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Abstract

:

Non-small cell lung cancer (NSCLC) represents the most common histological type of lung cancer, characterized by a five-year survival rate of 15% and poor prognosis. Accumulating evidence indicates a prominent role of endoplasmic reticulum (ER) stress and the protein kinase RNA-like ER kinase (PERK)-dependent pathway of the unfolded protein response (UPR) in the pathogenesis of NSCLC. Increased expression of downstream targets of PERK was observed in various subtypes of NSCLC, and it was associated with a more aggressive phenotype, high risk of recurrence, and poor prognosis. Therefore, the present study aimed to investigate the biological effect of the selective PERK inhibitor NCI 159456 on A549 NSCLC cells and Human Pulmonary Fibroblasts (HPF) in vitro. Treatment of both normal and ER-stressed A549 cells with NCI 159456 resulted in a significant increase in the mRNA expression level of pro-apoptotic genes like activating transcription factor 4 (ATF4), DNA damage inducible transcript 3 (DDIT3), and BCL2 Associated X, Apoptosis Regulator (BAX) as well as a decreased level of the anti-apoptotic gene B-cell lymphoma 2 (Bcl-2). Cytotoxicity and genotoxicity analyses revealed that NCI 159456 significantly decreased viability and increased DNA damage in A549 cells under normal and ER stress conditions. Caspase-3 and reactive oxygen species (ROS) detection assays demonstrated that NCI 159456 significantly induced apoptosis and increased the ROS level in normal and ER-stressed A549 cells. Importantly, treatment with the inhibitor did not affect substantially normal HPF cells at any used concentration. The results indicate that PERK inhibitors could potentially be applied as a targeted therapy for NSCLC.
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1. Introduction


Lung cancer is the most common cause of cancer-related mortality worldwide, accounting for approximately 1.8 million deaths per year [1]. Non-small cell lung cancer (NSCLC) represents about 84% of all lung cancers, of which adenocarcinoma (54.7%) and squamous cell carcinoma (29.4%) are the most prevalent histological subtypes [2]. NSCLCs are a heterogeneous group of tumors initiated by many driver mutations [3]. Oncogenic mutations disrupt cell cycle control, leading to high proliferation and rapid growth, exacerbating the cell’s translational and metabolic demands. During progression, cancer cells are exposed to multiple cell-extrinsic stressors like hypoxia, nutrient deprivation, acidosis, and oxidative stress [4]. These factors interfere with the capability of the endoplasmic reticulum (ER) machinery to fold, assemble, and transport newly synthesized proteins. Consequently, unfolded proteins accumulate within the ER lumen, causing ER stress [5]. To alleviate stress and restore proteostasis, ER activates the adaptive signaling pathways known as the unfolded protein response (UPR). The first-line adaptive response to ER stress is initiated by protein kinase R-like ER kinase (PERK), which phosphorylates its major substrate eukaryotic initiation factor 2α (eIF2α) [6]. This results in global attenuation of protein translation with preferentially enhanced expression of the activating transcription factor 4 (ATF4). ATF4 upregulates the expression of adaptive UPR target genes implicated in antioxidant response, amino acid metabolism, and cytoprotective autophagy to maintain cancer cell survival and growth. Although the PERK pathway activates pro-apoptotic factors like DNA damage inducible transcript 3 (DDIT3) and B-cell lymphoma-2 (Bcl-2) family proteins, recent reports suggest that in cancer cells the balance is shifted toward pro-survival signaling [7,8]. PERK-mediated pathway promotes cancer cell survival and actively contributes to carcinogenesis by interacting with several pro-oncogenic signaling pathways, including c-Myc, Wnt, and PI3K/AKT [9,10,11,12]. Furthermore, activation of the PERK-ATF4 signaling pathway promotes metastasis and confers resistance to chemotherapy and radiotherapy, representing one of the most critical challenges for cancer treatment [13,14,15]. Therefore, PERK emerges as a promising target for therapeutic intervention in multiple malignancies [16]. Interestingly, recent studies suggest that PERK-specific inhibitors may target dormant tumor cells resistant to conventional antiproliferative therapies, thus providing an adjuvant approach to eliminate minimal residual disease and prevent recurrence [17]. While many PERK inhibitors have been investigated as potential anti-cancer agents [18,19,20], there are few reports on their applicability in NSCLC treatment. ER stress, followed by the activation of the PERK-dependent pathway, is a common phenomenon in NSCLCs, and elevated levels of PERK downstream targets are observed across various NSCLC histological subtypes [21,22,23,24]. In human lung adenocarcinomas, increased expression of both p-eIF2α and ATF4 is mainly observed in advanced tumor subtypes with aggressive growth patterns, high risk of recurrence, and poor prognosis [22,23]. Furthermore, cigarette smoking, a major etiologic factor of NSCLC, has been shown to induce PERK-dependent eIF2α phosphorylation in the human pulmonary epithelium, indicating the potential involvement of the PERK pathway in NSCLC development [24]. ATF4-mediated protection against reactive oxygen species (ROS) has also been linked to radio- and chemotherapy resistance in various cancer cells, including those derived from NSCLCs [25]. All in all, these findings demonstrate that activation of the PERK-related pathway may contribute to the development and progression of NSCLC, supporting the resistance of tumor cells to metabolic limitations and treatment.



Considering the implications of PERK activation in human NSCLCs tumorigenesis, in this study, we assessed the properties of the small-molecule PERK inhibitor NCI 159456 in a cellular model of NSCLC. NCI 159456 was selected from the National Institute of Cancer (NCI) by a high-throughput inhibitor screening assay for its low rate of compounds containing known toxicophores and reactive functional groups and its maximum molecular diversity. NCI 159456 is a compound with a molecular mass of 338 Da, which has shown marked cytotoxicity against breast cancer lines in a previous study [26].




2. Materials and Methods


2.1. Screening for the NCI 159456 PERK Inhibitor


High-throughput assay (HTS) was used to select the NCI 159456 PERK inhibitor from the National Cancer Institute (NCI) compound library. The PERK inhibitory compounds were selected based on the following properties: low rate of compounds that contain known toxicophores or reactive functional groups and maximization of molecular diversity. A time-resolved fluorescence resonance energy transfer (TR-FRET) assay was used to screen a small-molecule NCI compound library.




2.2. Cell Cultures


The experiments were carried out using commercially available human lung carcinoma epithelial cells (A549; CRM-CCL-185) obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA) and Human Pulmonary Fibroblasts (HPF; 3300) obtained from the ScienCell Research Laboratories (Carlsbad, CA, USA). Both cell cultures were maintained under standard conditions (37 °C; 5% CO2; 95% humidity), as described by the manufacturer’s guidelines. The A549 cell line was cultured in Kaighn’s Modification of Ham’s F-12 Medium (F-12K; ATCC; USA) with supplementation of 10% (v/v) fetal bovine serum (FBS; Sigma-Aldrich Corp., St. Louis, MO, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin solution (P/S; GIBCO-BRL, Life Technologies, Ltd., Renfrew, UK). A549 cells were cultured in T-75 culture vessels and passaged every 2–3 days at 90–95% confluency after dissociation with 0.25% (w/v) Trypsin-0.53 mM EDTA (T/E) solution (ATCC; USA). The HPF cell line was cultured in the Fibroblast Medium (FM; ScienCell Research Laboratories, USA) containing fibroblast basal medium (BM) supplemented with 2% fetal bovine serum (FBS), 1% fibroblast growth supplement, and 1% P/S antibiotic solution. HPF cells were cultured in poly-L-lysine-coated T-75 culture flasks (2 μg/cm2). HPF cells were split every 3–4 days at 90–95% confluency and after detachment with 0.05% T/E solution (ScienCell Research Laboratories, USA).




2.3. Gene Expression Analysis


To determine the mRNA expression levels of the pro-apoptotic genes linked to ER stress, total RNA was extracted from A549 and HPF cells utilizing PureLink RNA Mini Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) in accordance with the manufacturer’s protocol. Subsequently, the obtained RNA was transcribed to cDNA via the GoScript™ Reverse Transcriptase (Promega Inc., Madison, WI, USA; final concentration 100 ng). Next, to assess the expression profile of pro-apoptotic genes related to ER stress, namely DDIT3 (Hs01090850_m1), BCL2 Associated X, Apoptosis Regulator (BAX) (Hs00180269_m1), ATF4 (Hs00909569_g1), and Bcl-2 (Hs00608023_m1), the TaqMan Gene Expression Assay was used. ACTB (Hs99999903_m1) served as a reference gene. The qPCR analysis mixture (total volume of 10 μL) consisted of cDNA (1 μL), primers (1 μL), 5× HOT FIREPol® Probe quantitative (q)PCR Mix (2 μL; Solis BioDyne OÜ, Tartu, Estonia), and nuclease-free water (6 μL). The conditions for the qPCR reaction were set according to the manufacturer’s manual: 15 min enzyme activation at 95 °C and 40 cycles of denaturation (10 s, 95 °C) with annealing/extension (60 s, 60 °C). The mRNA expression level was determined via the Bio-Rad CFX96 (BioRad Laboratories, Hercules, CA, USA) system.




2.4. Cytotoxicity Analysis


The cytotoxicity assessment of the evaluated NCI 159456 PERK inhibitor was performed via the 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) colorimetric assay (Thermo Scientific). The assay measures cellular metabolic activity, indicating cell viability, proliferation, and cytotoxicity. XTT colorimetric assay is based on reducing a yellow tetrazolium salt to an orange formazan dye by living, metabolically active cells. All experiments were carried out three times with similar results. A549 and HPF cells were seeded in a 96-well plate (5 × 103/well) and cultured for 24 h in 100 μL of the complete F-12K or FM growth medium, respectively. Subsequently, A549 and HPF cells were treated with 100 μL of the complete medium containing NCI 159456 compound at a wide concentration range (3 μM, 6 μM, 12 μM, 25 μM, 50 μM, 75 μM, 100 μM, 50 mM) or the solvent for the evaluated PERK inhibitor, 0.1% DMSO (Sigma-Aldrich Corp.). The positive controls constituted cells incubated with 100% DMSO, whereas the negative control cells were grown only in the complete F-12K or FM medium, respectively. Then, the effect of the NCI 159456 PERK inhibitor in ER-stressed A549 cells was analyzed. The A549 cells were seeded in 96-well plates (5 × 103/well) in 100 μL of the complete F-12K growth medium and left for 24 h to adhere. Next, A549 cells were preincubated with 100 μL of the complete medium containing NCI 159456 PERK inhibitor at 3 μM and 50 μM concentrations for 1 h. After incubation, the A549 cells were treated with Th (500 nM), an ER stress inducer. Some cells were exposed only to 500 nM Th. The untreated A549 cells grown in the complete medium served as the negative control, and the positive control constituted cells treated with 100% DMSO. All samples were incubated for 16, 24, or 48 h with the respective compounds or media. Then, 25 µL of XTT/PMS suspension was added to each well in accordance with the manufacturer’s protocol. After 2 h of incubation in a 5% CO2 incubator at 37 °C, the absorbance measurement was performed using the Synergy HT spectrophotometer (BioTek, Shoreline, WA, USA) at a wavelength of 450 nm.




2.5. Genotoxicity Analysis


The comet assay, alkaline version (ACA) was used to study the genotoxic impact of the investigated NCI 159456 PERK inhibitor on A549 and HPF cells. All experiments were run in triplicate with similar results. A549 and HPF cells were seeded at 2 × 105 density in 6-well plates in 2 mL of F-12K or FM growth medium, respectively. Subsequently, A549 and HPF cells were exposed to the NCI 159456 PERK inhibitor at a wide range of concentrations (3–100 μM) or the solvent, 0.1% DMSO (Sigma-Aldrich Corp.), for 24 h. Cells treated with 5% DMSO (Sigma-Aldrich Corp.) were used as the positive control, and cells cultured only in the complete F-12K or FM growth medium, respectively, constituted the negative control. Furthermore, the genotoxic effect of the NCI 159456 PERK inhibitor was analyzed in Th-treated A549 cells. A549 cells were seeded in 6-well plates at 2 × 105 in 2 mL of the complete F-12K cell culture medium for 24 h. Next, the A549 cells were preincubated for 1 h with 2 mL of the complete medium with the NCI 159456 PERK inhibitor at 3 μM and 50 μM concentrations. Following this, A549 cells were exposed to 50 nM Th. Some of the cells were incubated only with 50 nM Th. The positive control constituted A549 cells exposed to 5% DMSO (Sigma-Aldrich Corp.), whereas A549 cells incubated in 2 mL of the complete medium served as the negative control. All the treated samples were incubated for 24 h. The cells were then suspended in 0.37% low melting point agarose and placed on microscope slides pre-coated with normal melting point agarose (Sigma-Aldrich Corp.). The samples were incubated for 1 h at 4 °C in pH 10 lysis buffer (2.5 M NaCl, 10 mM Tris, 100 mM EDTA, 1% TritonX-100) (Sigma-Aldrich Corp.). Next, the preparations were incubated for 20 min at 4 °C in the development buffer (300 mM NaOH, 1 mM EDTA) and submitted to electrophoresis in the electrophoretic buffer (30 mM NaOH, 1 mM EDTA) for 20 min at 4 °C (32 mA, 17 V). After electrophoresis, the preparations were washed 3 times with distilled water and left to dry at room temperature. Then, the samples were stained with a fluorescent dye, DAPI. Cell DNA damage was analyzed under a fluorescence microscope by measuring the DNA percentage in the comet tail.




2.6. Apoptosis Analysis


The caspase-3 level in A549 and HPF cells was analyzed using the Caspase-3 Assay Kit (Colorimetric; Abcam, Cambridge, UK). Caspase-3 acts as an executioner caspase during apoptosis, as its essential proteolytic functions lead to the final stages of programmed cell death. All experiments were run in triplicate with similar results. A549 and HPF cells were seeded in 6-well plates at 5 × 105/well in the complete F-12K or FM growth medium and left to adhere for 24 h. Next, A549 and HPF were incubated with the tested NCI 159456 PERK inhibitor at 3 to 100 μM concentrations or with the solvent 0.1% DMSO (Sigma-Aldrich Corp.) for 24 h. Cells incubated for 16 h with 1 µM of staurosporine (Sigma-Aldrich Corp.) served as the positive control. In contrast, cells incubated for 24 h in F-12K or FM growth medium constituted the negative control. Moreover, to assess the effect of NCI 159456 compound on Th-treated A549 cells, the cells were seeded at 5 × 105/well in 6-well plates and grown for 24 h in the complete medium. Next, A549 cells were treated with the complete medium containing the NCI 159456 PERK inhibitor at 3 μM and 50 μM concentrations for 1 h before exposure to 500 nM Th for 24 h. Some A549 cells were exposed only to Th at 500 nM for 24 h. The positive controls constituted cells exposed to 16 h treatment with 1 µM staurosporine (Sigma-Aldrich Corp.), and the negative controls constituted cells cultured for 24 h in the complete A549 growth medium only. Subsequently, A549 cells were rinsed once with 1× DPBS (Sigma-Aldrich Corp.) and dissociated with 0.25% T/E solution (Innoprot, Derio, Spain). The resulting cell suspension was centrifuged at room temperature for 5 min at 1000 rpm, and then, the supernatant was removed. The pellet was then resuspended in the complete F-12K medium; the cells were counted and centrifuged at room temperature for 5 min at 1000 rpm. The pellet (1 × 106 cells) was resuspended in the cold Cell Lysis Buffer (50 µL) and incubated on ice for 10 min. Next, the samples were centrifuged for 1 min at 10,000× g. The obtained supernatants were transferred to fresh 2 mL tubes. The protein concentration was calculated and normalized to 100 μg protein/sample by performing a standard Bradford assay, in which BSA was used as a protein standard. Subsequently, 2× Reaction Buffer (10 mM DTT, 4 mM DEVD-pNA) was added to each sample, and the samples were incubated at 37 °C for 2 h. Following the incubation, the p-NA absorbance was measured by the Synergy HT spectrophotometer (BioTek, USA) at 405 nm wavelength.




2.7. Evaluation of the Level of Reactive Oxygen Species (ROS)


The evaluation of the level of reactive oxygen species (ROS) was performed using the Reactive Oxygen Species (ROS) Detection Assay Kit (Abcam, Cambridge, UK). A549 and HPF cells were grown in 96-well plates (6 × 104/well) for 24 h in 100 μL of the complete F-12K or FM growth medium, respectively. Cells grown only in the complete F-12K or FM growth medium, respectively, constituted the negative control, whereas cells incubated with ROS inducer constituted the positive control. After the cells’ adhesion, the cell culture medium was removed, and all wells were rinsed with 100 µL of ROS Assay buffer. Subsequently, the ROS Label was added to each well. After 45 min of incubation in the dark at 37 °C, the ROS Label was removed and A549 and HPF were exposed for 24 h to 100 μL of the complete culture medium containing NCI 159456 compound at a wide concentrations range (3–100 μM) or 0.1% DMSO (Sigma-Aldrich Corp.) that was used as the solvent for the evaluated PERK inhibitor. Then, the culture medium with the test compounds was removed, and ROS Assay buffer (100 µL) was added to each well. The fluorescence was measured at Ex/Em = 495/529 nm by a Synergy HT spectrophotometer (BioTek, USA).




2.8. Statistical Analysis


The statistical analysis was carried out by the Statistica (version 13; StatSoft, Kraków, Poland). In the present study, the Shapiro–Wilk test was applied to determine the normality of data distribution in all experiments. Except for the comet assay, all data were characterized by a normal distribution. Therefore, further analysis and comparison between multiple groups were performed by ANOVA with Dunnett’s post hoc test. In the comet assay, the two groups were compared using the Mann–Whitney U-test. The statistical analysis in each experiment was based on the results of three replicates. In the graphs, statistically significant differences are marked as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.





3. Results


3.1. mRNA Expression Analysis of the ER Stress-Related Pro-Apoptotic Genes in A549 and HPF Cells Treated with NCI 159456 PERK Inhibitor


The expression analysis of ATF4, DDIT3 encoding DNA damage-inducible transcript 3 (CHOP), BAX, and Bcl-2 mRNA was performed both in HPF and A549 cells exposed to the investigated NCI 159456 compound (3–100 μM) or with 0.1% DMSO, as well as in cancer A549 cells under Th-induced ER stress and incubated with the NCI 159456 PERK inhibitor (3 and 50 μM). No significant changes in ATF4, DDIT3, BAX, and Bcl-2 mRNA expression were observed in non-cancerous HPF cells at any investigated NCI 159456 compound concentration and 0.1% DMSO compared to the negative control (Figure 1). Interestingly, obtained results have shown a significant increase in the mRNA expression level of the ATF4, DDIT3, and BAX pro-apoptotic genes, as well as a significant decrease in the level of anti-apoptotic gene Bcl-2 in cancer A549 cells treated with 50 μM of the NCI 159456 PERK inhibitor compared to that in the negative control cells. No significant changes were detected in ATF4, DDIT3, BAX, and Bcl-2 mRNA expression levels in A549 cells after incubation with 0.1% DMSO compared to that in the negative control cells (Figure 2). Further, A549 cells that were incubated both with Th and 50 μM NCI 159456 PERK inhibitor showed a significant increase in the expression level of pro-apoptotic, ER stress-related genes ATF4, DDIT3, and BAX compared with that in A549 cells exposed to Th alone. A549 cells with Th-induced ER stress conditions treated with 50 μM NCI 159456 compound showed significantly lower expression level of the anti-apoptotic gene Bcl-2 than that in the untreated ER-stressed A549 cells (Figure 3).




3.2. Evaluation of the Cellular Toxicity of the NCI 159456 PERK Inhibitor


The cytotoxic effect of the investigated NCI 159456 compound both in HPF and A549 cell lines was evaluated via the XTT colorimetric assay. No significant cytotoxicity was noted toward the HPF cell line at any applied concentrations of the tested NCI 159456 PERK inhibitor or 0.1% DMSO after 16, 24, or 48 h compared with the negative control (Figure 4A). However, the obtained results demonstrated a significantly reduced percentage of viable A549 cells following the 16, 24, or 48 h incubation with 50 μM of NCI 159456 PERK inhibitor compared with the negative control. Also, 0.1% DMSO did not induce significant toxicity in A549 cells after the 16, 24, or 48 h incubation compared to the negative control (Figure 4B). Moreover, the results showed a significant decrease in the viability of A549 cells with Th-induced ER stress upon treatment with 50 μM of NCI 159456 compound compared to the untreated ER-stressed A549 cells at each incubation time (Figure 4C).




3.3. Genotoxicity Assessment of the NCI 159456 PERK Inhibitor


The ACA was applied to assess the DNA damage induced by the NCI 159456 compound in HPF and A549 cell lines. The concentration of 0.1% DMSO and the investigated NCI 159456 PERK inhibitor did not cause significant DNA damage in HPF cells at any concentration after 24 h incubation compared to that in the negative control (Figure 5A). In contrast to HPF cells, the highest increase in DNA damage was observed in A549 cells treated with 50 μM of NCI 159456 PERK inhibitor compared to that in the negative control. The concentration of 0.1% DMSO did not evoke DNA damage in A549 cells (Figure 5B). Additionally, obtained results demonstrated significantly increased DNA damage in the ER-stressed A549 cells treated with 50 μM of NCI 159456 compound compared to that in the untreated ER-stressed A549 cells (Figure 5C).




3.4. Evaluation of the Level of Apoptosis


Colorimetric caspase-3 assay was used to assess the caspase-3 activity in HPF and A549 cell lines treated with the NCI 159456 PERK inhibitor. We noted a significant increase in the caspase-3 activity in HPF and A549 cells after treatment with 1 μM staurosporine for 16 h (Figure 6A–C). No significant induction of caspase-3-dependent apoptosis was observed after 24 h exposure of HPF to the NCI 159456 PERK inhibitor (3–50 μM) (Figure 6A). Furthermore, we demonstrated a relevant increase in caspase-3 activity in A549 cells incubated with 50 μM of NCI 159456 compound compared to that in the negative control (Figure 6B). Inhibitor solvent 0.1% DMSO did not induce caspase-3 activity both in HPF and A549 cell lines (Figure 6A,B). Additionally, the obtained results showed a significant increase in caspase-3 level in the ER-stressed A549 cells treated with 50 μM of NCI 159456 compound compared to that in the untreated ER-stressed A549 cells (Figure 6C).




3.5. Evaluation of the Level of Reactive Oxygen Species (ROS)


ROS Detection Assay Kit was applied to evaluate the level of ROS in HPF and A549 cells after exposure to the investigated NCI 159456 PERK inhibitor. There were no significant changes in the ROS level in HPF cells after treatment with the NCI 159456 PERK inhibitor at any concentration used and its solvent 0.1% DMSO compared with that in the negative control (Figure 7A). However, obtained results showed a significantly increased ROS level in A549 cells after their exposure to 50 μM of NCI 159456 compound compared to that in the negative control. We noted that 0.1% DMSO did not induce a significant increase in ROS level in A549 cells (Figure 7B). Furthermore, the obtained results demonstrated a significantly increased ROS level in the ER-stressed A549 cells treated with 50 μM of NCI 159456 compound compared to that in the untreated ER-stressed A549 cells (Figure 7C).





4. Discussion


Multiple internal and external stimuli, including cigarette smoke exposure, the leading causal factor of lung cancers, can induce chronic ER stress and UPR recruitment, which is a crucial pathway in tumorigenesis [23,24]. The upregulation of ER stress-related proteins was demonstrated to positively correlate with lymph node metastasis and poor prognosis in NSCLC [27]. Recent reports suggest a pleiotropic effect of PERK on carcinogenesis through the activation of numerous non-canonical signaling pathways [28,29]. It was established that the PERK-eIF2α-ATF4 pathway activation promotes angiogenesis, invasion, and epithelial–mesenchymal transition, thereby increasing the metastatic potential in various cancers, including NSCLC [30,31,32,33]. Significant enrichment of ATF4 target genes was detected in advanced lung adenocarcinomas with unfavorable prognosis, high risk of recurrence, and increased resistance to cisplatin [22,34]. The inhibition of eIF2α and ATF4 in nutrient-deficient conditions disrupted amino acid homeostasis in multiple stages and molecular subtypes of NSCLC, impairing tumor cell growth and motility [12,22]. Moreover, an acidic tumor microenvironment was demonstrated to induce ROS-mediated ER stress and upregulate ER stress-related proteins, such as p-PERK, p-eIF2α, DDIT3, spliced X-box binding protein 1 (XBP1s), and glucose-regulated protein 78 (GRP78), which promote both autophagy and cell survival, in NSCLC in vitro model [35,36]. Thus, to assess the biological effect of the investigated NCI 159456 inhibitor, our research was conducted on the A549 cell line treated with Th, which constituted an ER stress inducer.



The adaptive PERK/p-eIF2α branch of the UPR has been identified as a critical component of tumorigenesis, particularly in KRAS (Kirsten rat sarcoma viral oncogene homolog)-driven tumors representing an NSCLC subtype often resistant to treatment [23]. Therefore, in the present study, we evaluated the effectiveness of a pre-selected small-molecule PERK inhibitor on human lung carcinoma epithelial cells (A549)—a representative NSCLC cell line with mutations in the KRAS gene [37]. A normal human pulmonary fibroblasts (HPF) cell line was used as the control to assess the specificity of the tested PERK inhibitor and any potential adverse side effects of the inhibitor. Results obtained in this study have confirmed that the chosen inhibitor of the PERK-dependent UPR signaling pathway may constitute a targeted treatment strategy against NSCLC. Moreover, the fact that the tested compound had no significant effect on HPF demonstrates its specificity towards cancerous cells and the possibility of no severe side effects in healthy tissues.



Multiple PERK-specific inhibitors, such as GSK2606414, NCI 12487, and HC-5404, have recently been reported to display significant anti-tumor efficacy. These inhibitors could affect disease progression and prevent recurrence in diverse tumor models, including multiple myeloma, colorectal cancer, and renal tumor [18,19,20]. Intriguingly, some PERK-mediated UPR signaling inhibitors are currently being investigated in lung cancer models. The newest study on PERK inhibitor HC4 with single-cell gene expression profiling and imaging reported that a significant proportion of solitary disseminated cancer cells in the lungs were dormant and displayed PERK-dependent ER stress. Thus, PERK inhibitors could be applied as a novel strategy specifically affecting solitary disseminated cancer cells that originate metastases [17].



A study on A549 and H358 cells demonstrated that the inhibitors of PERK (GSK2656157), other UPR-related proteins, heat shock protein 90 (HSP90), and the receptor tyrosine kinase AXL can synergistically enhance the antitumor effects of pemetrexed and trametinib, suggesting a rational combination strategy to treat KRAS-mutant lung cancer. HSP90 was also shown to be essential for PERK/c-Jun N-terminal kinase/activating transcription factor 2 (PERK/JNK/ATF2)-dependent pro-survival response, and the inhibition of HSP90 leads to eIF2α/DDIT3-mediated apoptosis [38]. Another study exploring the role of ER stress and autophagy in cisplatin-induced apoptosis in NSCLC cells has shown that treatment with ER stress inhibitor 4-phenylbutyric acid or tauroursodeoxycholic acid sodium and an autophagic inhibitor 3-methyladenine or chloroquine was able to enhance cisplatin-induced apoptosis [39].



On the other hand, pazopanib, a multitargeted tyrosine kinase inhibitor, which is known to induce ROS-mediated ER stress and apoptosis in lung cancer, was evaluated in a phase III trial as a maintenance therapy after standard first-line platinum-based chemotherapy in patients with advanced NSCLC [40]. However, this study was stopped because of a lack of efficacy based on strict progression-free survival (PFS) criteria at a futility interim analysis [41]. Nifuroxazide was demonstrated to induce the apoptosis of H1299 NSCLC cells via the ROS/Ca2+/PERK-ATF4-DNA damage-inducible transcript 3 (CHOP) signaling pathway [42], and butein (3,4,2′,4′-tetrahydroxychalcone) was also reported to induced apoptosis and G2/M cell cycle arrest via the PERK/eIF2α/CHOP pathway in A549 and PC-9 NSCLC cell lines [43].



Intriguingly, metformin, an old anti-hyperglycemic drug that demonstrates numerous extra-metabolic actions, was recently observed to enhance the antitumor activity of MEK-I in human LKB1-wild-type NSCLC cell lines, independently of KRAS mutational status, through downregulation of the GLI Family Zinc Finger 1 (GLI1) and reduction of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)-mediated transcription of matrix metalloproteinase-2 (MMP-2) and matrix metalloproteinase-9 (MMP-9) [44]. Its advantage of having mild and rare side effects makes it potentially valuable for oncology therapy in combination with antineoplastic drugs.



Currently, available lung cancer treatment strategies, including diverse surgical methods, radiation-, chemo-, immuno-, and targeted therapy, present many disadvantages, such as poor bioavailability, high-dose requirements, adverse effects, narrow therapeutic index, development of multiple drug resistance, and non-specific targeting. Over the past two decades, advances in molecular profiling have translated into the successful application of numerous targeted therapies and immunotherapies in selected NSCLC patient populations. Nevertheless, an incomplete understanding of the molecular mechanisms underlying the progression of NSCLC limits the application of precision medicine, which could otherwise improve patients’ survival [45]. Tumor heterogeneity and drug resistance are significant difficulties in cancer medicine, especially in KRAS-NSCLC, which is particularly resistant to targeted therapy and first-line chemotherapy [38]. Despite substantial improvements in lung cancer treatment, the prognosis for NSCLC remains poor, with an overall survival (OS) of less than 9% in advanced NSCLC. Therefore, investigation of new molecular targets to overcome treatment resistance in NSCLC is warranted [46]. Hence, the present study offers further insight into the molecular mechanisms underlying NSCLC pathology and highlights the effectiveness of PERK inhibition against NSCLC cells in normal and ER stress conditions. Considering the specificity of the analyzed PERK inhibitor and its minimal impact on normal cells, NCI 159456 could become a potential treatment strategy against NSCLC to improve outcomes for NSCLC patients.




5. Conclusions


The present study investigated the biological effect of the selective PERK inhibitor NCI 159456 on NSCLC cells and pulmonary fibroblasts in vitro. Treatment of both normal and ER-stressed A549 cells with NCI at 50 µM significantly increased the mRNA expression level of pro-apoptotic genes (ATF4, DDIT3, BAX) and decreased the level of the anti-apoptotic Bcl-2 gene. Moreover, 50 µM NCI 159456 significantly reduced NSCLC cell viability and increased the level of DNA damage both under normal and ER stress conditions. Further studies demonstrated that NCI 159456 at the indicated concentration significantly induced apoptosis and increased the ROS level in normal and ER-stressed A549 cells. At the same time, the inhibitor did not affect normal pulmonary cells HPF at any used concentration. The results obtained support the potential application of PERK inhibitors for targeted therapy against NSCLC.
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Figure 1. Evaluation of the mRNA expression level of the apoptotic ER stress-related genes: ATF4 (A), DDIT3 (B), BAX (C), and Bcl-2 (D) in HPF cells exposed to the NCI 159456 PERK inhibitor. The TaqMan gene expression assay was performed for the analysis. All experiments were run in triplicate; values are expressed as mean ± SEM, n = 3; *** p < 0.001 versus the negative control; Negative Control—untreated HPF cells; Positive Control—100 µM H2O2 (37 °C, 24 h); 0.1% DMSO—HPF cells treated with the solvent, 0.1% dimethyl sulfoxide. 
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Figure 2. Evaluation of the mRNA expression level of the apoptotic ER stress-related genes: ATF4 (A), DDIT3 (B), BAX (C), and Bcl-2 (D) in A549 cells exposed to the NCI 159456 PERK inhibitor. The TaqMan gene expression assay was performed for the analysis. All experiments were run in triplicate; values are expressed as mean ± SEM, n = 3. * p < 0.05, *** p < 0.001 versus the negative control. Negative Control—untreated A549 cells; Positive Control—100 µM H2O2 (37 °C, 24 h); 0.1% DMSO—A549 cells treated with the solvent, 0.1% dimethyl sulfoxide. 
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Figure 3. Evaluation of the mRNA expression level of the apoptotic ER stress-related genes: ATF4 (A), DDIT3 (B), BAX (C), and Bcl-2 (D) in A549 cells exposed to Th alone or Th and NCI 159456 PERK inhibitor. The TaqMan gene expression assay was performed for the analysis. All experiments were run in triplicate; values are expressed as mean ± SEM, n = 3. ** p < 0.01, *** p < 0.001 versus Th. Negative Control—untreated A549 cells; Positive Control—100 µM H2O2 (37 °C, 24 h); Th—thapsigargin-treated A549 cells (ER-stressed A549). 
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Figure 4. Analysis of the cytotoxicity of the NCI 159456 PERK inhibitor toward HPF cells (A), A540 cells (B), and viability of A549 cells exposed to Th alone and ER-stressed A549 cells treated with the NCI 159456 PERK inhibitor (C) performed by the XTT assay. All experiments were run in triplicate; values are expressed as mean ± SEM, n = 3. * p < 0.05, ** p < 0.01, *** p < 0.001 versus the negative control (A,B) and Th (C). Negative Control—untreated HPF (A) and A549 (B,C) cells; Positive Control—HPF (A) and A549 (B,C) cells treated with 100% dimethyl sulfoxide; 0.1% DMSO—HPF (A) and A549 (B) cells treated with the solvent, 0.1% dimethyl sulfoxide; Th—thapsigargin-treated A549 cells (ER-stressed A549 cells). 
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Figure 5. Analysis of genotoxicity in HPF (A) and A549 (B) cells exposed to the NCI 159456 PERK inhibitor and in A549 cells with Th-induced ER stress exposed to NCI 159456 compound (C), performed by the alkaline version of comet assay. All experiments were run in triplicate. The number of cells assessed in each experiment was 100. Box plots show median, first/third quartiles, and minimum/maximum values. *** p < 0.001 versus the negative control (A,B) and versus Th (C). Negative Control—untreated HPF (A) and A540 (B,C) cells; Positive Control—HPF (A) and A549 (B,C) cells treated with 5% dimethyl sulfoxide; 0.1% DMSO—HPF (A) and A549 (B) cells treated with the solvent, 0.1% dimethyl sulfoxide; Th—thapsigargin-treated A549 cells (ER-stressed A549). 
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Figure 6. Evaluation of the level of apoptosis in HPF (A) and A549 (B) cells or ER-stressed A549 cells (C) after exposure to NCI 159456 PERK inhibitor. The assessment was performed by caspase-3 assay. All experiments were run in triplicate; values are expressed as mean ± SEM, n = 3. *** p < 0.001 versus the negative control (A,B) and versus Th (C). Negative Control—untreated HPF (A) and A549 (B,C) cells; Positive Control—HPF (A) and A549 (B,C) cells treated with 1 μM staurosporine; 0.1% DMSO—HPF (A) and A549 (B) cells treated with the solvent, 0.1% dimethyl sulfoxide; Th—thapsigargin-treated A549 cells (ER-stressed A549). 
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Figure 7. Analysis of the reactive oxygen species (ROS) generation in HPF (A) and A549 (B) cells or ER-stressed A549 cells (C) after treatment with NCI 159456 PERK inhibitor. The test was performed using the ROS Detection Assay Kit. All experiments were run in triplicate; values are expressed as mean ± SEM, n = 3. * p < 0.05, *** p < 0.001 versus the negative control (A,B) and versus Th (C). Negative Control—untreated HPF (A) and A549 (B,C) cells; Positive Control—HPF (A) and A549 (B) cells treated with ROS inducer; 0.1% DMSO—HPF (A) and A549 (B) cells treated with the solvent, 0.1% dimethyl sulfoxide; Th—thapsigargin-treated A549 cells (ER-stressed A549). 
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