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Proteomic Comparison of the Cytotoxicology of Two Diastereomers of Citreamicin Reveals Differentially Activation of NF-κB Pathway
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Citreamicin ε is a group of antitumor compounds produced by Streptomyces species. Cytotoxicology study of two diastereomers, citreamicin ε A and B, showed different apoptotic effects on PtK2 cells with IC50 (half-maximal inhibitory concentration) values of 0.086 and 0.025 μM, respectively. Thus, we performed an iTRAQ (isobaric tags for relative and absolute quantitation)–based quantitative proteomic analysis to reveal the mechanism of cytotoxicity of citreamicin ε A and B in PtK2 cells. A total of 1,079 proteins were identified and quantified, among which 103 and 94 proteins displayed significant changes in expression levels after the treatment of citreamicin ε A and B, respectively. These significantly differentially expressed proteins (DEPs) were further annotated by Gene Ontology, Kyoto Encyclopedia of Genes and Genomes, and protein–protein interaction analysis, which revealed the involvement of eight molecular pathways. Among them, expression trends of proteins involved in the nuclear transcription factor κB (NF-κB) pathway displayed the opposite between the two diastereomer treatments, indicating different modes of action of these two compounds. Citreamicin ε A treatment induced rapid activation of the NF-κB pathway, which might promote cell survival and resulted in lower toxicity. Our comparative proteomic analysis provided molecular evidence on the toxicity of two diastereomers compounds to cells, which may shed new light on future mechanism study of these antitumor compounds.
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INTRODUCTION

Marine natural products play an important role in modern drug development (Gerwick and Moore, 2012; Khalifa et al., 2019). Citreamicins that are a group of polyketide compounds produced by Streptomyces species have been patented as potential candidates for anticancer drug discovery (Peoples et al., 2009). Virtually all of the citreamicins exhibited toxicity against mammalian cells. Besides, most of the citreamicins displayed inhibitory activity against the Gram-positive bacteria, including multidrug-resistant Staphylococcus aureus and vancomycin-resistant Enterococcus faecalis (Carter et al., 1990; Qadri et al., 1992; Peoples et al., 2008). The potent biological activity and the structural complexity of citreamicins also captured the attention of the chemical synthesis study (Blumberg and Martin, 2017, 2018). Citreamicin ε as one of the most potent members of the family possessed a basic chemical structure of seven condensed rings, including six polycyclic aromatic rings and an oxazolidone ring with two chiral centers. The previous bioactivity study of the citreamicins was almost based on the optical mixture compounds (Hopp et al., 2008).

The stereochemical study of marine natural products is particularly challenging, due to the complex structures and the small amount of compounds obtained from natural sources (Blunt et al., 2009). As stereoisomers may vary greatly in biological activities, the study of the relationship between the biological activities and the stereoisomers has fundamental scientific significance (Morrissey et al., 1996; Davies and Teng, 2003; Peng et al., 2018). Single enantiomers dominate the United States prescription drugs market. Among the top five selling drugs, three are single stereoisomers (Lindsley, 2013). To date, the growth in single stereoisomer products has produced several blockbuster compounds such as Pfizer’s atorvastatin and sertraline. Such stereoisomers often differ in biological activities and pharmacokinetic profiles, and the use of such mixtures may result in adverse effects of the drug particularly if they are associated with the inactive or less active isomer (Hutt and O’Grady, 1996). Because the binding of a compound to a biomolecular receptor in the body is the first and critical step to initiate pharmacological effects (Lin et al., 2011), differential binding affinities of different stereoisomers with the target enzymes can lead to their different bioactivities (Kim et al., 2006). Chiral molecules will certainly play a role in the exploitation of three-dimensional space for the development of new drugs in the future.

We have purified two diastereoisomers of citreamicin ε and studied the mechanism of their cytotoxic activity in our previous work (Liu et al., 2013). Toxicology study revealed that citreamicin ε A and B could cause DNA fragmentation and lead to cell apoptosis via the caspase-3–dependent pathway. The significant increase in reactive oxygen species (ROS) and the down-regulation of Mcl-1 in treated cells indicated the involvement of mitochondria during cell apoptosis.

The global proteomic strategy is a systematic approach to identify and characterize proteins that are responsive to drug treatments in mammalian cells. Proteomic profiling can be used to identify proteins that mediate various biological processes (Aebersold and Mann, 2003; Hondermarck, 2004). Recent studies have used proteomic screening to monitor the binding of small molecules to their potential target enzymes, offering valuable insights into the toxicological mechanism or the mode of action of next-generation therapeutics (Reker and Malmström, 2012). Proteomics can also increase the predictability of early drug development and identify non-invasive biomarkers of toxicity or efficacy (Kennedy, 2002; Poel et al., 2019). Because many physiological functions are regulated by protein complexes and therefore mostly rely on protein–protein interactions (PPIs), the more data on differential protein expression are available, the more we can understand about the regulated pathways involved in the biological process (Ruffner et al., 2007; Alexiou et al., 2017). For instance, the PPI network analysis plays as a powerful tool to get critical information from tons of proteins (Stanyon, 2005; Balashova et al., 2012; Scott et al., 2016). Among all the proteomic techniques, the isobaric tags for relative and absolute quantitation (iTRAQ) technology have gained great popularity in quantitative proteomics applications because of its high sensitivity in the detection of proteins in low concentrations, good sample capacity, accurate quantitation, and reproducibility (Ross et al., 2004).

In the present study, we used the epidemic cell line PtK2 as our experimental model to gain insights into the toxicological mechanisms underlying the different cellular responses of two diastereoisomers—citreamicin ε A and B. A comparative proteomic analysis of both PtK2 cells that were exposed to citreamicin ε A and B was conducted with iTRAQ method coupled with two-dimensional liquid chromatography–tandem mass spectrometry. We identified the differentially expressed proteins between the compound-treated and untreated cells at different time points.



MATERIALS AND METHODS


Cell Culture and Cytotoxic Activity Assay

PtK2 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA, United States) and cultured in Dulbecco modified eagle medium with L-glutamine, 1.37 g/L sodium bicarbonate, 10% fetal bovine serum, and 0.3% antibiotic and antimycotic solution [10,000 U/mL penicillin G. sodium; 10,000 μg/mL streptomycin sulfate, and 25 μg/mL amphotericin B in 0.85% saline (Gibco)] at 37°C in 5% CO2 in incubators. The cytotoxicity of citreamicins was assessed by a tetrazolium-based colorimetric [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)] assay (Liu et al., 2013). Briefly, cells were seeded in 96-well plates at a density of 1 × 104 cells/well and incubated overnight. The media were changed with fresh media containing various concentrations of citreamicin ε A and B, and incubated for 48 h. Cells treated with dimethyl sulfoxide (DMSO) were used as a negative control. At the end of incubation, the media were entirely removed, and 20 μL of the dye MTT was added to each well with additional incubated for 4 h at 37°C. Then 100 μL of DMSO was added to each well. After 20 min, the absorbance of each well was measured at 570 nm (Thermo Scientific Multiskan FC Multiplate Photometer, Waltham, MA, United States). Three independent experiments were performed. IC50 value (half-maximal inhibitory concentration) was calculated by the Logit method (Finney, 1978).



Cell Treatment, Protein Extraction, and Purification

PtK2 cells were seeded in plate 12 h before the treatment with 0.1 μM citreamicin ε A or B for 6, 12, and 24 h. Dimethyl sulfoxide (vehicle control) was used as a negative control. Cells were harvested and lysed in lysis buffer (8 M urea and 40 mM HEPES, pH 7.4) on ice, followed by centrifugation at 15,000 × g for 15 min at 4°C. Supernatants containing cytosolic and other cellular proteins were precipitated by the addition of four volumes of cold acetone at −20°C for 2 h, and then the proteins were quantified using the RC-DC kit (Bio-Rad, Hercules, CA, United States). Each treatment sample has three biological replicates.



Trypsin Digestion, iTRAQ Labeling, and Strong Cation Exchange Fractionation

A total of 200 μg of the peptide from each prepared cell lysate sample was reduced with 5 mM triscarboxyethyl phosphine hydrochloride at 60°C for 1 h and alkylated with 10 mM methylethanethiosulfonate at room temperature for 20 min (Han et al., 2013). Each sample was then digested overnight at 37°C with sequencing-grade trypsin (Promega, Madison, WI, United States). The protein digests were desalted using Sep-Pak C18 cartridges (Waters Corp., Milford, MA, United States) before being labeled. Two iTRAQ reagents multiplex kits were used to label samples treated with 0.1 μM citreamicin ε A and B, respectively. PtK2 cells treated with DMSO (iTRAQ 114), PtK2 cells treated with citreamicin ε A or B for 6 h (iTRAQ 115), PtK2 cells treated with citreamicin ε A or B for 12 h (iTRAQ 116), and PtK2 cells treated with citreamicin ε A or B for 24 h (iTRAQ 117). The treatment time points and the concentration of the treatment compounds were determined based on the previous TUNEL assay. The labeled peptides were pooled together before analysis. All combined peptide mixture samples were dried using a SpeedVac, followed by reconstituting with 100 μL of buffer A [10 mM KH2PO4, pH 3.0, ACN/H2O 25/75 (vol/vol)] respectively, and then loaded onto a PolySULFOETHYL A strong cation exchange column (200 × 4.6 mm, 200-Å pore size, 5 μm particle size) (PolyLC, Columbia, MD, United States) on a Waters Delta 600 HPLC (Waters Corp.). The samples were fractionated using a gradient of 100% buffer A for 10 min, 0% to 30% buffer B [10 mM KH2PO4, pH 3.0, 500 mM KCl, ACN/H2O 25/75 (vol/vol)] for 25 min, 30% to 100% buffer B for 5 min, and 100% buffer B for 10 min at a flow rate of 1 mL/min for 1 h. A total of 22 fractions were collected and desalted using Sep-Pak C18 cartridges.



Liquid Chromatography–Tandem Mass Spectrometry Analysis

All of the dried peptide fractions were reconstituted in 30 μL 0.1% formic acid, respectively, and then analyzed with a Waters nanoACQUITY UPLC System and a Waters Q-Tof Premier Mass Spectrometer equipped with a nano-electrospray ionization (ESI) source (nanoACQUITY; Waters Corp.). Peptides were separated using buffer A (0.1% formic acid in water) and buffer B (0.1% formic acid in acetonitrile) with a nanoflow gradient from 5% buffer B to 80% buffer B over 110 min at a flow rate of 300 nL/min and then back to the initial gradient of 5% buffer B. For electrospray analysis, the ESI-positive ion mode with a survey scans ranging from m/z 300 to 2,000 was applied.



Protein Identification and Quantification

Peptide identification and quantification were performed using ProteinLynx Global SERVER 2.2.5 (Waters Corp.). Raw MS/MS data were converted into.pkl files with and without MS/MS deisotoping (Han et al., 2013). The four groups of reporter ions were extracted from the non-deisotoped files, and the respective deisotoped files of the same mass range were replaced by using a python script. The combined files with all fractions in each replicate were merged and submitted to Mascot version 2.3.0 (Matrix Sciences, Ltd., London, United Kingdom) to search against the database, which concatenated real and reversed human sequences (downloaded from IPI, version 3.34, including 69,164 protein sequences). Trypsin was selected as enzyme for digestion; cysteine carbamidomethyl was selected as a fixed modification, and methionine oxidation was selected variable modification. The search criteria were 30 ppm for the precursor and 0.5 Da for the fragments. Up to one missed trypsin cleavage was permitted. Data with ion scores lower than 95% of confidence level were removed. The false discovery rate was dynamically controlled as 1% in each replicate. The normalization parameter in this study was the median. A protein with a significant change in expression level was defined from both the Mascot and also beyond the fold range of 0.77 and 1.3, which corresponded to 95% confidence level calculated based on analyzing the variations among technical replicates. The protein ratios in each replicate were quantified based on the summed intensities of the matched spectrum, and one protein had to be quantified by at least two spectra from any of the three replicates. These ratios were then further log2-transformed, which were then evaluated using a Student t test followed by Benjamini–Hochberg correction. A protein with corrected P < 0.05 was considered to be significantly differentially expressed. The fold change limit was set so that 95% of the proteins for each protein score fell within the designated range. All of the raw data about the protein identification and quantification have already deposited in PeptideAtlas with the dataset identifier of PASS0148.



Bioinformatics Analysis

Proteins that showed significant changes after the treatment of citreamicin ε A and B were analyzed by DAVID 6.71. Gene Ontology (GO) analysis and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were both used to determine the functional subcategories and metabolic pathways for DEPs. The cellular interactions between the DEPs were identified using PPI Spider (Antonov et al., 2009)2 and mapped among those experimentally derived proteins based on the collective information retrieved through exhaustive search from these resources. The model D2 indicated that 1 maximal intermediate protein between any two inputs was used. The significantly enriched pathways (P < 0.01) were considered as a seed for protein functional analysis. Cytoscape v 3.6.1 [National Institute of General Medical Sciences (NIGMS), United States] was used to visualize the “.xgmml” network deduced from PPI Spider.



Western Blot Analysis

The PtK2 cells were seeded onto 100-mm Petri dishes 12 h before being treated with 0.1 μM citreamicin ε A and B, respectively. The cells were collected at different time points (6, 12, and 24 h) and lysed in lysis buffer (50 mM Tris-HCl, pH 7.8, 150 mM NaCl, 1% Triton X-100, and protease and phosphatase inhibitors). The lysates (60 μg) were separated using 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then transferred onto a nitrocellulose membrane (Bio-Rad). After blocking with 5% non-fat milk in TBST (Tris-buffered saline with 0.1% Tween-20), the membranes were incubated with the primary antibodies overnight at 4°C or 2 h at room temperature. The membranes were washed with TBST three times with 15-min intervals and subsequently incubated with horseradish peroxidase–conjugated secondary antibody at room temperature for 1 h. After washing with TBST, the membranes were developed using ImmobilonTM Western detection reagents (Millipore, Billerica, MA, United States). The primary antibodies used in the present study included anti–caspase-3 (Santa Cruz Biotechnology, Santa Cruz, CA, United States), anti–nuclear transcription factor κB (NF-κB)/p65 (Anbo Biotechnology, San Francisco, CA, United States), and anti–β-actin (Sigma-Aldrich, St. Louis, MO, United States). The densitometry results of Western blots were quantified as mean ± SD by ImageJ (National Institutes of Health, United States).



RESULTS


Cytotoxic Effect of the Two Diastereomers Citreamicin ε A and B Against PtK2 Cells

The structures of citreamicin ε A and B were determined to be a pair of diastereoisomers with the only difference in position C-19 (Figure 1). Citreamicin ε A showed β-CH3 orientation at C-19, whereas citreamicin ε B displayed α-CH3 orientation. The cytotoxic activity of both diastereoisomers was investigated by MTT method. The concentration- and cell viability–dependent effects of citreamicin ε A and B on normal cell growth are displayed in Figure 2. The IC50 value of citreamicin ε A was calculated to be 0.086 μM, which was three times higher than the IC50 value of citreamicin ε B (0.025 μM). The different cytotoxic effects of these two diastereomers might be related to different modes of action. To determine whether the cytotoxic effect caused by citreamicin ε A and B was related to apoptosis, we performed a TUNEL assay that detected cells undergoing DNA fragmentation. Compared with the cells treated with DMSO, TUNEL-positive cells could be observed in the treatment of citreamicin ε A and B (Supplementary Figure S1). Cells treated with citreamicin ε B displayed more apoptotic cells compared with the treatment of citreamicin ε A, which was consistent with the results in cytotoxic study.
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FIGURE 1. Structures of citreamicin ε A and B.
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FIGURE 2. Cytotoxic activity of citreamicin ε A and B against PtK2 cells. Cells were treated with different concentrations of individual diastereoisomers for 48 h. Cell viability was assessed using the MTT method. The data are presented as mean ± SE of three independent experiments.




iTRAQ-Based Proteomic Analysis of Ptk2 Cells in Response to Citreamicin ε A and B

A total of 1,079 proteins have been quantified in both citreamicin ε A and B treatment, after removing the decoy sequences (Supplementary Table S1). These proteins were identified based on more than 45,000 spectra; among them, 6,743 are unique peptides in the citreamicin ε A treatments and 6,746 in the citreamicin ε B treatments. The mean protein sequence coverage of citreamicin ε A and B treatments was 16.0% and 15.9%, respectively (Table 1). To quantify the proteins, the fold change ratio between the control and the treatment was calculated. Hence, in the present study, proteins with the fold changes of ≥ 1.3 or ≤ 0.77 and P < 0.05 in both citreamicin ε A and B treatments were considered as significantly differentially expressed protein (DEPs). The fold change value of 1 representing no change in protein expression levels between treated and the control cells. The heatmap of the changes of all quantified proteins in both citreamicin ε A and B treatment was displayed in Supplementary Figure S2.


TABLE 1. General protein and peptides information.
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As shown in Figure 3, 53 proteins (15 up-regulated and 38 down-regulated) were found significantly changed in the 6-h treatment of citreamicin ε A, whereas less DEPs (30 proteins including 9 up-regulated and 21 down-regulated) were identified in the 6-h treatment of citreamicin ε B. In the 12-h treatment samples, 38 proteins including 8 up-regulated and 30 down-regulated were found to be DEPs with citreamicin ε A treatment, whereas 64 proteins (21 up-regulated and 43 down-regulated) were identified to be DEPs with citreamicin ε B treatment. Along with the increasing of treatment time, 54 and 43 proteins were found to be DEPs in 24-h treatment samples of citreamicin ε A and B, respectively. In total, the down-regulated proteins were more than the up-regulated in both citreamicin ε A and B treatment in three time points. Of these DEPs, 33 proteins were overlapped in three time points with the treatment of citreamicin ε A, and the corresponding value for citreamicin ε B was 35 (Figures 4A,B). Thus, 103 and 94 proteins were identified to be significantly changed within 24 h of incubation with citreamicin ε A and B, respectively, and only 31 DEPs were overlapped in the two groups (Figure 4C).
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FIGURE 3. Numbers of significantly DEPs, including the up- and down-regulated proteins in PtK2 cells with the citreamicin ε A (A) and B (B) treatment for 6, 12, and 24 h, respectively.
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FIGURE 4. Venn diagrams showing the overlap of the differentially expressed proteins (DEPs) in PtK2 cells with the treatment of citreamicin ε A (A) and B (B) for 6, 12, and 24 h, respectively, and the overlap of the DEPs between citreamicin ε A and B treatment within 24 h (C).




GO Enrichment Analysis of the Identified DEPs

To gain insights into the biological pathways of the DEPs, GO enrichment analysis was done to classify the biological process, molecular function, and cellular component that these proteins were involved in Figure 5. The biological process analysis revealed that the main functional categories were maintenance of location, sequestering of actin monomers, and steroid metabolic process in citreamicin ε A treatment samples and sex differentiation, male sex differentiation, and regulation of inflammatory response in citreamicin ε B treatment. From the result of molecular function analysis, the DEPs in citreamicin ε A treatment were mainly distributed in RNA binding, serine-type endopeptidase inhibitor activity, and cofactor binding. In citreamicin ε B–treated samples, the DEPs were mainly allocated in enzyme inhibitor activity, endopeptidase inhibitor activity, and peptidase inhibitor activity. Some of the molecular functions were characterized in both citreamicin ε A and B treatment. Regarding the cellular component analysis, pigment granule, melanosome, and several of the mitochondrial-related proteins were found in the DEPs in citreamicin ε A–treated samples. The DEPs in citreamicin ε B treatment were mainly related to extracellular space, mitochondrial part, and organelle lumen.
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FIGURE 5. Bioinformatics analysis of differentially expressed proteins (DEPs) in Ptk2 cells treated with citreamicin ε A and B for 24 h through Gene Ontology. The top 7 components for cellular component, biological process, and molecular function of the DEPs are presented along with their enrichment score represented as a P value.




KEGG Pathway Analysis of the DEPs in Both Citreamicin ε A and B Treatment

The biological pathway related to the DEPs in both citreamicin ε A and B treatment was determined by KEGG pathway analysis. The results indicated that seven metabolic pathways, including Huntington disease, Parkinson disease, spliceosome, oxidative phosphorylation, cardiac muscle contraction, ribosome, and Alzheimer disease, were enriched in citreamicin ε A–treated samples. The DEPs in citreamicin ε B treatment were mainly involved in Huntington disease, amyotrophic lateral sclerosis, and Parkinson disease (Table 2). Based on KEGG analysis, the neurodegenerative disease and the inflammation were supposed to involve in both citreamicin ε A and B treatment.


TABLE 2. Significantly influenced pathways according to KEGG analysis in citreamicin ε A and B treatment.
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Protein–Protein Interaction Modeling and Network Analysis of DEPs

PPI Spider was used to transform the two lists of DEPs (Supplementary Tables S2, S3) into a set of networks. The input of 103 DEPs in citreamicin ε A treatment led to an output of 11 enriched pathways. For the citreamicin ε B treatment, the input of 94 DEPs led to the output of 11 enriched pathways. Three pathways, including small GTPase-mediated signal transduction, DNA replication, and positive regulation of IκB-kinase/NF-κB cascade, were enriched in both diastereoisomers treatments (Supplementary Figures S3, S4). When the cells were incubated with citreamicin ε A, neutral amino acid transporter B (0) involved in the NF-κB pathway was highly up-regulated at 6 h and then remained at high levels of expression at 12 and 24 h. However, when the cells were incubated with citreamicin ε B, neutral amino acid transporter B (0) was down-regulated at 6 and 12 h and then was up-regulated at 24 h. The opposite trends of the protein expression in NF-κB pathway between two diastereoisomer-incubated cells possibly implied the involvement of different cytotoxic mechanisms. The down-regulation of cytochrome b-c1 complex subunit indicated the involvement of mitochondria. In addition, the cytochrome c oxidase subunit 2 (COX-2), a protein directly responsible for the initial transfer of electrons from cytochrome c to cytochrome c oxidase (COX) and crucial for the production of ATP during cellular respiration, was significantly down-regulated in citreamicin ε B–incubated cells, whereas there was no significant change in the expression level of COX-2 in citreamicin ε A–incubated cells. Besides, the analysis of iTRAQ-based protein expression revealed that cells incubated with citreamicin ε B showed a highly up-regulated level of cytochrome c. On the contrary, the expression level of cytochrome c showed no statistically significant changes in citreamicin ε A–incubated cells in comparison with that in the control cells.



Expression Levels of NF-κB–Related Proteins

To examine the importance of the NF-κB pathway in the cytotoxicity, two proteins, NF-κB and caspase 3, were examined by Western blot. Citreamicin ε treatment could increase the ROS in cells and then lead to cell apoptosis. IκB kinase/NF-κB cascade is a signaling pathway that can be activated by oxidative stress. Nuclear transcription factor κB contains two subunits (p50 and p65) with different molecular weights. Western blot result showed that after 12 h there was a 30% increase in the level of p65 in citreamicin ε A treatment, but a decline in the level of p65 in the citreamicin ε B treatment. After 24 h, the expression level of p65 started to increase in the cells treated with citreamicin ε B (Figure 6). This trend was consistent with the result of iTRAQ analysis. For the full-length caspase-3, the citreamicin ε A resulted in no significant change in expression in the cells treated for 6 and 12 h, but the level declined for the cells treated for 24 h. On the other hand, the citreamicin ε B treatment caused downregulation of the full-length caspase-3, which was clearly observed in 6 h; the protein expression remained down-regulated at 12 and 24 h.
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FIGURE 6. Nuclear transcription factor κB (NF-κB)/p65 activation through citreamicin ε A and B treatment in PtK2 cells. Western blot analysis of NF-κB/p65 and caspase-3 (full length) in PtK2 cells treated with 0.1 μM citreamicin ε A and B for 6, 12, and 24 h. (A) The quantitative of the expression of NF-κB (B), and the quantitative of the expression of caspase 3 full length (C).




DISCUSSION

Citreamicins have been proposed as anticancer and antibacterial agents (Qadri et al., 1992; Hopp et al., 2008). Our previous study showed that citreamicin ε could induce cell apoptosis by triggering the caspase-3–dependent pathways (Liu et al., 2013). There are two common pathways that lead to apoptosis, the extrinsic or death receptor (DR) pathway and the intrinsic or mitochondrial pathway. Reactive oxygen species, which plays an important role in the induction of cell death via intrinsic apoptosis pathway, increased significantly in the cell incubated with citreamicin ε. The elevated intracellular ROS expression indicated an increase in oxidative stress. Mitochondria are both the source and target of oxidative stress. Thus, we assumed the involvement of mitochondria in the cell apoptosis that was induced by citreamicin ε. In addition, the expression level of Mcl-1, belonging to the Bcl-2 family, was down-regulated by the treatment of citreamicin ε. This expression trend provided another piece of evidence for the involvement of mitochondria.

The preliminary structure–activity relationship analysis indicated that the bioactivity of citreamicins might be due to the complementary nature of a five-member heterocyclic ring (Liu et al., 2012). The nitrogen- and oxygen-containing heterocycle in citreamicins has two chiral centers, similar to oxazolines, a class of antibiotics acting as protein synthesis inhibitors (Douglas, 2003; Siddiqui et al., 2018). The two diastereoisomers contain inverse configurations at position 19, with R-configuration in citreamicin ε A and S-configuration in citreamicin ε B. The result of the cytotoxic tests of these two diastereoisomers against the PtK2 cells showed that citreamicin ε B inhibited cell proliferation more quickly than citreamicin ε A. Because the only difference between citreamicin ε A and B is their configuration at position 19, we suspected here that R-configuration in citreamicin ε A triggered certain antiapoptosis pathway to protect cells.

In mammalian cells, a major caspase activation pathway is the cytochrome c–initiated pathway. Cytochrome c is an essential component of the mitochondria electron transfer chain (Vempati et al., 2007). The disruption of electron transport has been recognized as an early feature of cell death (Gottlieb, 2001). The release of cytochrome c from mitochondrial is associated with caspase activation and apoptosis induction (Jiang and Wang, 2004). During intrinsic apoptosis, cytochrome c enters the cytosol and binds to Apaf-1, forming an active complex that recruits caspase-9, and stimulates processing of the inactive caspase-9 to its active form (Srinivasula et al., 1998). The activation of caspase-9 triggers a cascade of caspase events involving the cleavage of caspase-3 and then leads to cell apoptosis (Brentnall et al., 2013). In our study, the expression level of caspase-3 decreased in both the citreamicin ε A and B–incubated cells. However, the down-regulation of caspase-3 in the citreamicin ε B–incubated cells occurred much earlier than that in the citreamicin ε A–incubated cells. These pieces of evidence indicated that citreamicin ε B could induce cell apoptosis via caspase-3–dependent pathway in a shorter incubation time than citreamicin ε A. The proteins related to the electron transport chain are cytochrome b-c1 complex subunits 1, 2, and 6. These proteins are components of the ubiquinol–cytochrome c reductase complexes that mediate the formation of the complex between cytochromes c and c1. The down-regulation of these proteins also indicated the interruption of the mitochondrial respiratory chain.

The extrinsic apoptosis pathway, also named as tumor necrosis factor related apoptosis-inducing ligand (TRAIL)-induced apoptotic pathways, is triggered by the binding of death ligands of the tumor necrosis factor family to their appropriate DRs on the cell surface. Tumor necrosis factor receptor-1 can also activate the mitogen-activated protein (MAP) kinase cascades signaling pathway, which determines the cell fate by regulating apoptosis (Goillot et al., 1997). The MAP kinase (MAPK) signaling pathway consists of MAPK, MAPK kinase (MAPKK), and MAPKK kinase (MAPKKK). MAPKKK phosphorylates and thereby activates MAPKK, and the activation of MAPKK, in turn, phosphorylates and activates MAPK. As an essential enzyme for apoptosis induced by oxidative stress, MAPKKK activates the JNK and p38 pathways by direct phosphorylation and thereby activation of their respective MAPKKs (Ichijo et al., 1997; Declercq et al., 2009). Protein–protein interaction analysis in the present study revealed that the downstream activation of MAPKs included the ribosomal protein L37a (RPL37A), glutamate dehydrogenase 1 (GLUD1), and ribosomal protein L10 (Figure 7). The activation of GLUD1 stimulated the production of ROS and led to the caspase-dependent apoptosis (Ouyang et al., 2012).
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FIGURE 7. A diagram showing the effects of citreamicin ε A and B on the apoptotic pathway. I The extrinsic pathway includes tumor necrosis factor (TNF) and TNF family ligand receptor. The activation of downstream signaling and the formation of the death-inducing signaling complex are due to the binding of ligands to their respective receptors. Nuclear transcription factor κB is active for entry into the nucleus and rapid transcription of antiapoptotic genes. The failure to activate NF-κB promotes ASK1/MAPKKK activation, which triggers cell apoptosis. ASK1, apoptosis, signal-regulating kinase 1; MAPKKK, mitogen-activated protein (MAP) kinase; NF-κB, nuclear transcription factor κB. II Intrinsic pathway is triggered by various apoptotic stimuli (e.g., ROS), which mediate the permeabilization of the mitochondrial outer membrane and the release of proapoptotic proteins such as cytochrome c. Within the cytosol, cytochrome c forms the apoptosome complex to active procaspase-9. The activation of caspase-3 catalyzed by caspase-9 executes the final steps of apoptosis. III The increased NF-κB activity is linked to increased COX-2 expression and synergistically activates transcription of the inflammatory cytokines. The overexpression of COX-2 inhibits apoptosis in epithelial cell models. COX-2, cyclooxygenase 2. : proteins enriched by PPI Spider; : proteins detected by MSMS. The color bar indicates the protein expression level. Red: up-regulated, black: no change; green: down-regulated.


Recently, there has been increasing evidence supporting the regulatory role of NF-κB antiapoptotic gene expression and the promotion of cell survival (He et al., 2013; Huang et al., 2013). Nuclear transcription factor κB, which is composed of homodimers and heterodimers of several subunits, regulates the expression of a large number of genes that are associated with cellular transformation and oncogenesis (Beg and Baltimore, 1996). Nuclear transcription factor κB is a redox-sensitive transcription factor that has been considered to be the sensor for oxidative stress (Wooten, 1999). Our Western blot results showed a significant up-regulation of NF-κB/p65 in the cells treated with citreamicin ε A at 6 h to 24 h. In contrast, the expression level of NF-κB/p65 was down-regulated in the cells treated with citreamicin ε B at 6 and 12 h. As mentioned above, the MTT results showed that citreamicin ε B was more toxic than citreamicin ε A. The lower toxicity of citreamicin ε A might be due to the rapid activation of the NF-κB signal pathway that can somehow protect cells from apoptosis (Figure 7).

Our PPI analysis showed that several significantly changed proteins after the treatment of citreamicin ε were involved in signal transport pathways, including small GTPase-mediated signal transduction and IκB-kinase/NF-κB cascade. ADP-ribosylation factor-like protein 3 (Arl3) is a small GTP-binding proteins involved in membrane-associated vesicular and intracellular trafficking processes (Brown et al., 1993). The absence of Arl3 is associated with abnormal epithelial cell proliferation and cyst formation (Schrick et al., 2006). Two other enzymes are involved in the pathways that are related to the drug response. One of them, which was up-regulated in citreamicin ε A–incubated cells and down-regulated in citreamicin ε B–incubated cells, is isoform long sodium/potassium-transporting ATPase subunit α1, which belongs to the family of P-type cation transport ATPases. This protein is responsible for establishing and maintaining the electrochemical gradients of Na+ and K+ ions across the plasma membrane (Zhou et al., 2006). The other enzyme is protein DJ-1 that acts as a redox-sensitive chaperone and protects cells against oxidative stress and cell death. Although the function of DJ-1 is unknown, loss-of-function mutations of this protein can cause early-onset Parkinson disease (Canet-Avilés et al., 2004). The down-regulation of protein DJ-1 observed in the present study may thus partially contribute to the toxicity of citreamicin ε.



CONCLUSION

In the present study, we demonstrated that the iTRAQ-based quantitative proteomics was an effective approach to study the cytotoxicity of citreamicins. Proteins with different expression levels in PtK2 cells after treatment with individual diastereoisomers of citreamicin ε were identified and quantified. Citreamicin ε induced cell apoptosis and activated the NF-κB pathway. Compared with the citreamicin ε B–incubated cells, the activation of NF-κB pathway was relatively faster in citreamicin ε A–incubated cells. Because of the rapid activation of NF-κB pathway, citreamicin ε A showed lower toxicity than citreamicin ε B.
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