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Background: Rosmarinic acid (RA), a natural phenolic acid, exhibits promising anti-cancer properties. The abnormal expression of microRNA (miRNA) regulates the gene expression and plays a role as an oncogenic or tumor suppressor in TNBC. However, the biological role of RA in miR-30a-5p on BCL2L11 during MDA-MB-231 induced breast cancer stem-like cells (BCSCs) progression and its regulatory mechanism have not been elucidated.Objective: To investigate whether RA inhibited the silencing effect of miR-30a-5p on the BCL2L11 gene and promoted apoptosis in BCSCs.Materials and Methods: We assessed the migration, colony formation, proliferation, cell cycle, and apoptosis of BCSCs after RA treatment using the wound-healing assay, colony formation assay, CCK-8 assay, and flow cytometry, respectively. The expression of mRNA and protein levels of BCL-2, Bax, BCL2L11, and P53 genes in BCSCs after RA treatment was obtained by real-time polymerase chain reaction and Western blot. Differential miRNA expression in BCSCs was analyzed by high-throughput sequencing. Targetscan was utilized to predict the targets of miR-30a-5p. The dual luciferase reporter system was used for validation of the miR-30a-5p target.Results: Wound-healing assay, colony formation assay, CCK-8 assay, and cell cycle assay results showed that RA inhibited migration, colony formation and viability of BCSCs, and cell cycle arrest in the G0-G1 phase. At the highest dose of RA, we noticed cell atrophy, while the arrest rate at 100 μg/mL RA surpassed that at 200 μg/mL RA. Apoptotic cells appeared early (Membrane Associated Protein V FITC+, PI−) or late (Membrane Associated Protein V FITC+, PI+) upon administration of 200 μg/mL RA, Using high-throughput sequencing to compare the differences in miRNA expression, we detected downregulation of miR-30a-5p expression, and the results of dual luciferase reporter gene analysis indicated that BCL2L11 was a direct target of miR-30a-5p.Conclusion: RA inhibited the silencing effect of miR-30a-5p on the BCL2L11 gene and enhanced apoptosis in BCSCs.[image: Graphical Abstract]Keywords: apoptosis, miR-30a-5p, BCL2L11, BCSCs, rosmarinic acid, triple-negative breast cancer
HIGHLIGHT

• MicroRNAs (miRNAs) is involved in the development and development of various cancers, including breast cancer. In this study, we explored the impact of miR-30a-5p on cell viability, migration, colony integration, and cell cycle in BCSCs after RA treatment, and we discovered that miR-30a-5p directly targets BCL2L11. These findings broaden and deepen the understanding of the molecular functions of miR-30a-5p and BCL2L11.
1 INTRODUCTION
Breast cancer is one of the most common malignancies in women. The latest results released by the World Health Organization show that about 2.3 million new cases have occurred in 2022, accounting for 11.7% of all cancer cases. It is the fourth leading cause of cancer death worldwide, with approximately 670,000 deaths, representing 6.9% of all cancer deaths (Organization, 2024). Compared to estrogen receptor-positive breast cancer, triple-negative breast cancer (TNBC) is characterized by the absence of estrogen receptor, progesterone receptor, and human epidermal growth factor receptor-2. It is also characterized by high invasion, poor prognosis, high recurrence rate, and high mortality, accounting for about 15%–20% of all breast cancer pathological types (Ueda et al., 2020; Yin et al., 2020), and the 5-year survival rate of TNBC patients is less than 30% (Yin et al., 2020). The current treatment options for TNBC encompass diverse modalities including surgery, chemotherapy, radiotherapy, and drug therapy. Rosmarinic acid (RA) offers a selective therapeutic pathway. Our Previous study conducted cytotoxicity assessments, revealing that RA exhibits significantly higher inhibitory effects on TNBC tumor cells compared to normal breast cells (e.g., MCF-10A) (Ni et al., 2019).
Recent studies have indicated that breast cancer stem cell-like stem cells (BCSCs) and BCSCs represent a small number of subsets of cancer cells. These cells are characterized by a CD44+/CD24-/low phenotype and are known to exhibit longevity, high proliferation, self-renewal potential, plasticity, chemotherapy resistance, and apoptosis resistance (Al-Hajj and Clarke, 2004). In the previous study of our research group, we have successfully sorted out the BCSCs with the characteristics of the CD44+/CD24-/low phenotype (Ni et al., 2019). However, the effect of drugs on BCSCs in breast cancer is relatively weak, and moreover, is closely related to the patient’s prognosis (Liu et al., 2018).
Sarcandra glabra (S. glabra) has a long history of clinical applications in treating rheumatism and pain, and falling and beating injuries (Zeng et al., 2021). Recent studies have found that its extract is effective in various tumor treatments. One notable example is the significant improvement in chemotherapy efficacy for patients with advanced esophageal cancer when using arcandra glabra injection (Dong et al., 2019). In the extract of S. glabra, rosmarinic acid (RA) stands out as one of the phenolic acids with the highest content, serving as a quality control marker in the Chinese Pharmacopoeia for S. glabra (Zeng et al., 2021). In addition, recent studies have found that RA has anti-inflammatory, antibacterial, anti-viral, anti-oxidation, anti-tumor and other pharmacological effects (Nunes et al., 2017; Guan et al., 2022; Zhao et al., 2022; Ijaz et al., 2023). In a previous study, we isolated BCSCs from the MDA-MB-231 cell line and demonstrated that RA inhibited the viability and migration of BCSCs and induced apoptosis. Our observed associated reductions in the BCL-2/Bax ratio and Hh signaling (i.e., reduced Smo and Gli 1 pathways) suggest that these pathways are useful targets for drug development f to treat TNBC (Ni et al., 2019).
The BCL-2 protein family plays a crucial role in apoptosis signaling pathway. Scientists categorize these proteins into anti-apoptotic and pro-apoptotic groups based on their different structural domains. BCL-2 is a representative of the anti-apoptotic proteins, while Bax represents the pro-apoptotic proteins. The protein expression product of the anti-apoptotic gene BCL-2 is an intracellular membrane protein, which is mainly localized in the mitochondrial, endoplasmic reticulum, and nuclear membranes of the cell, and exerts anti-apoptotic effects. Bax, a protein homologous to BCL-2, contains three BH domains, and has pro-apoptotic effects (Muller-Rover et al., 1999). The relative ratio of BCL-2/Bax is a critical link in the induction of apoptosis after receiving a stimulatory signal (Zhou et al., 2017; Hu et al., 2018). Significant reduction in BCL-2/Bax ratio have been observed in various tumor cell lines following RA treatment (Jang et al., 2018; Li et al., 2019). Whereas our previous findings showed increased apoptosis and downregulation of BCL-2/Bax ratio in MDA-MB-231 cell-derived BCSCs after RA treatment (Li et al., 2018a; Ren et al., 2018). However, the molecular mechanisms by which RA regulates BCL-2/Bax expression remain to be further explored.
Micro-RNAs (miRNAs) are a class of small non-coding RNAs of 19–25 nucleotides in length, which can regulate the gene expression by binding to the 3′untranslated region (3′UTR) of the target gene mRNA, leading to post-transcriptional repression or degradation (Winkler, 2010). Dysregulated tiny RNA may play a role in tumor suppression or promotion by binding oncogenes or tumor suppressor genes (Zheng and Zhang, 2016). It has also been preliminarily reported that RA suppresses the proliferation of tumor cells through the regulation of miRNA. For example, RA restored the sensitivity of drug-resistant gastric cancer cell lines to 5-fluorouracil by inhibiting miR-6785-5p and miR-642a-3p (Yu et al., 2019). This demonstrates that phenolic acids in plants can regulate the expression of relevant genes through miRNA mechanism and thus inhibit TNBC proliferation (Kilic et al., 2019). However, it is unclear whether RA affects the development of MDA-MB-231 cell-derived BCSCs through miRNA.
Increasing studies have shown that miR-30a-5p is altered in a variety of tumors, such as colorectal cancer (Wei et al., 2016), non-small cell lung cancer (Zhu et al., 2017), and hepatocellular carcinoma (He et al., 2015), especially in breast cancer (Li L. et al., 2017). However, the role of miR-30a-5p in TNBC after RA action is currently unknown.
Therefore, further studies are needed to determine the regulatory role of miR-30a-5p in RA in BCSCs. We hypothesized that RA could induce apoptosis by altering miR-30a-5p levels in BCSCs and affecting the downstream expression of the BCL2L11 gene and related apoptotic genes (e.g., BCL-2, Bax, P53).
2 MATERIALS AND METHODS
2.1 Materials
The purity of RA extracted from S. glabra was more than 98% (identified by UPLC, Saychun Biotechnology Co. Ltd., Hubei, China). RA was dissolved in 0.1% dimethyl sulfoxide (DMSO) at the final concentrations of 0, 50, 100 and 200 μg/mL.
2.2 Cell culture and BCSCs enrichment
BCSCs were seeded in RPMI-1640 medium (HyClone; cat. #SH30809.01) and 100 ng/mL cholera toxin. All the mediums were supplemented with 10% fetal calf serum (PAN Biotech, Aidenbach, German) in the presence of streptomycin and penicillin. BCSCs were enzymatically lysed in 0.05% trypsin/0.025% EDTA solution and cell suspensions were cultured in bottles with low surface attachment (Corning) in serum-free RPMI-1640 medium containing 10 ng/mL basic fibroblast growth factor (Peprotech, Rocky Hill, NJ; cat. #AF-100-15), 20 ng/mL EGF (Peprotech, Rocky Hill, NJ; cat. #100-18B) and 2% B-27 Supplement (Gibco, New York, United States; cat. #17504-044). Such culture conditions help the cell suspensions convert to sphere-forming cells. All these cells were incubated in a humidified 5% CO2 incubator at 37°C.For transfection experiments, miR-30a-5p mimic was obtained from Sangon Biotech (Shanghai, China). Then, the cells were seeded in 6-well plates and transfected according to the supplier′s instructions. The sequences of miR-30a-5p mimic as follows:sense (5′-3′):UGU​AAA​CAU​CCU​CGA​CUG​GAA​G; antisense (5′-3′):UCC​AGU​CGA​GGA​UGU​UUA​CAU​U.
2.3 Wound healing assay for cell migration analysis
BCSCs were seeded at a density of 2.5 × 105 cells per well in 6-well culture plates and allowed to form a confluent monolayer. The layer of cells was scraped with a 200 μL micropipette tip to create a wound. Cells were washed twice with PBS and replaced with 10% serum medium containing various concentrations of 0, 50, 100 and 200 μg/mL of RA at 0, 24, 48, and 72 h (3 wells per group), the width of the wound (3 wounds per well) was monitored under a phase-contrast microscope at × 100 and measured using an image analysis system (Image-Pro Plus 5.0; Media Cybernetics).
2.4 Colony-formation assay
Colony formation analysis determined the effect of 0, 50, 100 and 200 μg/mL of RA on BCSCs at 0, 24, 48, and 72 h. Briefly, 500 cells were cultured in 6-well plates containing 1 mL DMEM and supplemented with 10% FBS. The culture medium was changed once every 3 days. After 2 weeks, the medium was discarded, and the cells were fixed with 4% paraformaldehyde and stained with crystal violet for 30 min. Colonies and lithography were counted.
2.5 Cell apoptosis detection
5 × 105 BCSCs were harvested and incubated with different concentrations of 0, 100 and 200 μg/mL RA for 48 h (3 wells per group). Cells were washed once with cold PBS, resuspended in 1 mL PBS, then dual stained with 5 μL of Annexin V-FITC and 10 μL of PI, and then incubated in the dark for 30 min. Flow Cytometry was carried out to identify apoptotic populations of the BCSCs using the FACSVerse (BD Biosciences, United States).
2.6 Cell viability assay
Cell viability was determined using the CCK-8 assay (BeyotimeInst Biotech, China). Briefly, 1 × 104 BCSCs in each well were treated with different concentrations of 0, 100 and 200 μg/mL RA for 0, 24, 48, or 72 h. 10 μL CCK-8 solution was added to each well and incubated at 37°C for 3 h, and the absorbance was determined at 450 nm from 5 replicates using a microplate reader Bio-RAD 680 (United States). Densitometric analysis was performed, and the levels of RA-treated cells were normalized against the levels of the DMSO vehicle group. Each experiment was independently replicated at least three times.
2.7 Cell cycle assay
To determine the effect of 0, 100 and 200 μg/mL RA on the cell cycle distribution of BCSCs, we performed cell cycle analysis using flow cytometry. Cells were treated at 60%–70% confluency in a T-75 flask. Each experiment was done in triplicate. Briefly, following sample treatment and incubation, cells were harvested, washed, and fixed with absolute ethanol and stored until ready for use. Samples were vortexed and then centrifuged at 3,000 rpm for 5 min. Ethanol was removed, and cells were resuspended in a staining buffer (PBS with 25 μg/mL RNase A, 50 μg/mL Propidium Iodide). Stained cells were incubated at room temperature (30–60 min). FACSC calibur flow cytometer (B.D. Biosciences, San Jose, CA, United States) was used to determine the proportion of cells in each cell cycle stage within 2 h of staining. Before the analysis, the instrument was aligned with Calibrite beads (B.D. Biosciences). Samples were further analyzed using the ModFit LT 6.0 software (Verity Software House, Bedford, MA, United States).
2.8 RNA isolation and quantification
The mRNA levels were determined using reverse transcriptase polymerase chain reaction (RT-PCR). After the BCSCs (3 wells of a 6-well plate per group) were treated with different concentrations of 0, 100 and 200 μg/mL RA for 48 h, total RNA was extracted using the TRIzol reagent (Takara Inc., Dalian, China; cat. #9109) and then reverse-transcribed to complementary DNA (cDNA) using the RNase Hi (Takara Inc., Dalian, China; cat. #RR037A). Real-time quantitative PCR was then conducted using the SYBR Green I fluorescent dye reagent (Roche Inc., Shanghai, China; cat. #19317900) with the ABI System Sequence Detector 7500. β-actin was used as an internal standard. PCR amplifications were performed for all samples under the following conditions: (stage 1, 1 cycle) 95°C for 30 s; (stage 2, 40 cycles) 95°C for 5 s, 60°C for 32 s. For each sample, a triplicate of PCR experiments was conducted and averaged to eliminate loading errors. β-actin is calculated as an internal standard to calculate the relative amounts (2−ΔΔCT) of the mRNA of genes of interest. Primer sequences (Sangon Biotech, Shanghai, China) viewed in Table 1.
TABLE 1 | Primer sequences used in this study.
[image: Table 1]2.9 Western-blot assay
After the BCSCs (3 wells per group) were treated with different concentrations of RA for 48 h, the total protein of the BCSCs was extracted using BCA kit (Beyotime, China). Protein samples containing equal amounts of protein (40 μg) were size-fractionated by electrophoresis and proteins were transferred from a gel to a polyvinylidene fluoride (PVDF) membrane. The PVDF membrane was then incubated with Tris-buffered saline (pH 7.5) and 5% skim milk for 1 h at 37°C to block the binding of nonspecific proteins. The PVDF membranes were then 4°C with primary antibodies specific to BCL-2 (1:1,000, Huabio Inc., China, cat. #ET1603-11), Bax (1:1,000, Huabio Inc., China, cat. #ET1603-34), BCL2L11 (1:1,000, Huabio Inc., China, cat. #ET1608-04) and P53 (1:1,000, Huabio Inc., China, cat. #ET1601-13). The membranes were washed in TBST, incubated with secondary HRP-linked antibodies (1:5,000, Huabio Inc., China, cat. #HA1006), and then imaged with the Gel Imaging System (Clinx, China). The relative levels of proteins of interest were calculated after normalized to the β-actin levels that serve as loading controls.
2.10 miRNA sequencing
miRNA sequencing was implemented by Illumina HiSeq (KangChen Bio-tech, Shanghai, China). In brief, total RNA was quantified with a NanoDrop ND-100. Small RNA adapters were then ligated to the 5′and 3′ends of total RNA. After cDNA synthesis and amplification, the PCR-amplified fragments were purified from the PAGE gel, and the completed cDNA libraries were quantified by an Agilent 2,100 Bioanalyzer. Cluster generation was performed on an Illumina cBot, and sequencing was performed on an Illumina HiSeq 2000 according to the manufacturer’s instructions.miRNAs with FC > 2.0 and p < 0.05 were considered to be differentially expressed.
2.11 Dual-luciferase reporter assay
The method is based on the PAS (PCR-based Accurate Synthesis), to design the full-length overlap primers, The sequence of BCL2L11(NM 138621.5)-WT (wild type), BCL2L11 (NM 138621.5)-MUT (mutant) were synthesized by PCR, Separtively into the psicheck2.0 vector, The BCL2L11 (NM 138621.5)-WT and BCL2L11 (NM 138621.5)-MUT recombinant vector, Meanwhile, hsa-miR-30a-5p mimics was synthesized in vitro; Cotransferred into BCSCs by Lipo3000 liposome transfection, By using a dual-luciferase assay kit (DD1205, NovPro) to detect the regulatory effect of miR-30a-5p on BCL2L11 gene. Relative luciferase activity was calculated by dividing the firefly luciferase assay results by the Renilla luciferase assay results.
2.12 Statistical analysis
Data are expressed as mean ± standard deviation (SD). Differences between multiple groups were analyzed by one-way analysis of variance (ANOVA), followed by the Tukey test. The Student’s t-test was used to assess the significant differences between the two groups. Statistical analysis was performed using GraphPad (version 6.0) and SPSS (version 25.0, SPSS, IBM, Inc., Armonk, NY, United States). Alpha was set at 0.05. All the experiments were repeated three times.
3 RESULTS
3.1 RA inhibited the migration in BCSCs
Wound healing assay was performed on cultured cells to investigate how RA affects BCSCs migration; mechanical removal of the cell culture center was positively correlated with the rate of cell migration after dissection (Figure 1A). The migration of BCSCs was effectively blocked with 200 μg/mL RA at 0, 24, 48, and 72 h, compared to control (P < 0.05) (Figure 1B). Note that cell size shrinkage of BCSCs was observed after RA treatment with the highest concentration (200 μg/mL) (Figure 1A).
[image: Figure 1]FIGURE 1 | Comparison of the inhibitory effects of BCSCs on wound healing inhibition after RA treatment. (A, B) Variation of wound width in cultured BCSCs after 0, 50, 100 and 200 μg/mL RA treatment for 0, 24, 48 and 72 h * indicates P < 0.05, compared with control. group n = 3.
3.2 RA inhibited colony formation in BCSCs
Cell colony assays on cultured cells to investigate the effect of RA on colony formation in BCSCs showed that 100–200 μg/mL RA effectively inhibited colony formation in BCSCs at 24, 48, and 72 h compared to the control group. No significant difference was seen with 50 μg/mL RA treatment at 24 h compared to the control, and when RA treatment was extended to 48 and 72 h, 50 μg/mL RA also effectively inhibited the colony formation in BCSCs (Figures 2A, B).
[image: Figure 2]FIGURE 2 | Comparison of colony formation in BCSCs after RA treatment. (A, B) Changes in colony formation size of cultured BCSCs treated at 0, 50, 100 and 200 μg/mL RA for 24, 48, and 72 h* indicates P < 0.05, compared with control. group n = 3.
3.3 RA decreased the viability and blocked the cell cycle in BCSCs
The effect of RA on BCSCs viability was assessed by CCK-8 assay. At 48 h, only 200 μg/mL RA significantly inhibited cell viability (all P < 0.05). And when extending the duration of RA action to 72 h, lower doses of 100 μg/mL also showed a significant effect of inhibiting cancer cell viability (all P < 0.05) (Figure 3A). Cell cycle assays on cultured cells to investigate the effect of RA on the cell cycle of BCSCs, BCSCs treated with 0.100 and 200 μg/mL RA for 48 h and analyzed using flow cytometry. The results showed that 100 and 200 μg/mL RA treatment increased both G0-G1 and S in BCSCs, with 100 μg/mL G0-G1 accumulation higher than 200 μg/mL (66.1% vs 64.2%) (Figures 3B, C).
[image: Figure 3]FIGURE 3 | Effect of BCSCs on cell viability and cell cycle after RA treatment. (A) Cell viability of BCSCs treated at 0, 100 and 200 μg/mL RA for 24, 48, and 72 h by CCK-8 assay. The DMSO was used as the control group. (B) Percent cell cycle results of cultured BCSCs treated at 0, 100 and 200 μg/mL RA for 48 h. (C) Apoptotic populations of the BCSCs treated at 0, 100 and 200 μg/mL RA for 48 h were identified by flow cytometry. * and ** indicate P < 0.05, 0.01, compared with control. group n = 3.
3.4 RA induced apoptosis in BCSCs
Flow cytometry assessed the apoptosis in BCSCs after 48 h of RA treatment by staining for annexin V-FITC/PI; FITC-conjugated annexin V labeled the externalization of phosphatidylserine in apoptotic cells, while PI stained the nuclei of all cells, including healthy and dead cells. Apoptotic cells were identified as early (Membrane Associated Protein V FITC+, PI−) or late (Membrane Associated Protein V FITC+, PI+) upon administration of 200 μg/mL RA (Figure 4).
[image: Figure 4]FIGURE 4 | RA treatment causes apoptosis in BCSCs. Flow cytometry was performed to detect apoptotic cells treated with 0, 100 and 200 μg/mL RA for 48 h ** indicates P < 0.01, compared with control. group n = 3.
3.5 RA reduced BCL2L11 expression in BCSCs
Real-time RT-PCR analysis was conducted to measure the mRNA levels of P53 BCL2L11, BCL-2, and Bax genes, and immunoblot analysis was carried out to measure their protein levels. Compared to the control, the 100 and 200 μg/mL RA treatment significantly reduced the mRNA levels of BCL-2 while increasing those of BCL2L11, P53, and Bax (all P < 0.05) (Figure 5A). The 100 and 200 μg/mL RA treatment significantly decreased the protein levels of the BCL-2/Bax ratio while increasing the protein levels of Bim and P53 (all P < 0.05) (Figure 5B).
[image: Figure 5]FIGURE 5 | Changes of the mRNA and protein levels of BCL-2, Bax, BCL2L11, and P53 genes in BCSCs after RA treatment. (A) Quantitative reverse transcriptase polymerase chain reaction was used to compare the changes of the mRNA levels of BCL-2, Bax, BCL2L11, and P53 genes after 0, 100, and 200 μg/mL RA treatment at 48 h. (B) Left, western blot analysis of BCL-2, Bax, BCL2L11, and P53 proteins in the BCSCs; right, quantification of BCL-2, Bax, BCL2L11, and P53 proteins in the BCSCs, and data presented as bar representing mean value and error bars showing standard deviation. * indicates P < 0.05, compared with control. group n = 3.
3.6 RA reduced miR-30a-5p expression in BCSCs
High throughput sequencing was used for the comparison of miRNA expression in BCSCs treated with 200 μg/mL RA and controls. We used high-throughput sequencing to compare miRNA expression in 200 μg/mL RA treated BCSCs and control groups, and detected 449 miRNAs. Among these, 32 miRNAs showed differential expression, with 53 upregulated and 36 downregulated. We present the first 10 up- and downregulated miRNAs in Table 2, where the Log2(FoldChange) of miR-30a-5p was −1.68. Differential miRNA expression is shown in the heat map, respectively (Figure 6A). Scatter plots and volcano plots illustrated the distribution and approximate number of miRNA (Figures 6B, C).
TABLE 2 | Patterns of miRNA expression in BCSCs from 200 μg/mL RA treated and control groups.
[image: Table 2][image: Figure 6]FIGURE 6 | Differences in miRNA expression between the control group and BCSCs after 200 μg/mL RA treatment. (A) Heatmap of the clustering of the differentially expressed miRNA. (B) Scatterplot of the miRNA variants. (C) Volcano plot of the miRNA variation.
3.7 GO and KEGG pathway Analyses
To clarify the biological functions of the genes in vivo or cells and the signaling pathways involved, we can annotate each gene based on the Gene Ontology and KEGG database. GO analysis showed that the differentially expressed miRNAs were mainly enriched in the developmental process, anatomical structure development, regulation of nitrogen compound metabolic process, multicellular organism development, system development, response to stimulus, regulation of RNA metabolic process, cell differentiation, nervous system development and regulation of DNA-templated transcription (Figure 7A). Pathway analysis showed that the differential miRNAs were mainly involved in miRNAs in cancer, Human papillomavirus infection, Cellular senescence, Prolactin signaling pathway, signaling pathways regulating pluripotency of stem cells, FoxO signaling pathway, Axon guidance, mTOR signaling pathway, Renal cell carcinoma and Proteoglycans in cancer (Figure 7B). The p53 signaling pathway is crucial in cancer incidence and progression and plays a significant role in the research on breast cancer suppression conducted in this study (Figure 7C).
[image: Figure 7]FIGURE 7 | GO and KEGG pathway analysis of differentially expressed mRNAs. (A) The top 10 GO terms in biological process, cellular component, and molecular function are shown, ranked by enrichment score. (B) Top 10 pathways enriched among differentially regulated mRNAs. (C) P53 Pathway KEGG graph.
3.8 miR-30a-5p binds to BCL2L11 and regulates apoptosis
The TargetScan database analysis identified BCL2L11 as the miR-30a-5p target site (Figure 8A). To examine the interaction between miR-30a-5p and its target site in BCL2L11 mRNA, a luciferase reporter gene assay was performed using constructs containing the predicted target sequence (BCL2L11-wt) and the mutated target sequence (BCL2L11-mut). We found that cotransfection of miR-30a-5p mimics and BCL2L11-wt in BCSCs resulted in decreased luciferase activity compared to the scrambled control, whereas cotransfection of miR-30a-5p mimics and BCL2L11-mut in BCSCs showed luciferase activity comparable to the scrambled control (Figure 8B). Overexpression of miR-30a-5p significantly reduced the proportion of late apoptotic cells induced by RA and also slightly reduced the proportion of total apoptotic cells (all P < 0.05) (Figures 8C, D). These results suggest that miR-30a-5p binds to BCL2L11 and regulates apoptosis.
[image: Figure 8]FIGURE 8 | miR-30a-5p binds to BCL2L11 and regulates apoptosis. (A) TargetScan database predicted the existence of binding sites between BCL2L11 and miR-30a-5p. The mutation was generated on the BCL2L11 3′UTR sequence in the complementary site for the binding region of miR-30a-5p. (B) The luciferase reporter gene assay was performed using constructs containing predicted targeting sequences (BCL2L11-WT) and the mutated targeting sequence (BCL2L11-MUT). BCSCs were transfected with the constructs described above. (C, D) Apoptotic cells treated with 0 and 200 μg/mL RA for 48 h and/or overexpressing MiR-30a-5p were detected by flow cytometry. Results are presented as the mean ± SD. ** indicates P < 0.01, compared with control. group n = 3. Wt, wild-type; Mut, mutant; miR, microRNA; NC, normal cells; OE, overexpressing MiR-30a-5p cells.
4 DISCUSSION
Breast cancer is the most commonly diagnosed cancer in women, and ranks second among the causes of cancer-related death in women (Fahad, 2019). Triple-negative breast cancer, which has a high invasive nature, poor prognosis, high recurrence rate, and high mortality rate, accounts for about 15%–20% of all breast cancer pathologic types (Ueda et al., 2020; Yin et al., 2020). Breast cancer transformed into stem cells has a strong ability to evade chemotherapy, and therefore such cancers are highly recurrent (Pan et al., 2024). We conducted cytotoxicity studies previously and found that the inhibitory effect of RA on breast tumor cells was much higher than that on ordinary breast cells (e.g., MCF-10A) (Ni et al., 2019). In addition, recent studies have found that RA has anti-tumor and other pharmacological effects (Nunes et al., 2017; Guan et al., 2022; Zhao et al., 2022; Ijaz et al., 2023), suggesting that RA may provides a selective therapeutic pathway of TNBC (Wei et al., 2020).
The results showed that CCK-8 assay, wound-healing assay, colony integration assay, and cell cycle assay provided strong evidence that RA inhibited the viability and migration of BCSCs, inhibited colony formation, and arrested cell cycle in the G0-G1 phase. This is consistent with our previous findings (Li et al., 2018a; Li et al., 2018b), and this anti-breast cancer effect (by promoting apoptosis) is recognized by other investigators (Scheckel et al., 2008; Stanojkovic et al., 2010).
In Figure 2, it was observed that BCSCs showed a significant inhibitory effect on cell aggregation after 50 μg/mL RA treatment in the cell cloning assay. In reality, the bioavailability of RA-rich herbal drugs, whether orally or intravenously, is not high, and the results of the in vivo pharmacokinetics in humans show that RA can reach in vivo blood concentrations of up to 142.20 ± 45.20 nmol/L and 308 ± 77 ng/mL (Baba et al., 2005; Jia et al., 2010; Hitl et al., 2021), In contrast, high accumulation is only possible in the kidney tissue of rats (Li et al., 2007). However, there were significant clinical efficacies at these blood concentrations, including antitumor effects, and thus the tumor-suppressive effects of low-dose RA may be multi-pathway, possibly interfering with the population dependence of cancer cells. In the present study, because of limited resources, we were temporarily unable to go further to explore the long-term benefits of RA at low doses in in vitro experiments, focusing on exploring the biological mechanisms of cancer inhibition at specific doses.
Apoptosis is a unique pattern of programmed cell death involving activation of a clear signaling cascade to eliminate cells. Apoptosis is also a key process for inhibiting tumor cell growth targeted by chemotherapeutic drugs. This study found that after 48 h of 200 μg/mL RA treatment, the apoptosis rate of BCSCs was significantly increased, while cell viability and cell scratches significantly decreased. Additionally, the colony formation assay showed that 100 μg/mL RA significantly inhibited cancer cell formation. This suggests that 200 μg/mL RA may be a more potent therapeutic concentration, with an irreversible induction of cell death. Therefore, in the following experiments, we focused on observing how RA within 200 μg/mL was used to initiate the apoptotic cascade effect.
Next, we observed changes at the molecular level in cell apoptosis-related proteins and miRNA levels. Consistent with our previous study, the BCL-2/Bax ratio decreased with increasing RA dose. At the same time, we detected the key apoptosis molecule p53 and the critical molecule BCL2L11. The regulatory direction further confirmed that RA promotes apoptosis in breast cancer cells.
Subsequently, we performed genome-wide methylation microarray analysis in BCSCs after RA treatment, and found that the methylation degree of the promoter region did not changed significantly, suggesting that this expression abnormality is likely caused by post-transcriptional regulation, and miRNA is one of the important mechanisms of post-transcriptional regulation.
Based on the above research background and previous studies, we believe that both miRNA and BCL-2/Bax pathway inhibit BCSCs in RA. Further investigation is needed to clarify whether RA regulates BCL-2/Bax gene expression in a coordinated manner. The literature evidence has shown that miRNA can regulate the two pathways, suggesting that it may be one of the potential front-end molecular regulation mechanisms. RA in Sarcandra glabra can affect the gene expression of BCL-2/Bax downstream by changing the miRNA levels in BCSCs, inducing apoptosis, and ultimately inhibiting BCSCs.
Micro-RNAs (miRNAs) are a class of small non-coding RNAs of 19–25 nucleotides in length (Winkler, 2010). Dysregulated tiny RNA may play a role in tumor suppression or promotion by targeting binding oncogenes or tumor suppressor genes (Zheng and Zhang, 2016). Studies show that miRNAs such as miR-27, miR-454, and those involved in MDA-MB-468 can affect proliferation, differentiation, metastasis, and invasion (Li Q. et al., 2017; Wu et al., 2018). miRNA functions in silencing mRNA or inhibiting its protein transcription. In this study, we detected differential miRNA expression in BCSCs by high-throughput sequencing, and through differential analysis and functional enrichment analysis to screen with apoptosis-related pathways, we identified the key miRNA, miR-30a-5p. MiR-30a-5p is a key regulatory molecule in breast tumors, and it inhibited breast cancer cell migration, invasion, and glycolysis by targeting MTDH (3′-untranslated region of metadherin) and LDHA (Lactate dehydrogenase A) (Zhang et al., 2014; Li L. et al., 2017). In this study, we used targetscan to predict the target of miR-30a-5p and found that its target gene was apoptotic molecule BCL2L11. Later, we used a dual luciferase reporter system to verify the association of miR-30a-5p and BCL2L11. The results showed a significant interaction between the two. This result suggested that RA can effectively inhibit the silencing effect of miR-30a-5p on the BCL2L11 gene.
The regulation of apoptosis by miR-30a-5p is also evident in its interaction with the BCL-2 gene. Xu (Xu et al., 2017) and Jian (Jian et al., 2019) believe that miR-30a-5p induces apoptosis by targeting the silencing of BCL-2. Quan (Quan et al., 2019) also reported that the high level of miR-30a-5p induced decrease of BCL-2 protein levels and promoted the increase of Bax protein levels. However, recent reports have shown that knockdown of miR-30a-5p significantly increased Bax levels and decreased BCL-2 levels, as validated in hypoxia/reoxygenation models in cardiomyocytes and renal tubular epithelial cells (He et al., 2020; Liang et al., 2024). In this study, we observed that miR-30a-5p of BCSCs was downregulated by RA. This downregulation reduced the silencing effect of miR-30a-5p on the BCL2L11 gene and increased the expression of Bim, a translation product of the BCL2L11 gene. Bim bound to BCL-2 and promoted the progression of apoptosis. The regulation of the apoptotic pathway by miR-30a-5p may vary across different tissues. Additionally, we considered the molecules that RA regulates at the microRNA level. Quan (Quan et al., 2019), chromatin immunoprecipitation assays showed that miR-30a-5p expression wasincreased following binding of p53 to the promoter of MIR30A. This finding aligns closely with our study. This supports the view that miR-30a-5p plays an important role in the regulation of apoptosis.
Similarly, this regulation of apoptosis may also be induced based on inhibiting cellular autophagy levels, when simultaneous downregulation of two key molecules, ATG 5 and BCL-2, is observed when miR-30a-5p is overexpressed (Tan et al., 2023). Surprisingly, our target was the key molecule BCL-2/Bim in this study. From the perspective of autophagy, the downregulation of BCL2L11 can improve the death threshold of cancer cells through two mechanisms, thus promoting their drug resistance: the direct inactivation of apoptotic signaling cascade and the induction of cytoprotective autophagy (Dai and Grant, 2015).
This also suggests that RA is not only a drug that fights breast cancer by promoting apoptotic signaling, but also one that may reverse cancer cell resistance and acts in combination with other antitumor drugs. However, the detailed mechanisms need further investigation. In summary, RA treatment may exert its anti-tumor effects by modulating the highly relevant miR-30a-5P in BCSCs, offering new ideas for the diagnosis, treatment, and prognosis of TNBC.
5 CONCLUSION
RA effectively inhibited the silencing effect of miR-30a-5p on the BCL2L11 gene and enhanced apoptosis in BCSCs.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are publicly available. This data can be found here: GEO repository (https://www.ncbi.nlm.nih.gov/geo/), accession number GSE274675.
ETHICS STATEMENT
Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.
AUTHOR CONTRIBUTIONS
WW: Methodology, Software, Visualization, Writing–original draft, Writing–review and editing, Data curation, Formal Analysis. YZ: Data curation, Visualization, Writing–review and editing. XH: Data curation, Methodology, Writing–review and editing. DL: Writing–review and editing, Formal Analysis, Methodology. QL: Writing–review and editing, Methodology, Visualization. HZ: Methodology, Writing–review and editing, Visualization. HL: Funding acquisition, Visualization, Writing–review and editing, Formal Analysis, Methodology, Supervision.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Natural Science Foundation, Fujian, China (2020J01090); Fund of Teacher Development and Innovation team of Fujian Health College (JG2021102). Fund of College Specialist Research Project of Fujian Health College (NWY2021-6-01).
ACKNOWLEDGMENTS
The purity of RA was verified using Liquid Chromatography by Assistant Researcher Hui XH (Science and Technology Service Center, Fujian Health College).
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1445034/full#supplementary-material
REFERENCES
 Al-Hajj, M., and Clarke, M. F. (2004). Self-renewal and solid tumor stem cells. Oncogene 23 (43), 7274–7282. doi:10.1038/sj.onc.1207947
 Baba, S., Osakabe, N., Natsume, M., Yasuda, A., Muto, Y., Hiyoshi, K., et al. (2005). Absorption, metabolism, degradation and urinary excretion of rosmarinic acid after intake of Perilla frutescens extract in humans. Eur. J. Nutr. 44 (1), 1–9. doi:10.1007/s00394-004-0482-2
 Dai, Y., and Grant, S. (2015). BCL2L11/Bim as a dual-agent regulating autophagy and apoptosis in drug resistance. Autophagy 11 (2), 416–418. doi:10.1080/15548627.2014.998892
 Dong, Y., Zhang, L. L., and Shi, L. N. (2019). Efficacy of advanced esophageal cancer and its effect on serum VE GF and S100A4 levels in patients. Prog. Mod. Biomed. 1, 3712–3715. doi:10.13241/j.cnki.pmb.2019.19.026
 Fahad, U. M. (2019). Breast cancer: current perspectives on the disease status. Adv. Exp. Med. Biol. 1152, 51–64. doi:10.1007/978-3-030-20301-6_4
 Guan, H., Luo, W., Bao, B., Cao, Y., Cheng, F., Yu, S., et al. (2022). A comprehensive review of rosmarinic acid: from phytochemistry to pharmacology and its new insight. Molecules 27 (10), 3292. doi:10.3390/molecules27103292
 He, R., Yang, L., Lin, X., Chen, X., Lin, X., Wei, F., et al. (2015). MiR-30a-5p suppresses cell growth and enhances apoptosis of hepatocellular carcinoma cells via targeting AEG-1. Int. J. Clin. Exp. Pathol. 8 (12), 15632–15641.
 He, Y., Lang, X., Cheng, D., Zhang, T., Yang, Z., and Xiong, R. (2020). miR-30a-5p inhibits hypoxia/reoxygenation-induced oxidative stress and apoptosis in HK-2 renal tubular epithelial cells by targeting glutamate dehydrogenase 1 (GLUD1). Oncol. Rep. 44 (4), 1539–1549. doi:10.3892/or.2020.7718
 Hitl, M., Kladar, N., Gavarić, N., and Božin, B. (2021). Rosmarinic acid-human pharmacokinetics and Health benefits. Planta Med. 87 (4), 273–282. doi:10.1055/a-1301-8648
 Hu, Y., Yague, E., Zhao, J., Wang, L., Bai, J., Yang, Q., et al. (2018). Sabutoclax, pan-active BCL-2 protein family antagonist, overcomes drug resistance and eliminates cancer stem cells in breast cancer. Cancer Lett. 423, 47–59. doi:10.1016/j.canlet.2018.02.036
 Ijaz, S., Iqbal, J., Abbasi, B. A., Ullah, Z., Yaseen, T., Kanwal, S., et al. (2023). Rosmarinic acid and its derivatives: current insights on anticancer potential and other biomedical applications. Biomed. Pharmacother. 162, 114687. doi:10.1016/j.biopha.2023.114687
 Jang, Y. G., Hwang, K. A., and Choi, K. C. (2018). Rosmarinic acid, a component of rosemary tea, induced the cell cycle arrest and apoptosis through modulation of HDAC2 expression in prostate cancer cell lines. Nutrients 10 (11), 1784. doi:10.3390/nu10111784
 Jia, J. Y., Lu, Y. L., Li, X. C., Liu, G. Y., Liu, Y., Li, S. J., et al. (2010). Pharmacokinetics of depside salts from Salvia miltiorrhiza in healthy Chinese volunteers: a randomized, open-label, single-dose study. Curr. Ther. Res. Clin. Exp. 71 (4), 260–271. doi:10.1016/j.curtheres.2010.08.004
 Jian, X., Qu, L., Wang, Y., Zou, Q., Zhao, Q., Chen, S., et al. (2019). Trichostatin A-induced miR-30a-5p regulates apoptosis and proliferation of keloid fibroblasts via targeting BCL2. Mol. Med. Rep. 19 (6), 5251–5262. doi:10.3892/mmr.2019.10185
 Kilic, N., Islakoglu, Y. O., Buyuk, I., Gür-Dedeoğlu, B., and Cansaran-Duman, D. (2019). Determination of usnic acid responsive miRNAs in breast cancer cell lines. Anticancer Agents Med. Chem. 19 (12), 1463–1472. doi:10.2174/1871520618666181112120142
 Li, H., Chen, Q., Li, D., Yu, W., Liu, Z., and Ni, F. (2018b). Effect of azazine on the expression of Bcl-2 and Caspase in human breast cancer stem cells. Chin. J. Clin. Pharmacol. Ther. 23 (08), 886–892. doi:10.12092/j.issn.1009-2501.2018.08.008
 Li, H., Zhuang, H. L., Lin, J. J., Zhang, Y. F., Luo, T., Ni, F., et al. (2018a). Effect of rosmarinic acid from Sarcandra glabra in inhibiting proliferation and migration and inducing apoptosis of MDA-MB-231 cells via regulation of expressions of Bcl-2 and Bax. Zhongguo Zhong Yao Za Zhi 43 (16), 3335–3340. doi:10.19540/j.cnki.cjcmm.20180508.001
 Li, L., Kang, L., Zhao, W., Feng, Y., Liu, W., Wang, T., et al. (2017a). miR-30a-5p suppresses breast tumor growth and metastasis through inhibition of LDHA-mediated Warburg effect. Cancer Lett. 400, 89–98. doi:10.1016/j.canlet.2017.04.034
 Li, Q., Liu, J., Meng, X., Pang, R., and Li, J. (2017b). MicroRNA-454 may function as an oncogene via targeting AKT in triple negative breast cancer. J. Biol. Res. Thessal. 24, 10. doi:10.1186/s40709-017-0067-x
 Li, W., Li, Q., Wei, L., Pan, X., Huang, D., Gan, J., et al. (2019). Rosmarinic acid analogue-11 induces apoptosis of human gastric cancer SGC-7901 cells via the epidermal growth factor receptor (EGFR)/Akt/Nuclear factor kappa B (NF-κB) pathway. Med. Sci. Monit. Basic Res. 25, 63–75. doi:10.12659/MSMBR.913331
 Li, X., Yu, C., Lu, Y., Gu, Y., Lu, J., Xu, W., et al. (2007). Pharmacokinetics, tissue distribution, metabolism, and excretion of depside salts from Salvia miltiorrhiza in rats. Drug Metab. Dispos. 35(2), 234–239. doi:10.1124/dmd.106.013045
 Liang, G., Guo, C., Tang, H., and Zhang, M. (2024). miR-30a-5p attenuates hypoxia/reoxygenation-induced cardiomyocyte apoptosis by regulating PTEN protein expression and activating PI3K/Akt signaling pathway. BMC Cardiovasc Disord. 24 (1), 236. doi:10.1186/s12872-024-03900-4
 Liu, L., Yang, L., Yan, W., Zhai, J., Pizzo, D. P., Chu, P., et al. (2018). Chemotherapy induces breast cancer stemness in association with dysregulated monocytosis. Clin. Cancer Res. 24 (10), 2370–2382. doi:10.1158/1078-0432.CCR-17-2545
 Muller-Rover, S., Rossiter, H., Lindner, G., Peters, E. M., Kupper, T. S., and Paus, R. (1999). Hair follicle apoptosis and Bcl-2. J. Investig. Dermatol Symp. Proc. 4 (3), 272–277. doi:10.1038/sj.jidsp.5640228
 Ni, F., Li, H., Zhang, Y., Chen, H. H., Huang, E., Zhuang, H., et al. (2019). Rosmarinic acid inhibits stem-like breast cancer through hedgehog and Bcl-2/Bax signaling pathways. Pharmacogn. Mag. 15 (65), 600. doi:10.4103/pm.pm_22_19
 Nunes, S., Madureira, A. R., Campos, D., Sarmento, B., Gomes, A. M., Pintado, M., et al. (2017). Therapeutic and nutraceutical potential of rosmarinic acid-Cytoprotective properties and pharmacokinetic profile. Crit. Rev. Food Sci. Nutr. 57 (9), 1799–1806. doi:10.1080/10408398.2015.1006768
 Organization, W. H. (2024). “Global cancer burden growing,” in Amidst mounting need for services . 
 Pan, L., Wu, J., Guo, S., et al. (2024). Progress on regulation and targeted therapy of breast cancer stem cells. Chin. J. Cell Biol. 46 (03), 568–575. doi:10.11844/cjcb.2024.03.0019
 Quan, X., Li, X., Yin, Z., Ren, Y., and Zhou, B. (2019). p53/miR-30a-5p/SOX4 feedback loop mediates cellular proliferation, apoptosis, and migration of non-small-cell lung cancer. J. Cell Physiol. 234 (12), 22884–22895. doi:10.1002/jcp.28851
 Ren, F. X., Ren, H. H., and Chen, X. Y. (2018). Effect of roseminic acid on the proliferation, apoptosis, and migratory capacity of breast cancer MDA-MB-231 cells. Nat. Prod. Res. Dev. 30 (08), 1300–1305. doi:10.16333/j.1001-6880.2018.8.003
 Scheckel, K. A., Degner, S. C., and Romagnolo, D. F. (2008). Rosmarinic acid antagonizes activator protein-1-dependent activation of cyclooxygenase-2 expression in human cancer and nonmalignant cell lines. J. Nutr. 138 (11), 2098–2105. doi:10.3945/jn.108.090431
 Stanojkovic, T. P., Konic-Ristic, A., Juranic, Z. D., Savikin, K., Zdunić, G., Menković, N., et al. (2010). Cytotoxic and cell cycle effects induced by two herbal extracts on human cervix carcinoma and human breast cancer cell lines. J. Med. Food 13 (2), 291–297. doi:10.1089/jmf.2009.0086
 Tan, Y., Li, C., Zhou, J., Deng, F., and Liu, Y. (2023). Berberine attenuates liver fibrosis by autophagy inhibition triggering apoptosis via the miR-30a-5p/ATG5 axis. Exp. Cell Res. 427 (2), 113600. doi:10.1016/j.yexcr.2023.113600
 Ueda, S., Takanashi, M., Sudo, K., Kanekura, K., and Kuroda, M. (2020). miR-27a ameliorates chemoresistance of breast cancer cells by disruption of reactive oxygen species homeostasis and impairment of autophagy. Lab. Invest 100 (6), 863–873. doi:10.1038/s41374-020-0409-4
 Wei, W., Yang, Y., Cai, J., Cui, K., Li, R. X., Wang, H., et al. (2016). MiR-30a-5p suppresses tumor metastasis of human colorectal cancer by targeting ITGB3. Cell Physiol. Biochem. 39 (3), 1165–1176. doi:10.1159/000447823
 Wei, X., Liu, W., Wang, J. Q., and Tang, Z. (2020). Hedgehog pathway": a potential target of itraconazole in the treatment of cancer. J. Cancer Res. Clin. Oncol. 146 (2), 297–304. doi:10.1007/s00432-019-03117-5
 Winkler, G. S. (2010). The mammalian anti-proliferative BTG/Tob protein family. J. Cell Physiol. 222 (1), 66–72. doi:10.1002/jcp.21919
 Wu, J., Sun, Z., Sun, H., and Li, Y. (2018). MicroRNA-27a promotes tumorigenesis via targeting AKT in triple negative breast cancer. Mol. Med. Rep. 17 (1), 562–570. doi:10.3892/mmr.2017.7886
 Xu, X., Jin, S., Ma, Y., Fan, Z., Yan, Z., Li, W., et al. (2017). miR-30a-5p enhances paclitaxel sensitivity in non-small cell lung cancer through targeting BCL-2 expression. J. Mol. Med. Berl. 95 (8), 861–871. doi:10.1007/s00109-017-1539-z
 Yin, L., Duan, J. J., Bian, X. W., and Yu, S. C. (2020). Triple-negative breast cancer molecular subtyping and treatment progress. Breast Cancer Res. 22 (1), 61. doi:10.1186/s13058-020-01296-5
 Yu, C., Chen, D. Q., Liu, H. X., Li, W. B., Lu, J. W., and Feng, J. F. (2019). Rosmarinic acid reduces the resistance of gastric carcinoma cells to 5-fluorouracil by downregulating FOXO4-targeting miR-6785-5p. Biomed. Pharmacother. 109, 2327–2334. doi:10.1016/j.biopha.2018.10.061
 Zeng, Y., Liu, J., Zhang, Q., Qin, X., Li, Z., Sun, G., et al. (2021). The traditional uses, phytochemistry and pharmacology of Sarcandra glabra (thunb.) nakai, a Chinese herb with potential for development: review. Front. Pharmacol. 12, 652926. doi:10.3389/fphar.2021.652926
 Zhang, N., Wang, X., Huo, Q., Sun, M., Cai, C., Liu, Z., et al. (2014). MicroRNA-30a suppresses breast tumor growth and metastasis by targeting metadherin. Oncogene 33 (24), 3119–3128. doi:10.1038/onc.2013.286
 Zhao, J., Xu, L., Jin, D., Xin, Y., Tian, L., Wang, T., et al. (2022). Rosmarinic acid and related dietary supplements: potential applications in the prevention and treatment of cancer. Biomolecules 12 (10), 1410. doi:10.3390/biom12101410
 Zheng, J., and Zhang, X. P. (2016). Progress in minute RNA in triple-negative breast cancer. J. North China Univ. Sci. Technol. Med. Ed. 18 (6), 499–504. doi:10.19539/j.cnki.2095-2694.2016.06.020
 Zhou, Q. M., Sun, Y., Lu, Y. Y., Zhang, H., Chen, Q. L., and Su, S. B. (2017). Curcumin reduces mitomycin C resistance in breast cancer stem cells by regulating Bcl-2 family-mediated apoptosis. Cancer Cell Int. 17, 84. doi:10.1186/s12935-017-0453-3
 Zhu, J., Zeng, Y., Li, W., Qin, H., Lei, Z., Shen, D., et al. (2017). CD73/NT5E is a target of miR-30a-5p and plays an important role in the pathogenesis of non-small cell lung cancer. Mol. Cancer 16 (1), 34. doi:10.1186/s12943-017-0591-1
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Wang, Zhang, Huang, Li, Lin, Zhuang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1445034-g004.gif
Control 100 ugmL" 200 pg'mL.*
N

PI Fluorescence

v - FITC-Annexin V.





OPS/images/fphar-15-1445034-g005.gif





OPS/images/fphar-15-1445034-g002.gif





OPS/images/fphar-15-1445034-g003.gif
<

o0 caie o

100 pg-mL-" 200 pg-mL-"

Control





OPS/images/fphar-15-1445034-g008.gif
A
Poston 288295 ol BCLALI SUTR 5 DRCIRUMEMIRREEY

smnan sy o T

Pl Fluorescence.

- e i FITC-Annexin V.





OPS/images/fphar-15-1445034-g006.gif





OPS/images/fphar-15-1445034-g007.gif
Sa00wmoioEgue B






OPS/xhtml/nav.xhtml
Contents

		Cover

		The role of the miR-30a-5p/BCL2L11 pathway in rosmarinic acid-induced apoptosis in MDA-MB-231-derived breast cancer stem-like cells		Background

		Objective

		Materials and Methods

		Results

		Conclusion

		Highlight

		1 Introduction

		2 Materials and methods		2.1 Materials

		2.2 Cell culture and BCSCs enrichment

		2.3 Wound healing assay for cell migration analysis

		2.4 Colony-formation assay

		2.5 Cell apoptosis detection

		2.6 Cell viability assay

		2.7 Cell cycle assay

		2.8 RNA isolation and quantification

		2.9 Western-blot assay

		2.10 miRNA sequencing

		2.11 Dual-luciferase reporter assay

		2.12 Statistical analysis





		3 Results		3.1 RA inhibited the migration in BCSCs

		3.2 RA inhibited colony formation in BCSCs

		3.3 RA decreased the viability and blocked the cell cycle in BCSCs

		3.4 RA induced apoptosis in BCSCs

		3.5 RA reduced BCL2L11 expression in BCSCs

		3.6 RA reduced miR-30a-5p expression in BCSCs

		3.7 GO and KEGG pathway Analyses

		3.8 miR-30a-5p binds to BCL2L11 and regulates apoptosis





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

The role of the miR-30a-5p/
BCL2L11 pathway in rosmarinic
acid-induced apoptosis in MDA-
MB-231-derived breast cancer
stem-like cells





OPS/images/fphar-15-1445034-gx001.gif





OPS/images/fphar-15-1445034-g001.gif
-
T 1T 1 B :
--dl






OPS/images/fphar-15-1445034-t002.jpg
miRNA Log?(FoldChange) P-value Regulation®

hsa-miR- 1030041941 226188E- | Up

4485-3p 21

hsa-miR-569 8.134568469 34713807 | Up

hsa-miR-654-3p | 7.278708182 001406 Up

hsa-miR-411-5p | 7.006474478 000225 Up

hsa-miR-134-5p | 6.687566358 000701 Up

hsa-miR-370-3p | 6.612778726 001549 Up

hsa-miR-363-3p | 6.598043286 283588E- | Up
06

hsa-miR-494-3p | 6469883835 001093 Up

hsa-miR- 6450213044 000286 Up

4680-3p

hsa-miR- 6.339730774 6.76648E- Up

10400-5p 12

hsa-miR-19a-3p | ~3255991474 220361E- | Down
08

hsa-miR-542-3p | ~3.19773582 157724E- | Down
12

hsa-miR-19b-3p | ~3.038521122 7.57063E- | Down
i

hsa-miR- ~2472354636 004284 Down

219a-5p

hsa-miR-877-3p | ~1.86317806 003185 Down

hsa-miR-18a-5p | ~1.790663505 000732 Down

hsa-miR-30a-5p | ~1.679151345 19247E-06 | Down

hsa-miR-30e-5p | ~1.54905592 0.00002 Down

hsa-miR- ~1465657913 002038 Down

190a-5p

hsa-miR- 1437867637 002557 Down

193a-5p

%200 pg/mL vs. control.





OPS/images/fphar-15-1445034-t001.jpg
Genes Reverse primer (5
Bactin CATGTACGTTGCTATCCAGGC | CICCTTAATGTCACGCACGAT
GTGTGTGGAGAGCGTCAACC ‘ AGAAATCAAACAGAGGCCGCA
| AGCGACTGATGTCCCTGTCT ‘ TCCAGATGGTGAGTGAGGCG
GCCTTCAACCACTATCTCAG \ TAAGCGTTAAACTCGTCTCC
| CTCTCCCACCAACATCCACT | ACGTCCACC ACCATTTGAAC










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





