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Bailey S. C. L. Jones®, Stephanie Stransky’, Lorenzo Scipioni?, Jens Luebeck*, Melody Di Bona',
Danguole Norkunaite', Robert M. Myers®°, Mercedes Duran', Seongmin Choi',

Britta Weigelt", Shira Yomtoubian', Andrew McPherson', Eléonore Toufektchan®,

Kristina Keuper'*, Paul S. Mischel”, Vivek Mittal''2, Sohrab P. Shah', John Maciejowski®,
Zuzana Storchova', Enrico Gratton®, Peter Ly'®, Dan Landau®", Mathieu F. Bakhoum®'®"°,
Richard P. Koche?, Simone Sidoli’, Vineet Bafna®, Yael David>?'?™ & Samuel F. Bakhoum"*™

Chromosomalinstability (CIN) and epigenetic alterations are characteristics of
advanced and metastatic cancers'*, but whether they are mechanistically linked
isunknown. Here we show that missegregation of mitotic chromosomes, their
sequestration in micronuclei*® and subsequent rupture of the micronuclear
envelope’ profoundly disrupt normal histone post-translational modifications
(PTMs), aphenomenon conserved across humans and mice, as well as in cancer and
non-transformed cells. Some of the changes in histone PTMs occur because of the
rupture of the micronuclear envelope, whereas others are inherited from mitotic
abnormalities before the micronucleus is formed. Using orthogonal approaches, we
demonstrate that micronuclei exhibit extensive differences in chromatin accessibility,
with a strong positional bias between promoters and distal or intergenic regions, in
line with observed redistributions of histone PTMs. Inducing CIN causes widespread
epigenetic dysregulation, and chromosomes that transit in micronuclei experience
heritable abnormalities in their accessibility long after they have been reincorporated
into the primary nucleus. Thus, as well as altering genomic copy number, CIN promotes

epigenetic reprogramming and heterogeneity in cancer.

CIN drives tumour progression, in part through the generation of
genomic copy-number heterogeneity, which serves as a substrate for
natural selection®**°, CINis associated with metastasis”, therapeutic
resistance?and immune evasion™", and it results from the missegrega-
tion of chromosomes during mitosis®™. A hallmark of cancer cells with
CIN is the presence of lagging chromosomes in anaphase®. Misseg-
regated chromosomes frequently end up in micronuclei, which have
envelopes that are rupture-prone, exposing their genomic content
to the cytosol®™'*7, Widespread DNA damage from such rupture can
catalyse genomic abnormalities, including complex chromosomal
rearrangements known as chromothripsis'®’®. Chromosomes that are
encapsulated in micronuclei are often wholly or partly re-integrated
into the primary nucleus after mitosis, and as such can propagate
genetic abnormalities acquired, while in the micronucleus, to daughter

cells'®, In contrast to the genomic ramifications of chromosome mis-
segregation, little is known about the effects of chromosomal transit
inmicronuclei on the integrity of the epigenetic landscape.

Altered histone PTMs in micronuclei

To determine the epigenetic consequences of chromosome seques-
tration in micronuclei, we used immunofluorescence microscopy to
assess the status of canonical histone PTMs in human non-transformed
mammary epithelial cells (MCF10A), telomerase-immortalized reti-
nal pigment epithelial cells (RPE-1), high-grade serous ovarian cancer
(HGSOC) cells (OVCAR-3) and both human and mouse triple-negative
breast-cancer cells (MDA-MB-231and 4T1, respectively). We observed
substantial differences in the distribution of histone PTMs when
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Fig.1|Distinct histone PTMsinmicronuclei. a, Representative
immunofluorescenceimages fromthree biological replicates of micronucleated
MDA-MB-231 cells stained for DNA (blue) and histone post-translational
modifications (PTMs; red). White outlined boxes show amagnified view of
micronuclei. b, Percentage of primary nuclei (blue) and micronuclei with
particular histone PTMs (red) from animmunofluorescence experiment using
human MDA-MB-231 (top) and mouse 4T1 (bottom) cells. **P < 0.01, ***P < 0.001,
****+P<0.0001, two-sided t-test,n =3 biological replicates; datarepresent mean
+s.d.;n.s., notsignificant. ¢, Percentage of micronuclei with particular histone
PTMs from animmunofluorescence experimentin MDA-MB-231 cells treated

comparing primary nuclei and micronuclei. Micronuclei had reduc-
tions in the transcriptional activating mark, lysine acetylation, at
multiple residues along the histone H3 tail (H3K9ac, H3K27ac and,
to a lesser extent, H3K14ac, which was lost only in tumour cells).
Moreover, the two canonical ubiquitination sites on histones, the
repressive mono-ubiquitination of histone H2A (H2AK119ub) and the
gene-body-specific mono-ubiquitination of histone H2B (H2BK120ub),
exhibited substantial reductions, with an almost complete loss of
H2BK120ub (Fig. 1a,b and Extended Data Fig. 1a,b). Changes to his-
tone PTM patternsin micronuclei were remarkably conserved among
non-transformed and cancer-derived cells, as well as across species,
regardless of the basal rate of micronucleus formation (Fig. 1b and
Extended DataFig.1b,c). Although someimportant lysine methylation
events on histone H3 were preserved in micronuclei, others, such as
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with DMSO vehicle control or vorinostat (HDAC inhibitor, HDACi). Statistical
detailsarethesameasinb.d, Heat map of z-scores of the relative abundance of
histone PTMs from histone mass spectrometry inisolated micronuclei and
primary nucleiof mouse 4T1cells; n =3. e, Percentage of micronuclei with
H3K27me3 and H3K27ac from immunofluorescence stainingin human high-
grade serous ovarian cancer (HGSOC) tumour samples; n =16, statistical
significance tested using two-sided paired t-test; p < 0.0001. f, Representative
immunofluorescenceimages of 16 human HGSOC tumour samples stained

for DNA (blue) and either H3K27me3 or H3K27ac (red).Inaandf, arrows,
micronuclei; scalebars,2 um.

H3K9me3, H3K27me3 and H3K36me3, were enriched (Extended Data
Fig.1d). Treatment with the pan-histone deacetylase (HDAC) inhibitor
vorinostat led to near-complete restoration of H3K9ac, H3K14ac and
H3K27ac signals in micronuclei, whereas treatment with the EZH2
inhibitor GSK126 led to a reduction in H3K27me3 staining intensity
(Fig.1c and Extended Data Fig. 2a—e). These changes in histone PTMs
indicate an altered balance of histone-modifying enzymes, many of
whichwere found to be absentin micronuclei (Extended DataFig. 2f-h).
Furthermore, we observed reduced phosphorylation of RNA polymer-
ase Il subunit B1 (RPB1) inmicronuclei compared with primary nuclei,
suggesting reduced transcriptional activity (Extended Data Fig. 2i,j).

Next we purified and separated primary nuclei from micronuclei
of MDA-MB-231 and 4TI cells, as previously described® (Methods
and Extended Data Fig. 3a). A quantitative mass-spectrometry survey
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of canonical histone PTMs in micronuclei confirmed reductions in
acetylation on multiple lysine residues on histones H3 and H4, when
compared with primary nuclei (Fig. 1d and Extended Data Fig. 3b).
Overall, the distribution and levels of histone marks were markedly
distinct between primary nuclei and micronuclei (Fig. 1d). Immuno-
blot analysis confirmed the loss of both mono-ubiquitination marks
(H2AK119ub and H2BK120ub) in micronuclei (Extended Data Fig. 3¢).
In line with our findings in cell lines, there was relative preservation
of H3K27me3 compared with H3K27ac in micronuclei in 16 human
HGSOC samples (Fig. 1e,f).

Micronuclear defects disrupt histone PTM

To test whether abnormalities in histone PTMs result from rupture of
the micronuclear envelope®’ we co-stained histone PTMs with cGAS, a
cytosolic double-stranded DNA sensor™'*”?!, Micronuclei lacking his-
tone H3 acetylation (K9ac, K14ac and K27ac) and H2AK119ub were more
likely to display cGAS colocalization (Fig. 2a,b). This phenomenon was
restricted to micronuclei because inducing primary-nuclear rupture by
depleting lamin A did not alter H3K27ac staining intensity (Extended
DataFig.3d-f).Inhuman HGSOC there was widespread loss of H3K27ac
in micronuclei with cGAS staining, in contrast to slight reductions in
H3K27me3 (Fig. 2¢,d and Extended Data Fig. 4a), which we attribute
to reduced sensitivity in detecting histone PTMs in preserved human
tumour samples compared with cell lines (Supplementary Fig.2). Treat-
ment of MDA-MB-231 cells with vorinostat restored histone H3 lysine
acetylationin all micronuclei (Fig. 2e).

Notably, H2BK120ub waslost in nearly all micronuclei, whereas many
stable heterochromatin-associated marks (H3K9me3, H3K27me3 and
H3K36me3) were enriched, irrespective of micronuclear-rupture status
(Fig.2b and Extended Data Fig. 4b,c). To test the contribution of such
rupture to changes in histone PTMs, we expressed lamin B2, which
suppresses micronuclear-envelope collapse’, as demonstrated by a
reductionin the fraction of micronuclei with cGAS staining (Extended
DataFig.4d-f).Lamin B2 expression selectively rescued abnormalities
inrupture-associated histone PTMs (H3K9ac, H3K14ac, H3K27ac and
H2AK119ub) with no impact on changes unrelated to rupture, such as
loss of H2BK120ub or enrichment of lysine trimethyl marks on histone
H3 (Fig. 2f and Extended Data Fig. 4g).

Weinvestigated whether rupture-unrelated changesin histone PTMs
could arise during the previous round of mitosis and are subsequently
inherited with the lagging chromosome, thereby pre-dating the for-
mation of the micronucleus. We examined the fluorescence intensity
of 10 canonical histone PTMs during anaphase, comparing lagging
chromosomes with the remaining normally segregating chromosomes.
H3K9me3, H3k27me3 and H3K36me3, which were all enriched in micro-
nuclei, were also enriched in lagging chromosomes compared with
their normally segregating counterparts (Extended Data Fig. 5a,b).

H2BK120ub was conspicuously absent from mitotic cells, as previ-
ously reported?, from prometaphase to early telophase (Extended
Data Fig. 5¢). Whereas chromosomes in the primary nucleus quickly
regained this mark in late telophase, micronuclei did not (Extended
Data Fig. 5¢). We reasoned that this unequal redeposition was due to
biased subcellularlocalization of the H2BK120 ubiquitin ligase complex
(RNF20/40) near the spindle poles?, thus placing lagging chromo-
somes out of reach. We induced the formation of micronuclei aris-
ing from chromosomes that missegregate while remaining near the
spindle poles, without transiting through the midzone, by inhibiting
CENP-E, whichis a kinesin-like motor protein that promotes chromo-
some congression to the metaphase plate®. Inhibiting CENP-E with
GSK923295% led to a significant increase in micronuclei containing
H2BK120ub (Extended Data Fig. 5d).

Next, we pulse-treated MDA-MB-231 cells with fluorescently
labelled 5-ethynyluridine and assessed its incorporation in primary
nuclei and micronuclei. As expected, there was an overall reduction
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Fig.2|Micronuclear rupture and chromosome missegregation alter histone
post-translational modificationsin micronuclei. a, Representative images of
MDA-MB-231cells stained for DNA (blue), histone PTMs (red) and cGAS (green).
White outlined boxes show amagnified view of micronuclei, eitherintact or
ruptured (Rupt.). b, Percentage of intact (green bars) and ruptured (yellow)
micronucleiwith histone PTMs in MDA-MB-231cells; *P< 0.05, **P < 0.01,
***p<0.001, two-sided t-test, n = 3; bars show mean + s.d. ¢, Percentage of intact
and ruptured micronuclei with H3K27me3 (left, P= 0.0008) and H3K27ac
(right, P<0.0001) inhuman high-grade serous ovarian cancer (HGSOC) samples;
n=16,two-sided paired t-test.d, Representative images from 16 human HGSOC
samples stained for DNA (blue), cGAS (green), H3K27me3 (red) and H3K27ac
(cyan).e, Percentage of intact and ruptured micronuclei with histone PTMs
inDMSO-treated (red bars) or vorinostat-treated (grey) MDA-MB-231 cells;
**P<0.01,***P<0.001, two-sided t-test, n = 3; datarepresent mean +s.d.

f, Percentage of micronuclei with histone PTMs in control (red bars) and
lamin-B2-expressing (LMNB2; grey) MDA-MB-231cells; *P< 0.05,**P< 0.01,
****P<0.0001, two-sided t-test, n =3; datarepresent mean + s.d. g, Representative
images of MDA-MB-231 cells with micronuclei stained for DNA (blue), H3K27ac
(green) and nascent RNA (red). Violin plots show the z-score of ethynyluridine
(EU) intensity; ****P < 0.0001, two-sided Mann-Whitney U-test, n = 3. Solid and
dotted barsrepresent the medianand quartiles, respectively. h, Representative
fluorescence insitu hybridization (FISH) images of CEN-SELECT DLD-1cells
treated with DMSO (control, left) or Dox/IAA (right) stained for Y chromosome
(red), DNA (blue) and H3K27ac (green). Violin plots show the H3K27ac
immunofluorescenceintensity of DLD-1cells treated with either DMSO (control)
or Dox/IAA; ****P < 0.0001, two-sided Kolmogorov-Smirnov test, n=3.
Scalebars,2 pm (d), 5 pm (aand h) and 10 pm (g).

in transcriptional activity in micronuclei relative to primary nuclei;
however, we observed significantly increased 5-ethynyluridineincor-
poration in micronuclei that have retained H3K27ac compared with
those that have lost this PTM (Fig. 2g and Extended Data Fig. 5e). We
examined whether changes in histone PTMs can persist during the
subsequent cell cycle, once the chromosome that was previously in
amicronucleus is reintegrated into the primary nucleus. We used an
inducible Y-chromosome-specific missegregation system established



in otherwise chromosomally stable DLD-1 colorectal cancer cells'®*,

staining for H3K27ac. This approach allows efficient doxycycline and
auxin (DOX/IAA)-dependent micronucleation of the Y chromosome
without affecting the autosomes or the X chromosome?®. H3K27ac
associated with the Y chromosome was significantly reduced in cells
treated for 24 h with DOX/IAA compared with their untreated coun-
terparts (Fig. 2h).

Altered chromatin accessibility in micronuclei

To test whether abnormalities in histone PTM distribution alter chro-
matin structure inmicronuclei, we used three orthogonal approaches,
starting with fluorescence lifetime imaging microscopy (FLIM)%, which
reliably identified euchromatic and heterochromatic regions in pri-
mary nuclei (Fig. 3a). Chromatin in intact micronuclei was compact,
resembling heterochromatin (Fig. 3a,b and Extended Data Fig. 6a,b).
Chromatininruptured micronucleiwas compactin MDA-MB-231 cells
butdisplayed awide distributionin4T1cells (Extended DataFig. 6a,b).
We know that this was due to partly digested DNA by cytosolic nucleases
because CRISPR-Cas9-mediated knockout® of the nuclease Trex1 abol-
ished signal heterogeneity in ruptured micronucleiin 4T1cells (Fig. 3b).

We next treated MDA-MB-231 cells with a transposase loaded
with fluorophore-tagged adaptors to image chromatin acces-
sibility at subcellular resolutions, a technique known as assay of
transposase-accessible chromatin with visualization (ATAC-see)*. The
ATAC-see fluorescence signal was markedly diminished in micronuclei
but wasrestored when cells were treated with either EZH2 inhibitors or
HDAC inhibitors (Fig. 3¢,d and Extended Data Fig. 6¢).

Third, we performed an ATAC with sequencing (ATAC-seq), coupled
withwhole-genome sequencing (WGS), on primary nuclei, intact micro-
nuclei and ruptured micronuclei (Fig. 3e, Extended Data Fig. 6d-g and
Methods). Principal component analysis based on merged peaks across
samples (n =14,676) indicated differences in overall chromatin accessi-
bility between primary nucleias well asintact and ruptured micronuclei
(Extended Data Fig. 6h). Micronuclei and primary nuclei exhibited a
substantial number of differentially accessible peaks (Fig. 3f), and
this could not be accounted for by any over- or under-representation
of associated genomic regions in micronuclei (Fig. 3f and Extended
DataFig. 6i,j).

Gene-set enrichment analysis (GSEA) revealed that genes that were
preferentially accessible in micronuclei as opposed to primary nuclei
were involvedin chromatin and histone modification, RNA biogenesis
and processing, and protein turnover (Extended Data Fig. 7a). Con-
versely, genes that were less accessible in micronuclei were related to
developmental pathways, cellular adhesion and migration (Extended
DataFig.7b). Surprisingly, differential chromatinaccessibility in micro-
nucleiinvolved a profound positional bias; whereas many transcription
start sites (TSS) were more accessible in micronuclei, non-TSS peaks
were less accessible (Extended Data Fig. 7c). Deeper positional analysis
revealed an overwhelming predisposition towards more-accessible
promoters, and their associated gene bodies in micronuclei, which was
consistentacross highly transcribed and poorly transcribed genes. By
contrast, there was reduced accessibility within intronic and distal inter-
genicregions (Fig. 3g, Extended Data Fig. 7d and Supplementary Fig. 3).

We investigated whether the unexpected differences in promoter
accessibility might be explained by the aberrant deposition of H3K4me3
that marks transcriptionally active promoters, and that was biochemi-
cally enriched in micronuclei (Extended Data Fig. 3b). CUT&RUN
analysis revealed a positive correlation between relative H3K4me3
enrichmentin micronucleiand associated changes in ATAC-seq signal
intensity (Fig. 3hand Extended DataFig. 7e, f). Further analysisidenti-
fied four clusters of differential H3K4me3 enrichmentin micronuclei,
one of which (cluster 1) exhibited increased H3K4me3 deposition near
the promoter regions in micronuclei and a correspondingincrease in
chromatin accessibility (Fig. 3i).

Heritable epigenetic abnormalities from micronuclei

To determine whether changesin chromatin accessibility in micronuclei
reflect the global epigenetic landscape for chromosomally unstable
cells, we generated otherwise isogenic pairs of 4T1cells with different
levels of CIN (CIN"&" and CIN'") using active and dominant-negative
forms of the kinesin-13 protein MCAK, as previously described™?
(Extended Data Fig. 7g). These isogenic cell pairs contained different
rates of chromosome missegregation and micronuclei (Extended Data
Fig.7h). Regions that were more accessible in micronuclei thanin pri-
mary nuclei were also more accessible in CIN"&" tumour cells thanin
their CIN'" counterparts. The opposite was also true (Extended Data
Fig. 7i). This trend remained consistent when performing the same
analysisonthe TSS regions of the genome (data not shown). We tested
whether genes that were more accessibleinmicronuclei thanin primary
nuclei were transcriptionally enriched in human cancers with CIN by
comparing humanbreast tumoursinthe top and bottom thirds of the
fraction of genome altered (FGA) according to The Cancer Genome
Atlas (TCGA). There was significant transcriptional enrichment in
micronuclei-accessible genesin FGA"e" tumours. Similarly, transcripts
of genes that were less accessible in micronuclei were correspondingly
depleted in FGA"®" relative to FGA™" tumours (Fig. 3j, Supplementary
Table 4 and Supplementary Fig. 3).

Next, we subjected control and lamin-B2-expressing chromosomally
stable TP53-knockout RPE-1 cells to long-term (8 passages over about
2 months) treatment with reversine, an MPS1 inhibitor that induces
chromosome segregation defects®®, at sublethal doses (Extended Data
Fig. 8a,b). Reversine-treated cells exhibited an increase in anaphase
chromosome missegregation, micronuclei formation, and pervasive
numerical and structural chromosomal aberrations indicative of CIN
(Extended DataFig. 8c—e). Inline with previous reports®, around 45% of
micronuclei were successfully reincorporated at the first mitotic divi-
sion (Supplementary Fig. 4). We performed WGS, ATAC-seq and RNA
sequencing (RNA-seq) 48 h after the last treatment with reversine, and
we observed global changes in both chromatin accessibility and tran-
scription (Fig.4aand Extended Data Fig. 8f,g), which again could not be
explained by genomic copy-number alterations (Extended DataFig. 8h).
Lamin B2 onits owndid not meaningfully affect chromatin structure or
transcription butit partly rescued some of the changes induced by rever-
sine (Fig.4a, Extended Data Fig. 8f,g and Supplementary Table 5). There
was anincreased accessibility at promoter regions in reversine-treated
cells (Extended DataFig. 8i). Genes that were generally more accessible
inmicronucleiwere also transcriptionally enriched inreversine-treated
cells, whereas those that were exclusively accessible in ruptured micro-
nucleiwere correspondingly downregulated on lamin B2 overexpression
(Extended Data Fig. 9a,b). Many of the differentially expressed genes
belonged to oncogenic or tumour-suppressive pathways, and treatment
of RPE-1cells withreversine upregulated oncogenic transcriptional pro-
grams that were rescued by the overexpression of lamin B2 (Extended
DataFig.9c,dand Supplementary Table 6). We next performed CUT&RUN
onreversine-treated RPE-1cells, profiling H3K4me3-, H3K27me3- and
H3K27ac-bound chromatin. H3K4me3 was enriched in peaks that became
more accessible after treatment with reversine, whereas H3K27ac was
correspondingly enriched uponlamin B2 overexpression selectivelyin
peaks with accessibility that was increased by reversine but simultane-
ously rescued by lamin B2 overexpression (Fig. 4b,c).

To examine whether CIN-induced epigenetic abnormalities are spe-
cifictochromosomes that transitinmicronuclei, we used three orthog-
onal approaches. Starting with the inducible Y-chromosome-specific
missegregation system, we isolated single-cell-derived clonesin which
the Y chromosome has been stably reincorporated into the primary
nucleus after micronucleation'®, By performing WGS, ATAC-seq, and
CUT&RUN (of H3K4me3-, H3K27me3- and H3K27ac-bound chroma-
tin) on the parental cells as well as 14 clones, we were able to assess
the long-term epigenetic consequences that are specific to the
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2pm.d, Violin plots representing ATAC-see signal intensity quantification of
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showing differentially accessible genomic peaks from ATAC-seq (left) and WGS
(right) from primary nuclei, ruptured micronucleiand intact micronuclei
isolated from4Tl1cells;n=2.g, Piechartsrepresenting positional information
of differentially accessible peaks in micronuclei compared with primary nuclei
from4T1cells;n=2.h, Density plot comparing change in H3K4me3 CUT&RUN
read countsand ATAC-seqread countsin the same genomic regionin micronuclei
and primary nucleifrom 4T1cells; comparison performed with two-sided
Spearman’s rank correlation statistics;n=2,r=0.36,P=2.2 x107.i, Heat map
(middle) of H3K4me3 CUT&RUN peaks performed onisolated intactand
ruptured micronucleiand primary nuclei of 4T1cells (n = 2) revealing 4 clusters.
Pie charts denote the differential accessibility of the reads fromindividual
clusters on the heat map in micronuclei and primary nuclei (left), aswell as the
positional composition of the H3K4me3 of these reads (right). j, Enrichment
plots of genes with promoters that are more accessibleinintact micronuclei
(top) or ruptured micronuclei (bottom) compared with primary nucleiin4T1
cellsin comparison to humanbreast tumours belonging to the top (FGA"e") or
bottom (FGA') quartile of fraction genome altered, according to the TCGA.
NES, normalized enrichmentscore; FDRq, false discovery rate g-value.
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Fig.4|CINdriveslong-term changesin chromatinaccessibility. a, Heat map
representing chromatin accessibility from ATAC-seqin control (C) or lamin-B2-
overexpressing (L) TP53-knockout RPE-1cells treated with reversine or DMSO;
n=3.b, Tornado plots from CUT&RUN analysis representing H3K27ac- and
H3K4me3-bound chromatininregions corresponding to the accessibility heat
mapshownina;n=3.Scalesontherightside signify peakintensity. c, Log,
transformed fold change in the number of H3K4me3 (top), H3K27me3 (middle)
and H3K27ac (bottom) CUT&RUN peaks onlong-termreversine-treated (Rev)
versus DMSO-treated TP53-knockout RPE-1cells and those expressing

lamin B2; graphs show pairwise comparisons. d, Experimental schematic
representation depicting CEN-SELECT DLD-1 cell system used to generated
Y-chromosome missegregation. Chromosome (Chr.) 6 isan example of a
controlautosome. e, Violin plots representingintraclonal variance from
ATAC-seq, H3K4me3 CUT&RUN, H3K27me3 CUT&RUN and H3K27ac CUT&RUN

missegregated Y chromosome in each clone compared with the remain-
ing normal autosomes, as well as to the parentalline (Fig. 4d). ATAC-seq
read counts along the genome were normalized to DNA copy number
obtained from WGS of each clone'® (Methods and Supplementary Figs. 5
and 6). Relative to the parental cells, there was increased interclonal
variability in the copy-number-corrected accessibility profile and his-
tone mark distributionin the Y chromosomebut notin the autosomes
orthe X chromosome (Fig. 4e,fand Extended Data Fig. 9e,f). Variance
in chromatin accessibility along 10-kilobase (kb)-long genomic seg-
mentsontheY chromosomeinindividual clones also greatly exceeded
that of the autosomes and the X chromosome (Extended Data Fig. 9e).
Importantly, ATAC-seq signal abnormalities did not correlate with
chromosomal breaks or rearrangements (Extended Data Fig. 9g, h).

across10-kb segmentsineach of14 DLD-1clones. Aut., autosomes;

Y,Y chromosome, Chr.1and Chr.16.*****P<0.00001, two-sided Mann-Whitney
U-test,n =14 clones of CEN-SELECT DLD-1cells. f, Genome viewer plot showing
copy-number-normalized ATAC-seq countsina2-kbregion of chromosome 6
(controlautosome) and the Y chromosome of DLD-1 CEN-SELECT parental
control cellsand the individual clones. Top row represents parental cells that
did notundergo missegregation; the remaining rows represent single cell
clonesthat underwent missegregation and transient micronucleation of the

Y chromosome. Red arrows denote differentially accessible peaks. g, Density
plotshowing the comparison of the log,-transformed fold change in H3K4me3
CUT&RUN reads (top; r=0.17,P=2.6 x 10™) or H3K27ac CUT&RUN read counts
(bottom; r=0.35,P=2.2x107) against ATAC-seqread countsinagivenregion
between DLD-1CEN-SELECT clones or parental cells; two-sided Spearman’s
rank correlation statistics.

Although there was no consistent directionality in chromatin acces-
sibility changes (thatis, some clones exhibited increased accessibility
whereas others displayed reduced accessibility in the same genomic
region of the Y chromosome compared with the parental line), the
deviation in ATAC-seq signal mirrored corresponding changes in
H3K4me3 and H3K27ac (but not H3K27me3) occupancy in individual
clones (Fig. 4g, Extended Data Fig. 9i and Supplementary Fig. 7).

We next used microcell-mediated chromosome transfer in HCT116
cells, a diploid colorectal cancer-derived cell line, to generate clones
with specific trisomies, including chromosomes 5,13, 18 and 21, as
previously described®. In this artificial system, the transferred chro-
mosome transited through amicronucleus-like structure before being
incorporated into the acceptor cell, leading to the establishment of
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Fig.5|Chromosomal transitin micronuclei promotes heritable epigenetic
abnormalities. a, Experimental schematic depicting missegregation of Chr. 4
inRPE-1 TP53-knockout cellsinduced using achromosome 4 telomeric CRISPR
guide; sgRNA, single guide RNA. b, Representative chromosome paintimages
from2biological replicatesin RPE-1 TP53-knockout single-cell clones froma
chromosome-4 missegregation system showing chromosome 4 (green) and
DNA (blue). Scale bar, 5 um. ¢, Percentage of micronucleiin single-cell-derived
clonesderived after transfection of TP53-knockout RPE-1 cells with either
chromosome-4-targeting sgRNA or non-targeting control sgRNA; *P < 0.05,
**P<0.01, two-sided Mann-Whitney U-test; bars represent medians; n =5 fields
of viewunder 63x magnification. d, Percentage of micronucleithat contain
chromosome 4 insingle-cell-derived clones derived after transfection of
TP53-knockout RPE-1cells withchromosome 4 targeting sgRNA or non-targeting
control or the mixed cell population shortly after transfection with the
chromosome 4 targeting sgRNA; **P < 0.01, two-sided Mann-Whitney U-test;
barsrepresent median; n =10 fields of view under 63x magnification. e, Box

asingle-cell-derived clonal population containing the third copy of
the transferred chromosome. It is important to note that unlike the
Y chromosome, of which there is one copy, analysis of trisomic clones
probably underestimates abnormalities in chromatin accessibility
arising from the single missegregated copy. We observed changes in
genomic copy-number-normalized chromatin accessibility in clones
harbouring three trisomic chromosomes (chromosomes 5,18 and
21), and these changes were restricted to the trisomic chromosome
asdemonstrated either by alterationsin relative chromatin accessibil-
ity or in the ATAC-seq signal variance in the clone compared with the
parental diploid population (Extended Data Fig.10a). The epigenetic
abnormalities seen in two independent clones harbouring trisomy 5
were similar, despite only one of them undergoing chromothripsis®
(Extended Data Fig.10a, second clone).

Finally, we induced partial chromosome missegregation using
ribonucleoprotein transfection of CRISPR-Cas9 single-guide RNA
complexes targeting chromosome 4 in TP53-knockout RPE-1 cells, as
previously described® (Fig. 5a).In this system, a portion of chromosome
4 underwent micronucleation®, and most of the micronuclei formed
contained chromosome 4 genetic material (Fig. 5b—-d). We generated
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Additional
missegregation

Propagation

of epigenetic

abnormalities
plot (10-Megabase bin) showing copy-number normalized change of ATAC-seq
countsonchromosome 4 between clone 1and the control clone treated with
thenon-targeting guide sgRNA. The line represents the medianand error bars
represent minimum and maximum values; n =3; solid red linerepresents the
median; thebounds of the box are the interquartile range (Q1to Q3); error bars
aredefined by 1.5*interquartile range beyond Ql and Q3. f, Genome viewer
plot showing copy-number-normalized ATAC-seq countsin the region of
chromosome 4 thatis copy-number altered in clone 1 (left) or clone 2 (right).
Red arrows denote differentially accessible peaks compared with the control
clone.g, Model showing how continuous chromosomal missegregation
followed by micronucleation canintroduce heritable epigenetic dysregulation.
Because chromosomally unstable cells tend to continuously undergo
chromosomal missegregation, this could in turn propagate epigenetic
abnormalities through the same mechanism, leading to epigenetic
heterogeneity.

two clones that underwent spontaneous reincorporation of the misseg-
regated portion of chromosome 4 and, as such, contained partial chro-
mosome 4 copy-number alterations: trisomy withinthe 4p and4qarms
(Fig.5a-d).Inthe second clone, there was also aspontaneous trisomy
of chromosome 18. We analysed copy-number-normalized changesin
chromatinaccessibility along chromosome 4 and observed abnormali-
tiesthat wererestricted to the portion that underwent missegregation
ineach of the two clones (along with chromosome 18 in clone 2) com-
pared withthe same regionin control clones with non-targeting guides
(Fig. 5efand Extended Data Fig. 10b,c). This included abnormalities
inthe ATAC-seq signal on one side of the CRISPR-induced breakpoint
where the missegregation occurred, as shown by the appearance or
disappearance of ATAC-seq peaks (Fig. 5e,f).

Discussion

Our work demonstrates that the transient sequestration of chromo-
somesin micronuclei disrupts chromatin organization, leading to herit-
ableepigeneticdysregulationlongafter the chromosomeisreintegrated
intothe primary nucleus. Thus CIN candrive epigenetic reprogramming



incancer by altering the chromatin organization of entire chromosomes
inthe span of asingle cell cycle. Onthe population level, the continuous
formation and reincorporation of micronuclei throughout succes-
sive cell divisions steadily contributes to epigenetic abnormalities,
promoting cell-to-cell variability in chromatin accessibility (Fig. 5g).
As well as serving as a substrate for natural selection, CIN-induced
epigenetic reprogramming could lead to dosage compensation®, in
addition to the well-characterized protein-level compensation®-¢,
to buffer deleterious alterations in chromosome copy number.

The compact chromatin organization in micronucleiis driven by
therelative enrichment of stable heterochromatin-associated histone
marks and theloss of the more dynamic histone PTMs, such as H3K27ac.
Nonetheless, the surprising positional accessibility bias seen near pro-
moter regions raises the possibility that micronuclei might promote
transcriptional redistribution, rather than indiscriminate silencing.
Under appropriate selective pressures, enrichment of H3K4me3 at
certain accessible promoters could serve as amechanism to enhance
the expression of oncogenes or to form circular extrachromosomal
DNA, which has an accessible chromatin state and a high density of
oncogenes” *. Our data do not definitively rule out the possibility
that increased promoter accessibility could be the result of absent
transcriptional machinery at the TSS of highly transcribed genes. How-
ever, the differential enrichment of H3K4me3, and the observation
that increased promoter accessibility in micronucleiis seen in genes
with varying expression levels, make this proposition less favoured.
Finally, changes in histone PTMs in cytosol-accessible chromatin may
also actasabiochemical signal that affects downstream processes such
as senescence, the sensing of cytosolic double-stranded DNA by the
cGAS-STING pathway, and DNA repair in micronuclei.
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Methods

Cell culture

Cell lines (MDA-MB-231, 4T1 and RPE-1) were purchased from the
American Type Culture Collection (ATCC). TP53-knockout MCF10A,
TP53-knockout RPE-1and TrexI knockout4T1 cells were gifts from the
Maciejowskilaboratory at the Memorial Sloan Kettering Cancer Center
(MSKCC).OVCAR-3 cellswere agift from]J. D. Gonzales. All gifted cells
had been obtained fromthe ATCC. Catalogue numbers from the ATCC
areas follows: MDA-MB-231, HTB-26; 4T1, CRL-2539; RPE-1, CRL-4000;
MCF10A, CRL-103172; and OVCAR-3, HTB-161. MDA-MB-231 and RPE-1
cellswere culturedin DMEM (Corning), and 4T1and OVCAR-3 cells were
culturedin RPMI (Corning); both media were supplemented with 10%
FBS and 50 U mlI™ penicillin-streptomycin. All cells were periodically
tested for mycoplasma contamination.

Immunofluorescence microscopy and histone PTM
quantification

Cells were grown on coverslips until 80-90% confluent. Cells were fixed
using ice-cold (-20 °C) methanol for 15 min in the freezer. Cells were
then permeabilized with 0.5% Triton-X-100 in bovine serum albumin
(TBS-BSA) 1% solution for 5 min at room temperature. Subsequently,
cells were washed with TBS-BSA (1%) and incubated for 5 min at room
temperature. For samples from patients with HGSOC, specimens were
collected as previously reported*. All protocols for collection were
approved by the institutional review board of MSKCC. Patients gave
consentaccordingto theinstitutional review board-approved standard
operating procedures forinformed consent. Written informed consent
was obtained from all patients before conducting any study-related
procedures. The study was conducted in accordance with the Declara-
tion of Helsinki and the good clinical practice guidelines. Antibodies
(see Supplementary Table 1 for a complete list and dilutions) were
diluted with1% BSA-TBS solution and incubated at 4 °C overnight. The
stain DAPI (0.5 pg ml™) was then added along with secondary antibod-
ies diluted in TBS-BSA (1%). Cells were mounted with Fluoro-Gel with
Tris buffer (Electron Microscopy Sciences). Images were collected as
described below (super-resolutionimmunofluorescence microscopy
section). Histone PTM positive/negative quantification was done in
triplicates for each histone PTM, with 100 micronuclei counted per
replicate. Histone PTM intensity quantification was done using ZEN
2 (blue edition) software, for which the fluorescence intensity of the
corresponding PTMis normalized to the fluorescence intensity of the
DAPI channel.

Immunoblots

Western blots. Cells were lysed with 1x RIPA buffer (EMD Millipore),
kept onice and vortexed 3 times in 10-minintervals. The lysates were
then centrifuged at 10,000 rpm for 10 min and debris was discarded.
Protein was quantified using the DC protein assay (Bio-Rad) and equal
amounts of protein were loaded in each SDS-PAGE gel well and run at
120 Vfor 1 h. Proteins were then transferred to a nitrocellulose mem-
brane using the standard protocol in the Bio-Rad Trans-Blot Turbo
transfer system. The membrane was blocked using TBS blocking
buffer (Li-Cor) incubated with primary antibodies (Supplementary
Table 2) overnight at 4 °C. Secondary antibodies were incubated for
1hatroomtemperature. Western blot membrane scanning was done
using an Odyssey CLx system (Li-Cor). For dot blots, isolated nuclei
were lysed with 1x RIPA buffer (EMD Millipore), kept onice and vor-
texed 3 times in 10-min intervals. The lysates were then centrifuged
at 10,000 rpm for 10 min and debris was discarded. No quantifica-
tion was done for dot blots; an approximation of a1:20 ratio between
micronuclei and primary nuclei was used instead. Then 2 pl of the
RIPA extract of the fraction of either the micronucleus or the primary
nucleus was blotted on top of anitrocellulose membrane and air-dried
for at least 1 h. The membrane was then blocked using TBS blocking

buffer (Li-Cor) incubated with primary antibodies (Supplementary
Table 2) overnight at 4 °C. Secondary antibodies were incubated
for1hat room temperature. Scanning was done using the Odyssey
CLx system (Li-Cor) and quantification was done using ImageStudio
software (Li-Cor). Antibodies used for immunoblots are listed in
Supplementary Table 2. Full uncropped membranes are shown in
Supplementary Fig. 1.

Drug treatments

Cells were treated with reversine (Cayman Chemical Company) at a
concentration of 0.5 uM for either 24 h (for MDA-MB-231) or 48 h (4T1).
The HDAC inhibitor vorinostat (Sigma-Aldrich; also known as SAHA) was
used at a concentration of 0.5 uM for 24 h, and the methyltransferase
inhibitor GSK-126 (XcessBio; EZH2) was used at a concentration of 5 pM
for5 days. Long-termreversine treatment was done 24 h after cellswere
passaged, and the medium was replaced with normal cell medium after
48 h. GSK923295 (Selleck Chemicals) was used at the concentration of
50 nM for 24 h. DMSO was used as the vehicle control.

Plasmids and molecular biology

Expression of H2B-mCherry and GFP-cGAS was done using plasmids
obtained from the Maciejowski laboratory as previously described®.
Puromycin at the concentration of 2 ug ml™ was used to select for cells
expressing both proteins, and subsequently fluorescence-activated
cell sorting (FACS) was used to enrich for cells expressing the respec-
tive proteins. Lami-B2-mCherry overexpression was achieved using a
plasmid obtained from the Hetzer laboratory, as previously described’.
Blasticidin was used at the concentration of 10 pg ml™ to select for
cellsoverexpressing lamin B2. Cells were transduced using a standard
lentiviral protocol (H2B-mCherry and GFP-cGAS) or retroviral protocol
(lamin B2-mCherry) using HEK-293T cells to produce the lentivirus and
retrovirus vectors. After viral transduction, cells were cultured for 24 h
before selection was performed.

siRNA transfection

We plated 500,000 cells for each conditionin a 6-well plate containing
acoverslip foreach well and allowed to adhere overnight. The next day,
cells were transfected with 30 pmol of small interfering RNA (siRNA)
anti-lamin A (pre-designed siRNA, ThermoFisher) or its selected
negative control (ThermoFisher) following the standard protocol for
lipofectamine RNAIMAX (ThermoFisher). After 48 h the cells were
lysed with RIPA buffer, and the lysate subjected to western blot was
analysed using anti-lamin A antibody (Thermo Scientific) to test for
efficient knockdown. Coverslips were fixed and stained as previously
described in the ITmmunofluorescence microscopy and histone PTM
quantification' section.

Fluorescence lifetime imaging microscopy

Microscopy. Fluorescence lifetime images were collected with a
Zeiss LSM 880 (Carl Zeiss Microscopy) microscope equipped with
a Spectra-Physics MaiTai HP laser (Spectra-Physics) for two-photon
excitation, tuned at 800 nm, and collected using a Zeiss 63x/1.41 NA oil
objective. The fluorescence signal was collected by a photomultiplier
tube (H7422P-40, Hamamatsu) and recorded using a FLIMbox (model
A3201SS) to obtain the lifetime information. The pixel dwell time for the
acquisitions was 16 ps and the images were taken with sizes of 256 x 256
pixels, accumulating 15 frames. The data from each pixel were recorded
and analysed using the SimFCS software (Laboratory for Fluorescence
Dynamics, University of California, Irvine, CA) to perform the phasor
transformationand with custom MATLAB code to quantify the lifetime.
The phasor position was corrected for the instrument response func-
tion by acquiring the fluorescence of a solution with aknown lifetime
(0.4 mM Coumarin 6 dissolved inethanol, 7= 2.5 ns). The lifetime was
determined as 7= s/wg, where tis the fluorescence lifetime, gand sare
the phasor coordinates and w is the laser frequency (80 MHz).



Cell labelling and image processing. The samples were labelled
with one drop per well of Hoechst 33342 (NucBlue, Thermofisher
Scientific) and imaged after 20 min of incubation. For every field of
view for fluorescence lifetime imaging microscopy (FLIM), we also
recorded a 2-channel fluorescence-intensity image corresponding to
the Hoechst 33342 and enhanced GFP emissions to identify the rup-
tured micronuclei. The four subregions considered (heterochromatin,
euchromatin and intact and ruptured micronuclei) were determined
manually according to the following criteria. For heterochromatin, in
the Hoechst 33342 channel, bright spotsin the nucleus correspond to
heterochromatin-enriched regions in 4T1 or MDA-MB-231 cells. For
euchromatin, in the Hoechst 33342 channel, regions in the nucleus
with low Hoechst 33342 signal were classified as euchromatin-enriched
regions. For micronuclei, in the Hoechst 33342 channel, micronuclei
were identified as nucleic-acid-positive compartments that were
smaller than the main nucleus. They were further classified as intact,
if there was no signal in the eGFP channel, or ruptured, if there was a
positive signal in the eGFP channel. The subregions selected above
were used to segment the lifetime image, and a single lifetime value
was obtained as the median value of the entire subregion. For every cell,
one lifetime value for heterochromatin, euchromatin and micronuclei
(either ruptured orintact) was obtained, for atotal of 73 cells (31intact,
42 ruptured micronuclei) over five biological replicates. Outliers were
removed by the MATLAB function ‘isoutlier’. Given that FLIM was per-
formed onlive cells we postulate that, as well as chromatin compaction
states, it would enable the observation of digested DNA that would
otherwise be lost during permeabilization used in the other methods
(ATAC-see and ATAC-seq). To address this, we repeated all experiments
in TREX1-knockout cells as shown in Fig. 3b.

ATAC-see withimmunofluorescence microscopy

TnS production, transposome assembly and ATAC-see were performed
as described” with some adjustments for subsequent immunofluo-
rescence experiments. In brief, cells were grown on coverslip until
80-90% confluent, and were fixed using 1% paraformaldehyde in PBS at
room temperature for 10 min. Permeabilization was donein lysis buffer
(10 mM Tris-Cl, pH 7.4,10 mM NacCl, 3 mM MgCl2, 0.01% Igepal CA-630)
for 10 min at room temperature. Coverslips with cells were washed
twice with PBS for 5 min each at room temperature. The transposase
mixture solution (25 pl of 2x TD buffer, final concentration of 100 nM
Tn5-ATTO-590N and dH20 up to 50 pl) was added onthe coverslip and
incubated for 30 minat37 °Cinahumid chamber box. Coverslips were
then washed three times with PBS containing 0.01% SDS and 50 mM
EDTA for 15 minat 55 °C each time. After washing, coverslips were sub-
jectedtotheimmunofluorescence procedure described above, starting
from washing with TBS-BSA (1%).

Super-resolution immunofluorescence microscopy

Imageswere acquired withaninverted Zeiss LSM880 (Carl Zeiss Micros-
copy) equipped with an Airy Scan detector (gain 850, digital gain1) in
super-resolution mode. The 848 x 848 pixels images were acquired
with a Plan-Apochromat 63x/1.4 NA oil objective using a pixel size of
40 nmand adwell time 0f 4.96 pis. The optical configuration used split
thelaserlines (405 nmat 1% power, 488 nmat 3% and 561 nm at 7%) with
a488/561/633 MBS and an invisible light beam splitter at 405. For the
detection we applied a bandpass filter at 495-550 nm and a longpass
filter at 570 nm. Each image is acquired as a z stack of 5 stacks with an
interval of 500 nm; amaximum-intensity projection and Airy Scan pro-
cessing with default parameters were performed for allimages before
quantification using the Zeiss ZEN black software. For the ATAC-see
images, only two laser lines were used, 405 nm and 594 nm, at 1% and
30% power, respectively, using the optical configuration described
above. The number of micronuclei number was scored in 10 differ-
ent sections per coverslip (3 coverslips accounting for 3 biological

replicates) atamagnification of 63x. Missegregation scoring was done
toatleast 50 cells undergoing anaphase per biological replicate (n = 3).

Purification of micronuclei

Micronucleus purification was performed as described previously*,
except that the primary nucleus fraction was also collected. In brief,
cellswere expandedin 245 x 245 x 25 mm dishes and treated with rever-
sine as specified above. Cells were then collected and washed in DMEM.
Washed cells were resuspended in prewarmed (37 °C) DMEM supple-
mented with 10 pg ml™ cytochalasin B (Sigma-Aldrich) at a concentra-
tion of around 5 x 10° cells per ml DMEM and incubated at 37 °C for at
least 30 min. Subsequently, cells were centrifuged at 300g for 5 min
andresuspended in cold lysis buffer (10 mM Tris-HCI, 2 mM Mg-acetate,
3 mMCacCl,, 0.32 Msucrose, 0.1 mMEDTA, 0.1% (v/v) NP-40, pH 8.5) ata
concentration of 107 cells per ml lysis buffer, which was freshly comple-
mented with1 mM dithiothreitol, 0.15 mM spermine, 0.75 mM spermi-
dine, 10 pg ml™ cytochalasin B and protease inhibitors. Resuspended
cells were then dounce-homogenized 10 times using a loose-fitting
pestle. Then, lysates were mixed with an equal volume of cold 1.8 M
sucrose buffer (10 mM Tris-HCI, 1.8 M sucrose, 5 mM Mg-acetate, 0.1 mM
EDTA, pH 8.0) freshly complemented with 1 mM dithiothreitol, 0.3%
BSA, 0.15 mM spermine and 0.75 mM spermidine before use.Ina50-ml
conical tube, 10 mlof the mixture was then layered ontop of atwo-layer
sucrose gradient (20 ml of 1.8 M sucrose buffer on top of 15ml 1.6 M
sucrose buffer). This mixture was then centrifuged in a swing bucket
centrifuge at 950g for 20 min at 4 °C. The first resulting 2-ml top frac-
tionis discarded; the next 5-6 ml, mostly containing micronuclei, was
collected, and the subsequent 3 ml, mostly containing primary nuclei,
was collected ina separate container. Collected fractions were diluted
1:5with FACS buffer (ice-cold PBS freshly supplemented with 0.3% BSA,
0.1% NP-40 and protease inhibitors). Diluted micronuclei were then
centrifuged at 950gin aJS-5.2 swing-bucket centrifuge for 20 min at
4 °C.Theresulting supernatant was removed by aspiration and either
micronucleior primary nuclei were resuspended in 2-4 ml FACS buffer
supplemented with 2 pg ml™ DAPI (but no DAPI was used for micronuclei
purification for ATAC-seq and CUT&RUN experiments). Resuspended
samples were filtered through a 40-pum ministrainer (PluriSelect) into
FACS tubes. Micronuclei were thensorted by FACSAria (BD Biosciences)
into FACS buffer at the MSKCC Flow Cytometry Core Facility. Default
FSC and DAPI thresholds were lowered, and a log scale was used to
visualize the micronuclei. For ATAC-seq micronuclei purification, FSC
and mCherry were used instead of FSC and DAPI. Sorted micronuclei
were centrifuged at 4,000g in a swing-bucket rotor for 20 min at 4 °C
and the pellets were stored at —80 °C for later use or processed imme-
diately or ATAC-seq or CUT&RUN experiments.

DNA extraction

Viably frozen cells were thawed, pelleted and incubated for at least
30 minin360 plbuffer ATL +40 pl proteinase Kat 55 °C. DNAisolation
proceeded with the DNeasy Blood & Tissue Kit (Qiagen) according to
the manufacturer’s protocol modified by replacing AW2 buffer with
80%ethanol. DNAwaselutedin 60 pul 0.5x buffer AE heated to 55 °C. For
nuclei, DNA from nuclei and micronuclei wasisolated with the DNeasy
Blood & Tissue Kit (Qiagen) according to the manufacturer’s protocol,
modified by replacing AW2 buffer with 80% ethanol. DNA was eluted
in 60 pl 0.5 x buffer AE heated to 55 °C.

WGS

After PicoGreen quantification and quality control by Agilent TapeSta-
tion, 97-165 ng genomic or micronuclear DNA was sheared using a
LE220-plus focused ultrasonicator (Covaris) and sequencing libraries
were prepared using the KAPA Hyper Prep Kit (Kapa Biosystems) with
modifications. Inbrief, libraries were subjected toa 0.5 x size selection
using aMPure XP beads (Beckman Coulter) after post-ligation clean-up.
Libraries were amplified with 5 cycles of PCR and pooled at equimolar
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ratios. Samples were run on a NovaSeq 6000 in a PE150 run, using the
NovaSeq 6000 S4 ReagentKit (300 cycles) (Illumina). The average cover-
age per sample was 18x. For micronuclei samples, copy-number analysis
was done using HMMcopy* v.1.38 with the MoCaSeq pipeline*, setting
C57BL-6NJ 6NJ** as the normal pair for all three. Plots for tumour/normal
relative copy number ratios (Extended DataFig. 6g) were also made using
MoCaSeq, using its CNV_PlotHMMcopy Rscript. For the copy-number
comparisons with ATAC-seq counts of micronucleus and primary
nucleus samples (Extended Data Fig. 6i), reads were mapped to the
mm10 genome using BWA-MEM (default settings), and duplicate mark-
ingand sorting were done using NovoSort MarkDuplicates (v.3.08.02), a
multi-threaded bam sort/merge tool by Novocraft Technologies. Counts
were obtained for 5-kb bins using bedtools (v. 2.25.0) for ATAC-seq and
WGS mapped reads. For Fig. 3f, hierarchical clustering was done using
the pheatmap packagein R. Copy-number profiles were projected onto
the clusters by intersecting ATAC-seq peaks with the surrounding 1-kb
window of the WGS data. For Extended Data Fig. 6j, copy-number box
plots were created by cutting the row dendrogram of the ATAC-seq heat
map to produce micronuclei up and down groups and then plotting
the corresponding 1-kb windows from the WGS copy-number ratios.
For RPE-1samples, the copy-number variation (CNV; GATK4) pipeline
from Basepair was used to determine the copy number.

CUT&RUN of cell lines

CUTANA CUT&RUN was performed with RPE-1and DLD-1samples on
an automated protocol (autoCUT&RUN) derived from those previ-
ously described***¢. In brief, for each CUT&RUN reaction, 500,000
cells (5 million cells per ml prepared in 20 mM HEPES, pH 7.5,150 mM
NacCl, 0.5 mM spermidine, 1 mM trichostatin A, 1x EDTA/EGTA-free
complete protease inhibitor) were dispensed to individual wells of a
96-well plate, immobilized onto concanavalin-A beads (EpiCypher)
and incubated overnight (4 °C) with 0.5 pg antibody (IgG, H3K4me3,
H3K27me3, H3K27ac) (all antibodies validated to histone PTM-defined
SNAP-ChIP nucleosome standards). pAG-micronuclease (EpiCypher)
wasadded and activated (2 hat4 °C), and CUT&RUN-enriched DNA was
purified using Serapure beads after mixing at a 2:1 (bead:DNA) ratio.
Recovered DNA was quantified using PicoGreen and reactions were
normalized to 5 ng DNA (or the entirety of the reactioniflessthan 5 ng
DNA was recovered) before preparing sequencing libraries (CUTANA
CUT&RUN Library Prep kit; EpiCypher). All CUT&RUN steps were opti-
mized and performed on Tecan Freedom EVO robotics platforms with
gentle rocking forincubation steps and magnetic capture for medium
exchange and washing steps as described previously*>#¢.

CUT&RUN of micronuclei and primary nuclei

CUTANA CUT&RUN was performed with isolated micronucleiand pri-
mary nuclei samples usinga CUTANA ChIC/CUT&RUN kit (EpiCypher,
14-1048), following the manufacturer’s manual for nuclei samples.
Around 50,000 primary nuclei, 1,000,000 intact micronuclei and
100,000 ruptured micronuclei were subjected to CUT&RUN for each
replicate. Inbrief, nuclei wereimmobilized onto concanavalin-A beads
fromthekitandincubated overnight (4 °C) with 0.5 pg of antibody (IgG,
H3K4me3). pAG-micronuclease (EpiCypher) was added and activated
(2hat4 °C), and CUT&RUN-enriched DNA was purified using the kit’s
purification protocol and reagents. The reaction was used to prepare
sequencing libraries using the protocol from the CUTANA CUT&RUN
Library Prep kit (EpiCypher).

RNA-seq

RNA was extracted using the manufacturer’s protocols in the Qiagen
RNeasy mini plus kit (Qiagen). Library preparations are TruSeq stranded
and sequenced using the poly(A) RNA-sequencing workflow, with a
read depth of 80-100 million, 100-base-pair (bp) paired-end reads.
Library preparation and sequencing were performed in MSKCC Inte-
grated Genomics Core. RNA-seq data were analysed with a Basepair

toolkit using the expression count (STAR) workflow to obtain values
of fragments per kilobase of transcript per million mapped reads.
Principal component analysis was done using randomized principal
component analysis applied to the normalized count matrix of allgenes
(Extended DataFig. 8g) or alist of oncogenes and tumour-suppressor
genes (Extended Data Fig. 9c) using Partek Flow software, version
10.0 (Partek). Principal component analysis of TP53-knockout hTERT
RPE-1 cells (Extended Data Fig. 9c) was done using the prcomp func-
tion in the stats package (v. 4.2.1) in R (v.4.2.1) and RStudio (version
2022.07.0+548). A GSEA was performed on normalized gene counts
from control and lamin-B2-overexpressing TP53-knockout hTERT RPE-1
cells treated with reversine or DMSO (Extended Data Fig. 9a,b) using
the GSEA software version 4.2.3 (The Broad Institute), with the fol-
lowing parameters: metric for ranking genes, Signal2Noise; weighted
enrichment statistics; permutation type, gene set. The gene sets used
for GSEAwere derived from the ATAC-seq analysis of chromatin acces-
sibility in intact or ruptured micronuclei in 4T1 (Fig. 3f). Mouse gene
symbols were converted to human gene symbols using the Ensembl
biomaRt package (version 2.48.3). Expression datasets from the TCGA
breast-cancer cohort were accessed through cbioportal® (https://www.
cbioportal.org/study/summary?id=brca_tcga_pan_can_atlas_2018).

GSEA comparingtumours belonging tothetop or bottomtertile of the
fractionof genome altered, as reported by the TCGA, was performed as
described above, and using the same parameters as above (Fig. 3f). The
log,-transformed fold change was computed using the DESeq2 package
(v.1.36.0), and KEGG pathways (Extended Data Fig. 9d) were generated
using the pathview package (version1.36.0) in Bioconductor (v. 3.15).

ATAC-seq

The ATAC-seq procedure on cells was done as described previously*®.
The ATAC-seq procedure on nuclei samples was doneimmediately after
isolation using the same protocol but without the lysis step. The ratio
of primary nuclei to micronuclei was 1:20. Libraries were sequenced
with 50-bp paired-end reads to approximately 50 million reads per
sample for cells, whereas for nuclei samples, sequencing was done
with 50-bp paired-end reads to 350 million total reads for atriplicate of
each sample at the Memorial Sloan Kettering Cancer Center Integrated
Genomics Core. For chromosome-4-missegregation ATAC-seq experi-
mentsin DLD-1and RPE-1cells, the raw fastq data were analysed using
the Basepair toolkit. The raw reads were trimmed using fastp to remove
low-quality bases from reads (quality <20) and adapter sequences. The
trimmed reads were aligned using Bowtie2 as described*’ to the UCSC
genome assembly (hg38). For long-term dnMCAK and micronuclei
ATAC-seq experimentsin RPE-1and 4T1cells, reads were mapped to the
hg38 (RPE-1) or mm10 (4T1) genome assembly using Bowtie2 with the
following parameters: -X2000 --no-mixed --no-discordant and reads
were filtered using samtools for the 1804 FLAG and mapq score of 30.
PCR duplicates were identified using the MarkDuplicates function from
Picard tools. Peaks were called per sample using macs2 with the follow-
ing parameters: callpeak -f BAM -g hs --nomodel --shift 37 --extsize 73
--keep-dup all -B--SPMR --call-summits -q 1e-2. Final peaks across each
dataset were determined based onan extension of 250 bp from the sum-
mit of each peak and merged across all samples using bedtools. Normal-
ized bigwig files were generated using the bamCoverage function from
deeptools using reads per kilobase of transcript per million mapped
reads normalization. Heat maps for genomic regions were generated
using the deeptools computeMatrix scale-region and plotHeatmap
functions. Differential peak calling was performed using DESeq2 on raw
counts for the merged peaks (an adjusted P-value cut-off of 0.01 and
log,-transformed fold change of 1.5 was applied to the mouse 4T1 cell
linesand an adjusted P-value of 0.05 and log,-transformed fold change
of 0.75was applied to the RPE-1 cell line). The normalized counts for
peaks were used to plot the heat maps of differential peaks. Pie charts
were generated using the plotAnnoPie function in the ChlPseeker R
package. Pathway enrichment was performed on genes associated with


https://www.cbioportal.org/study/summary?id=brca_tcga_pan_can_atlas_2018
https://www.cbioportal.org/study/summary?id=brca_tcga_pan_can_atlas_2018

differential peaks using the enrichGO function in the Bioconductor
package clusterProfiler and similar pathways were merged in R using
the ‘simplify’ function with a similarity cut-off of 0.7.

Micronuclei ATAC-seq and H3K4me3 CUT&RUN analyses

The k-means clustering of ATAC and H3K4me3 CUT&RUN data was
performed on normalized count matrices with increasing k until the
clusters became redundant. Hierarchical clustering was done using the
pheatmap package in R. Peak annotation pie charts were created inR
with the annotatePeak and plotAnnoPie functions from the package
ChliPseeker. High-, medium- and low-expression groups were based
on normalized expression from RNA-seq results in 4T1 dnMCAK cells
and divided using the top, middle and bottom third of TPM (transcript
per million) values. Peaks were annotated by gene and assigned to the
expression group of the gene. ATAC and H3K4me3 CUT&RUN pie charts
were based on differential peak overlaps obtained using bedtoolsinter-
sect.Scatterplots were created using the normalized ATAC or H4K4me3
signal at 500 bp surrounding a TSS and plotting the log,-transformed
fold change of the averaged micronucleus/primary nucleus signal
against the normalized gene expression of the matching gene.

ATAC-seq and CUT&RUN normalization for DLD-1cells

CNYV calling from WGS data. WGS CRAM files were obtained from EGA
(dataset ID EGAD00001004163) and unmapped from GRCh37 using
samtools (version1.3.1), and then aligned to GRCh38 using BWA-MEM
(version 0.7.17-r1188). Copy-number profiles were called using Python
software using the CNVKit library (version 0.9.7). Integer copy numbers
were obtained using the CNVKit ‘call’ command, and non-integer copy
numbers were obtained from the log,-transformed copy-number ratios
reported in the CNVKit .cns filesj.

Data filtering. ATAC-seq and CUT&RUN alignments were filtered from
the BAM files to remove PCR duplicates, reads aligning with mitochon-
drial DNA, and alignments with low mapping quality (MAPQ score <15)

Signal calculation. We used the ATAC-seq signal not to identify peaks
corresponding to active transcriptional sites but to measure the to-
tal accessibility of DNA within a region. We generated ATAC-seq read
counts for10,000-bp genomic windows using samtools (version1.13).
Wethen calculated the signal values for each window by normalizing the
read counts by copy number, chromosome length and total ATAC-seq
reads across all chromosomes (Supplementary Fig. 5). Windows over-
lapping with unmappable regions (using the AmpliconSuite-pipeline
genome annotation files), or with a copy number close to 0 (<0.3), were
excluded from further analyses. The signal calculation for CUT&RUN
datawas done in the same way. The normalized signal of aclonecina
givenwindow i with total (ATAC-seq or CUT&RUN) reads T7(i) and copy
number C(i) was calculated as

ST L
Sed=cor

where Ris the total number of ATAC-seq reads mapped across all chro-
mosomes in clone ¢; L denotes the sum of ‘effective lengths’ of all the
chromosomes. The effective length [ of a chromosome is calculated
as follows. Let P denote the expected ploidy (P=1for the Y chromo-
some; P =2 otherwise) of the chromosome, and [(i),C(i) denote the
length (in bp) and average copy number, respectively, of window i in
the chromosome. Then,

A0
P

Inthe case of the Y chromosome, we used only the region up t026.68
Mbp for the above calculations because the Y chromosome did not

have any confidently aligned ATAC reads beyond 26.68 Mbp until the
telomeric region in any of the clones (including the parental clone).

Differential analysis of Y-chromosome accessibility
The normalized ATAC signals of a clone can be compared to the parental
signals by taking the log-transformed signal fold changes with respect
to the parental signal in the same window.

The signal fold change (F) of aclone cinagiven window/is given by:

_ S(c,i)
S(p,i)

F(c,i)

where pis the parental clone.

Intra-clone variability and change in accessibility

We computed the mean and variance of log-transformed signal fold
changes for eachchromosomeinasingle clone tounderstand the global
changesin accessibility (Supplementary Fig. 5). To control for high fold
changes caused by error in windows with low read counts, windows in
which neither the clone nor the parent has more than 200 reads were
excluded from this calculation.

Inter-clone variability

To understand whether the Y-chromosome accessibility changes
were similar for different clones, we calculated the variance of
log-transformed signal fold changes of different clones in the same
genomic window. Windows where neither the clone nor the parent has
more than 200 reads were excluded. Moreover, only clones with a copy
number >0.3in the window were included for the variance calculation.

Structural variations and change in accessibility

We used manta (version 1.6.0) to call somatic variants in all the clones
using a tumour/normal approach with the parental clone as anormal
sample. We then checked for any correlation between the density of
variant breakends and the variance of log-transformed signal fold
changes. We also compared the signal fold change variance in just the
regions containing breakends with the variance across all regions to
determine whether the change in accessibility is limited to regions
with structural variations.

Immunofluorescence staining of human samples

Theimmunofluorescence detection of cGAS, H3K27me3 and H3K27ac
were performed at the Molecular Cytology Core Facility of MSKCC using
the Discovery Ultra processor (Ventana Medical Systems, Roche). After
32 min of heat (95 °C) and treatment with Cell Conditioning 1solution
(Ventana), the tissue sections were blocked first for 30 min in Back-
ground Blocking reagent (Innovex). A mouse monoclonal cGAS anti-
body (LSBio) was used at adilution of 1:200. The primary antibody was
incubated for 5 h, after which the biotinylated anti-mouse secondary
(Vector Labs) wasincubated at aconcentration of 5.75 ug ml™. Blocker D,
streptavidin-HRP and TSA Alexa 488 (Life Tech) were diluted according
to themanufacturer’sinstructions at1:150 and incubated for 16 min. A
mouse monoclonal antibody for H3K27me3 (Active Motif) was used at
adilution of 1:500. The primary antibody was incubated for 6 h, after
which the biotinylated anti-mouse secondary (Vector Labs) was incu-
bated at a concentration of 5.75 pug ml ™. Blocker D, streptavidin-HRP
and Tyramide-CF594 (Biotium) were diluted according to the manufac-
turer’'sinstructionsat1:2,000 for 16 min. Arabbit polyclonal H3K27ac
antibody (Abcam) was used at a concentration of 0.05 pg ml™ The pri-
mary antibody wasincubated for 6 h, after which the biotinylated goat
anti-rabbit IgG (Vector labs) was incubated for 60 min at a concentra-
tionof5.75 pg ml™. Blocker D, streptavidin-HRP and TSA Alexa 647 (Life
Tech) were diluted according to the manufacturer’sinstructions at 1:150
and incubated for 16 min. All slides were counterstained in 5 pg mi™
DAPI (Sigma D9542) for 5 min at room temperature, mounted with
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anti-fade mounting medium Mowiol [Mowiol 4-88 (CALBIOCHEM)]
and a coverslip was added. The 956 x 956 pixels z stack images were
acquiredwithaninverted Zeiss LSM880, using the optical configuration
described above. The acquisition was performed with a pixel size and
dwelltime of 40 nm and 4.39 ps, respectively, and using the following
lasers and relative powers: 405 nmat 0.4%, 488 nmat 3%, 561 nmat 0.5%
and 647 nm at 0.5%. The images were processed as described above,
using the Zeiss ZEN black software.

5-ethynyluridine-marked transcript detection and
immunofluorescence

To detect nascent transcripts, cells were incubated for 30 min with
1mM 5-ethynyluridine. Incorporation of 5-ethynyluridine was detected
using the Click-iT RNA Alexa Fluor 594 Imaging Kit according to the
manufacturer’sinstructions (ThermoFisher). Samples were thenincu-
bated overnight in antibody. Sample staining and quantification was
then performed using the immunofluorescence microscopy and his-
tone PTM quantification methods described above with the following
changes: paired measurements were performed for each micronucleus
andits primary nucleus. For allmeasurements az-score was calculated
and experimental replicates were combined. Samples with a positive
z-score were defined as having H3K27ac-positive staining.

FISH immunofluorescence

Forimmunofluorescence combined with DNAFISH, theimmunofluo-
rescence procedure was performed as described above followed by
fixation in 1% paraformaldehyde for 15 min and subsequently in Car-
noy’s fixative at =20 °C for 15 min. Chromosome paint probes were
purchased from MetaSystems. To perform FISH on interphase cells,
unsynchronized cells cultured in chamber slides were washed with PBS
and fixed with Carnoy’s fixative for 15 min at room temperature. The
slides were then dehydrated in sequential washes in 70% ethanol, 85%
ethanoland100% ethanol and then air-dried for 2 min. FISH probes were
applied tointerphase cells on glass slides and sealed with a coverslip.
Samples and probes were co-denatured at 75 °C for 2 min, followed by
sealing with rubber cement and overnight hybridization at 37°Cina
humidified chamber. Slides were washed in 2x SSC three times for 30 s.
Slides wererinsed in PBS, stained with DAPI, dehydrated in sequential
washes in 70% ethanol, 85% ethanol and 100% ethanol and mounted in
ProLong Gold anti-fade mounting solution.

Live cellimaging

On the day before imaging, 2,500 cells were plated in each well of an
Ibidi 8-well plate chamber (p-Slide 8 Well high Glass Bottom, Ibidi).
After 24 h, cells were washed twice with PBS and stained with Nuc-
Spot Live 488 (Biotium) or with NucRed Live 647 (Invitrogen) dyes,
following the manufacturer’sinstructions. When using tNucSpot Live
488, the dye wasincubated with the cells in theimaging solution (Live
Cell Imaging Solution (Invitrogen) supplemented with 10% FBS). In
the case of NucRed Live 647, cells were washed 4 times with Live Cell
Imaging Solution and then imaged in Live Cell Imaging Solution sup-
plemented with 10% FBS. Cells were imaged on an Axio Observer Zeiss
wide-field microscope equipped withaPlan-Apochromat 20x/0.8 M27
air objective, incubation chamber with controlled temperature, CO,
and humidity, and aHamamatsu camera. Images were acquired every
10 mininthe 488 and 647 channels, with the light source X-Cyte lamp
at20% power for 48 h.

Chromosome 4 missegregation system

RPE-1 cells were transfected with GFP-Cas9 (IDT) using the target
sequence TTTAGTGCCCGGCCGCAAGG using the IDT Alt-R CRISPR-
Cas9 sgRNA, 2 nmol platform final sequence: mU*mU*mU* rArGrU
rGrCrCrCrGrGrCrCrGrCrArArGrGrG rUrUrU rUrArG rArGrC rUrArG
rArArArUrArG rCrArArGrUrU rArArA rArUrArArGrG rCrUrArGrUrC
rCrGrUrUrArU rCrArArCrUrU rGrArArArArArGrUrG rGrCrArCrCrG

rArGrU rCrGrG rUrGrC mU*mU*mU* rU. We used Lipofectamine 3000
(ThermoFisher) and followed the manufacturer’s protocol. After48 h,
single cells were sorted into individual wells and clones were validated
using chromosome 4 paint (Metasystems) according to the manufac-
turer’s protocol. Clones were screened by DAPI staining to evaluate for
bridge formation and micronucleationrate. A subset of clones under-
went secondary validation using chromosome 4 paint (Metasystems)
according tothe manufacturer’s protocol. Validated clones were then
processed for DNA-seq, RNA-seq and ATAC-seq as mentioned above.

Histone extraction and digestion for mass spectrometry

Histone proteins were extracted from the cell pellet as described*® to
ensure good-quality identification and quantification of single histone
marks. Inbrief, histones were acid-extracted with chilled 0.2 N sulfuric
acid (5:1, sulfuric acid:pellet) and incubated with constant rotation
for4 hat4 °C, followed by precipitation with 33% trichloroacetic acid
overnight at4 °C. The supernatant was then removed and tubes were
rinsed with ice-cold acetone containing 0.1% HCI, centrifuged and
rinsed again using 100% ice-cold acetone. After the final centrifugation,
the supernatant was discarded and the pellet was dried using avacuum
centrifuge. The pellet was next dissolved in 50 mM ammonium bicarbo-
nate, pH 8.0, and histones were subjected to derivatization as described
previously*. In brief, 5 pl propionic anhydride and 14 pl ammonium
hydroxide (all Sigma Aldrich) were added to samples to balance the
pHat8.0. The mixture wasincubated for 15 min and the procedure was
repeated. Histones were then digested with 1 pg of sequencing-grade
trypsin (Promega) diluted in 50 mM ammonium bicarbonate (1:20,
enzyme:sample) overnight at room temperature. The derivatization
reaction was repeated to derivatize peptide N termini. The samples
were finally dried in a vacuum centrifuge. Before mass-spectrometry
analysis, samples were desalted using a 96-well plate filter (Orochem)
packed with1 mgOasis HLB C-18 resin (Waters). The samples were next
resuspended in 100 pl of 0.1% trifluoroacetic acid (TFA) and loaded
onto the HLB resin, which was previously equilibrated using 100 pl of
the same buffer. After washing with 100 pl of 0.1% TFA, the samples
were eluted with 70 pl of buffer containing 60% acetonitrile and 0.1%
TFA and then dried in a vacuum centrifuge.

Liquid chromatography tandem mass spectrometry acquisition
Samples were resuspendedin10 pl of 0.1% TFA and loaded onto aDionex
RSLC Ultimate 300 (Thermo Scientific), coupled online with an Orbitrap
Fusion Lumos (Thermo Scientific). Chromatographic separation was
performed with a two-column system, consisting of a C-18 trap car-
tridge (300 pminner dimension, 5 mmlength) and a picofrit analytical
column (75 pm inner dimension, 25 cm length) packed in-house with
reversed-phase Repro-Sil Pur C18-AQ 3 pm resin. Histone peptides were
separated using a 30 min gradient from 1-30% buffer B (buffer A, 0.1%
formicacid; buffer B, 80% acetonitrile + 0.1% formicacid) ataflowrate
of 300 nl min™. The mass spectrometer was set to acquire spectraina
data-independent acquisition mode. Briefly, the full MS scan was set to
300-1,100 m/zinthe orbitrap with aresolution of 120,000 (at 200 m/z)
and an AGC target of 5 x 10°. Tandem mass spectrometry (MS/MS) was
performedinthe orbitrap with sequentialisolation windows of 50 m/z
with an AGC target of 2 x 10 and a higher-energy C-trap dissociation
collision energy of 30. Histone peptide raw files were imported into
EpiProfile 2.0 software®.. From the extracted ion chromatogram, the
areaunder the curve was obtained and used to estimate the abundance
of each peptide. To achieve the relative abundance of PTMs, the sum
of all different modified forms of a histone peptide was considered as
100% and the peak area of the particular peptide was divided by the
total areafor that histone peptideinallits modified forms. The relative
ratio of two isobaric forms was estimated by averaging the ratio for each
fragmentionwith different mass between the two species. The result-
ing peptide lists generated by EpiProfile were exported to Microsoft
Exceland further processed for adetailed analysis, as described below.



Histone PTM quantification is done automatically using EpiProfile 2.0,
asoftware specifically designed to extract histone peptide signals in
mass-spectrometry raw files®. The abundance of (un)modified histone
peptides is extracted by performing extracted ion chromatography,
thatis, anarea under the curve of signals corresponding to the peptide
calculated mass. To convert raw peak area into relative peptide abun-
dance, the sum of the unmodified and all modified forms for a given
histone peptide, thatis, all forms with the same underlying sequence,
is considered as the total. Next, the area of each peptide is divided by
this total to obtain anormalized relative abundance in percentage. In
the case of isobaric peptides, that s, peptides with the same intact mass
(such as H3K18ac and H3K23ac), the MS/MS fragment ions are used
first to calculate the ratio between the two species and split the peak
area before the percentage calculation. Finally, the total abundance
of agiven PTM is obtained by summing the relative abundance of the
peptidesthat contain that modification. For instance, the final relative
abundance of H3K9me3 (occurring on the peptide amino acids 9-17)
isobtained by summing the relative abundances of peptides modified
as H3K9me3, K3K9me3K14ac, H3K9me3S10 and H3K9me3S10pKl4ac.
Itis important to note that changes in histone PTMs in micronuclei
could not be attributed to differences in the total levels of histone
H3 between primary nuclei and micronuclei (LC-MS/MS AUC (liquid
chromatography-mass spectrometry/mass spectrometry area under
thecurve) +s.e.m.=3.05 x10" + 8.85x10%and 3.39 x 10" + 1.36 x 10"
for primary nuclei and micronuclei, respectively, P= 0.85, two-sided
t-test) or specific degradation of the histone tail, as some of the PTMs
were differentially enriched on the same lysine residue (for example,
loss of acetylation and gain of trimethylation on H3K27).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The ATAC-seq, RNA-seq and CUT&RUN data generated in this study
havebeendeposited and are publicly available inthe NCBI Gene Expres-
sion Omnibus database under accession code GSE186589. The WGS
data generated in this study have been deposited and are publicly
available in the NIH Sequence Read Archive with accession number
PRJNA882761. Mass spectrometry raw files are publicly available
and deposited in the repository Chorus (https://chorusproject.org/)
under project number1790. The TCGA dataset used was Breast Invasive
Carcinoma (TCGA, PanCancer Atlas, https://www.cbioportal.org/
study/summary?id=brca_tcga_pan_can_atlas_2018). WGS files from
EGA (dataset ID EGAD0000100416) was used in DLD-1 CEN-SELECT
samples analysis. Source data are provided with this paper.

Code availability

From whole-genome sequencing results of DLD-1 cells, copy-number
profiles were called using CNVKit (v.0.9.7). Integer copy numbers
were obtained using the CNVKit ‘call’ command, and non-integer
copy numbers were obtained from the log,-transformed CN ratios
reported in the CNVKit .cns files using the convert_cns_to_bed.py
script of the AmpliconSuite-pipeline (https://github.com/jluebeck/
AmpliconSuite-pipeline).
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Extended DataFig.1|See next page for caption.




Extended DataFig.1|Micronucleihave distinct histone PTM profiles
compared with primary nuclei. a, Representative immunofluorescence
images from 3 biological replicates of micronucleated MDA-MB-231 cells
stained for DNA (blue) and histone posttranslational modifications (PTMs)
(red), arrows point to micronuclei, scale bars 2 pm. Insets show magnified view
of micronuclei (white outlined box). b, Percentage of primary nuclei and
micronucleiwith given histone PTMs fromimmunofluorescence experiment
in OVCAR3,MCF10A, and RPE-1 cells, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
two-sided t-test, n =3 biological replicates, bars represent mean +SD. ¢, Violin
plots showing the distribution of micronuclei percentage to primary nucleiin

various celllines used in theimmunofluorescence quantification experiments.

Values were obtained from 3 biological replicates. Ineach biological replicate,
10 fields of view under 63x magnification were observed. Solid and dashed
linesinthe plot represent the median and quartiles, respectively.d, Violin plots
showing the normalized immunofluorescence intensity distribution of histone
PTMs in:55 micronuclei (MN) and 104 accompanying primary nuclei (PN) for
H3K9Me3,52 MN and 213 accompanying PN for H3K27Me3, 56 MN and 162
accompanying PN for H3K36Me3, 52 MN and 213 accompanying PN for H3K4Me3,
13MN and accompanying PN for H3K36Me2. Experiments were done on
MDA-MB-231cells; ns not significant, *** p < 0.001, **** p < 0.0001, two-sided
Mann-Whitney test. Solid and dashed linesin the plot represent the medianand
quartiles, respectively.
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Extended DataFig.2|See next page for caption.



Extended DataFig. 2| Epigenetic modifying drugs and epigeneticenzymes
alter histone PTMsin micronuclei. a, Representativeimmunofluorescence
images from 3 biological replicates of micronucleated MDA-MB-231 cells
stained for DNA (blue) and histone PTMs (red) treated with vehicle control
(DMSO) or GSK126 EZH2 inhibitor (EZH2i), arrows point to micronuclei, scale
bars2 pm.Insets show magnified view of micronuclei (white outlined box).

b, Violin plot showing normalized immunofluorescence intensity distribution
of H3K27Me3 fromimmunofluorescence experimentin MDA-MB-231 cells.
Cellswereeither treated with vehicle control (DMSO) or GSK126 EZH2 inhibitor
(EZH2i); n =52 micronuclei (MN) and 222 accompanying primary nuclei (PN) for
DMSO-treated cells; n =58 MN and n =196 accompanying PN for EZH2i-treated
cells;** p<0.01, **** p < 0.0001, two-sided Mann-Whitney test. Solid and
dashedlinesinthe plotrepresent the median and quartiles, respectively.
c-e,Representativeimmunofluorescenceimages from 3 biological replicates
of micronucleated MDA-MB-231 cells stained for DNA (blue) and histone PTMs

(red) treated with vehicle control (DMSO) or vorinostat HDAC Inhibitor (HDACi).
Arrows point to micronuclei, scale bars 2 um. Insets show magnified view of
micronuclei (white outlined box). f-h, Representativeimmunofluorescence
image from3 biological replicates of micronucleated MDA-MB-231 cells stained
for DNA (blue) and various epigenetic enzymes/complex members; f: KDM1
(green),g: PHC2 (green), h: RNF40 (red). Arrows point to micronuclei. Scale
bars2pum.i, Representativeimmunofluorescence image from 3 biological
replicates of micronucleated MDA-MB-231 cells stained for DNA in blue and
phospho-RPB1 carboxy-terminal domain (serine 5), a functionally active RNA
polymerase Il (RNAPII) subunit, in green. Arrows point to micronuclei. Scale
bars2pm.j, Violin plots showing normalized immunofluorescence intensity
distribution of phospho-RPBI1 carboxy-terminal domain (serine 5) from
immunofluorescence experimentin MDA-MB-231,n=25MNand PN,

***%p <0.0001, two-sided Mann-Whitney test. Solid and dashed lines in the
plotrepresent the median and quartiles, respectively.
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Extended DataFig. 3 |See next page for caption.



Extended DataFig. 3| Mass spectrometry analysis of histone PTMs and
epigenetic enzymes profiling in primary nuclei and micronuclei.

a, Micronucleipurification experiment schematic using cell lysis followed by
sucrose gradient ultracentrifugation and FACS (figure created on Biorender.
com).b, Abundance of various histone H3 PTMs relative to total histone H3
levels obtained frombottom-up histone mass spectrometry performed on
isolated micronuclei (MN) and primary nuclei (PN) of 4T1cells, n =3 biological
replicates, statistical significance tested using two-sided paired t-test, no
adjustments made for multiple comparisons. ¢, (Left) Dot blots of H2AK119Ub
and H2BK120Ub as well as total histones H2A and H2B as control fromisolated
micronuclei (MN) and primary nuclei (PN) of MDA-MB-231 cells. (Right) Relative
quantification of H2AK119Ub and H2BK120Ub level normalized to total

histonesH2A and H2B, respectively, *p < 0.05, two-sided t-test, n = 4 biological
replicates (H2AK119UDb), n =3 biological replicates (H2BK120UDb), bars represent
mean +SD.d, Representativeimmunoblotting result from 3 biological replicates
oflamin Ain MDA-MB-231cells treated with scrambled siRNA control (-) and
siRNA for lamin A (+) for 24, 48, and 72 h with B-actin as loading control.

e, Representativeimage from 3 biological replicates of MDA-MB-231 cells
treated with shRNA for lamin A, stained for DNA (blue), H3K27ac (red), and
cGAS (green). Arrows point to cGAS-positive areawhich indicates lamin
rupture. Scalebar 5um. f, Percentage of intact (green) and ruptured

(rupt.; gold) primary nuclei (PN) or micronuclei (MN) that are positive for
H3K27acimmunofluorescence staining from MDA-MB-231cells, ** p < 0.01,
two-sided t-test, n =3 biological replicates, bars represent mean + SD.
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Extended DataFig. 4 |Impact of micronuclear rupture onhistone PTMs.
a,Sample-level correlation between percentages of micronuclei with H3K27ac
and cGAS staining in human high grade serous ovarian cancer (HGSOC) tumor
samples (n =16),100 micronuclei counted/sample. statistical significance
tested using two-sided t-test, no adjustments made for multiple comparisons.
b, Violin plot showing normalized immunofluorescence intensity of histone
PTMsin MDA-MB-231cells’ PN, intact MN or ruptured (rupt.) MN; *p < 0.05,
two-sided Mann-Whitney test). For H3K9Me3:n =209 PN, 45intact MN, and 51
ruptured MN; for H3K27Me3: n =388 PN, 36 intact MN, and 53 ruptured MN;
for H3K36Me3:n =213 PN, 54 intact MN, and 39 ruptured MN. Solid and

dashed linesinthe plotrepresent the median and quartiles, respectively.

¢, Representativeimmunofluorescenceimages from 3 biological replicates of
micronucleated MDA-MB-231 cells stained for DNA (blue), histone PTMs (red),
and cGAS (green), scale bars 10 pm. Insets show magnified view of micronuclei
(white outlined box). d, Representative immunoblotting results from 3

biological replicates of lamin B2 in control and mCherry-lamin B2 overexpressing
MDA-MB-231cells with B-actinasloading control. e, Representative
immunofluorescenceimage of controland mCherry-lamin B2 overexpressing
MDA-MB-231cells stained with DNA (blue), scale bar 10 pm. f, Percentage of
micronuclei with cGAS positiveimmunofluorescence staining in controland
mCherry-lamin B2 overexpressing MDA-MB-231 cells (LMNB2); *** p < 0.001,
two-sided t-test, n =3 biological replicates, barsrepresent mean +SD. g, Violin
plotshowing normalized immunofluorescence intensity of histone PTMsin
primary nuclei (PN) and micronuclei (MN) of control and mCherry-lamin B2
(lamin B2) overexpressing MDA-MB-231 cells. For H3K9Me3:n=99 PN (WT),
53MN (WT), 73PN (lamin B2), and 55 MN (lamin B2); for H3K27Me3:n=73PN (WT),
50 MN (WT), 82PN (lamin B2), and 56 MN (amin B2); for H3K36Me3:n =50 PN
(WT),50 MN (WT), 68 PN (lamin B2), and 50 MN (lamin B2); **** p <0.0001,
two-sided Mann-Whitney test, solid and dashed lines in the plot represent the
medianand quartiles, respectively.
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Extended DataFig. 5| Mitotic errors are associated with abnormalitiesin
histone PTMs. a, Representative immunofluorescence image of MDA-MB-231
cellsundergoing anaphase with lagging chromosome (pointed by arrows)
stained for DNA (blue) and histone PTMs (red). Scale bars 2 um. b, Violin plots
showing the normalized immunofluorescence intensity distribution of histone
PTMs on normal chromosomes (NC) and lagging chromosomes (LC) of MDA-
MB-231cells during mitosis. For H3K9Me3: n =40 NCs and LCs, for H3K27Me3:
n=42NCsand28LCs, for H3K36Me3:n=40NCsand 31LCs; **p<0.01,
***p<0.001,****p<0.0001, two-sided Mann-Whitney test, solid and dashed bars
inthe plotrepresent the median and quartiles, respectively. ¢, Representative

immunofluorescenceimages of MDA-MB-231cells at different stages of the cell
cycle, stained for DNA (blue) and H2BK120Ub (red), arrows point towards
micronuclei, scalebars 2 um.d, Percentage of H2BK120Ub-positive micronuclei
immunofluorescence staining on vehicle (DMSO)-treated or CENP-E inhibitor
(CENP-Ei, GSK923295)-treated MDA-MB-231 cells; ** p < 0.01, two-sided t-test,
n=3biologicaltriplicates, barsrepresent mean+SD. e, Violin plot showing

the fluorescenceintensity quantification from EU staining experimentin MN
and PN of MDA-MB-231cells; n =38 MN and PN, **** p < 0.0001, two-sided
Mann-Whitney test. Solid and dashed barsin the plot represent the median

and quartiles, respectively.
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Extended DataFig. 6 | Micronucleihave distinct accessibility as compared
with primary nuclei. a, Violin plots representing the normalized distribution
of fluorescence lifetime in euchromatic (Euch.) and heterochromatic (Hetero.)
regions of primary nuclei (PN), ruptured and intact micronuclei (MN) from
4T1cells,***p<0.001,****p <0.0001,n =73 cells (3lintactand 42 ruptured
micronuclei) from five biological replicates, two-sided Mann-Whitney test,
solidand dashedbarsinthe plotrepresent the medianand quartiles, respectively.
b, Violin plots representing the normalized distribution of fluorescence
lifetime in euchromatic (Euch.) and heterochromatic (Hetero.) regions of
primary nuclei (PN), ruptured and intact micronuclei (MN) from MDA-MB-231
cells,***p <0.001, **** p <0.0001, n =3 biological replicates, two-sided
Mann-Whitney test, solid and dashed barsin the plot represent the median

and quartiles, respectively. ¢, Representative fluorescence images from 3
biological replicates showing ATAC-see signalin MDA-MB-231 cells treated with
(top) or without (bottom) fluorophore-tagged adaptors-loaded Tn5 transposase,
scalebar5pm.d, Experimental schematic for theisolation of primary nuclei,
intact micronuclei, and ruptured micronuclei that will be separated by
fluorescenceactivated cell sorting representedine. e, Density areaplotsofa
representative micronucleiisolation flow cytometry experiment from4T1cells
expressing H2B-mCherry and GFP-cGAS, right panel is the subset of the gate
applied ontheleft panel (dashed box). f, Representative immunofluorescence

image from 3 independent experiments showingisolates of primary nucleiand
micronucleifrom4T1cells after sucrose gradient ultracentrifugation stained
for DNA (blue) and cGAS (green), scale bar 20 pm g, Relative copy number
calling from MoCaSeq pipeline ordered by chromosome (x-axis) fromisolated
primary nuclei, intact micronuclei, and ruptured micronuclei of 4T1 cells.

h, Principal component analysis (PCA) plot of intact micronuclei (MN), ruptured
(rupt.) MN, and primary nuclei (PN) of 4T1cells based on peak reads from ATAC-
seq, n=2biological replicates.1i, Scatter plot showing the comparison of the
log 2 fold change values of genomic copy number vs. log2 fold change of ATAC-
seqcountsinagivenregionbetweenintact MN (top) or ruptured MN (bottom)
vs. PN of 4T1cells. Two-sided Pearson’s rank correlation statistics are shown on
the panel. j, Box plot showing genomic copy number distributions obtained
from WGS of intact MN, ruptured MN, and PN of 4T1 cells categorized by
differentially accessible regions from ATAC-seq peaks obtained from previous
ATAC-seq experimenton MN and PN of 4T1 cells (blue =more accessible in PN,
red=moreaccessiblein MN). Line represents median value, n =2 biological
replicates for ATAC-Seq, single replicate for WGS, black line represents median
value, the bounds of the box are the interquartile range (Q1to Q3), the whiskers
aredefined by 1.5*interquartile range beyond Ql and Q3, the minimum was 0.1
and the maximumwas 3.011.
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Extended DataFig.7|Changesin chromatin accessibility in micronuclei
exhibitapositional bias. a, Enriched pathways from regions that are more
accessiblein micronuclei (obtained from ATAC-seq experiment) relative to
primary nuclei, sorted by gene ratio. b, Enriched pathways from regions that
arelessaccessible inmicronuclei (obtained from ATAC-seq experiment)
compared with primary nuclei, sorted by generatio. Foraandb, pathway
enrichment was determined using an over-representation statistical test
(aone-sided version of Fisher’s exact test) and p-values were adjusted for
multiple hypothesis testing via the Benjamini-Hochberg correction. ¢, Heat
map representing chromatinaccessibility from ATAC-seq peaks at transcription
startsites (TSS peaks) and all other sites (non-TSS peaks) in primary nuclei (PN),
intact (Intact MN) and ruptured micronuclei (Rupt. MN) from4T1cells,n=2
biological replicates. d, Pie charts showing annotations of genomic regions
from ATAC-seq experiment that are more accessiblein MN (left charts) and less
accessiblein MN (right charts), stratified by the baseline expression of the
genes withinthatregion obtained from RNA-sequencing experimentof 4T1
dnMCAK CIN"e" cells (top = high expression, middle = medium expression,
bottom =low expression). e-f, Sequencing tracks inZDHHC21(d), AKTS1, and
TBC1D17 (e) promoter lociinintact MN, ruptured MN, and PN of 4T1 cells,
showing ATAC-seq peaks (top panel) and H3K4me3 CUT&RUN peaks

(bottom panel). g, Experimental strategy schematic depicting the generation
of 4T1MCAK (CIN'"*) and dnMCAK (CIN"&") cells, which are then subjected to
ATAC-seqto compare their chromatin accessibility to the chromatin accessibility
results obtained from ATAC-seq experiments onisolated micronuclei (MN)

and primary nuclei (PN) of 4T1cells. h, CIN profiling on 4TI MCAK (CIN"")

and dnMCAK (CIN"e") cells. Left panel shows chromosomal missegregation
percentage out of 50 cells per biological replicatein anaphase, **** p < 0.0001,
two-sided t-test, bars represent mean +SD, n = 3 biological replicates, 150 total
number of anaphase cells observed. Right panel shows micronuclei percentage
over primary nucleiinafield of view in 63x magnification, **** p <0.0001, two-
sided Mann-Whitney test, bars represent median, n =3 biological replicates, 30
fields of view. 1, Violin plots representing log2 fold change of ATAC-seq peaks
from 3 biological replicates comparing 4T1CIN"&"to 4T1 CIN'" cells. The peaks
are categorized by their relative accessibility in micronuclei vs. primary nuclei
purified from4T1cells. The categories are: 1) peaks that are more accessible in
MNvs. PN (MN>PN), 2) peaks that are more accessible in PN vs. MN (MN<PN), 3)
and peaks thatare equally accessiblein MN vs. PN (MN =PN), n =3 biological
replicates, ****p <0.0001, two-sided Mann-Whitney test, solid and dashed bars
inthe plotrepresent the median and quartiles, respectively.
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Extended DataFig. 8| The generation ofisogenic hTERT RPE-1cell lines
withdifferent CIN rates. a, Experimental schematic depicting the generation
ofisogenic hTERT p53 KO RPE-1cells with different CIN rates. b, IC50 curves of
reversine-treated controland Lamin B2 overexpressing RPE-1cells, points
represent mean +SD, n =3 biological replicates. c, Percentage of cells
undergoing anaphase with chromosome mis-segregationin control or lamin
B2 overexpressing RPE-1cells long-term-treated vehicle (DMSO) or reversine
(Rev.); n=300 cells per condition, 6 biological replicates, *** p < 0.001, two-
sided t-test, barsrepresent mean +SD. d, Percentage of micronucleirelative
to primary nucleiin control or lamin B2 overexpressing RPE-1 cells long-term-
treated with vehicle (DMSO) or reversine (Rev.); n =30 fields of view in 63x
maghnification, 3 biological replicates, **** p <0.0001, two-sided t-test, bars
represent median. e, Conventional karyotypes of control or lamin B2

overexpressing RPE-1cellslong-term-treated with vehicle (DMSO) or reversine,
red arrows denote chromosomal abnormalities. f, Principal component
analysis (PCA) plot of TP53 KO hTERT-RPE-1 cells based on accessibility from
ATAC-seq, n=3biological triplicates. g, Principal component analysis (PCA)
plot of TP53 KO hTERT-RPE-1cells based on RNA expression obtained from
RNA-seq, n=3biological triplicates. h, Normalized copy number (CN) calling
results from GATK4 pipelinein RPE-1cells undergoing long-term DMSO
treatment (top) or long-termreversine treatment (bottom). Red line indicates
CNloss, greenlineindicates CN gain, grey lineindicates no CN change. i, Pie
charts showing genomic region annotations of accessible peaksin RPE-1p53
KO cells undergoing long-term DMSO treatment vs. long-termreversine
treatment (left panels) and reversine vs. reversine + lamin B2 overexpression
(right panels).
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Extended DataFig.9|Chromosome missegregation upregulates cancer
pathways and heterogeneity in genomic accessibility. a, Enrichment plots
of genesthatare moreaccessiblein MN vs. PN of 4T1 cells against genes thatare
more accessibleinineither long-termreversine-treated or DMSO-treated
pS3KORPE-1cells. b, Enrichment plots of genes that are more accessiblein
ruptured MN vs. PN of 4T1 cells against genes that are more accessiblein either
long-termreversine-treated p53 KO RPE-1cells or reversine-treated p53 KO
RPE-1cells overexpressing lamin B2. ¢, Principal component analysis (PCA) plot
of TP53 KO hTERT-RPE-1cellsbased on alist of tumor suppressor genes and
oncogenes, n=3biological triplicates. d, KEGG pathway analysis from KEGG
Pathwaysincancer - Homo sapiens (human) database (map05200). Long-term
reversine-treated vs. DMSO-treated p53 KO RPE-1cells analysisis shownonthe
left, while long-termreversine-treated lamin B2-overexpressing p53 KO RPE-1
cellsvs.long-termreversine-treated p53 KO RPE-1 cells is shown on the right.

e, Violin plots representingintraclonal variance across 10kb segmentsin
eachof14 DLD-1CEN-SELECT clones. Aut.=autosomes, Y=Y chromosome,
1=chromosome1l,16 =chromosome16. Distribution represents 86,666

calculated values for autosomes, 730 calculated values for Y chromosome.
**xx p < 0.0001, two-sided Mann-Whitney test. f, Inter-clonal comparison of
fold change of ATAC-seq peaks in autosomes, and the Y chromosomes in 14
DLD-1single clonesisolated from CEN-SELECT system to parental control.
Aut.=autosomes, Y=Y chromosome,1=chromosomel, 16 =chromosome16.
Barsrepresent median, statistical significance tested using two-sided Mann-
Whitney test. g, Scatter plot comparing ATAC-seq fold change variance to
number of breakends per basepairin the Y-chromosome of the clones of DLD-1
CEN-SELECT system cells. h, Scatter plot comparing ATAC-seq fold change
varianceinregions withbreakends to ATAC-seq fold change variance acrossall
regionsinthe Y-chromosome of the clones of DLD-1 CEN-SELECT system cells.
Forgand h, statistical test was done using two-sided Pearson’s rank correlation.
No adjustments were made for multiple comparisons. i, Density plot showing
the comparison of the log2 fold change of H3K27me3 CUT&RUN reads vs.
ATAC-seqreadsinagivenregionbetween DLD-1CEN-SELECT clonesvs. parental,
correlation measured with two-sided Spearman’s rank correlation statistic.
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Extended DataFig.10|Chromosome missegregation and micronucleation
promotesepigenetic dysregulation. a, (Left) Histogram of log2 fold

change of ATAC-seq counts between MMCT HCT116 cells’ clones compared

to parental for chromosome of interest (COI), chromosome 1(Chr1;as asingle
chromosome control), and all other chromosomes combined (Other).

KS =Kolmogorov-Smirnov test’s absolute maximum distance value between
COlvs.other chromosomes. (Right) The variance of the log 2 fold change values
of ATAC-seq counts of clone vs. parental control ina particular chromosome.
Chromosome of interestis colored inred while chromosomelis coloredin
blue, n=3biological replicates. b, Analysis of clone1of chr 4 missegregation
systeminRPE-1cells. Altered regionis represented by the chromosome
diagramonthetop (red =altered, blue=normal). The bar plot representsthe
variance of log2 fold change of ATAC-seq counts (single cell-derived clones
derived after transfection of p53 KO RPE-1 cells with chromosome 4 targeting
sgRNA or non-targeting control) ina particular chromosome. Chromosome1
isshowninblue (Chr1), the whole chromosome 4 (Ch4) isshowninred,

altered region of chromosome 4 isshowningold (Ch4 ALT), and unaltered
chromosome 4 regionislabeled as Ch4 NORM. Leftinset shows the histogram
oflog2fold change of ATAC-seq counts between clonelcompared to parental
for whole chromosome 4 (red), chromosome1(blue) or other chromosomes
(gray).Rightinset shows the histogram oflog2 fold change of ATAC-seq counts
between clonelcompared to parental for altered region of chromosome

4 (gold) and the unaltered region of chromosome 4 (gray). KS = Kolmogorov-
Smirnov test’s absolute maximum distance value between chromosome

4 valuesvs. other chromosomes (leftinset) or between altered chromosome
4 values vs. unaltered chromosome 4 (right inset). ¢, Analysis of clone 2 of chr
4 missegregationsystemin RPE-1cells. Altered regionis represented by the
chromosome diagram on the top (red = altered, blue = normal), note that
chromosome18isalso affected due to spontaneous duplication. The bar
plotrepresentsthe variance of log2 fold change of ATAC-seq counts (single
cell-derived clones derived after transfection of p53 KO RPE-1cells with
chromosome 4 targeting sgRNA or non-targeting control) ina particular
chromosome. Chromosome1lisshowninblue (Chr1), the whole chromosome
4 (Ch4)isshowninred, altered region of chromosome 4 is shownin gold

(Ch4 ALT), unaltered chromosome 4 regionislabeled as Ch4 NORM, and
chromosome 18 isshowninbrown. Leftinset shows the histogram of log2 fold
change of ATAC-seq counts between clone 2 compared to parental for whole
chromosome 4 (red), chromosome 1 (blue) or other chromosomes (gray).
Middleinset shows the histogram oflog2 fold change of ATAC-seq counts
between clone2 compared to parental for altered region of chromosome

4 (gold) and the unaltered region of chromosome 4 (gray). Right inset shows
the histogram of log2 fold change of ATAC-seq counts between clone 2
compared to parental for chromosome 18 (brown), chromosome 1 (blue) or
other chromosomes (gray). KS = Kolmogorov-Smirnov test’s absolute maximum
distance value between chromosome 4 values vs. other chromosomes
(leftinset), between altered chromosome 4 values vs. unaltered chromosome
4 (middleinset), orbetween chromosome 18 vs. other chromosomes (rightinset).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed
|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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lXI The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

O 0O 0OX

lXI For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|X| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Zen 3.4 Blue Edition for image capture and quantification of fluorescence intensity.
Western blot and dot blots were captured using ImageStudio software version 5.2.

Data analysis 4T1 micronuclei and RPE-1 ATAC-Seq data were analyzed using the tools below
samtools v1.9
bedtools v2.25.0-24
macs2 v2.1.2
picard v2.8.0
deeptools v3.4.2
Packages used:
DESeg2 1.32.0
ChlPSeeker 1.28.3
pheatmap 1.0.12
ggplot2 3.3.5
GenomicRanges 1.44.0
clusterProfiler 4.0.5
TxDb.Hsapiens.UCSC.hg38.knownGene 3.13.0
TxDb.Mmusculus.UCSC.mm10.knownGene 3.10.0
org.Hs.eg.db 3.13.0

Micronuclei WGS data were analyzed using:
HMMCopy v1.24.0,

MoCaSeq, v0.4.53

NovoSort MarkDuplicates (v3.08.02)
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bedtools (version 2.25.0)

DLD-1 CUT&RUN, ATAC-Seq and WGS was analyzed using the tools below:

Samtools (version 1.13), 'removeChrom' script from https://github.com/harvardinformatics/ATAC-seq,

Python (v 3.9.4) with packages: Pandas (v 1.3.3), Numpy (v 1.20.1), scipy (1.7.0), CNVKit (0.9.7). bowtie2 v2.4.4
AmpliconSuite (https://github.com/jluebeck/AmpliconSuite-pipeline)

RPE-1 long-term WGS was analyzed using Basepair CNV GATK4 pipeline (https://www.basepairtech.com/).

CUT&RUN data were analyzed using Basepair pipeline: (BETA) EpiCypher - CUT&RUN Peaks, Motif (MACS2, Homer) (https://
www.basepairtech.com/).

RNA-Seq FPKM values were obtained from the STAR pipeline in Basepair (https://www.basepairtech.com/).

PCAs for RNA-Seq data were calculated and generated using Partek Flow software version 10.0.
Geneset enrichment analysis were done using GSEA software v4.2.3.

FLIM data was analyzed using SimFCS-64 software, version 03-10-2020.

Histone mass spectrometry data were analyzed using EpiProfile 2.0.

Dot blot quantification was done on ImageStudio software version 5.2.

Flow cytometry analysis was done on FlowJo software version 10.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The ATAC-Seq, CUT and RUN and WGS generated in this study is publicly available (GEO accession code accession code GSE186589, SRA accession code
PRINA882761, ). Mass spectrometry raw files are deposited in the repository Chorus (https://chorusproject.org/) under the project number 1790. WGS files from
EGA (dataset ID EGAD0000100416) was used in DLD-1 CEN-SELECT samples analysis. The TCGA dataset used was Breast Invasive Carcinoma (TCGA, PanCancer Atlas,
https://www.cbioportal.org/study/summary?id=brca_tcga_pan_can_atlas_2018).

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to pre-determine sample size. Sample sizes were determined based on prior experience and were chosen as
more than or equal to three biological or technical replicates. For micronuclei ATAC-Seq and CUT&RUN, biological duplicates were performed.

Data exclusions  In FLIM experiment where MATLAB function “isooutlier” was used to clear outliers. Outliers (defined as elements more than 1.5 interquartile
ranges above the upper quartile or below the lower quartile) were excluded to remove inconsistent lifetime values caused by poor signal-to-
noise ratio. There was no exclusion in all other data.

Replication Experimental and biological replicates are mentioned in figure legends and methods section.

Randomization  Not applicable to this study as no intervention was performed, therefore, it is not possible to randomize.

Blinding Investigator was not blinded as difference was clear from staining as well as morphology for micronuclei counting and chromosomal
missegregation scoring. Therefore blinding was not possible in the experiments.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

Involved in the study
X Antibodies
X Eukaryotic cell lines

[] clinical data
[ ] pual use research of

NXOXXOOS

Antibodies

n/a | Involved in the study

X[ ] chip-seq
[] Flow cytometry

|:| Palaeontology and archaeology |X| |:| MRI-based neuroimaging
[] Animals and other organisms

|X| Human research participants

concern

Antibodies used

Validation

Primary Antibodies: H3K4Me3 (Abcam, ab8580, Lot#GR3362386-1, 1:1000), H3K9Me3 (Abcam, ab8898, Lot#GR3217595-2, 1:500),
H3K14Ac (Abcam, 52946, Lot#GR3252548-3, 1:250), H3K27Me3 (Active Motif, 61017, I0T#15819018, 1:1000), H3K27Ac (Abcam,
ab4729, Lot# GR3374555-1, 1:1000), H3K36Me2 (Cell Signaling Technology, C75H12, Lot#5, 1:200), H3K36Me3 (Abcam, ab9050,
Lot#GR3307136-1, 1:1000), H2AK119Ub (Cell Signaling Technology, 8240, Lot#8, 1:1600), H2BK120Ub (Cell Signaling Technology,
5546S, Lot#7, 1:1600), human cGAS (LSBio, LS-C757990, Lot#164559, 1:1000), mouse cGAS (Cell Signaling Technology, 31659S,
Lot#5, 1:1000), Lamin B2 (Abcam, ab151735, Lot#GR108766-17, 1:2000), Actin (Abcam, ab6276, Lot#GR3324554, 1:10000), H2A
(Invitrogen, MA3-047, Lot#RD230767, 1:1000), H2B (Abcam, ab193203, Lot#GR3232535-11, 1:1000), KDM1A (Abcam ab17721,
Lot#GR3440282-1, 1:1000), PHC2 (Thermo Fisher Scientific, PA5-61504, Lot#PA5-61504, 1:50), RNF40 (Abcam ab126959,
Lot#GR111878-8, 1:250), pRpb1 CTD(ser5) (Cell Signaling Technology, 13523S, Lot#1, 1:250), Lamin A Thermo (Fisher Scientific
MA1-06101, Lot#XB3509871, 1:1000).

Secondary antibodies: Alexa fluor plus 594 donkey anti mouse (Invitrogen, A32744, Lot#XC343358, 1:1000), Alexa fluor plus 594
donkey anti rabbit (Invitrogen, A32754, Lot#U1290268, 1:1000), Alexa Fluor plus 488 donkey anti mouse (Invitrogen, A32766,
Lot#VE298230, 1:1000), Alexa Fluor plus 488 donkey anti rabbit (Invitrogen, A32790, Lot#XJ357262, 1:1000), IRDye 680 RD goat anti
mouse (LI-COR, 926-68070, Lot# D01209-05, 1:1000), IRDye 680 CW donkey anti rabbit (LI-COR, 926-32213, Lot#D20920-35, 1:1000),
Biotinylated anti- mouse secondary (Vector Labs, MKB-2225-10-1, lot#ZF-0122, 5.75ug/mL), Biotinylated goat anti-rabbit IgG (Vector
labs, cat# 30014, lot#ZG0312, 5.75ug/mL).

The primary antibodies used were purchased from reputable sources validated for the species and application (immunoblotting and/
or immunofluorescence) by their respective manufacturers in their website's validation statements. The validations were done using
recombinant protein and/or cell lines known to express the target protein as a positive control. Moreover antibodies for H3K27me3,
H3K14ac, H3K27ac was futher validated using pharmacological inhibition in this manuscript as show in figures 1c and extended data
figure 2b.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

MCF10A (CRL-10317), MDA-MB-231 (HTB-26), 4T1 (CRL-2539), RPE-1 (CRL-4000), and HEK-293T (CRL-3216) cells were
purchased from American Type Culture Collection (ATCC). RPE-1 p53K0, and 4T1 TREX1KO were kind gifts from the
Maciejowski lab at MSKCC and were purchased from ATCC prior. OVCAR-3 (HTB-16) was a kind gift from Jose Dopeso
Gonzales and were purchased from ATCC prior.

All cell lines used in this manuscript were authenticated by ATCC which used morphology, karyotyping and PCR-based
techniques.

Mycoplasma contamination All cell lines tested negative for mycoplasma according to the test kit from R&D Systems™ (MycoProbe Mycoplasma

Detection Kit).

Commonly misidentified lines  None.

(See ICLAC register)

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

The study cohort (MSK SPECTRUM) includes 42 women with newly diagnosed, treatment-naive high-grade serous ovarian
cancer (HGSOC). Patients between the ages of 39 and 81 at diagnosis (median age: 61 years). 6 out of 42 cases had BRCA1
mutations (14%) and 1 out of 42 cases had a BRCA2 mutation (2%).

All enrolled patients were consented to an institutional biospecimen banking protocol and a protocol to perform targetted
panel sequencing (MSK-IMPACT). All analyses were performed per a biospecimen research protocol. All protocols were
approved by the Institutional Review Board (IRB) of Memorial Sloan Kettering Cancer Center (MSKCC). Patients were
consented following the IRB-approved standard operating procedures for informed consent. Written informed consent was
obtained from all patients before conducting any study-related procedures. This study was conducted in accordance with the
Declaration of Helsinki and the Good Clinical Practice guidelines (GCP).
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Ethics oversight

Institutional Review Board (IRB) at Memorial Sloan Kettering Cancer Center (MSKCC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Mentioned in the method section under "micronuclei purification". Briefly, cells were expanded in 245 x 245 x 25 mm dishes
and treated with reversine as previously specified. Cells were then harvested and washed DMEM. Washed cells were
resuspended in pre-warmed (37 °C) DMEM supplemented with 10 pg/ml cytochalasin B (Sigma-Aldrich) at a concentration of
around 5x106 cells/mL DMEM and incubated at 37°C for at least 30 minutes. Subsequently, cells were centrifuged at 300g for
5 minutes and resuspended in cold lysis buffer (10 mM Tris-HCI, 2 mM Mg-acetate, 3 mM CaCl2, 0.32 M sucrose, 0.1 mM
EDTA, 0.1 % (v/v) NP-40, pH 8.5) freshly complemented (with 1 mM dithiothreitol, 0.15 mM spermine, 0.75 mM spermidine,
10 pg/ml cytochalasin B and protease inhibitors) at a concentration of 107 cells/ml lysis buffer. Resuspended cells were then
dounce-homogenized 10 times using a loose-fitting pestle. Then, lysates were mixed with an equal volume of cold 1.8 M
sucrose buffer (10 mM Tris-HCl, 1.8 M sucrose, 5 mM Mg-acetate, 0.1 mM EDTA, pH 8.0) freshly complemented (with 1 mM
dithiothreitol, 0.3 % BSA, 0.15 mM spermine, 0.75 mM spermidine) before use. In a 50 mL conical tube, 10 mL of the mixture
was then layered on top of a two-layer sucrose gradient (20 mL of 1.8 M sucrose buffer on top of 15 mL 1.6 M sucrose
buffer). This mixture was then centrifuged in a swing bucket centrifuge at 950g for 20 min at 4°C. The first resulting 2 mL top
fraction is discarded; next 5-6 mL mostly contain micronuclei is collected, the next 3 mL mostly containing primary nuclei is
also collected in a separate container. Collected fractions were diluted 1:5 with FACS buffer (ice cold PBS freshly
supplemented with 0.3 % BSA, 0.1 % NP-40 and protease inhibitors). Diluted MN were then centrifuged at 950g in JS-5.2
swing bucket centrifuge for 20 min at 4 °C. The resulting supernatant was removed by aspiration and either micronuclei or
primary nuclei was resuspended in 2—4 mL of FACS buffer supplemented with 2 ug/ml DAPI (however, no DAPI was used for
micronuclei purification for ATAC-seq experiments). Resuspended samples were filtered through a 40 pm ministrainer
(PluriSelect) into FACS tubes.

FACSAria Ill Cell Sorter
FlowJo
N/A (Nuclei was sorted instead of cells)

Mentioned in the method section under "micronuclei purification". Micronuclei were sorted by FACSAria (BD Biosciences)
into FACS buffer at the MSKCC Flow Cytometry Core Facility. Default FSC and DAPI thresholds were lowered, and a log scale
was used to visualize MN population. Population in the area that has lower FSC and DAPI signals is gated for micronuclei
while higher FSC and DAPI signals is gated for primary nuclei. From micronuclei gate, the population in the area that has
mCherry positive, low GFP signal is gated for intact micronuclei, while the higher GFP signal is gated for ruptured micronuclei.
The figure exemplifying the gating strategy is provided in extended data figure 6e.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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