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Abstract

:

Fascaplysin is a natural product isolated from sponges with a wide range of anticancer activities. However, the mechanism of fascaplysin against NSCLC has not been clearly studied. In this study, fascaplysin was found to inhibit migration by regulating the wnt/β-catenin signaling pathway and reversing the epithelial–mesenchymal transition phenotype. Further research showed that the anti-NSCLC effect of fascaplysin was mainly through the induction of ferroptosis and apoptosis. Fascaplysin-induced ferroptosis in lung cancer cells, evidenced by increased levels of ROS and Fe2+ and downregulation of ferroptosis-associated protein and endoplasmic reticulum stress, was involved in fascaplysin-induced ferroptosis. In addition, ROS was found to mediate fascaplysin-induced apoptosis. Fascaplysin significantly upregulated the expression of PD-L1 in lung cancer cells, and enhanced anti-PD-1 antitumor efficacy in a syngeneic mouse model. Therefore, these results suggest that fascaplysin exerts anticancer effects by inducing apoptosis and ferroptosis in vitro, and improving the sensitivity of anti-PD-1 immunotherapy in vivo. Fascaplysin is a promising compound for the treatment of NSCLC.
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1. Introduction


Lung cancer is a malignant tumor with one of the highest incidence rates in the world, of which NSCLC accounts for about 85% [1]. For a long time, the treatment methods for NSCLC were mainly surgical resection, radiotherapy, and chemotherapy, but the prognosis of patients after receiving these treatments was not good [2]. In recent years, rapid developments in immunotherapy have shown excellent efficacy in cancer treatment. Specifically, immunotherapy based on PD-1 blocking and combination therapy based on PD-1/PD-L1 blocking show potential for the treatment of NSCLC [3,4,5].



Marine-derived substances have novel structures and unique activities, and are considered a treasure trove of drugs [6]. Fascaplysin is isolated from sponges and exerts anticancer effects by inhibiting cyclin-dependent kinase 4 (CDK4), whose effects include growth inhibition, angiogenesis, metastasis, and proliferation of several cancer cells [7,8]. However, the anticancer mechanisms of fascaplysin have not been intensively studied.



Ferroptosis is an iron-dependent form of lipid peroxidative cell death [9]. Increasing evidence shows that ferroptosis is the cause or result of many pathophysiological processes in human diseases, including acute lung injury, cancer, ulcerative colitis, and so on [10]. Ferroptosis plays a key regulatory role in tumor growth and can eliminate cancer cells in an apoptosis-independent manner [11,12]. Despite the increasing research on ferroptosis, some problems remain [13]. For example, ferroptosis has certain tumor heterogeneity and gene selection characteristics, and its mechanism involves expression regulation of various genes and interacting with different signaling pathways [14]. Therefore, it is essential to study the regulatory effects and molecular mechanisms of different genes on ferroptosis in various cancer diseases, in order to find indicators that can reflect the sensitivity of cells or individuals, and target the development of novel anti-cancer drugs based on ferroptosis [15].



The spread of immune surveillance is one of the most essential features of tumorigenesis [16]. Immune checkpoint blockade (ICB) therapies that act by blocking the programmed cell death protein 1/programmed cell death ligand 1(PD-1/PD-L1) axis have shown durable antitumor activity in a variety of cancer types [2]. The clinical success of anti–PD-1/PD-L1 therapy is mainly due to the reactivation of tumor antigen-specific T cells, which are inactivated by the binding of PD-1 on T cells to its ligand PD-L1 on tumor cells [17,18]. Membrane-anchored PD-L1 has been extensively studied for its binding to PD-1 on T cells to evade antitumor immunity [19]. PD-L1 expression is tightly controlled at transcriptional and post-translational levels; however, aberrant expression of PD-L1 is observed in human cancers [16,20,21]. Gao et al proposed that high expression of PD-L1 in tumor cells would render PD-1/PD-L1 blocking inhibitors more sensitive [16,22,23]. However, the potential mechanism of how the increased expression of PD-L1 increases the sensitivity of PD-1 blockers is unclear [16]. Aguilar et al. proposed that patients with high PD-L1 expression had the greatest opportunity for clinical benefits [24]. It is suggested that patients with lung cancer with high expression of PD-L1 may benefit from the treatment of atezumab [24].



In this study, we investigated the effect of fascaplysin on the viability of lung cancer cells. We found that fascaplysin induced cell death and G1/G0 phase arrest, and inhibited the migration of lung cancer cells. Next, we demonstrated for the first time that fascaplysin induced ferroptosis in lung cancer cells; we also showed that ROS mediated the apoptosis of lung cancer cells induced by fascaplysin. In addition, we found that fascaplysin upregulated the expression of PD-L1 in vitro. Fascaplysin improved the efficacy of anti-PD-1 immunotherapy by increasing the expression of PD-L1 in vivo.




2. Results


2.1. Fascaplysin Arrested the Cell Cycle of A549 Cells by Regulating Cycle-Related Proteins


To observe the cytotoxicity and inhibitory effect of fascaplysin on NSCLC cells, the IC50 value was 2.923 μM, as determined by CCK-8 (Figure 1A). To determine the anti-proliferative effect of fascaplysin, we performed a colony formation assay. The results showed that fascaplysin treatment significantly inhibited the colony formation efficiency of A549 cells (Figure 1B), indicating that fascaplysin inhibited the proliferation of A549 cells. To investigate whether fascaplysin reduces cell viability by altering cell cycle distribution, we performed cell cycle analysis by flow cytometry. Fascaplysin arrested the cell cycle of A549 cells in G0/G1 phase. The proportion of cells in S phase also showed a corresponding decrease (Figure 1C,D). To determine the mechanisms by which fascaplysin induces cell cycle arrest, we examined the expression of cell cycle-related proteins. Fascaplysin decreased the expression levels of cycle-related proteins Rb, cyclin D1, cyclin-dependent kinase (CDK)4, and P27 (Figure 1E). In summary, fascaplysin treatment effectively reduced the viability of A549 cells and arrested the cell cycle of A549 cells in the G0/G1 phase by regulating the expression of cell cycle-related proteins.




2.2. Fascaplysin Inhibited A549 Cells Migration


Wnt/β-catenin signaling has been found to be associated with tumor invasion and migration [25]. Wnt signaling pathway components include β-catenin, C-Myc, AXIN, and GSK3β [26]. We examined the expression of the above proteins in fascaplysin-treated A549 cells using Western blotting. The results showed that fascaplysin treatment of A549 cells decreased the expression levels of β-catenin, AXIN2, GSK3β, and C-myc proteins (Figure 2A–E). Consistent with the above results, immunofluorescence showed decreased β-catenin expression (Figure 2F).



Meanwhile, epithelial–mesenchymal transition (EMT) is considered to be closely associated with tumor progression and metastasis [27]. Therefore, we investigated whether fascaplysin inhibits cell migration by reversing the EMT phenotype. We examined the expression of EMT-related proteins in A549 cells and found that fascaplysin treatment significantly downregulated protein levels of the intercellular markers N-cadherin, vimentin, and MMP9 (Figure 2G–J). Immunofluorescence assays showed decreased N-cadherin expression and increased E-cadherin expression after fascaplysin treatment (Figure 2K,L). The effect of fascaplysin on A549 cell migration was further confirmed by a transwell assay. The results showed that fascaplysin treatment significantly inhibited A549 cell migration (Figure 2M). In summary, fascaplysin inhibited the migration of A549 cells by regulating the Wnt/β-catenin signaling pathway and reversing the EMT phenotype.




2.3. Fascaplysin Induced Apoptosis in A549 Cells


Our previous research found that fascaplysin had cytotoxic effects on A549 cells and could induce cell death. To determine the mode of cell death, we treated A549 cells with erastin, fascaplysin, an apoptosis inhibitor (Z-VAD), necrosis inhibitor (Nec-1), autophagy inhibitor (Wort), and iron ion chelator (DFO), alone or jointly, to determine the mode of fascaplysin inducing A549 cell death. The CCK8 assay showed that erastin could induce A549 cell death, and the apoptosis inhibitor (Z-VAD) and iron ion chelator (DFO) could rescue fascaplysin-induced cell death (Figure 3A). It was preliminarily determined that fascaplysin could induce apoptosis of A549 cells. The iron chelating agent DFO protected against the cytotoxicity of fascaplysin, indicating that fascaplysin-induced cell death is iron-dependent.



To determine whether fascaplysin could induce apoptosis in A549 cells, we used flow cytometry after double staining with Annexin V-FITC and PI. The results showed that the apoptosis rate of A549 cells increased with an increase in fascaplysin concentrations (Figure 3E,F). Studies have reported that Bcl2 family members play an important role in apoptosis by regulating mitochondrial membrane permeability [28]. Bcl2 is an inhibitor of apoptosis proteins and BAX is an apoptosis-promoting protein [29]. We examined the expression of Bcl2 and BAX proteins by Western blotting, and the results showed that the expression of Bcl2 tended to decrease, and BAX tended to be significantly upregulated (Figure 3B–D). Apoptosis is a process of programmed cell death, and mitochondrial apoptosis-inducing channels are early markers of apoptosis development [30]. There is a difference in the voltage across the mitochondrial membrane, called the mitochondrial membrane potential (MMP or Δψ) [30]. Significant loss of ΔΨm causes energy depletion and cell death [31]. We examined the effect of fascaplysin on the mitochondrial membrane potential in A549 cells using a JC-1 probe. The results showed that the mitochondrial membrane potential of A549 cells decreased significantly after fascaplysin treatment, and this decrease in mitochondrial membrane potential was attenuated after fascaplysin co-treatment with Z-VAD (Figure 3G–I). In summary, fascaplysin induced apoptosis and caused a decrease in the mitochondrial membrane potential of A549 cells.




2.4. Fascaplysin Induced Ferroptosis and Endoplasmic Reticulum Stress (ER Stress) in A549 Cells


Ferroptosis is a novel oxidatively regulated mode of cell death (RCD) driven by iron-dependent lipid peroxidation [32]. Our previous study found that fascaplysin and the iron ion chelator DFO could save A549 from cell death after co-treatment, and the classical ferroptosis inducer erastin could induce A549 cell death (Figure 3A). Thus, we expected fascaplysin to induce A549 cell ferroptosis. Next, we examined intracellular lipid ROS, Fe2+ levels, and changes in mitochondrial morphology and other ferroptosis-related parameters. As we expected, intracellular lipid ROS significantly rose in A549 cells treated with fascaplysin (Figure 4A,B). Iron is an essential active element for a variety of biological processes, including ferroptosis [33]. We used Ferrorange (a specific probe for Fe2+) to determine intracellular Fe2+ levels. The results showed that the intracellular red fluorescence signal was significantly enhanced after fascaplysin treatment, and significantly decreased after co-treatment with DFO (Figure 4C). Observation of mitochondrial morphology with transmission electron microscopy revealed increased mitochondrial membrane density and atrophy or disappearance of cristae (Figure 4D).



It is well-known that GPX4 is a classical pathway for ferroptosis [34]. GPX4 is a selenocysteine-containing enzyme that breaks down lipid peroxides, preventing iron-mediated peroxide reactions, leading to ferroptosis [35]. Glutathione mediates the recycling process of GPX4. Glutathione in cells is synthesized from cysteine and requires the Xc- system (XcT) to transport cystine into cells; SLC7A11 is a multichannel transmembrane protein on the XcT [36]. It has been shown that ferritin is also a key ferroptosis regulator [37]. We examined GPX4, FTH1, and SLC7A11 protein expression by Western blotting, and the results showed that GPX4 and FTH1 protein expression was downregulated and SLC7A11 protein expression was upregulated (Figure 4E). Studies have shown that ER stress response is synchronously activated with the ferroptosis induced by ferroptosis inducers in cancer cells [38]. We speculated that abnormal SLC7A11 protein expression may be associated with ER stress. ER stress is a biological state characterized by the expansion or misfolding of proteins [39]. Elevated expression levels of activated transcription factors (ATFs), such as ATF4, form a feedback loop that ultimately regulates ferroptosis through transcriptional activation of several downstream genes [40]. It has been shown that transcriptional activator 4 (ATF4) is a key mediator of metabolic and oxidative homeostasis and cell survival and that ATF4 expression is elevated by various microenvironmental stresses, including starvation, ER stress, and exposure to toxic factors [41]. ATF4-dependent tumor promotion is mediated by transcriptional targeting of the glutamate reverse transporter Xc/SLC7A11 [41]. Thus, XcT was elevated due to ATF4 activation [41]. It has also been shown that ATF4 can play a dual role in inhibiting or promoting ferroptosis by upregulating SLC7A11, HSPA5, and CHOP [40]. We examined the associated proteins by Western blotting, and the results showed that ATF4, HSPA5, and CHOP expressions were significantly upregulated in fascaplysin-treated cells (Figure 4F). To determine whether upregulation of SLC7A11 was caused by ER stress, we knocked down ATF4 in A549 cells using a si-ATF4 transfection reagent and then examined the effect on SLC7A11 protein expression. The results showed that the expression of SLC7A11 protein was downregulated after knocking down ATF4 (Figure 4G–H).



The above results showed that fascaplysin could induce ferroptosis and cause ER stress in A549 cells, and that ER stress mediates ferroptosis.




2.5. ROS Played an Important Role in Fascaplysin-Induced Apoptosis and Ferroptosis in A549 Cells


Many studies have shown that oxidative stress (ROS) can lead to apoptosis [42]. ROS are reactive oxygen species that can activate mitochondria-dependent apoptosis [30]. We investigated whether fascaplysin-induced apoptosis in A549 cells resulted from elevated ROS. We detected ROS by flow cytometry. The results showed that fascaplysin dose-dependently increased intracellular ROS in A549 cells (Figure 5A). N-acetyl-l-cysteine (NAC), as a conventional antioxidant, scavenges intracellular ROS [43]. We examined ROS after treating A549 cells with a combination of f and NAC and found that NAC significantly decreased ROS levels and apoptotic rates, whereas NAC itself had no significant effect on intracellular ROS and apoptotic rates in A549 cells (Figure 5B,C). Next, cell viability was measured by CCK8 assay, and the results were consistent with the above (Figure 5D). The above results suggest that the accumulation of intracellular ROS has an important effect on fascaplysin-induced apoptosis in A549 cells. To further understand the mechanism of ROS in fascaplysin-induced apoptosis in A549 cells, we investigated the effect of ROS on mitochondrial membrane potential in A549 cells. After treatment with NAC, ROS levels decreased and MMP loss was significantly alleviated (Figure 5E). These findings suggested that ROS mediated fascaplysin-induced apoptosis. We also tested the effect of ROS on ferroptosis. Compared with A549 cells treated with fascaplysin alone, the level of lipid reactive oxygen species (ROS) decreased and expression of GPX4 protein increased when fascaplysin and NAC were treated together. These results indicated that ROS also played an important role in fascaplysin-induced ferroptosis (Figure 5F,G).




2.6. Fascaplysin Promoted PD-L1 Expression in A549 Cells


Programmed death ligand 1 (PD-L1) is a cell surface protein that inhibits the killing function of T cells by interacting with PD-1 receptors on the surface of activated T and B cells and negatively regulates the human immune response, no longer attacking tumor cells [44]. It has been shown that, in some solid tumors, the response rate against PD-L1 is limited [45]. Therefore, further understanding of the regulatory mechanisms of PD-L1 can bring substantial benefits to cancer patients by improving the efficacy of current PD-L1/PD-1 blockers or other ICBs [46]. We investigated the effect of fascaplysin on PD-L1 expression in A549 cells, and Western blot results showed that fascaplysin upregulated PD-L1 protein expression (Figure 6A). Immunofluorescence analysis and flow cytometry analysis showed that fascaplysin could enhance the fluorescence intensity of PD-L1 (Figure 6B,C). Studies have shown that IFN-γ is mainly produced by activated T cells, and IFN-γ can promote the expression of PD-L1. We examined the expression of PD-L1 by flow cytometry after combined treatment with IFN-γ and fascaplysin, and the results suggested that the expression of PD-L1 was significantly increased in the combined treatment group (Figure 6D–G). We also examined PD-L1 expression levels in LLC cells. The expression level of PD-L1 was significantly increased after treatment with the combination of fascaplysin and IFN-γ (Figure 6H). The expression of PD-L1 protein in LLC cells was upregulated by treatment with fascaplysin at different concentration gradients (Figure 6I,J). The above results indicated that fascaplysin could promote PD-L1 expression in A549 and LLC cells.




2.7. Protein Ligand Interaction Energy Analysis


At present, numerous studies have shown that blocking the PD-L1/PD-1 pathway shows significant anti-tumor effects in patients with advanced cancer, and is considered to be the standard for the development of the new immune checkpoint blockade (ICB) and combination therapy [46]. Based on the cell experiments described above, we investigated the antitumor effect of fascaplysin combined with anti-PD-1 in vivo. We treated LLC tumor-bearing mice with vehicle, fascaplysin, anti-PD-1, or fascaplysin in combination with anti-PD-1 for 15 days. The tumor size gradually increased in the control group, fascaplysin treatment group, and anti-PD-1 treatment group. However, tumor size was reduced in the group treated with the combination of fascaplysin and anti-PD-1 (Figure 7A). Next, we counted the volume and weight of tumor tissue and found that the combination of fascaplysin and anti-PD-1 had statistically significant reductions compared with the control group (Figure 7B,C). In addition, HampE staining of tumor tissue sections also showed that fascaplysin combined with anti-PD-1 significantly increased the tumor necrosis area compared with the other treatment groups (Figure 7D). The above results suggested that the combination treatment of fascaplysin with anti-PD-1 significantly inhibited the growth of transplanted tumors in mice.



We investigated the infiltration of CD4+ and CD8+ T cells in tumor tissues to characterize the effect of the combination of fascaplysin and anti−PD−1 on the immune response against tumors in vivo. Multiplex immunofluorescence staining showed that CD4+ and CD8+ T cell infiltration was significantly increased in the combination group compared with the monotherapy group (Figure 7E–G). In addition, immunohistochemical staining showed that the expression of PD-L1 and IFN-γ in the combined treatment group was significantly higher than in the monotherapy group (Figure 7D). In addition, immunohistochemical staining showed that the expression of GPX4 and FTH1 in the fascaplysin alone and combined treatment groups was lower than that in the control and anti-PD-1 treatment groups. The above results indicated that fascaplysin could induce ferroptosis in vivo (Figure 7H). These results suggest that the combination of fascaplysin and anti-PD-1 can promote an anti-tumor immune response and inhibit the growth of NSCLC by promoting the expression of PD-L1. Moreover, our results also showed that fascaplysin could induce ferroptosis in NSCLC.





3. Discussion


Previous studies have shown that marine-derived compound fascaplysin has biological activity against a variety of cancer cells. However, there are not many studies on the specific mechanism of action of fascaplysin against cancer. This study investigated the effect of fascaplysin on NSCLC in vivo and in vitro (Figure 8). The results showed that fascaplysin promoted cell cycle G0/G1 arrest, inhibited cell migration, induced apoptosis and ferroptosis, and promoted PD-L1 expression in vitro. Fascaplysin improved the sensitivity of anti-PD-1 immunotherapy by promoting PD-L1 expression in vivo.



Programmed cell death is an active, orderly, and genetically controlled death process, including apoptosis, necrosis, pyrosis, autophagy, and ferroptosis [47]. It plays an important role in the occurrence, development, and treatment of tumors [47]. In this study, we found that fascaplysin induced NSCLC cell death by apoptosis and ferroptosis, and explored the mechanisms involved. First, we found that fascaplysin downregulated the expression of Bcl2 and upregulated the expression of BAX, and that the apoptosis inhibitor Z-VAD effectively attenuated the decrease in mitochondrial membrane potential. These results confirmed that fascaplysin-induced apoptosis is a mitochondrial apoptotic pathway in A549 cells. We also found that NAC could inhibit fascaplysin-induced elevation of ROS, increase apoptosis rate, and decrease MMP. These results confirmed that ROS plays an important role in the mitochondrial apoptosis pathway in A549 cells, and indicated that ROS accumulation plays an upstream role in fascaplysin-induced apoptosis. However, the mitochondrial pathway was not completely blocked by the antioxidant NAC, so we suspect that this pathway is also affected by other factors that are not affected by ROS [48]. The mechanism by which fascaplysin induces ROS production is unknown. The sources of intracellular ROS include peroxisomes, NADPH oxidase, and the mitochondrial electron transport chain [49].



The aim of traditional cancer therapy is to induce apoptosis, but many cancer cells are resistant to chemotherapy or defective in inducing apoptosis [33]. Therefore, the development of new drugs that enhance different forms of non-apoptotic cell death is expected to provide a promising therapeutic strategy for cancer patients [33]. In recent years, great progress has been made in the study of novel anticancer drugs induced by ferroptosis [10]. In this study, we found for the first time that fascaplysin was able to induce ferroptosis in A549 cells by increasing intracellular lipid ROS, increasing Fe2+ levels, regulating proteins such as GPX4, FTH1, and SLC7A11, and activating the ER stress response. Our study results suggest that ER stress is involved in ferroptosis. Recently, an increasing number of studies have demonstrated that ferroptosis is a promising therapeutic target [50]. Therefore, further understanding the relationship between fascaplysin-induced ferroptosis and ER response is important for the development of fascaplysin as a clinically efficient drug against NSCLC [51].



PD-L1 expression is the most useful predictive biomarker for the efficacy of immunotherapy in NSCLC, and CD8+ T cells play a crucial role in the clinical activity of immunotherapy [52]. Immune checkpoint inhibitors against PD-1 or PD-L1 have significantly improved the prognosis of patients with a variety of cancers, although only 20–40% of patients benefit from these new therapies [53]. PD-L1, quantified by immunohistochemical analysis, is currently the most widely validated, used, and accepted biomarker to guide patient selection for anti-PD-1 or anti-PD-L1 antibodies [54]. Immunotherapy based on PD-1 blockade has revolutionized the prognosis of patients with non-small cell lung cancer [55]. In our study, in vitro studies showed that fascaplysin promoted the expression of PD-L1, and in vivo combination therapy of fascaplysin and anti-PD-1 showed strong anticancer effects, whereas treatment alone had no significant anticancer effects. The detection of relevant parameters in tumor tissues revealed increased PD-L1 and IFN-γ expression and enhanced tumor-infiltrating CD8+ and CD4+ T in the fascaplysin and anti-PD-1 combination therapy groups. Our study finally demonstrated that fascaplysin enhanced the sensitivity of anti-PD-1 immunotherapy by promoting PD-L1 expression. It is well-known that T cells can kill tumors and release IFN-γ. Studies have reported that IFN-γ has an inhibitory effect on established tumors in anti-tumor immune responses [56]. Moreover, our study also showed that the combination of fascaplysin and IFN-γ could promote the expression of PD-L1; thus, we speculate that this interaction plays an important role in the strong anticancer effect of combination therapy of fascaplysin and anti-PD-1.




4. Materials and Methods


4.1. Cell Culture


A549 and LLC cell lines were purchased from the American Type Culture Collection (ATCC). A549 cells were cultured in a RPMI-1640 medium containing 10% fetal bovine serum (Gibco, Grand Island, NE, USA) and 1% penicillin-streptomycin (Gibco, Grand Island, NE, USA). LLC cells were cultured in a DMEM medium containing 10% fetal bovine serum (Gibco, Grand Island, NE, USA) and 1% penicillin-streptomycin. They were incubated at 37 °C and 5% CO2.




4.2. Antibodies and Reagents


Cell lysates were prepared by adding PMSF with RIPA lysate (Solarbio, Beijing, China), followed by protein quantification using a BCA protein assay kit (Sangon Biotech, Shanghai, China). Proteins were subsequently separated with 12% SDS-PAGE and transferred to nitrocellulose membranes. The membrane was blocked with 5% bovine serum albumin (BSA), and then the membrane was incubated with anti-GPX4 (CST, Shanghai, China), FTH1 (CST, Shanghai, China), SLC7A11 (ABclonal, Wuhan, China), GAPDH (Sangon Biotech, Shanghai, China), PD-L1 (CST, Shanghai, China), Vimentin (ABclonal, Wuhan, China), C-Myc (Wanleibio, Wuhan, China), AXIN2 (ABclonal, Wuhan, China), GSK3β (Wanleibio, Wuhan, China), β-Catenin (CST, Shanghai, China), MMP9 (ABclonal, Wuhan, China), ATF4 (ABclonal, Wuhan, China), HSPA5 (CST, Shanghai, China), CHOP (Wanleibio, Wuhan, China), BCL2 (Wanleibio, Wuhan, China), BAX (Wanleibio, Wuhan, China), Cyclin D (CST, China), CDK4 (Wuhan, China), and P27 (Wanleibio, Wuhan, China). The next day, the membranes were incubated with HRP-linked secondary antibodies (1:4000; CST, Shanghai, China) for 1 h at room temperature. Finally, color development was performed using BeyoECL Moon (Beyotime Biotechnology, Shanghai, China). The antibodies used in the immunofluorescence assay were E-cadherin (Wanleibio, Wuhan, China), N-cadherin (Wanleibio, Wuhan, China), and IFN-γ (Wanleibio, Wuhan, China). The inhibitors mentioned in the experiments were deferoxamine (Cat: S5742) (Selleck, Houston, United States), Fer-1 (Cat: 57243) (Sigma-Aldrich, St. Louis, United States), Z-VAD-FMK (Cat: HY-16658B), n-acetylcysteine (Cat: HY-B0215), necrostatabsin-1 (Cat: HY-15760), and Wort (Cat 817875).




4.3. Cytotoxicity Assays and Clone Formation Assays


Cell counting kit-8 (CCK8) (Beyotime Biotechnology, Shanghai, China) was used for cytotoxicity analysis. Cells (5 × 103/well) were plated in 96-well plates and stimulated with drugs at different concentration gradients for 24 h. CCK-8 solution was added and incubated in an incubator for 3 h. The absorbance value was measured at 450 nm, and Cancer Chemopreventative Properties (IC50) as calculated via GraphPad Pro Prism8.0 (GraphPad, San Diego, CA, USA). As for colony formation assay, cells (1 × 103/well) were plated in 12-well plates and cultured for 24 h. Stimulation with different drug concentrations was added and cultured for 7 days. Cloned cell colonies were fixed, stained, and imaged.




4.4. Apoptosis Assays


Cells (1 × 105 cells/well) were plated in 12-well plates for 24 h. Cells were collected after drug stimulation. They were stained for 15 min using the Annexin V/FITC Apoptosis Detection Kit (Cat: 556547) (BD, Pharmingen, San Diego, CA, USA) in the dark. The specific treatment process was performed according to the manufacturer’s instructions. Analysis was performed on a flow cytometer (BD FACSCelesta, East Rutherford, NJ, USA) within 1 h.




4.5. Mitochondrial Membrane Potential Assay


After the cells were plated and treated with drug stimulation, the mitochondrial membrane potential was measured using the mitochondrial membrane potential assay JC-1 dose box (Beyotime Institute, Jiangsu, Nanjing, China). The specific treatment process was performed according to the manufacturer’s instructions. The processed samples were assayed for mitochondrial membrane potential using confocal microscopy (FV300, OLYMPUS, JapanOLYMPUS, 1xplore SpinsR).




4.6. Cell Migration Assays


The migration ability of A549 cells was assessed using a transwell cell culture chamber, and 200 μL of A549 cells (5 × 104) were seeded into the upper chamber for 24 h. The upper chamber was replaced with a serum-free medium containing different concentrations of fascaplysin, and the lower chamber was supplemented with 700 μL of medium with 10% fetal bovine serum. After 16 h of incubation in the incubator, they were fixed in 4% paraformaldehyde and stained with 0.5% crystal violet for 15 min. After washing five times with PBS, other cells on the upper surface were carefully wiped. Then, imaging was performed with a microscope (×4 magnification).




4.7. Measurement of Ferrous Ion


Cells were plated and treated with drug stimulation, and the medium containing the drug in the well was discarded and replaced with a serum-free medium containing 1 µM Ferro Orange (Dojindo, Japan), and incubation was continued for 30 min at 37 °C and 5% CO2 in the dark. Then, photographs were observed under a confocal microscope.




4.8. Determination of ROS and Lipid ROS


For ROS analysis, cells collected by trypsin digestion were incubated with 2 μM 2′,7′-dichlorofluorescein diacetate (DCFH-DA) (ABclonal, Wuhan, China) for 20 min at 37 °C in the dark, and then the cells were washed twice with a serum-free medium and analyzed on a flow cytometer. For analysis of lipid ROS, C11-BODIPY 10 µM (ABclonal, Wuhan, China) was added to A549 cells for 1 h at 37 °C, 5% CO2, and the cells were washed twice with PBS. Then, cells were digested with trypsin, suspended in PBS containing 5% FBS, and analyzed on a flow cytometer. Sample processing was consistent with the flow cytometry pre-processing step, using confocal microscopy to measure the fluorescence intensity of C11 BODIPY displaying ROS in cells. The fluorescence intensity was photographed and observed at excitation wavelengths of 488 and 561 nm.




4.9. Cell Cycle Staining Assay


For cell cycle analysis, drug-treated cells were collected, centrifuged, and washed twice. Then, cells were fixed with 75% cold ethanol overnight. After washing twice with PBS to remove residual ethanol, cells were then left in the dark for 15 min in a complex with RNase A (100 μg/mL), propidium iodide (PI; 50 μg/mL), and 0.2% Triton X-100. Finally, the distribution of cells in different cell cycles was examined using flow cytometry.




4.10. Immunofluorescence Assay


A549 cells were seeded in 6-well plates with slides. After exposure to the drug for 3 h, the cells were fixed for 20 min, followed by disruption of the cell membrane using 0.5% Triton X-100 for 30 min. Subsequently, cells were blocked using 5% goat serum before incubation with primary antibodies to the relevant proteins overnight at 4 °C. Cells were washed three times the next day and then cultured for 1 h at room temperature using Alexa Fluor 488 secondary antibodies. Finally, nuclei were stained with DAPI buffer, and then cells were photographed with confocal microscopy.




4.11. Western Blotting Analysis


Cells were seeded in 12-well plates, collected after 3 h of stimulation with fascaplysin, and then total protein was extracted using radioimmunoprecipitation assay (RIPA) lysis buffer containing protease and phosphatase inhibitors (Sigma-Aldrich). Total proteins were separated using SDS-PAGE (8–12%) and transferred to NC membranes. Membranes were then blocked using 5% BSA for 1 h at room temperature and incubated overnight at 4 °C using specific primary antibodies. After these membranes were washed three times with TBST buffer, they were incubated for 1 h at room temperature using the corresponding secondary antibodies. Then, protein bands were detected using a chemiluminescence kit (Millipore). GAPDH was used as an internal reference.




4.12. Transfection


Si-ATF4 and si-NC (Sangon Biotech, Shanghai, China) were each dissolved and prepared according to the instructions. After equilibration for 12 min at room temperature, the siRNA liposomes were gently mixed and allowed to form. A549 cells were transfected with transfection mix in an antibiotic-free cell culture medium.




4.13. Mouse Models


The experiment was approved by the Animal Center Care and Use Committee of Guangdong Medical University. LLC cells (5 × 106 cells/100 μL) were subcutaneously injected into the right dorsal side of 6-week-old male C57BL/6 mice (Yison BIO Shanghai, China). When the average tumor volume reached 70–100 mm3, LLC tumor-bearing mice were randomly divided into 4 groups (5 mice/group): (1) control group, (2) fascaplysin group, (3) anti-PD-1 group, and (4) fascaplysin combined with anti-PD-1 treatment group. LLC tumor-bearing mice were treated with fascaplysin in 3% dimethyl sulfoxide phosphate-buffered saline, and the control group received the same amount of the corresponding diluent. LLC tumor-bearing mice received intraperitoneal injections of fascaplysin (10 mg/kg/day) and anti-PD-1 (10 mg/kg/3 days). After 15 days of treatment, mice were sacrificed by cervical dislocation and tumor tissue was removed. Tumor volume was measured every 3 days and calculated using the following formula: (short diameter)2 × (long diameter)/2 [57].




4.14. Multiplex Immunofluorescence Staining of Tissues


The operation was performed according to the instructions of the four-color multi-labeling kit (TSA-rab) (panovue, Beijing, China). First, paraffin-embedded sections were incubated at 60 °C for 1 h before deparaffinization with xylene and graded ethanol hydration. Antigen retrieval was performed by boiling the slides in citric acid buffer. Subsequently, they were blocked with 5% goat serum for 10 min. Then, they were incubated with primary antibody CD4 (1:100) for 1 h at room temperature, dipped in 1xTBST buffer, and then incubated with HRP secondary antibodies for 10 min at 37℃. After removing the secondary antibody, fluorescently stained amplification signal solution (1:100 dilution) was added to the slides and incubated at room temperature for 10 min, immersed in 1xTBST buffer for washing, and then antigen retrieval was performed with citric acid buffer. After cooling to room temperature, they were washed by immersion in 1x TBST buffer. CD8 antibody staining was performed following the experimental procedure described above. Finally we stained with DAPI working solution and incubated at room temperature for 3 min in a humidified incubator. They were dipped in 1xTBST buffer for 3 min, coverslipped, mounted with glycerol, and photographed and observed with a confocal microscope.




4.15. Histopathology and Immunohistochemistry


Paraffin-embedded sections were incubated at 60 °C for 1 h before deparaffinization with xylene and graded ethanol hydration. Nuclei were stained with hematoxylin and cytoplasm was stained with eosin, mounted with neutral gum, and observed. As for immunohistochemistry, the slides were boiled in citric acid buffer, antigen retrieval was performed, and the activity of endogenous peroxidase was blocked with 3% H2O2. This was followed by blocking with 5% goat serum for 0.5 h. Sections were incubated overnight at 4 °C with rabbit anti-human PD-L1, IFN-γ antibodies (1:100; ABclonal, Wuhan, China), followed by 0.5 h at 37 °C with enzyme-labeled secondary antibodies. Immunohistochemical detection was performed using a DAB substrate kit (Sangon, Shanghai, China), and nuclei were counterstained with hematoxylin. Photographs were taken using a multifunction microplate detection system (BIOTEK, CYTATION5).




4.16. Statistical Analysis


Data were analyzed with GraphPad Prism 8. Statistical analysis was performed using two-way ANOVA or Student’s t-test to determine the significance of differences. p values < 0.05 compared with the control or indicator groups were considered statistically significant. Significance levels are presented as * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. All data were obtained from three independent experiments.





5. Conclusions


In conclusion, our study revealed that fascaplysin induced both ferroptosis and apoptosis in lung cancer cells for the first time. Furthermore, it promoted the expression of PD-L1 in NSCLC cells and enhanced the anticancer effect of PD-1 immune checkpoint inhibitors. Our study provides evidence for the clinical use of fascaplysin in combination with anti-PD-1 as an effective cancer immunotherapy.







Author Contributions


Conceptualization, L.L.; investigation, G.X.; methodology, G.X.; project administration, L.L.; visualization, G.X.; writing—original draft, G.X.; writing—review and editing, L.L. and G.X. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Key Discipline Construction Project of Guangdong Medical University [4SG22004G].




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data used to support the findings of this study are included within the article.




Acknowledgments


We thank the Public Service Platform of South China Sea for R&D Marine Biomedicine Resources for their support.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Miller, M.; Hanna, N. Advances in systemic therapy for non-small cell lung cancer. BMJ (Clin. Res. Ed.) 2021, 375, n2363. [Google Scholar] [CrossRef] [PubMed]

	



Geng, Y.; Zhang, Q.; Feng, S.; Li, C.; Wang, L.; Zhao, X.; Yang, Z.; Li, Z.; Luo, H.; Liu, R.; et al. Safety and Efficacy of PD-1/PD-L1 inhibitors combined with radiotherapy in patients with non-small-cell lung cancer: A systematic review and meta-analysis. Cancer Med. 2021, 10, 1222–1239. [Google Scholar] [CrossRef] [PubMed]

	



Howlader, N.; Forjaz, G.; Mooradian, M.J.; Meza, R.; Kong, C.Y.; Cronin, K.A.; Mariotto, A.B.; Lowy, D.R.; Feuer, E.J. The Effect of Advances in Lung-Cancer Treatment on Population Mortality. N. Engl. J. Med. 2020, 383, 640–649. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, C.; Wang, J.; Wang, B.; Cheng, Y.; Wang, Z.; Han, B.; Lu, Y.; Wu, G.; Zhang, L.; Song, Y.; et al. Chinese Experts Consensus on Immune Checkpoint Inhibitors for Non-small Cell Lung Cancer (2020 Version). Zhongguo Fei Ai Za Zhi 2021, 24, 217–235. [Google Scholar]

	



Imyanitov, E.N.; Iyevleva, A.G.; Levchenko, E.V. Molecular testing and targeted therapy for non-small cell lung cancer: Current status and perspectives. Crit. Rev. Oncol. Hematol. 2021, 157, 103194. [Google Scholar] [CrossRef]

	



Chang, W.T.; Bow, Y.D.; Fu, P.J.; Li, C.Y.; Wu, C.Y.; Chang, Y.H.; Teng, Y.N.; Li, R.N.; Lu, M.C.; Liu, Y.C.; et al. A Marine Terpenoid, Heteronemin, Induces Both the Apoptosis and Ferroptosis of Hepatocellular Carcinoma Cells and Involves the ROS and MAPK Pathways. Oxidative Med. Cell. Longev. 2021, 2021, 7689045. [Google Scholar] [CrossRef]

	



Oh, T.I.; Lee, J.H.; Kim, S.; Nam, T.J.; Kim, Y.S.; Kim, B.M.; Yim, W.J.; Lim, J.H. Fascaplysin Sensitizes Anti-Cancer Effects of Drugs Targeting AKT and AMPK. Molecules 2017, 23, 42. [Google Scholar] [CrossRef]

	



Chen, S.; Guan, X.; Wang, L.L.; Li, B.; Sang, X.B.; Liu, Y.; Zhao, Y. Fascaplysin inhibit ovarian cancer cell proliferation and metastasis through inhibiting CDK4. Gene 2017, 635, 3–8. [Google Scholar] [CrossRef]

	



Nguyen, C.; Pandey, S. Exploiting Mitochondrial Vulnerabilities to Trigger Apoptosis Selectively in Cancer Cells. Cancers 2019, 11, 916. [Google Scholar] [CrossRef]

	



Xiang, Y.; Chen, X.; Wang, W.; Zhai, L.; Sun, X.; Feng, J.; Duan, T.; Zhang, M.; Pan, T.; Yan, L.; et al. Natural Product Erianin Inhibits Bladder Cancer Cell Growth by Inducing Ferroptosis via NRF2 Inactivation. Front. Pharmacol. 2021, 12, 775506. [Google Scholar] [CrossRef]

	



Wang, Q.; Bin, C.; Xue, Q.; Gao, Q.; Huang, A.; Wang, K.; Tang, N. GSTZ1 sensitizes hepatocellular carcinoma cells to sorafenib-induced ferroptosis via inhibition of NRF2/GPX4 axis. Cell Death Dis. 2021, 12, 426. [Google Scholar] [CrossRef] [PubMed]

	



Kong, N.; Chen, X.; Feng, J.; Duan, T.; Liu, S.; Sun, X.; Chen, P.; Pan, T.; Yan, L.; Jin, T.; et al. Baicalin induces ferroptosis in bladder cancer cells by downregulating FTH1. Acta Pharm. Sin. B 2021, 11, 4045–4054. [Google Scholar] [CrossRef] [PubMed]

	



Ge, C.; Zhang, S.; Mu, H.; Zheng, S.; Tan, Z.; Huang, X.; Xu, C.; Zou, J.; Zhu, Y.; Feng, D.; et al. Emerging Mechanisms and Disease Implications of Ferroptosis: Potential Applications of Natural Products. Front. Cell Dev. Biol. 2021, 9, 774957. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Hu, S.; Bian, Y.; Yao, J.; Wang, D.; Liu, X.; Guo, Z.; Zhang, S.; Peng, L. Targeting Cell Death: Pyroptosis, Ferroptosis, Apoptosis and Necroptosis in Osteoarthritis. Front. Cell Dev. Biol. 2021, 9, 789948. [Google Scholar] [CrossRef]

	



Chen, K.; Zhang, S.; Jiao, J.; Zhao, S. Ferroptosis and Its Potential Role in Lung Cancer: Updated Evidence from Pathogenesis to Therapy. J. Inflamm. Res. 2021, 14, 7079–7090. [Google Scholar] [CrossRef]

	



Gao, Y.; Nihira, N.T.; Bu, X.; Chu, C.; Zhang, J.; Kolodziejczyk, A.; Fan, Y.; Chan, N.T.; Ma, L.; Liu, J.; et al. Acetylation-dependent regulation of PD-L1 nuclear translocation dictates the efficacy of anti-PD-1 immunotherapy. Nat. Cell Biol. 2020, 22, 1064–1075. [Google Scholar] [CrossRef]

	



Ghosh, C.; Luong, G.; Sun, Y. A snapshot of the PD-1/PD-L1 pathway. J. Cancer 2021, 12, 2735–2746. [Google Scholar] [CrossRef]

	



Lingling, Z.; Jiewei, L.; Li, W.; Danli, Y.; Jie, Z.; Wen, L.; Dan, P.; Lei, P.; Qinghua, Z. Molecular regulatory network of PD-1/PD-L1 in non-small cell lung cancer. Pathol. Res. Pract. 2020, 216, 152852. [Google Scholar] [CrossRef]

	



Baumeister, S.H.; Freeman, G.J.; Dranoff, G.; Sharpe, A.H. Coinhibitory Pathways in Immunotherapy for Cancer. Annu. Rev. Immunol. 2016, 34, 539–573. [Google Scholar] [CrossRef]

	



Zhang, J.; Dang, F.; Ren, J.; Wei, W. Biochemical Aspects of PD-L1 Regulation in Cancer Immunotherapy. Trends Biochem. Sci. 2018, 43, 1014–1032. [Google Scholar] [CrossRef]

	



Cavalcanti, E.; Armentano, R.; Valentini, A.M.; Chieppa, M.; Caruso, M.L. Role of PD-L1 expression as a biomarker for GEP neuroendocrine neoplasm grading. Cell Death Dis. 2017, 8, e3004. [Google Scholar] [CrossRef]

	



Ansell, S.M.; Lesokhin, A.M.; Borrello, I.; Halwani, A.; Scott, E.C.; Gutierrez, M.; Schuster, S.J.; Millenson, M.M.; Cattry, D.; Freeman, G.J.; et al. PD-1 blockade with nivolumab in relapsed or refractory Hodgkin’s lymphoma. N. Engl. J. Med. 2015, 372, 311–319. [Google Scholar] [CrossRef]

	



Galluzzi, L.; Chan, T.A.; Kroemer, G.; Wolchok, J.D.; López-Soto, A. The hallmarks of successful anticancer immunotherapy. Sci. Transl. Med. 2018, 10, eaat7807. [Google Scholar] [CrossRef]

	



Aguilar, E.J.; Ricciuti, B.; Gainor, J.F.; Kehl, K.L.; Kravets, S.; Dahlberg, S.; Nishino, M.; Sholl, L.M.; Adeni, A.; Subegdjo, S.; et al. Outcomes to first-line pembrolizumab in patients with non-small-cell lung cancer and very high PD-L1 expression. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2019, 30, 1653–1659. [Google Scholar] [CrossRef]

	



Pak, S.; Park, S.; Kim, Y.; Park, J.H.; Park, C.H.; Lee, K.J.; Kim, C.S.; Ahn, H. The small molecule WNT/β-catenin inhibitor CWP232291 blocks the growth of castration-resistant prostate cancer by activating the endoplasmic reticulum stress pathway. J. Exp. Clin. Cancer Res. 2019, 38, 342. [Google Scholar] [CrossRef]

	



Liu, Y.; Chen, H.; Zheng, P.; Zheng, Y.; Luo, Q.; Xie, G.; Ma, Y.; Shen, L. ICG-001 suppresses growth of gastric cancer cells and reduces chemoresistance of cancer stem cell-like population. J. Exp. Clin. Cancer Res. 2017, 36, 125. [Google Scholar] [CrossRef]

	



Yuan, J.; Gao, Y.; Sun, L.; Jin, S.; Zhang, X.; Liu, C.; Li, F.; Xiang, J. Wnt Signaling Pathway Linked to Intestinal Regeneration via Evolutionary Patterns and Gene Expression in the Sea Cucumber Apostichopus japonicus. Front. Genet. 2019, 10, 112. [Google Scholar] [CrossRef]

	



Wang, W.; Zhang, M.; Huang, Z.; Wang, L.; Yue, Y.; Wang, X.; Lu, S.; Fan, J. Knockdown of CXCL5 inhibits the invasion, metastasis and stemness of bladder cancer lung metastatic cells by downregulating CD44. Anti-Cancer Drugs 2022, 33, e103–e112. [Google Scholar] [CrossRef]

	



Gu, Y.; Liu, S.L.; Ju, W.Z.; Li, C.Y.; Cao, P. Analgesic-antitumor peptide induces apoptosis and inhibits the proliferation of SW480 human colon cancer cells. Oncol. Lett. 2013, 5, 483–488. [Google Scholar] [CrossRef]

	



Kim, C.; Lee, J.H.; Kim, S.H.; Sethi, G.; Ahn, K.S. Artesunate suppresses tumor growth and induces apoptosis through the modulation of multiple oncogenic cascades in a chronic myeloid leukemia xenograft mouse model. Oncotarget 2015, 6, 4020–4035. [Google Scholar] [CrossRef]

	



Liang, W.; Cui, J.; Zhang, K.; Xi, H.; Cai, A.; Li, J.; Gao, Y.; Hu, C.; Liu, Y.; Lu, Y.; et al. Shikonin induces ROS-based mitochondria-mediated apoptosis in colon cancer. Oncotarget 2017, 8, 109094–109106. [Google Scholar] [CrossRef] [PubMed]

	



Jia, Y.; Zhou, L.; Tian, C.; Shi, Y.; Wang, C.; Tong, Z. Dynamin-related protein 1 is involved in micheliolide-induced breast cancer cell death. Onco. Targets Ther. 2015, 8, 3371–3381. [Google Scholar] [CrossRef] [PubMed]

	



Battaglia, A.M.; Chirillo, R.; Aversa, I.; Sacco, A.; Costanzo, F.; Biamonte, F. Ferroptosis and Cancer: Mitochondria Meet the “Iron Maiden” Cell Death. Cells 2020, 9, 1505. [Google Scholar] [CrossRef]

	



Chen, P.; Wu, Q.; Feng, J.; Yan, L.; Sun, Y.; Liu, S.; Xiang, Y.; Zhang, M.; Pan, T.; Chen, X.; et al. Erianin, a novel dibenzyl compound in Dendrobium extract, inhibits lung cancer cell growth and migration via calcium/calmodulin-dependent ferroptosis. Signal Transduct. Target Ther. 2020, 5, 51. [Google Scholar] [CrossRef]

	



Shen, D.; Wu, W.; Liu, J.; Lan, T.; Xiao, Z.; Gai, K.; Hu, L.; Luo, Z.; Wei, C.; Wang, X.; et al. Ferroptosis in oligodendrocyte progenitor cells mediates white matter injury after hemorrhagic stroke. Cell Death Dis. 2022, 13, 259. [Google Scholar] [CrossRef]

	



Viswanathan, V.S.; Ryan, M.J.; Dhruv, H.D.; Gill, S.; Eichhoff, O.M.; Seashore-Ludlow, B.; Kaffenberger, S.D.; Eaton, J.K.; Shimada, K.; Aguirre, A.J.; et al. Dependency of a therapy-resistant state of cancer cells on a lipid peroxidase pathway. Nature 2017, 547, 453–457. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zheng, L.; Deng, H.; Feng, D.; Hu, S.; Zhu, L.; Xu, W.; Zhou, W.; Wang, Y.; Min, K.; et al. Electroacupuncture Alleviates LPS-Induced ARDS Through α7 Nicotinic Acetylcholine Receptor-Mediated Inhibition of Ferroptosis. Front. Immunol. 2022, 13, 832432. [Google Scholar] [CrossRef]

	



Jia, D.; Zheng, J.; Zhou, Y.; Jia, J.; Ye, X.; Zhou, B.; Chen, X.; Mo, Y.; Wang, J. Ferroptosis is Involved in Hyperoxic Lung Injury in Neonatal Rats. J. Inflamm. Res. 2021, 14, 5393–5401. [Google Scholar] [CrossRef]

	



Chen, Y.; Mi, Y.; Zhang, X.; Ma, Q.; Song, Y.; Zhang, L.; Wang, D.; Xing, J.; Hou, B.; Li, H.; et al. Dihydroartemisinin-induced unfolded protein response feedback attenuates ferroptosis via PERK/ATF4/HSPA5 pathway in glioma cells. J. Exp. Clin. Cancer Res. 2019, 38, 402. [Google Scholar] [CrossRef]

	



Zhou, B.; Lu, D.; Wang, A.; Cui, J.; Zhang, L.; Li, J.; Fan, L.; Wei, W.; Liu, J.; Sun, G. Endoplasmic reticulum stress promotes sorafenib resistance via miR-188-5p/hnRNPA2B1-mediated upregulation of PKM2 in hepatocellular carcinoma. Mol. Ther. Nucleic Acids 2021, 26, 1051–1065. [Google Scholar] [CrossRef]

	



Tang, D.; Chen, X.; Kang, R.; Kroemer, G. Ferroptosis: Molecular mechanisms and health implications. Cell Res. 2021, 31, 107–125. [Google Scholar] [CrossRef]

	



Chen, D.; Fan, Z.; Rauh, M.; Buchfelder, M.; Eyupoglu, I.Y.; Savaskan, N. ATF4 promotes angiogenesis and neuronal cell death and confers ferroptosis in a xCT-dependent manner. Oncogene 2017, 36, 5593–5608. [Google Scholar] [CrossRef] [PubMed]

	



Pan, J.; Zhang, Q.; Liu, Q.; Komas, S.M.; Kalyanaraman, B.; Lubet, R.A.; Wang, Y.; You, M. Honokiol inhibits lung tumorigenesis through inhibition of mitochondrial function. Cancer Prev. Res. 2014, 7, 1149–1159. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.H.; Zhang, T.T.; Song, D.D.; Xia, Y.F.; Qin, Z.H.; Sheng, R. TIGAR contributes to ischemic tolerance induced by cerebral preconditioning through scavenging of reactive oxygen species and inhibition of apoptosis. Sci. Rep. 2016, 6, 27096. [Google Scholar] [CrossRef] [PubMed]

	



Qin, R.; Zhao, C.; Wang, C.J.; Xu, W.; Zhao, J.Y.; Lin, Y.; Yuan, Y.Y.; Lin, P.C.; Li, Y.; Zhao, S.; et al. Tryptophan potentiates CD8(+) T cells against cancer cells by TRIP12 tryptophanylation and surface PD-1 downregulation. J. Immunother. Cancer 2021, 9, e002840. [Google Scholar] [CrossRef]

	



Lin, H.; Chen, L.; Li, W.; Chen, Z. Novel Therapies for Tongue Squamous Cell Carcinoma Patients with High-Grade Tumors. Life 2021, 11, 813. [Google Scholar] [CrossRef]

	



Cha, J.H.; Chan, L.C.; Li, C.W.; Hsu, J.L.; Hung, M.C. Mechanisms Controlling PD-L1 Expression in Cancer. Mol. Cell 2019, 76, 359–370. [Google Scholar] [CrossRef]

	



Zhao, H.; Chen, Y.; Feng, H. P2X7 Receptor-Associated Programmed Cell Death in the Pathophysiology of Hemorrhagic Stroke. Curr. Neuropharmacol. 2018, 16, 1282–1295. [Google Scholar] [CrossRef]

	



Ma, J.; Liu, J.; Lu, C.; Cai, D. Pachymic acid induces apoptosis via activating ROS-dependent JNK and ER stress pathways in lung cancer cells. Cancer Cell Int. 2015, 15, 78. [Google Scholar] [CrossRef]

	



Michaeloudes, C.; Sukkar, M.B.; Khorasani, N.M.; Bhavsar, P.K.; Chung, K.F. TGF-β regulates Nox4, MnSOD and catalase expression, and IL-6 release in airway smooth muscle cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 2011, 300, L295–L304. [Google Scholar] [CrossRef]

	



Hu, Z.; Zhang, H.; Yang, S.K.; Wu, X.; He, D.; Cao, K.; Zhang, W. Emerging Role of Ferroptosis in Acute Kidney Injury. Oxidative Med. Cell. Longev. 2019, 2019, 8010614. [Google Scholar] [CrossRef] [PubMed]

	



Yang, N.; Fu, Y.; Zhang, H.; Sima, H.; Zhu, N.; Yang, G. LincRNA-p21 activates endoplasmic reticulum stress and inhibits hepatocellular carcinoma. Oncotarget 2015, 6, 28151–28163. [Google Scholar] [PubMed]

	



Shimada, Y.; Matsubayashi, J.; Kudo, Y.; Maehara, S.; Takeuchi, S.; Hagiwara, M.; Kakihana, M.; Ohira, T.; Nagao, T.; Ikeda, N. Serum-derived exosomal PD-L1 expression to predict anti-PD-1 response and in patients with non-small cell lung cancer. Sci. Rep. 2021, 11, 7830. [Google Scholar] [CrossRef] [PubMed]

	



Inoue, Y.; Yoshimura, K.; Mori, K.; Kurabe, N.; Kahyo, T.; Mori, H.; Kawase, A.; Tanahashi, M.; Ogawa, H.; Inui, N.; et al. Clinical significance of PD-L1 and PD-L2 copy number gains in non-small-cell lung cancer. Oncotarget 2016, 7, 32113–32128. [Google Scholar] [CrossRef] [PubMed]

	



Kaiser, M.; Semeraro, M.D.; Herrmann, M.; Absenger, G.; Gerger, A.; Renner, W. Immune Aging and Immunotherapy in Cancer. Int. J. Mol. Sci. 2021, 22, 7016. [Google Scholar] [CrossRef] [PubMed]

	



Murciano-Goroff, Y.R.; Warner, A.B.; Wolchok, J.D. The future of cancer immunotherapy: Microenvironment-targeting combinations. Cell Res. 2020, 30, 507–519. [Google Scholar] [CrossRef]

	



Holmström, M.O.; Hasselbalch, H.C.; Andersen, M.H. Cancer Immune Therapy for Philadelphia Chromosome-Negative Chronic Myeloproliferative Neoplasms. Cancers 2020, 12, 1763. [Google Scholar] [CrossRef]








[image: Ijms 23 13774 g001 550] 





Figure 1. Fascaplysin arrested the cell cycle of A549 cells by regulating cycle-related proteins. (A) Cell viability was measured by CCK-8 assay after treatment of A549 cells with different doses of fascaplysin for 24 h. (B) Representative images of A549 cell colony formation after treatment with fascaplysin. (C,D) Representative results of cell cycle and quantitative analysis. Data are presented as mean ± SD of three independent experiments compared with control. * p < 0.05, *** p < 0.001, and **** p < 0.0001. (E) We examined the expression of cell cycle-related proteins by Western blotting after treating A549 cells with fascaplysin (0, 0.5, 1, and 2 μM) for 3 h. 
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Figure 2. Fascaplysin inhibited A549 cells migration. (A) Wnt/β-Catenin signaling pathway-related proteins were detected by Western blotting. (B–E) Gray levels of Wnt/β-Catenin signaling pathway-related proteins were quantified using ImageJ and normalized to gray levels of GAPDH protein. (F) After A549 cells were treated with fascaplysin (2 μM) for 3 h, β-catenin protein expression levels were detected using immunofluorescence. (G–J) Detection of EMT regulatory proteins by Western blotting. (K,L) Immunofluorescence analysis of the levels of N-cadherin and E-cadherin in A549 cells. (M) A549 cell migration assays were performed using transwell inserts and representative images were randomly photographed. Analysis results represent mean ± SD, * p < 0.05, and ** p < 0.01, *** p < 0.001. 
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Figure 3. Fascaplysin induced apoptosis in A549 cells. (A) A549 cells were treated with erastin (10 μM), fascaplysin (2 μM), and cell death inhibitors Nec-1 (10 μM), DFO (50 μM), Z-VAD (10 μM), and Wort (5 μM), alone or in combination, for 3 h. Cell viability was measured by CCK8 assay. (B–D) BAX and Bcl2 protein expression were detected by Western blotting. (E,F) Apoptosis of fascaplysin-treated A549 cells was analyzed using flow cytometry. The histogram shows quantitative analysis of total percentage of early and late apoptotic rates. (G–H) We used JC-1 probe to examine the effect of fascaplysin on MMP in A549 cells by flow cytometry. The histogram is a statistical chart of the ratio of monomers to aggregates. (I) MMP was measured by confocal microscopy after treatment of A549 cells with fascaplysin (2 μM) alone or in combination with Z-VAD (10 μM). Analysis results represent mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. 
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Figure 4. Fascaplysin induced ferroptosis and ER stress in A549 cells. (A) Representative images and statistical results of lipid ROS in A549 cells. (B) Fluorescence images of lipid peroxidation in A549 cells were observed using a C11-BODIPY-581/591 probe. (C) A549 cells were treated with fascaplysin (2 μM) and DFO (50 μM) for 3 h, and fluorescence images of cellular Fe2+ were detected using a Ferrorange probe. (D) Intracellular mitochondrial morphological changes in A549 cells were observed by transmission electron microscopy (TEM) (original magnification: 6000×, 80,000×). Red arrows indicate mitochondria (E) Ferroptosis-related proteins were detected by Western blotting. (F) ER stress-related proteins were detected by Western blotting. (G,H) A549 cells were transfected with si-ATF4 (20 nM) for 60 h and treated with fascaplysin for 3 h. ATF4 and SLC7A11 protein expression was then detected by Western blotting. Analysis results represent mean ± SD, * p < 0.05, ** p < 0.01, and *** p < 0.001. 






Figure 4. Fascaplysin induced ferroptosis and ER stress in A549 cells. (A) Representative images and statistical results of lipid ROS in A549 cells. (B) Fluorescence images of lipid peroxidation in A549 cells were observed using a C11-BODIPY-581/591 probe. (C) A549 cells were treated with fascaplysin (2 μM) and DFO (50 μM) for 3 h, and fluorescence images of cellular Fe2+ were detected using a Ferrorange probe. (D) Intracellular mitochondrial morphological changes in A549 cells were observed by transmission electron microscopy (TEM) (original magnification: 6000×, 80,000×). Red arrows indicate mitochondria (E) Ferroptosis-related proteins were detected by Western blotting. (F) ER stress-related proteins were detected by Western blotting. (G,H) A549 cells were transfected with si-ATF4 (20 nM) for 60 h and treated with fascaplysin for 3 h. ATF4 and SLC7A11 protein expression was then detected by Western blotting. Analysis results represent mean ± SD, * p < 0.05, ** p < 0.01, and *** p < 0.001.



[image: Ijms 23 13774 g004]







[image: Ijms 23 13774 g005 550] 





Figure 5. ROS played an important role in fascaplysin-induced apoptosis in A549 cells. (A) ROS in A549 cells was detected by flow cytometry with DCFH−DA probe. (B) ROS was detected by flow cytometry after treatment of A549 cells with the NAC (1 mM) and fascaplysin (2 μM), alone or in combination, for 3 h. (C) A549 cells were treated with NAC and fascaplysin, alone or in combination, and then apoptosis was detected by flow cytometry after double staining with annexin V-FITC/PI. (D) Cell viability was measured by CCK-8. (E) MMP changes were analyzed with a JC-1 probe. (F) A549 cells were treated with fascaplysin and NAC, alone or in combination, and lipid ROS levels were measured with a C11 BODIPY probe. (G) A549 cells were treated with fascaplysin and NAC, alone or in combination, and GPX4 protein expression levels were detected by Western blotting. Analysis results represent mean ± SD, * p < 0.05, ** p < 0.01. 
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Figure 6. Fascaplysin promoted PD-L1 expression in NSCLC cells. (A) PD-L1 protein expression was detected by Western blotting. (B) After treatment of A549 cells with the PD-L1 kit, the fluorescence intensity of PD-L1 was analyzed by flow cytometry. The histogram is a quantification of the fluorescence intensity of PD-L1. (C) Immunofluorescence showing the level of PD-L1 protein in A549 cells. (D,E) A549 cells were treated with IFN-γ (200 ng/mL) and fascaplysin (2 μM) for 3 h and PD-L1 fluorescence intensity was detected by flow cytometry using a PD-L1 kit. Histograms show quantitation of PD-L1 fluorescence intensity. (F,G) A549 cells were treated with fascaplysin and IFN-γ, alone or in combination, and PD-L1 expression was examined by Western blotting. (H) LLC cells treated with fascaplysin (4 μM) and IFN-γ (200 ng/mL), alone or in combination, were examined for PD-L1 expression by immunofluorescence. (I,J) LLC cells were treated with fascaplysin (0, 1, 2, 4 μM) at various concentrations for 3 h to detect PD-L1 expression by Western blotting. Analysis results represent mean ± SD, * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 7. Fascaplysin enhanced the efficacy of PD-1 checkpoint blockade. (A) Images of tumor tissue excised from LLC tumor-bearing mice after treatment with fascaplysin and anti-PD-1. (B) Growth curves of tumor volumes in each group. (C) The tumor weight of each group was counted. (D) Paraffin sections of tumor tissues were analyzed by HE staining; the expression of PD-L1 and IFN-γ in tumor tissues was detected by IHC. (Scale bar, 100 μm). (E–G) Representative images of CD4+ (red) or CD8+ (green) and DAPI nuclear staining (blue) in tumor tissues detected by multiplex immunofluorescence staining technique (Magnification: oil immersion lens 60×); quantitative analysis was carried out using Image J software. (H) IHC was used to detect the expression of GPX4 and FTH1 in tumor tissues (Scale bar, 100 μm.). Analysis results represent mean ± SD, * p < 0.05, ** p < 0.01,*** p < 0.001. 
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Figure 8. The mechanism of fascaplysin inhibiting the growth of NSCLC in vitro and in vivo. In vitro, fascaplysin induced apoptosis by promoting the elevation of ROS. It induced ferroptosis by modulating the GPX4 signaling pathway and provoked ER stress. In vivo, fascaplysin improved the sensitivity of anti-PD-1 immunotherapy, which in turn inhibited tumor growth. 
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