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			Streptomyces-derived natural products have been become a major focus of anti-tumor drug discovery studies. Neoantimycin F (NAT-F), was isolated from Streptomyces conglobatus by our group. Here, we examined the anti-cancer activities and its underlying molecular mechanisms implicated in NAT-F–induced apoptosis of non–small cell lung cancer (NSCLC) cells. Our results showed that NAT-F exerted excellent growth-inhibitory activity against PC9 and H1299 cells in a concentration-dependent manner. NAT-F–induced cell cycle arrest at S and G0/G1 phase in PC9 and H1299 cells, respectively. Further investigation revealed that the key proteins (including cyclinD1, cyclinE1, cyclinB1, CDK2, and CDK4) were involved in the cell regulation by NAT-F. Additionally, NAT-F significantly increased the production of reactive oxygen species (ROS), induced DNA damage, nuclear condensation, and cell apoptosis in both cell lines. Moreover, loss of the mitochondrial membrane potential (MMP) was markedly induced by NAT-F. Additional results revealed that NAT-F could up-regulate pro-apoptotic protein Bax and down-regulate anti-apoptotic protein Bcl-2, Mcl-1, and Bcl-xL, resulting in cytochrome c release from mitochondria and sequential activation of caspase-9 and -3, as well as the cleavage of poly (ADP-ribose) polymerase. Meanwhile, c-Jun N-terminal kinase (JNK), p38 MAPK (p38), and extracellular signal-regulated kinase (ERK) signaling pathway were also involved in anti-cancer activity of NAT-F in NSCLC cells. Taken together, these findings indicated that NAT-F possessed anti-proliferative effect and induced apoptosis in NSCLC cells in vitro and may be conducive to promote the development of novel anti-NSCLC agents.
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			Introduction

			Lung cancer is one of the leading causes of cancer death worldwide, and non-small cell lung cancer (NSCLC), the most common histologic type, accounts for approximately 75% to 85% of all lung cancers (Aisner and Marshall, 2012; Blandin Knight et al., 2017). However, treatment with traditional platinum-based chemotherapy drugs, such as cisplatin is not considered ideal due to its adverse effects and drug resistance (Siddik, 2003; Addington and Freimer, 2016; Kim, 2016). In recent years, although with the advent of the molecular targeted therapies, it remains a deadly disease with overall 5-year survival rates having not increased significantly over the last 25 years, remaining at approximately 15% (Johnson et al., 2014; Zappa and Mousa, 2016). Accordingly, it is urgent to discover and develop novel agents with low toxicity and effective therapies for the treatment of NSCLC.

			Natural Streptomyces-derived products have received increasing attention owing to their wide variety of biological activities, especially their anti-tumor activities (Calcul et al., 2012; Valipour et al., 2018). In addition, these natural Streptomyces-derived products have also been known as resources of clinical anti-tumor drugs, like doxorubicin, rapamycin, mithramycin, and so on (Newman and Cragg, 2007; Olano et al., 2009). The neoantmycins (NATs) are a rare kind of microbial natural products, originally isolated from a South American soil of Streptomyces orinoci in 1960s (Caglioti et al., 1969). Neoantimycin F (NAT-F) (Figure 1A), a new member of NATs, with its derivatives, including D and E, were previously isolated from Streptoverticillium orinoci in 2013, but they were demonstrated to have no significant anti-proliferative activity in HT-29 colorectal cancer cells (Li et al., 2013). Subsequently, it has been reported that NAT-F and its derivatives A, G, and H are exceptionally potent inhibitors of oncogenic K-Ras plasma membrane (PM) localization with low IC50 values 3 to 10 nM; they also exhibited cytotoxic activity against the colon cancer cell line SW620 and its daughter cell line SW620 Ad300 with low IC50 values 0.04 to 0.61 µM (Salim et al., 2014). Besides, Lim et al. reported that unantimycin A and SW-163A, analogues of neoantimycin, isolated from Streptomyces sp. RK88-1355, showed moderate cytotoxicity activities against several cancer cell lines, including HeLa, HL-60, and others; both of them also possessed potent antimalarial activities (Lim et al., 2016). Recently, we studied the biosynthetic pathways of Streptomyces conglobatus and isolated a series of NATs, including the known NAT-A, F, H, and a new NAT-I, and revealed that these compounds displayed interesting anti-cancer properties against multiple cell lines (Zhou et al., 2018). In this study, we investigated NAT-F’s growth inhibitory and apoptotic effects on human NSCLC cells and preliminarily elucidated the underlying molecular mechanism.
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			Figure 1 | NAT-F inhibited cells proliferation. (A) Chemical structure of NAT-F. (B) Various types of human NSCLC cells were treated with a concentration range of NAT-F for 48 h. The cell viability was determined using the CCK8-assay. The IC50 of each cell line was expressed as the mean ± SD of three independent determinations. (C) Toxicity of NAT-F on three normal types cell lines, including NCM-460, HaCaT, and H9c2 cells. Viability was examined by the CCK-8 assay. (D) Effect of NAT-F on cell viability of PC9 and H1299. The cells were assayed using the CCK-8 method after treatment with raising doses of NAT-F for 24, 48, and 72 h. Data were expressed as mean ± SD of triplicate experiment. (E) NAT-F inhibited the formation of PC9 and H1299 cells colonies. **p < 0.01, ***p < 0.001, significant difference between NAT-F-treated groups and the control.

		


			Materials and Methods

			Chemicals and Materials

			NAT-F was isolated from Streptomyces conglobatus by our group (Zhou et al., 2018). NAT-F was dissolved in dimethyl sulfoxide (DMSO) to a concentration of 10 mM DMSO and stored at −20°C. Working solution of NAT-F was diluted in fresh medium to the final concentrations. Primary antibodies of caspase-3 (9662), caspase-9 (20750), Bax (5023), Bcl-2 (15071), Bcl-xL (2762), Mcl-1 (4572), cyclinB1 (4135), cyclinD1 (2978), cyclinE1 (4132), Cdc25A (3652), CDK2 (2546), CDK4 (12790), Chk1 (2360), p-Chk1(S345) (2348), p38 (9212), p-p38 (4511), JNK (9252), p-JNK (9255), ERK1/2 (9102), p-ERK1/2 (4370), γ-H2AX (Ser139) (7631), and GAPDH (5174) were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against cytochrome c (133504) and 8-OHdG (62623), were purchased from (Abcam, United Kingdom).

			Cell Cultures

			Human lung cancer cell lines A549 (human lung adenocarcinoma), PC9, H1299, H322 (human bronchoalveolar carcinoma cell lines), NCI-H460 (human large cell carcinoma), and three types of normal cells that included NCM-460 (normal human colon mucosal epithelial cell line), HaCaT (a spontaneously immortalized skin keratinocyte cell line), and H9c2 (embryonic rat heart-derived cells). These cell lines were obtained from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 (PC9, H1299, H322, and NCI-H460), DMEM/F12K (A549), DMEM (HaCaT, NCM-460, and H9c2) (Gibco, USA) medium supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), 100 U/mL penicillin, and 100 µg/mL streptomycin. All these cells were maintained in a humidified atmosphere with 5% CO2 at 37°C.

			Cell Viability Assay

			Cell viability was determined by a CCK-8 assay. Briefly, cells were seeded in 96-well plates at a density of 3 × 103 cells/well and grown for 24 h to adhere at 37°C. Then, different concentrations of NAT-F were added to 96-well plates for an indicated time. Ten microliters CCK-8 reagent was added to each well, and the cells were further incubated for 0.5 to 4 h at 37°C. Afterward, the absorbance of each culture cell was measured at 450 nm using a microplate (spectra MAX190; Molecular Devices, USA).

			Cell Cycle Analysis

			After treatment with various concentrations (0, 0.03, 0.3, and 1 μM) NAT-F for 24 h, the cells were collected and washed with PBS twice and then fixed with ice-cold 70% ethanol for overnight at 4°C. PI/RNase staining buffer (BD Pharmingen, San Diego, CA, USA) was then added, and the cells were incubated at room temperature (RT) for 15 min in the dark. The cell cycles were analyzed using Attune NxT flow cytometer (Thermo Fisher Scientific, Eugene, Oregon, USA) cell-cycle analysis software.

			Apoptosis Assay Annexin V-PI Staining

			Apoptosis analysis was measured using an Annexin V-FITC/PI Apoptosis detection kit (BD Pharmingen, San Diego, CA, USA) according to the manufacturer’s introduction. PC9 and H1299 cells were plated in six-well plates (3 × 105 cells/well) and allowed to attach for 24 h. The cells were treated with desired concentration NAT-F for 48 h. Then, the cells were harvested, washed with ice-cold PBS twice, and resuspended the 1× binding buffer containing 5 μL Annexin V-FITC and 5 μL PI for 15 min at RT in the dark. After labeling, a 400 μL × binding buffer was added into each sample before analysis using flow cytometry (Thermo Fisher Scientific, Eugene, Oregon, USA). At least 10,000 cells were analyzed for each sample. Early apoptotic cells will be positive for Annexin V-FITC (green fluorescence) but negative for PI staining, whereas in late apoptosis will be positive for both Annexin V-FITC and PI staining (red and green fluorescence, respectively).

			4,6-Diamidino-2-Phenylindole Dihydrochloride Staining

			4,6-diamidino-2-phenylindole dihydrochloride (DAPI) staining was used to analyze the cell nuclear morphology. PC9 and H1299 cells were treated with NAT-F for the indicated concentration and time courses. The cells were washed with PBS and fixed with 4% paraformaldehyde for 30 min at RT. After washing with PBS, the cells were stained with DAPI (100 ng/ml) for 15 min in the dark and photographed using a fluorescence microscope (Nikon, Japan).

			Western Blotting

			For the extraction of total protein, the cells were harvested, lysed with RIPA buffer (Beyotime Biotechnology, Beijing, China), and cell lysates were centrifuged for 30 min (12,000g, 4°C). The supernatant was collected, and the total proteins were quantified using a BCA protein assay kit (Beyotime Biotechnology). The extraction of cytosolic proteins was performed by using MinuteTM cytoplasmic fractionation kit according to the manufacturer’s instructions (Invent Biotechnologies, USA). Equivalent amounts of protein were loaded and separated by 10% to 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene ﬂuoride (PVDF) membrane. The membranes were blocked with blocking solution for 1.5 h at RT and then incubated with specific primary antibody at 4°C overnight. Next day, the membranes were repeatedly washed with 0.1% Tris-buffered saline-Tween-20 (TBST), the blots were then incubated with HRP-conjugated secondary antibody (1:3000 dilution; Cell Signaling Technology, Inc., Danvers, MA, USA) in blocking solution for 1 h at RT. After washing with TBST buffer for three times, the protein bands were detected by mixing equal parts of the Stable Peroxide Solution and the Luminol/Enhancer Solution (34077; Thermo Fisher Scientific, USA) and profiled by Amersham Imager 600 gel imaging system (GE Healthcare, USA).

			Measurement of Intracellular ROS Generation

			ROS determination was performed by using dichlorofluorescein diacetate (DCFH-DA; Sigma-Aldrich, USA). H1299 and PC9 cells were seeded in six-well plates (3 × 105 cells/well). The cells were treated with 0, 0.03, 0.3, and 1 μM of NAT-F for 24 h. Then, the cells were incubated with DCFH-DA (10 μM, 30 min, in the dark at 37°C) in DMEM medium. After being washed with PBS for twice, the ﬂuorescent signal of the cells was analyzed by using ﬂow cytometer FACS Verse (Thermo Fisher Scientific, Eugene, Oregon, USA) or an inverted microscope system (Nikon, Japan).

			Mitochondrial Membrane Potential (MMP) Determination

			The cells were incubated with 100nM tetramethylrhodamine methyl ester (TMRM) (Invitrogen, USA), a cationic fluorescent dye which is widely used to assess the changes in ∆Ψm and mitochondrial permeability transition, for 30 min at 37°C in PBS. After incubation, the cells were washed twice with PBS and then collected for observation with an inverted microscope system or analysis by flow cytometry, respectively.

			Statistical Analysis

			All data were expressed as the mean ± standard deviations (SD) from at least three independent experiments and analyzed with SPSS 17.0 software (Chicago, IL, USA) and GraphPad Prism® 5.0 software. Statistical analyses performed between two groups were analyzed by t-test. For comparison of more than two groups, one-way analysis of variance (ANOVA) with Least Significance Difference (LSD)'s multiple-comparison post hoc tests were used. p < 0.05 was considered statistically significant.

			Results

			NAT-F Inhibited Cell Viability and Cell Proliferation in NSCLC Cells

			To evaluate the effect of NAT-F on cell viability, five kinds of human NSCLC cell lines, including A549, H322, NCI-H460, H1299, and PC9, were treated with various concentrations of NAT-F for 48 h, and the cell viability was assessed. As shown in Figure 1B and Supplementary Figure 1A, the IC50 at 48 h were, respectively, 5.18 ± 0.47 µM (A549), 4.06 ± 0.39 µM (H322), 1.25 ± 0.03 µM (NCI-H460), 0.9 ± 0.02 µM (H1299), and 0.25 ± 0.01 µM (PC9). We also used three types of normal cells that included HaCaT, NCM-460, and H9c2 to further investigate the cytotoxicity. Our results showed that NAT-F inhibited the cell viability of HaCaT, NCM-460, and H9c2 cells with their IC50 values >50 µM (Figure 1C). Considering PC9 and H1299 were more sensitive to NAT-F than other three lung cancer cells, the two cell lines were selected to elucidate the molecular mechanisms of NAT-F’s anti-proliferative effects. NAT-F exhibited a significant dose- and time-dependent inhibition of cell growth in PC9 and H1299 cells (Figure 1D). We next investigated whether NAT-F suppressed cell proliferation in the two cell lines using trypan blue assay. Our results showed that NAT-F treatment markedly inhibited the cell proliferation in PC9 and H1299 cells in a time-dependent manner (Supplementary Figure 1B). Additionally, the colony formation assay further confirmed that NAT-F significantly decreased the proliferation of PC9 and H1299 cells (Figure 1E). Consistently, these results indicated that NAT-F exhibited potent anti-proliferative effect against human NSCLC cells but low cytotoxicity to normal cells.

			NAT-F Arrested the Cell Cycle Progression of NSCLC Cells

			To further explore whether NAT-F-induced growth inhibition was associated with cell cycle regulation, we assessed the cell cycle distribution by flow cytometry and the expression of cell cycle-regulated proteins by Western blotting subsequently. In PC9 cells, compared with the control, NAT-F mainly induced cell cycle arrest at S phase and led to the corresponding decrease in G0/G1 and G2/M phase in a dose-dependent manner (Figures 2A, B). However, in NAT-F–treated H1299 cells, there was a dose-dependent increased cell percentage at G0/G1 phase, along with a concomitant decrease in S and G2/M phases (Figures 2A, B). In addition, treatment with different concentrations of NAT-F had no obvious effect on cell cycle in HaCaT cells (Supplementary Figures 2A, B).

			Next, we measured the expression levels of cell cycle-regulated proteins, such as cyclins and cyclin-dependent kinases (CDKs) in different phases and checkpoint response. As shown in Figure 2C, in both PC9 and H1299 cells, NAT-F significantly reduced the expression of cyclin E1 and CDK2, which are known to be involved in G0/G1 and G1/S checkpoint. In NAT-F–treated H1299 cells, we also observed considerable reduction in expression of cyclinD1 and CDK4 that were regarded as central mediators of the G0/G1 phase transition. However, in PC9 cells, after NAT-F treatment, there was a modest down-regulation in cyclinD1 and CDK4 protein level. Besides, compared with control, the expression level of cyclin B1 was significantly down-regulated in a dose-dependent manner with NAT-F treatment in PC9 and H1299 cells (Figure 2C). In summary, the above results clearly indicated that NAT-F may induce cell cycle arrest by controlling the expression levels of key proteins involved in the regulation of different phases in NSCLC cells.


		
			[image: ]

			Figure 2 | NAT-F induced cell cycle arrest at S or G0/1 phase in NSCLC cells. (A) Cell cycle distribution of PC9 and H1299 cells treated with various concentrations (0, 0.03, 0.3, and 1 μM) of NAT-F for 24 h followed by flow cytometric assay. (B) The calculated percentage of cell cycle distribution was showed as mean ± SD from three independent experiments. (C) Western blotting of cell cycle phase associated proteins: CDK2, CDK4, cyclinE1, cyclinD1 and cyclinB1. In PC9 cells, samples of CDK2, CDK4, cyclinB1, and GAPDH were from the same gels; samples of cyclinE1 and cyclinD1 were from the same gels. In H1299 cells, samples of CDK2, cyclinE1, cyclinB1, and GAPDH were from the same gels; samples of CDK4 and cyclinD1 were from the same gels. GAPDH was used as internal control. Western blot assay was carried out at least three times, and data represented mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, significant difference between NAT-F-treated groups and control.

		


			NAT-F Induced DNA Damage and Apoptosis in NSCLC Cells

			It was established that DNA damage could cause cell phase arrest and result in DNA damage repair response (Zhou and Elledge, 2000). As a typical indicator of the amount of DNA damage, the level of γ-H2AX was examined in both NAT-F-treated lung cancer cells. The results suggested that the expression of γ-H2AX was increased in PC9 and H1299 cells after treatment of NAT-F, analyzed by Western blotting and immunofluorescence assay (Figures 3A, B). However, there was no significant effect on γ-H2AX levels in NAT-F–treated HaCaT cells (Supplementary Figure 2C). Moreover, we further examined the expression of 8-OHdG, which is a valuable biomarker for endogenous oxidative damage to DNA. The immunostaining of 8-OHdG in the lung cancer cells showed that NAT-F treatment significantly increased the levels of 8-OHdG compared with the control group (Figure 3C). Induction of ROS production and accumulation elicits oxidative stress that causes prominent damage to DNA. We, therefore, measured ROS production in the two cell lines by flow cytometry or fluorescence microscopy. As shown in Figures 4A and B, after treatment with different concentrations of NAT-F, the ROS production was increased, compared with the control group in both PC9 and H1299 cells. Then, we further examined the DNA damage-related signal pathway. As shown in Figure 3A, in PC9 and H1299 cells, no significant changes were found in total Chk1 protein, whereas the levels of phosphorylated Chk1 (S345) were obviously increased, and the protein levels of Cdc25A were obviously decreased in a concentration-dependent manner, which indicated that NAT-F–induced DNA damage activated Chk1/Cdc25A signaling pathway.
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			Figure 3 | NAT-F induced DNA damage in NSCLC cells. (A) The DNA damage regulatory proteins in PC9 and H1299 cells were detected by Western blotting. In PC9 cells, samples of p-Chk1, Chk1, and Cdc25A were from the same gels; samples of GAPDH and γ-H2AX were from the same gels. In H1299 cells, samples of p-Chk1, Chk1, Cdc25A, and GAPDH were from the same gels; samples of γ-H2AX were from the same gels. GAPDH was used as internal control. Western blot assay was carried out at least 3 times, and data represented mean ± SD. Significant differences were indicated by ***p < 0.001 versus the control. (B) Immunoﬂuorescence images (630× magnification) of γ-H2AX in PC9 and H1299 cells treated with or without NAT-F(1 μM) treatments for 36 h, respectively. The red ﬂuorescence indicated γ-H2AX foci and the blue ﬂuorescence indicated cell nuclei, respectively. Bar: 50 μm. (C) Immunostaining of 8-OHdG in PC9 and H1299 cells with or without NAT-F(1 μM) treatments for 36 h. Representative images (630×magnification) of DAPI (blue color), 8-OHdG staining (green color), and merged were shown for each group of cells. Bar: 50 μm.
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			Figure 4 | NAT-F–induced ROS overproduction and cell apoptosis in NSCLC cells. (A) Cells were treated with various concentrations (0, 0.03, 0.3, and 1 μM) of NAT-F for 24 h. Histograms of the DCFH-DA-stained cells by flow cytometry. Bar graph of the intracellular ROS changes in PC9 and H1299 cells. (B) The fluorescence intensity in the two cell lines was observed under fluorescent microscopy. Bar: 100μm. (C) The cells were treated with NAT-F for 48 h, stained with DAPI, and then detected by fluorescent microscopy. Representative photographs of PC9 and H1299 cells stained with DAPI staining. Apoptotic cells were characterized with condensed or fragmented nuclei (indicated by white arrows). Bar: 50μm. (D) The cells were treated with NAT-F for 48 h, and then they were harvested for Annex-V/PI double staining and measured apoptotic cell death by flow cytometry assay. The total percentage of apoptotic cells represent the average values generated following aggregation of both early and late apoptosis rates. Data represented mean ± SD. *p < 0.05, **p < 0.01 ***p < 0.001, significant difference between NAT-F-treated groups and the control.

		


			When DNA damage is beyond the capacity of DNA repair, it eventually results in cell apoptosis. DAPI staining exhibited dramatic differences in nuclear morphology, nuclear shrinkage, DNA fragments, as well as chromatin condensation in NAT-F–treated PC9 and H1299 cells (Figure 4C). Moreover, NAT-F significantly induced cell apoptosis or cell necrosis in the two cell lines, as evidenced by Annexin V-FITC/PI double staining by flow cytometric analysis (Figure 4D). However, no significant changes were found in NAT-F–treated HaCaT cells (Supplementary Figure 2D). Collectively, these results showed that NAT-F could induce severe DNA damage and apoptosis in NSCLC cells.




			NAT-F Triggered Loss of MMP, Mitochondrial Damage, and Activation of Caspases

			Loss of MMP is considered as a hallmark of apoptosis typography.There was a significant decrease of MMP in concentration-dependent manner in both lung cancer cells (Figure 5A and Supplemental Figure 3), and which was further confirmed by TMRM analysis of flow cytometry (Figure 5B). Furthermore, to examine the apoptotic pathways activated by NAT-F, we tested the expression of Bcl-2 family members, including Bax, Bcl-2, Bcl-xL, and Mcl-1. Western blot analysis indicated that the protein level of pro-apoptotic protein Bax was increased in a concentration-dependent manner after NAT-F treatment in both cell types, whereas the levels of anti-apoptotic protein expression (Bcl-2, Bcl-xL, and Mcl-1) were inhibited in a concentration-dependent manner in response to NAT-F treatment (Figure 5C). In addition, treatment with NAT-F increased the expression of cytochrome c in the cytoplasm, which was a key event in mitochondria-mediated apoptosis pathway (Figure 5C). These results indicated that mitochondrial dysfunction contributed to NAT-F–induced lung cancer cells apoptosis. To further elucidate the mechanism of NAT-F–induced apoptosis, caspases in the mitochondrial apoptotic pathway were examined. As displayed in Figure 5C, NAT-F induced a concentration-dependent increase in the expression levels of cleavage caspase-9 and -3 in PC9 cells and similarly increased the expression of these protein in a dose-dependent manner in H1299 cells. Moreover, in cleaved PARP, as another hallmark of apoptosis, NAT-F pre-treatment resulted in an obvious increase of cleavage PARP in a dose-dependent manner in both cell lines (Figure 5C). Taken together, the data above showed that intrinsic mitochondrial pathways involved in NAT-F–induced apoptosis in NSCLC cells.
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			Figure 5 | Effect of NAT-F on MMP and apoptosis-related proteins in NSCLC cells in vitro. (A) Treated cells were stained with TMRM solution and then observed under a fluorescence microscope. Bar: 50 μm. (B) Histograms of the TMRM-stained cells by flow cytometry and bar graph of the MMP changes in NAT-F–treated PC9 and H1299 cells. (C) Western blot analysis of Bcl-2 family members (Bax, Bcl-2, Bcl-xL, and Mcl-1), cytochrome c, cleaved-caspase-9/-3 and cleaved-PARP expressions in PC9 and H1299 cells, and expression level were quantified. In PC9 cells, samples of cleaved-PARP, GAPDH, Bax, Bcl-xL, and Mcl-1 were from the same gels; samples of Bcl-2, cleaved caspase-9/-3, cytochrome c (cytoplasm) were from the same gels. In H1299 cells, the gels of these protein samples were similar to that of PC9 cells. GAPDH was used as internal control. Western blot assay was carried out at least three times, and data represented mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, significant difference between NAT-F-treated groups and the control.

		


			NAT-F Activated the MAPK Signaling Pathway

			MAPK signaling pathway plays a crucial role in the control of cellular differentiation, proliferation, oxidative stress, and cell apoptosis. We determined the effects of NAT-F on p38, JNK, and ERK, the three main proteins of MAPK family in NSCLC cells. Our results showed that NAT-F enhanced phosphorylation of p38 and phosphorylated JNK in a concentration-dependent manner, whereas there was no difference in the total protein levels of p38 and JNK (Figures 6A, B). However, phosphorylated -ERK1/2 were decreased, compared with the control group (Figures 6A, B). These data indicated that NAT-F exerts its apoptotic effects on human NSCLC cells via the activation of MAPK signaling pathway.
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			Figure 6 | Effect of NAT-F on MAPKs signaling pathway in NSCLC cells. (A) and (B) Cells exposed to varying concentrations of NAT-F (0, 0.03, 0.3, and 1 μM) were detected for the expression of MAPKs proteins. The protein expressions of p-p38, p38, p-JNK, JNK, p-ERK, and ERK in PC9 and H1299 cells were measured by Western blotting. In PC9 cells, samples of and P38, p-P38, and JNK were from the same gels; samples of p-JNK, ERK1/2, p-ERK1/2, and GAPDH were from the same gels. In H1299 cells, the gels of these protein samples were similar to that of PC9 cells. GAPDH was used as internal control. Quantitative data for MAPKs proteins were shown. Western blot assay was carried out at least three times, and data were expressed as means ± SD. **p < 0.01, ***p < 0.001, significant difference between NAT-F-treated groups and the control.

		


			Discussion

			In this study, we found that NAT-F, a natural Streptomyces-derived product isolated from Streptomyces conglobatus by our group, displayed anti-proliferative activity in five types of human NSCLC cells and was more potent against PC9 and H1299 cells. In addition, NAT-F was more toxic to human NSCLC cells than to the three types of normal cells. The possible mechanisms of NAT-F’s anti-cancer activities involved in human NSCLC cells were elucidated in our research.

			To date, 13 NAT derivatives and their analogs have been isolated since the 1960s, which exhibit various biological activities of immunosuppression, anti-microbial, fungicidal, and anti-tumor effects (Li et al., 2013; Salim et al., 2014; Lim et al., 2016; Zhou et al., 2018). For example, it has been reported that the NAT derivatives SW-163A and B, isolated from the culture broth of Streptomyces sp. SNA15896, exerted immunosuppressive and anti-microbial activities in vitro (Takahashi et al., 2001). Besides, Izumikawa et al. demonstrated that NAT derivatives JBIR-04 and -05, isolated from Streptomyces violaceoniger 4541-SVS3, inhibited the expression of GRP78 induced by 2-deoxyglucose in human fibrosarcoma HT1080 cells (Izumikawa et al., 2007). In the present study, we found that NAT-F potently inhibited the viability and survival of NSCLC cells, and it was an effective anti-tumor agent in vitro.

			Cell cycle deregulation is one of the major hallmarks of cancer progress, and induction cell cycle arrest is an important cause to inhibit cancer growth and proliferation (Hsiao et al., 2012). NAT-F showed different effect on cell cycle arrest, induced S stage arrest in PC9 cells, but G0/G1 stage arrest in H1299 cells, which suggested that NAT-F is a cell cycle non-specific anti-tumor compound. We hypothesize that the differences in the effect of NAT-F on cell cycle arrest are primarily determined by the genetics of the cell lines. Indeed, the NSCLC cells used in our study have different TP53 genotype (Supplementary Table 1), as reported in the literature (Mukhopadhyay and Roth, 1993; Deng et al., 2007; Tyagi et al., 2013; Pellerano et al., 2019). For example, the human lung cancer cell line PC9 harbors mutant TP53, whereas the cell line H1299 is a TP53-null lung cancer model (Yonesaka et al., 2006; Allen et al., 2015; Song et al., 2019). Nevertheless, NAT-F caused G1/G0 arrest and apoptosis accompanied by down-regulation of cyclinD1 and cyclinE1 in H1299 (p53-null) cells, indicating that it exerted these effects in a p53-independent manner. Many anti-tumor compounds have different effect on cell cycle, although the underlying mechanism is unclear. Previous work from our laboratory also demonstrated aaptamine, isolated from the marine sponge Aaptos, showed different effects on cell cycle in two hepatocellular carcinoma (HCC) cell lines (Li et al., 2015). Natural compounds, such as cephalochromin and xanthoxyletin, have been reported arrested cell cycle at G0/G1 or S phase, respectively (Rasul et al., 2011; Hsiao et al., 2014). The exact mechanisms underlying the different cell arrest caused by NAT-F remain unknown and also need to be explored in the future.

			The DNA damage response comprises DNA repair, cell cycle checkpoint control, and DNA damage-induced apoptosis, which plays critical roles in promoting genomic integrity and suppresses tumorigenesis (Foster et al., 2012). Histone H2AX phosphorylated on serine 139 (γ-H2AX), an important molecular marker of DNA damage, is widely used to evaluate the DNA double-strand breaks (Bonner et al., 2008; Yang et al., 2018). The oxidative DNA product, 8-OHdG, is a commonly used biomarker for the measurement of endogenous oxidative DNA damage (Valavanidis et al., 2009). It was established that ROS can produce oxidative stress and cause damage to DNA (Klaunig et al., 2010). We also found out that NAT-F significantly induced an increase in oxidative DNA damage, as indicated by the formation of γ-H2AX and 8-OHdG, and these events are correlated with the increase in the production of ROS. Notably, a strong cytoplasmic staining for 8-OHdG was observed in NAT-F–treated cells. 8-OHdG, a form of guanine oxidized at the C-8 position, is a major product of nucleic acid oxidation (Floyd et al., 1988; Lood et al., 2016). In addition, unlike any other species that contains oxidized guanine, 8-OHdG is membrane permeable (Cooke et al.,2005). Moreover, it has been reported that there were abundant cytoplasmic 8-OHdG staining not only in cancer cells but also in tumor tissues (Cao et al., 2006; Sheridan et al., 2009; Tempka et al., 2018). Hence, it can be speculated that 8-OHdG might not be completely distributed in the nucleus. Another possible reason for the observed strong cytoplasmic staining of 8-OHdG is likely due to DNA damage caused by NAT-F, which occurred in both the nucleus and mitochondria. A study by Valavanidis et al. showed that 8-OHdG, one of the main forms of oxidative damage induced by free radicals, was found in nuclear and mitochondrial DNA (Valavanidis et al., 2009). DNA damage at G1 or S phase results in cell cycle arrest brought about by Chk1-mediated deactivation of the Cdc25A phosphatase (Zhang et al., 2006). In our study, we found that levels of phosphorylated Chk1 were obviously increased, and Cdc25A was significantly decreased in NAT-F-treated lung cancer cells. We demonstrated that Chk1/Cdc25A pathway is involved in the regulation of DNA damage response in lung cancer cells exposed to NAT-F.

			Induction of apoptosis of cancer cells is one of the major mechanisms of anti-tumor agents which play anti-tumor effect (Hsiao et al., 2014). Here, DAPI staining indicated that NAT-F could induce the formation of apoptotic nuclei in PC9 and H1299 NSCLC cells, which was further supported by the result of flow cytometry with Annexin-V/PI staining assay. Apoptosis is known to be stimulated through the extrinsic death receptor-mediated and intrinsic mitochondrial-dependent signaling pathway (Robinson et al., 2011). It is well known that mitochondria is not only the important site of respiration but also oxidative phosphorylation in the cell. The loss and disruption of MMP is recognized to be a hallmark of early apoptosis, where release of cytochrome c from the mitochondria is also the initiation of apoptosis (Gottlieb et al., 2003). Accumulated evidence shows that Bcl-2 family proteins, including pro-apoptotic Bax and Bid and anti-apoptotic Bcl-2, Bcl-xL, and Mcl-1 proteins, play a pivotal role in regulation of mitochondrial membrane permeability and the mitochondrial apoptotic pathway (Degterev et al., 2003). For example, proapoptotic Bcl-2 family members, Bax and Bak, play a crucial role in the regulation of apoptosis through permeabilization of the mitochondrial outer membrane, which subsequently lead to the release of pro-apoptotic factors, such as cytochrome c (Korsmeyer et al., 2000). Indeed, our results revealed treatment of NSCLC cells with NAT-F resulted in a drop of MMP in a concentration-dependent manner and significantly elevated the expression of cytochrome c in the cytoplasm. Besides, the results from our Western blotting also showed that NAT-F treatment significantly up-regulated Bax and down-regulated Bcl-2, Bcl-xL, and Mcl-1 in both NSCLC cells. These results indicated that NAT-F–induced apoptosis was related to mitochondrial damage. In addition, Bax-induced apoptosis is associated with other mitochondrial dysfunctions, such as alterations of the MMP and accumulation of ROS. Moreover, high levels of ROS generation associated with cellular damage and apoptosis (Yang et al., 2010). Many anti-cancer agents exerted anti-tumor activity by ROS-dependent apoptotic signaling (Yoon et al., 2013; Wang et al., 2014; Jiang et al., 2017). We also showed that NAT-F treatment induced concentration-dependent ROS production in NSCLC cells, which indicated that NAT-F–induced apoptotic cell death in human NSCLC cells was associated with the ROS generation. In addition, caspases are a family of cystine proteases that play critical roles in both intrinsic and extrinsic signaling pathways (Degterev et al., 2003). Initiator caspase-9 and effector caspase-3 could be activated due to the alteration of the apoptotic members, such as Bcl-2 family proteins (Ganesan and Colombini, 2010; Cooley-Andrade et al., 2016). Activation of Bax and Bak lead to the loss of MMP and release of cytosolic cytochrome c to interact with caspase 9 to form a multi-protein complex known as “apoptosome”; this further trigger caspase 3 activation and results in apoptosis (Tsujimoto, 1998; Yuan and Akey, 2013). We observed that NAT-F mediated the activation of caspase-9 and -3, and the cleavage of 116-kDa PARP into 89-kDa subunit revealed that mitochondria-mediated caspase cascade pathway was activated in NAT-F-induced apoptosis.

			The mitogen-activated protein kinases (MAPKs) superfamily, including ERK1/2, p38, and JNK, play important roles in the regulation of cell differentiation, proliferation, and apoptosis. In general, the activation of ERK is pro-survival but activation of p38 and JNK can result in apoptosis (Schroeter et al., 2003; Junttila et al., 2008; Krishna and Narang, 2008). It has been reported that oxidative stress, elicited by ROS, was one of the major stimuli of the MAPK cascade, which ultimately resulted in cell survival or apoptosis (Satoh et al., 2000). High levels of ROS promoted cell apoptosis by activating MAPK signaling pathway (Beccafico et al., 2015; Liu et al., 2015). The activation of JNK or p38-MAPK pathway, which is related to oxidative stress, has been confirmed to be involved in the process of neuronal cell apoptosis (Choi et al., 2004). In addition, several studies have shown that the activation of p38-MAPK–mediated mitochondria-dependent apoptosis can be induced by exposure to some agents (Kim et al., 2011; Lu et al., 2011). In our study, we had demonstrated that dose-dependent NAT-F treatment induced ROS production and up-regulated p38 and JNK phosphorylation, and ERK1/2 phosphorylated level was significantly suppressed for NAT-F treatment in both NSCLC cells. These results indicated that ROS-mediated signals were critical for downstream MAPK activation-regulated mitochondria-dependent apoptosis pathway in NAT-F-induced NSCLC cells apoptosis.

			Taken together, our results demonstrate that the Streptomyces-derived compound NAT-F possesses promising inhibitory effects on proliferation through cell cycle arrest and induces DNA damage in human NSCLC in vitro. In addition, NAT-F can induce NSCLC cell apoptosis through the mitochondria-dependent apoptosis pathway, where mitochondrial dysfunction (loss of MMP, the releasing of cytochrome c, and regulation of pro-apoptotic protein and anti-apoptotic protein expression), increased PARP cleavage, and activation of caspase-9 and -3 are critical events for apoptosis. Further investigation demonstrate that activation of MAPKs may be one of the contributors in NAT-F-induced apoptosis.

			Author Contributions

			LiyL and HZ designed the experiments, carried out the research, analysed the data, and wrote the manuscript. WW, YS, and YW provided technical assistance with several protocols. XL, YS, and YZ isolated NAT-F from Streptomyces conglobatus strain. WW, YW, LiL, and JT provided support in maintenance of cell culture and proof read the manuscript. FS and H-WL conceived the study, planned the project, and coordination of the study. All authors read and approved the final manuscript.

			Funding

			This research was supported by National Key Research and Development Program of China (2018YFC0310900), National Natural Science Foundation of China, Grant/Award Number: U1605221, 81502936, 31670096, 21502113.

			Supplementary Material

			The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2019.01042/full#supplementary-material

			References

			Addington, J., and Freimer, M. (2016). Chemotherapy-induced peripheral neuropathy: an update on the current understanding. F1000Res. 5, 1466. doi: 10.12688/f1000research.8053.1

			Aisner, D. L., and Marshall, C. B. (2012). Molecular pathology of non-small cell lung cancer: a practical guide. Am. J. Clin. Pathol. 138, 332–346. doi: 10.1309/AJCPFR12WJKCEEZZ

			Allen, K. T., Chin-Sinex, H., DeLuca, T., Pomerening, J. R., Sherer, J., Watkins, J. B., et al. (2015). Dichloroacetate alters Warburg metabolism, inhibits cell growth, and increases the X-ray sensitivity of human A549 and H1299 NSC lung cancer cells. Free Radic. Biol. Med. 89, 263–273. doi: 10.1016/j.freeradbiomed.2015.08.006

			Beccafico, S., Morozzi, G., Marchetti, M. C., Riccardi, C., Sidoni, A., Donato, R., et al. (2015). Artesunate induces ROS-and p38 MAPK-mediated apoptosis and counteracts tumor growth in vivo in embryonal rhabdomyosarcoma cells. Carcinogenesis 36, 1071–1083. doi: 10.1093/carcin/bgv098

			Blandin Knight, S., Crosbie, P. A., Balata, H., Chudziak, J., Hussell, T., and Dive, C. (2017). Progress and prospects of early detection in lung cancer. Open. Biol. 7, 170070. doi: 10.1098/rsob.170070

			Bonner, W. M., Redon, C. E., Dickey, J. S., Nakamura, A. J., Sedelnikova, O. A., Solier, S., et al. (2008). GammaH2AX and cancer. Nat. Rev. Cancer 8, 957–567. doi: 10.1038/nrc2523

			Caglioti, L., Misiti, D., Mondelli, R., Selva, A., Arcamone, F., and Cassinelli, G. (1969). The structure of neoantimycin. Tetrahedron 25, 2193–2221. doi: 10.1016/S0040-4020(01)82768-X

			Calcul, L., Zhang, B., Jinwal, U. K., Dickey, C. A., and Baker, B. J. (2012). Natural products as a rich source of tau-targeting drugs for Alzheimer’s disease. Future Med. Chem. 4, 1751–1761. doi: 10.4155/fmc.12.124

			Cao, J., Jia, L., Zhou, H. M., Liu, Y., and Zhong, L. F. (2006). Mitochondrial and nuclear DNA damage induced by curcumin in human hepatoma G2 cells. Toxicol. Sci. 91 (2), 476–483. doi: 10.1093/toxsci/kfj153

			Choi, W. S., Eom, D. S., Han, B. S., Kim, W. K., Han, B. H., Choi, E. J., et al. (2004). Phosphorylation of p38 MAPK induced by oxidative stress is linked to activation of both caspase-8- and -9-mediated apoptotic pathways in dopaminergic neurons. J. Biol. Chem. 279, 20451–20460. doi: 10.1074/jbc.M311164200

			Cooke, M. S., Evans, M. D., Dove, R., Rozalski, R., Gackowski, D., Siomek, A., et al. (2005). DNA repair is responsible for the presence of oxidatively damaged DNA lesions in urine. Mutat. Res. 574 (1-2), 58–66. doi: 10.1016/j.mrfmmm.2005.01.022

			Cooley-Andrade, O., Cheung, K., Chew, A. N., Connor, D. E., and Parsi, K. (2016). Detergent sclerosants at sub-lytic concentrations induce endothelial cell apoptosis through a caspase dependent pathway. Apoptosis 21, 836–845. doi: 10.1007/s10495-016-1252-3

			Degterev, A., Boyce, M., and Yuan, J. (2003). A decade of caspases. Oncogene 22, 8543–8567. doi: 10.1038/sj.onc.1207107

			Deng, W. G., Kawashima, H., Wu, G., Jayachandran, G., Xu, K., Minna, J. D., et al. (2007). Synergistic tumor suppression by coexpression of FUS1 and p53 is associated with down-regulation of murine double minute-2 and activation of the apoptotic protease-activating factor 1-dependent apoptotic pathway in human non-small cell lung cancer cells. Cancer Res. 67 (2), 709–717. doi: 10.1158/0008-5472.CAN-06-3463

			Floyd, R. A., West, M. S., Eneff, K. L., Hogsett, W. E., and Tingey, D. T. (1988). Hydroxyl free radical mediated formation of 8-hydroxyguanine in isolated DNA. Arch. Biochem. Biophys. 262 (1), 266–272. doi: 10.1016/0003-9861(88)90188-9

			Foster, S. S., De, S., Johnson, L. K., Petrini, J. H., and Stracker, T. H. (2012). Cell cycle- and DNA repair pathway-specific effects of apoptosis on tumor suppression. Proc. Natl. Acad. Sci. U.S.A 109, 9953–9958. doi: 10.1073/pnas.1120476109

			Ganesan, V., and Colombini, M. (2010). Regulation of ceramide channels by Bcl-2 family proteins. FEBS Lett. 584, 2128–2134. doi: 10.1016/j.febslet.2010.02.032

			Gottlieb, E., Armour, S. M., Harris, M. H., and Thompson, C. B. (2003). Mitochondrial membrane potential regulates matrix configuration and cytochrome c release during apoptosis. Cell Death Differ. 10 (6), 709–717. doi: 10.1038/sj.cdd.4401231

			Hsiao, C. J., Hsiao, G., Chen, W. L., Wang, S. W., Chiang, C. P., Liu, L. Y., et al. (2014). Cephalochromin induces G0/G1 cell cycle arrest and apoptosis in A549 human non-small-cell lung cancer cells by inflicting mitochondrial disruption. J. Nat. Prod. 77, 758–765. doi: 10.1021/np400517g

			Hsiao, C. J., Hsiao, S. H., Chen, W. L., Guh, J. H., Hsiao, G., Chan, Y. J., et al. (2012). Pycnidione, a fungus-derived agent, induces cell cycle arrest and apoptosis in A549 human lung cancer cells. Chem. Biol. Interact. 197, 23–30. doi: 10.1016/j.cbi.2012.03.004

			Izumikawa, M., Ueda, J. Y., Chijiwa, S., Takagi, M., and Shin-ya, K. (2007). Novel GRP78 molecular chaperone expression down-regulators JBIR-04 and -05 isolated from Streptomyces violaceoniger. J. Antibiot. (Tokyo) 60, 640–644. doi: 10.1038/ja.2007.82

			Jiang, Y., Wang, X., and Hu, D. (2017). Furanodienone induces G0/G1 arrest and causes apoptosis via the ROS/MAPKs-mediated caspase-dependent pathway in human colorectal cancer cells: a study in vitro and in vivo. Cell Death Dis. 8, e2815. doi: 10.1038/cddis.2017.220

			Johnson, D. H., Schiller, J. H., and Bunn, P. A. (2014). Recent clinical advances in lung cancer management. J. Clin. Oncol. 32, 973–982. doi: 10.1200/JCO.2013.53.1228

			Junttila, M. R., Li, S. P., and Westermarck, J. (2008). Phosphatase-mediated crosstalk between MAPK signaling pathways in the regulation of cell survival. FASEB J. 22, 954–965. doi: 10.1096/fj.06-7859rev

			Kim, E. S. (2016). Chemotherapy resistance in lung cancer. Adv. Exp. Med. Biol. 893, 189–209. doi: 10.1007/978-3-319-24223-1_10

			Kim, J. Y., Yu, S. J., Oh, H. J., Lee, J. Y., Kim, Y., and Sohn, J. (2011). Panaxydol induces apoptosis through an increased intracellular calcium level, activation of JNK and p38 MAPK and NADPH oxidase-dependent generation of reactive oxygen species. Apoptosis 16, 347–358. doi: 10.1007/s10495-010-0567-8

			Klaunig, J. E., Kamendulis, L. M., and Hocevar, B. A. (2010). Oxidative stress and oxidative damage in carcinogenesis. Toxicol. Pathol. 38, 96–109. doi: 10.1177/0192623309356453

			Korsmeyer, S. J., Wei, M. C., Saito, M., Weiler, S., Oh, K. J., and Schlesinger, P. H. (2000). Pro-apoptotic cascade activates BID, which oligomerizes BAK or BAX into pores that result in the release of cytochrome c. Cell Death Differ. 7 (12), 1166–1173. doi: 10.1038/sj.cdd.4400783

			Krishna, M., and Narang, H. (2008). The complexity of mitogen-activated protein kinases (MAPKs) made simple. Cell. Mol. Life Sci. 65, 3525–3544. doi: 10.1007/s00018-008-8170-7

			Lim, C. L., Nogawa, T., Okano, A., Futamura, Y., Kawatani, M., Takahashi, S., et al. (2016). Unantimycin A, a new neoantimycin analog isolated from a microbial metabolite fraction library. J. Antibiot. (Tokyo) 69, 456–458. doi: 10.1038/ja.2015.124

			Liu, J., Chang, F., Li, F., Fu, H., Wang, J., Zhang, S., et al. (2015). Palmitate promotes autophagy and apoptosis through ROS-dependent JNK and p38 MAPK. Biochem. Biophys. Res. Commun. 463, 262–267. doi: 10.1016/j.bbrc.2015.05.042

			Li, Q. L., Zhang, P. P., Wang, P. Q., Yu, H. B., Sun, F., Hu, W. Z., et al. (2015). The cytotoxic and mechanistic effects of aaptamine on hepatocellular carcinoma. Anticancer Agents Med. Chem. 15, 291–297. doi: 10.2174/1871520614666141114201027

			Li, X., Zvanych, R., Vanner, S. A., Wang, W., and Magarvey, N. A. (2013). Chemical variation from the neoantimycin depsipeptide assembly line. Bioorg. Med. Chem. Lett. 23, 5123–5127. doi: 10.1016/j.bmcl.2013.07.031

			Lood, C., Blanco, L. P., Purmalek, M. M., Carmona-Rivera, C., De Ravin, S. S., Smith, C. K., et al. (2016). Neutrophil extracellular traps enriched in oxidized mitochondrial DNA are interferogenic and contribute to lupus-like disease. Nat Med. 22 (2), 146–153. doi: 10.1038/nm.4027

			Lu, J., Xu, S. Y., Zhang, Q. G., Xu, R., and Lei, H. Y. (2011). Bupivacaine induces apoptosis via mitochondria and p38 MAPK dependent pathways. Eur. J. Pharmacol. 657 (1-3), 51–58. doi: 10.1016/j.ejphar.2011.01.055

			Mukhopadhyay, T., and Roth, J. A. (1993). A codon 248 p53 mutation retains tumor suppressor function as shown by enhancement of tumor growth by antisense p53. Cancer Res. 53 (18), 4362–4366. 

			Newman, D. J., and Cragg, G. M. (2007). Natural products as sources of new drugs over the last 25 years. J. Nat. Prod. 70, 461–477. doi: 10.1021/np068054v

			Olano, C., Méndez, C., and Salas, J. A. (2009). Antitumor compounds from actinomycetes: from gene clusters to new derivatives by combinatorial biosynthesis. Nat. Prod. Rep. 26, 628–660. doi: 10.1039/b822528a

			Pellerano, M., Naud-Martin, D., Mahuteau-Betzer, F., Morille, M., and Morris, M. C. (2019). Fluorescent biosensor for detection of the R248Q aggregation-prone mutant of p53. Chembiochem 20 (4), 605–613. doi: 10.1002/cbic.201800531

			Rasul, A., Khan, M., Yu, B., Ma, T., and Yang, H. (2011). Xanthoxyletin, a coumarin induces Sphase arrest and apoptosis in human gastric adenocarcinoma SGC-7901 cells. Asian Pac. J. Cancer Prev. 12, 1219–1223. 

			Robinson, K. S., Clements, A., Williams, A. C., Berger, C. N., and Frankel, G. (2011). Bax inhibitor 1 in apoptosis and disease. Oncogene 30, 2391–2400. doi: 10.1038/onc.2010.636

			Salim, A. A., Cho, K. J., Tan, L., Quezada, M., Lacey, E., Hancock, J. F., et al. (2014). Rare Streptomyces N-formyl amino-salicylamides inhibit oncogenic K-Ras. Org. Lett. 16, 5036–5039. doi: 10.1021/ol502376e

			Satoh, T., Nakatsuka, D., Watanabe, Y., Nagata, I., Kikuchi, H., and Namura, S. (2000). Neuroprotection by MAPK/ERK kinase inhibition with U0126 against oxidative stress in a mouse neuronal cell line and rat primary cultured cortical neurons. Neurosci. Lett. 288, 163–166. doi: 10.1016/S0304-3940(00)01229-5

			Schroeter, H., Boyd, C. S., Ahmed, R., Spencer, J. P., Duncan, R. F., Rice-Evans, C., et al. (2003). c-Jun N-terminal kinase (JNK)-mediated modulation of brain mitochondria function: new target proteins for JNK signaling in mitochondrion-dependent apoptosis. Biochem. J. 372, 359–369. doi: 10.1042/bj20030201

			Sheridan, J., Wang, L. M., Tosetto, M., Sheahan, K., Hyland, J., Fennelly, D., et al. (2009). Nuclear oxidative damage correlates with poor survival in colorectal cancer. Br. J. Cancer 100 (2), 381–388. doi: 10.1038/sj.bjc.6604821

			Siddik, Z. H. (2003). Cisplatin: mode of cytotoxic action and molecular basis of resistance. Oncogene 22, 7265–7279. doi: 10.1038/sj.onc.1206933

			Song, Y. A., Ma, T., Zhang, X. Y., Cheng, X. S., Olajuyin, A. M., Sun, Z. F., et al. (2019). Apatinib preferentially inhibits PC9 gefitinib-resistant cancer cells by inducing cell cycle arrest and inhibiting VEGFR signaling pathway. Cancer Cell Int. 19, 117. doi: 10.1186/s12935-019-0836-8

			Takahashi, K., Tsuda, E., and Kurosawa, K. (2001). SW-163A and B, novel immunosuppressants produced by Streptomyces sp. J. Antibiot. (Tokyo) 54, 867–873. doi: 10.7164/antibiotics.54.867

			Tempka, D., Tokarz, P., Chmielewska, K., Kluska, M., Pietrzak, J., Rygielska, Ż., et al. (2018). Downregulation of PARP1 transcription by CDK4/6 inhibitors sensitizes human lung cancer cells to anticancer drug-induced death by impairing OGG1-dependent base excision repair. Redox. Biol. 15, 316–326. doi: 10.1016/j.redox.2017.12.017

			Tsujimoto, Y. (1998). Role of Bcl-2 family proteins in apoptosis: apoptosomes or mitochondria? Genes Cells 3 (11), 97–707. doi: 10.1046/j.1365-2443.1998.00223.x

			Tyagi, A., Raina, K., Gangar, S., Kaur, M., Agarwal, R., and Agarwal, C. (2013). Differential effect of grape seed extract against human non-small-cell lung cancer cells: the role of reactive oxygen species and apoptosis induction. Nutr. Cancer. 65 Suppl 1, 44–53. doi: 10.1080/01635581.2013.785003

			Valavanidis, A., Vlachogianni, T., and Fiotakis, C. (2009). 8-hydroxy-2′-deoxyguanosine (8-OHdG): a critical biomarker of oxidative stress and carcinogenesis. J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 27 (2), 120–139. doi: 10.1080/10590500902885684

			Valipour, B., Mohammadi, S. M., Abedelahi, A., Faramarzian Azimi Maragheh, B., Naderali, E., Dehnad, A., et al. (2018). Culture filtrate ether extracted metabolites from Streptomyces levis ABRIINW111 increased apoptosis and reduced proliferation in acute lymphoblastic leukemia. Biomed. Pharmacother. 108, 216–223. doi: 10.1016/j.biopha.2018.09.050

			Wang, D., Wong, H. K., Feng, Y. B., and Zhang, Z. J. (2014). 18beta-glycyrrhetinic acid induces apoptosis in pituitary adenoma cells via ROS/MAPKs-mediated pathway. J. Neurooncol. 116, 221–230. doi: 10.1007/s11060-013-1292-2

			Yang, S., Xing, L., Gu, L., Cheng, H., Feng, Y., and Zhang, Y. (2018). Combination of RIZ1 overexpression and radiotherapy contributes to apoptosis and DNA damage of HeLa and SiHa cervical cancer cells. Basic Clin. Pharmacol.Toxicol. 123, 137–146. doi: 10.1111/bcpt.13008

			Yang, T. C., Lai, C. C., Shiu, S. L., Chuang, P. H., Tzou, B. C., Lin, Y. Y., et al. (2010). Japanese encephalitis virus downregulates thioredoxin and induces ROS-mediated ASK1-ERK/p38 MAPK activation in human promonocyte cells. Microbes. Infect. 12, 643–651. doi: 10.1016/j.micinf.2010.04.007

			Yonesaka, K., Tamura, K., Kurata, T., Satoh, T., Ikeda, M., Fukuoka, M., et al. (2006). Small interfering RNA targeting survivin sensitizes lung cancer cell with mutant p53 to adriamycin. Int. J. Cancer 118 (4), 812–820. doi: 10.1002/ijc.21350

			Yoon, D. H., Lim, M. H., Lee, Y. R., Sung, G. H., Lee, T. H., Jeon, B. H., et al. (2013). A novel synthetic analog of Militarin, MA-1 induces mitochondrial dependent apoptosis by ROS generation in human lung cancer cells. Toxicol. Appl. Pharmacol. 273, 659–671. doi: 10.1016/j.taap.2013.10.015

			Yuan, S., and Akey, C. W. (2013). Apoptosome structure, assembly and procaspase activation. Structure 21 (4), 501–515. doi: 10.1016/j.str.2013.02.024

			Zappa, C., and Mousa, S. A. (2016). Non-small cell lung cancer: current treatment and future advances. Transl. Lung. Cancer. Res. 5, 288–300. doi: 10.21037/tlcr

			Zhang, Y., Qu, D., Morris, E. J., O’Hare, M. J., Callaghan, S. M., Slack, R. S., et al. (2006). The Chk1/Cdc25A pathway as activators of the cell cycle in neuronal death induced by camptothecin. J. Neurosci. 26, 8819–8828. doi: 10.1523/JNEUROSCI

			Zhou, B. B., and Elledge, S. J. (2000). The DNA damage response: putting checkpoints in perspective. Nature 408, 433–439. doi: 10.1038/35044005

			Zhou, Y., Lin, X., Williams, S. R., Liu, L., Shen, Y., Wang, S. P., et al. (2018). Directed accumulation of anticancer depsipeptides by characterization of neoantimycins biosynthetic pathway and an NADPH-dependent reductase. ACS Chem. Biol. 13, 2153–2160. doi: 10.1021/acschembio.8b00325

			Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

			Copyright © 2019 Liu, Zhu, Wu, Shen, Lin, Wu, Liu, Tang, Zhou, Sun and Lin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

		

OEBPS/Images/Figure_5.jpg
A

B
o
0 om 03 INGRGM) 0 OB 63 INATRGM)
HI299
c NAT-F () 00 ¥ NATF(a) 0 003 03 1
Bax Bax| . i‘
Bal2) Bel2 -
BelxL| BolL |
Mokt Mek1 -
CytoC o |
(Cytoplasm (Croplasy| - - -
=
Caspase9 Caspase.9| -
Cleaved-Caspase-9 Cleaved-Caspase-9| _——
Caspase-3] Caspase3 | — —
Cleaved-Caspase-3 Cleaved-Caspase:3
PARP) PARD | QD w— -
Cleaved- PARP| Cleaved- PARP) — —
GAPDH GAPDH | S S S —
Clowm
Slomw
[y
Lt

.. all]

l

Relative protein expression






OEBPS/Images/fphar.2019.01042_cover.jpg
’ frontiers
in Pharmacology

Neoantimycin F, a Streptomyces-
Derived Natural Product Induces
Mitochondria-Related Apoptotic
Death in Human Non-Small Cell
Lung Cancer Cells





OEBPS/Images/Figure_2.jpg
A

NATF(pM) 0

PCY
MNumber
100 200300 400 500

03 1
= oo socac
s
B emmas 4 oa oo 1974
o $ no
amlio g v
i
“gf
&

B0 i 20

Chaanels (BL2-A) Chanaels BL2-A)
o cact = opcoat i
ST o sm (MBS e as RS e
gl o $s g 053 s o
Gam 1211 G 474
8l 8 8
S158
zg gﬁ
&
g &
8 &
M) % o 10 0 0 % ko 10 B o B m Do o
‘Chaanels BL2-4) Chanaels BL2-A) Chaanels (BL2-4)
PCY HI299
i g
G
é_lon am Gamm
= E
é 50 é 50
s
2 9 3 o
0 0.03 03 1 NAT-F(uM) o 003 03 1 NAT-F (M)
PCY
NATF (pM) 0 003 03 1
CDK2|
cyclinE1
CDK4
cyelinD1
cyclinB1
GAPDH
HI299
NATF (uM)

CDK2

o S

CDK4

cyclinB1

GAPDH






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/Figure_4.jpg
PCY HI1299
ZiElet 3
=i 8 ,
¢ "
g &
£
il 0:
J01
% 5 om0 TNATEGM) 6 0B 03 INATFGM)
B c
NAT-F (uM) NAT-F(uM

1 NATF (M)
HI299

€3 Early apotosis

b of3 03 1 NATF (uM)






OEBPS/Images/Figure_6.jpg
Pkl | M w—— —
00

GAPDH | g s w— _— ¢ é“&@&fw






OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Images/Figure_3.jpg
A PCY H1299

NATF(uM) 0 003 03 1 NAT-F(iM) 0 003 03 1
PChkl| o — - — pcnct SRS
| ———— Chicl | ————
ca:zs,«sﬁ —
-H2AX —_— -
GAPDH | w— — — —

Relative protein expression
T





OEBPS/Images/Figure_1.jpg
»
0

8

NHCHO. NCM-460
zm‘
o
° ot( SESS Ve SESF IS SSSF TS
NAT-F (M) NAT-F (M) NAT-F (sM)
o'

o
1
.
jg
Cell viabiliy(100%)
oR858388
%ﬂwnm
Cell viability(1
asssgm

B D PO HI299
5 Alw o2 100+ -2
6 £ 1. -y s ey
s ]
1l fo o
15
& 3. 30
05.
80 o 62 ds o5 a8 1o Mo %2 dr o6 o5 1o
yﬁﬁ Q’Q&&‘&Q’@ L NAT-F (M) NAT-F (M) =
moM  500- oM.
Lt - L — o Dt g‘“’ Ont

- P

HI299






