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            Abstract
The global shortening of messenger RNAs through alternative polyadenylation (APA) that occurs during enhanced cellular proliferation represents an important, yet poorly understood mechanism of regulated gene expression1,2. The 3â€² untranslated region (UTR) truncation of growth-promoting mRNA transcripts that relieves intrinsic microRNA- and AU-rich-element-mediated repression has been observed to correlate with cellular transformation3; however, the importance to tumorigenicity of RNA 3â€²-end-processing factors that potentially govern APA is unknown. Here we identify CFIm25 as a broad repressor of proximal poly(A) site usage that, when depleted, increases cell proliferation. Applying a regression model on standard RNA-sequencing data for novel APA events, we identified at least 1,450 genes with shortened 3â€²â€‰UTRs after CFIm25 knockdown, representing 11% of significantly expressed mRNAs in human cells. Marked increases in the expression of several known oncogenes, including cyclin D1, are observed as a consequence of CFIm25 depletion. Importantly, we identified a subset of CFIm25-regulated APA genes with shortened 3â€²â€‰UTRs in glioblastoma tumours that have reduced CFIm25 expression. Downregulation of CFIm25 expression in glioblastoma cells enhances their tumorigenic properties and increases tumour size, whereas CFIm25 overexpression reduces these properties and inhibits tumour growth. These findings identify a pivotal role of CFIm25 in governing APA and reveal a previously unknown connection between CFIm25 and glioblastoma tumorigenicity.
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                    Figure 1: CFIm25 depletion leads to consistent and robust 3â€²â€‰UTR shortening of test genes.[image: ]


Figure 2: The DaPars algorithm identifies broad targets of CFIm25 in standard RNA-seq data.[image: ]


Figure 3: Increased pPAS usage after CFIm25 depletion results in increased protein translation and enhanced cell proliferation.[image: ]


Figure 4: Altered expression of CFIm25 modulates glioblastoma tumour growth.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Design and optimization of the qRTâ€“PCR assay to monitor APA of three test genes.
a, Schematic denotes the relative location of the common and distal primer annealing sites in each test gene and the approximate locations of the annotated proximal and distal poly(A) sites, depicted as pPAS and dPAS, respectively. The numbers demarcate where the 3â€²â€‰UTR starts and ends according to ENSEMBL. b, Ethidium-stained agarose gel of RTâ€“PCR products of equal cycle number from the different amplicons using HeLa cell mRNA. c, Both the common and distal cyclin D1 amplicons were cloned into the same pcDNA3 plasmid in tandem. Three dilutions of each plasmid were made and amplified individually with each amplicon in triplicate. The two lines on the graph depict the amplification curve for the common and distal amplicons. The expectation is that identical cycle threshold (CT) values should be attained for each, given that the PCR reactions were conducted using identical amounts of starting material. The average of three individual experiments is shown for each dilution and the average CT deviation of either amplicon at all of the dilutions was calculated as a correction factor. d, The experiment shown in c was repeated for DICER1 and TIMP2 to determine their respective correction factors, which was then applied to experiments shown in Fig. 1.


Extended Data Figure 2 Summary of RNA-seq alignment and reproducibility of PDUI and CFIm25-depletion-induced 3â€²â€‰UTR shortening.
a, RNA-seq read statistics of the four biologically independent experiments where HeLa cells were treated with either control siRNA (Control) or CFIm25 siRNA (CFIm25kD). Pie chart on the right represents genomic distribution of reads that were mapped to human genome hg19. The percentage was calculated by averaging all samples. CDS, coding region. b, Histogram of gene expression of RefSeq genes with fragments per kilobase of transcript sequence per million mapped paired-end reads (FPKM) no less than 1. c, Scatterplot of the two biological replicates for each condition with high Pearson correlation (râ€‰â‰¥â€‰0.9) demonstrating a high level of reproducibility between sample PDUI scores. Each dot represents the PDUI of a transcript. d, Genome browser screen images from four independent RNA-seq experiments. Each represents an independent biological sample where HeLa cells were transfected with either the control siRNA (Con.) or an siRNA that knocked down CFIm25. Both VMA21 and SPCS3 were found to undergo 3â€²â€‰UTR shortening after CFIm25 knockdown whereas FHL1 was found not to change.


Extended Data Figure 3 Shortened transcripts have more UGUA CFIm25-binding motifs than unaltered transcripts.
a, CFIm25 is known to bind to the UGUA motif. The number of UGUA motifs within the 3â€²â€‰UTRs of genes with 3â€²â€‰UTR shortening after CFIm25 knockdown relative to genes with unaltered 3â€²â€‰UTRs was calculated and compared. Here we selected the genes without 3â€²â€‰UTR change according to them having a Î”PDUI valueâ€‰â‰¤â€‰0.05. b, iCLIP tags from ref. 14 (Gene Expression Omnibus accession number GSE37398) were superimposed onto data derived from PDUI analysis of CFIm25 knockdown cells. The box plot demonstrates the enrichment of CFIm25 binding within 3â€²â€‰UTRs that are altered after CFIm25 knockdown (P = 6.1â€‰Ã—â€‰10âˆ’107, t-test).


Extended Data Figure 4 Gene expression changes of genes with shortened 3â€²â€‰UTRs.
Pie chart was calculated from the list of 1,450 genes exhibiting shortened 3â€²â€‰UTRs due to CFIm25 knockdown (dn, down). Differentially expressed gene analysis was performed using edgeR with FDRâ€‰â‰¤â€‰0.05 (see Methods).


Extended Data Figure 5 The Pearson correlation between gene expression fold change and the number of lost negative regulatory elements.
Left, the number of lost AREs (AU-rich elements) due to 3â€²â€‰UTR shortening was calculated using the ARE database and plotted against change in gene expression levels after CFIm25 knockdown (KD). Right, similar to the left except the number of lost patented miRNA target sites (Targetscan 6.2) was plotted.


Extended Data Figure 6 Overlap between shortening events in glioblastoma with low CFIm25 and shortening events in HeLa cells after CFIm25 knockdown.
Left, y-axis (red) represents the percentage of shortening events in low CFIm25 glioblastoma that are also shortened in HeLa cells after CFIm25 knockdown. Right, y-axis (blue) shows the number of shortening events in low CFIm25 glioblastoma (GBM) against different Î”PDUI cut-offs.


Extended Data Figure 7 Overexpression of CFIm25 reduces invasion and colony formation whereas CFIm25 depletion increases invasion and colony formation.
a, U251 cells were transfected with either GFP or CFIm25. Top left, Cells were replated in soft agar and the number of colonies/clusters formed were determined. Bottom left, Matrigel invasion assay for cells overexpressing CFIm25 or GFP. b, Top right, LN229 cells were transfected with either control or two different lentiviral plasmids targeting CFIm25 (KD1 and KD2). Stably transfected cells were plated on soft agar and the resulting colonies were counted for KD1 and KD2, respectively. Bottom right, LN229 cells were transfected with either control or two different siRNAs (KD1 and KD2) directed against CFIm25 and were replated for a Matrigel invasion assay. All the experiments were done in biological triplicates and shown is the meanâ€‰Â±â€‰s.d. All P values were from the two-tailed student t-test of the control versus sample. *Pâ€‰<â€‰0.1, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001.


Extended Data Figure 8 Overexpression of CFIm25 in U251 tumours reduces their size and weight.
a, b, U251 subcutaneous (s.c.) xenograft tumours were isolated from nude mice on day 84 after implantation and measured for volume (a) and weight (b) (n = 10). U251-GFP indicates control U251 cells expressing GFP and U251-CFIm25 indicates cells transduced with a lentivirus that overexpresses CFIm25.


Extended Data Figure 9 Reduction in CFIm25 expression levels enhances LN229 tumour size and weight.
a, b, LN229 subcutaneous (s.c.) xenograft tumours were isolated from nude mice on day 40 after implantation and measured for volume (a) and weight (b) (n = 10). LN229-shCon. indicates control lentiviral transduced cells and LN229-shCFIm25 indicates cells transduced with a lentivirus that expresses shRNA targeting CFIm25.





Supplementary information
Supplementary Table
This file contains Supplementary Table 1. (XLSX 352 kb)


Supplementary Table
This file contains Supplementary Table 2. (XLSX 52 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Masamha, C., Xia, Z., Yang, J. et al. CFIm25 links alternative polyadenylation to glioblastoma tumour suppression.
                    Nature 510, 412â€“416 (2014). https://doi.org/10.1038/nature13261
Download citation
	Received: 30 January 2013

	Accepted: 13 March 2014

	Published: 11 May 2014

	Issue Date: 19 June 2014

	DOI: https://doi.org/10.1038/nature13261


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        NUDT21 interacts with NDUFS2 to activate the PI3K/AKT pathway and promotes pancreatic cancer pathogenesis
                                    
                                

                            
                                
                                    	Xiao-Dong Huang
	Yong-Wei Chen
	Feng-Jun Xiao


                                
                                Journal of Cancer Research and Clinical Oncology (2024)

                            
	
                            
                                
                                    
                                        Transcriptomics-proteomics Integration reveals alternative polyadenylation driving inflammation-related protein translation in patients with diabetic nephropathy
                                    
                                

                            
                                
                                    	Tingting Zhao
	Dongdong Zhan
	Zhihong Liu


                                
                                Journal of Translational Medicine (2023)

                            
	
                            
                                
                                    
                                        PABPN1 regulates mRNA alternative polyadenylation to inhibit bladder cancer progression
                                    
                                

                            
                                
                                    	Liang Chen
	Wei Dong
	Teng Hou


                                
                                Cell & Bioscience (2023)

                            
	
                            
                                
                                    
                                        Coordination of alternative splicing and alternative polyadenylation revealed by targeted long read sequencing
                                    
                                

                            
                                
                                    	Zhiping Zhang
	Bongmin Bae
	Pedro Miura


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        The role and impact of alternative polyadenylation and miRNA regulation on the expression of the multidrug resistance-associated protein 1 (MRP-1/ABCC1) in epithelial ovarian cancer
                                    
                                

                            
                                
                                    	Audrey Marjamaa
	Bettine Gibbs
	Chioniso Patience Masamha


                                
                                Scientific Reports (2023)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
CFIm25 protein and tumour suppression
Cells undergoing high proliferation display mRNAs that are shortened as a result of decreased 3â€² polyadenylation. Eric Wagner and colleagues have identified CFIm25 (a 25-kilodalton component of the cleavage factor Im complex involved in pre-mRNA 3â€²-processing) as a factor that prevents polyadenylation shortening. In its absence, poly(A) tails are shorter and proliferation is enhanced in about 11% of expressed mRNAs in HeLa cells. This polyadenylation shortening correlates with the upregulation of several oncogenes, and in glioblastoma cells with higher tumorigenic activity.
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