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Background

Prostate cancer (PCa) ranks as the second leading cause of cancer-related mortality among men. Long non-coding RNAs (lncRNAs) are known to play a regulatory role in the development of various human cancers. LncRNA MAFG-divergent transcript (MAFG-DT) was reported to play a crucial role in tumor progression of multiple human cancers, such as pancreatic cancer, colorectal cancer, bladder cancer, and gastric cancer. Nevertheless, the specific function of MAFG-DT in the context of bone metastasis in PCa remains inadequately understood.





Methods

The expression level of MAFG-DT was analyzed in published datasets and further confirmed in clinical samples and cell lines by RT-qPCR and in situ hybridization assays. Additionally, we further examined the effect of MAFG-DT on cell proliferation, migration, invasion and bone metastasis through CCK8, EdU, colony formation, transwell assays and bone metastasis model with intracardiac injection. Subsequently, the specific mechanism of MAFG-DT in PCa was investigated by RIP, ChIP, bioinformatic analysis and luciferase reporter assays.





Results

We found that MAFG-DT expression was significantly upregulated in PCa tissues exhibiting bone metastasis. Elevated levels of MAFG-DT expression were found to be positively associated with poor prognostic outcomes in PCa patients. Functionally, the knockdown of MAFG-DT resulted in a pronounced inhibition of cellular proliferation, migration, invasion, and bone metastasis. Moreover, it was demonstrated that MAFG-DT enhanced the expression of FZD4 and FZD5 mRNAs by sequestering miR-24-3p, thereby activating the Wnt/β-catenin signaling pathway. Additionally, the transcription factor MAFG was found to transcriptionally activate MAFG-DT in PCa.





Conclusion

This study confirms the oncogenic role of MAFG/MAFG-DT/miR-24-3p/Wnt/β-catenin in PCa, which suggests that MAFG-DT could serve as a potential therapeutic target for PCa.
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Introduction

Prostate cancer (PCa) is the second leading cause of cancer-associated mortality among men (1–3). Given the improvements that have been made in terms of the diagnosis of PCa and its treatment methods, the survival rate of patients with PCa has improved over the course of the last decade (2, 4, 5). Inhibition of the androgen receptor is the classical therapeutic method for PCa patients, and patients benefit from this therapy in the early stages of the disease (6). However, over time, a majority of patients will develop resistance to androgen deprivation therapy. Patients with advanced PCa with metastasis have a poor quality of life and increased rates of mortality. Therefore, gaining an understanding of the underlying molecular mechanism that is responsible for PCa progression will contribute towards our ability to control PCa.

LncRNAs are involved in the regulation of many biological and pathological processes, such as cell migration and invasion (7). LncRNAs are able to interact with DNAs, RNAs, and proteins, thereby participating in the development of multiple types of human cancer (8–11). The dysregulation of lncRNAs has been reported in tumorigenesis, metastasis, drug resistance, and radiation resistance (12–16). The lncRNA MAFG-divergent transcript (MAFG DT) has been shown to be upregulated in pancreatic cancer, colorectal cancer, bladder cancer, and gastric cancer, and it promotes tumor progression (17–20). However, to the best of the authors’ knowledge, the biological and clinical roles of MAFG-DT in PCa bone metastasis remain unclear.

The Wnt/β-catenin pathway has been reported to be dysregulated in numerous diseases, including adolescent idiopathic scoliosis, Alzheimer’s disease, and various types of human cancer (21, 22). Wnt/β-catenin signaling often serves an oncogenic role in tumor progression. For example, AID induced the demethylation of CXCL12, which stabilized the Wnt signaling pathway executor β-catenin, further promoting EMT process and PCa metastasis (23). CRNDE was found to enhance the proliferation and chemoresistance of colorectal cancer via activating Wnt signaling through sponging of the miR-181a-5p (24). However, the underlying mechanism of lncRNA-mediated activation of the Wnt/β-catenin signaling in PCa bone metastasis was rarely known.

In this study, it is shown how MAFG-DT is upregulated in PCa tissues, especially in bone metastatic PCa tissues. Increased levels of MAFG-DT were found to be positively correlated with the poor prognosis of patients with PCa. Functionally, MAFG-DT knockdown dramatically inhibited PCa cell proliferation, migration, invasion, and bone metastasis. Mechanistically, MAFG-DT upregulated FZD4 and FZD5 expression via sponging miR-24-3p to abolish the miR-24-3p-mediated degradation of FZD4/5, which further activated the Wnt/β-catenin pathway. Collectively, the findings of the present have provided novel insights into how MAFG-DT promotes PCa progression, suggesting that MAFG-DT may have the potential for development into a putative therapeutic target against PCa.





Materials and methods




Human tissues and cell culture

The human tissues used in the present study were collected from patients undergoing surgery in our hospital. The Institutional Research Ethics Committee at the Chengdu Fifth People’s Hospital sanctioned the study protocol for utilizing clinical materials in research (No.2022-CDFH-H-63).Bone metastatic tissues were obtained from spine lesions. Cell culture was performed according to the procedures presented in the Supplementary Materials.





Plasmids, siRNA, miRNA mimics, and inhibitor and transfection

Human MAFG-DT plasmid and two shRNA plasmids against MAFG-DT were purchased from Sangon Biotech (Shanghai, China). The corresponding blank plasmid vectors were used as the negative control. The plasmids were transfected into cells using Lipofectamine 3000 transfection reagent (Invitrogen, USA) based on the manufacturer’s instructions. For the establishment of stable cell lines, shRNA lentiviral plasmids, packaging, and envelop plasmids were transfected into 293T cells to produce the lentivirus. The lentivirus was collected in a 15mL tube and centrifuged (500g/5min) to remove cellular debris and impurities and then filtered using a filter (0.45um). The collected virus supernatant can be used for infection and storage. PCa cells (30%-50% density) were infected by the lentivirus for 3 days and the MOI of infection was 10. siRNAs were used to knock down some genes and obtained from Riobio (China). The shRNA and siRNA sequences were shown in Supplementary Table 1. miR-24-3p mimics, inhibitor and corresponding negative controls were purchased from Riobio (Guangzhou, China). The siRNAs, miRNA mimics and inhibitor, and NC were incubated with riboFECT™ CP transfection reagent (Riobio) at room temperature for 15 minutes based on the manufacturer’s instructions.





Real-time quantitative PCR

RT-qPCR assay was performed precisely following the protocol in a previous study (25). The sequence of primers used in the present study were presented in Supplementary Table 2.





Bone metastasis model

The intracardiac-injection model of bone metastasis was established according to the guidelines provided in a previous study (3). In every group, five mice (BALB\c-nu, male, 4-6 weeks) were injected with PC3 cells (1×106 cells) in a solution of 100μl PBS into the cardiac ventricle. Mice were anesthetized with isoflurane (inhalation anesthesia, 3% for induction, and 1.5% for maintenance), and at the end of the experiment, the mice were euthanized with CO2 inhalation (CO2 replacement rate, 30%). The criteria for death were as follows: i) the animals had no heartbeat for more than 5 minutes; ii) corneal and nerve reflexes disappeared, and the pupils of the mice were dilated. The osteolytic score based on X-ray analysis was calculated, consistently with the method outlined in a previously published study (3). All animal experiments were approved by the Institutional Animal Care and Use Committee of the Chengdu Fifth People’s Hospital (No. 2022-CDFH-A-19).





Western blotting

Western blotting was conducted with the standard method. Antibodies against FZD4 (ab277797, 1:500), FZD5 (ab75234, 1:1000) and β-catenin (ab32572, 1:3000) were obtained from Abcam, and E-cadherin (20874-1-AP, 1:3000) and Vimentin (10366-1-AP, 1:2000) were obtained from Proteintech. GAPDH (60004-1-Ig, 1:50000, Proteintech) were utilized as the protein loading controls. The detailed protocol of the Western blotting assay was presented in Supplementary Materials.





Statistical analysis

Data analysis was conducted using GraphPad Prism 7.0. The results are shown as the mean ± standard deviation. Student’s t-test (paired or unpaired) was used to determine the differences between the two groups. P < 0.05 was considered to indicate a statistically significant difference.






Results




The high expression of MAFG-DT is associated with bone metastasis in patients with PCa

MAFG-DT is found to be dysregulated in multiple types of cancer (17, 26, 27); nevertheless, the expression pattern of MAFG-DT in PCa bone metastasis remains unknown. Therefore, the MAFG-DT level in PCa was analyzed from The Cancer Genome Atlas (TCGA) database, and the results indicated that a high level of MAFG-DT was more prevalent in PCa tissues relative to the adjacent normal tissues (Figures 1A, B). Next, the MAFG-DT expression in our clinical samples was investigated, and the findings were similar to the results obtained from TCGA (Figure 1C). Further analysis found that the MAFG-DT expression was increased in bone metastatic PCa tissues (PCa/BM) compared with non-bone metastatic PCa tissues (PCa/nBM) (Figure 1D). Furthermore, the MAFG-DT level was found to be higher in PCa with a Gleason Score ≥7 compared with PCa with a Gleason Score <7 (Figure 1E). Subsequently, the expression of MAFG-DT was assessed in PCa cells, and the finding indicated that the level of MAFG-DT was markedly increased in PCa cells, especially in bone-metastatic cells, compared with RWPE-1 cell (normal prostate cell line) (Figure 1F). Survival analysis based on TCGA-PCa dataset was then investigated. This analysis indicated that an increased expression of MAFG-DT was positively correlated with poor progression-free survival (Figure 1G). In our PCa patient cohort, a high level of MAFG-DT was found to predict shorter overall survival, and bone metastasis-free survival, rates (Figures 1H, I). Taken together, these experiments revealed that the level of MAFG-DT is increased in cases of PCa/BM, and that this is one predictive factor of the prognosis for PCa patients.




Figure 1 | The upregulation of MAFG-DT is related to bone metastasis and poor prognosis in patients with PCa. (A) MAFG-DT expression was analyzed in prostate cancer (Tumor, n=52) and paired adjacent normal tissue (Normal, n=52) from TCGA dataset. (B) MAFG-DT expression was analyzed in prostate cancer (Tumor, n=499) and adjacent normal tissue (Normal, n=52) from TCGA dataset. (C) Real-time qPCR analysis was used to determine MAFG-DT expression in PCa (n=34) and paired adjacent normal tissues (ANT, n=34) from our hospital. (D) Real-time qPCR analysis was used to determine MAFG-DT expression in PCa tissues without bone metastasis (PCa/nBM) and PCa tissues with bone metastasis (PCa/BM) from our hospital. (E) Real-time qPCR analysis was used to determine MAFG-DT expression in PCa tissues (Gleason score <7 or ≥7) from our hospital. (F) Real-time qPCR analysis was used to determine MAFG-DT expression in PCa cell lines (22RV1, LNCaP, DU145, VCaP, C4-2B, PC-3) and normal prostate cell (RWPE-1). (G) Kaplan–Meier analysis of progression-free survival curve of the PCa patients stratified by MAFG-DT expression in TCGA dataset. (H, I) Kaplan–Meier analysis of overall (H) and bone metastasis-free (I) survival curves of the PCa patients stratified by MAFG-DT expression in our cohort. All experiments were performed in biological triplicate. Statistical analyses were performed by ANOVA test (f), unpaired Student’s t-test (B, D, E), paired Student’s t-test (A, C), and the log-rank test (G–I). *P < 0.05.







MAFG-DT promotes PCa cell proliferation in vitro

Based on TCGA data, Gene Set Enrichment Analysis (GSEA) was first performed to examine the biological role of MAFG-DT in the progression of PCa. A high expression level of MAFG-DT was observed to be associated with increased proliferation (Figure 2A). Subsequently, experiments were devised wherein MAFG-DT knockdown was performed by using two shRNAs targeting MAFG-DT in PC3 and C4-2B cells, and MAFG-DT was overexpressed in DU145 cells, which were verified using RT-qPCR analysis (Figure 2B). The viability of the PC3 and C4-2B cells was found to be decreased upon MAFG-DT inhibition, as shown by CKK8 assay, whereas MAFG-DT overexpression elicited the opposite effects in DU145 cells (Figures 2C–E). According to the EdU assay, inhibition of MAFG-DT significantly decreased, whereas MAFG-DT overexpression increased the percentage of EdU+ PCa cells (Figure 2F). Meanwhile, the number of cell colonies was suppressed in PCa cells with knockdown of MAFG-DT, whereas the number of colonies was enhanced in MAFG-DT-overexpressing PCa cells (Figure 2G). Collectively, these results indicate that MAFG-DT could enhance the proliferation ability of PCa cells.




Figure 2 | MAFG-DT promotes PCa cell proliferation in vitro. (A) Gene Set Enrichment Analysis showed that MAFG-DT was related to cell proliferation based on TCGA dataset. (B) Real-time qPCR analysis was used to determine MAFG-DT expression to verify the overexpression and knockdown efficiency in the indicated cells. (C–E) CCK8 assay was performed to investigate the cell viability in the indicated cells. (F) EdU assay was performed to determine the cell proliferation ability in the indicated cells. (G) Colony formation assay was conducted to test colony formation ability in the indicated cells (left panels). Histogram analysis of the fold change of colony is shown (right panels). All experiments were performed in biological triplicate. Statistical analyses were performed by ANOVA test (B–G) and unpaired Student’s t-test (B, F, G). *P< 0.05.







MAFG-DT promotes PCa cell invasion and migration in vitro and bone metastasis in vivo

GSEA in Figure 2 also demonstrated that MAFG-DT is highly enriched in the gene signature of tumor metastasis (Figure 3A). Subsequently, Transwell and wound healing assays were carried out to investigate the effect of MAFG-DT on the metastatic behavior of the PCa cells. As revealed by Transwell invasion assay, the knockdown of MAFG-DT decreased the numbers of invading PCa cells (Figures 3B, C). In addition, wound healing assay showed that PCa cells migrated more slowly when MAFG-DT was silenced (Figures 3D, E). By contrast, MAFG-DT overexpression was found to enhance the metastatic ability of the PCa cells (Figures 3F, G). Since bone metastasis is an important prognostic factor in PCa patients, and the findings shown in Figure 1 suggested that MAFG-DT is associated with bone metastasis, the function of MAFG-DT in bone metastasis of PCa was then investigated by establishing an intra-cardiac injection model (28). We found that the ability of PCa cells to metastasize to the bone was markedly suppressed by the knockdown of MAFG-DT (Figures 3F–H). Considered together, the above results demonstrate that MAFG-DT promotes the bone metastasis of PCa cells.




Figure 3 | MAFG-DT promotes PCa cell invasion and migration in vitro, and bone metastasis in vivo. (A) Gene Set Enrichment Analysis showed that MAFG-DT was related to tumor metastasis. (B, C) A Transwell assay was performed to analyze the invasion of PC3, C4-2B and DU145 cells in the indicated groups (left panels). Histogram analysis of fold change of invasion is shown (right panels). (D, E) A wound healing assay was performed to analyze the migration of PC3, C4-2B and DU145 cells in the indicated groups (left panels). Histogram analysis of fold change of migration is shown (right panels). (F) The representative X-ray image of mouse hindlimb in the indicated group. (G) The incidence of bone metastasis in the indicted group. (H) The osteolytic score of mouse hindlimbs based on X-ray in the indicated group. All experiments were performed in biological triplicate. Statistical analyses were performed by ANOVA test (D, E) and unpaired Student’s t-test (F, G, H). *P< 0.05.







MAFG-DT interacts with miR-24-3p

There is often a correlation between the expression of antisense lncRNAs and their sense chain genes, suggesting that antisense lncRNAs may be widely involved in the expression regulation of protein coding genes (29). Therefore, we examined the effect of MAFG-DT on the expression of MAFG and the results showed that MAFG-DT could not change the RNA level of MAFG (Supplementary Figure S1A). LncRNAs play oncogenic roles dependent on their subcellular localization (1). Subcellular fraction and RT-qPCR assays showed that MAFG-DT was predominantly distributed in the cytoplasm of PCa cells (Figure 4A). Cytoplasmic lncRNAs were primarily reported to be competitive endogenous RNAs (ceRNA) to sponge miRNA (30). By analyzing public databases, StarBase and LncBase, miR-24-3p was predicted to target MAFG-DT (Figure 4B). The results from the clinical samples indicated that compared with ANT, MAFG-DT was significantly upregulated in PCa (Figure 4C). In addition, a correlation study revealed that miR-24-3p showed the negative correlation with MAFG-DT (Figure 4D). Further RT-qPCR analyses revealed that miR-24-3p expression was significantly upregulated in cells wherein MAFG-DT was knocked down (Figure 4E). These data suggested that MAFG-DT may regulate miR-24-3p expression through a ceRNA-type manner. To explore whether miR-24-3p directly bind to MAFG-DT, the binding site was predicted, and a mutated binding site was designed (Figure 4F). Luciferase reporter assay was performed to confirm whether direct binding could occur, and the results showed that the luciferase activity of the MAFG-DT-wt reporter was decreased in PCa cells treated with miR-24-3p mimics, whereas the MAFG-DT-mut reporter’s activity was not significantly changed following the same treatment (Figure 4G). RIP assay was then employed to show that treatment with miR-24-3p mimics led to the marked increase in the enrichment of MAFG-DT in argonaute-2 (Ago2) protein (Figure 4H), indicating an increased interaction between miR-24-3p and MAFG-DT. To further study whether miR-24-3p mediates the oncogenic function of MAFG-DT in PCa, miR-24-3p inhibitor was found to partly reverse the inhibitory effect of knocking down MAFG-DT on the proliferative and invasive capabilities of the PCa cells (Figures 4I, J). Taken together, these results demonstrated that MAFG-DT can promote tumor progression by targeting miR-24-3p.




Figure 4 | MAFG-DT interacts with miR-24-3p. (A) Nuclear/cytoplasmic fractionation analysis was used to detect the subcellular location of MAFG-DT. GAPDH and U6 were used as the controls. (B) The prediction of miRNAs that may bind to MAFG-DT by Starbase and Lncbase. (C) Real-time qPCR analysis was used to determine miR-24-3p expression in PCa and ANT from our hospital. (D) The correlation between MAFG-DT and miR-24-3p level was analyzed in our clinical PCa tissues. (E) Real-time qPCR analysis was used to determine miR-24-3p expression in the indicated PC-3 and C4-2B cells. (F) The wild-type binding site between MAFG-DT and miR-24-3p was predicted by Starbase and the mutant-type binding site was designed according to the wild-type binding site. (G) Luciferase reporter assay showed that MAFG-DT-wt activity was impaired by miR-24-3p in the PC3 and C4-2B cells, whereas MAFG-DT-mut activity remained unchanged. (H) RIP assay showed the enrichment of MAFG-DT in Ago2 and IgG protein in the indicated cells. (I) EdU (left panels) and colony formation (right panels) assay was conducted to test the effect of miR-24-3p on cell proliferation induced by MAFG-DT in the PC3 and C4-2B cells. (J) A Transwell assay was performed to analyze the invasion of PC3 and C4-2B cells in the indicated groups. All experiments were performed in biological triplicate. Statistical analyses were performed by ANOVA test (E, I, J), unpaired Student’s t-test (G, H), paired Student’s t-test (C), and Spearman correlation test (D).*P< 0.05.







MAFG-DT activates Wnt/β-catenin pathway by upregulating FZD4/5 expression

Signaling pathways have been reported to participate in the development of human cancers (1). To determine which signaling pathways are involved in MAFG-DT-induced tumor progression, GSEA was performed. Wnt/β-catenin signaling was predicted as the downstream pathway of MAFG-DT (Figure 5A). Further luciferase reporter and western blotting assays showed that MAFG-DT knockdown led to a marked suppression of Wnt/β-catenin pathway, whereas this function was found to be reversed by miR-24-3p inhibitor (Figures 5B, C). Meanwhile, wildtype MAFG-DT significantly activated Wnt/β-catenin pathway, whereas mutant MAFG-DT had no effect on Wnt/β-catenin pathway(Supplementary Figures S1B, C). Above results indicated that miR-24-3p mediated MAFG-DT-induced activation of Wnt/β-catenin pathway. Since miRNAs exert their function through targeting mRNAs, potential mRNAs which miR-24-3p targets were screened, and this analysis demonstrated that two key component proteins of Wnt/β-catenin signaling, FZD4 and 5, were the putative targets of miR-24-3p. Subsequently, the binding sites between FZD4/5 and miR-24-3p were predicted using Starbase, and corresponding mutants were designed (Figure 5D). The results from luciferase reporter assay revealed that treatment with the miR-24-3p mimics led to a marked decrease in the luciferase activity of the wild-type FZD4/5 (FZD4/5-wt) reporter, whereas the activities of the mutated FZD4/5 reporters were unchanged in PCa cells with miR-24-3p mimics treatment (Figures 5E, F). Moreover, RT-qPCR assay demonstrated that the expression levels of FZD4/5 were downregulated in PCa cells of miR-24-3p mimics group (Figure 5G). The association between MAFG-DT and FZD4/5 was also investigated, and these experiments showed that the expression levels of FZD4/5 were decreased in MAFG-DT-silenced PCa cells, whereas treatment with miR-24-3p inhibitor led to an attenuation of the suppressive effect induced by MAFG-DT knockdown (Figures 5H, I). Taken together, this series of experiments showed that MAFG-DT could upregulate the expression of FZD4/5 to activate the Wnt/β-catenin pathway.




Figure 5 | MAFG-DT activates Wnt/β-catenin pathway by upregulating FZD4/5 expression. (A) Gene Set Enrichment Analysis showed that MAFG-DT was enriched in the Wnt/β-catenin pathway. (B) Luciferase reporter assay was performed to determine the activities of the Wnt/β-catenin pathway in the indicated groups. (C) Western blot assay was performed to determine total and nuclear β-catenin protein expression in the indicated groups. GAPDH and P84 were used as the controls. (D) The wild-type and mutant-type binding sites between miR-24-3p and FZD4/5 were predicted by Starbase. (E, F) Luciferase reporter assay was performed to determine the activities of FZD4/5-wt or -mut reporter in the indicated PC3 and C4-3B cells. (G, H) Real-time qPCR analysis was used to determine FZD4/5 levels in the indicated PC3 and C4-3B cells. (I) Western blot assay showed the expression of the FZD4/5 proteins in the indicated PC3 and C4-3B cells. All experiments were performed in biological triplicate. Statistical analyses were performed by ANOVA test (B, H) and unpaired Student’s t-test (E-G).*P< 0.05.







MAFG transcriptionally upregulates MAFG-DT expression in PCa

Recently, several studies have demonstrated that transcription factors regulate lncRNA expression (1, 6, 8, 31). To investigate the mechanism of MAFG-DT upregulation in PCa, we analyzed which transcription factors or chromatin factors may be enriched in the promoter of MAFG-DT by using the Cistrome Data Browser (http://dbtoolkit.cistrome.org/). The top 5 factors are shown in Figure 6A, and a correlation analysis between these factors and MAFG-DT was performed. The results indicated that MAFG and ZNF777 were positively correlated with MAFG-DT, whereas EP300 had an negative correlation with MAFG-DT (Figure 6B). Subsequently, the luciferase reporter assays indicated that silencing MAFG led to a significant decrease in the luciferase activity of the MAFG-DT promoter, exhibiting the biggest fold change (Figure 6C). Therefore, MAFG was selected for further investigation, and it was found that MAFG knockdown caused a significant decrease in the expression of MAFG-DT (Figure 6D). Subsequently, MAFG was selected for further investigation, and the site of MAFG bound to the MAFG-DT promoter was predicted using the JASPAR website (https://jaspar.genereg.net/; Figure 6E). This analysis disclosed the presence of two putative binding sites that MAFG could bind to (Figure 6E). ChIP-qPCR assay was then performed to confirm the predicted sites, and the results indicated that it was the P1 site which mediated the binding between MAFG and the MAFG-DT promoter (Figure 6F). Finally, we also found that, compared with PCa/nBM, the expression of MAFG was increased in PCa/BM (Figure 6G). Survival analysis from TCGA database showed that high MAFG expression predicted poor progression-free and disease-specific survival rates in patients with PCa (Figures 6H, I), thereby revealing the clinical significance of MAFG in PCa. Taken together, these results demonstrated that MAFG is able to transcriptionally upregulate MAFG-DT in PCa.




Figure 6 | MAFG transcriptionally upregulates MAFG-DT expression in PCa. (A) The top 5 factors might bind to MAFG-DT promoter predicted by Cistrome Data Browser. (B) The correlation analysis between MAFG, ZNF777, LMO2, NRC2C2, EP300, and MAFG-DT is based on TCGA data. (C) The luciferase reporter assay was performed to investigate the effect of MAFG, ZNF777, LMO2, NRC2C2, and EP300 knockdown by siRNAs on the promoter of MAFG-DT in PC3 cells. (D) RT-qPCR analysis was used to determine MAFG-DT levels in the indicated PC3 and C4-2B cells transfected with siRNA targeting MAFG. (D) The binding motif of MAFG from JASPAR website (upper planes); The binding sites of MAFG on MAFG-DT promoter predicted by JASPAR website (bottom planes). (E) ChIP-qPCR analysis was used to verify the predicted binding sites between MAFG and MAFG-DT promoter. (F) RT-qPCR analysis was used to determine MAFG levels in PCa/nBM and PCa/BM tissues. (G, H) Kaplan–Meier analysis of progression-free (G) and disease-specific (H) survival curves of the PCa patients stratified by MAFG expression in TCGA cohort. All experiments were performed in biological triplicate. Statistical analyses were performed by unpaired Student’s t-test (C, D, F, G), Spearman correlation test (B), and the log-rank test (H, I). *P < 0.05.



Collectively, the results of functional assays revealed that the knockdown of MAFG-DT led to marked suppression of the proliferation, invasion, and migration of PCa cells in vitro, and bone metastasis in vivo. Mechanistically, MAFG-DT caused the attenuation of miR-24-3p-mediated degradation of FZD4/5, which in turn activated the Wnt/β-catenin signaling pathway. Additionally, transcription factor MAFG upregulated MAFG-DT expression in PCa (Figure 7).




Figure 7 | MAFG-DT promotes prostate cancer bone metastasis through activation of the Wnt/β-catenin pathway. Increased MAFG-DT expression was positively correlated with poor overall and bone metastasis-free survivals. Functionally, MAFG-DT knockdown dramatically inhibited the proliferation, migration, invasion and bone metastasis of PCa cells. Mechanically, MAFG-DT upregulated FZD4 and FZD5 expression by sponging miR-24-3p to abolish miR-24-3p-mediated degradation of FZD4/5, which further activated wnt/β-catenin pathway.








Discussion

Bone metastasis is one of the main characteristics of PCa, contributing to the mortality associated with PCa. However, at present, treatment options for bone metastasis are limited, and it is not possible to prolong the survival rate of patients with PCa. Therefore, improving our understanding of the underlying molecular mechanism responsible for bone metastasis will enable the development of more effective therapies acting against bone-metastatic PCa. This study reveals a novel insight of the ongenic role of MAFG/MAFG-DT/miR 24 3p/Wnt/β-catenin axis in PCa bone metastasis, providing one potential therapeutic target against PCa bone metastasis.

LncRNAs have been shown to be dysregulated in multiple types of human cancer, including gastric cancer, liver cancer, PCa, and pancreatic cancer (32–39). MAFG-DT has been reported to be involved in the progression of a wide variety of different types of cancer (17, 19, 26, 27, 40). For example, MAFG-DT enhanced pancreatic cancer cell proliferation and invasion, whereas it inhibited apoptosis by sponging miR-3196 to upregulate the expression of NFIX (17). In bladder cancer, MAFG-DT was significantly upregulated, and this was associated with advanced clinical and pathological features, which promoted bladder cancer progression by regulating the miR-143-3p/COX-2 signaling axis (19). Furthermore, MAFG-DT upregulated HOXB8 via sponging miR-149-3p to promote colorectal cancer progression (18). However, the biological role and function of MAFG-DT remain unclear in PCa bone metastasis. Therefore, we firstly investigated the expression pattern of MAFG-DT in PCa. Our results indicated that MAFG-DT was upregulated in PCa tissues with bone metastasis relative to PCa tissues without bone metastasis and adjacent normal tissues. Meanwhile, MAFG-DT showed an increased expression in bone-metastatic PCa cell lines compared with other PCa cell lines. Additionally, enhanced MAFG-DT expression was correlated with advanced clinicopathological characteristics and poor prognosis of patients with PCa. These results indicate the oncogenic role of MAFG-DT in PCa bone metastasis. Hence, in vitro and vivo experiments were performed to investigate the specific function and mechanism of MAFG-DT in PCa bone metastasis. Further results demonstrated that MAFG-DT increased FZD4/5 expression by targeting miR-24-3p, which activated the Wnt/β-catenin pathway to enhance the ability of cell proliferation, migration, invasion and bone metastasis in PCa cells. This study has demonstrated that MAFG-DT may serve as a potential therapeutic target against metastatic PCa.

The Wnt/β-catenin pathway has been shown to participate in the initiation and development of diverse tumor types, including PCa (41–43). CircABCC4, modified by METTL3, was found to promote stemness and PCa metastasis by recruiting IGF2BP2 protein to stabilize CCAR1 mRNA, which activated the Wnt/β-catenin pathway (44). The long transcript of TMPO-AS1 (TMPO-AS1L) increased PCa cell invasion, proliferation, and epithelial-to-mesenchymal transition (EMT) through the regulation of the CSNK2A1/DDX3X/Wnt/β-catenin signaling axis (45). The demethylation-induced upregulation of GIPC2 also promoted metastasis of PCa via directly interacting FZD7, further activating the Wnt/β-catenin signaling (46). FZD4/5 are the key component proteins of wnt/β-catenin signaling, which play oncogenic roles in a variety of tumor types. FZD4 has been demonstrated to regulate LINC00319-induced proliferation and metastasis in oral squamous cell carcinoma (47). The translation of FZD5 mRNA was promoted by YTHDF1 in an m6A-dependent manner, which subsequently facilitated liver cancer progression (48, 49). In this study, FZD4/5 was found to mediate MAFG-DT-induced oncogenic functions in PCa.





Conclusions

In conclusion, the present study has provided novel insights into the molecular mechanism through which MAFG-DT promotes PCa cell proliferation, invasion, migration, and bone metastasis, suggesting that MAFG-DT may serve as a promising therapeutic target against PCa bone metastasis.
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