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Breast cancer comprises 30% of all cancer cases among the world’s women population. MicroRNAs are small, endogenous, non-coding RNAs that regulate cell proliferating and apoptotic pathways by modulating expressions of related genes. Phytochemicals like epigallocatechin-3-gallate (EGCG) are known to have a chemotherapeutic effect on cancer often through the regulation of microRNAs. The aim is to find out the key known and novel miRNAs, which are controlled by EGCG in breast cancer cell line MDA-MB-231. Next-generation sequencing (NGS) revealed 1,258 known and 330 novel miRNAs from untreated and 83 μM EGCG (IC50 value of EGCG) treated cells. EGCG modulated 873 known and 47 novel miRNAs in the control vs. treated sample. The hypothesis of EGCG being a great modulator of miRNAs that significantly control important cancer-causing pathways has been established by analyzing with Kyoto Encyclopedia of Genes and Genomes (KEGG) and Protein Analysis Through Evolutionary Relationships (PANTHER) database. Validation of known and novel miRNA expression differences in untreated vs. treated cells was done using qPCR. From this study, a few notable miRNAs were distinguished that can be used as diagnostics as well as prognostic markers for breast cancer.
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INTRODUCTION
According to recent global cancer statistics, female breast carcinoma became first among the most occurring carcinoma with 2,261,419 newly diagnosed cases and 684,996 new death cases reported in the year 2020 (Sung et al., 2021). For a long time, the treatment regime against breast cancer as well as any other cancer was solely dependent upon chemotherapy, radiation therapy, tumor removal surgery, hormonal therapy, targeted drugs, and combination therapy. Due to the advancement of breast cancer treatments, the death rate declined by about 40% from 1989 to 2017 but the pace of decreased graph got reduced over the years despite the numerous dynamic therapies (DeSantis et al., 2019), thus, the need for novel therapeutic approaches increased. The major categorization of breast cancer is based upon the expression pattern of immuno-molecular markers such as estrogen receptor or ER, progesterone receptor or PR, and human epidermal growth factor receptor 2 (HER2). The percentage of breast cancer with an expressed hormonal receptor is high and because of this reason, the clinical developments in breast cancer treatment are mostly hormonal receptor-directed therapy (Roodi et al., 1995). Triple negative breast cancer or TNBC (ER-, PR- and HER2-) is the most invasive one and it also exhibits a low rate of prognosis and higher proliferation (Dent et al., 2007; Rakha et al., 2007). For the treatment of tricky and aggressive breast cancer, a novel and inventive treatment perspective is the need of the day.
MicroRNAs (miRNAs) are 18–25 nucleotide long, non-coding, endogenous, single-stranded RNA which assist in gene regulation that participates in various cell signaling pathways involved in cell growth, proliferation, differentiation, survival, and apoptosis (Xu et al., 2004; Wang et al., 2007). As carcinogenesis is similar to eukaryotic cell division, growth, and development, miRNAs are also capable of regulating oncogenesis like normal cell growth and they are characterized into oncogenic and tumor-suppressor miRNAs upon their mode of regulation (Zhang et al., 2007). miR-21 is known for its oncogenic nature in various cancers like breast (Wang et al., 2019), lung (Yanaihara et al., 2006), stomach (Zhang et al., 2008), prostate (Folini et al., 2010), colon (Slaby et al., 2007) ovarian (Tang et al., 2020), liver (Bharali et al., 2019) cancer, etc. Apart from miR-21, the miR-17-92 cluster is also a known oncogenic miRNA which often up-expressed in breast (Moi et al., 2019), lung (Zhang X. et al., 2018), lymphomas (Fassina et al., 2012), colon (Tsuchida et al., 2011), liver (Gong et al., 2018) cancer, etc. On the contrary, let-7 and miR-34 family are known tumor suppressor miRNAs that regulate breast (Liu et al., 2015; Imani et al., 2018), lung (Takamizawa et al., 2004; Sun et al., 2021), colon (Roy et al., 2012; Chang et al., 2019), liver (Jin et al., 2016; Zhang H.-F. et al., 2018), prostate (Nadiminty et al., 2012; Hagman et al., 2013), ovarian (Li et al., 2015; Biamonte et al., 2019) cancer, etc. Apart from these, altered expressions of different miRNAs are found in different cancers. For example, miR-125b is one of the prominent biomarkers of ovarian as well as thyroid cancers which is known to control cell proliferation and induce apoptosis (Nam et al., 2008; Visone et al., 2016) but in prostate cancer, the same miRNA act oncogenic by negatively regulating p53 gene (Le et al., 2009). Circulating miRNAs have become popular in the detection of various cancers like lung, breast, thyroid, colorectal, gastric cancer, etc. Differential expressions of miR-25 and miR-223 were first investigated in serum samples of non-small cell lung carcinoma patients (Chen et al., 2008). In the case of pancreatic cancer, miR-225 has often been considered a prominent serum biomarker where it shows higher expression. (Kawaguchi et al., 2013). As it was mentioned before, miRNAs like miR-21, let-7, and miR-34 are often differentially regulated in breast cancer, other notable miRNAs are also related to it. miR27a often promotes cancer growth in triple negative breast cancer by regulating the Wnt pathway (Wu et al., 2020). miR-19b suppresses E-cadherin and promotes ICAM-1 and Integrin β1 causing breast cancer progression (Seguin et al., 2015). Breast cancer with irregular miRNA expression can act as a therapeutic target. Having a narrow therapeutic index, most chemotherapeutic drugs have higher side effects; natural phytochemicals were scientifically proven to have high anti-cancerous activity with lesser side effects (Zhang et al., 2015).
Green tea, the dried and unfermented leaves of the tea plant (Camellia sinesis), is one of the popularly known and frequently consumed non-alcoholic beverages in the Asian continent. Green tea is rich in anti-inflammatory, anti-oxidant, and anti-cancerous polyphenolic phytochemicals particularly the epigallocatechin-3-gallate (EGCG) (Khan and Mukhtar, 2007). In-vitro and in-vivo studies showed that EGCG is capable of stimulating cell cycle arrest as well as apoptosis by inhibiting cell proliferating pathways and promoting apoptotic pathways (Khan et al., 2006). The effect of EGCG in the regulation of breast cancer was established when EGCG was found to regulate hormonal pathways (Goodin et al., 2002). EGCG modulates Bax and p53 to induce apoptotic pathways in breast cancer through combinational approaches with commercial chemotherapeutic drugs (Roy et al., 2005). It is also known that EGCG is capable of regulating different diseases including cancer through modulation of miRNA expression profile. Research showed that miRNA expression in cancer is often regulated by EGCG. The miRNA Let-7 gets up-expressed through activation of the laminin receptor by EGCG (Yamada et al., 2016). EGCG upregulates miR-210 which controls and stabilizes transcription factor HIF-1α causing suppression in lung cancer progression (Wang et al., 2011). The apoptotic effect has been observed in hepatocellular carcinoma due to the downregulation of Bcl-2 by EGCG modulated miR-16 (Tsang and Kwok, 2010). EGCG often regulates miRNAs in breast cancer, e.g., it downregulates miR-15 which decreases cancerous growth and invasion (Zan et al., 2019). A major percentage of breast cancer with expressed hormonal receptors also get suppressed due to EGCG modulated miRNAs (Fix et al., 2010). Differential miRNA expression profiles between cancer samples and EGCG treated sample scans give more insight into the relationship between miRNA and carcinogenesis. NGS study using A549 lung cancer cells and EGCG-treated A549 lung cancer cells showed that EGCG can modulate various cancer-related pathways by altering different miRNA expressions (Bhardwaj and Mandal, 2019).
The objective of the present study is to investigate the effect of EGCG on miRNA expression profile in the breast cancer, recognize targeted genes and understand cancer-related pathways modulated by differentially expressed miRNAs. Furthermore, expression validation of selective known and novel miRNAs is also studied.
MATERIALS AND METHODS
Material
EGCG and human miRNA primers were purchased from Sigma Chemical Co. St. Louis, Missouri, United States, USA. Dulbecco’s modified eagle medium with high glucose [DMEM], fetal bovine serum [FBS], MTT, and AO/EB stain were purchased from HiMedia, India. Primers for has-miR-21-3p, has-miR-320a, has-let-7e-3p, has-miR-27a-3p, and novel miRNA were purchased from Qiagen, Hilden, Germany. The human breast cancer cell line MDA-MB-231 was procured from National Centre for Cell Science, Pune, India.
Cell culture
The MDA-MB-231 cells were cultured in Dulbecco’s modified eagle medium with high glucose [DMEM] containing 1X antibiotic-antimycotic solution and 10% fetal bovine serum (FBS) at 37°C with 95% humidified atmosphere and 5% CO2. After 80%–90% confluency, MDA-MB-231 cells were treated with the desired concentrations of EGCG for 24 h.
Cell viability assay
MDA-MB-231 cells were seeded (10,000 cells per well) in 96-well plates and allowed to grow for 24 h. MDA-MB-231 cells were treated with different concentrations of EGCG (from 0 to 100 µM concentration) and incubated for 24 h. Afterward, 10 μl of MTT [3-(4, 5-dimethylthiazol- 2-yl)-2, 5- diphenyltetrazolium bromide] and 200 μl of 5 mg/ml PBS (phosphate buffered saline) solution were added to each well and incubated at 37°C for 4 h. After dissolving the formazan crystals in the DMSO and added to each well, a microplate reader was used to read the absorbance of each well at 570 nm. The linear regression analysis was applied to estimate the half-maximal inhibitory concentrations (IC50) from the in vitro dose-response curves.
Next-Generation Sequencing (NGS)
MDA-MB-231 cells treated with 83 μM of EGCG for 24 h, and untreated MDA-MB-231cells (as control) were used for NGS. After 24 h of culture, RNA was extracted from the cells using TRizol reagent (Takara Bio Inc., Kusatsu, Japan) following the manufacturer’s protocol. The small RNA library construction and deep sequencing were carried out at Genotypic Labs Pvt. Ltd., Bengaluru, Karnataka, India. For library construction, Illumina Nextseq Single-end sequencing was used. The raw read counts and the normalized files were submitted to NCBI (National Center for Biotechnology Information) by accession number PRJNA527701.
Classification and differential expression analysis of microRNAs
miRNA reads were mapped using Bowtie referring to the human genome (GRCh38). Identification of known miRNAs was done using the miRBase-21 database by the miRNA sequence similarity approach. The sequences were checked for other ncRNA (rRNA, tRNA, snRNA, snoRNA, and piRNA) contamination. MiReap_0.22b was used to evaluate the novel miRNA prediction (Ji et al., 2013) and the mFold online application was used to predict secondary hairpin structures (Zuker, 2003). Expressed reads for each miRNA were calculated and the DESseq R software package was used for differential expression analysis. Differentially expressed miRNAs in control vs. 83 μM EGCG treatment were determined by their expression in each sample (Anders and Huber, 2010). The expressed reads in untreated control and 83 μM EGCG treatment was used to calculate the log2 fold change of expression between untreated control and 83 μM EGCG treated cells. Novel miRNAs have been given IDs to identify them.
Validation of microRNAs (miRNAs)
Expression validation of some significant known and putative novel miRNAs was done after the extraction of total miRNA using miRNeasy Mini Kit (Qiagen Sciences, Germantown, MD, United States) from untreated control and 24 h EGCG-treated (50, 83, and 150 μM) MDA-MB-231 cells. First-strand cDNA was synthesized using the miScript PCR starter kit (Qiagen Sciences, Germantown, MD, United States) and SYBR green was used for qRT-PCR (Bio-Rad, United States). The log2 fold change was calculated using the ΔΔCT method (Livak and Schmittgen, 2001). The comparative analysis of qRT-PCR and NGS was done to validate the miRNA expression profile obtained by NGS. The log2 fold change obtained by qRT-PCR of the known miRNAs namely hsa-miR-21-3p, hsa-miR-27a-3p, hsa-let-7e-5p, and hsa-miR-320a was calculated and compared with the log2 fold change obtained in the NGS sequencing data. The log2 fold change of the putative novel miRNA EGCG-MDAMB231-4 obtained by qRT-PCR and NGS were also compared for sequence validation.
KEGG and PANTHER pathway enrichment of targets of validated microRNAs
TargetScan and miRDB were used to execute the target prediction of known miRNAs (Rane et al., 2015), and The Database for Annotation, Visualization, and Integrated Discovery (DAVID V6.7) was used for the analysis of pathways. Moreover, miRanda software (Riffo-Campos et al., 2016) was used to carry out the target prediction of the putative novel miRNA sequences.
Statistical analysis
Statistical analysis was performed with a t-Test. The experimental data were represented as mean ± SD. The results were considered significant when p < 0.005 or p < 0.05.
RESULT
EGCG induced cell cytotoxicity
The inhibition of breast cancer growth rate is depicted in Figure 1. Cytotoxic effect of EGCG against MDA-MB-231 cells was checked by MTT assay. The IC50 dose level of EGCG was determined after 24 h of treatment from fitted response curves. Each curve describes how the percentage of surviving cells depends on the dose level, and the level giving 50% inhibition was considered the IC50 dose level. The observed inhibition was dose-dependent, with a typical sigmoidal shape of dose-response, corroborating the validity of the observations. The IC50 of the EGCG against MDA-MB-231 was 83 µM/ml, indicating high cytotoxic activity.
[image: Figure 1]FIGURE 1 | Effect of EGCG on the viability of MDA-MB-231 cells. Almost 50% of cells are viable at 83 µM EGCG treatment after 24 h. Data are presented as mean ± SD.
Analysis of microRNAs
The miRBase-21 database was used for known miRNA detection using the sequence similarity approach (ncbi-blast-2.2.30+). The novel miRNA sequences were predicted using MiReap_0.22b (Ji et al., 2013). In total, 875 and 960 known miRNAs were detected in the untreated control and 83 µM EGCG treatment respectively among which 59 and 82 miRNAs showed ≥50 read count, respectively. miRNA family analysis revealed the miR-548 family as the most abundant family followed by let-7, miR-10, miR-17, miR-30, miR-181, miR-15, miR-130, miR-8, and miR-29 family (Figure 2). In addition, on average, maximum miRNAs were predicted from chromosome 1 followed by chromosomes X and 17 (Figure 3). About 94 and 102 miRNAs were predicted from chromosome 1 followed by 69 and 72 miRNAs from chromosome X in the untreated control and 83 µM EGCG treatment, respectively.
[image: Figure 2]FIGURE 2 | microRNA family distribution of known microRNAs in the untreated control and 24 h of 83 μM EGCG treatment. Color key-blue: untreated control, red: 83 μM EGCG treatment.
[image: Figure 3]FIGURE 3 | Chromosomal distribution of known microRNAs in the untreated control and 24 h of 83 μM EGCG treatment. Color key-blue: untreated control, red: 83 μM EGCG treatment.
MicroRNA expression signature of MDA-MB-231
We identified top ten, highly expressed miRNAs (hsa-miR-21-5p, hsa-miR-30a-5p, hsa-let-7f-5p, hsa-miR-23a-3p, hsa-let-7g-5p, hsa-miR-222-3p, hsa-miR-29a-3p, hsa-miR-100-5p, hsa-let-7a-5p, hsa-miR-221-3p) in both the replicates of untreated control and 83 μM EGCG treatment by the integrated analysis (Figure 4). Hsa-miR-21-5p was significantly up-expressed in the untreated control and 83 μM EGCG treatment with the read count of 13461and 11,550 respectively, followed by hsa-miR-30a-5p with 6,080 and 4,639 read counts in untreated control and 83 μM EGCG treatment, respectively. Surprisingly, according to the NGS data, most of the highly expressed miRNAs showed consistent expression in the untreated control vs. 83 μM EGCG treatment.
[image: Figure 4]FIGURE 4 | Read count of top ten highly expressed microRNAs in MDA-MB-231 cells in the untreated control vs. 24 h of 83 μM EGCG treatment. Color key-blue: untreated control, red: 83 μM EGCG treatment.
Prediction of putative novel microRNAs
All the novel miRNAs identified are given miRNA IDs e.g., EGCG-MDAMB231-1, EGCG-MDAMB231-2, and so on. We identified the top ten highly expressed putative novel miRNA sequences in control and 83 μM EGCG treatment. The miRNA IDs, miRNA sequences, chromosomal location, precursor, and mature sequences of the predicted putative novel miRNAs are presented in Tables 1, 2. Six putative novel miRNA sequences were expressed in control as well as treated samples. The predicted secondary structures of these putative novel miRNAs are presented in Figure 5. In the untreated control, the putative novel miRNA EGCG-MDAMB231-1 was highly expressed with a read count of 225 while in 83 μM EGCG treatment the read count was 173 (Table 1 A and B). Other than EGCG-MDAMB231-1, several other novel miRNAs are highly expressed as well as differentially expressed, e.g., EGCG-MDAMB231-4, EGCG-MDAMB231-5 showed prominent higher as well as differential expression.
TABLE 1 | A: Top 10 putative microRNA sequences expressed in the untreated control. B: Top 10 putative microRNA sequences expressed in the 83 μM EGCG treatment.
[image: Table 1]TABLE 2 | A: List of all known up-regulated microRNAs after 83 μM EGCG treatments. B: List of all known down-regulated microRNAs after 83 μM EGCG treatments.
[image: Table 2][image: Figure 5]FIGURE 5 | Predicted secondary structures of selected putative pri-miRNA sequences with high read counts from control (A–C) and 24 h of 83 μM EGCG treatment (D–F). (A) EGCG-MDAMB231-1, (B) EGCG-MDAMB231-2, (C) EGCG-MDAMB231-3, (D) EGCG-MDAMB231-11, (E) EGCG-MDAMB231-12, (F) EGCG-MDAMB231-6.
Differential expression analysis of known microRNAs
The effect of EGCG on MDA-MB-231 cells is indicated with a complete miRNA expression profile in Figure 6 miRNA expression with greater than 1.5 log2 fold change was determined in the untreated control vs. 83 μM EGCG treatment. Differential expressions of the top 20 up- and down-regulated miRNAs between the samples are presented in Figure 7A. A complete ID list of up- and down-regulated miRNAs is presented in Table 2. We observed a total expression of 1,021 known miRNAs in the untreated control sample, 1,110 known miRNAs in the 83 μM EGCG treated sample, and a total of 1,258 known miRNAs in both the samples (Figure 7B). Out of the 1,258 expressed miRNAs, 873 miRNAs were expressed in untreated control vs. 83 μM EGCG treated samples where 106 were up- and 114 were down-regulated (Figure 7C). By comparing the data with all the reported up-regulated miRNAs, hsa-miR-3135b showed the highest change of log2 fold expression in the untreated control vs. 83 μM EGCG treatment (7.26 log2 fold change). Furthermore, hsa-miR-551b-5p was highly down-regulated in the untreated control vs. 83 μM EGCG treatment (−3.64 log2 fold change). We observed 8 up- and 10 down-regulated miRNAs with high read count in the untreated control vs. 83 μM EGCG treatment (Figure 8).
[image: Figure 6]FIGURE 6 | The expression profiles of known microRNAs in the untreated control MDA-MB-231 cells and 24 h of 83 μM EGCG treated cells. Color key-red: up-regulation, green: down-regulation, and yellow: neutral expression.
[image: Figure 7]FIGURE 7 | Dose-dependent known microRNA expression profile. (A) Relative microRNA expression levels of top 20 up- and down-regulated known microRNAs in the untreated control vs. 24 h of 83 µM EGCG treatment; Color key-red: up-regulation, green: down-regulation, and yellow: neutral expression. (B) Venn diagram is depicting the numbers of known microRNAs in untreated control and EGCG treated sample; (C) Summary set of up- and down-regulated known microRNAs exhibiting a change of expression after EGCG treatment.
[image: Figure 8]FIGURE 8 | Common up- and down-regulated known microRNAs between untreated control vs 24 h of 83 μM EGCG treatments.
Differential expression analysis of putative novel microRNA sequences
Heatmaps were plotted to study the differential expression pattern of putative novel miRNAs. A complete putative miRNA profiling is shown in Figure 9A. We found 287 novel miRNAs expressed in the untreated control sample, 90 novel miRNAs expressed in the 83 μM EGCG treated sample, and a total of 377 expressed in both samples (Figure 9B). Out of the 377 expressed miRNAs, 47 were differentially expressed in the untreated control vs. 83 μM EGCG treatment, 8 were up- and 12 were down-regulated (Figure 9C). Differential expression of putative novel miRNAs in the untreated control vs. 83 μM EGCG treatment showing greater than 1.5 log2 fold change revealed 5 up-regulated and 9 down-regulated putative novel miRNAs in untreated control vs. 83 μM EGCG treatment. Among these putative novel miRNAs, EGCG-MDAMB231-21 was highly up-regulated and EGCG-MDAMB231-4 was the most down-regulated one (Table 3). The chromosomal location, precursor, and mature sequence details of putative novel miRNAs in the untreated control vs. 83 μM EGCG treatment are presented in Table 3. We observed 8 up- and 12 down-regulated putative novel miRNAs in the untreated control vs. 83 μM EGCG treatment (Figure 10).
[image: Figure 9]FIGURE 9 | Dose-dependent expression profile of putative novel microRNAs. (A) Relative microRNA expression levels of top 20 up- and down-regulated novel microRNAs in untreated control vs. 24 h of 83 µM EGCG treatment; Color key-red: up-regulation, green: down-regulation, and yellow: neutral expression. (B) Venn diagram depicting the dose-dependent responses of novel microRNAs to EGCG; (C) Summary set of up- and down-regulated known microRNAs exhibiting a change of expression after EGCG treatments.
TABLE 3 | A: Up-expressed putative novel microRNA sequences after 83 μM EGCG treatment. B: Down-expressed putative novel microRNA sequences after 83 μM EGCG treatment.
[image: Table 3][image: Figure 10]FIGURE 10 | All up- and down-regulated novel microRNAs between untreated control vs. 24 h of 83 μM EGCG treatments.
qRT-PCR analysis of microRNAs
The qRT-PCR analysis was performed to validate the NGS dataset. Hsa-let-7e-5p, hsa-miR-320a, hsa-miR-21-3p and hsa-miR-27a-3p miRNAs were selected based on the read counts for the miRNA expression study. Furthermore, expression analysis of miRNAs in response to different EGCG treatments was studied. qRT-PCR analysis showed 1.45, 1.60 and 2.11- log2fold change of hsa-let-7e-5p expression in control vs. 50, 83, and 150 μM EGCG treatment. In the case of hsa-miR-320a, up-regulation of about 1.25, 1.52, and 2.05 log2fold change was observed for 50, 83, and 150 μM concentrations of EGCG treatment against an untreated control. A significant down-regulation of about 0.56, 0.32, and 0.28 log2fold was observed in the case of hsa-miR-21-3p, and 0.82, 0.71, and 0.45 log2fold were observed in the case of hsa-miR-27a-3p for 50, 83 and 150 μM EGCG treatments against the untreated control respectively (Figures 11A–D). In the miRNA sequencing data, a down-regulation of hsa-miR-21-3p by 1.93 log2 fold was observed in the untreated control vs. 83 μM EGCG treatment. Furthermore, a significant down-regulation of hsa-miR-27a-3p by 1.48 log2 fold change was noted in the untreated control vs. 83 μM EGCG treatment. About 1.95 log2 fold up-regulation of hsa-miR-320a was observed in the untreated control vs. 83 μM EGCG treatment. In hsa-let-7e-5p, the log2 fold change of 1.66 was noted in the untreated control vs. 83 μM EGCG treatment. A comparative fold change between the qRT-PCR and sequencing dataset supports each other. Therefore, q-RT PCR results validated the present NGS dataset.
[image: Figure 11]FIGURE 11 | Validation of randomly selected known microRNAs by qRT-PCR. (A) Log2 fold change of hsa-let-7e-5p; (B) Log2 fold change of hsa-miR-320a; (C) Log2 fold change of hsa-miR-21-3p; (D) Log2fold change of hsa-miR-27a-3p microRNAs. The significance of differences between control vs. 50 µM EGCG indicated by “*”; control vs. 83 µM EGCG indicated by “$”; control vs. 150 µM EGCG indicated by “#”. Significance levels of p < 0.005 (“***”; “$$$”; “###”), p < 0.05 (“**”; “$$”; “##”) are denoted. EGCG treatments were given for 24 h. Data are presented as mean ± SD.
A qRT-PCR analysis of the putative novel miRNA EGCG-MDAMB231-4 showed 0.76, 0.48, and 0.22-fold change for 50, 83, and 150 μM EGCG treatment against untreated control (Figure 12). In the same way, the fold change was compared with NGS data. Log2 fold change obtained in the sequencing dataset gives support to qRT-PCR analysis. This qRT-PCR analysis also attests to our computational analysis of NGS data.
[image: Figure 12]FIGURE 12 | Validation of randomly selected known microRNAs by qRT-PCR. Log2 fold change of EGCG-MDAMB231-4. The significance of differences between control vs 50 µM EGCG indicated by “*”; control vs. 83 µM EGCG indicated by “$”; control vs. 150 µM EGCG indicated by “#”. Significance levels of p < 0.005 (“***”; “$$$”; “###”), p < 0.05 (“**”; “$$”; “##”) are denoted. EGCG treatments were given for 24 h. Data are presented as mean ± SD.
KEGG and PANTHER pathway enrichment of targets of validated microRNAs
The high precision target prediction for hsa-miR-21-3p, hsa-miR-27a-3p, hsa-let-7e-5p, and hsa-miR-320a was carried out using computational target prediction software TargetScan and miRDB. Default cut-off values were used for gene target prediction. KEGG and PANTHER pathway analysis were carried out using the Database for Annotation, Visualization, and Integrated Discovery (DAVID), and the pathways were shortlisted. Pathway analysis for miRNAs was evaluated and common pathways predicted between TargetScan and miRDB data are presented in Figure 13. Wnt, MAPK, mTOR, p53 pathway, pathways in cancer, regulation of actin cytoskeleton, jak-STAT pathway, ErbB signaling pathway, insulin signaling pathway, and axon guidance were a few significant pathways obtained in KEGG pathway analysis (Figures 13A,C,E,G). In addition, cadherin pathway, Wnt pathway, PI3K pathway angiogenesis, EGF signaling pathway, PDGF (Platelet-derived growth factor) signaling pathway, and oxidative stress response genes were reported in PANTHER pathway analysis (Figures 13B,D,F,H).
[image: Figure 13]FIGURE 13 | microRNA target validation enrichment data from KEGG and PANTHER database. (A) Analysis of has-let7e-5p from KEGG pathway database; (B) analysis of has-let7e-5p from PANTHER pathway database; (C) analysis of has-miR320a from KEGG pathway database; (D) analysis of has-miR320a from PANTHER pathway database; (E) analysis of has-miR21-3p from KEGG pathway database; (F) analysis of has-miR21-3p from PANTHER pathway database; (G) analysis of has-miR27a-3p from KEGG pathway database; (H) analysis of has-miR27a-3p from PANTHER pathway database.
Furthermore, the Wnt signaling pathway as well as the MAPK pathway were observed one of the common and highly targeted pathways for hsa-miR-21-3p, hsa-miR-27a-3p, hsa-let-7e-5p, and hsa-miR-320a through KEGG pathway analysis (Table 4) but no common pathway was observed among the miRNAs from our analysis with PANTHER pathway. Wnt pathway, MAPK pathway, ErbB pathway, TGF-beta pathway, mTOR pathway, p53, PI3K pathway, and EGF (epidermal growth factor) receptor signaling pathway were the most significant pathways predicted by TargetScan and miRDB target list.
TABLE 4 | List of common pathways in TargetScan and miRDB for two upregulated and two downregulated microRNA from NGS study.
[image: Table 4]For the prediction of the targeted gene and pathway analysis of novel miRNA, MiRanda software was used. The analysis suggested a few common cancer-related pathways like Wnt, angiogenesis, TGF-beta, p-53, PI3K, and p-38 MAPK, Notch, EGFR, and NF-κB pathways. The putative novel miRNA EGCG-MDAMB231-4 targets INHA (Inhibin Subunit Alpha), ERCC (ERCC excision repair 1), AREL1 (Apoptosis Resistant E3 Ubiquitin Protein Ligase 1) genes. Furthermore, the putative novel miRNA EGCG-MDAMB231-5 targets MBP (Myelin Basic Protein), HIC1 (hypermethylated in cancer 1), and P3H2 (Prolyl 3-Hydroxylase 2), SLC6A2 (Solute Carrier Family 6 Member 2) genes. In addition, RFC5 (Replication Factor C Subunit 5), CBLB (E3 ubiquitin-protein ligase CBL-B), DUSP7 (Dual Specificity Phosphatase 7) SMG7 (Nonsense Mediated mRNA Decay Factor), CSNK1G2 (Casein Kinase 1 Gamma 2), were targeted by EGCG-MDAMB231-27. Furthermore, TBC1D22A (TBC1 Domain Family Member 22A), GPI (Glucose-6-phosphate isomerase), ZNF527 (Zinc Finger Protein 527), KDM5C (Lysine Demethylase 5C), PRKCH (Protein kinase C eta type), SLC2A6 (Solute Carrier Family 2 Member 6) genes were targeted by EGCG-MDAMB231-6. The analysis of putative novel miRNA revealed to modulate cell cycle progression, TGF-beta pathway, Wnt pathway, gonadotropin-releasing hormone receptor pathway, nucleotide excision repair, EGFR pathway, MAPK pathway, etc. We believe that these predicted putative novel miRNA sequences play a major role in cancer proliferation and metastasis.
DISCUSSION
NGS analysis of miRNA expression change in EGCG-induced breast cancer cells was done using in vitro human breast cancer cell line MDA-MB-231.
It is evident from different scientific studies that tea polyphenol has anti-cancerous activity, especially EGCG, and it has also been studied against a variety of diseases as a potent therapeutic agent (Khan et al., 2006). EGCG acts against cancer in a multiple-way like anti-oxidation and inhibition of cell signaling pathways which causes cell proliferation, angiogenesis, metastasis, acceleration of apoptotic pathways, etc. (Kurahashi et al., 2008). EGCG has a cytotoxic effect on breast cancer by inhibiting its tumorigenesis independently of its ER status (Thangapazham et al., 2007). We found that EGCG can reduce the viability of MDA-MB-231 cells in a dose-dependent manner with 83 µM concentration as the IC50 value. EGCG has a high anti-cancer activity which can catalyze chemotherapy-induced apoptosis in breast cancer cell lines (Roy et al., 2005).
Our NGS study revealed 877 known miRNAs which were already reported to miRBase22.1 and 112 putative novel miRNAs expressed in breast cancer cell line MDA-MB-231. Among known and novel miRNAs, 654 known and 26 novel miRNAs exhibited no significant expression variation after EGCG treatment when compared to untreated control from which we can state that EGCG did not influence these miRNAs in MDA-MB-231 cells, and some known and novel miRNAs showed a drastic change in their expression after EGCG treatment which are mentioned in Figures 8, 10, respectively. Hence, the study of miRNA profile modulated by EGCG can be done using three independent criteria i.e., log2 fold expression study, differentially expressed up- and down-regulated miRNAs, and putative gene targets of the miRNAs.
In this study, more than 1.5 log2 fold change of miRNA expression was taken into account for the criteria of both known and putative novel miRNA analysis. Among 874 known miRNAs expressed in both untreated control cells and treated cells, about 106 (12.12%) were up-regulated and 114 (13.04%) were down-regulated after 83 µM EGCG treatment. Among 106 up-regulated miRNAs 39 (36.79% of up-expressed miRNA) and among 114 down-expressed miRNAs 32 (28.07% of down-expressed miRNA) showed greater than 1.5 log2 fold differential expression. In the case of putative novel miRNAs, 47 out of 112 miRNAs were expressed in both untreated control cells and treated cells. Among these 47 putative novel miRNAs expressed in both untreated control cells and treated cells about 8 (17.02%) were up-regulated and 12 (25.53%) were down-regulated after 83 µM EGCG treatment. Among 8 up-expressed miRNAs, 6 (75% of up-expressed miRNA) and among 12 down-expressed miRNA 8 (75% of down-expressed miRNA) showed greater than 1.5 log2 fold differential expression. From the present study, hsa-miR-3135b surprisingly showed a higher differential expression of about 7.26 log2 fold and in the case of putative novel miRNAs, EGCG-MDAMB231-4 showed a higher differential expression of about 3.92-log2fold. Limited studies have been conducted on miR-3135b and its role in different types of cancers is unknown, although it was up-regulated in tamoxifen resistant MCF-7 breast cancer cells (Chu et al., 2015). From this study, it is evident that hsa-miR-3135b is very much associated with breast cancer progression and EGCG is capable of modulating miRNA expression which can further modulate different cell signaling pathways related to cancer.
This NGS study revealed an interesting fact about highly expressed miRNAs. Top ten highly expressed miRNAs like hsa-miR-21-5p, hsa-let-7f-5p, hsa-miR-30a-5p, hsa-miR-23a-3p, hsa-let-7g-5p, hsa-miR-222-3p, hsa-miR-29a-3p, hsa-miR-100-5p, hsa-let-7a-5p, hsa-miR-221-3p, did not show any significant expression difference between untreated control and 83 µM EGCG treated cell of MDA-MB-231 (Figure 4). The most up-expressed miRNA among these ten is hsa-miR-21-5p which is a very common and frequently observed miRNA in different types of cancer and it became the first “oncomiR” for its oncogenic effect (Cho, 2007). Although has-miR-21-3p showed significant expression difference between control and treated samples in a down-regulatory manner. In breast cancer, a higher expression level of miR-21 is associated with poor prognosis, support cell proliferation, and invasion (Dong et al., 2014; Fang et al., 2017). miR-21 is associated with chemoresistance in breast cancer (Yu X. et al., 2016). Inhibition of miR-21 reduces the progression of breast cancer by targeting one of the well-known stem cell markers CD133 (Yin et al., 2019). Although most of the roles of miR-21 are attributed to has-miR-21-5p, the oncogenic role of hsa-miR-21-3p is also well established (Amirfallah et al., 2021). Our present study also showed differential expression of has-miR-21-3p after EGCG treatment. Therefore, we can hypothesize that EGCG treatment has a significant effect on hsa-miR-21-3p which can cause apoptosis of breast cancer cells.
Even though let7 is a well-known and well-studied miRNA family, hsa-let-7f-5p which is the second most highly expressed miRNA between control and EGCG treated samples has not been studied thoroughly against various cancers. Hsa-let-7f-5p has been found to repress various pro-apoptotic proteins and induce chemoresistance in colorectal cancer (Tie et al., 2018). Another highly expressed miRNA is miR-30a-5p known to negatively regulate cell growth, migration, invasion, and metastasis, autophagy in chronic myelogenous leukemia, and TGF-b1-induced epithelial-mesenchymal transition in cancer (Jiang L. H. et al., 2018). In the case of breast cancer, miR-30a suppresses cell growth, invasion, and metastasis by targeting ROR1, and loss of miR-30a expression causes oncogenesis (Wang et al., 2018). In our NGS data, miR-30a did not show any significant difference in expression between untreated control cells and EGCG-treated cells. Thus, it appears that EGCG does not affect the expression of miR-30a in MDA-MB-231 breast cancer cells. High expression of a tumor suppressor miRNA like miR-30a in untreated MDA-MB-231 breast cancer cells can portray that, breast cancer cells can compensate and resist the effect of miR-30a.
Differential analysis revealed that miR-27a-3p was one of the highly down-regulated miRNAs in response to EGCG treatment (Figure 8). Various experimental studies showed that miR-27a elicits both oncogenic and tumor suppressor roles in different cancers. It acts as a tumor suppressor in non-small cell lung cancer (NSCLC) by targeting the HOXB8 gene (Yan et al., 2019). On the other hand, miR-27a promotes cell proliferation and suppresses apoptosis in colorectal cancer (CRC) by modulating BTG1 (Su et al., 2019). In the case of breast cancer, miR-27a exhibits oncogenic characteristics by inducing epithelial-to-mesenchymal transition (EMT) (Jiang G. et al., 2018). The present study also revealed that miR-27a expression can be modulated by EGCG treatment which further caused a reduction in cancer progression.
The differential analysis also revealed upregulated miRNAs, among which let7e-3p and miR-320a were notable. Let-7e belongs to the miRNA family of let-7 known as a tumor suppressor miRNA (Figure 8). In the case of NSCLC, low expression of let-7 is associated with poor postoperative survival (Takamizawa et al., 2004). Moreover, the experimental study revealed that let-7 suppresses breast cancer cell migration and invasion via down-regulation of the C-C chemokine receptor 7 gene (Kim et al., 2012). miR-320a also acts as a tumor suppressor in various cancers. Lower expression of miR-320a is found in cervical cancer which generally inhibits cancer progression by regulating Mcl-1 (Zhang et al., 2016). In the case of breast cancer, miR320a inhibits breast cancer metastasis via suppression of a notable oncogene Metadherin (MTDH, Yu J. et al., 2016). The up-regulation of let-7e and miR-320a after EGCG treatment to breast cancer cells gave evidence that EGCG can help increase the expression of the two significant miRNAs which cause a decrease in cell growth and migration. To validate the differential expression data of known miRNAs, qRT-PCR was performed by choosing two up-regulated and two down-regulated miRNAs such as hsa-let-7e-5p, hsa-miR-320a, hsa-miR-21-3p, and hsa-miR-27a-3p. The NGS dataset and validation of the known miRNA with qRT-PCR confirmed the significant expression of these miRNAs (Figure 11).
The further goal of this study was to identify putative novel miRNA sequences in MDA-MB-231 cells and their potential differences in expression between untreated control and EGCG treatment. From the NGS analysis, a total of 47 putative novel miRNAs were reported within the untreated control and EGCG treated cells among which 8 were up-regulated and 12 were down-regulated (Table 3). To validate the differential expression data of novel miRNAs, qRT-PCR was performed. The NGS dataset and validation of the novel miRNA EGCG-MDAMB231-4 with qRT-PCR confirmed the significant expression of this putative novel miRNA (Figure 12). Further validation of the sequence is required.
Bioinformatics analysis of miRNAs with TargetScan and miRDB database revealed an average of 1,500 possible targeted genes. With the help of DAVID web-based gene ontology and pathway prediction software, potential gene ontology and pathway analysis were done using targeted genes from TargetScan and miRDB. KEGG pathway and PANTHER pathway inquiry were done. Target prediction and pathway analysis of hsa-miR-21-3p, hsa-miR-27a-3p, hsa-let-7e-5p, and hsa-miR-320a showed notable pathways like Wnt, MAPK, TGF-beta, Ras, p53, JAK-STAT, PI3K were being targeted (Figure 13). Among these, Wnt and MAPK pathways were commonly targeted by all four selected known miRNAs. Significant expression of these miRNAs in untreated control and EGCG-treated MDA-MB-231 cells demonstrated their important role in regulating cell proliferation. For target prediction of the putative novel miRNAs, on average, 130 target genes were predicted for each of them using MiRanda 3.3a. EGCG-MDAMB231-4, EGCG-MDAMB231-5, EGCG-MDAMB231-6, and EGCG-MDAMB231-27, were a few common putative novel miRNAs that were expressed differentially between untreated control cells and EGCG treated cells. These novel miRNAs target INHA (Inhibin Subunit Alpha), ERCC (ERCC excision repair 1), AREL1 (Apoptosis Resistant E3 Ubiquitin Protein Ligase 1), MBP (Myelin Basic Protein), HIC1 (hypermethylated in cancer 1), P3H2 (Prolyl 3-Hydroxylase 2), SLC6A2 (Solute Carrier Family 6 Member 2), RFC5 (Replication Factor C Subunit 5), CBLB (E3 ubiquitin-protein ligase CBL-B), GPI (Glucose-6-phosphate isomerase), ZNF527 (Zinc Finger Protein 527), KDM5C (Lysine Demethylase 5C), PRKCH (Protein kinase C eta type), SLC2A6 (Solute Carrier Family 2 Member 6), etc. genes and regulate cell cycle progression, TGF-beta pathway, Wnt pathway, gonadotropin-releasing hormone receptor pathway, nucleotide excision repair, EGFR pathway, MAPK pathway, etc.
From this study, few notable miRNAs (e.g., has-miR-146a-5p, hsa-miR-425-5p, and hsa-miR-23b-3p) having significantly higher as well as differential expression in the cancer control and EGCG treated samples were identified which can be suitable for diagnostic and prognostic markers. One of the notable miRNAs found from this NGS study is has-miR-146a-5p. This miRNA affects cell proliferation and mutation in breast cancer by directly targeting the BRCA1 (Gao et al., 2018). Another prominent miRNA is hsa-miR-425-5p which was found to promote breast carcinogenesis by inducing PI3K/AKT pathway when it binds and phosphorylates PI3K, p58, AKT. It was also found to bind and suppress PTEN (Zhang et al., 2020). Hsa-miR-23b-3p is another miRNA with distinguished expression among the samples. Although its role has been studied among different cancer, no study has been done on its role in breast carcinoma. One research has been conducted evaluating the role of miR-23b along with miR-27b in breast cancer by knocking down these miRNAs using CRISPR/CAS9 which does not convey the individual role of miR-23b in the desired cancer type (Hannafon et al., 2019).
CONCLUSION
EGCG was proven to be a potent anti-cancer compound against MDA-MB-231 breast cancer cell with an IC50 concentration of 83 µM miRNA profiling among cancer control and EGCG treated cells revealed 1,258 known and 330 unknown novel miRNAs in MDA-MB-231 breast cancer cell. Highly expressed miRNAs were both oncogenic and tumor suppressor miRNAs which infer breast cancer as a non-resistance yet aggressive type of cancer. Differential expression analysis revealed that almost all up-expressed miRNAs in untreated control cells were oncomiR which got down-regulated upon EGCG treatment. In the case of down-expressed miRNAs in untreated control cells, they were identified as tumor suppressor miRNAs which also got up-regulated upon EGCG treatment. NGS study and qRT-PCR validation of selected miRNAs established the potentiality of EGCG in miRNA modulation as well as cancer suppression. Pathway prediction study of selected differentially expressed miRNAs established miRNA as a major regulator of significant breast cancer related pathways. Few suitable diagnostics and prognostics miRNA markers were identified that were having significantly higher as well as differential expression. Nowadays circulating miRNA profiling is in use for early detection of diseases like cancer (Hamam et al., 2017). miRNA inhibitor for highly expressed oncogenic miRNAs can act as a therapeutic regime. Moreover, identified novel miRNAs and their differential expression upon EGCG treatment support the fact that targeting these miRNAs can be a unique therapeutic idea. Small interference RNAs or siRNAs as a drug against diseases have been approved by FDA in 2018 (Kristen et al., 2019), but miRNAs are yet to get the status. On the contrary, natural products against various cancers are taking over the research field. Numbers of studies with EGCG have been shown to enhance the anti-cancerous properties of conventional chemotherapeutic drugs. Various nano-particles or nano-carriers are under study for improvement of the poor bioavailability of free EGCG as well small non-coding RNAs and for the enhancement of its drug-delivery system (Ramesh and Mandal, 2019).
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Contol v, s saco- s TGTITGTGETGTAGE 19 WSO MSI%6 NS NS GGATCTGGGCACACGTGTGCAGCAGCCTCGGCCCACACAGCCTOCGC

st MOMB crIGacac ACCIGEAGGGGCTGTTTGIGCTGTAGGCTTGACACGTCCAGGTAT
s6co- 0 CCCACCGACGGGGA 1 MGG BMIS 209 DU CCGGCTTCTCCCOCACCGACGGGGAGCICCGCCTGACOCCATCGCA
MOAMB21S7 Gecccae CCCCAGAGCGGGGACTTTTGTTGGGAGTTCCCGCTTG,
560G wm crocicacagaseee 1 eI aTS SEE 09971 AGCATCGGTACTGCTCACAGCGECCGTCGCACCCACGITAGTCGIG
MOAMB2115 Gree. TGTGGGAGGAGCTGAGAGG
56CG 2w CGGOTCGANGGACTA 15 SIS SR SUSIS  SHSYY ACAGGGCOGTGGAAGTGGGCTCTTGGCTGCTIGGCTGOCCTGRTGGY
MOAMB2116 TGOCAGGGACGGCTCGANGGACTATITCTCAGGGTTGA
560G 200 6 SIS SIS ST ST AGATGGGTAACCGGGCCTGTGGCTTTICTICAGCCANTGAGGAGGAA
MDAMB21.36 GGGTGGGGGAGGGTGATAGGGTCTGCATATCCATAT
socG- e CCTCCCTGAGKTTCG 9 IHS MW SS9 I3MSI6  GGCCCAGTOCCCTCCCTGAGCGTCGGTCCAGAACGACACTCTCGTCC
MDAMB2135 GTeCAG TGTOACGCTCTGCTTGGCACTTTGGGAGGCTGAGGCG
566G w GAGGGCCTGTGACTE 3 WS 9 S I CAAGCAGGGTGAGGGOCTGIGACTCTGGGCCTCAGTTTCCACACTGE
MDAMBE3 19 TaGacCT CAGGACTCACGTTCCACTGEACCACCGAGTOCGGG
Fes 1006 GccarGeTcocaar 12 ASIG6 SIS0 WISH0 AGCGGCGGGCGOGGAGGTCCCGGGTTCGCGTTTGAGGACGOCTAG
MDAMB225 Coc GCCaCGeCCceToncaTe

3

Gontol v, » saco- ey CAGCAGGGETGGGTE 3 sy swsis MR S GGGCCATGGGCAGEAGGGCTGOGTCTITATGGAGAGCCTGTGACAT

s MDAMB2S14 AT TCACACCAGCCTACTGGTCTT.
FocG. R CTANCAGEGCCCORE 12 PSR IRSOB RWH CIGTGICAGICTAACAGCGCCCGGCCTCAGCCCCCATIGTCCCTGRA
MDAMB2SLS cica GOGAGGTGTCCGGTTGOGGAGE
saco- oM TCATGGCGICIGTIT 3 WS S0 IO IS8 GCACAGTGGAAAGGAGAATGCGTGACGGCATTACTAGGAAATGTC
MDAMB23127 et GICIGTITITCCTCCCACTIGTG
saco- a7 CAGCAGGGCTGGGTC 21 ST WSS WSS MSHI TGCTTOCTGACAGCAGGGCTGGGTCTCCTITACTITCTATCTIGGGGA
MDAMB21.25 ecrt GEAGTCTCCTCTGACAAGGANGAG
Faco e CCGGCAGEGCCCGGC 1 TooSTHS OS2 0SS I00SSI2 CCCOCCAGCCOGGCCC0GCICAGCUGCGGCTEAGCCCGCGEGTCCT
MDAME2S129 e GEAGCGOCCOGECGGGRCGEANGTGGT
saco- g ccriTAGGcocaae 7 W0 N QO 5 TGGTCAACGCCTTTAGCGICCGGOCGGTCCGEACTRTATCCTGGGA
MDAMB2SLT ceetce GCGOGGCOGACGAAGGCACATGAGGCT
saco- amsm AGGGAGGTCCCTGGT 12 6 I IREINS ST TGGTGGCCACAGGOAGGTCCCTGTGTCTGGCTGEATGCTGRCATC
MDAMBS130 Gicre CAGGTGTCCTTGAGCAGGAG
soco e CTOCTOGCGTCTGTT 13 WS WIS N9 AL ACAGCAGECCACCCCAGGCTCCTOOTGCTGTGMGGCTGATTCCGAT
MOAVBZIS rerGee AGGAGGTGGGEAGTGTCTCCTGGCGTCTGTTTCTGACCCTGOTANTA
560G 205 CGGGAGGCGTCTGT el e s WSS GGGCCICOTGCGGGAGGCGTCTGITTAGCCCTGAGATGTGTCTGCCT
MDAMB2S1 22 TaGee CAGAGCTGOGCTAGGGCGAGAGGGAGGTTGCCTGCTCTCTGCA
saco- s ccroceoccaace 1 ST SIS 4 ASWIS  CCCGCOCGCTCCTGAGCGCCCGGCOGGCOCTACACGAGAGCGCGTGL
MDAMB31.53 aaccc CGGGANGGGGAGTAGCGAGEGCGCGTG
soco- Sz GCGIGMGATCGGAG 10 @MLS @RI 9MIH Q0TS AGCCACGGCTOCGOGCGTCGCGOATGTOCGEACOCCTGOGCGAK
MDAMB2154 e CCGOCGOCGECCAACTTTGEACAMGGCAGEATGGCA
soco- L7 AACCCOCGACCTCAG 2 aenT usRs WY 29268 GOCCGGGGCCOGGGICACTGAGGOACTIGAGTGTOGGTGGGATT
MDAMBZSLG Areccea COGCGACCTCAGATCCOCAGECAGGCGGG





