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MiR-520f-3p inhibits epithelial-mesenchymal transition of colorectal cancer cells by targeting Yes-associated protein 1
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Abstract: Background: Colorectal cancer (CRC) is one of the most common malignancies. Early diagnosis is the key to effective treatment of CRC. Since microRNAs (miRNAs) can be used as biomarkers of CRC, the objective of this work was to examine the effect of miR-520f-3p, which targets YAP1 (Yes-associated protein 1), on the ability of CRC cells to proliferate, invade, migrate, and undergo epithelial-mesenchymal transition (EMT). Methods: A miR-520f-3p mimic was used to overexpress miR-520f-3p in HT29 cells. To establish the tumor-bearing mouse model, transfected HT29 cells were subcutaneously implanted into BALB/c-nu nude mice, and YAP1 and miR-520f-3p levels were determined using qRT‒PCR. The viability, invasion ability, and migration ability of cells were evaluated by CCK-8, Transwell, and wound healing assays. Apoptosis was detected by flow cytometry and TUNEL assays. The regulatory link between miR-520f-3p and the YAP1 gene was examined by dual-luciferase reporter assay. Tumor tissues with positive Ki-67 expression were identified by immunohistochemistry. Vimentin, E-cadherin, and YAP1 expression were evaluated by western blotting. Results: MiR-520f-3p overexpression could inhibit proliferation, invasion, migration, and EMT and induce apoptosis in HT29 cells. YAP1 was found as a target of miR-520f-3p. The inhibitory effects of miR-520f-3p on proliferation, invasion, migration, and EMT may be reversed by overexpressing YAP1. In tumor-bearing mice, miR-520f-3p overexpression reduced the Ki-67 level, increased apoptosis, and prevented tumor development and spread. Conclusion: By targeting YAP1, miR-520f-3p may be capable of suppressing CRC cell proliferation, invasion, migration, and EMT, providing a novel therapeutic target for the disease.
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Introduction

Among gastrointestinal malignancies, colorectal cancer (CRC) has the second-highest morbidity and mortality rates, second only to gastric and esophageal cancers (Goncalves-Ribeiro et al., 2016). Despite significant advancements in surgical procedures, the 5-year survival rate and surgical cure rate for CRC have consistently been relatively low, approximately 50%, in recent years (Lievre et al., 2006). Patients with CRC still have a significant risk of local recurrence after surgery. Therefore, for the current therapeutic management of CRC, it has become vital to enhance the understanding of the pathological process of CRC and conduct research on specific innovative biomarkers for early clinical diagnosis and prognostic evaluation of CRC (Aan et al., 2016).

MicroRNAs (miRNAs), molecules like siRNAs, play a number of roles in the regulation of cell growth and developmental processes (Li et al., 2016). MiRNAs are thought to function as oncogenes and are closely linked to tumor formation (Gregory et al., 2008). They are crucial in the development of CRC and in colorectal carcinogenesis. Following the clinical discovery of abnormal levels of miR-92 in the plasma of CRC patients, it has been considered a biomarker for CRC screening (Ng et al., 2009). Additionally, the expression of miR-21, miR-31, miR-143, and miR-145 is strongly correlated with clinicopathological features of CRC (Slaby et al., 2007). Among these miRNAs, miR-143 functions in the inhibition of CRC proliferation and promotes apoptosis (Borralho et al., 2009). MiR-520f-3p, which exerts suppressive effects in a number of malignancies, is another important miRNA. MiR-520f-3p targets sex-determining region Y box protein 9 to inhibit gastric cancer proliferation (Chen et al., 2020) and also downregulates leucine zipper 1, another mechanism by which it promotes the malignancy of gliomas (Xiao et al., 2019). However, the function of miR-520f-3p in CRC is uncertain. In this article, we focus on the role and mechanism of action of miR-520f-3p in colon cancer.

Several characteristics of cancer malignancy, such as tumor invasion, metastasis development, and therapy resistance, are correlated with epithelial-mesenchymal transition (EMT) (Li et al., 2015). YAP1 (Yes Associated Protein 1) has been extensively documented to be involved in the EMT process (Wierzbicki and Rybarczyk, 2015). YAP1 affects the Wnt/β-catenin signaling pathway to control the growth of glioma cells (Reis et al., 2012). However, it is unknown whether miR-520f-3p can influence CRC cell motility, invasion, and EMT by targeting YAP1. In this study, we examined EMT in CRC cells by transfecting miR-520f-3p mimic in HT29 cells. We discovered that miR-520f-3p acted as a tumor suppressor by targeting YAP1, thus preventing the growth of tumors and inhibiting EMT in CRC cells.

Materials and Methods

Cell culture and transfection

The HT29 cell line was obtained from the American Type Culture Collection (ATCC, Manassas, USA). Cells were cultured at 37°C in DMEM containing 10% fetal bovine serum (FBS) and 5% CO2. Cell fusion was considered complete when the confluence was at least 80%. Cells in the logarithmic growth phase were selected for subsequent experimental studies. The miR-520f-3p mimic and its nonspecific negative control (NC) oligos, the miR-520f-3p agomir and its NC, and pcDNA 3.0-YAP1 and pcDNA-NC were provided by GenePharma (Shanghai Scigrace Biotech Co., Ltd., Shanghai, China).

Cell transfection

HT29 cells were transfected with the NC and the miR-520f-3p mimic. The study had three groups: the control group, the NC group, and the miR-520f-3p mimic group.

Three groups were used in the experiment: the miR-520f-3p mimic group, the miR-520f-3p mimic + pcDNA-NC group, and the miR-520f-3p mimic + pcDNA-YAP1 group.

Cell counting kit-8 (CCK-8) assay

The 96-well plates used for the growth of the transfected cells were seeded at a density of 2 × 104 cells in 1 mL per well. A volume of 100 μL of cell culture medium was added to each well. After incubating the cells at room temperature for 12, 24, and 48 h, the cell viability in the plate was evaluated. Following a 2-h treatment at 37°C with 10 μL of CCK8 reagent (GlpBio, Montclair, USA) in each well, the optical density (OD) at 450 nm was measured using a SpectraMax Mini-microplate reader (Thermo Fisher Scientific™, Waltham, USA).

Transwell assay

Six-well plates with 2 × 105 cells in each well were used for cell culture. The cells were incubated in a serum-free medium for 24 h. The Transwell device (Corning, New York, USA) was placed in a CO2 incubator for 24 h at 37°C after 300 μL of cell suspension was added to the upper chamber of the device, which contained a membrane coated with matrix gel, and 500 μL of RPMI-1640 medium (Sigma‒Aldrich, Saint Louis, USA) containing 10% FBS was added to the lower chamber. Cells on the bottom surface of the chamber membrane were fixed with methanol for 20 min, followed by 20 min of staining with 0.1% crystal violet and 20 min of rinsing with phosphate-buffered saline (PBS). Five randomly selected fields were examined under an inverted microscope (Leica, Heidelberg, Germany) to count the invaded cells.

Wound healing assay

Cells (2 × 105) were seeded into 6-well plates for culture, and the cells were incubated in a serum-free medium for 24 h. Then, the cells were observed under a microscope, and the initial scratch width was recorded. After 24 h of incubation, the scratch width was observed and recorded again.

Flow cytometry

The Annexin-V-APC Detection Kit (Procell Life Science & Technology Co., Ltd., Wuhan, China) instructions were followed to identify apoptosis. After 48 h of transfection, HT29 cells from each group were collected, and 1 × 106 cells were resuspended in 100 μL of dye solution, shaken, and mixed before being added to 5 μL of Annexin-V-APC solution. Following a 15 min incubation at room temperature, 5 μL of propidium iodide was added, and the solution was carefully mixed and incubated for 5 min at 4°C in the dark. The cells were analyzed by an Attune flow cytometer (Thermo Fisher Scientific™, Waltham, USA) with a 488 nm excitation laser within 1 h.

Dual-luciferase reporter assay

The target sequences of YAP1 and miR-520f-3p were predicted using TargetScan. Both the wild-type (wt-YAP1) and mutant (mut-YAP1) sequences were inserted into the pSI-Check2 expression vector and co-transfected with the NC mimic or miR-520f-3p mimic. Finally, a Renilla-Firefly Luciferase Dual Assay Kit (MedChemExpress, New Jersey, USA) was used to measure the luciferase activity of the cells.

Quantitative reverse transcription–polymerase chain reaction (qRT‒PCR)

Total RNA was extracted from tumor tissues and CRC cells using TRIzol reagent (Thermo Fisher Scientific™, Waltham, USA) and then reverse-transcribed to cDNA. QPCR was performed using cDNA as the template. The reaction was carried out as follows: denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 15 s, annealing at 60°C for 30 s, extension at 72°C for 40 s, 55°C for 15 s, and 72°C for 40 s. Table 1 lists each primer sequence (MBL Beijing Biotech Co., Ltd., Beijing, China) in full. At the end of the experiment, the Ct values were estimated, and the 2−ΔΔCt method was used to determine the levels of miR-520f-3p and YAP1.
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Western blotting

Total protein was extracted from HT29 cells and tumor tissues using RIPA buffer (Solarbio, Beijing, China). The protein concentration in each group was detected using the BCA protein quantification kit (Solarbio, Beijing, China). The proteins were then separated by SDS‒PAGE and transferred to PVDF membranes. The membrane was incubated with primary antibodies specific for E-cadherin (Abcam, Cambridge, UK), vimentin (Abcam, Cambridge, UK), and YAP1 (Abcam, Cambridge, UK) at 4°C overnight after blocking with 5% skim milk for 2 h. After that, the membrane was incubated for 1 h at room temperature with the appropriate secondary antibody. Protein bands were visualized using an enhanced chemiluminescence kit (Thermo Fisher Scientific™, Waltham, USA). The grayscale values of the target protein bands were analyzed using ImageJ software. For internal reference, β-actin was used.

Animals and groups

Female BALB/c-nu mice (4–5 weeks old and weight 18–22 g) were provided from Shanxi University of Chinese Medicine (Charles River, Beijing, China). The mice were housed in an SPF-rated animal facility with a 12 h light-dark cycle, a temperature range of 22°C–24°C, and humidity in the range of 40%–60%. In the animal facility, the mice were provided clean drinking water and food. In this study, all the animal experiments were carried out in conformity with ethical guidelines for the use of laboratory animals (Medical Ethics Committee of Shanxi Medical University, ID: 2021-220). HT29 cells were transfected with the NC agomir or miR-520f-3p agomir. Then, the transfected HT29 cells (1 × 107 cells/mL) were injected subcutaneously to establish the tumorigenic nude mice model. The tumor volume was measured every seven days for a total of three times. These nude mice were euthanized after 21 days, and the tumor tissue was used for later tests. The mice were categorized into two groups: the NC agomir and miR-520f-3p agomir groups. Twelve mice were included in each group.

Immunohistochemistry

As previously mentioned, tumor tissues were embedded in paraffin, sliced into sections, and successively dehydrated with varying percentages of alcohol (75%, 85%, 95%, and 100%, v/v). After that, the sections underwent three PBS washes and were soaked in deionized water containing 3% H2O2 for 20 min. Following another PBS wash, the sections were blocked with goat serum for 15 min. Next, the sections were incubated overnight with a primary antibody against Ki-67 (Abcam, Cambridge, UK) at 4°C. After being incubated with the secondary antibody at 37°C for 2 h, the sections were stained with DAB (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) for 5–7 min. The slices were first rinsed in PBS for 5 min, re-stained with hematoxylin (Beyotime Biotechnology, Shanghai, China) for 2 min, treated with fractionated alcohol in hydrochloric acid for 1 min, and then rinsed in running water for 10 min. The slices were dried naturally and sealed, and finally, were photographed for documentation after positive protein expression had been observed under an optical microscope (Leica, Heidelberg, Germany).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay

The standard procedure involved dewaxing, hydrating, and incubating the sections for 20 min at room temperature with 20 μg/mL protease K solution before three washes with PBS. Following a 1-h incubation in TUNEL reaction solution at 37°C, the sections were thoroughly washed three times with PBS. Then, 50 μL of HRP-streptavidin was added, and the sections were incubated at room temperature for 30 min. In addition, DAPI (Thermo Fisher Scientific™, Waltham, USA) and SYTO™ 9 Green Fluorescent Nucleic Acid Stain (Thermo Fisher Scientific™, Waltham, USA) were used to stain the sections after washing with PBS. A fluorescence microscope (Leica, Heidelberg, Germany) was used to visualize apoptotic cells.

Statistical analysis

All data are expressed as the means ± standard deviations (SD). SPSS 20.0 software was used for statistical evaluation. One-way ANOVA (including the least significant difference test or Dunnett’s test) was used to compare differences among various groups. Statistical significance is indicated as follows: *p < 0.05, **p < 0.01.

Results

Inhibition of the growth and epithelial-mesenchymal transition of colorectal cancer cells due to miR-520f-3p overexpression

When HT29 cells were transfected with the miR-520f-3p mimic, the expression of miR-520f-3p was noticeably increased (Fig. 1A). The CCK-8 assay results miR-520f-3p overexpression inhibited the proliferation of HT29 cells (Fig. 1B). The flow cytometry results (Fig. 1C) suggested that miR-520f-3p overexpression dramatically induced apoptosis in HT29 cells. According to the Transwell and wound healing assay results (Figs. 1D and 1E), overexpression of miR-520f-3p markedly inhibited the invasion and migration of HT29 cells. Furthermore, western blotting (Fig. 1F) showed that overexpression of miR-520f-3p downregulated vimentin and upregulated E-cadherin. In summary, overexpression of miR-520f-3p could inhibit the proliferation, invasion, migration, and EMT of HT29 cells and promote their apoptosis.
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Figure 1: Overexpression of miR-520f-3p inhibited the growth and epithelial-mesenchymal transition of colorectal cancer cells. (A) Quantitative reverse transcription-polymerase chain reaction to determine the level of miR-520f-3p in HT29 cells. (B) A Cell Counting Kit-8 assay was used to determine the proliferation of HT29 cells. The OD450 value was determined. (C) Flow cytometry to determine the apoptosis rate. (D) Transwell invasion assay in HT29 cells. Scale bar, 50 μm. (E) Wound healing migration assay in HT29 cells. Scale bar, 50 μm. (F) Western blotting to detect vimentin and E-cadherin. The values are expressed as mean ± SD, n = 3 per group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the NC group.

Yes-associated protein 1 as the target gene of miR-520f-3p

To further understand the underlying molecular mechanism of miR-520f-3p, we examined any potential targeted regulatory link between miR-520f-3p and YAP1. The 3′UTR of YAP1 contained a nucleotide sequence complementary to miR-520f-3p (Fig. 2A). The dual-luciferase reporter assay indicated a significant decrease in luciferase activity after co-transfection of wt-YAP1-3′UTR with the miR-520f-3p mimic, whereas co-transfection of mut-YAP1-3′UTR with the miR-520f-3p mimic did not alter the luciferase activity (Fig. 2B). Then, qRT-PCR (Fig. 2C) and western blotting, respectively, (Fig. 2D) revealed that YAP1 protein and mRNA expression were considerably downregulated by the miR-520f-3p mimic, according to the findings. In summary, miR-520f-3p had a negative regulatory interaction with YAP1 in HT29 cells.
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Figure 2: YAP1 is the target gene for miR-520f-3p. (A) The 3′UTR of YAP1 contains a nucleotide sequence complementary to miR-520f-3p. The red bases indicate the binding sites. (B) Dual-luciferase reporter assay. (C) Quantitative reverse transcription-polymerase chain reaction to measure YAP1 miRNA level in HT29 cells. (D) Western blotting to measure the level of Yes-associated protein 1 (YAP1). The values are expressed as mean ± SD, n = 3 per group. **p < 0.01 vs. the control group; ##p < 0.01 vs. the NC group.

The proliferation, apoptosis, invasion, and epithelial-mesenchymal transition of colorectal cancer cells are controlled by the miR-520f-3p target YAP1

The results from the CCK-8 assay showed significantly higher HT29 cell proliferation in the miR-520f-3p mimic+pcDNA-YAP1 group than in the miR-520f-3p mimic+pcDNA-NC group (Fig. 3A). Further, flow cytometry (Fig. 3B) showed reduced apoptosis rate of HT29 cells in the miR-520f-3p mimic+pcDNA-YAP1 group compared to the miR-520f-3p mimic+pcDNA-NC group. The Transwell assay results (Fig. 3C) suggested that the invasion ability of HT29 cells in the miR-520f-3p mimic+pcDNA-YAP1 group was significantly increased. The levels of vimentin protein increased and that of E-cadherin decreased in the miR-520f-3p mimic+pcDNA-YAP1 group compared to the miR-520f-3p mimic+pcDNA-NC group, according to western blot analysis (Fig. 3D). These findings demonstrated that miR-520f-3p could target YAP1 to regulate the proliferation, apoptosis, invasion, and EMT of HT29 cells.

[image: images]

Figure 3: The proliferation, apoptosis, invasion, and epithelial-mesenchymal transition of colorectal cancer cells are controlled by the miR-520f-3p target YAP1. (A) The CCK-8 assay was used to evaluate the proliferation of HT29 cells. The OD450 value was determined. (B) Flow cytometry to determine the apoptosis rate. (C) Transwell invasion assay for HT29 cells. Scale bar, 50 μm. (D) Western blotting for vimentin and E-cadherin expression in HT29 cells. The values are expressed as the means ± SD, n = 3 per group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the miR-520f-3p mimic+pcDNA-NC group.

Effect of miR-520f-3p overexpression on tumor development and metastasis in colorectal cancer tumor-bearing mice

To investigate the effects of miR-520f-3p overexpression on tumor development and metastasis in mice with CRC, HT29 cells transfected with the NC agomir or miR-520f-3p agomir and were subcutaneously administered into mice to establish the tumor-bearing mouse model. Compared to the miR-520f-3p agomir group, the tumor volume in the NC agomir group increased steadily after 21 days (Fig. 4A); however, the body weights of the mice did not change significantly. The apoptosis rate in the miR-520f-3p agomir group increased significantly, as shown by the TUNEL assay (Fig. 4B). The qRT‒PCR results showed that compared to the NC agomir group, miR-520f-3p expression in the miR-520f-3p agomir group increased significantly (Fig. 4C). Malignant tumor development and growth are facilitated by the nuclear protein Ki-67. Immunohistochemical analysis revealed that the tumor tissue in the miR-520f-3p agomir group was considerably less positively stained, indicating Ki-67expression (Fig. 4D). Thus, miR-520f-3p overexpression prevented tumor development and metastasis in CRC tumor-bearing mice.
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Figure 4: Effect of miR-520f-3p overexpression on tumor development and metastasis in colorectal cancer tumor-bearing mice. (A) The tumor volume was calculated as follows: (long diameter × short diameter × short diameter × 1/2). (B) Apoptotic cells (%) were detected by a terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay. Scale bar, 20 μm. (C) The mRNA level of miR-520f-3p, as determined by quantitative reverse transcription-polymerase chain reaction. (D) Immunohistochemical analysis to detect the expression of Ki-67 in tumor tissues. Scale bar, 50 μm. The values are expressed as the means ± SD, n = 12 per group. #p < 0.05, ##p < 0.01 vs. the NC agomir group.

Discussion

CRC is one of the more prevalent gastrointestinal malignancies (Li et al., 2021). In recent years, with changes in people’s lifestyles and dietary habits, its incidence has been increasing significantly (Bray et al., 2018; Baidoun et al., 2021). CRCs develop and spread through a multistep, multi-mechanistic process. Recent research has demonstrated a substantial correlation between miR-520f-3p expression and the development of CRC. The current work showed that overexpression of miR-520f-3p in CRC cells could substantially inhibit their ability to proliferate, migrate, invade, and undergo EMT and could even lead to their apoptosis. In addition, overexpression of YAP1, a target gene of miR-520f-3p, abolished the suppressive effects of the miR-520f-3p mimic on HT29 cell proliferation, migration, invasion, and EMT. Thus, miR-155-5p could exert tumor-suppressive effects by targeting YAP1. MiR-520f-3p can participate in biological processes through specific targets or signaling pathways (Drusco et al., 2018; Lu et al., 2021). In cholangiocarcinoma (CCA), suppression of SNHG20 expression was shown to control miR-520f-3p-mediated proliferation (Guan et al., 2020). Additionally, the lncRNA WEE2-AS1 contributes to glioblastoma development by acting as a molecular sponge for miR-520f-3p (Lin et al., 2021). In this study, we discovered that overexpression of miR-520f-3p inhibited HT29 cell proliferation, migration, and invasion, suggesting that miR-520f-3p expression inhibits the development of malignant behaviors in CRC cells and is inversely correlated with tumorigenic activities. EMT is a critical process for cancer cell metastasis (Lin et al., 2019). Certain involved proteins or miRNAs can regulate the EMT process, causing ovarian cancer to invade and spread (Braga et al., 2020; Yue et al., 2021; Liu et al., 2019). The findings of this study suggest that miR-520f-3p overexpression controlled the expression of EMT biomarkers, upregulating E-cadherin and downregulating vimentin expression. YAP1 has emerged as a promising candidate for cancer therapy because it plays an important role in modulating a number of oncogenic processes and inhibiting their activity (Wang et al., 2017). YAP1 overexpression also promotes EMT in breast cancer (Zhang et al., 2016), pancreatic cancer (Ling et al., 2017), CRC (Yuan et al., 2016), and hepatocellular carcinoma (Wang et al., 2016). YAP1, a target of miR-195, is downregulated by miR-195, which slows the development of CRC (Sun et al., 2017). The current study findings were in line with those of earlier investigations, which demonstrated that miR-520f-3p negatively targets to control YAP1. According to the study, modifying YAP1 expression could counteract the effect of miR-520f-3p on CRC cell migration, invasion, apoptosis, and EMT. These results showed that YAP1 overexpression increased the level of vimentin protein while decreasing the level of E-cadherin protein in the miR-520f-3p mimic-treated HT29 cells.

CRC cell proliferation and apoptosis were, respectively, suppressed and enhanced as a result of overexpression of miR-520f-3pin in vivo. In the tumor-bearing mouse model, the growth of tumors in mice in the miR-520f-3p agomir group was slower than that in the NC agomir group mice. The miR-520f-3p agomir promoted apoptosis in tumor cells. In colon cancer, Ki67 is the best molecular indicator for evaluating the proliferative activity of cancer cells. The rate of positive Ki-67 expression in the miR-520f-3p agomir group was noticeably lower than that in the NC agomir group.

The limitation of this study is that the mechanism by which miR-520f-3p inhibits the proliferation, invasion, migration, and EMT of CRC cells is not discussed in depth. Abnormal Wnt/β-catenin activation can directly drive the progression and metastasis of CRC, but whether miR-520f-3p can be exploited to treat CRC through this signaling pathway remains unclear. YAP1 is widely reported to be involved in the process of EMT. The Wnt pathway is also a critical pathway regulating EMT. β-Catenin is an important biomarker for detecting Wnt activation. The Hippo/YAP pathway interacts with the Wnt/β-catenin pathway in multiple ways, synergistically regulating tumorigenesis. The Hippo pathway affects the expression of Wnt target genes by altering the transcriptional activity of β-catenin. YAP1 is an important molecule involved in the transcription of components of the Hippo pathway. In future research, we will explore whether miR-520f-3p inhibits tumor growth and EMT in CRC cells by targeting YAP1 to inhibit the Wnt/β-catenin signaling pathway.

Conclusion

In summary, the current research showed that miR-520f-3p suppresses the growth and EMT of CRC cells by targeting YAP1. The study might identify miR-520f-3p and YAP1 as novel therapeutic targets for CRC.
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Primer sequences
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