by ~50% with knockdown of BID reducing death by ~35%. In both resistant cell types, activated AKT and, to a lesser extent, activated MEK1, activated STAT3, or activated mTOR significantly reduced killing. Knockdown of Beclin1 or ATG5 was significantly more protective in osimertinib-resistant cells compared to afatinib-resistant cells. Knockdown of Beclin1 or ATG5 prevented the initial increase in autophagosome levels and the subsequent increase in autolysosome levels (not shown). Death receptor signaling also trended to be more important in the killing processes in osimertinib-resistant cells than in afatinib-resistant cells. Expression of dominant negative caspase 9 was less protective than over-expression of FLIP-s or BCL-XL in both resistant lines arguing that cell execution downstream of the mitochondrion was largely non-apoptotic.




Figure 5 | The killing of osimertinib-resistant NSCLC cells requires [BAX + BAK] and autophagosome formation and is significantly reduced by expression of activated AKT, activated mTOR or activated MEK1. Afatinib-resistant and osimertinib-resistant H1975 cells were transfected with siRNA molecules to knock down protein expression or with plasmids to express regulatory proteins. Subsequently, cells were treated with vehicle or [pemetrexed (500 nM) + GZ17-6.02 (2 μM curcumin final)] in combination for 24 h. Cell viability was determined by trypan blue exclusion (n = 3 ± SD). *p < 0.05 less than corresponding siSCR/CMV value; **p < 0.05 less than the corresponding values in afatinib-resistant cells; ¶p < 0.05 less than the corresponding values in all other conditions; §p < 0.05 greater than the corresponding values in all other manipulated conditions.






Discussion

The development of drug resistance in NSCLC tumors expressing mutant active forms of ERBB1 is a major problem in prolonging patient quality of life and survival. The present studies were designed to define the biology of GZ17-6.02 in NSCLC cells expressing mutant active ERBB1 proteins and to define whether it could overcome resistance to afatinib or osimertinib. GZ17-6.02 interacted with erlotinib, afatinib, or osimertinib to kill NSCLC cells expressing mutant ERBB1. However, in cells made resistant to either afatinib or osimertinib, GZ17-6.02 could not subvert the resistant phenotype. Based on those findings, we then determined whether GZ17-6.02 interacted with the NSCLC therapeutic pemetrexed to kill. Resistance to ERBB1 inhibitors only modestly reduced the efficacy of GZ17-6.02 and caused only a ~20% reduction in the lethal interaction between GZ17-6.02 and pemetrexed.

When we examined drug-induced changes in cell signaling in the sensitive and ERBB1 inhibitor resistant cells, combining GZ17-6.02 with either osimertinib or pemetrexed, their responses exhibited subtle rather than profound differences. For example, from over 20 parameters measured, the major observation for afatinib-resistant cells treated with [GZ17-6.02 + osimertinib] was that the drug combination caused significantly more ERK1/2 inactivation in sensitive cells and did not inactivate p70 S6K or STAT5 and that it caused a compensatory increase in c-KIT survival signaling in resistant cells. The complex milieux of signaling trends collectively resulted in the outcomes of afatinib-resistant cells being less capable to form autophagosomes and to die.

Because our initial hypotheses were incorrect regarding the hope that GZ17-6.02 would abolish ERBB1 inhibitor resistance, we then performed studies to define the interactions of GZ17-6.02 with the standard of care therapeutic pemetrexed in the NSCLC cells. We specifically chose pemetrexed rather than carboplatin because via DNA damage signaling, pemetrexed causes ATM activation, and by increasing the intracellular concentration of ZMP, and analogue of AMP, it causes allosteric activation of the AMPK (26–28). In wild-type sensitive cells compared to osimertinib-resistant cells, [GZ17-6.02 + pemetrexed] signaling trended to cause greater inactivation of ERBB1 and ERBB2, whereas in the osimertinib-resistant cells, greater ERBB4 and c-MET inactivation was observed.

Regardless of ERBB1 inhibitor resistance, [GZ17-6.02 + pemetrexed] inactivated AKT, mTORC1, and mTORC2 to a similar extent. The amount of drug-induced ATG13 S318 phosphorylation induced was also identical regardless of drug resistance, as were the increased levels of Beclin1 and ATG5. Nevertheless, afatinib-resistant H1975 cells were significantly less efficient at forming autophagosomes than wild-type sensitive cells, a ~55% reduction, and osimertinib-resistant cells exhibited a further significant reduction in autophagosome formation compared to the afatinib-resistant cells. Both afatinib- and osimertinib-resistant cells exhibited similar levels of subsequent autolysosome formation, which was ~30% of that observed in the sensitive cells. Furthermore, knockdown of Beclin1 or ATG5 prevented the initial increase in autophagosome levels and the subsequent increase in autolysosome levels. These data argue that the “defect” in the drug-resistant cells is specifically related to autophagosome formation rather than the abilities of cells to promote autophagic flux and subsequent autolysosome formation. One potential mechanism by which autophagosome formation could be disrupted is via the sequestration of Beclin1 by protective BH3 domain proteins such as BCL-XL and MCL1. However, data from Supplementary Table S4 demonstrated that the drug-resistant cells under basal conditions only expressed 10%–20% greater levels of BCL-XL than were found in the sensitive cells.

Over-expression of BCL-XL or knockdown of [BAX + BAK] significantly reduced tumor cell killing, implying that mitochondrial dysfunction played an important role in the killing process. In general agreement with prior studies using GZ17-6.02, the role of reactive oxygen species in the killing process appeared to be modest, as judged by the unaltered GSH : GSSG ratio. Mitochondria promote cell death downstream either through activation of caspase 9–caspase 3 signaling or directly via apoptosis-inducing factor (AIF). Expression of dominant negative caspase 9 relatively weakly prevented cell death compared to any of the other cyto-protective interventions arguing that non-apoptotic processes downstream of the mitochondrion played key roles.

In conclusion, in vitro and in vivo, GZ17-6.02 and pemetrexed interact to suppress the growth of osimertinib-resistant NSCLC cells and to prolong animal survival. Additional in vitro screening studies, beyond examination of Beclin1 and ATG5, will be required to understand why autophagosome formation is lower in osimertinib-resistant cells.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

LB performed the studies. PD wrote the manuscript. CW, PM, and DH provided guidance and advice and read the manuscript. All authors contributed to the article and approved the submitted version.



Funding

Support for the present study was provided by Genzada Pharmaceuticals and by philanthropic funding from Massey Cancer Center and the Universal Inc. Chair in Signal Transduction Research.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.711043/full#supplementary-material



Abbreviations

ER, endoplasmic reticulum; AMPK, AMP-dependent protein kinase; mTOR, mammalian target of rapamycin; MAPK, mitogen-activated protein kinase; CMV, empty vector plasmid or virus; si, small interfering; SCR, scrambled; VEH, vehicle; PEM, pemetrexed; ERBB1/EGFR, epidermal growth factor receptor. ERK, extracellular regulated kinase; PI3K, phosphatidyl inositol 3 kinase; ca, constitutively active; dn, dominant negative; JAK, Janus Kinase; STAT, Signal Transducers and Activators of Transcription; VEH, vehicle; 602, GZ17-6.02; PD-L1, programed death ligand 1; HDAC, histone deacetylase; NSCLC, non-small cell lung cancer.



References

1. Booth, L, Roberts, JL, West, C, Von Hoff, D, and Dent, P. GZ17-6.02 Initiates DNA Damage Causing Autophagosome-Dependent HDAC Degradation Resulting in Enhanced Anti-PD1 Checkpoint Inhibitory Antibody Efficacy. J Cell Physiol (2020) 235:8098–113. doi: 10.1002/jcp.29464

2. Booth, L, West, C, Hoff, DV, and Dent, P. GZ17-6.02 and Doxorubicin Interact to Kill Sarcoma Cells via Autophagy and Death Receptor Signaling. Front Oncol (2020) 10:1331. doi: 10.3389/fonc.2020.01331

3. West, CE, Kwatra, SG, Choi, J, Von Hoff, D, Booth, L, and Dent, P. A Novel Plant-Derived Compound is Synergistic With 5-Fluorouracil and has Increased Apoptotic Activity Through Autophagy in the Treatment of Actinic Keratoses. J Dermatolog Treat (2020) 20:1–2. doi: 10.1080/09546634.2020.1764905

4. Vishwakarma, V, New, J, Kumar, D, Snyder, V, Arnold, L, Nissen, E, et al. Potent Antitumor Effects of a Combination of Three Nutraceutical Compounds. Sci Rep (2018) 8:12163. doi: 10.1038/s41598-018-29683-1

5. Ali-Shtayeh, MS, Jamous, RM, Salameh, NM, Jamous, RM, and Hamadeh, AM. Complementary and Alternative Medicine Use Among Cancer Patients in Palestine With Special Reference to Safety-Related Concerns. J Ethnopharmacol (2016) 187:104–22. doi: 10.1016/j.jep.2016.04.038

6. Li, S, Cheng, X, and Wang, C. A Review on Traditional Uses, Phytochemistry, Pharmacology, Pharmacokinetics and Toxicology of the Genus Peganum. J Ethnopharmacol (2017) 203:127–62. doi: 10.1016/j.jep.2017.03.049

7. Boeira, JM, Viana, AF, Picada, JN, and Henriques, JA. Genotoxic and Recombinogenic Activities of the Two Beta-Carboline Alkaloids Harman and Harmine in Saccharomyces Cerevisiae. Mutat Res (2002) 500:39–48. doi: 10.1016/S0027-5107(01)00294-9

8. Ma, Y. Wink M The Beta-Carboline Alkaloid Harmine Inhibits BCRP and can Reverse Resistance to the Anticancer Drugs Mitoxantrone and Camptothecin in Breast Cancer Cells. Phytother Res (2010) 24:146–9. doi: 10.1002/ptr.2860

9. Song, Y, Kesuma, D, Wang, J, Deng, Y, Duan, J, Wang, JH, et al. Specific Inhibition of Cyclin-Dependent Kinases and Cell Proliferation by Harmine. Biochem Biophys Res Commun (2004) 317:128–32. doi: 10.1016/j.bbrc.2004.03.019

10. Pacini, L, Jenks, AD, Vyse, S, Wilding, CP, Arthur, A, and Huang, PH. Tackling Drug Resistance in EGFR Exon 20 Insertion Mutant Lung Cancer. Pharmgenom Pers Med (2021) 14:301–17. doi: 10.2147/PGPM.S242045

11. Panahi, Y, Mohammadzadeh, AH, Behnam, B, Orafai, HM, Jamialahmadi, T, and Sahebkar, A. A Review of Monoclonal Antibody-Based Treatments in Non-Small Cell Lung Cancer. Adv Exp Med Biol (2021) 1286:49–64. doi: 10.1007/978-3-030-55035-6_3

12. Rodríguez, M, Ajona, D, Seijo, LM, Sanz, J, Valencia, K, Corral, J, et al. Molecular Biomarkers in Early Stage Lung Cancer. Transl Lung Cancer Res (2021) 10:1165–85. doi: 10.21037/tlcr-20-750

13. Vora, PA, Patel, R, and Dharamsi, A. Pemetrexed - First-Line Therapy for Non-Squamous Non-Small Cell Lung Cancer: A Review of Patent Literature. Recent Pat Anticancer Drug Discovery (2021). doi: 10.2174/1574892816666210120113256

14. Papadimitrakopoulou, VA, Mok, TS, Han, JY, Ahn, MJ, Delmonte, A, Ramalingam, SS, et al. Osimertinib Versus Platinum-Pemetrexed for Patients With EGFR T790M Advanced NSCLC and Progression on a Prior EGFR-Tyrosine Kinase Inhibitor: AURA3 Overall Survival Analysis. Ann Oncol (2020) 31:1536–44. doi: 10.1016/j.annonc.2020.08.2100

15. Wu, Z, Zhao, W, Yang, Z, Wang, YM, Dai, Y, and Chen, LA. Novel Resistance Mechanisms to Osimertinib Analysed by Whole-Exome Sequencing in Non-Small Cell Lung Cancer. Cancer Manag Res (2021) 13:2025–32. doi: 10.2147/CMAR.S292342

16. Zhu, K, Lv, Z, Xiong, J, Zheng, H, Zhang, S, Jin, H, et al. MET Inhibitor, Capmatinib Overcomes Osimertinib Resistance via Suppression of MET/Akt/snail Signaling in Non-Small Cell Lung Cancer and Decreased Generation of Cancer-Associated Fibroblasts. Aging (Albany NY) (2021) 13:6890–903. doi: 10.18632/aging.202547

17. Kobayashi, N, Katakura, S, Kamimaki, C, Somekawa, K, Fukuda, N, Tanaka, K, et al. Resistance Mechanisms of Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors in non-Small Cell Lung Cancer Patients: A Meta-Analysis. Thorac Cancer (2021) 12:1096–105. doi: 10.1111/1759-7714.13878

18. Zhang, X, Maity, TK, Ross, KE, Qi, Y, Cultraro, CM, Bahta, M, et al. Alterations in the Global Proteome and Phosphoproteome in Third-Generation EGFR TKI Resistance Reveal Drug Targets to Circumvent Resistance. Cancer Res (2021) 81:3051–66. doi: 10.1101/2020.07.04.187617

19. Dent, P, Booth, L, Roberts, JL, Liu, J, Poklepovic, A, Lalani, AS, et al. Neratinib Inhibits Hippo/YAP Signaling, Reduces Mutant K-RAS Expression, and Kills Pancreatic and Blood Cancer Cells. Oncogene (2019) 38:5890–904. doi: 10.1038/s41388-019-0849-8

20. Dent, P, Booth, L, Poklepovic, A, Martinez, J, Hoff, DV, and Hancock, JF. Neratinib Degrades MST4 via Autophagy That Reduces Membrane Stiffness and Is Essential for the Inactivation of PI3K, ERK1/2, and YAP/TAZ Signaling. J Cell Physiol (2020) 235:7889–99. doi: 10.1002/jcp.29443

21. Booth, L, Roberts, JL, Poklepovic, A, Avogadri-Connors, F, Cutler, RE, Lalani, AS, et al. HDAC Inhibitors Enhance Neratinib Activity and When Combined Enhance the Actions of an Anti-PD-1 Immunomodulatory Antibody In Vivo. Oncotarget (2017) 8:90262–77. doi: 10.18632/oncotarget.21660

22. Booth, L, Roberts, JL, Sander, C, Lee, J, Kirkwood, JM, Poklepovic, A, et al. The HDAC Inhibitor AR42 Interacts With Pazopanib to Kill Trametinib/Dabrafenib-Resistant Melanoma Cells In Vitro and In Vivo. Oncotarget (2017) 8:16367–86. doi: 10.18632/oncotarget.14829

23. Booth, L, Roberts, JL, Poklepovic, A, Kirkwood, J, and Dent, P. HDAC Inhibitors Enhance the Immunotherapy Response of Melanoma Cells. Oncotarget (2017) 8:83155–70. doi: 10.18632/oncotarget.17950

24. Booth, L, Roberts, JL, Poklepovic, A, Gordon, S, and Dent, P. PDE5 Inhibitors Enhance the Lethality of Pemetrexed Through Inhibition of Multiple Chaperone Proteins and via the Actions of Cyclic GMP and Nitric Oxide. Oncotarget (2017) 8:1449–68. doi: 10.18632/oncotarget.13640

25. Booth, L, Roberts, JL, Tavallai, M, Webb, T, Leon, D, Chen, J, et al. The Afatinib Resistance of In Vivo Generated H1975 Lung Cancer Cell Clones is Mediated by SRC/ERBB3/c-KIT/c-MET Compensatory Survival Signaling. Oncotarget (2016) 7:19620–30. doi: 10.18632/oncotarget.7746

26. Rothbart, SB, Racanelli, AC, and Moran, RG. Pemetrexed Indirectly Activates the Metabolic Kinase AMPK in Human Carcinomas. Cancer Res (2010) 70:10299–309. doi: 10.1158/0008-5472.CAN-10-1873

27. Bareford, MD, Park, MA, Yacoub, A, Hamed, HA, Tang, Y, Cruickshanks, N, et al. Sorafenib Enhances Pemetrexed Cytotoxicity Through an Autophagy-Dependent Mechanism in Cancer Cells. Cancer Res (2011) 71:4955–67. doi: 10.1158/0008-5472.CAN-11-0898

28. Booth, L, Roberts, JL, Tavallai, M, Chuckalovcak, J, Stringer, DK, Koromilas, AE, et al. [Pemetrexed + Sorafenib] Lethality is Increased by Inhibition of ERBB1/2/3-PI3K-Nfκb Compensatory Survival Signaling. Oncotarget (2016) 7:23608–32. doi: 10.18632/oncotarget.8281




Conflict of Interest: PD has received funding from Genzada Pharmaceuticals Inc. PM and CW are paid officers of the company. PD and DH are key company scientific advisors/consultants.

The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Booth, West, Moore, Von Hoff and Dent. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-711043-g005.jpg
s maeQ L wad 209 §
h S =t
v . -
p i | N b
. =z R
M
e L sion §
. == ] o g
. g 3 .
o F |8g uon
FEEES bl L8
" o P—
tﬂ il * e e £
s il T s
L £ ] waams.
Hd - ] van
* =k -l ez
» ] wan
M ‘D,,ﬂim e e
PRS- e 3
i * w{ §
T8 £s =g
vy 2 LRSS
T =5y R e |
T 1
O e
==
T m * x-:in
. g on
i ey
e =
et e g
7 e stewsng =

£25 2





OEBPS/Images/fonc-11-711043-g002.jpg
T
K(612€)
=

I 0]






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        GZ17-6.02 and Pemetrexed Interact to Kill Osimertinib-Resistant NSCLC Cells That Express Mutant ERBB1 Proteins

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Materials

          



          		

            Methods

          



          		

            Generation of Erlotinib, Afatinib, and Osimertinib-Resistant Cells

          



          		

            Assessments of Protein Expression and Protein Phosphorylation

          



          		

            Detection of Cell Death by Trypan Blue Assay

          



          		

            Transfection of Cells With siRNA or With Plasmids

          

            		

              For Plasmids

            



            		

              Transfection for siRNA

            



            		

              Assessments of Autophagosome and Autolysosome Levels

            



            		

              Data Analysis

            



          



          



        



        



        		

          Results

        

          		

            GZ17-6.02 Interacts With ERBB1 Inhibitors to Kill NSCLC Cells

          



          		

            GZ17-6.02 Kills Osimertinib-Resistant NSCLC Cells

          



          		

            GZ17-6.02 and Osimertinib Interact to Inactivate mTOR and eIF2a

          



          		

            GZ17-6.02 and Osimertinib Interact to Cause Autophagosome Formation Followed by Autophagic Flux

          



          		

            Autophagosome Formation and Autophagic Flux Play Key Roles in Causing Tumor Cell Death

          



          		

            Regardless of ERBB1 Inhibitor Resistance, GZ17-6.02 and Pemetrexed Regulate Cell Signaling in a Near-Identical Fashion

          



          		

            GZ17-6.02 and Pemetrexed Interact to Increase Autophagy

          



          		

            GZ17-6.02 and Pemetrexed Use Autophagy to Kill NSCLC Cells

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-11-711043-g003.jpg
= s
p—
= = o
% o
P
. 2 oras
;= M
L “
s 22 8 3
[ —
"
. % e
% oo
. -
% o
-
. 2 aes
P
. -
-
T p
: e
i & o
EREE
o e
- e
H
s I
H
= s
) =11

3f3esse

193 /59p15an jo saquinu ueay
<






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc.2021.711043_cover.jpg
’ frontiers
in Oncology

GZ17-6.02 and Pemetrexed Interact
to Kill Osimertinib-Resistant NSCLC
Cells That Express Mutant ERBB1
Proteins





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-711043-g001.jpg
B

TS AR
Wio7s W97 W16SO Hecsz

&

[

&

wenle
et





OEBPS/Images/fonc-11-711043-g004.jpg





