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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
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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). EGCGmodulates 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.
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Materials and methods

Material

EGCG and humanmiRNA 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, andAO/EB stainwere purchased fromHiMedia,

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 fromNational 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 knownmiRNAs 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 andNGS 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.,
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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.

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.

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.

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

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.

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.
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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.

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).

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.

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.
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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.

MicroRNA
ID

Sequence Chromosome Read
count

Precursor
start

Precursor
end

Mature
start

Mature
end

Precursor
sequence

MFE
(Kcal/
mol)

A

EGCG-
MDAMB231-1

AAATTATCG
GGCCCA
CTGCC

6 225 37155509 37155591 37155562 37155581 TCAGAAATGCAAATT
ATCGGGCCCACTGCC
TGCCCACTGAATCAG
AAACTCCGGGGGTGG
AGCCCAGCGATCTGT
GTTTTGAT

−26.62

EGCG-
MDAMB231-2

TGCTGGCCT
GTGACTTTG
GGCA

5 167 180370612 180370706 180370675 180370696 GGACGGGGAAGATGC
AGAGGAACCCGTGCC
AGGAGGCCTGATCTG
CACTCAGGTGCCTGC
TCCTGCTGGCCTGTG
ACTTTGGGCAAGCCC
CCACA

−34.2

EGCG-
MDAMB231-3

ACGGGA
GCGCCC
GGCTGTCAC

10 138 98268584 98268660 98268630 98268650 TGTGAGTCCTGGTGG
GTGCCAGGGCCCCCG
GCACAGCACCCTTCG
CACGGGAGCGCCCGG
CTGTCACAGGGG
CCGAA

−35

EGCG-
MDAMB231-4

CAGCAG
GGCTGG
GTCTTTAT

3 124 9689747 9689818 9689789 9689808 GGGCCATGGGCAGCA
GGGCTGGGTCTTTAT
GGAGGGCCTGTGGCA
TCCAAATCACACCAG
CCTACTGGTCTT

−26.9

EGCG-
MDAMB231-5

CTAACA
GCGCCC
GGCCTCAG

12 114 122834713 122834785 122834723 122834742 CTGTGCCAGCCTAAC
AGCGCCCGGCCTCAG
CCCCCATTGTCCCTG
GAGCTGGCGAGGTGT
CCGGTTGCGGAGC

−25.6

EGCG-
MDAMB231-6

AACCCG
CGACCTCAG
ATCCCCA

2 106 219522577 219522656 219522587 219522608 GCCCGGGGCCGGGGG
CACTGAGGGACTTGG
GTGCTCGGGTGGGAT
TTGAACCCGCGACCT
CAGATCCCCAGCCAG
GCGGG

−38.7

EGCG-
MDAMB231-7

CCTTTAGCG
CCCGGC
CGGTCC

7 87 149624727 149624804 149624737 149624757 TGCGTCAACGCCTTT
AGCGCCCGGCCGGTC
CGCACTGTATCCTGG
GAGCCGGCGCGGCCG
ACGAAGGCACAT
GAGGCT

−37.4

EGCG-
MDAMB231-8

ATCCAGCGC
CCGGCC
TGGCC

7 84 157554290 157554377 157554348 157554367 AGCGGGCAGGATCCA
GCGCCCGGCCTGGCC
GCACCCATGCCCAGG
AGGGCACGAGAGCGG
GCAGGATCCGGCGCC
CGGCCTGGCCGCA

−56.6

EGCG-
MDAMB231-9

CCAAGTATC
GGGCCC
AGCTC

17 83 18093842 18093937 18093852 18093871 GCTAAGCTCGCCAAG
TATCGGGCCCAGCTC
CTGGAACCGTCCAAA
TCGGCCTCGTCCAAA
GGAGAGGGCTTTGAT
GTCATGAAGTCGGGT
GATGCC

−30.9

EGCG-
MDAMB231-10

TCAGGA
GCGCCC
GGCCGTCG

2 83 74529630 74529710 74529640 74529659 AACTGCTGCTTCAGG
AGCGCCCGGCCGTCG
CCGCCGCCGCCATTT
TCGCGCCCGGCCGCA

−38.32

(Continued on following page)
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TABLE 1 (Continued) A: Top 10 putative microRNA sequences expressed in the untreated control. B: Top 10 putative microRNA sequences expressed in
the 83 μM EGCG treatment.

MicroRNA
ID

Sequence Chromosome Read
count

Precursor
start

Precursor
end

Mature
start

Mature
end

Precursor
sequence

MFE
(Kcal/
mol)

GGGGCTCTTGGGAAG
GCGGAG

B

EGCG-
MDAMB231-1

AAATTATCG
GGCCCA
CTGCCT

6 173 37155509 37155591 37155561 37155581 TCAGAAATGCAAATT
ATCGGGCCCACTGCC
TGCCCACTGAATCAG
AAACTCCGGGGGTGG
AGCCCAGCGATCTGT
GTTTTGAT

−26.62

EGCG-
MDAMB231-11

CCACCGCTG
CCACCG
CCCTC

1 116 226186538 226186616 226186548 226186567 CCCGGACCCGGAGGA
GCGGCCTGGGGCGGA
GGGCGCCCCGCTGCT
GCCGCCACCGCTGCC
ACCGCCCTCGCCACC
TGGA

−37.3

EGCG-
MDAMB231-12

CCACCGCTG
CCACCT
CCGCG

12 82 124567246 124567339 124567310 124567329 AGCCCGGGCGCCACC
GCTGCCACCTCCGCG
AGGTGAGTTGGGGCC
GAGGGTCCCCGCGAA
GGGCGGGGGGAG
GCGCGGAGCGCGCTT
CCGGGGG

−55.9

EGCG-
MDAMB231-6

AACCCG
CGACCTCAG
ATCCCCAG

2 71 219522576 219522656 219522586 219522608 GCCCGGGGCCGGGGG
CACTGAGGGACTTGG
GTGCTCGGGTGGGAT
TTGAACCCGCGACCT
CAGATCCCCAGCCAG
GCGGGA

−39.8

EGCG-
MDAMB231-9

CCAAGTATC
GGGCCC
AGCTC

17 64 18093842 18093937 18093852 18093871 GCTAAGCTCGCCAAG
TATCGGGCCCAGCTC
CTGGAACCGTCCAAA
TCGGCCTCGTCCAAA
GGAGAGGGCTTTGAT
GTCATGAAGTCGGGT
GATGCC

−30.9

EGCG-
MDAMB231-4

CAGCAG
GGCTGG
GTCTTTAT

3 49 9689747 9689818 9689789 9689808 GGGCCATGGGCAGCA
GGGCTGGGTCTTTAT
GGAGGGCCTGTGGCA
TCCAAATCACACCAG
CCTACTGGTCTT

−26.9

EGCG-
MDAMB231-8

ATCCAGCGC
CCGGCC
TGGCC

7 39 157554290 157554377 157554348 157554367 AGCGGGCAGGATCCA
GCGCCCGGCCTGGCC
GCACCCATGCCCAGG
AGGGCACGAGAGCGG
GCAGGATCCGGCGCC
CGGCCTGGCCGCA

−56.6

E-MDAMB231-
13

AGGGAG
GTCCCTGGT
GTCTGG

12 37 122681826 122681897 122681867 122681887 TGGTGGCCACAGGGA
GGTCCCTGGTGTCTG
GCTGCATGCTGGCCA
TGGTGACCAGGTGTC
CTTGGGCAGGAG

−31.2

EGCG-
MDAMB231-2

TGCTGGCCT
GTGACTTTG
GGCA

5 35 180370612 180370706 180370675 180370696 GGACGGGGAAGATGC
AGAGGAACCCGTGCC
AGGAGGCCTGATCTG
CACTCAGGTGCCTGC
TCCTGCTGGCCTGTG
ACTTTGGGCAAGCCC
CCACA

−34.2

(Continued on following page)
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TABLE 1 (Continued) A: Top 10 putative microRNA sequences expressed in the untreated control. B: Top 10 putative microRNA sequences expressed in
the 83 μM EGCG treatment.

MicroRNA
ID

Sequence Chromosome Read
count

Precursor
start

Precursor
end

Mature
start

Mature
end

Precursor
sequence

MFE
(Kcal/
mol)

EGCG-
MDAMB231-14

GGGCAA
GGCGTCTGT
TTTGCC

6 35 28944582 28944673 28944643 28944663 TAGCGCAGTAGGCAG
CGCGTCAGTCTCATA
ATCTGAAGGTCCTGA
GTTCGAACCTCAGAG
GGGGCAAGGCGTCTG
TTTTGCCATTTT
ACTTC

−28.4

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.

Treatments compared No.
of up-regulated
microRNAs

Up-regulated microRNAs

A

Control vs. 83μM EGCG
treatment

106 hsa-miR-3135b, hsa-miR-214-3p, hsa-miR-7111-3p, hsa-miR-150-5p, hsa-miR-184, hsa-miR-365b-5p,
hsa-miR-15a-3p, hsa-miR-363-3p, hsa-miR-6511a-3p, hsa-miR-155-5p, hsa-miR-365a-5p, hsa-miR-
338-5p, hsa-miR-4284, hsa-miR-320a, hsa-miR-4436b-5p, hsa-miR-6806-3p, hsa-miR-6882-5p, hsa-
miR-642a-5p, hsa-miR-5090, hsa-miR-548am-3p, hsa-miR-6769b-3p, hsa-miR-3605-3p, hsa-miR-
4999-5p, hsa-miR-6811-5p, hsa-miR-4488, hsa-miR-6716-3p, hsa-let-7e-5p, hsa-miR-3184-3p, hsa-
miR-1249-3p, hsa-miR-3138, hsa-miR-192-3p, hsa-miR-1908-3p, hsa-miR-7851-3p, hsa-miR-4781-3p,
hsa-miR-1269a, hsa-miR-3120-3p, hsa-miR-6515-5p, hsa-miR-129-2-3p, hsa-miR-6851-3p, hsa-miR-
574-5p, hsa-miR-193b-5p, hsa-miR-338-3p, hsa-miR-4661-5p, hsa-miR-676-3p, hsa-miR-4485-3p,
hsa-miR-6511b-5p, hsa-miR-6786-3p, hsa-miR-6739-3p, hsa-miR-1293, hsa-miR-3150a-5p, hsa-miR-
4707-5p, hsa-miR-199a-5p, hsa-miR-664b-3p, hsa-miR-3679-3p, hsa-miR-3145-3p, hsa-miR-122-5p,
hsa-miR-4677-5p, hsa-miR-130a-5p, hsa-miR-411-5p, hsa-miR-548ab, hsa-miR-143-3p, hsa-miR-
378a-3p, hsa-miR-550b-3p, hsa-miR-556-5p, hsa-miR-584-3p, hsa-miR-3177-3p, hsa-miR-324-5p,
hsa-miR-320c, hsa-miR-3074-3p, hsa-miR-3909, hsa-miR-6854-3p, hsa-miR-4645-5p, hsa-miR-6514-
5p, hsa-miR-3152-3p, hsa-miR-6753-5p, hsa-miR-6761-5p, hsa-miR-3648, hsa-let-7d-5p, hsa-miR-
6729-3p, hsa-miR-1272, hsa-miR-382-3p, hsa-miR-30c-5p, hsa-miR-146a-5p, hsa-miR-4791, hsa-miR-
500b-3p, hsa-miR-3620-5p, hsa-miR-3155b, hsa-miR-3140-3p, hsa-miR-1237-3p, hsa-miR-1273a, hsa-
miR-5697, hsa-miR-3684, hsa-miR-1233-3p, hsa-miR-362-5p, hsa-miR-18a-3p, hsa-miR-491-3p, hsa-
miR-328-3p, hsa-miR-215-5p, hsa-miR-378c, hsa-miR-145-5p, hsa-miR-6741-3p, hsa-miR-374b-5p,
hsa-miR-4466, hsa-miR-146a-3p, hsa-miR-138-1-3p, hsa-miR-6516-3p

Treatments compared No. of down-regulated
MicroRNAs

Down-regulated microRNAs

B

Control vs. 83μM EGCG
treatment

114 hsa-miR-551b-5p, hsa-miR-197-5p, hsa-miR-1260b, hsa-miR-33a-3p, hsa-miR-3918, hsa-miR-1914-
3p, hsa-miR-577, hsa-miR-3944-3p, hsa-miR-624-3p, hsa-miR-1972, hsa-miR-6735-5p, hsa-miR-3199,
hsa-miR-522-3p, hsa-miR-1277-5p, hsa-miR-3163, hsa-miR-653-3p, hsa-miR-21-3p, hsa-miR-6513-
5p, hsa-miR-3613-5p, hsa-miR-4420, hsa-miR-217, hsa-miR-6733-5p, hsa-miR-5008-3p, hsa-miR-296-
3p, hsa-miR-3619-3p, hsa-miR-34b-5p, hsa-miR-3127-5p, hsa-miR-1976, hsa-miR-627-5p, hsa-miR-
100-3p, hsa-miR-627-3p,hsa-miR-301b-5p, hsa-miR-27a-3p, hsa-miR-26b-5p, hsa-miR-181b-3p, hsa-
miR-3074-5p, hsa-miR-762, hsa-miR-6856-3p, hsa-miR-1538, hsa-miR-5003-5p, hsa-miR-3140-5p,
hsa-miR-508-3p, hsa-miR-4709-5p, hsa-miR-4684-5p, hsa-miR-7155-5p, hsa-miR-1273e, hsa-miR-
19b-1-5p, hsa-miR-33a-5p, hsa-miR-335-5p, hsa-miR-3064-5p, hsa-miR-3690, hsa-miR-1273c, hsa-
miR-218-1-3p, hsa-miR-5699-5p, hsa-miR-6854-5p, hsa-miR-6871-3p, hsa-miR-5001-3p, hsa-miR-
4668-5p, hsa-miR-548u, hsa-miR-6799-3p, hsa-miR-17-3p, hsa-miR-5584-5p, hsa-miR-5584-3p, hsa-
miR-3680-3p, hsa-miR-588, hsa-miR-6879-3p, hsa-miR-6726-3p, hsa-miR-548ac, hsa-miR-1284, hsa-
miR-548p, hsa-miR-4517, hsa-miR-942-3p, hsa-miR-7110-3p, hsa-miR-636, hsa-miR-4429, hsa-let-7i-
3p, hsa-miR-3149, hsa-miR-6750-3p, hsa-miR-140-5p, hsa-miR-301a-3p, hsa-miR-190a-5p, hsa-miR-
6802-3p, hsa-miR-6783-5p, hsa-miR-3190-3p, hsa-miR-1273h-5p, hsa-miR-6814-5p, hsa-miR-5006-
3p, hsa-miR-6858-3p, hsa-miR-708-5p, hsa-miR-6876-5p, hsa-miR-3191-3p, hsa-miR-378h, hsa-miR-
6804-5p, hsa-miR-5196-3p, hsa-miR-570-5p, hsa-miR-4289, hsa-miR-6895-5p, hsa-miR-19b-3p, hsa-
miR-27b-3p, hsa-miR-516a-5p, hsa-miR-450a-5p, hsa-miR-362-3p, hsa-miR-489-3p, hsa-miR-589-3p,
hsa-miR-3529-3p, hsa-miR-99a-5p, hsa-miR-4454, hsa-miR-30c-2-3p, hsa-miR-6891-5p, hsa-miR-
30d-3p, hsa-miR-6720-3p, hsa-miR-2355-3p, hsa-miR-369-3p, hsa-miR-597-3p
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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.
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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 μMEGCG

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-

FIGURE 6
The expression profiles of knownmicroRNAs in the untreated control MDA-MB-231 cells and 24 h of 83 μMEGCG treated cells. Color key-red:
up-regulation, green: down-regulation, and yellow: neutral expression.
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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 knownmicroRNAs 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.
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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).

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.

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.

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).

FIGURE 8
Common up- and down-regulated known microRNAs between untreated control vs 24 h of 83 μM EGCG treatments.
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FIGURE 9
Dose-dependent expression profile of putative novel microRNAs. (A) Relative microRNA expression levels of top 20 up- and down-regulated
novelmicroRNAs in untreated control vs. 24 h of 83 µMEGCG 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.
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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.

Treatment
compared

No.
of
microRNAs

MicroRNA
ID

Log2fold
change

Sequence Chromosome Precursor
start

Precursor
end

Mature
start

Mature
end

Precursor
sequence

MFE
(Kcal/
mol)

A

Control vs.
83μM

8 EGCG-
MDAMB231-21

3.25 TGTTTGTGCTGTAGG
CTTGACAC

19 11577810 11577906 11577874 11577896 GGATCTGGGCACACGTGTGCAGCAGCCTCGGCCCACACAGCCTCCGGGTGG
ACCTGCAGGGGCCTGTTTGTGCTGTAGGCTTGACACGTCCAGGTAT −44.4

EGCG-

MDAMB231-37

2.84 CCCCACCGACGGGGA

GCCCCGCC

1 224340962 224341051 224340972 224340994 CCGGCTTCTCCCCCACCGACGGGGAGCCCCGCCTGGCCCCATCGCAGAGAC

CCCCAGAGCGGCGGGCTTTTGTTGGGGGGTTCCCGCTTG −37.5

EGCG-
MDAMB231-15

2.73 CTGCTCACAGCGCCC
GTCGC

1 204997162 204997231 204997202 204997221 AGCATCGGTACTGCTCACAGCGCCCGTCGCACCCACGGTAGTCGGGGGCAA
TGTGGGAGGAGCTGAGAGG −28.8

EGCG-

MDAMB231-16

2.32 CGGCTCGAAGGACTA

TTTCT

15 51483708 51483797 51483718 51483737 ACAGGGCCGTGGAAGTGGGCTCTTGGCTGCTTGGCTGGCCTGGTGGTGTGC

TGCCAGGGGCGGCTCGAAGGACTATTTCTCAGGCGTTGA −42.51

EGCG-

MDAMB231-36

2.01 CCGGGCCTGTGGCTT

TTCTTCA

16 51971845 51971931 51971900 51971921 AGATGGGTAACCGGGCCTGTGGCTTTTCTTCAGCCAATGAGGAGGAAGAGA

GGGTGGGGGAGGGTGATAGGGTCTGCATATCCATAT −34.19

EGCG-
MDAMB231-35

1.42 CCTCCCTGAGCGTCG
GTCCAG

9 133452986 133453073 133452996 133453016 GGCCCAGTGCCCTCCCTGAGCGTCGGTCCAGAACGGCACTCTCGTCCCTCC
TGTGACGCTCTGCTTGGCACTTTGGGAGGCTGAGGCG −36.22

EGCG-

MDAMB231-19

1.17 GAGGGCCTGTGACTC

TGGGCCT

3 49022514 49022599 49022568 49022589 CAAGCAGGGTGAGGGCCTGTGACTCTGGGCCTCAGTTTCCACACTGCGGGC

CAGGACTCACGTTCCACTGCACCACCGAGTGCGGG −34.6

EGCG-

MDAMB231-25

1.006 GCGGAGGTCCCGGGT

TCGCG

12 48351046 48351114 48351084 48351104 AGCGGCGGGCGCGGAGGTCCCGGGTTCGCGTTTGGGGGCGCCTGAGCCGCA

GCCCCGCCCCCTCCCGTC −34.1

B

Control vs.
83μM

12 EGCG-
MDAMB231-4

−3.92 CAGCAGGGCTGGGTC
TTTAT

3 9689747 9689818 9689789 9689808 GGGCCATGGGCAGCAGGGCTGGGTCTTTATGGAGGGCCTGTGGCATCCAAA
TCACACCAGCCTACTGGTCTT −26.9

EGCG-

MDAMB231-5

−3.09 CTAACAGCGCCCGGC

CTCAG

12 122834713 122834785 122834723 122834742 CTGTGCCAGCCTAACAGCGCCCGGCCTCAGCCCCCATTGTCCCTGGAGCTG

GCGAGGTGTCCGGTTGCGGAGC −25.6

EGCG-
MDAMB231-27

−2.9738 TCATGGCGTCTGTTT
TTCCT

3 150147179 150147252 150147189 150147208 GCACAGTGGAAAGGAGAATGCGTGACGGCATTACATAGGAAATGTCATGGC
GTCTGTTTTTCCTCCCACTTGTG −29.9

EGCG-
MDAMB231-28

−2.78052 CAGCAGGGCTGGGTC
TCCTT

21 34544707 34544781 34544752 34544771 TGCTTCCTGACAGCAGGGCTGGGTCTCCTTTACTTTCTATCTTGGGGACCA
GCAGTCTCCTCTGACAAGGAAGAG −28.86

EGCG-

MDAMB231-29

−2.64584 CCGGCAGCGCCCGGC

CGGGG

14 100587445 100587522 100587493 100587512 CCCGCCAGCCCCGGCCCCGCGCAGCCGCGGCTGAGCCCGCGCGTCCTCCCG

GCAGCGCCCGGCCGGGGCGCAAGTGGT −48.4

EGCG-
MDAMB231-7

−2.47027 CCTTTAGCGCCCGGC
CGGTCC

7 149624727 149624804 149624737 149624757 TGCGTCAACGCCTTTAGCGCCCGGCCGGTCCGCACTGTATCCTGGGAGCCG
GCGCGGCCGACGAAGGCACATGAGGCT −37.4

EGCG-

MDAMB231-30

−2.22583 AGGGAGGTCCCTGGT

GTCTG

12 122681826 122681897 122681868 122681887 TGGTGGCCACAGGGAGGTCCCTGGTGTCTGGCTGCATGCTGGCCATGGTGA

CCAGGTGTCCTTGGGCAGGAG −31.2

EGCG-

MDAMB231-31

−2.16401 CTCCTGGCGTCTGTT

TCTGCC

13 112195054 112195151 112195121 112195141 ACAGCAGCCCACCCCAGGCTCCTGGTGCTGTGAAGGCTGATTCCGATTCCC

AGGAGGTGGGCAGTGTCTCCTGGCGTCTGTTTCTGCCCCTGCTAATA −35.8

EGCG-
MDAMB231-32

−2.05245 CGGGAGGCGTCTGTT
TAGCCC

8 127735191 127735285 127735255 127735275 GGGCCCCGTGCGGGAGGCGTCTGTTTAGCCCTGAGATGTGTCTGCCTGTTC
CAGAGCTGGGCTAGGGCGAGAGGGAGGTTGCCTGCTCTCTGCCA −39.7

EGCG-

MDAMB231-33

−1.37073 CCTGAGCGCCCGGCC

GGCCC

21 46458847 46458925 46458896 46458915 CCCGCGCGCTCCTGAGCGCCCGGCCGGCCCTACACGGGAGCGCGTGCGCGG

CGGGAAGGGCGGGTAGCGAGCGCGCGTG −50.3

EGCG-
MDAMB231-34

−1.27119 GCGCGCGGTCGCGGG
TGTGC

10 60944049 60944137 60944059 60944078 AGCCACGGCTGCGCGCGGTCGCGGGTGTGCGGGGCCCCTGCGCGCGGCGCG
CCGCCCGCCGCCCAACTTTGCACAAAGGCAGCATGGCA −48.1

EGCG-
MDAMB231-6

−1.07549 AACCCGCGACCTCAG
ATCCCCA

2 219522577 219522656 219522587 219522608 GCCCGGGGCCGGGGGCACTGAGGGACTTGGGTGCTCGGGTGGGATTTGAAC
CCGCGACCTCAGATCCCCAGCCAGGCGGG −38.7
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FIGURE 10
All up- and down-regulated novel microRNAs between untreated control vs. 24 h of 83 μM EGCG treatments.

FIGURE 11
Validation of randomly selected knownmicroRNAs 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.
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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.

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 likeWnt, 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 knownmiRNAs

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,

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.
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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.
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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

TABLE 4 List of common pathways in TargetScan and miRDB for two upregulated and two downregulated microRNA from NGS study.

microRNAs KEGG pathways
common
in TargetScan and
miRDB

PANTHER pathways common
in TargetScan and
miRDB

KEGG pathways common
in all the
microRNAs

PANTHER pathways
common
in all the
microRNAs

Hsa-miR-21-3p Wnt signaling pathway MAPK signaling pathway Wnt signaling pathway MAPK
signaling pathway

No

MAPK signaling pathway TGF-beta signaling pathway

Ubiquitin mediated
proteolysis

Neurotrophin signaling pathway

Neurotrophin signaling
pathway

Wnt signaling pathway

GnRH signaling pathway

hsa-miR-
27a-3p

ErbB signaling pathway EGF receptor signaling pathway

MAPK signaling pathway PDGF signaling pathway

Wnt signaling pathway Ras Pathway

Insulin signaling pathway Insulin/IGF pathway-protein kinase B
signaling cascade

TGF-beta signaling pathway

hsa-let-7e-5p P53 pathway Oxidative stress response

Wnt signaling pathway PDGF signaling pathway

MAPK signaling pathway Integrin signaling pathway

Jak-STAT signaling pathway

Insulin signaling pathway

Adipocytokine signaling
pathway

hsa-miR-320a mTOR signaling pathway Cadherin signaling pathway

Pathways in cancer Wnt signaling pathway

ErbB signaling pathway PDGF signaling pathway

Insulin signaling pathway PI3 kinase pathway

Wnt signaling pathway Axon guidance mediated by netrin

MAPK signaling pathway
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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 inMDA-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 themusingMiRanda 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
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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).

Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found in the article/

Supplementary Material.

Author contributions

SB and AM conceived, planned, and designed the

experiment, involved in data analysis and interpretation. SB

did sample collection, performed lab experiments, assembled

and interpreted data analysis, and drafted the manuscript. AM

supervised the study, edited, commented, and critically revised

the final manuscript. Both the authors agreed to publish the final

version of the manuscript.

Acknowledgments

The authors are thankful to the management of Vellore

Institute of Technology, Vellore for providing research facilities.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers in Genetics frontiersin.org20

Banerjee and Mandal 10.3389/fgene.2022.995046

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.995046


References

Amirfallah, A., Knutsdottir, H., Arason, A., Hilmarsdottir, B., Johannsson, O. T.,
Agnarsson, B. A., et al. (2021). Hsa-miR-21-3p associates with breast cancer patient
survival and targets genes in tumor suppressive pathways. PLoS One 16, e0260327.
doi:10.1371/journal.pone.0260327

Anders, S., and Huber, W. (2010). Differential expression analysis for sequence
count data. Genome Biol. 11, R106. doi:10.1186/gb-2010-11-10-r106

Bharali, D., Banerjee, B. D., Bharadwaj, M., Husain, S. A., and Kar, P.
(2019). Expression analysis of MicroRNA-21 and MicroRNA-122 in
hepatocellular carcinoma. J. Clin. Exp. Hepatol. 9, 294–301. doi:10.1016/j.
jceh.2018.07.005

Bhardwaj, V., and Mandal, A. K. A. (2019). Next-generation sequencing
reveals the role of epigallocatechin-3-gallate in regulating putative novel and
known microRNAs which target the MAPK pathway in non-small-cell lung
cancer A549 cells. Molecules 24, 368. doi:10.3390/molecules24020368

Biamonte, F., Santamaria, G., Sacco, A., Perrone, F. M., Di Cello, A., Battaglia, A.
M., et al. (2019). MicroRNA let-7g acts as tumor suppressor and predictive
biomarker for chemoresistance in human epithelial ovarian cancer. Sci. Rep. 9,
5668. doi:10.1038/s41598-019-42221-x

Chang, C.-M., Wong, H. S.-C., Huang, C.-Y., Hsu, W.-L., Maio, Z.-F., Chiu, S.-J.,
et al. (2019). Functional effects of let-7g expression in colon cancer metastasis.
Cancers (Basel) 11, 489. doi:10.3390/cancers11040489

Chen, X., Ba, Y., Ma, L., Cai, X., Yin, Y., Wang, K., et al. (2008). Characterization
of microRNAs in serum: A novel class of biomarkers for diagnosis of cancer and
other diseases. Cell Res. 18, 997–1006. doi:10.1038/cr.2008.282

Cho, W. C. S. (2007). OncomiRs: the discovery and progress of microRNAs in
cancers. Mol. Cancer 6, 60. doi:10.1186/1476-4598-6-60

Chu, J., Zhu, Y., Liu, Y., Sun, L., Lv, X., Wu, Y., et al. (2015).
E2F7 overexpression leads to tamoxifen resistance in breast cancer cells by
competing with E2F1 at miR-15a/16 promoter. Oncotarget 6, 31944–31957.
doi:10.18632/oncotarget.5128

Dent, R., Trudeau, M., Pritchard, K. I., Hanna, W. M., Kahn, H. K., Sawka, C. A.,
et al. (2007). Triple-negative breast cancer: clinical features and patterns of
recurrence. Clin. Cancer Res. 13, 4429–4434. doi:10.1158/1078-0432.CCR-06-3045

DeSantis, C. E., Ma, J., Gaudet, M. M., Newman, L. A., Miller, K. D., Goding
Sauer, A., et al. (2019). Breast cancer statistics, 2019.CA. Cancer J. Clin. 69, 438–451.
doi:10.3322/caac.21583

Dong, G., Liang, X., Wang, D., Gao, H., Wang, L., Wang, L., et al. (2014). High
expression of miR-21 in triple-negative breast cancers was correlated with a poor
prognosis and promoted tumor cell in vitro proliferation.Med. Oncol. 31, 57. doi:10.
1007/s12032-014-0057-x

Fang, H., Xie, J., Zhang, M., Zhao, Z., Wan, Y., and Yao, Y. (2017). miRNA-21
promotes proliferation and invasion of triple-negative breast cancer cells through
targeting PTEN. Am. J. Transl. Res. 9, 953–961.

Fassina, A., Marino, F., Siri, M., Zambello, R., Ventura, L., Fassan, M., et al.
(2012). The miR-17-92 microRNA cluster: a novel diagnostic tool in large B-cell
malignancies. Lab. Invest. 92, 1574–1582. doi:10.1038/labinvest.2012.129

Fix, L. N., Shah, M., Efferth, T., Farwell, M. A., and Zhang, B. (2010). MicroRNA
expression profile of MCF-7 human breast cancer cells and the effect of green tea
polyphenon-60. Cancer Genomics Proteomics 278, 261–277.

Folini, M., Gandellini, P., Longoni, N., Profumo, V., Callari, M., Pennati, M., et al.
(2010). miR-21: an oncomir on strike in prostate cancer. Mol. Cancer 9, 12. doi:10.
1186/1476-4598-9-12

Gao, W., Hua, J., Jia, Z., Ding, J., Han, Z., Dong, Y., et al. (2018). Expression of
miR-146a-5p in breast cancer and its role in proliferation of breast cancer cells.
Oncol. Lett. 15, 9884–9888. doi:10.3892/ol.2018.8589

Gong, R., Lv, X., and Liu, F. (2018). MiRNA-17 encoded by the miR-17-92 cluster
increases the potential for steatosis in hepatoma cells by targeting CYP7A1. Cell.
Mol. Biol. Lett. 23, 16. doi:10.1186/s11658-018-0083-3

Goodin, M. G., Fertuck, K. C., Zacharewski, T. R., and Rosengren, R. J. (2002).
Estrogen receptor-mediated actions of polyphenolic catechins in vivo and in vitro.
Toxicol. Sci. 69, 354–361. doi:10.1093/toxsci/69.2.354

Hagman, Z., Haflidadottir, B. S., Ansari, M., Persson, M., Bjartell, A., Edsjö, A.,
et al. (2013). The tumour suppressor miR-34c targets MET in prostate cancer cells.
Br. J. Cancer 109, 1271–1278. doi:10.1038/bjc.2013.449

Hamam, R., Hamam, D., Alsaleh, K. A., Kassem, M., Zaher, W., Alfayez, M., et al.
(2017). Circulating microRNAs in breast cancer: novel diagnostic and prognostic
biomarkers. Cell Death Dis. 8, e3045. doi:10.1038/cddis.2017.440

Hannafon, B. N., Cai, A., Calloway, C. L., Xu, Y.-F., Zhang, R., Fung, K.-M., et al.
(2019). miR-23b and miR-27b are oncogenic microRNAs in breast cancer: evidence

from a CRISPR/Cas9 deletion study. BMC Cancer 19, 642. doi:10.1186/s12885-019-
5839-2

Imani, S., Wu, R.-C., and Fu, J. (2018). MicroRNA-34 family in breast cancer: from
research to therapeutic potential. J. Cancer 9, 3765–3775. doi:10.7150/jca.25576

Ji, Z., Wang, G., Zhang, C., Xie, Z., Liu, Z., andWang, J. (2013). Identification and
function prediction of novel MicroRNAs in laoshan dairy goats. Asian-Australas.
J. Anim. Sci. 26, 309–315. doi:10.5713/ajas.2012.12422

Jiang, G., Shi, W., Fang, H., and Zhang, X. (2018). miR-27a promotes human
breast cancer cell migration by inducing EMT in a FBXW7-dependent manner.
Mol. Med. Rep. 18, 5417–5426. doi:10.3892/mmr.2018.9587

Jiang, L. H., Zhang, H. Da, and Tang, J. H. (2018). MiR-30a: A novel biomarker
and potential therapeutic target for cancer. J. Oncol. 2018, 5167829. doi:10.1155/
2018/5167829

Jin, B., Wang, W., Meng, X.-X., Du, G., Li, J., Zhang, S.-Z., et al. (2016). Let-7
inhibits self-renewal of hepatocellular cancer stem-like cells through regulating the
epithelial-mesenchymal transition and theWnt signaling pathway. BMC Cancer 16,
863. doi:10.1186/s12885-016-2904-y

Kawaguchi, T., Komatsu, S., Ichikawa, D., Morimura, R., Tsujiura, M., Konishi,
H., et al. (2013). Clinical impact of circulating miR-221 in plasma of patients with
pancreatic cancer. Br. J. Cancer 108, 361–369. doi:10.1038/bjc.2012.546

Khan, N., and Mukhtar, H. (2007). Tea polyphenols for health promotion. Life
Sci. 81, 519–533. doi:10.1016/j.lfs.2007.06.011

Khan, N., Afaq, F., Saleem, M., Ahmad, N., and Mukhtar, H. (2006).
Targeting multiple signaling pathways by green tea polyphenol
(-)-epigallocatechin-3-gallate. Cancer Res. 66, 2500–2505. doi:10.1158/0008-
5472.CAN-05-3636

Kim, S.-J., Shin, J.-Y., Lee, K.-D., Bae, Y.-K., Sung, K. W., Nam, S. J., et al. (2012).
MicroRNA let-7a suppresses breast cancer cell migration and invasion through
downregulation of C-C chemokine receptor type 7. Breast Cancer Res. 14, R14.
doi:10.1186/bcr3098

Kristen, A. V., Ajroud-Driss, S., Conceição, I., Gorevic, P., Kyriakides, T., and
Obici, L. (2019). Patisiran, an RNAi therapeutic for the treatment of hereditary
transthyretin-mediated amyloidosis. Neurodegener. Dis. Manag. 9, 5–23. doi:10.
2217/nmt-2018-0033

Kurahashi, N., Sasazuki, S., Iwasaki, M., Inoue, M., and Tsugane, S. (2008). Green
tea consumption and prostate cancer risk in Japanese men: a prospective study. Am.
J. Epidemiol. 167, 71–77. doi:10.1093/aje/kwm249

Le, M. T. N., Teh, C., Shyh-Chang, N., Xie, H., Zhou, B., Korzh, V., et al. (2009).
MicroRNA-125b is a novel negative regulator of p53. Genes Dev. 23, 862–876.
doi:10.1101/gad.1767609

Li, R., Shi, X., Ling, F., Wang, C., Liu, J., Wang, W., et al. (2015). MiR-34a
suppresses ovarian cancer proliferation and motility by targeting AXL. Tumour
Biol. 36, 7277–7283. doi:10.1007/s13277-015-3445-8

Liu, K., Zhang, C., Li, T., Ding, Y., Tu, T., Zhou, F., et al. (2015). Let-7a inhibits
growth and migration of breast cancer cells by targeting HMGA1. Int. J. Oncol. 46,
2526–2534. doi:10.3892/ijo.2015.2949

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.
Methods 25, 402–408. doi:10.1006/meth.2001.1262

Moi, L., Braaten, T., Al-Shibli, K., Lund, E., and Busund, L.-T. R. (2019).
Differential expression of the miR-17-92 cluster and miR-17 family in breast
cancer according to tumor type; results from the Norwegian Women and
Cancer (NOWAC) study. J. Transl. Med. 17, 334. doi:10.1186/s12967-019-
2086-x

Nadiminty, N., Tummala, R., Lou, W., Zhu, Y., Shi, X.-B., Zou, J. X., et al. (2012).
MicroRNA let-7c is downregulated in prostate cancer and suppresses prostate
cancer growth. PLoS One 7, e32832. doi:10.1371/journal.pone.0032832

Nam, E. J., Yoon, H., Kim, S. W., Kim, H., Kim, Y. T., Kim, J. H., et al. (2008).
MicroRNA expression profiles in serous ovarian carcinoma. Clin. Cancer Res. 14,
2690–2695. doi:10.1158/1078-0432.CCR-07-1731

Rakha, E. A., El-Sayed, M. E., Green, A. R., Lee, A. H. S., Robertson, J. F., and Ellis,
I. O. (2007). Prognostic markers in triple-negative breast cancer. Cancer 109, 25–32.
doi:10.1002/cncr.22381

Ramesh, N., and Mandal, A. K. A. (2019). Pharmacokinetic, toxicokinetic, and
bioavailability studies of epigallocatechin-3-gallate loaded solid lipid nanoparticle
in rat model. Drug Dev. Ind. Pharm. 45, 1506–1514. doi:10.1080/03639045.2019.
1634091

Rane, J. K., Scaravilli, M., Ylipää, A., Pellacani, D., Mann, V. M., Simms, M. S.,
et al. (2015). MicroRNA expression profile of primary prostate cancer stem cells as a

Frontiers in Genetics frontiersin.org21

Banerjee and Mandal 10.3389/fgene.2022.995046

https://doi.org/10.1371/journal.pone.0260327
https://doi.org/10.1186/gb-2010-11-10-r106
https://doi.org/10.1016/j.jceh.2018.07.005
https://doi.org/10.1016/j.jceh.2018.07.005
https://doi.org/10.3390/molecules24020368
https://doi.org/10.1038/s41598-019-42221-x
https://doi.org/10.3390/cancers11040489
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1186/1476-4598-6-60
https://doi.org/10.18632/oncotarget.5128
https://doi.org/10.1158/1078-0432.CCR-06-3045
https://doi.org/10.3322/caac.21583
https://doi.org/10.1007/s12032-014-0057-x
https://doi.org/10.1007/s12032-014-0057-x
https://doi.org/10.1038/labinvest.2012.129
https://doi.org/10.1186/1476-4598-9-12
https://doi.org/10.1186/1476-4598-9-12
https://doi.org/10.3892/ol.2018.8589
https://doi.org/10.1186/s11658-018-0083-3
https://doi.org/10.1093/toxsci/69.2.354
https://doi.org/10.1038/bjc.2013.449
https://doi.org/10.1038/cddis.2017.440
https://doi.org/10.1186/s12885-019-5839-2
https://doi.org/10.1186/s12885-019-5839-2
https://doi.org/10.7150/jca.25576
https://doi.org/10.5713/ajas.2012.12422
https://doi.org/10.3892/mmr.2018.9587
https://doi.org/10.1155/2018/5167829
https://doi.org/10.1155/2018/5167829
https://doi.org/10.1186/s12885-016-2904-y
https://doi.org/10.1038/bjc.2012.546
https://doi.org/10.1016/j.lfs.2007.06.011
https://doi.org/10.1158/0008-5472.CAN-05-3636
https://doi.org/10.1158/0008-5472.CAN-05-3636
https://doi.org/10.1186/bcr3098
https://doi.org/10.2217/nmt-2018-0033
https://doi.org/10.2217/nmt-2018-0033
https://doi.org/10.1093/aje/kwm249
https://doi.org/10.1101/gad.1767609
https://doi.org/10.1007/s13277-015-3445-8
https://doi.org/10.3892/ijo.2015.2949
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/s12967-019-2086-x
https://doi.org/10.1186/s12967-019-2086-x
https://doi.org/10.1371/journal.pone.0032832
https://doi.org/10.1158/1078-0432.CCR-07-1731
https://doi.org/10.1002/cncr.22381
https://doi.org/10.1080/03639045.2019.1634091
https://doi.org/10.1080/03639045.2019.1634091
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.995046


source of biomarkers and therapeutic targets. Eur. Urol. 67, 7–10. doi:10.1016/j.
eururo.2014.09.005

Riffo-Campos, Á. L., Riquelme, I., and Brebi-Mieville, P. (2016). Tools for
sequence-based miRNA target prediction: What to choose? Int. J. Mol. Sci. 17,
1987. doi:10.3390/ijms17121987

Roodi,N., Bailey, L. R., Kao,W.Y., Verrier, C. S., Yee, C. J., Dupont,W.D., et al. (1995).
Estrogen receptor gene analysis in estrogen receptor-positive and receptor-negative
primary breast cancer. J. Natl. Cancer Inst. 87, 446–451. doi:10.1093/jnci/87.6.446

Roy, A. M., Baliga, M. S., and Katiyar, S. K. (2005). Epigallocatechin-3-gallate
induces apoptosis in estrogen receptor-negative human breast carcinoma cells via
modulation in protein expression of p53 and Bax and caspase-3 activation. Mol.
Cancer Ther. 4, 81–90. doi:10.1158/1535-7163.81.4.1

Roy, S., Levi, E., Majumdar, A. P. N., and Sarkar, F. H. (2012). Expression of miR-
34 is lost in colon cancer which can be re-expressed by a novel agent CDF.
J. Hematol. Oncol. 5, 58. doi:10.1186/1756-8722-5-58

Seguin, L., Desgrosellier, J. S., Weis, S. M., and Cheresh, D. A. (2015). Integrins
and cancer: regulators of cancer stemness, metastasis, and drug resistance. Trends
Cell Biol. 25, 234–240. doi:10.1016/j.tcb.2014.12.006

Slaby, O., Svoboda, M., Fabian, P., Smerdova, T., Knoflickova, D., Bednarikova,
M., et al. (2007). Altered expression of miR-21, miR-31, miR-143 and miR-145 is
related to clinicopathologic features of colorectal cancer. Oncology 72, 397–402.
doi:10.1159/000113489

Su, C., Huang, D. P., Liu, J. W., Liu, W. Y., and Cao, Y. O. (2019). miR-27a-3p
regulates proliferation and apoptosis of colon cancer cells by potentially targeting
BTG1. Oncol. Lett. 18, 2825–2834. doi:10.3892/ol.2019.10629

Sun, D., Wu, Y., Zhang, S., Han, Y., Shen, J., Zheng,W., et al. (2021). Distinct roles
of miR-34 family members on suppression of lung squamous cell carcinoma.
Biomed. Pharmacother. 142, 111967. doi:10.1016/j.biopha.2021.111967

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A.,
et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA. A Cancer J. Clin. 71,
209–249. doi:10.3322/caac.21660

Takamizawa, J., Konishi, H., Yanagisawa, K., Tomida, S., Osada, H., Endoh, H.,
et al. (2004). Reduced expression of the let-7 microRNAs in human lung cancers in
association with shortened postoperative survival. Cancer Res. 64, 3753–3756.
doi:10.1158/0008-5472.CAN-04-0637

Tang, Y., Zhao, Y., Ran, J., and Wang, Y. (2020). MicroRNA-21 promotes cell
metastasis in cervical cancer through modulating epithelial-mesenchymal
transition. Oncol. Lett. 19, 3289–3295. doi:10.3892/ol.2020.11438

Thangapazham, R. L., Singh, A. K., Sharma, A., Warren, J., Gaddipati, J. P., and
Maheshwari, R. K. (2007). Green tea polyphenols and its constituent
epigallocatechin gallate inhibits proliferation of human breast cancer cells
in vitro and in vivo. Cancer Lett. 245, 232–241. doi:10.1016/j.canlet.2006.01.027

Tie, Y., Chen, C., Yang, Y., Qian, Z., Yuan, H., Wang, H., et al. (2018).
Upregulation of let-7f-5p promotes chemotherapeutic resistance in colorectal
cancer by directly repressing several pro-apoptotic proteins. Oncol. Lett. 15,
8695–8702. doi:10.3892/ol.2018.8410

Tsang, W. P., and Kwok, T. T. (2010). Epigallocatechin gallate up-regulation of
miR-16 and induction of apoptosis in human cancer cells. J. Nutr. Biochem. 21,
140–146. doi:10.1016/j.jnutbio.2008.12.003

Tsuchida, A., Ohno, S., Wu, W., Borjigin, N., Fujita, K., Aoki, T., et al. (2011).
miR-92 is a key oncogenic component of the miR-17-92 cluster in colon cancer.
Cancer Sci. 102, 2264–2271. doi:10.1111/j.1349-7006.2011.02081.x

Visone, R., Pallante, P., Vecchione, A., Cirombella, R., Ferracin, M., Ferraro, A.,
et al. (2016). Specific microRNAs are downregulated in human thyroid anaplastic
carcinomas. Oncogene 35, 5214. doi:10.1038/onc.2016.139

Wang, Y., Medvid, R., Melton, C., Jaenisch, R., and Blelloch, R. (2007). DGCR8 is
essential for microRNA biogenesis and silencing of embryonic stem cell self-
renewal. Nat. Genet. 39, 380–385. doi:10.1038/ng1969

Wang, H., Bian, S., and Yang, C. S. (2011). Green tea polyphenol EGCG suppresses
lung cancer cell growth through upregulating miR-210 expression caused by stabilizing
HIF-1α. Carcinogenesis 32, 1881–1889. doi:10.1093/carcin/bgr218

Wang, X., Qiu, H., Tang, R., Song, H., Pan, H., Feng, Z., et al. (2018). miR-30a
inhibits epithelial-mesenchymal transition and metastasis in triple-negative
breast cancer by targeting ROR1. Oncol. Rep. 39, 2635–2643. doi:10.3892/or.
2018.6379

Wang, H., Tan, Z., Hu, H., Liu, H., Wu, T., Zheng, C., et al. (2019). microRNA-21
promotes breast cancer proliferation and metastasis by targeting LZTFL1. BMC
Cancer 19, 738. doi:10.1186/s12885-019-5951-3

Wu, R., Zhao, B., Ren, X., Wu, S., Liu, M., Wang, Z., et al. (2020). Mir-27a-3p
targeting gsk3β promotes triple-negative breast cancer proliferation and migration
through wnt/β-catenin pathway. Cancer Manag. Res. 12, 6241–6249. doi:10.2147/
CMAR.S255419

Xu, P., Guo, M., and Hay, B. A. (2004). MicroRNAs and the regulation of cell
death. Trends Genet. 20, 617–624. doi:10.1016/j.tig.2004.09.010

Yamada, S., Tsukamoto, S., Huang, Y., Makio, A., Kumazoe, M., Yamashita, S.,
et al. (2016). Epigallocatechin-3-O-gallate up-regulates microRNA-let-7b
expression by activating 67-kDa laminin receptor signaling in melanoma cells.
Sci. Rep. 6, 19225. doi:10.1038/srep19225

Yan, X., Yu, H., Liu, Y., Hou, J., Yang, Q., and Zhao, Y. (2019). miR-27a-3p
functions as a tumor suppressor and regulates non-small cell lung cancer cell
proliferation via targeting HOXB8. Technol. Cancer Res. Treat. 18,
1533033819861971. doi:10.1177/1533033819861971

Yanaihara, N., Caplen, N., Bowman, E., Seike, M., Kumamoto, K., Yi, M., et al.
(2006). Unique microRNA molecular profiles in lung cancer diagnosis and
prognosis. Cancer Cell 9, 189–198. doi:10.1016/j.ccr.2006.01.025

Yin, H., Xiong, G., Guo, S., Xu, C., Xu, R., Guo, P., et al. (2019). Delivery of anti-
miRNA for triple-negative breast cancer therapy Using RNA nanoparticles
targeting stem cell marker CD133. Mol. Ther. 27, 1252–1261. doi:10.1016/j.
ymthe.2019.04.018

Yu, X., Li, R., Shi, W., Jiang, T., Wang, Y., Li, C., et al. (2016). Silencing of
MicroRNA-21 confers the sensitivity to tamoxifen and fulvestrant by enhancing
autophagic cell death through inhibition of the PI3K-AKT-mTOR pathway in
breast cancer cells. Biomed. Pharmacother. 77, 37–44. doi:10.1016/j.biopha.2015.
11.005

Yu, J., Wang, J.-G., Zhang, L., Yang, H.-P., Wang, L., Ding, D., et al. (2016).
MicroRNA-320a inhibits breast cancer metastasis by targeting metadherin.
Oncotarget 7, 38612–38625. doi:10.18632/oncotarget.9572

Zan, L., Chen, Q., Zhang, L., and Li, X. (2019). Epigallocatechin gallate (EGCG)
suppresses growth and tumorigenicity in breast cancer cells by downregulation of
miR-25. Bioengineered 10, 374–382. doi:10.1080/21655979.2019.1657327

Zhang, B., Pan, X., Cobb, G. P., and Anderson, T. A. (2007). microRNAs as oncogenes
and tumor suppressors. Dev. Biol. 302, 1–12. doi:10.1016/j.ydbio.2006.08.028

Zhang, Z., Li, Z., Gao, C., Chen, P., Chen, J., Liu, W., et al. (2008). miR-21 plays a
pivotal role in gastric cancer pathogenesis and progression. Lab. Invest. 88,
1358–1366. doi:10.1038/labinvest.2008.94

Zhang, Y. J., Gan, R. Y., Li, S., Zhou, Y., Li, A. N., Xu, D. P., et al. (2015).
Antioxidant phytochemicals for the prevention and treatment of chronic diseases.
Molecules 20, 21138–21156. doi:10.3390/molecules201219753

Zhang, T., Zou, P., Wang, T., Xiang, J., Cheng, J., Chen, D., et al. (2016). Down-
regulation of miR-320 associated with cancer progression and cell apoptosis via
targeting Mcl-1 in cervical cancer. Tumour Biol. 37, 8931–8940. doi:10.1007/
s13277-015-4771-6

Zhang, H.-F., Wang, Y.-C., and Han, Y.-D. (2018). MicroRNA-34a inhibits liver
cancer cell growth by reprogramming glucose metabolism. Mol. Med. Rep. 17,
4483–4489. doi:10.3892/mmr.2018.8399

Zhang, X., Li, Y., Qi, P., and Ma, Z. (2018). Biology of MiR-17-92 cluster and its
progress in lung cancer. Int. J. Med. Sci. 15, 1443–1448. doi:10.7150/ijms.27341

Zhang, L.-F., Zhang, J.-G., Zhou, H., Dai, T.-T., Guo, F.-B., Xu, S.-Y., et al. (2020).
MicroRNA-425-5p promotes breast cancer cell growth by inducing PI3K/AKT
signaling. Kaohsiung J. Med. Sci. 36, 250–256. doi:10.1002/kjm2.12148

Zuker, M. (2003). Mfold web server for nucleic acid folding and
hybridization prediction. Nucleic Acids Res. 31, 3406–3415. doi:10.1093/
nar/gkg595

Frontiers in Genetics frontiersin.org22

Banerjee and Mandal 10.3389/fgene.2022.995046

https://doi.org/10.1016/j.eururo.2014.09.005
https://doi.org/10.1016/j.eururo.2014.09.005
https://doi.org/10.3390/ijms17121987
https://doi.org/10.1093/jnci/87.6.446
https://doi.org/10.1158/1535-7163.81.4.1
https://doi.org/10.1186/1756-8722-5-58
https://doi.org/10.1016/j.tcb.2014.12.006
https://doi.org/10.1159/000113489
https://doi.org/10.3892/ol.2019.10629
https://doi.org/10.1016/j.biopha.2021.111967
https://doi.org/10.3322/caac.21660
https://doi.org/10.1158/0008-5472.CAN-04-0637
https://doi.org/10.3892/ol.2020.11438
https://doi.org/10.1016/j.canlet.2006.01.027
https://doi.org/10.3892/ol.2018.8410
https://doi.org/10.1016/j.jnutbio.2008.12.003
https://doi.org/10.1111/j.1349-7006.2011.02081.x
https://doi.org/10.1038/onc.2016.139
https://doi.org/10.1038/ng1969
https://doi.org/10.1093/carcin/bgr218
https://doi.org/10.3892/or.2018.6379
https://doi.org/10.3892/or.2018.6379
https://doi.org/10.1186/s12885-019-5951-3
https://doi.org/10.2147/CMAR.S255419
https://doi.org/10.2147/CMAR.S255419
https://doi.org/10.1016/j.tig.2004.09.010
https://doi.org/10.1038/srep19225
https://doi.org/10.1177/1533033819861971
https://doi.org/10.1016/j.ccr.2006.01.025
https://doi.org/10.1016/j.ymthe.2019.04.018
https://doi.org/10.1016/j.ymthe.2019.04.018
https://doi.org/10.1016/j.biopha.2015.11.005
https://doi.org/10.1016/j.biopha.2015.11.005
https://doi.org/10.18632/oncotarget.9572
https://doi.org/10.1080/21655979.2019.1657327
https://doi.org/10.1016/j.ydbio.2006.08.028
https://doi.org/10.1038/labinvest.2008.94
https://doi.org/10.3390/molecules201219753
https://doi.org/10.1007/s13277-015-4771-6
https://doi.org/10.1007/s13277-015-4771-6
https://doi.org/10.3892/mmr.2018.8399
https://doi.org/10.7150/ijms.27341
https://doi.org/10.1002/kjm2.12148
https://doi.org/10.1093/nar/gkg595
https://doi.org/10.1093/nar/gkg595
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2022.995046

	Role of epigallocatechin-3- gallate in the regulation of known and novel microRNAs in breast carcinoma cells
	Introduction
	Materials and methods
	Material
	Cell culture
	Cell viability assay
	Next-Generation Sequencing (NGS)
	Classification and differential expression analysis of microRNAs
	Validation of microRNAs (miRNAs)
	KEGG and PANTHER pathway enrichment of targets of validated microRNAs
	Statistical analysis

	Result
	EGCG induced cell cytotoxicity
	Analysis of microRNAs
	MicroRNA expression signature of MDA-MB-231
	Prediction of putative novel microRNAs
	Differential expression analysis of known microRNAs
	Differential expression analysis of putative novel microRNA sequences
	qRT-PCR analysis of microRNAs
	KEGG and PANTHER pathway enrichment of targets of validated microRNAs

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


