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Purpose: Plant-derived phytochemicals have shown epigenetic modulatory effect in different types of cancer by reversing the pattern of DNA methylation and chromatin modulation, thereby restoring the function of silenced tumor-suppressor genes. In the present study, attempts have been made to explore chrysin-mediated epigenetic alterations in HeLa cells.
Methods: Colony formation and migration assays followed by methylation-specific PCR for examining the methylation status of CpG promoters of various tumor-suppressor genes (TSGs) and the expression of these TSGs at the transcript and protein levels were performed. Furthermore, global DNA methylation; biochemical activities of DNA methyltransferases (DNMTs), histone methyl transferases (HMTs), histone deacetylases (HDACs), and histone acetyl transferases (HATs) along with the expression analysis of chromatin-modifying enzymes; and H3 and H4 histone modification marks analyses were performed after chrysin treatment.
Results: The experimental analyses revealed that chrysin treatment encourages cytostatic behavior as well as inhibits the migration capacity of HeLa cells in a time- and dose-dependent manner. Chrysin reduces the methylation of various tumor-suppressor genes, leading to their reactivation at mRNA and protein levels. The expression levels of various chromatin-modifying enzymes viz DNMTs, HMTs, HDACs, and HATS were found to be decreased, and H3 and H4 histone modification marks were modulated too. Also, reduced global DNA methylation was observed following the treatment of chrysin.
Conclusion: This study concludes that chrysin can be used as a potential epigenetic modifier for cancer treatment and warrants for further experimental validation.
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INTRODUCTION
Regular cell functions are modifiable by different epigenetic modifications, and these alterations play a crucial role during cellular growth and development (Rahman et al., 2016; Shankar et al., 2016). The epigenetic modifications occur by the way of regulatory mechanisms involving histone modifications, DNA methylation, microRNAs, and chromatin remodeling that modulates gene expression and disturbs cellular machinery and homeostasis in cancer cells (Huang et al., 2011; Ong et al., 2011; You and Jones, 2012; Ho et al., 2013; Aggarwal et al., 2015; Busch et al., 2015; Shankar et al., 2016). DNA methylation at CpG residues of the promoters of tumor suppressor genes (TSGs) causes repression of tumor-suppressor genes (Hatzimichael and Crook, 2013; Shankar et al., 2016), which is considered as a key regulatory mechanism of gene silencing and is correlated with the overexpression of DNA methyltransferases (DNMTs) (Kogan et al., 2017; Li and Wang, 2017; Piyathilake et al., 2017). Similarly, the modification of histone proteins by epigenetic enzymes, that is, HDAC (histone deacetylase), HMT (histone methyltransferase), HATs (histone acetyltransferase), and phosphorylases, leads to the repression or activation of gene activity. The equilibrium between the erasers and the writers of histone modifications is crucial for normal expression of genes, and their dysregulation may lead to cancer development (Sharma et al., 2009).
Methylation of histones at H3 and H4 lysine residues is catalyzed by histone methyl transferases (HMTs) (Ho et al., 2013; Shankar et al., 2016). Methylation marks at H3K79, H3K36, and H3K4 are supposed to be active marks, whereas H4K20, H3K27, and H3K9 methylation marks are related with transcriptional suppression (Sharma et al., 2009; Ho et al., 2013; Shankar et al., 2016). In the past, aberrant expression of both HMTs and HDMs has been reported in cancer (McLaughlin–Drubin et al., 2011; Busch et al., 2015). Histone acetylation is another important histone modification state, and hyper-acetylation leads to the stimulation of suppressed genes. Aberrant expression of HDAC has been found in cancer and is linked with gene repression and tumorigenesis (Sharma et al., 2009; Kogan et al., 2017; Andrijauskaite et al., 2019). Likewise, aberrant expressions of HATs and HDACs as well as HMTs and HDMs have been reported in various types of cancer in the past (Lin et al., 2009; Chen et al., 2017).
In the recent times, epigenetic-based cancer treatment is gaining more interest due to its reversible nature. Several FDA-approved drugs, for example, azacytidine and decitabine (DNMT inhibitors), and vorinostat and romidepsin (HDAC inhibitors), have shown promising results in solid malignancies and myelodysplastic syndrome (Herranz and Esteller, 2007a; Ong et al., 2011; Hatzimichael and Crook, 2013; Ho et al., 2013; Guo et al., 2015; Shankar et al., 2016). The combinational cancer treatment strategy in which both HDAC inhibitors and DNMT inhibitors are being used together has proven to be more effective (Herranz and Esteller, 2007a; Herranz and Esteller, 2007b; Ho et al., 2013; Shankar et al., 2016). However, low specificity and high systemic toxicity have limited their use (Paredes-Gonzalez et al., 2014). Hence, plant-derived chemopreventive agents are the main focus of scientific scope. Earlier studies have reported that dietary agents like EGCG, quercetin, genistein, curcumin, resveratrol, luteolin, and apigenin modulate the activity of DNMT and HDAC, and can lead to re-expression of silenced TSGs (Kai et al., 2010; Kim and Kim, 2013; Aggarwal et al., 2015; Guo et al., 2015; Mocanu et al., 2015; Chang and Yu, 2016a; Kanwal et al., 2016; Loh et al., 2019; Yan et al., 2020; Ganai et al., 2021a).
Chrysin (5-dihydroxyflavone), a flavone found in honey, bee propolis, and blue passion flower (Passiflora caerulea) extract, has gained importance as an antioxidant, antiviral, and anticancer compound (Pal-Bhadra et al., 2012; Yang et al., 2014; Kanwal et al., 2016). It induces cell cycle arrest, inhibits cell adhesion and tumor cell–induced angiogenesis, and induces apoptosis in various types of cancer, and also downregulates pathways including AKT (Khoo et al., 2010; Kasala et al., 2015; Ryu et al., 2017; Lim et al., 2018). Earlier, antiproliferative and apoptosis-inducing effects of chrysin on HeLa cells (Raina et al., 2021) have been observed. However, the role and mechanistic action of chrysin in the modulation of epigenome is not fully explored, except scanty reports wherein the role of chrysin in the modulation of epigenetic enzymes has been studied. Chrysin was found to decrease the expression of HDAC two and HDAC eight, and increase the expression of H4acK16, H3acK14, and H4acK12. It decreases H3me2K9 in (melanoma cell) A375 cells and restores the transcriptional activity of the tumor-suppressor gene p21WAFI. Chrysin is capable enough to modify DNMT and HMT expressions in prostate cancer cells, and behaves as an epigenetic modifier (Pal-Bhadra et al., 2012; Kanwal et al., 2016; Ganai et al., 2021b). The precise mechanism of modulation of epigenome is not well explored and documented. Keeping the abovesaid facts in view, this study was performed to evaluate the significance of chrysin treatment on cell migration, DNA methylation, and histone modifications in human cervical cancer (HeLa) cells.
MATERIALS AND METHODS
Maintenance of Cervical Cancer (HeLa) Cells and Drug Dilution
Human cervical cancer (HeLa) cells were used as an in vitro cancer model during this study. HeLa cells were maintained in complete Dulbecco’s modified Eagle medium (DMEM; Sigma-Aldrich; Merck, KGaA) containing 10% FBS (Sigma-Aldrich; Merck KGaA) and penicillin (100U/mL) (Sigma-Aldrich; Merck KGaA), and incubated at 37 °C with 5% CO2.
Chrysin (powdered, mol wt. 254.241 g/mol) was procured from Sigma-Aldrich (Merck, KGaA), and stock solution was prepared with DMSO (78.67 mM) using DMSO (stock solution). Furthermore, sub-stock (1 mM) and concentrations (5, 10, and 15 µM) of chrysin were prepared using the complete media as a diluent.
Colony-Forming Assay
The colony-forming assay was performed following the protocol used by Crowley et al. (2016) and Sundaram et al. (2019), with minor modifications (Crowley et al., 2016; Kedhari Sundaram et al., 2019a). Briefly, ∼2.5 × 105 (Ho et al., 2013) cells were dispensed in six-well plates and incubated overnight followed by the treatment with increasing doses of chrysin (5, 10, and 15 µM) for 48 h. DMSO control (i.e., solvent control) and treated cells were collected after 48 h and plated at approximately 500 cells/well, and allowed to grow. The medium was changed time to time as per the requirement. After 14 days, the colonies formed were fixed by using absolute CH3OH and stained with crystal violet. Olympus inverted microscope (Labomed, United States) was used to obtain the images of the colonies formed. ImageJ software program was used to count the colonies in treated and DMSO control wells.
Scratch-Wound Assay
The scratch-aound assay was performed to examine the inhibitory effect of chrysin on cell migration (Yang et al., 2014; Kedhari Sundaram et al., 2019a). Approximately 2 × 105 (Ho et al., 2013) cells were plated in a six-well plate and incubated at 37°C overnight. On the next day, a “wound” or a “cell-free” line was created on a confluent monolayer of the cells by scratching the monolayer with a pipette tip. The cells were incubated in the presence of different chrysin dilutions (10 and 15 µM) and “healing” of wounds, which ensues through cell migration, and growth toward the cell-free zone was monitored on a regular basis. An inverted microscope was used for capturing the wound images in each well prior and after 24–48 h of the treatment.
Trans-Well Chamber Assay
The invasion assay was performed to evaluate the migratory and invasive capability of chrysin-treated HeLa cells and DMSO control using the Boyden chamber (Yang et al., 2014). Briefly, 5.0 × 103 (Aggarwal et al., 2015) cells/well were seeded on the upper side of the insert in separate inserts, and below it in the well of a 24-well plate, the medium with FBS was kept. After 48 h, absolute methanol was used to fix the cells, and 0.1% crystal violet was used for staining purposes. The cells present inside of the chamber were cleared using an ear bud. The assessment of complete migration was performed under the microscope, and any of the five fields were scanned (five fields per filter). The images were captured for each treatment and control using ×200 magnification with an inverted microscope (Olympus Corporation). ImageJ program was used for counting the colonies. The experiment was repeated three times, and mean ± SD was used to plot the graphs considering p-value ≤0.05.
DNMT Activity Assay
Nuclear extracts from the untreated HeLa cells were prepared using the EpiQuikTM Nuclear Extraction Kit (Catalog No. OP-0002, Epigentek, United States) following the manufacturer’s protocol. The EpiQuik DNMT Activity Assay Kit (Catalog No. #P-3009, Epigentek, USA) was used to check the effect of chrysin on the DNMT activity. Briefly, chrysin (@ conc. 5, 10 and 15 µM) was added to the untreated nuclear extract, buffer, and Adomet (methyl group donor) to the cytosine-rich DNA substrate–coated assay plate and incubated for 1.5 h at 37 °C. It was followed by incubation with capture and detection antibody. After signal development, the absorbance was read on an ELISA reader at 450 nm. DNMT activity inhibition was calculated by comparing with DMSO controls. The experiment was repeated three times, and the mean ± SD was used to plot the graph. The statistical significance level was calculated using one-way ANOVA, and the p-value was maintained at ≤ 0.05.
HDAC Activity Assay
The EpiQuik HDAC Activity Assay Kit (Catalog Number P-4002, Epigentek, United States) was used for evaluating the effect of chrysin on the HDAC activity. The acetylated histone substrate–coated assay plate was prepared by adding 50 μL of the biotinylated HDAC substrate diluted in wash buffer to all wells. The assay plate was incubated at room temperature for 45 min and washed with wash buffer. HDAC assay buffer was dispensed to the wells in chrysin (5, 10, and 15 µM) treated and untreated nuclear extract placed. The plate was kept at 37°C for an hour followed by incubation with capture and detection antibody. Developing solution was used to develop the signal, stop solution stopped the reaction, and OD was read at 450 nm. The percentage inhibition of the HDAC activity against chrysin treatment was calculated by comparing with DMSO control. The experiment was repeated three times, and mean ± SD was used to plot a graph. One-way ANOVA was used to check the statistical significance at the p-value ≤ 0.05.
HMT H3K9 Activity Assay
The assay was done by using the EpiQuik HMT H3K9 Activity Assay Kit (Catalog No. P-3003, Epigentek, USA) following the protocol given by the manufacturer. Briefly, to the histone three lysine substrate–coated assay plate, chrysin (@ conc. of 5, 10, and 15 µM) was added in separate wells, with untreated nuclear extract, buffer biotinylated substrate, and Adomet (methyl group donor), and incubated at 37 °C for 1.5 h. Following this step, capture antibody and detection antibody were added to the wells, and incubated at room temp for 30 min. Finally, a color was developed, and absorbance was measured using an ELISA reader at 450 nm. The percentage inhibition was calculated by comparing with DMSO control. The experiment was repeated three times, and the mean ± SD was calculated to plot a graph. One-way ANOVA was used for checking the statistical significance, and the p-value was maintained as ≤ 0.05.
HAT Activity
The assay was done using the EpiQuik™ HAT Activity Assay Kit (Catalog No. P-4003 Epigenetek, United States) following the manufacturer’s protocol. Briefly, the nuclear extract and the substrate for HAT were incubated for 1 h followed by washing with the wash buffer. An inhibitor was added in the test samples, and signals were captured and detected by the capture and detection antibody, respectively. After color development, the plate was read at 450 nm using the ELISA plate reader. HAT activity and percentage inhibition were calculated by comparing with DMSO control samples. A graph was plotted by taking the mean of three experiments ± SD. One-way ANOVA was used to check the statistical significance at fixed p-value ≤ 0.05.
Global DNA Methylation Assay
DNA isolation was done by using GenElute Mammalian Genomic DNA Miniprep Kit (Catalog No. G1N70, Sigma-Aldrich, Merck, KGaA) following the manufacturer’s protocol. About 1.5 × 106 cells were treated with chrysin (@ conc. 5, 10, and 15 µM for 48 h) and DMSO control. DNA was isolated from chrysin treated and the DMSO control samples, and its quality was checked by gel electrophoresis using 1% agarose gel (Catalog No. A9539, Sigma-Aldrich, Merck, KGaA) in 0.5XTBE buffer with ethidium bromide. The quantitation of DNA samples was completed by spectrophotometry using NanoDrop 2000 (Thermo Scientific™, USA) and stored at-80°C.
MethylFlash™ Methylated DNA Quantification Kit (Catalog No. P-1034, Epigentek, USA) was used to analyze the methylated DNA in treated cells (@ chrysin conc. 5, 10, and 15 µm for 48 h) and DMSO controls. The kit was used for the detection of methylated DNA using antibodies against 5-mC (cytosine) that can be analyzed calorimetrically. Optical density was measured using the ELISA reader at 450 nm wavelength. As established, the extent of methylation on the gene is directly related to the optical density. The levels of methylation were calculated in comparison with the DMSO control. The experiment was performed three times at a significance level of p-value ≤0.05.
Methylation-Specific PCR (MSRE–PCR)
CpG island DNA methylation quantification was conducted for estimating the percentage of methylated DNA in the total DNA content of HeLa cells by using the EpiTect Methyl II PCR System (Catalog No. 335452, Qiagen, United States). The method employed calculates the methylation of promoter regions in the input DNA after cleavage with methylation-dependent restriction enzymes and methylation-sensitive restriction enzymes that digest methylated and unmethylated DNA, respectively. Following restriction digestion, the cleaved DNA from each reaction was computed by using it as a template for Human Tumor Suppressor Genes EpiTect Methyl II Signature PCR Array (Qiagen, United States) real-time PCR in an assay plate with primers that border the promoter region of the anticipated genes. The relative amounts of unmethylated and methylated DNA were calculated by comparing the amounts of each reaction with that of a control (no enzymes added) reaction using the ∆∆CT method. The gene panel (with predesigned primers) consisted of tumor-suppressor genes comprising TP73, MGMT, APC, CDKN2A, BRCA1, PTEN, CDH1, DAPK1, CDH13, SOC51, RARB, ESR1, FHIT, RASSF1, WIF1, GSTP1, RUNX3, MLH1, NEUROG1, VHL, PDLIM4, and TIMP3.
The amount of DNA left after the restriction digestion was calculated by using qPCR array results. This was used for constructing the methylation profile of each gene with the ∆ΔCT method. The methylation and unmethylation fraction of the promoter of tested tumor-suppressor genes in chrysin-treated and untreated HeLa cells was estimated as per the protocol available with the kit. The levels of methylation were presented in the form of a graph. Statistical significance was calculated by taking the mean of three experiments by one-way ANOVA using the SPSS program with p-value ≤ 0.05.
qRT‐PCR–Based Expression Analysis of Tumor-Suppressor, Migration, and Inflammation-Related Genes
The RNA from chrysin-treated (conc. 10 and 15 µM for 48 h) and DMSO control HeLa cells were extracted by using the GenElute Mammalian Genomic Total RNA Kit (Catalog No. RTN70 Sigma-Aldrich, Merck KGaA) and further quantified with the help of NanoDrop. The RNA (2 μg was used as a template) was then subjected to cDNA synthesis by using Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit (Catalog No. 4368814, ABI-Thermo Fisher, United States). This kit supports random primers’ scheme for initiating the synthesis of cDNA. The expression of genes related to various pathways of migration, inflammation, and TSGs was analyzed with the help of TaqMan-based custom array (4391524 and 4369514 master mix). The PCR array was run on QuantStudio3 and analyzed with the ΔΔCT method using the DataAssist™ program (Thermo Fisher, United States). GAPDH (housekeeping gene) was used for normalizing the data. Relative expression was calculated in comparison with the DMSO control. The statistical significance was calculated by maintaining p-value <0.05.
Protein Expression by Proteome Profiler Array
The expression analysis of TSGs, migration, and inflammation-related proteins was performed by the Proteome Profiler Array (Catalog No. ARY026, R&D, USA). The relative expression levels of 84 oncogenes were investigated with the help of this array. Briefly, 1.5×106 HeLa cells were plated in 25 cm2 flasks, and four such flasks were treated with 10 and 15 µM of chrysin for 48 h. The treated and DMSO control cells were collected and suspended in lysis buffer 17 (1 ml per 107 cells) containing 10 μg/ml each of aprotinin (Catalog No. A6279; Sigma, USA), Leupeptin (Catalog No. 1167/25, Tocris, USA), and pepstatin (Catalog No. 1190/10, Tocris, United States) and shaken gently at 2–8°C for 30 min. The lysate produced was quantitated by the Pierce BCA Assay Kit (Catalog No. 23225; Thermo-Fisher Scientific, United States) following the manufacturer’s protocol. For this assay, 400 µg of a protein in 250 µL volume of the diluted cell lysate treated with chrysin (10 and 15 µM for 48 h) and the DMSO control was used for each membrane. The signal produced was then quantified by the chemiluminescent detector gel-doc system (Bio-Rad Laboratories, United States). The expression of proteins was analyzed by the intensity of proteins in the blot using Image Lab software (version 6.1). The fold change after normalization with the reference spot was calculated by comparing the treated (chrysin) values with the DMSO control values (mean of three experiments ±SD at p-value ≤ 0.05).
Expression Analysis of Epigenetic Enzymes Involved in Chromatin Modification
Chromatin-modifying enzymes like writers—DNA and histone methyl transferases, histone acetyl transferases, and erasers like histone deacetylases and histone demethylases—help in dynamically sustaining cell metabolism and controlling processes such as cell growth propagation and gene expression by recognition of specific “marks” on histone proteins and DNA (Kouzarides, 2007). RNA was extracted from the DMSO control and chrysin-treated HeLa cells (10 and 15 µM for 48 h). RT2 Profiler™ PCR Array Human Epigenetic Chromatin Modification Enzymes (Catalog No. PAHS-085Z, Qiagen, United States) were used to check the expression of genes responsible for the modulation of DNA and histones including DNA methyl transferases, histone methyl transferases, histone acetyl transferases, and demethylases. RNA at a concentration of 1 µg was used to synthesize cDNA, and it was diluted to 1,350 µL with nuclease-free water and an equal amount of RT2 SYBR® Green qPCR Master mix (Catalog No. 330504; Qiagen, United States) was added to this. From this mixture, 25 µL was poured into each well of the array plate having predefined primers, and the plate was run on ABI Quant Studio 3. The normalization was performed using GAPDH housekeeping gene and the fold change was calculated by comparing the chrysin-treated samples with the DMSO control. The statistical significance was calculated at p-value ≤ 0.5.
H3 and H4 Histone Modification Marks
In order to understand the role of chrysin as an epigenetic modifier, the Histone Extraction kit (Catalog No. ab113476, Abcam, Cambridge, UK), and Histone H3 and H4 Modification Multiplex Assay kits (Catalog Nos. ab185910 and ab185914) were procured from Abcam, Cambridge, UK. Following the extraction of histone using the Histone Extraction Kit, ∼100 ng of histone protein was used per well, and the protocol given by the manufacturer was followed. OD was measured at 405 nm, and graphs were plotted for reflecting the effect of chrysin compared to the DMSO control. The experiments were performed in triplicates, one-way ANOVA was used to determine the significance of the experiments, and p-value was maintained at ≤0.05.
Statistical Analysis
Statistical analysis was performed by SPSS program (version 21). The data were examined by using one-way ANOVA followed by Tukey’s HSD post hoc analysis. All experiments were performed in triplicate. The results are expressed as the mean ± SD of three distinct experimentations. The statistical significance was set at p-value ≤0.05.
RESULTS
Chrysin-Inhibited Colony Formation and Migration of HeLa Cells
The colony-forming assay was performed to understand the long-term effect of chrysin on the growth and division of HeLa cells. After calculating the survival factor (SF), it was observed that the DMSO control had plating efficiency (PE) of 95%, whereas the survival factor for 5 and 10 µM of chrysin showed only 120 and 30 colonies, respectively. At 15 µM chrysin conc., very few colonies were formed. Hence, it can be inferred that chrysin restrained the capability of cells to form colonies. These results suggest that chrysin is not only capable of causing cell death but also leads to cytostatic state (Figure 1A and Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Chrysin inhibits colony formation in a dose-dependent manner with almost no colonies at 15 µM chrysin treatment for 48 h. (B) Graphical representation of inhibition of colony formation.
Likewise, chrysin decreased the migration capacity of HeLa cells as demonstrated by scratch-wound and invasion assay using trans-well. Chrysin increased the wound width by 8 and 14% at 10 µM conc. treatment for 24 and 48 h and 17 and 25% at 15 µM conc. treatment for 24 and 48 h, respectively, whereas in DMSO control cells, there was almost complete wound closure after 48 h (Figure 2A and Figure 2B). This was further corroborated by significant decrease in the number of migrating cells after chrysin treatment using the trans-well assay. Only 15 and 2.5% migration at 10 and 15 µM chrysin treatment for 48 h was observed, respectively, in comparison with the DMSO control cells (Figure 2C and Figure 2D).
[image: Figure 2]FIGURE 2 | (A) Chrysin treatment prevented migration of HeLa cells, as compared to the DMSO control wells, the chrysin treatment showed increase in wound width after 10–15 µM treatment. (B) Graphical representation of increase in wound width after chrysin treatment at 10–15 µM concentrations for 24–48 h. (C) The chrysin-treated HeLa cells depicted significant decrease in cell migration using trans-well inserts. (D) Graphical representation of inhibition of cell migration by chrysin.
Chrysin Reexpresses Tumor-Suppressor Genes (TSGs) and Downregulates Genes Related to Migration and Inflammation
qPCR was done to understand the effect of decreased methylation of various tumor-suppressor genes following the treatment of chrysin. It was observed that chrysin treatment increased the expression of various TSGs (such as TIMP3, TIMP4, RARB, RASIF1, TP53, PTEN, CDH1, and SOCS1) and reduced the expression of genes responsible for metastasis (viz. MMP 2, MMP 9, MMP 14, SNAIL1, SMAD3, SMAD4, and MTA1, 2) and the genes involved in the inflammatory process (viz. IL2, IL1A, IL6, and CxCL8). Chrysin treatment also decreased the expression of oncogenes like FOS, JUN, MYC, ESR1, and TWIST1 (Figure 3A and Table 1). Relative quantification (RQ) derived from the 2–∆∆Ct method specifies the fold change in gene expression against the DMSO control after normalization with the selected endogenous gene (GAPDH). The upregulation is documented at RQ ≥ 1.5 and downregulation at RQ ≤ 0.5.
[image: Figure 3]FIGURE 3 | (A) Chrysin modulated the expression of various TSGs and migration related genes in a dose-dependent manner. The TSGs were reactivated, whereas inflammatory- and migration-related genes were downregulated. (B) The nitrocellulose membranes depicting the expression of different proteins. (C) Chrysin treatment modulates the proteins related to migration and inflammation in a dose-dependent manner.
TABLE 1 | Relative expression of TSGs and genes related to migration and metastasis. The values are taken as mean of three experiments ±SD (p ≤ 0.05).
[image: Table 1]Chrysin Modulates the Protein Expression of Genes Involved in Migration, Inflammation, and Tumor Suppression
Proteome profiler–based quantitation of proteins that are involved in proliferation and migration and other cellular events revealed chrysin-supported modulation was consistent with mRNA expression. The treatment of HeLa cells with 10 and 15 µM of chrysin resulted in the downregulation of the expression of various proteins related to migration viz MMP2, MMP9, and MMP3, mesothelin, MUC1, leptin, and M_CSF; inflammatory proteins like CCL8/MCP-2, CCL7/MCP-3, IL-18 BPa, CXCL8/IL-8, and IL-2 Rα; and oncogenes like HER1, 2, 3, and 4, and ICAM-1/CD54. Proteins related to cell proliferation, growth, and apoptosis like BCL-X, HIF-1α, HNF-3β, and HO-1/HMOX1 were also downregulated, that is, related to tumor progression, whereas upregulation of E-cadherin (CDH1) was observed after chrysin treatment (Figure 3B, Figure 3C and Table 2). Fold changes in protein expression were calculated by comparing the treated cells with those of the DMSO control. The upregulation was fixed at ≥1.5 fold and downregulation at ≤0.5 fold.
TABLE 2 | Expression of proteins involved in migration and inflammation. The values are taken as mean of three experiments ±SD (p ≤ 0.05).
[image: Table 2]Chrysin Inhibits DNMT Activity in HeLa Cells
Chrysin inhibited DNMT activity in HeLa cells in a dose-dependent manner. The incubation of the nuclear extract with 5, 10, and 15 µM of chrysin resulted in the inhibition of DNMT activity by 35, 54, and 61%, respectively, compared to the DMSO control (Figure 4A).
[image: Figure 4]FIGURE 4 | (A) Chrysin decreased DNMT activity in HeLa cells irrespective of their location on the genome in a concentration-dependent manner. (B) Chrysin inhibited HDAC activity in HeLa cells in a concentration-dependent manner. The activity decreased with increase in the dose of chrysin (C) Chrysin decreased the activity of HAT in a dose-dependent manner. As the concentration of chrysin increased, the inhibition percentage increased. (D) Chrysin decreased HMT H3K9 enzyme activity in HeLa cells, irrespective of their location on the genome in a concentration-dependent way.
Chrysin Inhibits HDAC Activity
Nuclear extracts were incubated with increasing concentrations (5, 10, and 15 µM) of chrysin; it was found that it inhibited the activity of HDACs by 30, 36, and 42% in a dose-dependent response compared with the DMSO control (Figure 4B).
Chrysin Decreases HAT Activity in a Dose-Dependent Manner
Histone acetyl transferases cause acetylation at N-terminal tails of histone proteins. The incubation of nuclear extract with varying concentrations of chrysin (5, 10, and 15 µM) showed decline in HAT activity in the treated cells compared to the DMSO control. A decrease of 22, 34, and 52% was observed at 5, 10, and 15 µM conc. of chrysin treatment, respectively (Figure 4C).
Chrysin Reduces HMT H3K9 Enzyme
HMT H3K9 can add methyl groups at histone three and lysine 9. All the methylation marks—mono, di, and trimethylation—are repressive marks. The incubation of HeLa cell nuclear extracts with 5, 10, and 15 µM conc. of chrysin reduced the activity of the enzyme by 25, 38, and 45%, respectively (Figure 4D).
Chrysin Modifies the Expression of Chromatin-Modifying Genes
RT (Rahman et al., 2016) Profiler™ PCR Array Human Epigenetic Chromatin Modification Enzymes (Catalog No. PAHS-085Z; Qiagen, USA) were used to check the expression of various chromatin-modifying enzymes following the treatment of chrysin (@ conc. 10 and 15 µM) for 48 h compared to the DMSO control. Chrysin treatment down-regulated the expression of DNA methyltransferases like DNMT1, 3A, and 3B significantly. HDAC1, 2, 3, 4, and 11 also showed a steep decline after the above-stated chrysin treatment. Remarkably, downregulation of WHSC1, AURKA, AURKB, and AURKX. EHM2, PRMT8, and HAT1 were also observed after 10 and 15 µM of chrysin treatment. However, enhanced expression of SETD2, ESC O 2, and CIITA was found after the same chrysin treatment (RQ in Figure 5A and Table 3).
[image: Figure 5]FIGURE 5 | (A) Treatment of HeLa cells with chrysin at 10 and 15 µM for 48 h modulated the expression of epigenetic enzymes (HDACs, DNMTs, HATs, HMTs etc.) in a dose-dependent manner. (B) Chrysin modulates the H3 acetylation and methylation histone marks at 15–48 h. (C) H4 histone marks modulated by chrysin as compared to the DMSO controls.
TABLE 3 | RQ values of chromatin-modifying enzymes after chrysin treatment. The values are taken as mean of three experiments ±SD (p ≤ 0.05).
[image: Table 3]Chrysin Modulates H3 and H4 Histone Marks
Chrysin modulated the expression of methylation, acetylation, and phosphorylation H3 and H4 marks. H3K9me1, H3K9me2, H3K9me3, H3K27me1, H3K27me2, H3K27me3, H3K36me1, H3K36me3, H3K79me1, H3K79me2, and H3K79me3 marks were reduced after the treatment of HeLa cells with 15 µM of chrysin for 48 h; similarly, H3 acetylation marks were diminished after treatment with 15 µM of chrysin (Figure 5B). The expression of H3K9ac, H3K18ac, H3K14ac, and H3K56ac was reduced after chrysin treatment. Likewise, the acetylation marks at H4 were also modulated against chrysin treatment including H4K5ac, H4K8ac, H4K12ac, and H4K16ac. H4 methylation marks, like H4K20me1, H4K20me2, and H4K20me3, showed decreased expression after chrysin treatment (Figure 5C). Phosphorylation marks of H3ser28p, H4ser10 p, H4R3m2a, and H4Rm2s were also decreasingly expressed after 15 µM chrysin treatment of HeLa cells for 48 h (Figure 5B and 5C).
Chrysin Diminishes Global DNA Methylation of HeLa Cells
An obvious decrease in global methylation was observed after 48 h treatment of 5, 10, and 15 µM of chrysin against HeLa cells. Global DNA methylation was studied by comparing with the DMSO control. This was reduced to 61, 44, and 30% against 5, 10, and 15 µM chrysin treatment of HeLa cells, respectively (Figure 6A).
[image: Figure 6]FIGURE 6 | (A) Chrysin treatment at 5, 10, and 15 µM–48 h decreased the global DNA methylation in a dose-dependent manner. (B) Chrysin treatment of HeLa cells at 10 and 15 µM for 48 h demonstrated profound decrease in percent methylation in 5′ CpG promoter regions of TSGs as compared to the DMSO controls in a dose-dependent manner.
Chrysin Reduces Methylation of the Promoter Region of Various Tumor-Suppressor Genes
Methylation-sensitive restriction enzyme PCR revealed that chrysin decreased the promoter methylation of crucial tumor-suppressor genes of HeLa cells. These TSGs included APC, BRCA1, CDH1, PTEN, GSTP1, FHIT, DAPK1, CDH13, CDKN2A, MGMT, MLH1, RARB, RASSF1, SOCS1, VHL, WIFI, and TIMP3. The methylation percentage of the abovesaid genes decreased significantly as APC (8%, 3%), BRCA1 (18%, 2%), CDH1 (55%, 43%), CDH13 (39%, 3%), CDKN2A (14%, 4%), DAPK1 (17%, 11%), FHIT (5%, 3%), GSTP1 (7%, 3%), MGMT (14%, 4%) MLH1 (22%, 15%), PTEN (14%, 11%), RARB (22%, 11%), RASSF1 (19%, 15%), SOCS1 (73%, 56%), TIMP3 (13%, 3%), VHL (15%, 12%), and WIFI (82%, 61%) at 10 and 15 µM chrysin, respectively, compared to the DMSO control, wherein the methylation percentage was much higher (Figure 6B and Table 4).
TABLE 4 | Percentage of CpG promoter methylation after chrysin treatment as compared to untreated control. The values are taken as mean of three experiments ±SD (p ≤ 0.05).
[image: Table 4]DISCUSSION
Epigenetic alterations are commonly associated with carcinogenesis and metastasis (Wang et al., 2018a). Cancer metastasis is the major cause of treatment failure and mortality in women detected with cervical cancer. This suggests that the inhibition of metastasis serves a pivotal role in survival improvement, and hence can be exploited as a potential target for cancer treatment and prevention (Chatterjee et al., 2018). Additionally, epigenetic alteration in key metastatic genes is one of the reasons of metastasis (Chatterjee et al., 2018). The modifiable nature of epigenetics makes the epigenetic regulation an attractive target for cancer prevention and treatment (Busch et al., 2015; Kanwal et al., 2015). Currently available synthetic drugs direct at crucial epigenetic signature enzymes, for example, HDACs and DNMTs. Nevertheless, these synthetic drugs have shown many adverse side effects (Ho et al., 2013; Heerboth et al., 2014); therefore, it is crucial to probe the natural agents which are derived from plants that can regulate all cell processes including epigenetic mechanisms and can potentially reverse malignancy-associated epigenetic patterns (Shankar et al., 2016).
Earlier, studies on flavonoids targeting various types of cancer have demonstrated their anticancer effect by modulation of various molecular pathways involved in migration and epigenetics (Pal-Bhadra et al., 2012; Kanwal et al., 2016; Liskova et al., 2020). Considering the anticancer potential of plant flavonoids in view, the present study was carried out to explore the antiproliferative, antimigratory, and modulatory effects of chrysin on DNA methylation and histone modification on human cervical cancer (HeLa) cells. Previously, it was reported from the lab that chrysin inhibits the proliferation of HeLa cells in a dose- and time-dependent manner, induces apoptosis, and modulates various signaling pathways (Raina et al., 2021).
In the present study, 5 and 10 µM chrysin-treated HeLa cells showed reduced colony formation as 120 and 30 colonies were formed, respectively, after 48 h, whereas at 15 µM chrysin, there was no noticeable colony formation (Figure 1A and 1B). To understand chrysin-mediated antimigratory effects, the scratch-wound assay that depicted significant inhibition of cell migration was carried out. Chrysin treatment of HeLa cells at a conc. of 10 and 15 µM showed wound width increment by 8 and 17%, respectively, after 24 h incubation, whereas the wound width was increased by 14 and 25% after 48 h compared to the DMSO control, where complete wound closure was found after 48 h (Figure 2A and 2B). The trans-well assay also depicted the inhibition of migration at varying concentrations of chrysin (Figure 2C and Figure 2D). Hence, it can be inferred that chrysin at 10 and 15 μM at 48 h is a strong inhibitor of migration. Earlier studies from various research groups have also reported that chrysin bears antiproliferative and cytostatic effects and inhibits migration and invasion in various cancer cell lines (Kasala et al., 2015; Wang et al., 2018b).
Matrix metalloproteinases are important proteolytic enzymes involved in the cancer cell invasion process. Epithelial mesenchymal transition (EMT) increases cell migration, and the transforming growth factor pathway has an important role to play in epithelial mesenchymal transition; it induces EMT either by transforming growth factor-β (TGF-β)/SMAD pathway or via the non-SMAD pathway by activating the AKT/PI3K pathway, thus triggering migration (Wu et al., 2021; Xue et al., 2012). The downregulation of TGF-β/SMAD mediates reduction in the expression of MMPS and TWIST1 (Wu et al., 2021; Xue et al., 2012; Baruah et al., 2016). Cadherins are a class of type-1 transmembrane proteins that maintain the adhesion between cells, their loss lead to invasion and metastasis, and snails are their inhibitors. MTA1 and MTA2 are metastasis promoters, and their reduction leads to the inhibition of metastasis (Wu et al., 2021; Xue et al., 2012; Baruah et al., 2016). In the study, chrysin-mediated inhibition of migration was found to be well correlated with the downregulation of metalloproteases MMP 9, MMP 2, and MMP 14 and their co-operators like SMAD3, SMAD4, SNAIL1, SNAIL2, MTA1, and MTA2, and upregulation of their inhibitors like TIMP3, TIMP4, and CDH1, hence endorsing the inhibitory effect of chrysin on migration. In addition, the downregulation of genes related to inflammation like IL2, IL1A, and IL6 and oncogenes like Fos, Jun, Myc, WNT1, and FOSL1 (Figure 3A and Table 1) was observed. Inflammation subsequent to viral infection is a power tool that accelerates cancer progression; hence, downregulation of inflammatory proteins aids in cancer prevention and treatment (Deivendran et al., 2014).
In the study, gene expression studies at mRNA levels were found to be consistent with their protein level expression, and various genes involved in inflammation and migration such as HER1, HER2, Her3, and Her4, and MMPs like MMP 9, MMP 2, MMP 3, FOXC2, IL-2 Rα, IL-18 BPa, CXCL8/IL-8, CCL2/MCP-1, CL8/MCP-2, CCL7/MCP-3, Mesothelin, ICAM-1/CD54, MUC1, Leptin, M-CSF, H O-1/HMOX1, Kallikrein 5, MSP/MST1, Kallikrein 6, HIF-1α, and HNF-3β were significantly downregulated against chrysin treatment, while upregulation of E-cadherins was observed at different chrysin concentrations (Figure 3B, 3C and Table 2). Our current findings are in line with the available reports wherein in vitro/in vivo models have shown that chrysin inhibits tumor metastasis by decreasing the expression of MMP9 and MMP2 as well as COX-2 and i-NOS, and modulates the PI3K/AKT signaling pathway (Yang et al., 2014; Xia et al., 2015; Koosha et al., 2016; Zam and Khadour, 2017).
Furthermore, epigenetic modulations induced by chrysin were also analyzed in this study. Epigenetic modifications including aberrant DNA methylation and histone modifications interactions are crucial for controlling the operational activities of the genome by changing the chromatin structure, thereby leading to silencing of various tumor-suppressor genes (Guo et al., 2015; Chistiakov et al., 2017). DNMTs catalyze the transfer of the acetyl group onto 5′cytosine at promoter CpG island of TSGs. Hypermethylation of CpG islands in the promoter region of TSGs leads to silencing of these genes (Ali Khan et al., 2015). DNMTs are found to be upregulated in cervical cancer cells, and their expression levels are correlated to disease progression (Piyathilake et al., 2017; Charostad et al., 2019). The analysis of biochemical activity of DNMTs after chrysin treatment was performed, and it was observed that chrysin decreased the biochemical activity of DNMTs in a dose-dependent manner, and it was reduced by 35, 53.5, and 61.2% at 5, 10, and 15 µM chrysin treatment, respectively (Figure 4A).
Furthermore, the downregulation of DNMT activity against chrysin treatment was verified by downregulation of DNMT1, DNMT3A, and DNMT3B in a dose-dependent manner at transcript levels (Figure 5A and Table 3). Various flavonoids have attracted attention because of their chemopreventive and antitumor effects including chrysin, luteolin, and apigenin, and are known to inhibit DNMTs and histone methyl transferases (Busch et al., 2015; Kanwal et al., 2016). The decrease in DNMT expression after chrysin treatment was well correlated with the decrease in global DNA methylation (Figure 6A) and modulation pattern of CpG promoter methylation of TSGs (APC, BRCA1, FHIT, CDH1, CDH13, MGMT, MLH1, GSTP1, TIMP3, RARB, RASSIF1, SOCS1, PTEN, VHL, and WIFI) (Figure 6B) after chrysin treatment of 10 and 15 µM for 48 h. This study revealed that chrysin treatment downregulated global DNA methylation levels by decreasing to 61, 44, and 30% at 5, 10, and 15 µM chrysin treatment, respectively, for 48 h compared to DMSO controls (Figure 6A). Hypermethylation of TSGs leads to silencing of these genes and has been found to be well correlated with the overexpression of various DNMTs in cervical cancer (Guo et al., 2015; Jiménez–wences et al., 2014). Interestingly, this is the very first time it has been reported that chrysin treatment significantly decreases the methylation levels at the promoter region of several TSGs viz APC, CDH1, CDH13, BRCA1, CDKN2A, DAPK1, FHIT, GSTP1, MGMT, MLH1, PTEN, RARB, RASSF1, SOCS1, TIMP3, and WIFI (Figure 6B and Table 4), which are found to be hypermethylated in many cancers and have critical roles to play in various cellular processes (Mukherjee et al., 2015). Hypermethylation of PTEN and RASSIF1 is a common feature in cervical cancers. PTEN has an important role in cell migration and proliferation, and inhibits migration by being the antagonist of MMPs (Salimi Sartakhti et al., 2017), whereas reduced RASSIF1 quenches cell death by the receptor mode. VHL is important for stabilization of HIF1 and HIF2, and methylation of other TSGs like RARB and FHIT leads to uncontrolled proliferation; GSTP1 is involved in detoxification of harmful compounds, and MGMT is important for DNA repair (Mukherjee et al., 2015). A reduction of CpG methylation at the abovementioned gene loci can be correlated to reactivation of these genes at the transcription level; chrysin treatment upregulated the expression of PTEN, CDH1, TP53, FHIT, RASSIFI, SOCS1, RARB, TIMP3, and TIMP4 (Figure 3A) in our study. Several polyphenols including chrysin and luteolin have shown modulation of methylation, and thus reactivation of the silenced TSGs (Aggarwal et al., 2015; Ali Khan et al., 2015; Busch et al., 2015; Kanwal et al., 2016; Carlos-Reyes et al., 2019).
Apart from DNA modification, histone modifications like histone acetylation and histone methylation influence the expression of various genes that have an important role in cancer cell proliferation and migration (Chakravarthy et al., 2005; Dueñas–González et al., 2005; Soto et al., 2017). HDACs deacetylate histone and non-histone proteins such as TP53, rendering them non-functional (Chakrabarti et al., 2015). Overexpression of HDAC1, HDAC2, HDAC3, and HDAC6 has been reported in different cancers (Kogan et al., 2017; Lin et al., 2009; Huang et al., 2005; Zhang et al., 2016; Ahn and Yoon, 2017). HDAC overexpression together with DNA methylation and other histone modifications silences tumor-suppressor genes (Rose and Klose, 2014; Jenuwein and Allis, 2001). In our study, chrysin was found to decrease the expression of various HDACs (1, 2, 3, 11, and 4), HAT1, EHM2, AURKA, AURKB, PRMT 8, ASH1l, USP21, and USP22 at the transcript level, and increased the expression of ESCO2 and CIITA in a dose-dependent manner (RQs are given in Table 3 and Figure 5A). Chrysin treatment decreased the HDAC activity in a dose-dependent manner; HDAC activity decreased by 30, 36, and 42% after 5, 10, and 15 µM chrysin treatment, respectively (Figure 4B). This was further endorsed by decrease in the expression at the transcript level of HDACs 1, 2, 3, 4, and 11 in a significant manner at 10 and 15 µM chrysin treatment for 48 h (Figure 5A). HAT1 is upregulated in cervical cancer and is responsible for the induction of colony formation (Kedhari Sundaram et al., 2019b). Chrysin downregulated the activity of HAT by 22, 34, and 52% at 5, 10, and 15 µM chrysin, respectively (Figure 4C). It also reduced the expression of HAT in a dose-dependent manner at the transcript level with RQ of 0.31 at 15 µM (Figure 5A) and thus correlated with complete inhibition of colony formation. Similar results were reported by other researchers who observed inhibition of HDAC two and eight and upregulation of H3acK14, H4acK12, and H4acK16, and decrease in H3me2K9 methylation in different cell lines (Pal-Bhadra et al., 2012; Sun et al., 2012).
CIITA and ESCO2 were up-regulated after chrysin treatment (Figure 5A). CIITA positively regulates the expression of class II major histocompatibility complex and is often found to be methylated in cancer cells (Ramia et al., 2019). ESCO2 histone acetyltransferase curbs MMP2 and also encourages apoptosis in cancer cells (Guo et al., 2018). Trimethylation of lysine 9 and 27 of histone 3 (H3K9 and H3K27) at the promoter region is related to reduced TSG expression (Trievel, 2004; Daniel et al., 2005; Lachner et al., 2001). These marks are found to be overactive in cervical cancer (Chen et al., 2017). Remarkably, in the current study, chrysin downregulated all mono, di, and trimethylation marks at H3K9 (Figure 5B), and this was further verified by the assessment of H3K9 methyltransferase activity after incubation of HeLa cells with chrysin. Also, it was found that H3K9 HMT activity was significantly reduced by 25, 38, and 45% against 5, 10, and 15 µM chrysin treatment (Figure 4D). Moreover, chrysin also downregulated EHM2 expression (Figure 5A), which is responsible for methylation of H3K9. All the methylation marks at H3K27, H3K36, H3K79, and H3K4 were downregulated after chrysin treatment (Figure 5B). H3K4 mono and demethylation are related to transcription activation (Chang and Yu, 2016b). H4 acetylation marks such as H4K5, H4K8, H4K12, and H4k16 were also reduced by chrysin (Figure 5C). This is in line with the previously published report on a flavone luteolin, wherein it blocks the acetylation of histone H4 and controls the activity of c-FOS, p21, and other genes related to cell cycle control (Izzo et al., 2020). Thus, it can be suggested that chrysin is a potent inhibitor of DNA methyl transferases and histone methyltransferases, and thus modulates the methylation of TSGs.
The overexpression of any one of the EMT inducers such as Twist TGF-β1 or Snail upregulates FOXC2 expression and can lead to the initiation of EMT (Mani et al., 2007). In fact, a significant cadherin switch from E-cadherin to N-cadherin is expressed in cancer progression (Kouzarides, 2007). VE-cadherin, another cadherin, mediates cell-to-cell bonding by holding the catenin in between, which in turn connects the actin cytoskeleton of the cells. Both E cadherin and VE-cadherin are down-regulated in cancer progression (Ramis-Conde et al., 2009). It was observed that chrysin (10 and 15 µM for 48 h) decreased the expression of SNAIL, TWIST (Figure 3A), and FOXC2 (Figure 3B and 3C), and increased the expression of E cadherin (Figure 3B). The suppressor of cytokine signaling 1 (SOCS1) is a tumor-suppressor gene and suppresses cytokine signaling and destroys the HPV E7 protein. SOCS1 is hypermethylated in cervical cancer and renewal of its expression upsurges Rb protein thereby inhibits cell proliferation (Kamio et al., 2004; Sobti et al., 2011). A decrease in E cadherin can be linked to WNT signaling which prevents phosphorylation of SNAIL, allowing it to accumulate and repress cadherin (Loh et al., 2019). Based upon the findings from the present study, it can be proposed that the restoration of transcription in the tumor-suppressor genes plays a crucial role in the anticancer potential of chrysin against HeLa cells, as it can directly influence cell proliferation and cell migration. Our current results are based on the chrysin efficacy on HeLa cells, but can further be extrapolated on other cell lines and animal models.
CONCLUSION
Chrysin appears to be a promising natural chemopreventive agent which is cytotoxic to cancer cells and inhibits migration, diminishes CpG promoter methylation of TSG modulates, and causes re-expression of TSG, and downregulation of genes related to migration and inflammation. Hence, chrysin can be exploited for further use at a clinical setup after experimental validation and checking its pharmacokinetic properties involving human subjects.
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