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Background

Breast cancer (BC) is the most common cancer and the fifth leading cause of cancer mortality with 685,000 deaths worldwide in 2020. Long non-coding RNAs (lncRNAs) are critical in BC carcinogenesis and progression. However, the functional roles and mechanisms of SLC16A1-AS1 in BC are unknown.



Methods

The expression profile of SLC16A1-AS1 in BC patients was investigated using data from The Cancer Genome Atlas (TCGA) database and checked in 80 BC patients, followed by analyzing the prognostic value of SLC16A1-AS1 in the 80 BC patients. The biological functions of SLC16A1-AS1 were further examined in vivo and in vitro after overexpression of SLC16A1-AS1 in BC cells. Possible binding sites between SLC16A1-AS1 and miR-552-5p were predicted by miRDB and those between miR-552-5p and Wnt inhibitory factor-1 (WIF1) were predicted by miRanda, which were confirmed using dual-luciferase reporter assay with mutation. Spearman correlation assay was applied to evaluate the association between genes. Rescue experiments were further applied to investigate the molecular mechanisms involved.



Results

Lower SLC16A1-AS1 expression in BC tissues was related to poor prognosis of BC patients. Upregulation of SLC16A1-AS1 suppressed BC cell viability, colony formation, invasion, and migration in vitro and growth in vivo via sponging miR-552-5p to release WIF1.



Conclusion

SLC16A1-AS1 is a tumor suppressor in BC, and lower SLC16A1-AS1 expression is an indicator of poor prognosis in BC patients. SLC16A1-AS1 inhibits BC carcinogenesis and progression via the SLC16A1-AS1/miR-552-5p/WIF1 pathway. SLC16A1-AS1 represents a novel diagnostic, therapeutic, and prognostic target for BC management.
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Background

Breast cancer (BC) is the most common malignancy in women worldwide. It is predicted that there will be 2.3 million new cases of patients with BC, representing 11.7% of the total cancer patients. Meanwhile, BC accounts for one in four cancer cases, ranking first for incidence in 159 of 185 countries in 2020 (1). Despite the developments in BC diagnosis and treatments, the prognosis of BC patients is still unsatisfactory. BC is the fifth leading cause of cancer mortality with 685,000 deaths globally and accounts for one in six cancer deaths, ranking first for mortality in 110 of 185 countries in 2020 (1, 2). Consequently, a comprehensive understanding of the mechanisms involved in BC carcinogenesis and metastasis is crucial to improve the clinical outcomes of BC patients.

Recently, the application of high-throughput technologies in the life science field revealed that human genomes lacking protein-coding capacity could be transcribed into a variety of RNAs, such as long non-coding RNAs (lncRNAs) (2–4). Many lncRNAs function as regulatory factors in BC carcinogenesis and metastasis via diverse mechanisms (2, 4). For example, increased LINC01271 expression was related to metastasis and the unsatisfactory prognosis of BC patients (4). HOTAIR was upregulated and related to the development of BC patients, which regulates histone methylation to control gene expression in BC cells (5). However, the exact functions, clinical implications, and molecular mechanisms of the majority of lncRNAs in BC are basically unknown (2, 4).

Accumulating evidence suggested that lncRNAs in the cytoplasm mainly functioned as competing endogenous RNAs (ceRNAs), and they competed with microRNAs (miRNAs) to regulate the expressions of mRNAs (8). By competitively binding to their shared miRNA response elements (MREs), both mRNA and lncRNA expressions were regulated (6, 7). lncRNA-introduced ceRNA regulation has been involved in BC. For instance, BCRT1 was a ceRNA of miR-552-5p to promote BC development via targeting the miR-1303/PTBP3 axis (2).

As a biomarker, SLC16A1-AS1 has been reported in hepatocellular carcinoma (HCC), cervical squamous cell carcinoma (CSCC), glioblastoma, bladder cancer, oral squamous cell carcinoma (OSCC), and non-small cell lung cancer (NSCLC). However, SLC16A1-AS1 has been reported to promote (such as glioblastoma) or inhibit (such as CSCC) carcinogenesis in different cancers (8–12). Nevertheless, the function of SLC16A1-AS1 in BC remains unclear. By analyzing The Cancer Genome Atlas (TCGA) datasets with GEPIA online tool (http://gepia.cancer-pku.cn/index.html), SLC16A1-AS1 has been identified to be downregulated in BC (referred to as BRCA in GEPIA) tissues (Figure 1A). lncRNA HOTAIR (13) and MEG (14) are the recognized oncogene and tumor-suppressor gene in BC tissues (Figure 1A). The data reliability of LC16A1-AS1 expression has been further validated in BC tissues of selected patient samples using lncRNA HOTAIR and MEG as reference genes (Figure 1B). Therefore, we hypothesized that SLC16A1-AS1 might be a potential tumor suppressor in BC, and further investigated its regulatory function using BC cell and xenograft nude mice model. Our study might provide novel insights into BC progression involving the lncRNA and a potential new therapeutic target for malignancy.




Figure 1 | Expression of SLC16A1-AS1 is significantly downregulated in breast cancer (BC) cells and tissues and related to the prognosis of BC patients. (A) Bioinformatics analysis found downregulated SLC16A1-AS1 and MEG3 but upregulated HOTAIR expressions in tumor (T) tissues versus normal (N) tissues of BC (BRCA) patients by investigating the TCGA datasets using the online tool GEPIA. (B) SLC16A1-AS1 and MEG3 expressions were meaningfully downregulated, while HOTAIR expression was meaningfully upregulated in BC tissues versus paracancerous tissues from 80 BC patients analyzed by the qRT-PCR assay. (C) SLC16A1-AS1 expression was meaningfully lower in human BC (MCF7, MDA-MB-231, MB453, and BT474) than in human normal mammary gland epithelial cells (MCF 10A) analyzed with qRT-PCR, and the difference was most significant in MCF7 and MDA-MB-231 cells. (D, E) Analyzed by the Kaplan–Meier method among the 80 BC patients, lower SLC16A1-AS1 expression indicated a poor prognosis both in overall survival (D) and disease-free survival (E). *p < 0.05, **p < 0.01, ***p < 0.001.





Patients and Methods


Patient Specimens

Human BC and self-matched paracancerous tissues were collected from patients in our hospital during surgical treatment and then deposited in a refrigerator at −80°C after being frozen in liquid nitrogen.



Reagents

The following were used in the study: Dulbecco’s modified Eagle’s medium (DMEM), lipofectamine 2000, pmirGLO plasmid, Fetal bovine serum (FBS), pcDNA3.1 plasmid and Trizol reagent (Invitrogen, Carlsbad, US); matrigel (BD, New Jersey, US); SurePrep™ Nuclear or Cytoplasmic RNA Purification Kit, PrimeScrip™ RT Master Mix, SYBR Premix Ex Taq I and PrimeScript miRNA cDNA Synthesis Kit  (TaKaRa, Shiga, Japan); protease inhibitor cocktail (Sigma, St. Louis, US); Dual-Luciferase Reporter Assay System (Promega, Madison, US); CCK-8 test kit (Dojindo Corp, Kyushu, Japan); antibodies against WIF1(#5652), Ki-67(#9449) and β-Actin (#4967) (Cell Signaling Technology, Danvers, US).



Informed Consent

Each included BC patient provided written informed consent. This research got permission from the Medical Ethics Committee of Tongji Hospital, Tongji Medical College following the Helsinki Declaration (TJ-IRB20180322).



Cells and Cell Culture

A human normal mammary gland epithelial (MCF 10A) and four human BC (MCF7, MDA-MB-231, MB453, and BT474) cell lines were provided by the American Type Culture Collection (Manassas, USA) and maintained in DMEM containing 100 μg/ml streptomycin, 100 U/ml penicillin, and 10% FBS in a 37°C incubator with 5% CO2. For MCF 10A cells, horse serum (5%), EGF (20 ng/ml), hydrocortisone (0.5 μg/ml), cholera toxin (100 ng/ml), and insulin (10 μg/ml) were supplemented.



Plasmids and Transfection

Full-length cDNA of SLC16A1-AS1 was cloned into pcDNA3.1 plasmid. Empty (NC) and SLC16A1-AS1 containing pcDNA3.1 (SLC16A1-AS1) plasmids were transfected into MCF7 and MDA-MB-231 cells, respectively, using Lipofectamine 2000 reagent. To screen stably transfected cells, 2 mg/ml of G418 was used. The pLKO.1 plasmid served as a negative control (NC) for WIF1 silencing. SLC16A1-AS1 or WIF1 3′-UTR sequences covering mutant (mut) or wild-type (WT) binding sites of miR-552-5p were separately cloned into dual-luciferase reporter plasmid (pmirGLO).

Three siRNAs and NC siRNAs for SLC16A1-AS1 were constructed by GenePharma (Shanghai, China) and transfected into MDA-MB-453 and BT474 cells, respectively. Lipofectamine 2000 was used to transfect NC, SLC16A1-AS1 siRNAs, or miR-552-5p mimics.



Dual-Luciferase Reporter Analysis

Based on bioinformatics analysis, miR-552-5p could possibly bind to WIF1. pmirGLO Dual-Luciferase miR Target Expression Vector was applied to validate the direct binding between miR-552-5p and SLC16A1-AS1 3′-UTR (or WIF1 3′-UTR). Mut reporter constructs of pmirGLO/SLC16A1-AS1 3′-UTR-mut (or WIF1 3′-UTR-mut) and WT reporter constructs of pmirGLO/SLC16A1-AS13′-UTR (or WIF1 3′-UTR) were co-transfected together with miR-552-5p NC or miR-552-5p mimic in MCF7 and MDA-MB-231 cells. Firefly luciferase activity was determined using a microplate reader, and the final luciferase activity of the reported gene to be tested was calculated by normalizing to Renilla luciferase activity.



Total RNA Extraction and qRT-PCR Assay

TRIzol reagent was applied for total RNA extraction. NanoDrop (ND-1000 model, Thermo Fisher Scientific, USA) was used to check RNA concentration and purity. The cDNA was reverse transcribed using the PrimeScript™ RT Master Mix. Reverse transcription was performed for miRNAs using the PrimeScript miRNA cDNA Synthesis Kit. Relative RNA level was calculated using the conventional 2−ΔΔCt method. Real-time PCR primers for the target genes are shown in Supplementary Table 1.



Nuclear and Cytoplasmic RNA Fraction Purification

The nuclear and cytoplasmic RNAs were separated with the SurePrep™ Nuclear or Cytoplasmic RNA Purification Kit following the manufacturer’s guideline. In brief, 80% confluent cells to be tested were lysed in a lysis solution, centrifuged for 3 min at 12,000 rpm to separate the cytoplasmic (supernatant fraction) and nuclear (pellet fraction) RNAs, followed by enrichment and elution on columns, respectively. The qRT-PCR assay was applied to determine SLC16A1-AS1 expression in the cytoplasm and nucleus using U6 and GAPDH as internal controls for nuclear and cytoplasmic RNAs, respectively.



Cell Viability Assessment

Following the manufacturer’s guideline, 10 μl of CCK-8 solution was added into a 100-μl medium in cells cultured in a 96-well cell culture plate, and a viability curve was then built based on optional density (OD) values.



Transwell Invasiveness and Migration Assays

The 24-well Transwell chambers (Corning Costar, USA) with or without Matrigel coating were applied to evaluate invasiveness or migration ability, respectively. Briefly, 750 μl of 20% FBS supplied medium was added into the lower chamber as a chemoattractant, and 200 μl of serum-free medium (3 × 105 cells) was added into the upper insert and cultured for 48 h (for invasiveness assay) or 24 h (for migration assay). Cells on the lower surface of the upper insert were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet.



Colony Formation Evaluation

Cells to be tested were seeded (1,000/well) in a six-well plate and cultured for 7 days to form the cell colonies, followed by fixing for 10 min with 4% paraformaldehyde and staining for 5 min with 0.5% crystal violet. Colony images and numbers were acquired using a light microscope and ImageJ software.



Western Blot Evaluation

NP40 lysis buffer with protease inhibitor cocktail was applied to lyse the cells. The same amounts of protein (20 μg) were isolated on SDS-PAGE gel, followed by transferring into a PVDF membrane, blocking with 5% non-fat milk, and incubating with primary and secondary antibodies.



Animal Experiments

Twenty-four 6-week-old female BALB/c nude mice were bought from Beijing HFK Bioscience Co. Ltd. (Beijing, China), separated into four groups (n = 6) and maintained in the animal facility of our hospital. All in-vivo investigational procedures were approved and permitted by the Animal Care and Use Committee of our hospital. MCF7 and MDA-MB-231 cells overexpressing SLC16A1-AS1 or NC were suspended in PBS, respectively, and injected subcutaneously (1 × 107 cells/mouse/200 μl) into the flank of each mouse. The minimum (W) and maximum (L) tumor lengths were checked with a vernier caliper every week to calculate the tumor volumes with the following formula: ½LW2. The mice were sacrificed after 3 weeks. This study was approved by the Medical Ethics Committee of Tongji Hospital, Tongji Medical College (TJ-20200421).



Immunohistochemical Assay

Paraffin-embedded sections were dewaxed with xylene, followed by rehydrating with alcohol, blocking endogenous peroxidase with 3% H2O2, antigen retrieval by microwave heating, blocking non-specific antigen in 5% BSA, incubating with a primary antibody against Ki-67 and then with a secondary antibody, staining using diaminobenzidine, and counterstaining using hematoxylin. Images were photographed under a microscope.



Statistics Analysis

Student’s t-test or one-way ANOVA by SPSS 20.0 (IBM, Chicago, USA) was used for two- or multiple-group comparison, respectively. The Kaplan–Meier method with log-rank test was applied for survival rate calculation. Spearman correlation coefficient analysis was used to evaluate the association between genes. p <0.05 means statistical significance.




Results


Downregulated SLC16A1-AS1 Is Identified in Both BC Patient Tissues and Cells, and Lower SLC16A1-AS1 Expression Is Associated With Unsatisfactory Prognosis of BC Patients

To investigate the potential participation of SLC16A1-AS1 in BC carcinogenesis and development, we first investigated the lncRNA expression pattern based on public BC (BRCA) databases (TCGA dataset) by the online tool GEPIA, which showed a significantly lower SLC16A1-AS1 expression in tumor (T, n = 1,085) tissues than in normal (N, n = 291) tissues of BC (BRCA) patients (Figure 1A). Furthermore, to confirm the above findings, BC and self-matched paracancerous tissues and the clinicopathologic characteristics (Supplementary Table 2) of 80 BC patients were collected, which showed a significantly lower SLC16A1-AS1 expression in BC tissues than in paracancerous normal tissues (Figure 1B). The downregulated SLC16A1-AS1 expression was further confirmed in BC cells, which showed that SLC16A1-AS1 expression was considerably lower in MCF7, MDA-MB-231, MB453, and BT474 cells versus MCF 10A cells (Figure 1C), and SLC16A1-AS1 expression was the lowest in MCF7 and MDA-MB-231 cells. After the 80 BC patients were divided into SLC16A1-AS1 low-expression (n = 40) and SLC16A1-AS1 high-expression (n = 40) groups with the cutoff value of SLC16A1-AS1 median expression in BC tissues, the survival curves of the BC patients with SLC16A1-AS1 high-expression and SLC16A1-AS1 low-expression levels were plotted by Kaplan–Meier analysis, which showed a poor prognosis in BC patients with lower SLC16A1-AS1 expression (Figure 1D). The relationship between SLC16A1-AS1 expression level and the clinicopathologic characteristics of BC patients analyzed by the chi-square test showed that the SLC16A1-AS1 expression was statistically significantly related to tumor size, TNM stage, lymph node metastasis, and WIF1 expression but not related to age, gender, and tumor differentiation of patients (Supplementary Table 2).



Overexpression of SLC16A1-AS1 Inhibits Viability, Colony Formation, Invasion, and Migration in BC Cells

To determine the functions of SLC16A1-AS1 in BC cells, SLC16A1-AS1 was successfully overexpressed after transfection of pcDNA3.1 plasmid containing the SLC16A1-AS1 sequence in MCF7 and MDA-MB-231 cells, which was confirmed by qRT-PCR assay (Figure 2A). After SLC16A1-AS1 overexpression, the CCK-8 assay evaluating viability (0–96 h), the colony formation assay evaluating colony proliferation ability, and Transwell assays evaluating cell invasion and migration abilities were carried out. The data indicated that SLC16A1-AS1 overexpression significantly suppressed cell viability time dependently (Figure 2B) as well as colony proliferation ability (Figure 2C) and cell migration (Figure 2D) and invasion (Figure 2E) abilities in both MDA-MB-231 and MCF7 cells.




Figure 2 | Silencing SLC16A1-AS1 promotes viability, colony formation, invasion, and migration of BC cells. To further explore the functions of SLC16A1-AS1 in BC progression, SLC16A1-AS1 was silenced in MDA-MB-453 and BT474 cells. After being confirmed that SLC16A1-AS1 was effectively silenced in both MDA-MB-453 and BT474 cells (A), the following behaviors were compared between SLC16A1-AS1 silenced and the negative control (NC) MDA-MB-453 and BT474 cells: cell viability (B), colony formation (C), cell migration (D), and cell invasiveness (E) in Figures 2 all were quantified with  symbol *. *p < 0.05, **p < 0.01, ***p < 0.001.



Furthermore, SLC16A1-AS1 was successfully silenced in MDA-MB-453 and BT474 cells with si-SLC16A1-AS1, which was confirmed by the qRT-PCR assay (Figure 3A). After SLC16A1-AS1 silencing, the viability (0–96 h), colony proliferation ability, and cell invasion and migration abilities were evaluated. The data indicated that SLC16A1-AS1 silencing significantly promoted cell viability time dependently (Figure 3B) as well as colony proliferation ability (Figure 3C) and cell migration (Figure 3D) and invasion (Figure 3E) abilities in both the MDA-MB-453 and BT474 cells.




Figure 3 | Overexpression of SLC16A1-AS1 inhibits the viability, colony formation, invasion, and migration of BC cells. To explore the functions of SLC16A1-AS1 in BC progression, SLC16A1-AS1 was overexpressed in MDA-MB-231 and MCF7 cells. After being confirmed that SLC16A1-AS1 was effectively overexpressed in both MDA-MB-231 and MCF7 cells (A) (p < 0.001), the following behaviors were compared between SLC16A1-AS1 overexpressed (SLC16A1-AS1) and the negative control (NC) MCF7 and MDA-MB-231 cells: cell viability (B), colony formation (C), cell migration (D), and cell invasiveness (E). *p < 0.05, **p < 0.01, ***p < 0.001.





SLC16A1-AS1 Is a ceRNA of miR-552-5p in BC Cells

Increasing evidence has supported that cytoplasmic lncRNAs act as ceRNAs in regulating the biological functions and expressions of miRNAs (15, 16). Therefore, the cellular sublocalization expressions of SLC16A1-AS1 in MDA-MB-231 and MCF7 cells were investigated by extraction of the nuclear and cytoplasmic RNAs followed by qRT-PCR assay. The results demonstrated that SLC16A1-AS1 was distributed mostly in the cell cytoplasm than in the nuclear fraction (Figure 4A); consequently, we hypothesized that SLC16A1-AS1 could be a sponge to inhibit miRNAs by binding with their target mRNAs in BC development.




Figure 4 | SLC16A1-AS1 is a sponge for miR-552-5p. (A) Cellular sublocalization of SLC16A1-AS1 in MCF7 and MDA-MB-231 cells was investigated with nuclear and cytoplasmic separation assay, and GAPDH and U6, respectively, acted as internal controls for cytoplasmic and nuclear expressions. (B) Diagram indicating the prospective binding sites for miR-552-5p with SLC16A1-AS1 predicted by miRDB (http://mirdb.org/) and mutated information of prospective miR-552-5p binding sites. (C) miR-552-5p expressions were significantly higher in MCF7 and MDA-MB-231 cells than in MCF 10A cells analyzed by qRT-PCR. (D) Dual-luciferase activities in MDA-MB-231 and MCF7 cells in the presence of negative control (NC), wild type (WT), or mutated (mut) reporter of SLC16A1-AS1 with miR-552-5p or without (NC) miR-552-5p mimics. (E) miR-552-5p expression was considerably higher in BC tissues versus the paired paracancerous tissues from 80 BC patients (the same specimens used in Figure 1A). (F) miR-552-5p expression level was significantly negatively related to SLC16A1-AS1 expression level in 80 BC tissues by Spearman correlation coefficient analysis (the same specimens used in Figure 1A). (G) miR-552-5p expression was confirmed to be negatively regulated by SLC16A1-AS1 expression after measuring miR-552-5p levels in MDA-MB-231 and MCF7 cells with SLC16A1-AS1 overexpression. *p < 0.05, **p < 0.01.



To verify this hypothesis, we first performed bioinformatics analysis to identify the possible miRNAs which might bind to SLC16A1-AS1 3′-UTR in BC cells. The 3′-UTR sequence of SLC16A1-AS1 was obtained by BLAST, and miR-552-5p was predicted to be potentially bound to SLC16A1-AS1 3′-UTR by searching miRDB (http://mirdb.org/). The diagram of prospective binding sites for miR-552-5p in SLC16A1-AS1 3′-UTR is shown in Figure 4B. We then investigated the functions of miR-552-5p in BC. miR-552-5p expression was found to be upregulated in BC cells (MCF7, MDA-MB-231, MB453, and BT474) versus the MCF 10A cells, and miR-552-5p expression was the highest in MDA-MB-231 and MCF7 cells (Figure 4C). Furthermore, dual-luciferase activity was conducted to validate the binding potential between SLC16A1-AS1 3′-UTR and miR-552-5p, after subcloning SLC16A1-AS1 3′-UTR with mutated or WT reporter gene into dual-luciferase reporter plasmid (pmirGLO), which indicated that the luciferase activities of the pmirGLO-SLC16A1-AS1 3′-UTR-WT reporter gene in both MCF7 and MDA-MB-231 cells were significantly decreased in the presence of miR-552-5p mimics (p < 0.01), while the luciferase activities were not affected after the predicted prospective miR-552-5p binding sites in SLC16A1-AS1 3′-UTR were mutated (Figure 4D).

Meanwhile, miR-552-5p expression in the cancerous tissues was significantly upregulated (Figure 4E, p < 0.01) and negatively correlated to SLC16A1-AS1 expression in the 80 BC patients included by Spearman correlation analysis (Figure 4F, p < 0.001), indicating that miR-552-5p acted as an oncogenic miRNA in BC.

Moreover, miR-552-5p expression was confirmed to be negatively regulated by SLC16A1-AS1 expression. As we can see in Figure 4G, miR-552-5p expressions in MDA-MB-231 and MCF7 cells were decreased with SLC16A1-AS1 overexpression.

Overall, these findings indicated that SLC16A1-AS1 was a ceRNA to regulate miR-552-5p in BC.



SLC16A1-AS1 Sponges miR-552-5p to Upregulate WIF1 Expression in BC Cells

As an algorithm to identify the genomic targets of microRNAs, miRanda has been developed by the Computational Biology Center of Memorial Sloan-Kettering Cancer Center. After being analyzed with miRanda (http://www.microrna.org/), we found that WIF1 3′-UTR harbored the potential binding sites of miR-552-5p (Figure 5A). Studies have revealed that miR-552-5p promotes osteosarcoma cell development via targeting the WIF1 (17). However, whether WIF1 is a direct target of miR-552-5p in BC cells remains unknown. Therefore, we hypothesized that miR-552-5p may directly bind to WIF1 in BC cells.




Figure 5 | SLC16A1-AS1 increases WIF1 expression via sponging miR-552-5p. (A) Illustration of the prospective binding sites of miR-552-5p in WIF1 3′-UTR predicted with miRanda (http://www.microrna.org/). (B) mRNA expression of WIF1 was significantly lower in BC cells (MDA-MB-231 and MCF7) than in normal mammary gland epithelial cells (MCF 10A) analyzed by qRT-PCR. (C) Dual-luciferase activities in MDA-MB-231 and MCF7 cells with negative control (NC), wild type (WT), or mutated (mut) reporter of WIF1 3′-UTR with miR-552-5p or without (NC) miR-552-5p mimics. (D) mRNA and protein expressions of WIF1 in MCF7 and MDA-MB-231 cells after miR-552-5p was silenced (miR-552-5p inhibitor) or overexpressed (miR-552-5p mimics). (E) mRNA (left panel) and protein expressions (middle and right panels) of WIF1 in SLC16A1-AS1 overexpressed in MDA-MB-231 and MCF7 cells with or without co-transfecting miR-552-5p. (F) Spearman correlation assay of the correlation between WIF1 and SLC16A1-AS1 or miR-552-5p in BC tissues from 80 BC patients (the same specimens used in Figure 1A). *p < 0.05, **p < 0.01, ***p < 0.001.



To further confirm the direct binding between miR-552-5p and WIF1 3′-UTR, we compared the WIF1 expressions of MCF7, MDA-MB-231, MB453, and BT474 cells with MCF 10A cells, and the results revealed a significantly downregulated WIF1 expression in BC cells than in normal mammary gland epithelial cells (Figure 5B). The WT or mutated WIF1 3′-UTR reporter gene was then subcloned into pmirGLO. The luciferase activities of the WT WIF1 3′-UTR reporter gene in both MDA-MB-231 and MCF7 cells were significantly inhibited in the presence of the miR-552-5p mimics versus the miR-552-5p NC, while these activities did not change when the predicted binding sites of miR-552-5p in WIF1 3′-UTR were mutated (Figures 5A, C), representing that miR-552-5p directly targeted WIF1. This direct binding was verified by checking the protein and mRNA expressions of WIF1 in MDA-MB-231 and MCF7 cells in the presence of the miR-552-5p mimics or miR-552-5p inhibitor, which showed that the mRNA (Figure 5D, left panel) and protein (Figure 5D, middle and right panel) expressions of WIF1 were significantly inhibited by the miR-552-5p mimics but promoted by the miR-552-5p inhibitor.

Since the results above showed that SLC16A1-AS1 was a sponge of miR-552-5p, rescue experiments were performed to further find out whether SLC16A1-AS1 regulated WIF1 expressions in MDA-MB-231 and MCF7 cells by sponging miR-552-5p. The mRNA and protein expressions of WIF1 in SLC16A1-AS1 overexpressed in MDA-MB-231 and MCF7 cells with or without co-transfection of miR-552-5p mimics were first detected, which showed that SLC16A1-AS1 overexpression meaningfully upregulated WIF1 expressions in both the mRNA (Figure 5E, left panel) and protein (Figure 5E, middle and right panels) levels in MDA-MB-231 and MCF7 cells, while these changes were effectively rescued by co-transfecting miR-552-5p mimics.

Moreover, Spearman correlation analysis showed that WIF1 expression was positively correlated to SLC16A1-AS1 expression (Figure 5F) and negatively correlated to miR-552-5p expression (Figure 5F) in cancerous tissues from 80 BC patients. These findings indicated that WIF1 was upregulated after miR-552-5p was sponged by SLC16A1-AS1 in BC cells.



The miR-552-5p Overexpression or WIF1 Silencing Reverses SLC16A1-AS1-Attenuated Aggressive Behaviors of BC

Studies have reported that WIF1, as a secreted antagonist of Wnt proteins and an inhibitor of the Wnt signaling pathway (18–23), is a tumor suppressor in various malignancies (18); nevertheless, the mechanism of WIF1 in BC has not been fully clarified. Here, we performed the rescue experiments followed by analyzing the cell viability, the colony formation, and the migration and invasiveness abilities in MDA-MB-231 and MCF7 cells to further explore the functional roles of the SLC16A1-AS1/miR-552-5p/WIF1 axis in BC. The data indicated that SLC16A1-AS1 overexpression significantly suppressed OD values of MDA-MB-231 and MCF7 cells (0–4 days), and the inhibited OD values were partly reversed in the presence of the miR-552-5p mimics or si-WIF1 (Figure 6A). The colony formation abilities of MDA-MB-231 and MCF7 cells were also significantly decreased with SLC16A1-AS1 overexpression, which was partly rescued when the miR-552-5p mimics or si-WIF1 was co-transfected (Figure 6B). Transwell assays showed that cell migration (Figure 6C) and invasion (Figure 6D) abilities of MCF7 and MDA-MB-231 cells were all inhibited after SLC16A1-AS1 overexpression, which also significantly reversed when the miR-552-5p mimics or si-WIF1 was co-transfected. Therefore, the overexpressed miR-552-5p or the inhibited WIF1 reversed the preventative effect of SLC16A1-AS1 in BC development.




Figure 6 | miR-552-5p overexpression or WIF1 knockdown reverses SLC16A1-AS1-attenuated BC aggressive behavior. To verify the functions of the SLC16A1-AS1/miR-552-5p/WIF1 axis in BC cells, the viability (A), colony formation (B), cell migration (C), and cell invasion (D) in MDA-MB-231 and MCF7 cells after SLC16A1-AS1 overexpression (SLC16A1-AS1) with or without miR-552-5p overexpression by miR-552-5p mimics (miR-552-5p) or WIF1 silenced with small interfering RNA (si-WIF1) were studied, respectively. *p < 0.05, **p < 0.01, ***p < 0.001.



Furthermore, xenograft models generated by the subcutaneous injection of SLC16A1-AS1 stably overexpressed MDA-MB-231 or MCF7 cells were then applied to investigate the biological function of the SLC16A1-AS1/miR-552-5p/WIF1 axis in vivo. Similar to the in-vitro results, SLC16A1-AS1 overexpression considerably inhibited tumor volume than in the NC group (Figure 7A). Moreover, SLC16A1-AS1 overexpression significantly inhibited miR-552-5p expression (Figure 7B), while it increased WIF1 expression (Figure 7C) in the xenograft tissues. Meanwhile, the immunohistochemistry assay confirmed that SLC16A1-AS1 overexpression decreased Ki-67 expression (Figure 7D), indicating a reduced cell proliferation.




Figure 7 | Overexpression of SLC16A1-AS1 in both MCF7 and MDA-MB-231 cells inhibits BC xenograft tumor growth by regulating the miR-552-5p/WIF1 axis in vivo. Xenograft tumor in nude mice was prepared with SLC16A1-AS1 overexpressed (SLC16A1-AS1) or the control (NC) plasmid-transfected MCF7 or MDA-MB-231 cells, then the following phenotypes were analyzed: (A) growth curve (tumor volume). (B) miR-552-5p and WIF1 mRNA expressions via the qRT-PCR assay. *p < 0.05, **p < 0.01, ***p < 0.001. (C) WIF1 protein expression via the Western blot assay. (D) Ki-67 protein expression by the immunochemistry assay.



Taken together, our findings revealed that SLC16A1-AS1 was a tumor suppressor and inhibited the tumorigenesis and highly aggressive behaviors of BC cells via sponging miR-552-5p to activate WIF1 both in vitro and in vivo.




Discussion

Despite great developments in the clinical management of BC, it still ranks the fifth leading cause of global cancer mortality in 2020. This makes it urgent to systematically understand the molecular mechanisms involved in BC carcinogenesis and metastasis, thus recognizing novel targets to improve the clinical outcomes of BC.

With the development of high-throughput sequencing technologies, over 80% of genes are identified to be non-coding RNAs in the human genome, such as lncRNAs and miRNAs, which were initially thought to be transcriptional “noise” (24, 25). Accumulated studies have reported that lncRNAs are critical in BC progression, and have focused on discovering novel diagnostic, therapeutic, and prognostic targets for BC from lncRNAs (26–28).

By reviewing the literature, LC16A1-AS1 has been reported to enhance radiosensitivity and repress cell proliferation and invasion by regulating the miR-301b-3p/CHD5 axis in hepatocellular carcinoma (11) and to suppress cell proliferation in cervical squamous cell carcinoma by the miR194/SOCS2 axis (12). Our qRT-PCR assay showed that SLC16A1-AS1 overexpression significantly downregulated miR194 expression but upregulated SOCS2 expression, indicating that SLC16A1-AS1 may also suppress BC by the miR194/SOCS2 axis (Supplementary Figure 1).

In the present study, we first identified that SLC16A1-AS1 was downregulated significantly in BC cells and tissues. This finding was in line with the data from the TCGA datasets, indicating that SLC16A1-AS1 was a potential tumor suppressor in BC. Moreover, the Kaplan–Meier method revealed a poor prognosis with lower SLC16A1-AS1 expression in BC patients, which was considerably related to decreased overall survival rate and disease-free survival rate, indicating that it was a possible prognostic factor and a therapeutic target for BC patients.

The biological roles of lncRNAs are fundamentally dependent on their distribution in the cytoplasm and/or nucleus. Increasing evidence has shown that lncRNAs being expressed in the cytoplasmic fraction are involved in the post-transcriptional gene regulation and may function as ceRNAs to protect the target mRNAs from degradation (2, 29, 30). By extracting cell cytoplasmic/nuclear fractions followed by qRT-PCR assay, we identified that SLC16A1-AS1 was predominantly expressed in the cytoplasm, suggesting the possibility for it to act as an miRNA sponge. Consequently, we further investigated miRNA sponged by SLC16A1-AS1 and miRNA targeting mRNA. Bioinformatics exploration displayed that miR-552-5p was potentially sponged by SLC16A1-AS1 and WIF1 was the target gene of miR-552-5p, which were confirmed by dual-luciferase activity assay, Spearman correlation analysis, gain and loss of function manipulation, and rescue experiments.

As a result, our current work offered novel evidence supporting that SLC16A1-AS1 acted as a ceRNA of miR-552-5p to upregulate WIF1 expression. Since the function of the Wnt signaling pathway is important in BC carcinogenesis and development (31, 32), and WIF1 is an antagonist of the Wnt signaling pathway (33), our findings revealed a therapeutic implication of the SLC16A1-AS1/miR-552-5p/WIF1 pathway in BC patients.



Conclusion

This work disclosed that SLC16A1-AS1 was a tumor suppressor in BC, and lower SLC16A1-AS1 expression was related to poor prognosis of BC patients. In terms of functions and mechanisms, SLC16A1-AS1 inhibited the viability, colony formation, invasion, and migration of BC cells via sponging miR-552-5p to upregulate WIF1 expression. Our findings provide a better understanding of the biological functions and mechanisms of SLC16A1-AS1 to serve as a new tumor suppressor, a ceRNA of miR-552-5p, and a prognostic predictor of BC. Therefore, targeting the SLC16A1-AS1/miR-552-5p/WIF1 axis would offer novel strategies for the diagnosis, therapy, and prognosis of BC patients.
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