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            Abstract
At the onset of metazoan cell division the nuclear envelope breaks down to enable capture of chromosomes by the microtubule-containing spindle apparatus1. During anaphase, when chromosomes have separated, the nuclear envelope is reassembled around the forming daughter nuclei1,2. How the nuclear envelope is sealed, and how this is coordinated with spindle disassembly, is largely unknown. Here we show that endosomal sorting complex required for transport (ESCRT)-III, previously found to promote membrane constriction and sealing during receptor sorting, virus budding, cytokinesis and plasma membrane repair3,4,5,6, is transiently recruited to the reassembling nuclear envelope during late anaphase. ESCRT-III and its regulatory AAA (ATPase associated with diverse cellular activities) ATPase VPS4 are specifically recruited by the ESCRT-III-like protein CHMP7 to sites where the reforming nuclear envelope engulfs spindle microtubules. Subsequent association of another ESCRT-III-like protein, IST1, directly recruits the AAA ATPase spastin to sever microtubules. Disrupting spastin function impairs spindle disassembly and results in extended localization of ESCRT-III at the nuclear envelope. Interference with ESCRT-III functions in anaphase is accompanied by delayed microtubule disassembly, compromised nuclear integrity and the appearance of DNA damage foci in subsequent interphase. We propose that ESCRT-III, VPS4 and spastin cooperate to coordinate nuclear envelope sealing and spindle disassembly at nuclear envelopeâ€“microtubule intersection sites during mitotic exit to ensure nuclear integrity and genome safeguarding, with a striking mechanistic parallel to cytokinetic abscission7.
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                    Figure 1: ESCRT-III is transiently recruited around chromatin discs during nuclear envelope reformation.[image: ]


Figure 2: ESCRT-III and VPS4 cooperate at sites of NE and MT intersection during nuclear envelope reassembly.[image: ]


Figure 3: ESCRT-III-dependent recruitment of spastin to the reforming NE mediates mitotic spindle disassembly.[image: ]


Figure 4: ESCRT-III dysfunction compromises nuclear integrity and leads to DNA damage and cell cycle arrest.[image: ]
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Extended data figures and tables

Extended Data Figure 1 ESCRT-III is transiently recruited around chromatin discs during nuclear envelope reformation.
a, Confocal image of HeLa cells treated with control siRNA or CHMP4B targeting siRNA and stained as indicated. Scale bars, 10 Î¼m. Image is representative of at least five captures. b, Immunoblot of whole-cell lysates probed for endogenous CHMP4B and Î²-actin. c, Confocal images of H199v, hTERT RPE1 and U2OS cells showing localization of endogenous CHMP4B around chromatin discs during late anaphase. Cells were co-stained for Î±-tubulin and DNA (Hoechst). Scale bars, 10 Î¼m. Images are representative of at least three captures for each cell line. d, Confocal image of fixed HeLa cells stably expressing HA-CHMP4B. Anti-HA in red and DNA (Hoechst) labelled in blue. Scale bar, 5 Î¼m. Image is representative of at least ten captures. e, Confocal images of late anaphase HeLa cells stained for endogenous proteins (CHMP4A, CHMP3, CHMP2 in red) or stably expressing tagged proteins (CHMP1Bâ€“Flag, CHMP1A-V5, IST1â€“mCherry in red) as indicated and DNA (Hoechst) shown in blue. Scale bars, 5 Î¼m. Images are representative of at least three captures. f, Confocal image of HeLa cells labelled for CHMP4Bâ€“eGFP, the early endosome marker EEA1, the multivesicular endosome marker Hrs and DNA (Hoechst). Image is representative of five captures. g, As f, but stained for the late endosome marker LAMP1 instead of Hrs. Image is representative of five captures. h, Confocal images of fixed HeLa cells in different phases of mitotic exit, stained for lamin A, endogenous CHMP4B, and DNA (Hoechst). Scale bars, 5 Î¼m. Images are representative of at least five captures for each stage. i, Confocal image of HeLa cells at different phases of mitotic exit stained as indicated. Note the different stage in nuclear pore reassembly in late anaphase (arrow) compared with telophase (arrowhead). Scale bar, 5 Î¼m. Image is representative of at least ten captures. j, SIM reconstruction of HeLa cells (labelled as indicated) shows no co-localization between CHMP4B and nuclear pores (Nup153). Image is representative of five captures.


Extended Data Figure 2 ESCRT-III is transiently recruited around chromatin discs during nuclear envelope reformation.
a, Deconvolved wide-field live-cell imaging of HeLa cells stably expressing CHMP4Bâ€“eGFP and mCherryâ€“KDEL, showing recruitment of CHMP4B only at sites where the reforming NE has engulfed the chromatin disc (see gallery). Images are representative of at least ten videos. b, HeLa cells stably expressing CHMP4Bâ€“eGFP and mCherryâ€“Î±-tubulin were fixed and treated with increasing concentrations of DNase I. Cells were then labelled for GFP, mCherry and DNA and imaged with a confocal microscope. Scale bar, 5 Î¼m. Images are representative of at least three captures for each condition. c, Immunoblot showing endogenous CHMP4B knockdown in HeLa cells stably expressing WT CHMP4Bâ€“eGFP or a membrane binding defective mutant CHMP4Bâ€“eGFP 4DE. Asterisk indicates non-specific immunoreactivity. d, Table showing frequency of cells where CHMP4B was recruited around anaphase chromatin under the indicated siRNA transfections. CHMP4B is not recruited upon CHMP7 depletion. This result is representative of knockdown experiments using three independent CHMP7-targeting siRNAs. e, Representative confocal images of HeLa cells transfected with the indicated siRNAs, fixed and immunolabelled for CHMP4B, Î±-tubulin and DNA. CHMP7 depletion affects CHMP4B recruitment around anaphase chromatin (upper panel), but does not affect CHMP4B recruitment at the midbody (lower panel). Scale bars, 5 Î¼m. Images are representative of 20 captures each for control and CHMP7 siRNAs. f, Immunoblot showing efficient endogenous CHMP7 knockdown in HeLa cells stably expressing CHMP4Bâ€“eGFP.


Extended Data Figure 3 ESCRT-III and VPS4 cooperate at foci of NEâ€“MT intersection during nuclear envelope reassembly.
a, Deconvolved wide-field images of live HeLa cells stably expressing HAeGFPâ€“VPS4A followed through mitotic exit, showing transient localization around chromatin discs during late anaphase. Scale bar, 5 Î¼m. Gallery is representative of three videos. b, CHMP4Bâ€“eGFP/H2Bâ€“mCherry HeLa cells stably expressing untagged WT CHMP2A or untagged RES CHMP2A (CHMP2A allele resistant for CHMP2A siRNA 1) were transfected with the indicated siRNAs. Cells were then imaged live after anaphase onset and residence time (in minutes) of CHMP4B foci around chromatin was scored and plotted as a percentage of population. Immunoblot shows efficient depletion of CHMP2A in the non-resistant lines. n = 21 cells for WT/control siRNA; n = 24 cells for WT/CHMP2A siRNA 1; n = 11 cells WT/CHMP2A siRNA 2; n = 18 cells for RES/control siRNA; n = 17 cells for RES/CHMP2A siRNA 1; n = 12 cells for RES/CHMP2A siRNA 2. ***P = 0.0002 was derived from an unpaired t-test. c, HeLa cells stably expressing CHMP4Bâ€“eGFP and Nup58â€“mCherry were transfected with the indicated siRNAs for 48 h and imaged every 20 s after anaphase onset. Normalized fluorescence intensity of Nup58â€“mCherry at NE was plotted over time. n = 8 DNA discs for control siRNA; n = 8 DNA discs for CHMP3 siRNA. Bars, mean and 95% confidence intervals. d, Immunoblot showing efficient endogenous CHMP3 knockdown in HeLa cells stably expressing CHMP4Bâ€“eGFP and Nup58â€“mCherry. e, HeLa cells stably expressing IBBâ€“eGFP and H2Bâ€“RFP were transfected with the indicated siRNAs. Cells were then imaged every 20 s after anaphase onset. The mean intensity of the nuclear IBB was normalized to the total cellular IBB signal (nucleus + cytoplasm) and plotted over time. n = 37 cells for control siRNA; n = 32 cells for CHMP2A siRNA. Bars, mean and 95% confidence intervals. f, Electron tomography and three-dimensional reconstruction of kinetochore MTs (light blue) intersecting the reforming NE (magenta), obtained from correlative live-cell imaging (inset) and transmission EM. Nuc, nucleus. The electron tomography image is representative of EM analysis of three anaphase cells.


Extended Data Figure 4 ESCRT-III and VPS4 cooperate at foci of the NEâ€“MT intersection during nuclear envelope reassembly.
CLEM of a whole nucleus from HeLa cells expressing CHMP4Bâ€“eGFP and mCherryâ€“CENP-A by combination of a confocal stack and a complete serial EM reconstruction of the same structure. CLEM analysis is representative of three chromatin discs. a, Confocal stack; z1â€“z20. Pink (z11) and orange (z13) highlighted confocal planes correspond to sections shown in Fig. 2c and in Extended Data Fig. 4f, respectively. b, The strongest CHMP4Bâ€“eGFP signals were annotated in an Imaris stack as centre of masses (green spheres in b; blue, DNA; pink and orange bars indicate sections shown in Fig. 2c) and then transferred manually onto a three-dimensional reconstruction from serial EM sections (n = 13 CHMP4Bâ€“eGFP mCherryâ€“CENP-A double-positive foci). c, Complete EM serial reconstruction. Bar index indicates corresponding EM sections. d, Immunofluorescence image corresponding to slice 11 through the three-dimensional model in b. e, Electron micrograph corresponding to slice 42 through the three-dimensional model in c (nucleus, blue outline; green circles, approximate positions of centre of masses from b). f, A confocal plane (z13) with the respective electron micrographs is shown, including insets with increasing magnifications. CHMP4B and CENP-A foci (detected by light microscopy) correlate with unsealed NE (observed on EM sections).


Extended Data Figure 5 ESCRT-III and VPS4 cooperate at foci of the NEâ€“MT intersection during nuclear envelope reassembly.
a, Section from a SIM z-stack of a formaldehyde-fixed HeLa cell labelled as indicated. The Imaris surface three-dimensional renderings (three examples) illustrate holes in the NE with intersecting spindle MTs and CHMP4B localization within the NE holes. The SIM image is representative of at least ten captures. Imaris reconstruction was performed on four areas of intersection between CHMP4B, MTs and ER. b, Deconvolved wide-field images of fixed CHMP4Bâ€“eGFP HeLa cells labelled as indicated. Note CHMP4B foci localization in connection with polar MTs (left, middle and upper right panels) and to kinetochore MTs (lower right panel). Images are representative of at least 20 videos. c, Deconvolved wide-field image from live HeLa cells stably expressing mCherryâ€“CENP-A, CHMP4Bâ€“eGFP and LSSmKate1â€“Î±-tubulin, showing localization of CHMP4B on kinetochore MTs and in close proximity to kinetochores. Image is representative of five videos. d, HeLa cells stably expressing mCherryâ€“CENP-A and CHMP4Bâ€“eGFP were imaged after anaphase onset. Number of CHMP4B foci not co-localizing or co-localizing with CENP-A, and total number of CENP-A foci, were quantified and plotted over time. Time = 0 equals onset of CHMP4B recruitment. n = 6 cells. Bars, mean and s.d.


Extended Data Figure 6 ESCRT-III and VPS4 cooperate at foci of the NEâ€“MT intersection during nuclear envelope reassembly.
a, HeLa cells stably expressing CHMP4Bâ€“eGFP and mCherryâ€“Î±-tubulin were transfected with the indicated siRNAs and imaged every 30 s during mitotic exit. Microtubule bundles contacting CHMP4B foci around chromatin discs were tracked and shown in representative galleries. Time = 0 indicates CHMP4B enrichment on the MT bundle. Scale bars, 5 Î¼m. Images and galleries are representative of 23 events for control siRNA; 26 events for CHMP3 siRNA; 18 events for CHMP2A siRNA; 22 events for VPS4A+B siRNA. b, CHMP4Bâ€“eGFP/mCherryâ€“Î±-tubulin HeLa cells stably expressing WT or siRNA 1 resistant CHMP2A were transfected with CHMP2A siRNA 1 and imaged every 30 s during mitotic exit. Spindle MTs reaching CHMP4B were tracked and their time of disappearance after CHMP4B onset was scored and plotted. n = 27 MTs for WT CHMP2A; n = 25 MTs for RES CHMP2A. Tukey whiskers extend from the largest value within 1.5 IQR (interquartile range) of the upper quartile to the smallest value within 1.5 IQR of the lower quartile. ***P < 0.0001 derived from unpaired t-test. c, Deconvolved wide-field images of CHMP4Bâ€“eGFP/mCherryâ€“Î±-tubulin HeLa cells where MT intensity around CHMP4B foci was measures using line plots. Measured values were plotted and Spearman's correlation analysed. Scale bars, 5 Î¼m.


Extended Data Figure 7 ESCRT-III-dependent recruitment of spastin to the reforming NE mediates mitotic spindle disassembly.
a, Deconvolved wide-field image of live HeLa cells stably co-expressing mCherryâ€“spastin M1 with CHMP4Bâ€“eGFP, illustrating co-localization. Image is representative of at least five videos. b, As in a, but instead co-expressing the mCherryâ€“spastin M87 allele. Image is representative of at least five videos. c, A section from a SIM z-stack of a formaldehyde fixed HeLa cell labelled as indicated. The Imaris surface three-dimensional renderings (right) illustrate how CHMP4B and spastin embrace the spindle MT. SIM image is representative of five captures. d, ESCRT-III-dependent localization of spastin shown by confocal imaging of endogenous spastin (red), endogenous CHMP4B (green) and DNA (blue) after siRNA transfections as indicated. Scale bars, 5 Î¼m. Images are representative of 30 cells for control siRNA and 30 cells for CHMP4B siRNA. e, Quantification of endogenous spastin fluorescence intensity around anaphase chromatin in cells treated and immunolabelled as in d. n = 30 cells for control siRNA; n = 30 cells for CHMP4B siRNA. Bars, mean and s.d. ***P < 0.0001 derived from unpaired t-test. f, Immmunoblots show efficient knockdown of endogenous CHMP1B (upper panel) and endogenous IST1 (lower panel). g, Deconvolved wide-field images of live anaphase HeLa cells stably co-expressing mCherryâ€“spastin M87 with CHMP4Bâ€“eGFP, transfected with the indicated siRNA. Scale bars, 5 Î¼m. Images are representative of 46 cells for control siRNA; 14 cells for CHMP2A siRNA; 11 cells for CHMP1B siRNA; 31 cells for IST1 siRNA. h, Confocal images of HeLa cells stably co-expressing CHMP1Bâ€“Flag with CHMP4Bâ€“eGFP, transfected with control or CHMP2A siRNA, fixed and stained for DNA, CHMP4Bâ€“eGFP and IST1 (left panel) or CHMP1Bâ€“Flag (CHMP1B-FL) (right panel). Scale bars, 5 Î¼m. Images are representative of at least five captures for each condition.


Extended Data Figure 8 ESCRT-III-dependent recruitment of spastin to the reforming NE mediates mitotic spindle disassembly.
a, Immunoblot of whole-cell lysates showing the efficiency of endogenous spastin depletion by the indicated siRNAs. b, Residence time of CHMP4B localization at anaphase chromatin discs is increased in HeLa cells expressing inducible spastin M87E442Q allele in addition to CHMP4Bâ€“eGFP. n = 17 cells for control (non-induced); n = 19 cells for induced spastin M87E442Q. Bars, mean with 95% confidence intervals. ***P < 0.0001 derived from unpaired t-test. c, HeLa cells stably expressing CHMP4Bâ€“eGFP were imaged every 20 s after anaphase onset. Taxol or DMSO was added in early anaphase. The percentage of cells with CHMP4B localized at chromatin discs was plotted over time. n = 9 cells for DMSO; n = 12 cells for Taxol. P < 0.0001 derived from unpaired t-test.


Extended Data Figure 9 ESCRT-III dysfunction compromises nuclear integrity and leads to DNA damage and cell cycle arrest.
a, hTERT RPE1 cells were transfected with the indicated siRNAs. Cells were then fixed and labelled for Î³-H2AX and DNA. Images were collected on a high-content ScanR microscope and the mean fluorescence intensity of Î³-H2AX foci was measured and the percentage of the population plotted. n = 3,414 cells for control siRNA; n = 2,320 for CHMP2A siRNA; n = 3,410 for VPS4A+B siRNA. Tukey whiskers extend from the largest value within 1.5 IQR of the upper quartile to the smallest value within 1.5 IQR of the lower quartile. ***P < 0.0001 derived from unpaired t-test. b, Confocal image of HeLa cells depleted for CHMP2A fixed and labelled for nuclear pore complex (anti-pan NPC) and 53BP1. Scale bar, 5 Î¼m. Image is representative of six captures. c, Immunoblot showing efficient knockdown of CHMP2A, VPS4A, VPS4B and CEP55 in hTERT RPE1 cells. Asterisk indicates non-specific immunoreactivity. d, Confocal images of hTERT RPE1 cells that were fixed 1 h or 5 h after exposure to ionizing radiation. Cells are labelled for DNA, Î³-H2AX and CHMP4B. Scale bar, 5 Î¼m. Images are representative of five captures for control; seven captures for 2 Gy, 1 h; eight captures for 2 Gy, 5 h. e, Model for coordination of spindle disassembly and nuclear envelope sealing by ESCRT-III, VPS4 and spastin. During anaphase, ESCRT-III is recruited by CHMP7 to sites where the reforming NE engulfs spindle MTs. ESCRT-III recruits spastin M1 that is embedded in the engulfing NE as well as cytosolic spastin M87, which together promote MT disassembly. As such, ESCRT-III, VPS4 and spastin cooperate to coordinate progressive membrane constriction while severing MTs. Only when the surface of the reforming nucleus is cleared from spindle MTs can NE sealing occur.
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Live cell imaging of cells stably expressing CHMP4B-eGFP and H2B-mCherry which undergo mitotic slippage in the presence (Taxol) or not (nocodazole) of microtubules. CHMP4B is recruited to chromatin only in the presence of microtubules. (MOV 1288 kb)


Live cell imaging of HeLa cells stably expressing CHMP4B-eGFP fixed for EM at an identical time point after anaphase onset.
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