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Abstract
BACKGROUND
Esophageal cancer is a malignant tumor of the digestive tract that is difficult to diagnose early. CPI-455 has been reported to inhibit various cancers, but its role in esophageal squamous cell carcinoma (ESCC) is unknown.

AIM
To investigate the effects and mechanism of the lysine demethylase 5C inhibitor, CPI-455, on ESCC cells.

METHODS
[bookmark: _Hlk67331288]A methyl tetrazolium assay was used to detect the inhibitory effect of CPI-455 on the proliferation of Eca-109 cells. Apoptosis, reactive oxygen species (ROS), and mitochondrial membrane potential were assessed by flow cytometry. Laser confocal scanning and transmission electron microscopy were used to observe changes in Eca-109 cell morphology. The protein expression of P53, Bax, lysine-specific demethylase 5C (KDM5C), cleaved Caspase-9, and cleaved Caspase-3 were assayed by western blotting.

RESULTS
Compared with the control group, CPI-455 significantly inhibited Eca-109 cell proliferation. Gemcitabine inhibited Eca-109 cell proliferation in a concentration- and time-dependent manner. CPI-455 caused extensive alteration of the mitochondria, which appeared to have become atrophied. The cell membrane was weakly stained and the cytoplasmic structures were indistinct and disorganized, with serious cavitation when viewed by transmission electron microscopy. The flow cytometry and western blot results showed that, compared with the control group, the mitochondrial membrane potential was decreased and depolarized in Eca-109 cells treated with CPI-455. CPI-455 significantly upregulated the ROS content, P53, Bax, Caspase-9, and Caspase-3 protein expression in Eca-109 cells, whereas KDM5C expression was downregulated.

CONCLUSION
CPI-455 inhibited Eca-109 cell proliferation via mitochondrial apoptosis by regulating the expression of related genes.
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Core Tip: This study confirmed that the lysine demethylase 5C inhibitor CPI-455 inhibited the proliferation of Eca-109 esophageal squamous cell carcinoma cells. CPI-455 played a role in esophageal squamous cell carcinoma cells proliferation and invasion that may have been associated in part with p53, Bax, Caspase-9, and Caspase-3 expression. CPI-455 induced Eca-109 cell apoptosis via a mitochondria-mediated intrinsic apoptotic signaling pathway by regulating the expression of related genes.

INTRODUCTION
Esophageal cancer is a common digestive tract cancer, of which esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma represent the main histological types[1,2]. The incidence of esophageal cancer is relatively high, ranking seventh worldwide. ESCC accounts for more than 90% of esophageal cancers. As it is difficult to diagnose ESCC early due to a lack of specific clinical symptoms and insufficient preventive measures, it is often diagnosed at an advanced stage and has a poor prognosis. In addition, the 5-yr postoperative survival rate is less than 50%[3-5].The lysine-specific demethylase 5C (KDM5C) inhibitor, CPI-455, regulates the apoptosis and proliferation of tumor cells by regulating the methylation state of lysine in KDM5C[6]. CPI-455 activity been reported in cervical [7], gastric [8], and prostate cancer[9], and in other diseases[10,11]; but not in the treatment of esophageal cancer. In this study, human ESCC Eca-109 cells were used as a research model to preliminarily study the effect and mechanism of CPI-455 against ESCC and to explore novel approaches for the treatment and prevention of ESCC.

MATERIALS AND METHODS
Cell lines
Eca-109 human esophageal cancer cells and HPT-1A normal human esophageal epithelial cells were provided by the Cell Resource Center of the Shanghai Life Sciences Institute, Chinese Academy of Sciences (Shanghai, China). Other materials included CPI-455 (MSDS, 1628208-23-0; Gibco, Ltd., United States), DMEM and RPMI 1640 cell culture media and fetal bovine serum (Gibco, Ltd). Anti-human P53 (cat no. sc-6243), Bax, KDM5C (cat no. sc-81623 ), Caspase-9 (cat no. 9746), Caspase-3 (cat no. 9502), GAPDH (glyceraldehyde-3-phosphate dehydrogenase, cat no. sc-47778) polyclonal antibody (1:200; Abcam, United Kingdom) were used for western blotting. Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kits (cat no. F7250) were from Sigma-Aldrich (United States). polyvinylidene difluoride (PVDF) membranes were from Biyuntian Biotech (China) and bicinchoninic acid (BCA) protein quantitative detection kits were from Thermo Fisher (United States). An Epics Ultra flow cytometer (Beckman Coulter, United States), JEM-100sx transmission electron microscope (Jeol Ltd., Japan), and a TCS SP2 laser confocal microscope (Leica, Germany) were used.

Cell culture
Eca-109 cells were cultured in DMEM and HET-1A cells were cultured in RPIM-1640 medium. Both were supplemented with 10% pre-inactivated FBS, 100 U/mL penicillin, and 100 U/mL streptomycin. Cells were adherently cultured in a 37 °C constant temperature incubator with a volume fraction of 5% CO2 and 95% humidity; 0.25% trypsin-EDTA was used for cell digestion and passage. Cell growth in the culture flask was observed every 1-2 d, and the cell culture medium was replaced for passage culture.

Methyl tetrazolium assay
For assay of growth and the logarithmic phase, cells were collected by trypsin digestion and centrifugation and 90 mL of a single cell suspension (3 × 103/mL) were inoculated into 96-well culture plates and cultured at 37 °C in an atmosphere containing 5% CO2. overnight to ensure adherence. When the cells grew to the appropriate density, the supernatant was discarded and 100 mL of the CPI-455 KDM5C inhibitor was added to each well, giving a final concentration of 15 mmol/L. The plates were cultured in an atmosphere containing 5% CO2 at 37 °C for 0, 24, 48, 72, and 96 h (5 wells/time point). Following this, the cells were collected and centrifuged at 150 g for 10 min. The supernatant was discarded and the precipitate was washed once with phosphate buffered saline (PBS). A total of 200 µL of serum-free RPMI-1640 medium was added, followed by addition of 10 µL of methyl tetrazolium (MTT; 5 mg/mL). Following culture for a further 4 h, the supernatant was removed and 150 µL DMSO was added to each well to dissolve the purple crystals. The optical density (OD) was read at 490 nm after the crystals had completely dissolved. The survival rate was calculated as S% = (OD of the experimental group/OD of the control group) × 100.

Laser confocal scanning microscope assay of the ectropion of membrane phosphatidylserine
The fluorescence of cell smears and suspension cultures after polylysine treatment was observed by confocal microscopy. Red (488/590 + 42 nm) and green (488/530 + 30 nm) dual channel detection and differential interference contrast imaging were performed. A total of 100 fields of vision were screened and 30 typical fields of vision were selected for inclusion in the preliminary statistical analysis. Annexin V-FITC (fluorescein isothiocyanate), PI double staining was performed and the fluorescence of Eca-109 cell membranes and necrotic nuclei was observed and analyzed as described above. DAPI (4', 6-diamidine-2-phenylindole, dihydrochloride) was used to stain the nuclei in cell smears and glycerol patches and analyzed by fluorescence microscopy, as described above.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay of nucleation and DNA fragmentation of Eca-109 cells
Eca-109 cells (5 × 106/mL) were seeded in 24-well plates and cultured for 48 h. Cell smears were prepared from 50 µL of cell suspension on polylysine-treated slides that were fixed with 4% paraformaldehyde at room temperature for 30-60 min and washed twice with PBS. After treatment with terminal deoxynucleotidyl transferase and termination, the preparations were washed four times with PBS and incubated with FITC-labeled antibody for 30 min. Nuclei were stained with PI (1.0 g/mL) and the preparations were sealed with glycerin-mounted coverslips and marked. The cells were observed with a confocal laser scanning microscope, with FITC and PI dual channel fluorescence at an excitation wavelength of 490 nm and an emitted wavelength of 520 nm).

[bookmark: _Hlk67331388]Flow cytometry assay of reactive oxygen species (ROS)
Eca-109 cells were cultured in a six-well plates (3 × 103 cells/well), treated with 15 μmol/L CPI-455 for 48 h, and collected. The cells were washed three times in PBS, centrifuged for 5 min, and the supernatant was discarded. The cells were resuspended in serum-free medium, dichloro-dihydro-fluorescein diacetate (DCFH-DA) was added to a final concentration of 10 mmol/L, and the plates were incubated at 37 °C for 40 min. The cells were centrifuged for 10 min, and the pellet was collected, washed, and resuspended in precooled PBS. The cells were centrifuged to obtain a pellet and were stained for fluorescence detection. Each assay was performed in triplicate.

Flow cytometry assay of mitochondrial membrane potential
Cells were harvested (2 × 106/mL) at scheduled times after treatment with 15 μmol/L CPI-455 for 48 h. The Mitocapture dye and antibody incubation solutions were freshly prepared. The cells were washed and centrifuged and the mitochondria were stained. The cells were immediately transferred to collecting tubes for flow cytometry.

Western blotting assay of P53, Bax, KDM5C, cleaved Caspase-9, and cleaved Caspase-3
Eca-109 cells were cultured for 48 h, collected, and centrifuged at 150 g for 5 min (r = 6 cm). Total protein was extracted using a protein extraction kit. The supernatant was collected, and the protein concentration was determined using a BCA protein kit. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes. After blocking in 5% skim milk at room temperature for 2 h, anti-human mouse P53, Bax, KDM5C, Caspase-9, Caspase-3, and GAPDH monoclonal antibodies (1:1000; Santa Cruz Biotechnology, Inc., United States) were added and the membranes were incubated overnight at 4 °C and then with horseradish peroxidase (HRP)-labeled mouse secondary antibody (1:3,000; Origene Technologies Inc., China). The films were developed, fixed, scanned and analyzed using Image J software to calculate the gray values. Protein expression of the target protein was reported relative to GAPDH protein expression.

Statistical analysis
GraphPad Prism 6.0 software was used to statistical analyze the data. The data were reported as means ± standard deviation. All assays were repeated independently three times. Between-group differences were compared with independent samples t-tests. One-way analysis of variance was used to compare data with normal distributions. Least significant difference (LSD)-t-tests were used for pairwise comparisons of multiple groups. The significance level was  = 0.05.

RESULTS
CPI-455 inhibits Eca-109 cell proliferation
The MTT results demonstrated that CPI-455 significantly inhibited the proliferation of Eca-109 cells in a time- and a concentration-dependent manner. The CPI-455 LD50 was 15 mol/L CPI-455 at 48 h. Therefore, the 48 h concentration of 15 mol/L CPI-455 was selected for the follow-up procedures (Figure 1).

CPI-455 induces Eca-109 cell apoptosis
The laser confocal scanning microscopy results showed that prior to CPI-455 treatment, the Eca-109 cells had developed a complete mitochondrial structure. Mitocapture revealed a bright red color and "pipe-like network" that surrounded the nuclear lobule and was distributed throughout the entire cell. Following treatment with CPI-455 (15 μmol/L) for 48 h, both groups showed the presence of dye in the cytoplasm, with red mitochondrial staining and green cytoplasmic staining. Some cells contained visible "point and flake" red-stained mitochondria scattered in the cytoplasm, not present in clusters surrounding the nucleus, and gradually merging to form a "structureless aggregation”. Substantial changes to the mitochondrial structure were observed, which appeared to indicate mitochondrial atrophy. Following CPI-455 treatment, the Eca-109 cell membranes were weakly stained and the internal cytoplasmic structures indistinct and disorganized, with severe cavitation (Figure 2A and B).
TUNEL and laser confocal scanning microscopy showed green fluorescence generated by the combination of FITC and the staining of 3'-OH terminal fragments produced by DNA fragmentation in the nucleus of apoptotic cells. Red fluorescence was emitted by PI-stained nuclei, which revealed the location of cells. Double-positive cells were seen in cells treated with CPI-455. Most Eca-109 cells in the CPI-455 group were double-positive for FITC and PI fluorescence. Most Eca-109 cells in the control group were negative for FITC and positive for PI, indicating that TUNEL assay of the CPI-455-stimulated group was positive. In terms of cell morphology, compared with the control group, most Eca-109 cells in the control group had a lower nuclear staining density, an unclear nuclear boundary, and larger nuclei. However, most ECA-109 cells in gemcitabine group had dense chromatin and small nuclei (Figure 2C and D).

CPI-455 upregulates ROS content, P53, Bax, Caspase-9, and Caspase-3 expression and downregulates KDM5C expression and mitochondrial membrane potential in Eca-109 cells
Flow cytometry was used to detect the effect of CPI-455 on the level of ROS in Eca-109 cells. With an extension of the induction time, the level of intracellular ROS in the Eca-109 cells was increased significantly, with statistically significant differences observed at 24, 48, and 72 h (P < 0.01, Figure 3). Compared with the control group, the mitochondrial membrane potential was depolarized and decreased (P < 0.01, Figure 4). The western blot results found increased expression of p53, Bax, Caspase-9, and Caspase-3 at 24, 48, and 72 h following CPI-455 treatment (Figure 5). However, KDM5C protein expression in the treated cells was significantly decreased compared with the controls (P < 0.01, Figure 6).

DISCUSSION
Esophageal cancer is a digestive tract malignant tumor that is difficult to diagnose early. The most common treatments are surgery, radiotherapy, chemotherapy, and biologically targeted therapy[12]. The prognosis remains poor. The occurrence and development of esophageal cancer is complex and involves multiple gene changes, commonly resulting from histone methylation and epigenetic regulation of tumor-related genes.
CPI-455 is a KDM5C inhibitor that modulates the apoptosis and proliferation of tumor cells by regulating the lysine methylation status KDM5C. Recent reports have confirmed that the anti-tumor effect of CPI-455 in ovarian, breast, stomach, lung, and liver cancer is achieved by inducing the apoptosis and autophagy of tumor cells via modulating KDM5C gene transcription and expression[13,14]. In this study, the anti-Eca-109 effect of CPI-455 was studied and the associated mechanism was explored.
The study results found that CPI-455 inhibited the proliferation of esophageal cancer cells in a time-and concentration-dependent manner. However, at its effective concentration, CPI-455 was less toxic to normal esophageal cells than to Eca-109 cells. The inhibitory effect of CPI-455 on Eca-109 cell proliferation was confirmed by the assay of cell-membrane permeability by laser confocal scanning microscopy. This finding indicates that CPI-455 has favorable effects by inhibiting Eca-109 cell proliferation and growth, as well as the selective killing on ESCC cells (Figures 1 and 2).
Flow cytometry was used to determine the ROS content of Eca-109 cells, which is considered to be the by-product of oxygen consumption and cell metabolism. Previous studies have found that various chemotherapy drugs can induce an increase in the ROS content in tumor cells, and that at a certain level, ROS can induce the apoptosis of tumor cells[15-18]. Decrease of the mitochondrial membrane potential is the initial manifestation of the hypoxia apoptosis cascade[19]. In this study, the level of intracellular ROS significantly increased in treated Eca-109 cells (Figure 3), and depolarization of mitochondrial membrane was increased compared with controls (Figure 4). CPI-455 significantly induced the apoptosis of Eca-109 cells.
Previous studies have confirmed that the mechanism by which tumor cell apoptosis is induced varies widely depending on the various pathways that are involved. These includes mitochondrial pathways, which play an important role in the maintenance of stability, and those involving activation of multiple upstream and downstream genes (e.g., p53 and Bax). Activation of Caspase-2, 3, and 9 on the mitochondrial membrane is linked to the activation of mitochondrial apoptotic pathways[22-24].
Therefore, the inhibitory effect of the KDM5C inhibitor, CPI-455, on Eca-109 cell proliferation may be related to the downregulation of KDM5C expression, activation of Caspase-3 and Caspase-9, change in mitochondrial membrane permeability, promotion of ROS production, depolarization of the mitochondrial membrane, release of the proapoptotic proteins, Bax and p53, in the mitochondria into the cytoplasm, and induction of tumor cell apoptosis (Figures 5 and 6). The above results indicate that CPI-455 induced apoptosis through an ROS-dependent mitochondrial signaling pathway[25].
Our study had some limitations, the mechanism involved in inducing apoptosis of tumor cells is extensive, and the mitochondrial apoptosis pathway is only one of them that plays an important role in maintaining cell stability. The mechanism has not been fully elucidated and needs further study. The results of this study provide a theoretical basis for the application of CPI-455 for the treatment of ESCC.

CONCLUSION
CPI-455 inhibited ECA-109 cell proliferation via the mitochondrial apoptosis pathway by regulating the expression of related genes.

ARTICLE HIGHLIGHTS
Research background
Esophageal cancer is a malignant tumor of the digestive tract that is difficult to diagnose early. Although CPI-455 is reported to inhibit various cancers, the role of CPI-455 in esophageal squamous cell carcinoma (ESCC) is unknown.

Research motivation
KDM5C, a lysine-specific demethylase 5C, inhibited ESCC proliferation and invasion, which may be partly associated with the expression of p53, Bax, Caspase-9, and Caspase-3. Mitochondria-mediated intrinsic apoptotic signaling plays an important role in the process of Eca-109 cell apoptosis induced by CPI-455.

Research objectives
The study objective was to investigate the effect and mechanism of the KDM5C inhibitor, CPI-455, on ESCC cells.

Research methods
The changes in proliferation, apoptosis, ROS content, and mitochondrial membrane potential of Eca-109 cells induced by CPI-455 were observed. The expression of P53, Bax, Caspase-9, Caspase-3, and KDM5C in Eca-109 cells was assayed.

Research results
CPI-455 inhibited Eca-109 cell proliferation. P53, Bax, Caspase-9, and Caspase-3 were upregulated in Eca-109 cells, and KDM5C was significantly downregulated, by CPI-455. CPI-455 increased the level of intracellular ROS in Eca-109 cells, and decreased the mitochondrial membrane potential compared with the control group.

Research conclusions
CPI-455 inhibited Eca-109 cell proliferation via the mitochondrial apoptosis pathway by regulating the expression of related genes.

Research perspectives
CPI-455 might be a potential candidate for the development of novel chemotherapeutic agents to treat ESCC.
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Figure Legends
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Figure 1 Eca-109 cell viability following treatment with CPI-455 at different times and concentrations. Data are expressed as means ± standard error (n = 3). aP < 0.05 vs control.
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Figure 2 Changes in Eca‑109 cells after 48 h culture with and without CPI-455 treatment. Left panels show the morphology of the mitochondria of Eca‑109 cells. A: Arrows indicate mitochondria with complete and clear structure. B: Arrows indicate mitochondria with a fuzzy structure and weak staining of cells. Right panels show TUNEL assay results (bar = 10 μm) and laser confocal scanning microscopy × 600 of nuclear staining and DNA fragmentation of Eca‑109 cells C: without, and D: with CPI-455 treatment. Data are reported as means ± standard error (n = 3).
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Figure 3 Eca-109 induced by CPI-455 is dependent on the generation of reactive oxygen species. A: Eca‑109 untreated (0 h); B: Eca-109 induced by CPI-455 for 24 h; C: Eca-109 induced by CPI-455 for 48 h; D: Eca-109 induced by CPI-455 for 72 h. Data are reported as means ± standard error (n = 3). ROS: Reactive oxygen species.
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Figure 4 Mitochondrial membrane potential assayed by flow cytometry. A: Eca‑109 untreated (0 h); B: Eca‑109 treated with CPI-455 for 48 h; C: Gray scale results of membrane potential energy of mitochondria (Blue: Results of the first assay; Red: Results of the second assay; Green: Results of the third assay). Data are reported as means ± standard error (n = 3). aP < 0.05 vs control.
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Figure 5 Western blot assays of p53, Bax, lysine-specific demethylase 5C, cleaved Caspase 3, and cleaved Caspase 9 protein expression in Eca-109 cells. Lane 1: Eca‑109 untreated (0 h); Lane 2: Eca‑109 induced by CPI-455 for 24 h; Lane 3: Eca‑109 induced by CPI-455 for 48 h; Lane 4: Eca‑109 induced by CPI-455 for 72h. KDM5C: Lysine-specific demethylase 5C; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.
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Figure 6 Densitometry analysis of the immunoblotting data of P53, Bax, lysine-specific demethylase 5C, cleaved Caspase 3, and cleaved Caspase 9 proteins in Eca-109 cells. Data are reported as means ± standard error (n = 3). aP < 0.05 vs control; bP < 0.01 vs control.
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