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Emerging reports have shown therapeutic potential of hydroxychavicol (HC) and epigallocatechin-3-gallate (EGCG) against cancer cells, however high concentrations are required to achieve the anticancer activity. We reported the synergy of low combination doses of EGCG+HC in glioma cell lines 1321N1, SW1783, and LN18 by assessing the effects of EGCG+HC through functional assays. Using high throughput RNA sequencing, the molecular mechanisms of EGCG+HC against glioma cell lines were revealed. EGCG/HC alone inhibited the proliferation of glioma cell lines, with IC50 values ranging from 82 to 302 µg/ml and 75 to 119 µg/ml, respectively. Sub-effective concentrations of combined EGCG+HC enhanced the suppression of glioma cell growth, with SW1783 showing strong synergism with a combination index (CI) of 0.55 and LN18 showing a CI of 0.51. A moderate synergistic interaction of EGCG+HC was detected in 1321N1 cells, with a CI value of 0.88. Exposure of 1321N1, SW1783, and LN18 cells to EGCG+HC for 24 h induces cell death, with caspase-3 activation rates of 52%, 57%, and 9.4%, respectively. However, the dose for SW1783 is cytotoxic to normal cells, thus this dose was excluded from other tests. EGCG+HC induced cell cycle arrest at S phase and reduced 1321N1 and LN18 cell migration and invasion. Combined EGCG+HC amplified its anticancer effect by downregulating the axon guidance process and metabolic pathways, while simultaneously interfering with endoplasmic reticulum unfolded protein response pathway. Furthermore, EGCG+HC exerted its apoptotic effect through the alteration of mitochondrial genes such as MT-CO3 and MT-RNR2 in 1321N1 and LN18 cells respectively. EGCG+HC dynamically altered DYNLL1 alternative splicing expression in 1321N1 and DLD splicing expression in LN18 cell lines. Our work indicated the pleiotropic effects of EGCG+HC treatment, as well as particular target genes that might be investigated for future glioma cancer therapeutic development.
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1 INTRODUCTION
Gliomas are the most frequent primary intracranial tumour, accounting for 81% of all malignant brain tumours. Although relatively uncommon with an annual incidence of around 5 cases per 100000, the median survival of glioblastoma patients are around 15 months even after rigorous combination treatment of surgery, chemotherapy and radiotherapy, with and the median progression-free survival ranged from 6.2 to 7.5 months (Liang et al., 2020). Human cancer is a complicated disease, thus, alternative methods for cancer management and treatment and a better understanding of the treatments’ mechanism of action are required to improve patients’ quality of life (Pangal et al., 2021).
Dietary bioactives with high effectiveness and little side effects are preferred as alternatives to synthetic therapies, with a variety of negative side effects. At the moment, the search for combination therapy is of interest as this approach may reduce the development of drug resistance, as well as provides opportunity to discover potential cancer medicines (Maruca et al., 2019). Polyphenols are one of the major classes of phytochemical that is well-known for its disease-fighting effects.
The health benefits, the relatively low side effects and the origin from natural sources may provide added benefits and have resulted in continued interest for these bioactives. They are thought to play two roles: one that modulates chemopreventive benefits by improving antioxidant defences and the ability to scavenge ROS, hence lowering oxidative stress, and the other that targets chemotherapeutic effectiveness by inducing cellular stress (ROS levels) (Surh, 2011). At low concentrations and in normal cells, phenolic compounds may act as cancer preventive agents (Khurana et al., 2018). Some polyphenols species can act as prooxidants, enhancing its chemotherapeutic action, by generating high levels of ROS and eventually induces DNA damage and apoptosis (Kirtonia et al., 2020).
The cancer-preventive effects of (−)-epigallocatechin-gallate (EGCG) on cells in vitro, in animal models and within clinical studies have been previously reported (Peter et al., 2016). The anti-cancer effect of EGCG is proposed to originate from its antioxidant activity, through the induction of phase II enzymes, and manipulation of signal transduction pathways such as JAK/STAT (Xiao-Mei et al., 2016), MAPK, VEGF and PI3K/AKT (Liu et al., 2013). The mechanism of EGCG also includes epigenetic regulatory alteration, altering DNA methyltransferase (DNMT), histone deacetylase (HDAC), and miRNA expression (Zhang et al., 2015; Yamada et al., 2016).
Hydroxychavicol is a less studied phenolic compound derived from Piper betle leaf extract. Emerging reports including our own have shown the potent activity of HC in impeding cell proliferation in glioma cells (Abdul Rahman et al., 2014), and inhibiting prostate cancer cell cycle progression (Gundala et al., 2014). The efficacy of HC in inhibiting prostate tumour xenografts and chronic myeloid leukemia (CML) cells is suggested to be attributed to its selective prooxidant activity by reactive oxygen species (ROS) generation and induction of caspase-mediated apoptosis (Gundala et al., 2014) and/or by caspase-independent manner via apoptosis inducing factor (AIF) (Chowdhury et al., 2013) to eliminate cancer cells.
We hypothesize that the combination of these phenolic compounds may enhance the therapeutic activity as they impact on a number of pathways in tumour progression. Although studies have reported that EGCG or HC induce cell death without adversely affecting normal cells (Gundala et al., 2014; Meng et al., 2019), a high concentration of EGCG/HC is usually needed for the treatment to be effective on cancer cells. A high dose of EGCG or HC might result in cytotoxicity in normal cells. Therefore, a combination of low concentrations of EGCG+HC may be more effective in killing cancer cells, compared to a single high concentration treatment, as combination treatments may have pleotropic effects, targeting several pathways.
Therefore, we aim to investigate the synergistic interaction of phytochemicals by examining the effect of EGCG or HC singly and its combination against 1321N1, SW1783 and LN18 cell proliferation, cell cycle progression, migration/invasion and colony formation. The molecular mechanisms of EGCG+HC against glioma cell lines were elucidated using high throughput RNA sequencing. Until now, no direct evidence has shown on the anticancer effect of ECGC+HC in different stages of glioma cells.
2 MATERIALS AND METHODS
2.1 Reagents and Chemicals
Hydroxychavicol (HC) was bought from Hangzhou Imaginechem Co. Ltd. (Hangzhou, China) and (−)-epigallocatechin-3-gallate (EGCG) was bought from Sigma-Aldrich (United States). CellTiter 96® AQueous Non-Radioactive Cell Proliferation kit (Promega, United States), FITC Active Caspase-3 and Annexin V-FITC Apoptosis Detection Kit, BD CycleTEST™ PLUS DNA Reagent kit from BD Biosciences (United States) and QCMTM 24-well Cell Invasion/Migration Assay kit (ECM550 and ECM508) (Millipore, United States). All of the other chemicals utilised were of analytical grade.
2.2 Cell Line and Culture Environment
The human glioblastoma cell line 1321N1 (Grade II) was bought from the European Collection of Cell Culture (ECACC), while the American Type Culture Collection (ATCC) supplied SW1783 (Grade III) and LN18 (Grade IV) cell lines (Manassas, United States). 1321N1 and LN18 were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with penicillin/streptomycin, 10% or 5% foetal bovine serum (FBS) respectively, in a humidified incubator at 37°C in an atmosphere of 95% air and 5% CO2. SW1783 was grown in Leibovitz, 10% FBS, under a 100% air atmosphere. The medium was replaced three times a week, and the cells were passaged with accutase.
2.3 Natural Compound Treatments
Fresh EGCG stock solutions were made in culture growth media, whereas HC stock solutions were prepared in 100% ethanol and kept at −20°C. Vehicle control was added with 0.1% ethanol.
2.4 Cell Viability Determination
Glioma cancer cell viability treated with combined EGCG+HC or EGCG/HC singly was determined using the Cell Proliferation Assay (Promega, United States), as previously described [11]. Cells were seeded at 1×104 cells per well in 96-well plates. After a 24-h incubation period, the media was withdrawn and 100 μl of medium were added, which contains a range of concentration for EGCG (50, 100, 150, 200, 300 μg/ml) or HC (50, 100, 150, 200 μg/ml). EGCG+HC compounds were titrated to a range of concentrations (1, 10, 50, 100 μg/ml). The treatments were incubated for 24 h. The media was then carefully removed, replaced with new medium, and 20 μl of [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] (MTS) was added to each well and incubated for 2 h at 37°C. In a VersaMax ELISA microplate reader, absorbance was measured at 490 nm (Molecular Device, United States). At each concentration, the percentage of viable cells was estimated by dividing the absorbance (490 nm) of treated cells by that of control cells. The cell viability (%) versus concentrations graph was used to calculate the half maximum inhibitory concentration (IC50). All tests were carried out in three independent experiments.
2.5 Apoptosis Assay Using Active Caspase-3 and Annexin V-Propidium Iodide Staining
Cells were seeded at a density of 5 × 105 cells/dish in a 60 mm culture dish for all functional assays. EGCG was dissolved in culture medium, while HC was dissolved in ethanol and added to the culture media with stipulated concentration. Cells were collected after 24 h and washed twice with PBS. The assays were carried out as specified in the manufacturer’s procedure. In brief, for active caspase-3 assay, cells were fixed in BD Cytofix/Cytoperm solution, incubated on ice for 20 min, washed with BD Perm/Wash buffer, and then incubated for 30 min at 25°C with FITC rabbit anti-active caspase-3 antibody. For annexin V-propidium iodide staining, cells were resuspended in 1X binding buffer. Annexin-V FITC and propidium iodide (PI) were added and incubated in the dark for 15 min at 25°C. The BD FACSCanto™ flow cytometer and CellQuest Pro (IVD) software (Becton Dickenson, United States) were used to detect fluorescence from a population of 1 × 105 cells. Three independent tests were carried out in triplicate.
2.6 Analysis of Cell Cycle Progression
The cells were prepared according to the manufacturers’ protocol. Cells were trypsinized, washed, and fixed in Buffer Solution at 4°C. After 10 min of incubation with trypsin buffer at 25°C, 200 μl of trypsin inhibitor and RNase buffer solution were added and incubated for another 10 min. In a dark room, 200 μl of propidium iodide stain solution were added to the mixture and incubated on ice for 10 min. The analysis were done using the BD FACSAria™ flow cytometer, FACScan and ModFit software (Becton Dickenson, United States).
2.7 Wound Healing Test
The wound healing test was carried out as previously reported, with several modifications (Liang et al., 2007). After 24 h of plating in a 6-well plate, cells were scratched with a 200 μl sterile pipette tip, rinsed three times with PBS, and incubated with the treatments for another 24 h. The cells were rinsed twice with PBS before being examined and photographed using a Nikon Eclipse TS100 phase-contrast microscope. Using the NIS-Elements imaging programme, the migration percentage was estimated by comparing cells which migrated into scratched regions to 0 h cells.
2.8 Transwell Cell Invasion and Migration Assay
The assays were prepared according to the manufacturers’ protocol (Millipore, United States). Both invasion and migration kits utilized an 8 μm pore size polycarbonated membrane insert. A thin layer of ECMatrix™ were pre-coated on the insert for invasion kit which function to seal the membrane pores and block the non-invasive cell migration. Briefly, 300 μl of cells re-suspended in a serum-free medium was added to the upper chamber, while the bottom well was filled with 500 μl of complete culture medium or treatment. Following 24 h incubation, unmigrated cells were removed from the upper chamber, and the migration insert containing migrated cells were transferred into a clean well containing 400 μl of staining buffer. After 20 min incubation at 25°C, the inserts were rinsed in water, and unmigrated cells were removed from the inside of the insert with a cotton-tipped swab. After drying, the stained inserts were placed to a clean well containing 200 μl of Extraction Buffer for 15 min at 25°C. 100 μl of the mixture solution was pipetted a 96-well plate and the absorbance was measured at 560 nm.
2.9 Colony Formation Assay
Following a 24 h treatment with combined EGCG+HC and EGCG/HC singly, approximately 400 cells were plated in a 21 cm2 culture dish. The cells were grown in a complete media for 12 days and the medium were replaced every 3 days. On day-12, the colonies formed were washed with PBS, and then fixed for 30 min with a mixture of crystal violet solution and methanol (1:1). The plate were rinsed three times with distilled water to remove any excess staining. ChemiDocTM MP (Biorad, United States) was used to capture the images of the stained plates, and Cell Counter v0.2.1 (http://nghiaho.com/?page id=1011) was used to count the colonies. Each treatment was carried out in triplicate.
2.10 Statistical Evaluation
Isobologram analysis based on the Chou-Talalay technique (Chou and Talalay, 1984; Zhao et al., 2004) was used to determine the interaction between the two treatments, with the output represented as combination indexes (CI). The CI between two compounds A and B is as follows:
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Where; CI: combination index d1: the IC50 of combination dose for compound 1 d2: the IC50 of combination dose for compound 2 (Dm)1: the IC50 dose for compound 1 (Dm)2: the IC50 dose for compound 2.
The magnitude of synergism/antagonism were measured using CI values. CI values between 0.9 and 0.85 indicate mild synergy, those between 0.7 and 0.3 indicate strong synergistic interactions between the treatments. A near additive effect is shown by CI values ranging from 0.9 to 1.10. SPSS 16.0 software was used to analyse the two-tailed Student’s t-test for comparison with vehicle control only (cell viability with single treatments), or two-way ANOVA for multiple comparisons of apoptosis, cell cycle, migration/invasion, and colony formation tests where p < 0.05 were considered statistically significant. The data were presented as mean ± standard deviation (SD).
2.11 RNA Library Preparation and Sequencing
After 24 h of glioma cells treatment, total RNA was using TRI Reagent® (Molecular Research Center, United States). RNase-free DNase treatment was used to remove contaminating DNA (QIAGEN), and RNA was purified using the RNeasy Mini Kit (QIAGEN). The quality of the RNA was then determined using an Agilent Bioanalyzer 2100 (Santa Clara, United States) and all readings have a minimum RIN score of 9.5. The Qubit 2.0 Fluorometer was used to measure the amount of RNA (Life Technologies, United States). The cDNA libraries were prepared according to the protocol outlined in the TruSeq RNA sample Preparation Kit v-2 (Illumina, San Diego, United States). The description of the procedure may be found elsewhere (Abdul Rahman et al., 2019). A total of 10–12 samples per lane were multiplexed and sequenced on an Illumina HiSeq 2500 using the paired-end cluster generation kit (Illumina).
2.12 RNA-Sequencing Data Processing and Pathway Analysis
The analysis of RNA-seq data was previously described elsewhere (Abdul Rahman et al., 2019). For quality control, RNA-seq raw data was trimmed at a PHRED score of <Q25, with a read length of at least 33 bp, and read quality was evaluated for each sample using FastQC. A total of 28–47 million paired end reads were aligned and mapped against the Human Genome version 37, GRCh37/hg19. Significant differences in gene/transcript expression were determined for pairwise comparisons between two sets of samples using the Empirical analysis of DGE (Robinson and Smyth, 2008) by Negative Binomial distribution followed by Bonferroni multiple testing correction (MTC) and Benjamini–Hochberg false discovery rate (FDR) using the CLC Genomics Workbench (7.0.6 version), and by Cuffdiff 2.0 in Tuxedo Suite pipeline (Trapnell et al., 2012). For each comparison, the intersection of the significant genes discovered using both algorithms were deemed differentially expressed.
Pathway Studio (Ariadne Genomics, United States) was used for network analysis, which included Gene Significant Enrichment Analysis (GSEA), Fisher Exact Test (FET), and subnetwork analysis of RNA-seq data, using the mean of RPKM values, and the gene expression log ratio of treatment to control cells were calculated. DAVID Bioinformatics Resources 6.7 was also used for gene ontology annotation. In the subnetwork analysis, genes were deemed key regulators of a network if they controlled five or more gene targets. These networks give a global picture of potentially important, interacting partners of genes that have undergone significant alterations. For the assessments of alternative splicing expression, two types of analyses were performed using the Partek® Genomics Suite (Partek Inc., United States) and the Tuxedo Suite (Tophat and Cuffdiff 2.0). Alternative splicing entities expressed from both platforms were overlapped (Supplementary Tables S1–S3). The expression of alternative splicing events in both analyses was then overlapped to the list of transcripts expression at p ≤ 0.05 with FC ≥ 1.5, to get the list of alternative splicing events with a significant differential transcripts expression (Supplementary Tables S1–S3).
3.13 Validation of Gene Expression Data by Quantitative Real-Time PCR (qPCR)
The genes were chosen for validation because they either demonstrated the most significant increase or reduction in response to EGCG+HC therapy, are a central gene, or are important to cancer formation. 300 ng of total RNA were used for cDNA synthesis using the iScript™ cDNA Synthesis kit (BioRad, United States). TaqMan® Gene Expression Assays and TaqMan® Fast Advanced Master Mix (Applied Biosystem, United States) were used for the amplification of genes and transcripts. cDNA synthesis reactions were performed on Veriti® Thermal Cycler (Applied Biosystems) and qPCR were performed on CFX96 Touch™ C1000 Touch Thermal Cycler (BioRad, United States). The data were normalized to the expression of housekeeping genes TATA box binding protein (TBP) or glucuronidase, beta (GUSB) and analyzed using the standard 2-∆∆CT method.
3 RESULTS
3.1 Treatment of EGCG or HC Singly and Its Combination Decreases Glioma Cell Viability
We have previously reported the effect EGCG and HC singly on glioma cell viability (Abdul Rahman et al., 2014;Rahman et al., 2014). The optimum IC50 doses for EGCG, HC and its combination for each cell lines were obtained by performing an initial dose response curve (Figure 1). The growth of 1321N1, SW1783 and LN18 cells was inhibited with the inhibitory concentration at 50% cell death (IC50) values for EGCG ranging from 82 to 302 µg/ml (Rahman et al., 2014) and HC (Abdul Rahman et al., 2014) with values of IC50 between 75–119 µg/ml (Table 1). The cytotoxicity induced by EGCG and HC was found to be dose dependent with 58–84% and 90–95% inhibition respectively achieved after 24 h of treatment (Figure 1).
[image: Figure 1]FIGURE 1 | The effects of (A) epigallocatechin-3-gallate (EGCG); (B) hydroxychavicol (HC); and (C) EGCG+HC on 1321N1, SW1783, and LN18 after 24-h. The data reflects the mean±SD of three independent experiments. *p < 0.05 compare to 1321N1vehicle control, #p < 0.05 compare to SW1783 vehicle control, and $p < 0.05 compare to LN18 vehicle control.
TABLE 1 | 50% Inhibitory concentration (IC50) of EGCG and HC on 1321N1, SW1783 and LN18 cells. Viable cells (%) were expressed as the mean ± SD of three independent experiments.
[image: Table 1]The lower IC50 values of EGCG (50/100 μg/ml; compared to the IC50 values of EGCG obtained, ranging from 82 to 302 μg/ml (Table 1)) were titrated on a range of HC concentrations (1–100 μg/ml). Results obtained showed lower IC50 values ranging from 10 to 25 μg/ml for HC when combined with EGCG (Table 2), compared to HC treatment alone on glioma cells (Table 1). Moreover, the combination dose of EGCG and HC were observed to induce morphological changes in the glioma cells by microscopic examination (Figures 2A,B).
TABLE 2 | The ratio of combined EGCG and HC at 50% inhibitory concentration (IC50) of 1321N1, SW1783, LN18 cells and its combination index (CI).
[image: Table 2][image: Figure 2]FIGURE 2 | (A) Morphological alterations in 1321N1 cells following treatment with i. vehicle control cells, ii. EGCG 50 µg/ml, iii. HC 20 µg/ml, iv. 50 µg/ml of EGCG + 20 µg/ml of HC, v. scale 100 µm; 50 µg/ml of EGCG + 20 µg/ml of HC; for 24 h (40× magnification). The arrows indicate; x. vacuolated cytoplasm and y. cell shrinkage; (B) Morphological alterations in LN18 cells following treatment with i. vehicle control cells, ii. EGCG 50 µg/ml, iii. HC 10 µg/ml, iv. 50 µg/ml of EGCG + 10 µg/ml of HC, v. scale 100 µm; 50 µg/ml of EGCG + 10 µg/ml of HC; for 24 h (40× magnification). The arrows indicate; x. vacuolated cytoplasm, y. the collapse of nucleus, and z. cell shrinkage.
3.2 Isobologram Analysis of Treatments
The suppression of cell viability was shown to be stronger in the combination of EGCG+HC at lower concentrations than either component alone (Figure 1C, Table 2). An isobologram plot was done for synergism analysis (Supplementary Figure S1) and to determine the combination index (CI). Synergistic interactions were seen in all glioma cells treated with combined sub-effective concentrations of EGCG and HC, as shown in Table 2, with CI = 0.88 for 1321N1, CI = 0.54 for SW1783, and CI = 0.43 for LN18 cells. The combined EGCG+HC treatment for 1321N1 is 50 μg/ml EGCG + 20 μg/ml HC, SW1783 is 100 μg/ml EGCG + 25 μg/ml HC and LN18 is 50 μg/ml EGCG + 10 μg/ml HC.
3.3 Combined EGCG+HC Induced Apoptosis by Triggering Caspase-3 Activation
The synergy effect of combined EGCG+HC on 1321N1 and SW1783 amount to multiplication of caspase-3 activation of 52 and 57% respectively than by either EGCG or HC alone (Figure 3). Induction of active caspase-3 in LN18 EGCG+HC treated cells was observed to be the lowest (9.4%) compared to both 1321N1 and SW1783 (Figure 3).
[image: Figure 3]FIGURE 3 | (A) Flow cytometry detection of apoptosis following caspase-3 antibody staining. An example of an active caspase-3 detection diagram using 1321N1 cells: viable cells are indicated in the left quadrant, while active caspase-3 is displayed in the right quadrant (P2). (B) As evidenced by the presence of active caspase-3, combined EGCG+HC triggered stronger induction of apoptosis in 1321N1, SW1783, and LN18 cells than either EGCG/HC alone. Data represents mean±SD of three independent experiments. *p < 0.05 compare to vehicle control, #p < 0.05 compare to EGCG, $p < 0.05 compare to HC.
Figure 4B shows that the percentage of both early (29.4%) and late (8.3%) apoptotic cells for EGCG+HC treatment in 1321N1 cells increased significantly compared to vehicle control and EGCG, but no changes were observed when compared to HC treatment alone. An increase of early (17.1%) and late (32.5%) apoptosis in LN18 treated with combined EGCG+HC was observed when compared to vehicle control and HC alone, but no changes were observed for early apoptosis when compared to EGCG treatment alone (Figure 4D). While for SW1783, a significant increase was seen in the percentage of late apoptosis (64%) for cells treated with EGCG + HC compared to vehicle control, ECGC (32%) or HC (14.6%) treatment alone (Figure 4C).
[image: Figure 4]FIGURE 4 | (A) Flow cytometry detection of apoptosis following annexin V-FITC/propidium iodide (PI) labelling. The lower left quadrant (Q3) contains viable cells, the lower right quadrant (Q4) contains early apoptotic cells, the upper right quadrant contains late apoptotic cells, and the upper left quadrant contains non-viable necrotic cells (Q1). A bar graph displaying the mean values from three independent experiments for (B) 1321N1, (C) SW1783, and (D) LN18. *p < 0.05 compare to control early or late apoptosis respectively, #p < 0.05 compare to EGCG early or late apoptosis respectively, $p < 0.05 compare to HC early or late apoptosis respectively.
3.4 The Effect of Combined EGCG+HC on Normal Cells
Figure 5 shows that no cytotoxicity was observed on normal cells (foreskin fibroblasts cells and WRL68) for combined EGCG+HC treatment using IC50 doses of 1321N1 (50 μg/ml EGCG + 20 μg/ml HC) and LN18 (50 μg/ml EGCG + 10 μg/ml HC) obtained from the MTS assay data. However, a significant reduction of cell proliferation was seen on normal cells using the combination dose of SW1783 (100 μg/ml EGCG + 25 μg/ml HC) (Figure 5). For this reason, the dose of 100 μg/ml EGCG + 25 μg/ml HC on SW1783 was excluded for further testing.
[image: Figure 5]FIGURE 5 | Cytotoxicity of EGCG+HC on normal cells; foreskin fibroblast cells and WRL68 using the IC50 of combined EGCG+HC treatment: 50 μg/ml EGCG + 20 μg/ml HC (dose for 1321N1), 100 μg/ml EGCG + 25 μg/ml HC (dose for SW1783) and 50 μg/ml EGCG + 10 μg/ml HC (dose for LN18).
3.5 The Effect of Combined EGCG+HC on Cell Cycle Progression of Glioma Cells
The proportion of cells in G0/G1 phase reduced (35% for 1321N1 and 30.4% for LN18, respectively) in EGCG+HC treated cells when compared to vehicle control, while S phase was enhanced in 1321N1 (50.4%) and LN18 (49.9%) compared to the vehicle control and EGCG alone (Figure 6). The G2M phase was marginally reduced (14.6%) compared to the vehicle control (Figure 6A).
[image: Figure 6]FIGURE 6 | The distribution of (A) 1321N1 and (B) LN18 cells in the cell cycle phases. The data indicate the mean±SD (n = 3). *p < 0.05 compare to vehicle control, #p < 0.05 compare to EGCG, $p < 0.05 compare to HC.
3.6 The Effect of EGCG+HC on the Migration and Invasion of Glioma Cells
In the wound healing experiment, 1321N1 and LN18 cells treated with EGCG+HC had lower migratory potential, with only 10.9 and 14.8% of cells migrated, respectively, as compared to the vehicle control and cells treated with EGCG/HC alone (Figure 7). Transwell migration assays revealed a similar outcome, with less 1321N1 (34.8%) and LN18 (50.7%) EGCG+HC treated cells migrated across the membranes compared to the vehicle control and EGCG/HC alone (Figure 8A). A thin coating of ECM was utilised as an impediment to non-invasive cells in vitro in the transwell invasion experiment. As indicated in Figure 8B, EGCG+HC treated cells had lower percentage of 1321N1 and LN18 cell invasion (42.1 and 52.8% respectively) compared to vehicle control and EGCG/HC alone.
[image: Figure 7]FIGURE 7 | Wound healing assay. The photo was taken at 0- and 24-h following the scratch test. (A) 1321N1 cells were treated for 24-h 50 μg/ml EGCG, 20 μg/ml HC, or EGCG+HC, and (B) LN18 cells were treated for 24-h with 50 μg/ml EGCG, 10 μg/ml HC, or EGCG+HC. (C) The percentage of wound healing closure (%) of 1321N1 and LN18 treated with EGCG, HC, and EGCG+HC. *p < 0.05 compare to control, #p < 0.05 compare to EGCG, $p < 0.05 compare to HC.
[image: Figure 8]FIGURE 8 | (A) Cell migration, and (B) cell invasion of 1321N1 and LN18 treated with EGCG+HC. The proportion of cell migration/invasion was represented as a percentage of the vehicle control. Each bar reflects the mean ± SD determined from three independent experiments. *p < 0.05 compare to control, #p < 0.05 compare to EGCG, $p < 0.05 compare to HC.
3.7 The Effect of EGCG+HC on Colony Formation of Glioma Cells
EGCG+HC treatment was more effective than vehicle control and EGCG/HC singly in preventing 1321N1 and LN18 cell colony formation with 10.5 and 11.8% of colonies survived, respectively (Figure 9).
[image: Figure 9]FIGURE 9 | (A) The bar graph depicts the suppression of glioma cell colony formation by EGCG, HC, and EGCG+HC in 1321N1 and LN18 cells. (B) 1321N1 and LN18 cell colonies treated with EGCG, HC, and EGCG+HC. Each bar reflects the mean±SD determined from three independent experiments. *p < 0.05 compare to control, #p < 0.05 compare to EGCG, $p < 0.05 compare to HC.
3.8 Glioma Cell Lines Expression Profiles
Supplementary Table S1 illustrates a total of 2103 and 2442 differentially expressed genes (FDR p ≤ 0.05 and fold change (FC) ≥ 1.5) in 1321N1 and LN18, respectively, treated with EGCG+HC compared to controls. The list of the most significantly expressed genes with the highest FC is shown in Supplementary Tables S2A,B. Approximately 52.8% (1321N1) and 61.5% (LN18) genes were downregulated in EGCG+HC treated cells compared to controls. According to the hierarchical clustering analysis, all of the control and treatment groups were well separated and grouped based on their expression similarity (Supplementary Figure S2). The red colour represented elevated genes, whereas the green colour represented downregulated genes.
3.9 Glioma Cell Lines Transcript and Alternative Splicing Expression Changes
Approximately 3782 (1321N1) and 4793 (LN18) transcripts were differently expressed in EGCG+HC treated cells when compared to controls (FDR p ≤ 0.05 with fold change (FC) ≥ 1.5) (Supplementary Table S3). The list of the most significantly expressed genes with the highest FC is shown in Supplementary Tables S4A,B. The results revealed that around 27% of transcripts in both cell lines were selectively expressed, with no alterations seen in genes corresponding to the transcripts expressed (Supplementary Table S5). The Partek® Genomics Suite and Tuxedo were used to evaluate the transcripts implicated in alternative splicing events (Supplementary Table S6). The alternative splicing expression generated from Partek ∩ Tuxedo ∩ transcript (FC ≥ 1.5) is provided in the Supplementary Tables S7A,B. Alternative splicing expression of DYNLL1 (downregulated) and DDX39B (upregulated) transcript were altered in 1321N1, whereas RBMX (downregulated) and SEC31A (downregulated) transcript were altered in LN18 treated with EGCG+HC.
3.10 Pathway Analysis and Functional Enrichment
Table 3 (GSEA)summarised the biological pathways and the number of genes implicated (control vs treatment). The most significant biological pathway that is upregulated in EGCG+HC treated cells is the endoplasmic reticulum (ER) unfolded protein response (UPR), followed by the activation of the inflammatory response pathway. EGCG+HC downregulated pathways such as mitotic cell cycle control, telomere maintenance, and DNA repair. FET analysis (gene dataset (p < 0.05, FDR)) reveals that the apoptotic process, axon guidance and cell cycle arrest were the most substantially enriched BP in EGCG+HC treated groups (Table 4). The selective effects of EGCG+HC on various gene targets in each cell line are most likely responsible for the differences in cellular response seen between the glioma cell lines. Subnetwork studies of gene lists, for example, revealed that major regulator genes such as MYC, TGFB1, EGR1, and KLF4 were present in 1321N1 cell lines treated with EGCG+HC (p < 0.05, FDR). E2F4, MTOR, E2F1, and BRCA were among the LN18-specific central regulator genes (Table 5).
TABLE 3 | Gene set enrichment analysis (GSEA). Positive median changes imply increased biological process regulation, whereas negative median changes indicate decreased biological process regulation in cells treated with EGCG+HC vs vehicle control cells.
[image: Table 3]TABLE 4 | Fisher exact test (FET) analysis on gene dataset of p < 0.05, FDR.
[image: Table 4]TABLE 5 | Subnetwork enrichment analysis on gene dataset of p < 0.05, FDR.
[image: Table 5]3.11 RNA-Seq Data Validation
qPCR was used to validate 14 genes from lists of biological processes provided by GSEA, FET, and analysis of gene regulatory subnetworks, as well as three transcripts implicated in alternative splicing events in LN18. Additionally, 13 genes were validated which included three transcripts implicated in alternative splicing events in 1321N1. All the genes and conditions tested were parallel with RNA-seq results (Figure 10).
[image: Figure 10]FIGURE 10 | RNA-seq gene expression and genes confirmed by qPCR in EGCG+HC treated cells: (A) 1321N1 and (B) LN18.
4 DISCUSSION
The purpose of combination therapy is to achieve a synergistic therapeutic effect using lower doses to lessen the toxicity of each agent, and to slow down the induction of drug resistance (Chou, 2010; Zhao et al., 2020) since multiple signal pathways are targeted during the treatment. Previous research found that EGCG increased the efficacy of temozolomide and metformin in U87MG cells and rat C6 glioma cell lines, indicating that EGCG might be a useful adjuvant for cancer chemoprevention (Kuduvalli et al., 2021). Recent literature suggests that HC synergizes with buthionine sulfoximine (BSO), a glutathione synthesis inhibitor to eliminate chronic myeloid leukemic (CML) cells through the GSH-ROS-JNK-ERK-iNOS mediated pathway (Chowdhury et al., 2013) and reports have suggested that HC may be developed as a single-agent chemotherapeutic drug or as an adjuvant (Gundala et al., 2014). However, the effects of EGCG or HC on different stages of glioma cancer cell growth inhibition have not been compared. Furthermore, there has been little research on the interactions of these bioactives, as well as their mode of action on glioma cell death and other inhibitory pathways.
While the concentration of EGCG+HC utilised for 1321N1 and LN18 cells was not harmful to normal WRL68 and normal foreskin fibroblast cells, normal cell proliferation was significantly reduced when treated with the combination dose of SW1783 (100 μg/ml EGCG + 25 μg/ml HC). Different responses to EGCG+HC treatment suggested that the mechanisms by which the combined EGCG+HC act differ in 1321N1, SW1783, and LN18 due to each cell line’s unique mutation. The grade II 1321N1 and grade III SW1783 cell lines both had mtDNA mutations in the coding region, which controls the expression of respiratory complex genes (Soon et al., 2017). They were shown to have decreased mitochondrial activity, and 1321N1 cells were found to have high oxidative stress level. Interestingly, Grade IV LN18 cells do not have any non-synonymous mtDNA mutations and possess high antioxidant capability (Soon et al., 2017). As cancer cells have higher ROS concentrations than normal cells, a high polyphenol concentration is required to enhance the baseline level ROS formation and tilt the redox balance in cancer cells to induce cell death (Harris and Denicola, 2020). The combined dose of 100 μg/ml EGCG + 25 μg/ml HC for SW1783 may have elevated ROS generation over the baseline level of normal cells, disrupting the homeostatic balance of ROS and ultimately resulting in cytotoxicity in normal cells.
Phenolic compounds with pyrogallol groups (EGCG) and/or catechol (HC) are known for their antioxidative effects (Almatroodi et al., 2020; Zamakshshari et al., 2021) as well as their pro-oxidative properties (Gundala et al., 2014; Eghbaliferiz and Iranshahi, 2016; Chen et al., 2020). The utility of antioxidants as an adjuvant with conventional chemotherapy in cancer patients is debatable (Saeidnia and Abdollahi, 2013), due to research indicating that antioxidants may protect cancer cells and impair the efficiency of cytotoxic treatment (Khurana et al., 2018). For example, excessive dosages of beta carotene or vitamin E activity can hasten the progression of lung cancer in smokers (Middha et al., 2019). In contrast, vitamin C and E supplementation may be beneficial in preventing against chemotherapy-related adverse effects (Suhail et al., 2012; Roa et al., 2020). On the other hand, besides their dual roles in scavenging and/or utilizing reactive oxygen species (ROS) to kill cancer cells (Kirtonia et al., 2020), dietary antioxidants possess other anticancer effects as shown by EGCG inhibiting human lymphoma cell proliferation by modulating the epigenetic modification of p16INK4a (Wu et al., 2013), and halting the proliferation of triple-negative breast cancer cells via epigenetic changes of cIAP2 gene (Steed et al., 2020).
In the present study, EGCG+HC treatment inhibited the proliferation of glioma cells, by arresting these cells in the S phase and decreasing the G0/G1 phase to a greater extent than either agent alone. Shen et al. (2014) showed that EGCG (<60 µg/ml) induced apoptosis and cause S phase arrest in hepatocellular carcinoma via the supression of Akt pathway. Similarly, the induction of apoptosis in EGCG treated HT-29 colon cancer cells was reported to involve the p38MAPK activity and Akt pathways (Cerezo-Guisado et al., 2015). Meanwhile, HC was shown to be effective in halting the cell cycle progression of prostate cancer and oral KB carcinoma cells (Gundala et al., 2014). Our results further reveal that EGCG+HC inhibit the migration, invasion, and colony formation of 1321N1 and LN18. Consisent with our findings, EGCG has been shown to suppress A549 lung cancer cell growth and reduce vascular endothelial growth factor (VEGF) expression suggesting its role in the suppression of angiogenesis (Sakamoto et al., 2013). The invasion inhibitory properties of EGCG on thyroid carcinoma 8505C cells was reported via the TGF-β1/Smad signaling through the decrease of epithelial to mesenchymal transition (EMT) markers (Li et al., 2019), while the inhibition of invasion and migration of HeLa, cervical cancer cells were through the modulation of MMP-9 and TIMP-1 (Sharma et al., 2012). Moreover, HC was reported to inhibit the colony formation of prostate cancer cells (Gundala et al., 2014). Limited information is available on the ability of HC to halt the migration/invasion of cancer cells.
Our transcriptomic analysis demonstrated that the molecular mechanism of EGCG+HC against glioma cells is via the down regulation of axon guidance and metabolic pathways. The mechanism of EGCG+HC may be through the downregulation of SEMA3A and SEMA3F transcript expression which may play some roles in inhibiting the glioma proliferation and halts invasion via Plexin A1 (PLXNA1) and B2 (PLXNB2) receptors. Prior research has shown that Semaphorin 3A (SEMA3A), which is known for its axon guidance and antiangiogenic properties, has been implicated in glioblastoma development. Interestingly, SEMA3A was reported to inhibit BTSC proliferation, while inducing invasion where its action is dependent on NRP1 or PLXNA1 receptors. On the other hand, a decrease in SEMA3A receptor expression is enough to stop proliferation and enhance invasion (Higgins et al., 2020). High SEMA2A and PLXNA1 expression are all associated with poorer overall survival in GBM. Similarly, PLXNB2 which was found to be downregulated with EGCG+HC in this study, is recognized a potential biomarker for high-grade glioma. Its knockdown was reported to halt malignant glioma invasion and perivascular diffusion (Le et al., 2015; Huang et al., 2021). Besides the family of semaphorins mentioned above, SEMA7A, downregulated in both 1321N1 and LN18 cells in this study, plays a significant role in mediating the cross-talk between exosomes produced by glioma stem cells (GSC) and the glioma microenvironment (Manini et al., 2019). This further emphasize the axon guidance pathway as an interesting new therapeutic target to curb glioma progression.
Exosomes have been shown to act as signaling mediators of the tumor microenvironment (TME) regulation. Studies indicated that exosomes may transport functional molecules to the recipient cells and aid cancer growth by altering the metabolism of cancer cells and nearby stromal cells (Yang et al., 2020). We postulate that EGCG+HC treatment may inhibit the glioma cancer cells by obstructing the cells’ metabolic reprogramming hence depriving these fast-growing cells of their energy demands. On a similar note, MT-CO3 (down regulated in this study), also involved in the metabolism process specifically the oxidative phosphorylation, influence abnormal energy metabolism and facilitate the growth of tumor cells. Levodopa was shown to inhibit the proliferation of esophageal squamous cell carcinoma (ESCC) via down-regulating the levels of oxidative phosphorylation proteins which includes MT-CO3, SDHD and NDUFS4 (Li et al., 2020). This inhibition is related to mitochondrial dysfunction. Interestingly, miR-5787 was suggested to regulate cisplatin chemoresistance of tongue squamous cell carcinoma (TSCC) by downregulating MT-CO3 which in turn disrupted glucose metabolism (Chen et al., 2019). MT-RNR2, upregulated in both 1321N1 and LN18 cells, is linked to anti-apoptotic activities in bladder cancer (Omar et al., 2017). Although the Warburg theory indicated decreased reliance on mitochondrial function may enhance resistance to apoptosis, studies on the association of mitochondrial genes in cancer progression is limited and this warrants further research (Beadnell et al., 2018).
Genes related to endoplasmic reticulum unfolded protein response (ER UPR) (DDIT3, ATF4, EIF2AK3, XBP1) were mostly found to be upregulated in response to EGCG+HC treatment. UPR plays a vital role in malignant transformation, as well as the regulation of cancer migration and invasion (Limia et al., 2019). Emerging reports have shown the importance of inducing ER stress pathway in cancer treatments, for example, the combination of lopinavir and ritonavir, a protease inhibitor, promotes urological cancer cell death (Okubo et al., 2019). Our previous study has also shown that ER UPR was induced in 1321N1, SW1783 and LN18 cells treated with combined gamma-tocotrienol and hydroxychavicol (Abdul Rahman et al., 2019). Although ER stress seemed to have pertinent role in the anticancer properties of EGCG+HC, further investigation is needed to elucidate whether this induction crosstalk with ROS production or autophagy to unveil the potential regulatory mechanisms of ER-UPR for therapeutic purposes.
Transcriptomic data provides an enormous set of data that can be analysed simultaneously. Our findings are far from exhaustive and may be further explored in terms of the long noncoding genes and alternative splicing expression patterns. For instance, DYNLL1 alternative splicing expression, which is significantly decreased in EGCG+HC treated glioma cells, is reported to be upregulated in gastric cancer high-risk group patients and hepatocellular cancer (Berkel and Cacan, 2020) (Li et al., 2021). How DYNLL1 promotes aberrant transcription in cancers are still unknown.
Despite the fact that only three types of cell lines were examined in this study, the mutations in these cell lines are diverse and reflect different grades of glioma malignancy. Our in vitro findings highlighted important points concerning personalised medicine; different dose combinations are required for different grades/mutations, and an increase in grade does not always necessarily require an increase in treatment concentration (50 ug/ml EGCG + 20 ug/ml HC for grade II 1321N1; 50 ug/ml EGCG + 10 ug/ml HC for grade IV LN18). However, insufficient drug exposure was suggested to be one of the contributing factors to the development of resistance to RTK-targeted therapies in glioblastoma due to the heterogeneous expression of the epidermal growth factor receptor (EGFR) (Furnari et al., 2015). Our findings warrant further elucidation on the significance of having specific treatment doses for different glioma grades.
5 CONCLUSION
EGCG+HC can potentiate the S phase arrest and induce the activation of caspase-3 to initiate apoptosis and inhibit the cell proliferation of 1321N1 and LN18 glioma cells. Furthermore, the strong inhibition of migration, invasion and colony formation in EGCG+HC treated cells indicated enhanced efficacy of combined EGCG and HC compared to single treatments. EGCG+HC exerted its apoptotic effect through the alteration of mitochondrial genes and metabolic pathways, while simultaneously interfering with endoplasmic reticulum unfolded protein response and axon guidance pathway. Crosstalk between activated pathways might be a significant regulator of glioma cell response to EGCG+HC treatment, making it a promising therapeutic target. Further research on the possible interactions between metabolic pathway, endoplasmic reticulum unfolded protein response, and axon guidance signalling in glioma is required.
DATA AVAILABILITY STATEMENT
The RNA-seq dataset presented in this study have been deposited in the NCBI Gene expression omnibus (GEO) database and are accessible through the accession number GSE193838 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE193838).
AUTHOR CONTRIBUTIONS
AR is the first author and performed all the experiments, drafted and revised the manuscript and manuscript correction. WN conceived the idea, designed the experimental plan, revised the whole manuscript and provided supervision. RH and SM provided technical support and data analysis assistance. RJ and NM contributed toward study design and general supervision.
FUNDING
This research was funded by the Higher Institution Centre of Excellence (HICoE) grant (No: 10-64-01-005) from Ministry of Higher Education, Malaysia.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors would like to express their appreciation to Mohd Faizal Abu Bakar for his technical assistance with RNA-Seq analysis and Irni Sahayu Sapian for her assistance in handling the RNA-Seq equipment (Malaysian Genome Institute (MGI), Kajang, Malaysia).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.844199/full#supplementary-material
REFERENCES
 Abdul Rahman, A., Jamal, A. R., Harun, R., Mohd Mokhtar, N., and Wan Ngah, W. Z. (2014). Gamma-tocotrienol and Hydroxy-Chavicol Synergistically Inhibits Growth and Induces Apoptosis of Human Glioma Cells. BMC Complement. Altern. Med. 14, 213. doi:10.1186/1472-6882-14-213
 Abdul Rahman, A., Mokhtar, N. M., Harun, R., Jamal, R., and Wan Ngah, W. Z. (2019). Transcriptome Analysis Reveals the Molecular Mechanisms of Combined Gamma-Tocotrienol and Hydroxychavicol in Preventing the Proliferation of 1321N1, SW1783, and LN18 Glioma Cancer Cells. J. Physiol. Biochem. 75, 499–517. doi:10.1007/s13105-019-00699-z
 Almatroodi, S. A., Almatroudi, A., Khan, A. A., Alhumaydhi, F. A., Alsahli, M. A., and Rahmani, A. H. (2020). Potential Therapeutic Targets of Epigallocatechin Gallate (EGCG), the Most Abundant Catechin in Green Tea, and its Role in the Therapy of Various Types of Cancer. Molecules 25, 3146. doi:10.3390/molecules25143146
 Beadnell, T. C., Scheid, A. D., Vivian, C. J., and Welch, D. R. (2018). Roles of the Mitochondrial Genetics in Cancer Metastasis: Not to Be Ignored Any Longer. Cancer Metastasis Rev. 37, 615–632. doi:10.1007/s10555-018-9772-7
 Berkel, C., and Cacan, E. (2020). DYNLL1 Is Hypomethylated and Upregulated in a Tumor Stage- and Grade-dependent Manner and Associated with Increased Mortality in Hepatocellular Carcinoma. Exp. Mol. Pathol. 117, 104567. doi:10.1016/j.yexmp.2020.104567
 Cerezo-Guisado, M. I., Zur, R., Lorenzo, M. J., Risco, A., Martín-Serrano, M. A., Alvarez-Barrientos, A., et al. (2015). Implication of Akt, ERK1/2 and Alternative p38MAPK Signalling Pathways in Human colon Cancer Cell Apoptosis Induced by green tea EGCG. Food Chem. Toxicol. 84, 125–132. doi:10.1016/j.fct.2015.08.017
 Chen, A., Jiang, P., Zeb, F., Wu, X., Xu, C., Chen, L., et al. (2020). EGCG Regulates CTR1 Expression through its Pro-oxidative Property in Non-small-cell Lung Cancer Cells. J. Cel. Physiol. 235, 7970–7981. doi:10.1002/jcp.29451
 Chen, W., Wang, P., Lu, Y., Jin, T., Lei, X., Liu, M., et al. (2019). Decreased Expression of Mitochondrial miR-5787 Contributes to Chemoresistance by Reprogramming Glucose Metabolism and Inhibiting MT-CO3 Translation. Theranostics 9, 5739–5754. doi:10.7150/thno.37556
 Chou, T. C. (2010). Drug Combination Studies and Their Synergy Quantification Using the Chou-Talalay Method. Cancer Res. 70, 440–446. doi:10.1158/0008-5472.CAN-09-1947
 Chou, T. C., and Talalay, P. (1984). Quantitative Analysis of Dose-Effect Relationships: the Combined Effects of Multiple Drugs or Enzyme Inhibitors. Adv. Enzyme Regul. 22, 27–55. doi:10.1016/0065-2571(84)90007-4
 Chowdhury, A. A., Chaudhuri, J., Biswas, N., Manna, A., Chatterjee, S., Mahato, S. K., et al. (2013). Synergistic Apoptosis of CML Cells by Buthionine Sulfoximine and Hydroxychavicol Correlates with Activation of AIF and GSH-ROS-JNK-ERK-iNOS Pathway. PLoS One 8, e73672. doi:10.1371/journal.pone.0073672
 Eghbaliferiz, S., and Iranshahi, M. (2016). Prooxidant Activity of Polyphenols, Flavonoids, Anthocyanins and Carotenoids: Updated Review of Mechanisms and Catalyzing Metals. Phytother. Res. 30, 1379–1391. doi:10.1002/ptr.5643
 Furnari, F. B., Cloughesy, T. F., Cavenee, W. K., and Mischel, P. S. (2015). Heterogeneity of Epidermal Growth Factor Receptor Signalling Networks in Glioblastoma. Nat. Rev. Cancer 15, 302–310. doi:10.1038/nrc3918
 Gundala, S. R., Yang, C., Mukkavilli, R., Paranjpe, R., Brahmbhatt, M., Pannu, V., et al. (2014). Hydroxychavicol, a Betel Leaf Component, Inhibits Prostate Cancer through ROS-Driven DNA Damage and Apoptosis. Toxicol. Appl. Pharmacol. 280, 86–96. doi:10.1016/j.taap.2014.07.012
 Harris, I. S., and Denicola, G. M. (2020). The Complex Interplay between Antioxidants and ROS in Cancer. Trends Cel. Biol. 30, 440–451. doi:10.1016/j.tcb.2020.03.002
 Higgins, D. M. O., Caliva, M., Schroeder, M., Carlson, B., Upadhyayula, P. S., Milligan, B. D., et al. (2020). Semaphorin 3A Mediated Brain Tumor Stem Cell Proliferation and Invasion in EGFRviii Mutant Gliomas. BMC Cancer 20, 1213. doi:10.1186/s12885-020-07694-4
 Huang, Y., Tejero, R., Lee, V. K., Brusco, C., Hannah, T., Bertucci, T. B., et al. (2021). Plexin-B2 Facilitates Glioblastoma Infiltration by Modulating Cell Biomechanics. Commun. Biol. 4, 145. doi:10.1038/s42003-021-01667-4
 Khurana, R. K., Jain, A., Jain, A., Sharma, T., Singh, B., and Kesharwani, P. (2018). Administration of Antioxidants in Cancer: Debate of the Decade. Drug Discov. Today 23, 763–770. doi:10.1016/j.drudis.2018.01.021
 Kirtonia, A., Sethi, G., and Garg, M. (2020). The Multifaceted Role of Reactive Oxygen Species in Tumorigenesis. Cell Mol. Life Sci. 77, 4459–4483. doi:10.1007/s00018-020-03536-5
 Kuduvalli, S. S., Precilla, D. S., Anandhan, V., and Sivasubramanian, A. T. (2021). Synergism of Temozolomide, Metformin, and Epigallocatechin Gallate Promotes Oxidative Stress-Induced Apoptosis in Glioma Cells. Cdth 16, 252–267. doi:10.2174/1574885516666210510185538
 Le, A. P., Huang, Y., Pingle, S. C., Kesari, S., Wang, H., Yong, R. L., et al. (2015). Plexin-B2 Promotes Invasive Growth of Malignant Glioma. Oncotarget 6, 7293–7304. doi:10.18632/oncotarget.3421
 Li, J., Pu, K., Li, C., Wang, Y., and Zhou, Y. (2021). A Novel Six-Gene-Based Prognostic Model Predicts Survival and Clinical Risk Score for Gastric Cancer. Front. Genet. 12, 615834. doi:10.3389/fgene.2021.615834
 Li, T., Zhao, N., Lu, J., Zhu, Q., Liu, X., Hao, F., et al. (2019). Epigallocatechin Gallate (EGCG) Suppresses Epithelial-Mesenchymal Transition (EMT) and Invasion in Anaplastic Thyroid Carcinoma Cells through Blocking of TGF-β1/Smad Signaling Pathways. Bioengineered 10, 282–291. doi:10.1080/21655979.2019.1632669
 Li, Z., Li, X., He, X., Jia, X., Zhang, X., Lu, B., et al. (2020). Proteomics Reveal the Inhibitory Mechanism of Levodopa against Esophageal Squamous Cell Carcinoma. Front. Pharmacol. 11, 568459. doi:10.3389/fphar.2020.568459
 Liang, C. C., Park, A. Y., and Guan, J. L. (2007). In Vitro scratch Assay: a Convenient and Inexpensive Method for Analysis of Cell Migration In Vitro. Nat. Protoc. 2, 329–333. doi:10.1038/nprot.2007.30
 Liang, J., Lv, X., Lu, C., Ye, X., Chen, X., Fu, J., et al. (2020). Prognostic Factors of Patients with Gliomas - an Analysis on 335 Patients with Glioblastoma and Other Forms of Gliomas. BMC Cancer 20, 35. doi:10.1186/s12885-019-6511-6
 Limia, C. M., Sauzay, C., Urra, H., Hetz, C., Chevet, E., and Avril, T. (2019). Emerging Roles of the Endoplasmic Reticulum Associated Unfolded Protein Response in Cancer Cell Migration and Invasion. Cancers (Basel) 11, 631. doi:10.3390/cancers11050631
 Liu, S., Wang, X. J., Liu, Y., and Cui, Y. F. (2013). PI3K/AKT/mTOR Signaling Is Involved in (-)-Epigallocatechin-3-Gallate-Induced Apoptosis of Human Pancreatic Carcinoma Cells. Am. J. Chin. Med. 41, 629–642. doi:10.1142/S0192415X13500444
 Manini, I., Ruaro, M. E., Sgarra, R., Bartolini, A., Caponnetto, F., Ius, T., et al. (2019). Semaphorin-7A on Exosomes: A Promigratory Signal in the Glioma Microenvironment. Cancers (Basel) 11, 758. doi:10.3390/cancers11060758
 Maruca, A., Catalano, R., Bagetta, D., Mesiti, F., Ambrosio, F. A., Romeo, I., et al. (2019). The Mediterranean Diet as Source of Bioactive Compounds with Multi-Targeting Anti-cancer Profile. Eur. J. Med. Chem. 181, 111579. doi:10.1016/j.ejmech.2019.111579
 Meng, J., Chang, C., Chen, Y., Bi, F., Ji, C., and Liu, W. (2019). EGCG Overcomes Gefitinib Resistance by Inhibiting Autophagy and Augmenting Cell Death through Targeting ERK Phosphorylation in NSCLC. Onco Targets Ther. 12, 6033–6043. doi:10.2147/OTT.S209441
 Middha, P., Weinstein, S. J., Männistö, S., Albanes, D., and Mondul, A. M. (2019). β-Carotene Supplementation and Lung Cancer Incidence in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study: The Role of Tar and Nicotine. Nicotine Tob. Res. 21, 1045–1050. doi:10.1093/ntr/nty115
 Okubo, K., Isono, M., Asano, T., and Sato, A. (2019). Lopinavir-Ritonavir Combination Induces Endoplasmic Reticulum Stress and Kills Urological Cancer Cells. Anticancer Res. 39, 5891–5901. doi:10.21873/anticanres.13793
 Omar, N. N., Tash, R. F., Shoukry, Y., and Elsaeed, K. O. (2017). Breaking the Ritual Metabolic Cycle in Order to Save Acetyl CoA: A Potential Role for Mitochondrial Humanin in T2 Bladder Cancer Aggressiveness. J. Egypt. Natl. Canc. Inst. 29, 69–76. doi:10.1016/j.jnci.2017.04.001
 Pangal, D. J., Baertsch, H., Kellman, E. M., Cardinal, T., Brunswick, A., Rutkowski, M., et al. (2021). Complementary and Alternative Medicine for the Treatment of Gliomas: Scoping Review of Clinical Studies, Patient Outcomes, and Toxicity Profiles. World Neurosurg. 151, e682–e692. doi:10.1016/j.wneu.2021.04.096
 Peter, B., Bosze, S., and Horvath, R. (2016). Biophysical Characteristics of Proteins and Living Cells Exposed to the green tea Polyphenol Epigallocatechin-3-Gallate (EGCg): Review of Recent Advances from Molecular Mechanisms to Nanomedicine and Clinical Trials. Eur. Biophys. J. 46 (1), 1–24. doi:10.1007/s00249-016-1141-2
 Rahman, A. A., Makpol, S., Jamal, R., Harun, R., Mokhtar, N., and Ngah, W. Z. (2014). Tocotrienol-rich Fraction, [6]-gingerol and Epigallocatechin Gallate Inhibit Proliferation and Induce Apoptosis of Glioma Cancer Cells. Molecules 19, 14528–14541. doi:10.3390/molecules190914528
 Roa, F. J., Peña, E., Gatica, M., Escobar-Acuña, K., Saavedra, P., Maldonado, M., et al. (2020). Therapeutic Use of Vitamin C in Cancer: Physiological Considerations. Front. Pharmacol. 11, 211. doi:10.3389/fphar.2020.00211
 Robinson, M. D., and Smyth, G. K. (2008). Small-sample Estimation of Negative Binomial Dispersion, with Applications to SAGE Data. Biostatistics 9, 321–332. doi:10.1093/biostatistics/kxm030
 Saeidnia, S., and Abdollahi, M. (2013). Antioxidants: Friends or Foe in Prevention or Treatment of Cancer: the Debate of the century. Toxicol. Appl. Pharmacol. 271, 49–63. doi:10.1016/j.taap.2013.05.004
 Sakamoto, Y., Terashita, N., Muraguchi, T., Fukusato, T., and Kubota, S. (2013). Effects of Epigallocatechin-3-Gallate (EGCG) on A549 Lung Cancer Tumor Growth and Angiogenesis. Biosci. Biotechnol. Biochem. 77, 1799–1803. doi:10.1271/bbb.120882
 Sharma, C., Nusri, Qel-A., Begum, S., Javed, E., Rizvi, T. A., and Hussain, A. (2012). (-)-Epigallocatechin-3-gallate Induces Apoptosis and Inhibits Invasion and Migration of Human Cervical Cancer Cells. Asian Pac. J. Cancer Prev. 13, 4815–4822. doi:10.7314/apjcp.2012.13.9.4815
 Shen, X., Zhang, Y., Feng, Y., Zhang, L., Li, J., Xie, Y. A., et al. (2014). Epigallocatechin-3-gallate Inhibits Cell Growth, Induces Apoptosis and Causes S Phase Arrest in Hepatocellular Carcinoma by Suppressing the AKT Pathway. Int. J. Oncol. 44, 791–796. doi:10.3892/ijo.2014.2251
 Soon, B. H., Abdul Murad, N. A., Then, S. M., Abu Bakar, A., Fadzil, F., Thanabalan, J., et al. (2017). Mitochondrial DNA Mutations in Grade II and III Glioma Cell Lines Are Associated with Significant Mitochondrial Dysfunction and Higher Oxidative Stress. Front. Physiol. 8, 231. doi:10.3389/fphys.2017.00231
 Steed, K. L., Jordan, H. R., and Tollefsbol, T. O. (2020). SAHA and EGCG Promote Apoptosis in Triple-Negative Breast Cancer Cells, Possibly through the Modulation of cIAP2. Anticancer Res. 40, 9–26. doi:10.21873/anticanres.13922
 Suhail, N., Bilal, N., Khan, H. Y., Hasan, S., Sharma, S., Khan, F., et al. (2012). Effect of Vitamins C and E on Antioxidant Status of Breast-Cancer Patients Undergoing Chemotherapy. J. Clin. Pharm. Ther. 37, 22–26. doi:10.1111/j.1365-2710.2010.01237.x
 Surh, Y. J. (2011). Xenohormesis Mechanisms Underlying Chemopreventive Effects of Some Dietary Phytochemicals. Ann. N. Y Acad. Sci. 1229, 1–6. doi:10.1111/j.1749-6632.2011.06097.x
 Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. (2012). Differential Gene and Transcript Expression Analysis of RNA-Seq Experiments with TopHat and Cufflinks. Nat. Protoc. 7, 562–578. doi:10.1038/nprot.2012.016
 Wu, D. S., Shen, J. Z., Yu, A. F., Fu, H. Y., Zhou, H. R., and Shen, S. F. (2013). Epigallocatechin-3-gallate and Trichostatin A Synergistically Inhibit Human Lymphoma Cell Proliferation through Epigenetic Modification of p16INK4a. Oncol. Rep. 30, 2969–2975. doi:10.3892/or.2013.2734
 Xiao-Mei, S., Jin-Xiang, W., Qin-Wei, Z., and Qi-Fu, Z. (2016). Epigallocatechin-3-gallate Induces Apoptosis and Proliferation Inhibition of Glioma Cell through Suppressing JAK2/STAT3 Signaling Pathway. Int. J. Clin. Exp. Med. 9, 10995–11001. 
 Yamada, S., Tsukamoto, S., Huang, Y., Makio, A., Kumazoe, M., Yamashita, S., et al. (2016). Epigallocatechin-3-O-gallate Up-Regulates microRNA-Let-7b Expression by Activating 67-kDa Laminin Receptor Signaling in Melanoma Cells. Sci. Rep. 6, 19225. doi:10.1038/srep19225
 Yang, E., Wang, X., Gong, Z., Yu, M., Wu, H., and Zhang, D. (2020). Exosome-mediated Metabolic Reprogramming: the Emerging Role in Tumor Microenvironment Remodeling and its Influence on Cancer Progression. Signal. Transduct. Target. Ther. 5, 242. doi:10.1038/s41392-020-00359-5
 Zamakshshari, N., Ahmed, I. A., Nasharuddin, M. N. A., Mohd Hashim, N., Mustafa, M. R., Othman, R., et al. (2021). Effect of Extraction Procedure on the Yield and Biological Activities of Hydroxychavicol from Piper Betle L. Leaves. J. Appl. Res. Med. Aromatic Plants 24, 100320. doi:10.1016/j.jarmap.2021.100320
 Zhang, Y., Wang, X., Han, L., Zhou, Y., and Sun, S. (2015). Green tea Polyphenol EGCG Reverse Cisplatin Resistance of A549/DDP Cell Line through Candidate Genes Demethylation. Biomed. Pharmacother. 69, 285–290. doi:10.1016/j.biopha.2014.12.016
 Zhao, L., Wientjes, M. G., and Au, J. L. (2004). Evaluation of Combination Chemotherapy: Integration of Nonlinear Regression, Curve Shift, Isobologram, and Combination index Analyses. Clin. Cancer Res. 10, 7994–8004. doi:10.1158/1078-0432.CCR-04-1087
 Zhao, M., Van Straten, D., Broekman, M. L. D., Préat, V., and Schiffelers, R. M. (2020). Nanocarrier-based Drug Combination Therapy for Glioblastoma. Theranostics 10, 1355–1372. doi:10.7150/thno.38147
Conflict of Interest: 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 © 2022 Abdul Rahman, Wan Ngah, Jamal, Makpol, Harun and Mokhtar. 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.
OPS/images/fphar-13-844199-t003.jpg
Gene Significant Enrichment Analysis (GSEA) 1321N1

(no.
entities)

endoplasmic reticulum unfolded protein response 80
inflammatory response 253
activation of signaling protein activity involved in unfolded protein response 62
immune response 252
intrinsic apoptotic signaling pathway in response to endoplasmic reticulum 25
stress
cellular metabolic process 132
axon guidance 316
mitotic cel cydie 387
telomere maintenance 54
cell division/cytokinesis 88

DNA repair 270

1321N1
Median
Change

125.41
104.68
103.14
102.46
102.11

-47.04
-28.946
-108.81

-563.26

-51.06

-49.21

1321N1
p-value

0.00E+00
9.00E-04
5.00E-04
1.40E-03
6.00E-04

0.00E+00
0
0.00E+00
0.00E+00
0.00E+00
0.00E+00

LN18
(no. entities)

81

n/a
63
n/a
25

843
320
388
54
52
270

LN18
Median
Change

127.65
na
106.67
na
65.48

-123.598
~77.104
-225.07

-94.39
-86.52
-154.39

LN18
p-value

0.00E+00
n/a

0.00E+00
n/a

1.20E-03

0

0
0.00E+00
0.00E+00
0.00E+00
0.00E+00





OPS/xhtml/nav.xhtml
Contents

		Cover

		Inhibitory Mechanism of Combined Hydroxychavicol With Epigallocatechin-3-Gallate Against Glioma Cancer Cell Lines: A Transcriptomic Analysis		1 Introduction

		2 Materials and Methods		2.1 Reagents and Chemicals

		2.2 Cell Line and Culture Environment

		2.3 Natural Compound Treatments

		2.4 Cell Viability Determination

		2.5 Apoptosis Assay Using Active Caspase-3 and Annexin V-Propidium Iodide Staining

		2.6 Analysis of Cell Cycle Progression

		2.7 Wound Healing Test

		2.8 Transwell Cell Invasion and Migration Assay

		2.9 Colony Formation Assay

		2.10 Statistical Evaluation

		2.11 RNA Library Preparation and Sequencing

		2.12 RNA-Sequencing Data Processing and Pathway Analysis

		3.13 Validation of Gene Expression Data by Quantitative Real-Time PCR (qPCR)





		3 Results		3.1 Treatment of EGCG or HC Singly and Its Combination Decreases Glioma Cell Viability

		3.2 Isobologram Analysis of Treatments

		3.3 Combined EGCG+HC Induced Apoptosis by Triggering Caspase-3 Activation

		3.4 The Effect of Combined EGCG+HC on Normal Cells

		3.5 The Effect of Combined EGCG+HC on Cell Cycle Progression of Glioma Cells

		3.6 The Effect of EGCG+HC on the Migration and Invasion of Glioma Cells

		3.7 The Effect of EGCG+HC on Colony Formation of Glioma Cells

		3.8 Glioma Cell Lines Expression Profiles

		3.9 Glioma Cell Lines Transcript and Alternative Splicing Expression Changes

		3.10 Pathway Analysis and Functional Enrichment

		3.11 RNA-Seq Data Validation





		4 Discussion

		5 Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/fphar-13-844199-t002.jpg
Type of EGCG:HC 1C50° [ug/mi] EGCG® [ug/mi]
cell line

1321N1 5:2 20 82
SW1783 41 25 300
LN18 51 10 134

%IC50 of combined compounds.
"IC50 of compound A or B.
°Cl < 1.0 indicates synergism: 0.9 < Cl < 1.10, near additive: C! > 1.10 indlicates antagonism.

HC®

[wg/mi]

75
95
119

‘Combination Index®
(©n

0.88 + 0.05
0.54 + 0.05
0.43 + 0.06





OPS/images/fphar-13-844199-t005.jpg
Expression target 1321N1 No. of 1321N1 p-value LN18 No. of LN18 p-value

overlapping entities overlapping entities
MYC 13 2.93E-17 wa n/a
AKTA 187 2.35E-16 136 5.16E-10
TGFB1 228 3.31E-13 na n/a
HIF1A 17 1.98E-12 17 1.28E-07
EGR1 T 4.94E-12 na n/a
JUN 105 5.20E-12 wa n/a
NFE2L2 ) 7.90E-12 75 2.05E-09
KLF4 53 9.72E11 wa n/a
MAP2K1 54 1.95E-10 na n/a
FGF2 107 3.23E-09 a na
ATF4 37 3.36E-09 37 3.96E-07
PARP1 a1 413600 wa n/a
FOXM1 46 2.05E-08 na n/a
EF2AK3 27 2.60E-08 25 1.19E-05
NFYA 26 3.20E-08 wa n/a
EDN1 60 4.08E-08 wa n/a
ATF3 32 4.44E-08 wa n/a
VEGFA 7 6.04E-08 wa n/a
E2F4 n/a n/a o 1.04E-08
MTOR na a 88 1.24E-08
E2F1 n/a n/a 74 5.72E-08
BRCA1 n/a n/a 34 8.00E-08
SRSF3 n/a n/a 13 6.18E-07
HSPI0AAT n/a n/a 38 3.00E-06
CUL4A n/a n/a 11 8.03E-06
vop n/a n/a 13 1.66E-05
CAPN2 n/a n/a 16 217E-05
CDC20 n/a n/a 12 293605
cuLt n/a n/a 12 2.93E-05
EGFR n/a n/a 70 317E05
DDIT3 n/a n/a 28 3.68E-05
NRG1 n/a n/a 40 4.68E-05
SOD1 n/a n/a 20 6.78E-05

SREBF1 n/a n/a a1 6.83E-05





OPS/images/fphar-13-844199-t004.jpg
ological process/signalling pathway 1321N1 No. of 1321N1 p-value LN18 0. of LN18 p-value

overlapping entities overlapping entities
positive regulation of apoptotic process/apoptotic process 50 2.95E-10 187 5.68002E-14
axon guidance 57 3.20E-10 60 4.47362E-08
cell cycle arrest 29 1.31E-07 33 1.07385€-07
cellular protein metabolic process 78 4.30E-16 119 2.15597E-33
endoplasmic reticulum unfolded protein response 23 850E-09 32 1.24068E-13
mitotic cell cycle a1 4.1441E-31 128 7.19555E-52
MRNA metabolic process 48 5.20E-12 % 5.3080E-37
mRNA splicing, via spliceosome 47 5.10E-16 64 1.57876E-24
negative regulation of cel growth 34 7A1E1 22 0.003878426
nuclear-transcribed MRNA catabolic process, nonsense-mediated decay 2 4.4963E-07 58 7.18064E-29
response to DNA damage stimulus 46 8.6022E-05 78 6.22536E-14
response to drug 7 1.36E-08 76 1.41321E-06
small molecule metabolic process 155 1.46E-11 202 2.82555E-17
SRP-dependent co-translational protein targeting to membrane 20 6.1778E-05 58 4.58081E-33
Actin Cytoskeleton Regulation 86 278603 100 0013074903
Focal Adhesion Regulation 50 2.94E-02 na n/a

Hedgehog Pathway %2 1.24E-02 120 0001067468
Insulin Action na n/a 199 2.90484E-10

Notch Pathway n/a n/a 248 0.010106517





OPS/images/fphar-13-844199-t001.jpg
Cell lines Compound
Grade I Epigallocatechin-gallate (EGCG)
1321N1 Hydroxychavicol (HOP
Grade Il Epigallocatechin-gallate (EGCG)
SW1783 Hydroxychavicol (HO)®
Grade I Epigallocatechin-gallate (EGCG)
LN18 Hydroxychavicol (HO)®

“Cell viabilty (%) following a 24 h treatment of the highest concentration value of each compound

1C50 value (ug/mi)

82+1231
75£7.51
302 £9.10
95 + 5.83
134 £ 11.36
19 £7.77

Viability (% cells)’

163 +£9.2
5.2+ 089
419+ 574
10.5 + 2.04
34.4 741
9.6 + 1.66

bThe results for the treatment of EGCG and HC singly against the viability of glioma cells have been published previously (Abdul Rahman et al., 2014: Rahman et al., 2014).





OPS/images/fphar-13-844199-g010.gif
oot
weaz
oo
ezt
cocm
w2

a1
ssra
Pue

ezt
oom
a2

TN RNASEF  © 1521N1 CR G

W m w

LNBRIASIFC BLABaRORF










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





OPS/images/fphar-13-844199-g005.gif





OPS/images/fphar-13-844199-g006.gif
132101 Cell yce

Pttty

0328888

g

mcaw
ashase

conty
si4
186
20

Vanice.

Contr
26
165
3t

HC (20 | EGOGHC

o) | 06
37| w0
26 s
27 504

WG [ EGcee

s | 0
N
s 16
w0 w0





OPS/images/fphar-13-844199-g003.gif
ACTIVE GASPASE-3 (%)

(CONTROL (24h). TREATMENT 24h)

1IN (EGCG 50y HG 20y
L SWITES (£GCG 100y 1 24y
N8 (E6CG 50 by G 10 i

RPN
PR a5

e e— Py S I ————






OPS/images/fphar-13-844199-g004.gif
L

0o

Ve






OPS/images/fphar-13-844199-g009.gif
‘GTRINI (EGOG 50 potnl + HC 20 pgimd)
= LN (EGG 5 o + 4G 10 o)






OPS/images/fphar-13-844199-g007.gif





OPS/images/fphar-13-844199-g008.gif
A O1321N1 (EGCG 50 pg/mi: HC 20 pgimi)

m 2LNIB (0520 syt 10D
_w
e | u =
g | | o
fo | ‘}
» | [
o I |
Vedoconis E6cG cocomc
3
2 0152141 (003 50 i 20
=Unte €550 sy 1030
| - :
o : .-
1 T
© . s
“© |
l§
20 |
o |

P — e Eeceen





OPS/images/cover.jpg
* frontiers
in Pharmacology

Inhibitory Mechanism of
Combined Hydroxychavicol With
Epigallocatechin-3-Gallate
Against Glioma Cancer Cell
Lines: A Transcriptomic Analysis





OPS/images/fphar-13-844199-g001.gif
A P S =)
g o

SRR 3w

P 320 (005 sy
st oo
v

s

B8 @

s

o8

HYERCIN TG i





OPS/images/fphar-13-844199-g002.gif





OPS/images/math_qu1.gif
4 a
Cl = =1 * D






