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            Abstract
Viruses express several classes of non-coding RNAs1; the functions and mechanisms by which most of these act are unknown. Herpesvirus saimiri, a γ-herpesvirus that establishes latency in the T cells of New World primates and has the ability to cause aggressive leukaemias and lymphomas in non-natural hosts2, expresses seven small nuclear uracil-rich non-coding RNAs (called HSURs) in latently infected cells3,4,5. These HSURs associate with Sm proteins, and share biogenesis and structural features with cellular Sm-class small nuclear RNAs4,6. One of these HSURs (HSUR2) base-pairs with two host cellular microRNAs (miR-142-3p and miR-167) but does not affect their abundance or activity, which suggests that its interactions with them perform alternative functions. Here we show that HSUR2 also base-pairs with mRNAs in infected cells. We combined in vivo psoralen-mediated RNA–RNA crosslinking and high-throughput sequencing to identify the mRNAs targeted by HSUR2, which include mRNAs that encode retinoblastoma and factors involved in p53 signalling and apoptosis. We show that HSUR2 represses the expression of target mRNAs and that base-pairing between HSUR2 and miR-142-3p and miR-16 is essential for this repression, suggesting that HSUR2 recruits these two cellular microRNAs to its target mRNAs. Furthermore, we show that HSUR2 uses this mechanism to inhibit apoptosis. Our results uncover a role for this viral Sm-class RNA as a microRNA adaptor in the regulation of gene expression that follows precursor mRNA processing.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more



Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more



Buy this article
Purchase on Springer Link
Instant access to full article PDF
Buy now


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: HSUR2 binds to translationally active mRNAs.[image: ]


Figure 2: RICC–seq identifies mRNAs that are targets of HSUR2.[image: ]


Figure 3: Interaction of HSUR2 with miR-142-3p and miR-16 is required for HSUR2-mediated mRNA repression.[image: ]


Figure 4: HSUR2 confers resistance to apoptosis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 HSUR2 binds host miRNA miR-142-3p and miR-16.
a, Nucleotide sequence of HSUR2. Predicted base-pairing between HSUR2 and miR-142-3p, as well as experimentally confirmed interaction between HSUR2 and miR-167, are shown with miRNA seed sequences in yellow and HSUR2 residues involved in interactions with miRNAs in blue. ARE-like sequences, red boxes; Sm-binding site, black box. b, Western blot analysis of miR-142-3p validated targets GRLF137, Rac138, Rock238, and N-WASP39 in marmoset T cells transformed by wild-type HVS (cj319-WT) or by a mutant version of HVS lacking HSUR1 and HSUR2 (cj319-Δ2a). α-Tubulin provides a loading control. Data shown are representative of three independent experiments.


Extended Data Figure 2
AMT-mediated crosslinking and purification of HSUR2 for RICC–seq. a, Northern blot analyses of purification of HSUR2 for RICC–seq. Cj319-WT cells were transiently transfected with control ASO, and UV crosslinked in the presence of AMT. Total RNA was prepared, polyA+ was selected, and HSUR2 was captured using a specific biotinylated ASO. RNA was isolated from different fractions, crosslinks were reversed, and analysed by northern blot for HSUR2 or U1 snRNA as a crosslinking and purification control. FT, flow-through; αH2, biotinylated HSUR2 ASO. b, Northern blot analyses of HSUR2 and HSUR7 (loading control) on total RNA prepared from cj319-WT cells transiently transfected with either control ASO or HSUR2 ASO. RNA samples prepared from these cells were subjected to the RICC–seq protocol as described in a.


Extended Data Figure 3 HSUR2 regulates the abundance of target mRNAs.
qRT–PCR analyses of HSUR2 target mRNAs in cj319-Δ2a cells, which do not express HSUR1 and HSUR210,21, after transfection with control or HSUR2 ASO (n = 3; two-sided t-test). Dots represent mean values of independent experiments with error bars representing s.d. See Supplementary Table 7 for full description of statistics.


Extended Data Figure 4 HSUR3, HSUR4, HSUR6 and HSUR7 are not required for HSUR2-mediated mRNA repression.
a, Plasmid constructs used for transient transfection of HSURs. GFP (green arrow) expression is driven by the cytomegalovirus promoter (blue box). HSUR encoding regions are represented by red arrows. HVS miRNAs29 are not depicted. b, Plasmid constructs used for transient expression of HSUR2. HSUR2 expression signals (DSE, distal sequence element; PSE, proximal sequence element) are represented by magenta boxes, and the 3′-end processing signal (3′-box) is represented by a purple box. c, Northern blot analysis of GSML cells transiently transfected with pBS-GFP (lane 1), pBS-GFP-H1-5 (lane 2), pBS-GFP-H3-7 (lane 3), and both pBS-GFP-H1-5 and pBS-GFP-H3-7 (lane 4). U2 snRNA provides a loading control. d, GSML cells were transiently transfected with the plasmid constructs described in a, FACS-sorted for GFP expression and analysed as described in Fig. 2e (two-sided t-test in all cases, except for NGDN and HSURs3–7 versus empty vector, which used a two-sided Wilcoxon’s signed rank test). Sample size (n) is indicated below the chart in each case. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; see Supplementary Table 7 for full description of statistics.


Extended Data Figure 5 HSUR2 represses target mRNAs in the human B cell line BJAB.
BJAB cells were transiently transfected with plasmids pBS-GFP (empty vector, white bars), pBS-GFP-HSUR2 (HSUR2), or pBS-GFP-ΔHSUR2 (ΔHSUR2), FACS-sorted for GFP expression, and analysed as described in Fig. 2e (two-sided t-test). Dots represent mean values of independent experiments with error bars representing s.d. Sample size (n) is indicated below the chart in each case. ***P < 0.001; **P < 0.01; *P < 0.05; see Supplementary Table 7 for full description of statistics.


Extended Data Figure 6 Construction of cj137-WT and cj137-ΔHSUR2 cell lines.
a, Schematic representation of the construction of HVS-BAC-GFP-WT and HVS-BAC-GFP-ΔHSUR2 bacmids. HVS-BAC-GFP was originally constructed using the HVS-A11-S4 strain31,33 with a cassette containing BAC elements, GFP gene, and chloramphenicol and hygromycin resistance genes placed in the ORF 15 gene30. PCR fragments containing the kanamycin resistance gene and I-SceI restriction site, flanked by a 50-bp duplication of HVS genomic sequence (brown boxes), used for the first recombination are depicted, with the numbers above the ends (in parentheses) indicating the corresponding positions in the HVS A11 genome. After a second recombination event, scarless removal of the kanamycin cassette is achieved, leaving the original 50 bp of genomic sequence (brown box). b, Restriction fragment patterns of recombinant BAC clones. Bacmids HVS-BAC-GFP, HVS-BAC-GFP-WT and HVS-BAC-GFP-ΔHSUR2 were digested with SacI, separated in a 0.7% agarose gel and stained with ethidium bromide. Arrows indicate alterations caused by the addition of recombined fragments. Left, sizes of molecular weight markers in kb. c, Northern blot analysis for HSUR expression on total RNA isolated from cj137-WT and cj137-ΔHSUR2 cell lines. U6 snRNA provides a loading control.


Extended Data Figure 7 Ablation of miR-142-3p and miR-16 expression does not affect HSUR2 expression or its ability to base-pair with mRNAs.
a, Northern blot analysis of total RNA isolated from GSML cells treated as described in Fig. 3a. U6 snRNA provides a loading control. b, AMT-mediated RNA-RNA crosslinking and polyA+ selection performed as in Fig. 1a, on HVS-transformed marmoset T cells transiently transfected with the indicated LNA inhibitors.


Extended Data Figure 8 Interaction of HSUR2 with miR-142-3p and miR-16 is required for HSUR2-mediated mRNA repression.
a, Northern blot analysis of total RNA isolated from GSML cells that were treated as described in Fig. 3c. U6 snRNA provides a loading control. b, As in Fig. 3c, for the other targets of HSUR2. Analysed by two-sided t-test in all cases, except for STAG1, RBM7, RASA2, DDX20, and DDX5 (HSUR2Δ142-3p/16 versus empty vector in all cases), for which a two-sided Wilcoxon signed rank test was used. Dots represent mean values of independent experiments with error bars representing s.d. Sample size (n) is indicated below the chart in each case. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; see Supplementary Table 7 for full description of statistics.


Extended Data Figure 9 Mutant versions of miR-142-3p and miR-16 restore HSUR2-mediated mRNA repression.
a, b, As in Fig. 3d, e, for the other targets of HSUR2 (n = 3; two-sided t-test). Dots represent mean values of independent experiments with error bars representing s.d. Sample size (n) is indicated below the chart in each case. ***P < 0.001; **P < 0.01; *P < 0.05; see Supplementary Table 7 for full description of statistics.


Extended Data Figure 10 HSUR2 confers resistance to apoptosis.
a, b, As in Fig. 4c, d, but cells were treated with TNFα (n = 3; unpaired two-sided t-test). Dots represent mean values of independent experiments with error bars representing s.d. *P < 0.05; see Supplementary Table 7 for full description of statistics.
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        Editorial Summary
HSUR2 shoots the messenger RNA to stop cell suicide
Herpesvirus saimiri expresses seven small nuclear RNAs. One of these, HSUR2, binds to certain microRNAs, but does not affect their abundance or activity; therefore, its function has been unclear. Demián Cazalla and colleagues now show that HSUR2 interacts with specific messenger RNAs in virally transformed T cells, including those that encode retinoblastoma and factors involved in p53 signalling and apoptosis. They also show that HSUR2 represses the expression of these messenger RNAs via a mechanism that requires the binding and recruitment of the microRNAs miR-142-3p and miR-16. The authors therefore propose that HSUR2 is a microRNA adaptor that recruits argonaute proteins to target messenger RNAs.
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