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            Abstract
Tumour formation is blocked by two barriers: replicative senescence and crisis1. Senescence is triggered by short telomeres and is bypassed by disruption of tumour-suppressive pathways. After senescence bypass, cells undergo crisis, during which almost all of the cells in the population die. Cells that escape crisis harbour unstable genomes and other parameters of transformation. The mechanism of cell death during crisis remains unexplained. Here we show that human cells in crisis undergo spontaneous mitotic arrest, resulting in death during mitosis or in the following cell cycle. This phenotype is induced by loss of p53 function, and is suppressed by telomerase overexpression. Telomere fusions triggered mitotic arrest in p53-compromised non-crisis cells, indicating that such fusions are the underlying cause of cell death. Exacerbation of mitotic telomere deprotection by partial TRF2 (also known as TERF2) knockdown2 increased the ratio of cells that died during mitotic arrest and sensitized cancer cells to mitotic poisons. We propose a crisis pathway wherein chromosome fusions induce mitotic arrest, resulting in mitotic telomere deprotection and cell death, thereby eliminating precancerous cells from the population.




            
                
                    

    
        
            
                
                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
            
        

        
    



                    
                

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

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


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: Spontaneous mitotic arrest upon bypass of senescence.[image: ]


Figure 2: Telomere fusions induce mitotic arrest.[image: ]


Figure 3: Cell fate decision during telomere crisis.[image: ]


Figure 4: Mitotic telomere deprotection dictates cellular fate upon mitotic arrest.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Mitotic duration in pre-crisis cells is elongated.
a, Percentage of cells that spend more than 2 h in mitosis (prolonged mitosis), shown in Fig. 1b. b, Effect of indicated oncogenes on p53 expression. c, Scatter plots show mean mitotic duration Â± s.e.m. of individual IMR-90 derivative cells analysed in Fig. 1d. d, Scatter plots with bars show mean percentage of prolonged mitosis analysed in Fig. 1d (1â€“4 independent experiments). The dots represent independent experiments and the bars the mean. e, Scatter plots show mean (Â± s.e.m.) mitotic duration of IMR-90 E6E7 PD95 cells exposed to reversine and hesperadin (***P < 0.0001, Mannâ€“Whitney test). The result was reproduced in two independent experiments.


Extended Data Figure 2 Telomere elongation abrogates extended mitotic duration.
a, Telomere elongation by hTert in IMR-90 E6E7 and p53dd cells shown in Fig. 1e, f. IMR-90 E6E7 and p53dd cells were infected at PD73 and PD82, respectively, and analysed at the indicated PD. b, c, Scatter plots show mean mitotic duration Â± s.e.m. of individual IMR-90 E6E7 (b) and p53dd (c) cells expressing hTert at indicated PD shown in Fig. 1e, f. d, Effect of sgTRF2 on TRF2 expression 7 days after infection. e, f, Scatter plots with bars show mean percentage of cells with telomeric fusion (e) and prolonged mitosis (f) in IMR-90 E6E7 derivatives shown in Fig. 2a, b (1â€“3 independent experiments). ***P < 0.0001. Mannâ€“Whitney test.


Extended Data Figure 3 Extended mitotic duration depends on telomere fusion.
a, Effect of sgTRF2 on TRF2 expression in cells expressing sgTRF2-resistant TRF2 (TRF2RsgRNA) 9 days after infection with CRISPR/Cas9. b, c, Scatter plots with bars show mean percentage of cells with telomeric fusion (b) and prolonged mitosis (c) in IMR-90 E6E7 expressing sgTRF2 in the presence of TRF2RsgRNA shown in Fig. 2c, d (two independent experiments). d, Schematic of 53BP1 or ligase IV suppression experiment in the presence of sgEMPTY or sgTRF2-2. e, Western analysis of IMR90 E6E7 cells expressing Cas9, Cas9-sg53BP1 or Cas9-sgLig4 in the background of sgEMPTY or sgTRF2-2. f, Representative meta-TIF images of cells suppressed for 53BP1 or LIG4 in the presence of sgEMPTY or sgTRF2-2 as described in d. g, h, Percentage of telomeric fusion (g) and mitotic duration (h) in IMR-90 E6E7 expressing sgEMPTY and sgTRF2 in the presence of DMSO or ATM inhibitor (mean Â± s.e.m.). i, j, Scatter plots with bars showing mean percentage of cells with telomeric fusion (i) and prolonged mitosis (j) in IMR-90 E6E7 expressing sgTRF2 in the presence of ATM inhibitor shown in g, h (two independent experiments). k, Mean mitotic duration Â± s.e.m. of IMR-90 E6E7 sgEMPTY cells exposed to 500 nM Taxol in the presence of DMSO or ATMi. l, Scatter plots show mean mitotic duration of individual cells shown in j. NS, not significant; *P < 0.05, **P < 0.005, ***P < 0.0001, Mannâ€“Whitney tests. Results were reproduced in at least two independent experiments.


Extended Data Figure 4 Telomere fusions lead to multipolar mitosis.
aâ€“c, Ratio of anaphase chromosome with or without anaphase bridge (a), pericentrin foci in pro-, prometa- and metaphase (b) and metaphase chromosome with or without unaligned chromosome (c) in IMR-90 E6E7 expressing sgEMPTY and sgTRF2-2 7 days after infection (Fisher's exact test, for pericentrin foci, 1 and 2 foci versus â‰¥3 foci). Representative images from sgEMPTY cells are shown below (b, c). Results were reproduced in two independent experiments. d, Scatter plots with bars show mean percentage of cells that possess tetraploidy (FACS analysis) and multipolarity (â‰¥3 pericentrin foci as in j) in IMR-90 E6E7 cells expressing sgEMPTY and sgTRF2-2 7 days after infection (two independent experiments). **P < 0.005, ***P < 0.0001. Fisher's exact test. Scale bars, 10 Î¼m.


Extended Data Figure 5 Mitotic arrest occurs in near-diploid cells.
a, Bars show mean of three independent experiments of average number (Â± s.e.m.) of telomeric Î³-H2AX foci in IMR-90 E6E7 at PD42, 72 and 105 as analysed in Fig. 4d (n = 25 per experiment, P = 0.0008, one-way ANOVA). b, Bars show the percentage of young IMR90 E6E7 cells with separated sister chromatids expressing sgEMPTY or sgTRF2-1/2 6 or 7 days post infection with CRISPR/Cas9. Results from two independent experiments except for sgEMPTY 6 days post infection (at least 31 metaphases per experiment) are shown. c, Ratio of ploidy of mitotic IMR-90 E6E7 cells at PD106. Cells with attached and separated sister chromatids are plotted separately. d, FACS analysis of cells shown in Fig. 1b. e, Bars show percentage of prolonged mitosis and tetraploid cells (4N) in IMR-90 E6E7 cells at indicated PD. Percentage of prolonged mitosis are the same data sets as Extended Data Fig. 1a.


Extended Data Figure 6 TRF2 suppression and overexpression affects cell fate.
a, Effect of shTRF2-F on TRF2 expression 7 days after infection. b, c, Telomeric and non-telomeric Î³-H2AX foci in individual pre-crisis IMR-90 E6E7 cells expressing shScramble and shTRF2-F shown in Fig. 4b, c. Data in b and c were analysed as in Fig. 4d (n > 16, mean Â± s.e.m.). Metaphases with separated chromatids are shown in magenta. d, Effect of Mycâ€“TRF2 on TRF2 expression 7 days after infection. e, Ratio of mitotic cell fate in pre-crisis IMR-90 E6E7-expressing TRF2 cells, analysed as in Fig. 3f (Fisher's exact test, death versus non-death). f, Meta-TIF analysis of pre-crisis IMR-90 E6E7 cells expressing a control vector or Mycâ€“TRF2. Bars show mean (Â± s.e.m.) telomeric and non-telomeric Î³-H2AX foci (n = 25, Mannâ€“Whitney tests). g, Growth curve of IMR-90 E6E7 cells expressing a control vector or infected with Mycâ€“TRF2-F at PD90. h, i, Mean (Â± s.e.m.) mitotic duration of IMR-90 E6E7 cells expressing shScramble and shTRF2-F (h) and Mycâ€“TRF2 (i) analysed in Fig. 4e and Extended Data Fig. 6e, respectively (Mannâ€“Whitney test). j, Mean (Â± s.e.m.) percentage of telomere fusion of pre-crisis IMR-90 E6E7 expressing shScramble and shTRF2-F analysed in Fig. 4aâ€“c (Mannâ€“Whitney test). *P < 0.05, **P < 0.005, ***P < 0.0001. NS, not significant.


Extended Data Figure 7 Amplified telomere deprotection during mitotic arrest in crisis causes cell death.
a, Ratio of mitotic slippage and cell death in IMR-90 E6E7 Cas9-sg53BP1 cells expressing sgEMPTY and sgTRF2-2 in the presence of colcemid, analysed as in Fig. 3f (Fisher's exact test, death versus slippage). b, Scatter plots show mean mitotic duration Â± s.e.m. before cell death of individual IMR-90 E6E7 Cas9-sg53BP1 cells expressing sgEMPTY and sgTRF2-2 in the presence of colcemid (Mannâ€“Whitney test). c, Bars show mean (Â±s.d.) of three independent experiments of average telomeric and non-telomeric Î³-H2AX foci in IMR-90 E6E7 cells at PD45 exposed to colcemid in the presence of DMSO or hesperadin at indicated concentrations for 24 h analysed as in Fig. 4d (50 metaphase per experiment). For one-way ANOVA telomeric foci, P < 0.0001; non-telomeric foci, not significant. d, Scatter plots show mean (Â± s.e.m.) mitotic duration of IMR-90 E6E7 cells at PD27 exposed to 100 ng mlâˆ’1 colcemid in the presence of DMSO or 40 nM hesperadin (Mannâ€“Whitney test). e, Ratio of mitotic cell fate in IMR-90 E6E7 cells around PD45 exposed to 100 ng mlâˆ’1 colcemid in the presence of DMSO or 40 ng mlâˆ’1 hesperadin (Fisher's exact test, death versus slippage). **P < 0.005, ***P < 0.0001. NS, not significant.
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        Editorial Summary
DNA damage signal kills cancer cells in crisis
Cells forming a tumour must overcome two barriers before becoming cancerous. The first is senescence and the second is a proliferative block known as crisis. Cells that escape senescence usually succumb during crisis, but it has not been clear what triggers cell death at that stage. Jan Karlseder and colleagues now demonstrate that cells that bypass senescence in the absence of p53 have shortened telomeres that undergo fusion, and these fusions trigger mitotic delay. During mitotic arrest telomeres are further deprotected and detected by the DNA damage machinery, which leads to cell death. These findings might offer a clinical opportunity, as exacerbation of mitotic telomere deprotection sensitizes cancer cells to mitotic drugs â€” but mitotic arrest has also been associated with genome instability and tumorigenesis in checkpoint-compromised cells.
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