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Nuclear chromosome locations dictate 
segregation error frequencies

Sjoerd J. Klaasen1, My Anh Truong2,6, Richard H. van Jaarsveld1,6, Isabella Koprivec3, 
Valentina Štimac3, Sippe G. de Vries2, Patrik Risteski3, Snježana Kodba3, Kruno Vukušić3, 
Kim L. de Luca1, Joana F. Marques1, Elianne M. Gerrits1, Bjorn Bakker4, Floris Foijer4, 
Jop Kind1,5, Iva M. Tolić3, Susanne M. A. Lens2 & Geert J. P. L. Kops1 ✉

Chromosome segregation errors during cell divisions generate aneuploidies and 
micronuclei, which can undergo extensive chromosomal rearrangements such as 
chromothripsis1–5. Selective pressures then shape distinct aneuploidy and 
rearrangement patterns—for example, in cancer6,7—but it is unknown whether initial 
biases in segregation errors and micronucleation exist for particular chromosomes. 
Using single-cell DNA sequencing8 after an error-prone mitosis in untransformed, 
diploid cell lines and organoids, we show that chromosomes have different 
segregation error frequencies that result in non-random aneuploidy landscapes. 
Isolation and sequencing of single micronuclei from these cells showed that 
mis-segregating chromosomes frequently also preferentially become entrapped in 
micronuclei. A similar bias was found in naturally occurring micronuclei of two cancer 
cell lines. We find that segregation error frequencies of individual chromosomes 
correlate with their location in the interphase nucleus, and show that this is highest 
for peripheral chromosomes behind spindle poles. Randomization of chromosome 
positions, Cas9-mediated live tracking and forced repositioning of individual 
chromosomes showed that a greater distance from the nuclear centre directly 
increases the propensity to mis-segregate. Accordingly, chromothripsis in cancer 
genomes9 and aneuploidies in early development10 occur more frequently for larger 
chromosomes, which are preferentially located near the nuclear periphery. Our 
findings reveal a direct link between nuclear chromosome positions, segregation 
error frequencies and micronucleus content, with implications for our understanding 
of tumour genome evolution and the origins of specific aneuploidies during 
development.

Aneuploidy, a state in which the genome content of cells deviates from 
an integer multiple of the haploid set, can cause miscarriages and devel-
opmental syndromes and is strongly associated with tumourigen-
esis7,11–13. Aneuploidies typically result from chromosome segregation 
errors during cell divisions. Such errors can be caused by, for example, 
altered microtubule dynamics, hyperstable kinetochore–microtubule 
attachments, cohesion problems or weakened spindle assembly check-
point (SAC) activity2,14–17. Mitotic errors also lead to the formation of 
micronuclei, which are prone to nuclear envelope rupture leading to 
extensive genomic rearrangements3–5,18. Cancers exhibit distinct ane-
uploidy and rearrangement patterns—for instance, when originating 
from different organs, after colonizing distant sites or after relapse—
suggesting convergent evolution towards an optimal karyotype under 
distinct selective pressures11,19–23. Aneuploidies found in preimplanta-
tion or aborted embryos are likewise not random10,24. Although selec-
tion probably plays a crucial role, it is unknown whether the process 

that causes aneuploidy is biased and may create a non-random genomic 
substrate for selection. In support of this possibility, severe pertur-
bations of the spindle or centromere can affect segregation of some 
chromosomes more than others25–27.

Chromosome segregation error frequencies
To examine the propensity of individual chromosomes for mis- 
segregation, we used single-cell karyotype sequencing (scKaryo-seq8) 
to assess hundreds of karyotypes from diploid cells that under-
went an aberrant mitosis. scKaryo-seq allows for high fidelity and 
high-throughput determination of the copy number state of all 
chromosomes in single cells. RPE1-hTERT cells synchronized in G2 
(Extended Data Fig. 1a) were allowed to proceed to mitosis in the 
presence or absence of a low concentration (62.5 nM) of Cpd-5, a 
small-molecule inhibitor of the mitotic kinase MPS1 (ref. 28). Low Cpd-5 
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compromises attachment error correction and the SAC response 
(Extended Data Fig. 1b–d), leading to nearly all cells undergoing 
anaphase with a few misaligned and lagging chromosomes (Fig. 1a, 
Extended Data Fig. 1e,f and Supplementary Videos 1 and 2). These are 
among the most common mitotic errors observed in cancer cells2,8,29. 
Our synchronization-and-release procedure did not affect short-term 
viability (Extended Data Fig. 2a,b). Individual nuclei isolated 4 h fol-
lowing error-prone mitosis were subjected to scKaryo-seq. Low Cpd-5 
had caused an average of 5.5 segregation error events per aneuploid 
cell, totalling 2,417 quantifiable whole and structural chromosome 
copy number alterations (Fig. 1b). Strikingly, aneuploidy landscapes 
revealed that segregation error probabilities were not equal among 
chromosomes: chromosomes 1–5, 8, 11 and X had a significantly higher 
probability of mis-segregation than expected from a random error fre-
quency of 4.3% (Bonferroni correction, P = 0.0022). Chromosomes 14, 
15 and 19–22, on the other hand, had significantly lower probabilities 
(Fig. 1c). A similarly biased distribution of aneuploidies was seen in 
diploid BJ-hTERT fibroblasts and human intestinal organoids, and in 
a near-tetraploid RPE1-hTERT cell line (Extended Data Fig. 2c–g and 

Extended Data Fig. 3a–f), showing that a mis-segregation bias occurs 
in different cell types and culture conditions. Fluorescence in situ 
hybridization (FISH) for centromeres of chromosomes 1, 2, 4, 6, 10, 
11, 15 and X on anaphase figures further verified that the non-random 
aneuploidy landscapes observed by scKaryo-seq were due to biased 
segregation errors in anaphase (Fig. 1d,e). Importantly, similar segrega-
tion error probabilities were seen when mitotic errors were induced 
by other means. First, small-molecule inhibition of Aurora B, although 
inducing severe errors in monolayer cultures30,31, caused mild seg-
regation errors in human intestinal organoids, allowing isolation 
of daughter nuclei (Supplementary Video 3). scKaryo-seq of these 
nuclei showed a segregation error bias highly similar to that of Cpd-
5-treated cells (Fig. 1f,g). Second, a low concentration of nocodazole 
perturbs microtubule assembly rates, a proposed cause of chromo-
somal instability in colorectal cancer cells15. Low nocodazole caused 
misaligned chromosomes in RPE1-hTERT cells that subsequently fre-
quently mis-segregated in anaphase32 (Extended Data Fig. 3g,h and 
Supplementary Video 4). Although it was not possible to perform 
scKaryo-seq due to the rarity of segregation errors in this condition, 

a b

d

2 310Copy number: 4 5

f

Chr2

Merge

62.5 nM Cpd-5
e

DMSO

45 N
uclei

62.5 nM Cpd-5

1 2 3 4 5 6 7 8 9 10
11

12
13

14
15

16
17

18
19

20
21
22

X

194 N
uclei

Chr.

D
M

S
O

62
.5

 n
M

 C
p

d
-5

0:28 0:400:00

0:08 0:160:00

about 89%

Segr.
error: about 1%

3 4 5 6 7
2
4
6
8

10
12
14
16
18 r = 0.8243

P = 0.0118 1

2

4

6

10

11

15

X

Aneuploidy (%, scKaryo-seq)

S
eg

re
ga

tio
n 

er
ro

rs
 (%

, F
IS

H
)

g
0:00

0:00

0:24

1:39

0:31

2:03

D
M

S
O

Z
M

44
74

39

Segr.
error: about 10%

100%

Human intestinal organoids

0 2 4 6 8 10 12
0

2

4

6

8

10

C
p

d
-5

 a
ne

up
lo

id
y 

(%
)

r = 0.7744
P = 3.6 × 10–5

ZM447439 aneuploidy (%)

2

3
4

5

6

7
9

10

1112

13
14 15

16

17

18

20

1921

22

X

1

c

0

1

2

3

4

5

6

7

8

A
ne

up
lo

id
y 

(%
)

Partial gainLossGain Partial loss

1 2 3 4 5 6 7 8 9 101112 1314 1516 1718 1920 2122 X

6.
5 

×
 1

0–8

2.
6 

×
 1

0–6

0.
00

18
0.

00
69

0.
00

13
0.

26
41

0.
51

61
0.

00
39

0.
64

14
0.

99
99 0.

09
44

0.
22

76
0.

81
65

2.
2 

×
 1

0–1
0

7.
6 

×
 1

0–9

0.
51

61
0.

57
790.
00

69

3.
0 

×
 1

0–8

0.
00

03
1.

8 
×

 1
0–9

4.
2 

×
 1

0–9

0.
00

93

Chromosomes

Fig. 1 | Segregation error frequencies of chromosomes during error-prone 
mitosis are non-random. a, Representative still images of synchronous 
RPE1-hTERT H2B-mNeon cells undergoing mitosis in the presence of Cpd-5. 
Arrowheads indicate mis-segregating chromosomes (scale bars, 5 μm).  
b,c, Representative replication (b) and quantification (c) showing the copy 
number states of synchronised RPE1-hTERT cells treated with DMSO or Cpd-5. 
Each row represents one nucleus, and different colours represent copy number 
states. The graph shows aneuploidy percentages per chromosome for three 
independent experiments (mean ± s.e.m., two-tailed binomial test, n = 410 
aneuploid cells). Different colours denote whether the chromosome has been 
lost, gained or partially lost or gained. The horizontal black line at 4.34% 
depicts the expected random chance of mis-segregation of each chromosome. 
Numbers at the top of columns in c are P values. d,e, Representative FISH image 
(d) and quantification (e) of RPE1-hTERT cells as treated in b but fixed 45 min 

after release from RO-3306 (scale bar, 5 μm). Arrowhead indicates a lagging 
chromosome 2. The graph plots the percentage of chromosomes positive for 
corresponding FISH probes on the y axis versus the aneuploidy percentages 
determined in c (mean ± s.e.m., two-tailed Pearson's correlation coefficient; 
chr1, n = 327; chr2, n = 307; chr4, n = 311; chr6, n = 290; chr10, n = 322; chr11, 
n = 313; chr15, n = 286; chrX, n = 314). Three independent experiments were 
performed. f, Representative still images of human intestinal organoids 
treated with either DMSO as a control or the Aurora B inhibitor ZM447439 
(scale bars, 5 μm). Arrowheads indicate mis-segregating chromosomes.  
g, Plot comparing aneuploidy percentages of human intestinal organoids  
after overnight Cpd-5 versus ZM447439 treatment (mean ± s.e.m., two-tailed 
Pearson's correlation coefficient, n = 217 and n = 64 aneuploid cells, 
respectively). The experiment was performed in duplicate.
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centromere FISH for six chromosomes (1, 6, 7, 15, 18 and X) showed 
that misalignment frequencies were significantly different between 
chromosomes and followed a similar trend to Cpd-5/AurBi-induced 
aneuploidy landscapes (Extended Data Fig. 3i,j). Taken together, we 
conclude that chromosome segregation errors of various origins in 
non-transformed cells are non-random.

Chromosome micronucleation frequencies
Erroneously segregated chromosomes frequently become encap-
sulated in micronuclei. Chromosomes in micronuclei can undergo 
extensive rearrangements such as chromothripsis, which plays an 
important role in tumour evolution3–5,18. Because we observed a bias 
in initial aneuploidy landscapes after segregation errors, we exam-
ined whether this would translate into a biased micronuclear content.  
We therefore adapted a fluorescent activated cell sorter (FACS)-based 
approach33 to isolate micronuclei and assess their content by sequencing,  
a protocol we refer to as MN-seq. MN-seq performed on single- or 
bulk-sorted micronuclei from Cpd-5-treated cells revealed a striking  
non-random content that correlated strongly with the pattern of 
mis-segregation frequencies of chromosomes (Fig. 2a–d and Extended 
Data Fig. 4a–c). This was verified by FISH (Extended Data Fig. 4d,e).  
A similarly biased micronuclear content was observed for cells treated 
with a low dose of nocodazole (Extended Data Fig. 4f–h). We next 
examined whether micronuclear content is non-random in naturally 
occurring micronuclei of cancer cells. MN-seq of five chromosomally 
unstable cancer cell lines showed that non-random micronuclear con-
tent existed in all lines, and that two lines (Caco-2 and HeLa) showed a 
bias highly similar to that of Cpd-5/AurBi-treated diploid cells (Fig. 2e,f 
and Extended Data Fig. 4i–k). Of note, recent FISH analysis showed a 
similar micronuclear content bias in glioblastoma cells34. These data 
indicate that chromosomes with a higher mis-segregation probability 
more frequently become entrapped in micronuclei. Because naturally 
occurring micronuclei most probably arise from relatively recent 
mis-segregation events, our data further suggest that segregation 
errors in various cancer cells are non-random and may be caused by 
similar underlying mechanisms.

Origin of non-random segregation errors
Having established that frequencies of mis-segregation and entrap-
ment in micronuclei are not equal for all chromosomes, we next aimed 
to understand the origins of this bias. We therefore compared segre-
gation error frequencies with chromosome characteristics such as 
centromere size or the ratio of p- to q-arm lengths, but did not find 
any correlation (Extended Data Fig. 5a,b). Chromosome size and gene 
density, on the other hand, did correlate (directly and inversely, respec-
tively) with segregation error frequencies (Extended Data Fig. 5c,d). 
Chromosome size is nonetheless unlikely to be a direct cause for the 
observed bias, because the two X chromosomes that differ in size 
by 24.4% in RPE1-hTERT cells, owing to one being fused to a q-arm of 
chromosome 10, had identical mis-segregation frequencies (Extended 
Data Fig. 5e). Moreover, some chromosomes of near-identical size 
had profoundly different mis-segregation frequencies (for example, 
13 versus 14, 15 versus 16 or 18 versus 19) (Fig. 1c). We next considered 
the locations of chromosomes in interphase nuclei, because they cor-
relate directly with chromosome size and inversely with gene den-
sity35–37 but can differ between chromosomes of near-identical size. 
In support of this, four out of five acrocentric chromosomes (14, 15, 
21 and 22), which reside near the centrally located nucleoli, had low 
mis-segregation frequencies (Fig. 1c). Segregation error frequencies 
of chromosomes in RPE1-hTERT cells strongly correlated with the den-
sities of lamina-associated chromosome domains (LADs) (Fig. 3a), 
and with published distances of chromosomes from the centre of the 
nucleus37 (Extended Data Fig. 5f). Chromosome size correlated to LAD 
densities in RPE1-hTERT and other cells, both diploid (TIG3-hTERT 
and hESCs) and aneuploid (HeLa, U2OS, K562 and HT1080), showing  
that in a wide array of cell lines, larger chromosomes reside in the 
nuclear periphery more frequently than smaller ones38–42 (Extended 
Data Fig. 5g–m). Centromere FISH of six chromosomes (1, 2, 6, 15, 17 
and 18) further verified this in both non-transformed and transformed 
cell lines (Fig. 3b,c and Extended Data Fig. 6a–e).

To further explore the proposal that chromosome location can cause 
a segregation error bias, we live-imaged chromosome movement dur-
ing mitosis in cells with labelled centromeres and centrosomes (Fig. 3d, 
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Fig. 2 | Micronuclear content reflects segregation error bias.  
a, Representative flow cytometry plots of RPE1-hTERT nuclei and 
micronuclei. Hoechst height (Hoechst-H) signal is plotted against forward 
scatter area (FSC-A). Image depicts micronucleus imaged after sorting (scale 
bar, 5 μm). b,c, Representative MN-seq data (b) and quantification (c) of single 
micronuclei isolated from cells treated with Cpd-5 (mean ± s.e.m., two 
independent experiments, n = 222 micronuclei). Each line in b. represents a 
single micronucleus; red denotes the presence of a chromosomal region. 
 d, Plot comparing bulk MN-seq data of around 8,000 micronuclei, shown as 

the percentage of reads mapped to a certain chromosome normalised for 
chromosome size and the aneuploidy percentages determined in Fig. 1c 
(mean ± s.e.m., two-tailed Pearson's correlation coefficient). Four independent 
experiments were performed. e,f, Plots comparing log2-fold enrichment of 
micronuclear DNA determined from bulk sequencing of two chromosomally 
unstable cancer cell lines (Hela (e) and Caco-2 (f)) versus the aneuploidy 
percentages from Fig. 1c (mean ± s.e.m., two-tailed Pearson's correlation 
coefficient, n = around 6,000 MN). Three independent experiments were 
performed for each cell line.



Nature | Vol 607 | 21 July 2022 | 607

Extended Data Fig. 6f and Supplementary Videos 5 and 6) and analysed 
the trajectories of three categories of chromosome: centrally located 
(cen.), peripheral (located behind a spindle pole (pol.)) and peripheral 
(located between spindle pole planes (NPP)) (Fig. 3d). This showed that 
peripheral chromosomes required significantly longer to congress 
than central ones under unperturbed conditions, and more readily 
mis-segregated as misaligned or lagging chromosomes upon treatment 
with Cpd-5 (Fig. 3e–h). Among peripheral chromosomes, the polar 
ones congressed more slowly and mis-segregated more frequently 
than non-polar ones. This was true also when comparing only polar 
and non-polar peripheral chromosomes with an equal starting distance 
from the metaphase plate (Extended Data Fig. 6f–k). We observed a 
similar phenomenon in chromosomally unstable cancer cells in which 
peripheral, polar chromosomes had a threefold higher probability of 
being misaligned than expected on the basis of the frequency of polars 
(Fig. 3i,j and Supplementary Video 7). Moreover, misalignments and 
laggards in anaphase were observed significantly more frequently 
in cells with such misaligned metaphase chromosomes than in cells 
without (18/77 versus 3/112, respectively; Fig. 3k), suggesting that 

mis-segregating chromosomes may often arise from misaligned chro-
mosomes. These observations suggest that the peripheral location of 
chromosomes—and, even more so, how this location relates to spindle 
poles—delays biorientation and congression and thereby contributes 
to the high frequency of mis-segregation of peripheral chromosomes.

The role of nuclear chromosome location
We next aimed to examine whether the distinct locations of chromo-
somes in an interphase nucleus are directly responsible for variation 
in segregation error probability. In a first approach, we randomized 
the location of chromosomes in mitosis before inducting erroneous 
anaphases. This was done by a short treatment with monastrol, which 
allows for microtubule-based chromosome movements in a monopo-
lar spindle and simultaneously renders most if not all chromosomes 
essentially spindle pole proximal (Fig. 4a,b). scKaryo-seq of cells 
released from monastrol into low Cpd-5 showed that the probability  
of chromosome mis-segregation was substantially altered in two 
different cell lines (Fig. 4c and Extended Data Fig. 7a–e). In a second 
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approach, we leveraged the ability to image specific chromosomes 
using repeat-specific guide RNAs and fluorescently labelled  
dCas9 (refs. 27,43). Chromosomes that are on average mostly peripheral 
can occasionally be found in the nuclear interior, and vice versa. This 
allowed us to directly relate the location of a specific chromosome to 
its behaviour in mitosis (Fig. 4d). Live imaging of chromosomes 1 (small 
foci) and 9 (large foci) verified that, before nuclear envelope breakdown, 
chromosome 1 was more often peripheral compared with chromo-
some 9 but was centrally located in around 20% of cells27 (Extended Data 
Fig. 8a,b and Supplementary Video 8). Conversely, chromosome 9 could 
be found near the nuclear periphery in roughly 35% of cells. Regardless of 
identity, chromosomes starting from a peripheral location were signifi-
cantly more often misaligned before anaphase onset in Cpd-5-treated 
cells compared with when they started from a more central position 
(threefold for chromosome 1, fourfold for chromosome 9) (Fig. 4e). 
Importantly, a peripheral starting position substantially increased 
mis-segregation rates (misalignments and laggards) compared with 
a central starting position (1.8- and 2.5-fold for chromosomes 1 and 
9, respectively) (Fig. 4f). A similar result was obtained after tethering 
and subsequent tracking of LacI-GFP to chromosome 11-specific LacO 
repeat sites in fibrosarcoma HT1080 cells44 (Extended Data Fig. 8c,d).  
In a final approach, we forced relocation of chromosome 9 from a 
central location to the periphery by conditionally tethering it to the 
nuclear lamina via rapalog-controlled dimerization of dCas9 and Lamin 
B1. Following 24 h of incubation with rapalog, the frequency by which 

chromosome 9 was found near the periphery was increased nearly 
twofold (Fig. 4g,h) which, by itself, did not compromise its correct seg-
regation during normal divisions (Fig. 4i). Upon error-prone divisions 
following the addition of Cpd-5, however, relocation of chromosome 9 
resulted in a nearly twofold increase in its mis-segregation rate com-
pared with non-relocated chromosome 9 (Fig. 4i). Taken together, these 
data led us to conclude that chromosome segregation error frequen-
cies are directly influenced by the location in the interphase nucleus 
before the onset of mitosis.

Discussion
Our data are consistent with a model in which the location of chromo-
somes in the nucleus dictates probabilities of segregation errors of indi-
vidual chromosomes and their entrapment in micronuclei (Extended 
Data Fig. 9). We propose that peripheral chromosomes mis-segregate 
more often than central ones because they need to travel greater dis-
tances to reach the metaphase plate, more regularly undergo lateral or 
merotelic microtubule interactions and/or experience additional delays 
by being located behind spindle poles45–49. It may therefore be a common 
outcome of processes that cause chromosomal instability, consistent 
with occurence of biased mi-segregations when we disrupt the SAC, 
attachment error correction or microtubule dynamics. Additional biases 
from different underlying processes are nonetheless likely to exist25–27, 
and could for example affect aneuploidies in human female meiosis24.  
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Fig. 4 | Distance of chromosomes from the nuclear centre dictates 
mis-segregation probability. a,b, Representative FISH images (a) and 
quantification (b) of the distance of FISH probes from the centre in RPE1-hTERT 
cells synchronised as before and treated for 4 h with monastrol (mean ± s.d., 
two-tailed ratio t-test, n = 89, 110, 87 and 109 chromosomes, respectively). Data 
were pooled from three independent experiments (scale bar, 5 μm).  
c, Quantification of aneuploidy numbers determined by scKaryo-seq of 
RPE1-hTERT cells treated as in i, followed by release in Cpd-5, shake-off and 
replating. Data were pooled from three independent experiments 
(mean ± s.e.m., two-tailed binomial test, n = 373 aneuploid cells). d–f, Still 
images (d) and quantification of central (cen.) versus peripheral (per.) 

chromosomes 1 (arrows) and 9 (arrowheads) misaligned immediately before 
anaphase onset (e) and subsequently mis-segregating in RPE1-hTERT cells 
(f) (scale bar, 5 μm). White arrows indicate properly segregating chromosomes, 
while the red arrow follows a mis-segregating one.The experiment was 
performed in septuplicate (mean ± s.d., two-tailed Fisher’s exact test).  
g–i, Still images (g) and quantification of the peripherality (h) of 
chromosome 9 in DLD1-expressing dCas9-GFP-3xFKBP mCherry-FRB-LaminB1 
after 24 h of rapalog (rapa.); scale bar, 5 μm). Cells were followed live to 
determine mis-segregations in Cpd-5 (i). The experiment was performed in 
triplicate (mean ± s.e.m., two-tailed Fisher’s exact test).
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Of note, chromosome size also correlates with aneuploidy landscapes 
after the first few error-prone mitotic divisions of human embryos10. 
In mice, errors during these divisions have been attributed to a weak-
ened SAC17. The nuclear location of chromosomes may thus also explain 
non-random aneuploidies during embryonic development. Interestingly, 
a recent survey of chromothriptic events in 2,658 human cancers showed 
that their occurrence strongly correlates with chromosome size and thus 
with nuclear position9 (Extended Data Fig. 10). Non-random segregation 
errors may therefore affecct the dynamics of recurring aneuploidy and 
genomic rearrangement patterns seen in cancer, and thereby influence 
tumour growth, metastasis and relapse. Tissue-specific chromosome 
locations50 are likely to differentially affect these dynamics.

Online content
Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41586-022-04938-0.

1. van Jaarsveld, R. H. & Kops, G. J. P. L. Difference makers: chromosomal instability versus 
aneuploidy in cancer. Trends Cancer 2, 561–571 (2016).

2. Compton, D. A. Mechanisms of aneuploidy. Curr. Opin. Cell Biol. 23, 109–113 (2011).
3. Zhang, C. Z. et al. Chromothripsis from DNA damage in micronuclei. Nature 522, 179–184 

(2015).
4. Ly, P. et al. Chromosome segregation errors generate a diverse spectrum of simple and 

complex genomic rearrangements. Nat. Genet. 51, 705–715 (2019).
5. Shoshani, O. et al. Chromothripsis drives the evolution of gene amplification in cancer. 

Nature 591, 137–141 (2021).
6. Davoli, T. et al. Cumulative haploinsufficiency and triplosensitivity drive aneuploidy 

patterns and shape the cancer genome. Cell 155, 948–962 (2013).
7. Knouse, K. A., Davoli, T., Elledge, S. J. & Amon, A. Aneuploidy in cancer: seq-ing answers 

to old questions. Annu. Rev. Cancer Biol. 1, 335–354 (2017).
8. Bolhaqueiro, A. C. F. et al. Ongoing chromosomal instability and karyotype evolution in 

human colorectal cancer organoids. Nat. Genet. 51, 824–834 (2019).
9. Cortés-Ciriano, I. et al. Comprehensive analysis of chromothripsis in 2,658 human 

cancers using whole-genome sequencing. Nat. Genet. 52, 331–341 (2020).
10. McCoy, R. C. et al. Evidence of selection against complex mitotic-origin aneuploidy 

during preimplantation development. PLoS Genet. 348, 235–238 (2015).
11. Ben-David, U. & Amon, A. Context is everything: aneuploidy in cancer. Nat. Rev. Genet. 21, 

44–62 (2020).
12. Nagaoka, S. I., Hassold, T. J. & Hunt, P. A. Human aneuploidy: mechanisms and new 

insights into an age-old problem. Nat. Rev. Genet. 13, 493–504 (2012).
13. Vasudevan, A. et al. Aneuploidy as a promoter and suppressor of malignant growth. Nat. 

Rev. Cancer 21, 89–103 (2021).
14. Bakhoum, S. F., Genovese, G. & Compton, D. A. Deviant kinetochore microtubule 

dynamics underlie chromosomal instability. Curr. Biol. 19, 1937–1942 (2009).
15. Ertych, N. et al. Increased microtubule assembly rates influence chromosomal instability 

in colorectal cancer cells. Nat. Cell Biol. 16, 779–791 (2014).
16. Solomon, D. A. et al. Mutational inactivation of STAG2 causes aneuploidy in human 

cancer. Science 333, 1039–1043 (2011).
17. Vázquez-Diez, C., Paim, L. M. G. & FitzHarris, G. Cell-size-independent spindle checkpoint 

failure underlies chromosome segregation error in mouse embryos. Curr. Biol. 29,  
865–873 (2019).

18. Hatch, E. M., Fischer, A. H., Deerinck, T. J. & Hetzer, M. W. Catastrophic nuclear envelope 
collapse in cancer cell micronuclei. Cell 154, 47–60 (2013).

19. Muzny, D. M. et al. Comprehensive molecular characterization of human colon and rectal 
cancer. Nature 487, 330–337 (2012).

20. Duijf, P., Schultz, N. & Benezra, R. Cancer cells preferentially lose small chromosomes. Int. 
J. Cancer 132, 2316–2326 (2013).

21. Taylor, A. M. et al. Genomic and functional approaches to understanding cancer 
aneuploidy. Cancer Cell 33, 676–689 (2018).

22. Turajlic, S. et al. Tracking cancer evolution reveals constrained routes to metastases: 
TRACERx Renal. Cell 173, 581–594 (2018).

23. Li, Y. et al. Patterns of somatic structural variation in human cancer genomes. Nature 578, 
112–121 (2020).

24. Gruhn, J. R. et al. Chromosome errors in human eggs shape natural fertility over 
reproductive life span. Science 1469, 1466–1469 (2019).

25. Drpic, D. et al. Chromosome segregation is biased by kinetochore size. Curr. Biol. 28, 
1344–1356 (2018).

26. Worrall, J. T. et al. Non-random mis-segregation of human chromosomes. Cell Rep. 23, 
3366–3380 (2018).

27. Dumont, M. et al. Human chromosome‐specific aneuploidy is influenced by DNA‐
dependent centromeric features. EMBO J. 39, e102924 (2020).

28. Koch, A., Maia, A., Janssen, A. & Medema, R. H. Molecular basis underlying resistance to 
Mps1/TTK inhibitors. Oncogene 35, 2518–2528 (2016).

29. Bakhoum, S. F. & Compton, D. A. Chromosomal instability and cancer: a complex 
relationship with therapeutic potential. J. Clin. Invest. 122, 1138–1143 (2012).

30. Ditchfield, C. et al. Aurora B couples chromosome alignment with anaphase by targeting 
BubR1, Mad2, and Cenp-E to kinetochores. J. Cell Biol. 161, 267–280 (2003).

31. Hauf, S. et al. The small molecule Hesperadin reveals a role for Aurora B in correcting 
kinetochore-microtubule attachment and in maintaining the spindle assembly 
checkpoint. J. Cell Biol. 161, 281–294 (2003).

32. Dick, A. E. & Gerlich, D. W. Kinetic framework of spindle assembly checkpoint signalling. 
Nat. Cell Biol. 15, 1370–1377 (2013).

33. Avlasevich, S. L., Bryce, S. M., Cairns, S. E. & Dertinger, S. D. In vitro micronucleus scoring 
by flow cytometry: differential staining of micronuclei versus apoptotic and necrotic 
chromatin enhances assay reliability. Environ. Mol. Mutagen. 47, 56–66 (2006).

34. Bochtler, T. et al. Micronucleus formation in human cancer cells is biased by chromosome 
size. Genes Chromosomes Cancer 58, 392–395 (2019).

35. Bridger, J. M., Boyle, S., Kill, I. R. & Bickmore, W. A. Re-modelling of nuclear architecture in 
quiescent and senescent human fibroblasts. Curr. Biol. 10, 149–152 (2000).

36. Croft, J. A. et al. Differences in the localization and morphology of chromosomes in the 
human nucleus. J. Cell Biol. 145, 1119–1131 (1999).

37. Bolzer, A. et al. Three-dimensional maps of all chromosomes in human male fibroblast 
nuclei and prometaphase rosettes. PLoS Biol. 3, 0826–0842 (2005).

38. Lenain, C. et al. Massive reshaping of genome-nuclear lamina interactions during 
oncogene-induced senescence. Genome Res. 27, 1634–1644 (2017).

39. Meuleman, W. et al. Constitutive nuclear lamina-genome interactions are highly 
conserved and associated with A/T-rich sequence. Genome Res. 23, 270–280 (2013).

40. Sobecki, M. et al. MadID, a versatile approach to map protein-DNA interactions, highlights 
telomere-nuclear envelope contact sites in human cells. Cell Rep. 25, 2891–2903 (2018).

41. Chen, Y. et al. Mapping 3D genome organization relative to nuclear compartments using 
TSA-Seq as a cytological ruler. J. Cell Biol. 217, 4025–4048 (2018).

42. Kind, J. et al. Single-cell dynamics of genome-nuclear lamina interactions. Cell 153,  
178–192 (2013).

43. Stanyte, R. et al. Dynamics of sister chromatid resolution during cell cycle progression.  
J. Cell Biol. 217, 1985–2004 (2018).

44. Finlan, L. E. et al. Recruitment to the nuclear periphery can alter expression of genes in 
human cells. PLoS Genet. 4, e1000039 (2008).

45. Barisic, M., Aguiar, P., Geley, S. & Maiato, H. Kinetochore motors drive congression of 
peripheral polar chromosomes by overcoming random arm-ejection forces. Nat. Cell 
Biol. 16, 1249–1256 (2014).

46. McCoy, R. C. Mosaicism in preimplantation human embryos: when chromosomal 
abnormalities are the norm. Trends Genet. 33, 448–463 (2017).

47. Itoh, G. et al. Lateral attachment of kinetochores to microtubules is enriched in 
prometaphase rosette and facilitates chromosome alignment and bi-orientation 
establishment. Sci. Rep. 8, 3888 (2018).

48. Daniela, C., Lisa, A. & Cameron, E. D. S. Anaphase spindle mechanics prevent mis- 
segregation of merotelically oriented chromosomes. Curr. Biol. 14, 2149–2155 (2004).

49. Vukušic, K. & Tolic, I. M. Polar chromosomes—challenges of a risky path. Cells 11, 1531 
(2022).

50. Parada, L. A., Mcqueen, P. G. & Misteli, T. Tissue-specific spatial organization of genomes. 
Genome Biol. 5, R44 (2004).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons license, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons license and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this license, 
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

https://doi.org/10.1038/s41586-022-04938-0
http://creativecommons.org/licenses/by/4.0/


Article
Methods

Cell culture
Cell lines RPE1-hTERT (Flp-In) (a gift from the laboratory of P. Jallepalli), 
Caco-2 (a gift from the laboratory of H. Clevers), HeLa (a gift from  
the laboratory of M. Vermeulen), HT-29 (a gift from the laboratory 
of H. Clevers), U2OS (a gift from the laboratory of S. Lens) and WiDr 
(a gift from the laboratory of H. Clevers) were cultured in DMEM/F12 
and GlutaMAX supplement (Gibco), supplemented with 9% foetal 
bovine serum (FBS, Sigma-Aldrich) and 1% penicillin/streptomycin 
(Sigma-Aldrich). Cell lines U2OS DamID, U2OS CENPA and BJ-hTERT 
(a gift from the laboratory of R. Medema), HCT116 (a gift from the 
laboratory of H. Clevers) and HT1080 were cultured in DMEM, 
high-glucose GlutaMAX supplement and pyruvate (Gibco), supple-
mented with 10% FBS and 1% penicillin/streptomycin. Human small 
intestine duodenum and ileum organoids (a gift from the labora-
tory of H. Clevers) were cultured as described previously51. Rather 
than WNT conditioned medium, WNT surrogate was used (0.15 nM, 
U-Protein Express). DLD1 cells (a gift from D. Cimini) were cultured 
in RPMI and GlutaMAX supplement (Gibco), supplemented with 9% 
FBS and 50 μg ml–1 penicillin/streptomycin. To generate RPE1-hTERT 
Flp-in H2B-mNeon cells, cells were transduced with a lentivirus con-
taining an H2B-mNeon-IRES-puromycin construct. Selection was 
performed with 10 μg ml–1 puromycin (Sigma-Aldrich) for 48 h. Orga-
noids were transduced with the same construct without selection. 
Tetraploid RPE1-hTERT cells were generated by treatment of original 
RPE1-hTERT cells with 62.5 nM Cpd-5 for 48 h every 7 days for 4 weeks, 
after which tetraploid colonies grew out for an additional 22 weeks. 
Monoclonal RPE1-hTERT dCas9-3×GFP and DLD1 dCas9-GFP-3×FKBP 
FRB-mCherry-LaminB1 lines were generated by transduction with a 
dCas9-3×GFP or dCas9-GFP-3×FKBP lentivirus, followed by single-cell 
sorting. Next, FRB-mCherry-LaminB1 was lentivirally introduced in 
DLD1 cells. HT1080 cells containing a LacO-array in chromosome 11 
(a gift from W. Bickmore) were transduced with LacI-GFP-FKBP and 
FRB-mCherry-LaminB1 and cloned by single-cell sorting. Cell lines 
were tested for mycoplasma contamination and not authenticated.

scKaryo-seq
RPE1-hTERT Flp-in cells were plated in a six-well plate (Corning) at 
40% confluency and treated with palbociclib (250 nM; Selleck Chemi-
cals). After 24 h, cells were washed three times with warm medium 
and treated with RO-3306 (5 μM; Tocris Bioscience). After 16 h, cells 
were washed three times for 5 min at 37 °C with warm medium con-
taining DMSO, Cpd-5 (62.5 nM; a gift from R. Medema) or monastrol 
(200 μM; Sigma-Aldrich). Cpd-5-treated cells were cultured for a 
further 4 h before harvesting. Monastrol-treated cells were washed 
three times with warm medium containing 62.5 nM Cpd-5. Mitotic 
cells were collected by shake-off and plated in a new well of a six-well 
plate for 4 h. BJ-hTERT cells were plated in a six-well plate at 40% con-
fluency and treated with 31.25 nM Cpd-5 for 16 h. All cells were trypsi-
nized and stored at −20 °C for further processing. Single G1 nuclei of 
RPE1-hTERT Flp-in cells or single nuclei of BJ-hTERT cells were sorted 
as described previously8. Human intestinal organoids were plated 1 day 
before treatment for 16 h with 5 μM ZM447439 (Selleck Chemicals) 
or 10 μM EdU (Thermofisher) for 3 h, washed three times for 5 min 
with warm medium, incubated with 62.5 nM Cpd-5 for 16 h and fixed 
using 70% ice-cold ethanol. Ethanol was removed by one wash with 
PBS, and cells were incubated for 10 min with the Click-iT reaction 
cocktail (Click-iT EdU proliferation assay). The reaction cocktail was 
washed away and replaced with a PBS/DAPI mix. Single G1 nuclei in 
the case of ZM447439 or EdU-positive G1 cells were sorted in 384-well 
plates. Tetraploid RPE1-hTERT cells were plated at 40% confluency and 
treated with 62.5 nM Cpd-5 for 24 h. G1 nuclei were sorted. HCT116 cells 
were synchronized for 16 h using monastrol, released and treated with 
Cpd-5 as described for RPE1-hTERT cells. Plates were stored at −20 °C. 

NlaIII-based library preparation was performed as described previously, 
with several modifications8. Cell lysis was performed for 2 h at 55 °C 
with 8 mg ml–1 Proteinase K (Fisher Scientific) in 1× CutSmart (New 
England Biolabs) and heat inactivation at 80 °C for 10 min. Adaptors 
were ligated with 100 nl of 100 nM barcoded, double-stranded NLAIII 
adaptors and 400 nl of 10 U T4 DNA ligase (New England Biolabs) in 
1× T4 DNA ligase buffer (New England Biolabs), supplemented with 
3 mM ATP (Invitrogen) at 16 °C overnight. Samples were sequenced 
on an Illumina NextSeq500 or 2000 at 1× 75 or 1× 100 base pairs (bp), 
respectively. After sequencing, mapping (bwa aln 0.7.12 and python 
2.7.5) and Aneufinder (v.1.2.0) plotting and copy number variations 
of whole and partial chromosomes were determined manually. Chro-
mosome 8 of human intestinal organoids was not quantified because 
this chromosome was heterogeneously aneuploid under the control 
condition.

Centromere FISH
Cells were plated on 12-mm round glass coverslips (Superior Marien-
feld). To validate scKaryo-seq segregation error bias, cells were syn-
chronized and treated with Cpd-5 as described above. Cells were fixed 
45 min after release from RO-3306, at −20 °C with 75% methanol and 
25% acetic acid. To determine the distance of chromosomes from the 
centre of the nucleus, cells were plated 1 day before fixation. To deter-
mine nuclear chromosome territories of monastrol-treated mitotic 
cells, cells were synchronized as described above and incubated for 
4 h in monastrol, then subsequently fixed. After fixation, coverslips 
were air-dried and incubated for 2 min with 2× saline-sodium citrate 
(SSC) at room temperature. Coverslips were washed in series with 
70%, 85% and 100% ethanol and air-dried. Next, 1.2 μl of a red and 
green satellite enumeration probe (Cytocell) and 1.6 μl of hybridiza-
tion solution per coverslip were spotted on a glass slide. Coverslips 
were placed upside down on the probe solution and incubated at 
75 °C for 2 min. Coverslips were incubated at room temperature for 
4–16 h, followed by 2 min incubation at 72 °C with 0.25× SSC (pH 7.0). 
Coverslips were washed for 30 s with 2× SSC 0.5% Tween-20 at room 
temperature, incubated with DAPI and mounted using ProLong Gold 
antifade (Molecular Probes).

Image acquisition was done on a DeltaVision RT system (Applied Preci-
sion/GE Healthcare) with a ×1.40/100 numerical aperture (NA) UplanSApo 
objective (Olympus) as z-stacks at 0.5 μm intervals. For deconvolution, 
SoftWorx (Applied Precision/GE Healthcare, v.6.5.2) was used. Image 
analysis and quantification was done using Fiji ImageJ (v.2.0.0).

FISH segregation error frequencies were determined by counting the 
number of mis-segregating FISH-positive chromosomes and dividing 
that by the total number of mis-segregating chromosomes.

Chromosomes in low-dose nocodazole were considered misaligned 
when FISH-positive chromosomes were physically separated from the 
metaphase plate; this number was then divided by the total number of 
FISH-positive chromosomes.

To measure the distance of chromosomes from the centre of the 
nucleus, we determined the centroid X and Y coordinates of the three 
different thresholded channels (DAPI, red probe and green probe). 
The centre of monastrol-treated cells was determined using a custom 
ImageJ script, which measures the centre of mass of thresholded DAPI 
particles.

Live imaging
To time mitotic phases, RPE1-hTERT Flp-in H2B-mNeon cells were plated 
in a black, glass-bottom, 96-well plate (Corning) at 40% confluency 
and synchronized as described for scKaryo-seq. Cells were imaged on 
an Andor CSU-W1 spinning disk (50 μm disk) with a ×0.75/20 NA dry 
objective lens (Nikon). A 488 nm laser was used for sample excitation, 
with filters between 540 and 50 nm bandpass for emission. Images were 
acquired using an Andor iXon-888 EMCCD camera. Nine z-slices of 
2 μm were imaged for 4 h every 1 min. NEBD was defined as one frame 



before extensive chromosome movement. Images were acquired using 
NIS-elements (Nikon, v.5.30.04).

To determine the time from condensation to anaphase onset and 
segregation errors, we used a Nikon Ti-E motorized microscope 
equipped with a Zyla 4.2Mpx sCMOS camera (Andor) and a ×1.3/40 NA 
oil objective lens (Nikon). Fluorescence excitation was done using a 
Spectra X LED illumination system (Lumencor) and Chroma-ET filter 
sets. Nine z-slices of 2 μm were imaged every 4 min for 4 h. The same 
videos were also used to determine cell survival.

To examine cell survival for MN-seq, RPE1-hTERT Flp-in and BJ-hTERT 
cells were plated at 40% confluency. Cells were imaged on the same micro-
scope used for determination of segregation errors. DIC and a ×0.45/10 NA 
objective lens (Nikon) were used to visualize cells every 3–5 min for 16 h.

Human intestinal organoids were imaged as described previously8.
To determine mis-segregations in cells treated with low-dose 

nocodazole, RPE1-hTERT H2B-eYFP cells were plated at 40% conflu-
ency 1 day before imaging. Next, cells were treated with nocodazole 
(48 nM; Sigma-Aldrich) and imaged on an Andor CSU-W1 spinning 
disk (50 μm disk) with a ×1.45/100 NA oil objective lens (Nikon).  
A 488 nm laser was used for sample excitation and filters between 
540 and 50 nm bandpass for emission. Images were acquired using an 
Andor iXon-888 EMCCD camera. Nine z-slices of 2 μm were imaged 
for 16 h every 3 min.

To compare the behaviour of polar and non-polar chromosomes, 
RPE1-hTERT cells stably expressing both CENPA-GFP and Centrin1-GFP 
(a gift from A. Khodjakov) were imaged on the Expert Line easy3D 
STED microscope system (Abberior Instruments) using Prairie View 
(5.4.64.500) and Imspector (Abberior Instruments, v.16.3) with 485 
and 640 nm lasers using a ×60/1.2 UPLSAPO 60×W water objective 
(Olympus) and an avalanche photodiode (APD) detector. Low-dose 
(1:100,000) SPY-595-DNA was added to detect the moment of nuclear 
envelope breakdown, and low-dose (1:50,000) SPY-640-tubulin  
(Spirochrome, AG) was added to distinguish between poles and kine-
tochores, as well as to enable pole tracking when the Centrin1 signal 
was not easily detectable in a specific frame. Six z-slices of 1 μm were 
taken every 20 s. Immediately after nuclear envelope breakdown, the 
edges of the nucleus were manually drawn to determine the relative 
nuclear position of tracked chromosomes by dividing the nucleus into 
three equally spaced concentric areas. Chromosomes were considered 
central if they resided in the two innermost shells or were touching 
the second-most outer ring. Positions of both centrosomes were also 
determined at that point. Each kinetochore pair was followed manually 
in a maximum-intensity projection. The positions and trajectories of 
the kinetochore pairs were additionally verified in single z-planes of 
a z-stack in Fiji (v.1.53f51/1.53s30/1.53r), as well as in Imaris 3D Viewer 
(v.9.8.0). One pair each of polar and non-polar peripheral chromo-
somes with the same distance to the metaphase plate were selected 
from the same cell.

U2OS kinetochore tracking experiments were performed with a 
U2OS cell line stably expressing CENPA-GFP, mCherry-α-tubulin and 
photoactivatable-GFP-α-tubulin (a gift from M. Barisic and H. Maiato). 
Cells were imaged using a Bruker Opterra I multipoint scanning con-
focal microscope system, as previously described52. Image acquisi-
tion was performed at 1 min intervals with z-stacks of 15 slices at 1 μm 
spacing. Misaligned kinetochores included all pairs of kinetochores 
displaced from the metaphase plate in the frame when elongation 
of the prometaphase spindle reached its peak, which was defined as 
the final point at which the separation of two centrosomes showed 
a continuous increase in spindle length for two consecutive frames 
>1 μm. Spatial x and y coordinates of unaligned kinetochores were 
extracted in every time frame using the Low Light Tracking Tool 
(v.0.10), an ImageJ plugin, as previously described53. The tracking of 
kinetochores in x and y planes was performed on individual imaging 
z-planes. Around 10–15% of unaligned kinetochore pairs could not be 
successfully tracked in all frames, mainly owing to cell and spindle 

movements in the z-direction over time. Spindle poles were manually 
tracked with points placed in the centre of the pole structure, in the 
z-plane in which the tubulin signal was highest. Aligned kinetochore 
pairs were manually tracked in two dimensions. All unaligned pairs in 
the NEBD frame were double-checked as being ‘behind spindle poles’ 
using a 3D Imaris Viewer. Lagging chromosomes were defined as a single 
kinetochore that was stuck and stretched between the separating mass 
of kinetochores during early anaphase. Chromosome bridges included 
cells with a kinetochore pair that was well separated but remained 
between the separating mass of kinetochores during early anaphase. 
Misalignments included cells that had at least one pair of kinetochores 
at the pole during anaphase, and the ‘no error’ phenotype was defined 
as a cell with absence of the aforementioned phenotypes. Multipolar 
cells (one out of 190) were not included in the analysis. Quantitative 
analysis of all parameters was performed using custom-made MATLAB 
(MatlabR2021a 9.10.0) scripts.

For live tracking of individual chromosomes, RPE1-hTERT dCas9-
3×GFP were transduced with lentiviruses containing single-guide 
RNAs targeting chromosome 1 (ATGCTCACCT) and chromosome 9 
(TGGAATGGAATGGAATGGAA). 24 h post transduction, cells were plated 
in an optical-quality, plastic, eight‐well slide (IBIDI) at 50% confluency. 
After 16 h, asynchronous mitotic cells were treated with 62.5 nM Cpd-5 
and immediately imaged using a ×1.4/40 NA oil PLAN Apochromat lens 
on a Zeiss Cell Observer microscope equipped with a AxioImager Z1 
stand, a Hamamatsu ORCA‐flash 4.0 camera and a Colibri 7 LED. Images 
were acquired every 2.5 min for 4.2 h. Videos were subsequently pro-
cessed and analysed using ZEN software (Zeiss, v.3.3).

Chromosome 9 tracking and tethering experiments were performed 
on the spinning-disk system as previously described, with several adap-
tations; 500 nM rapalog (Takara) was added 24 h before imaging of 
DLD1 cells and 62.5 nM Cpd-5 was added immediately before imaging. 
We used a ×1.20/60 NA water phase immersion oil lens, and 16 z-slices 
of 1 μm were imaged every 3 min overnight.

Cells were imaged at 37 °C in 5% CO2 for all imaging experiments.

MN-seq
RPE1-hTERT Flp-in cells were plated in a six-well plate at 40% confluency 
and treated with Cpd-5 or nocodazole for 16 h. Cancer cell lines were 
plated in a similar fashion, but were not treated with any drugs. Prepa-
rations for FACS were performed similarly to the method described 
previously33. In short, cells were incubated on ice for 30 min under light 
with PBS/2% FBS and 12.5 μg ml–1 EMA (ThermoFisher). EMA was washed 
four times using PBS, and (micro)nuclei were harvested from cells with 
the same nuclear staining buffer used for scKaryo-seq. EMA-negative 
and Hoechst-positive (micro)nuclei were sorted in bulk in a PCR strip 
containing mineral oil and stored at −20 °C for further processing. 
Library preparation was performed similarly to scKaryo-seq, but with 
several modifications. Every 5 μl of sorted (micro)nuclei was incubated 
with 5 μl of lysis buffer (final concentration, 0.02 U Proteinase K μl–1 
(NEB) in 1× CutSmart Buffer (NEB)) for 2 h at 55 °C and 10 min at 80 °C. 
Genomic DNA was digested by incubation of (micro)nuclei with 10 μl 
of digestion mix (final concentration, 0.5 U NLAIII μl–1 (New England 
Biolabs) in 1× CutSmart Buffer) for 2 h at 37 °C, followed by 20 min at 
65 °C. Genomic DNA fragments were subsequently ligated to adaptors 
by the addition of 20 μl of ligation mix (final concentration, 20 U μl–1 
T4 DNA ligase (New England Biolabs), 0.5 mM ATP (ThermoFisher) and 
25 nM adaptor in 0.5× T4 DNA ligase buffer (New England Biolabs), with 
incubation at 16 °C overnight. After ligation, the remainder of library 
preparation, sequencing and analysis was performed as described for 
scKaryo-seq. To determine the percentage of reads per chromosome, all 
reads mapped to a specific chromosome were summed and normalized 
by dividing this by the number of bins for that specific chromosome. 
The percentage of reads for chromosome 10 in RPE1-hTERT cells was 
normalized using bulk-sequenced nuclei, because the q-arm of this 
chromosome is present in three copies.
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DamID
U2OS DamID sequencing data were generated in bulk from clonal 
cell lines stably expressing Dam-LaminB1 or untethered Dam pro-
tein. DamID data from Shield1-inducible DamID U2OS cells were derived 
by transfection of Dam-LaminB1 or Dam constructs (cloned into the 
pPTuner IRES2 vector (Clontech, Takara)), antibiotic resistance selec-
tion with 500 μg ml–1 G418 (Gibco) and subsequent characterization of 
monoclonal cell populations. Selection of suitable clones was based on 
methylation concentrations at known LAD or iLAD genomic regions, 
measured by quantitative MboI-based PCR and DamID as previously 
described54. Stabilization of Dam proteins was achieved by the addition 
of Shield1 ligand (AOBIOUS) to the cell culture medium at 500 nM final 
concentration for 18–24 h before cell collection. Multiplexed DamID 
was performed as previously described54 and sequenced on an Illumina 
NextSeq 500 platform (1× 50 bp). Raw reads were demultiplexed by 
their library-specific index and sample-specific DamID barcode, uni-
versal DamID adaptor sequence was trimmed with cutadapt (v.1.16) and 
reads were aligned to reference genome hg19 using bowtie2 (v.2.3.4). 
Reads mapping to annotated GATC sites were counted and aggregated 
in genomic bins of 100 kb. Computation of observed over expected 
values per bin was performed as previously described55.

Statistics
Statistical analyses were performed using GraphPad Prism software 
(v.8.4.3). Superplots were used in many of the graphs in which each 
colour represents a replicate, the small dots individual measurements 
and large dots the mean of each replicate.

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

Data availability
Raw sequencing data can be found at the European Nucleotide Archive: 
PRJEB52892. Source data are available at https://doi.org/10.6084/
m9.figshare.19779736. Previously published Dam- and Mad-Lamin 
B1 sequencing data for RPE1-hTERT can be found at GSM3904483, 
GSM3904484, GSM3904548 and GSM3904549, for hESC at GSM557443 and 
GSM557444, for TIG3-hTERT at GSM2030834, for HeLa at E-MTAB-6888, 
for K562 at GSM1612855 and GSM1612856 and for HT1080 at GSM984848.
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Extended Data Fig. 1 | Characterization of RPE1-hTERT mis-segregations.  
a. Representative gating strategy for flow cytometry and the DNA content of 
RPE1-hTERT cells synchronised using palbociclib and RO-3306. Fourth graph 
on the right shows the DNA content 4 h after washing out RO-3306. b,c, Stills 
(b) and quantification (c) of the time of alignment in synchronised and  
MG-132-treated RPE1-hTERT H2B-mNeon cells (scale bar, 5 μm). Experiment 
was performed in triplicate (mean ± s.d., two-tailed unpaired t-test, n = 60 and 
58, respectively). d. Quantification of the time from condensation to full 

alignment or anaphase onset in DMSO or Cpd-5, respectively. Experiment was 
performed in triplicate (mean ± s.d., two-tailed unpaired t-test, n = 75).  
e. Quantification of the segregation error percentages of RPE1-hTERT 
H2B-mNeon treated with different concentrations of Cpd-5. Three 
independent experiments were performed (mean ± s.e.m.). f. Quantification of 
the time from condensation to anaphase onset of cells treated with DMSO or 
62.5 nM Cpd-5. Three independent experiments were performed (mean ± s.d., 
two-tailed unpaired t-test, n = 45 cells).
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Extended Data Fig. 3 | Similar mis-segregation frequencies in different cell 
lines and after different perturbations. a. Representative scKaryo-seq 
replicate of BJ-hTERT cells treated for 16 h with Cpd-5. b. Plot comparing 
aneuploidy percentages of RPE1-hTERT cells after Cpd-5 treatment (see Fig. 1c) 
and quantification of BJ-hTERT aneuploidy percentages (mean ± s.e.m., two-
tailed Pearson correlation coefficient, n = 180 aneuploid cells). Three 
independent experiments were performed. c. Representative scKaryo-seq 
replicate of a human intestinal organoid line treated with or without Cpd-5 for 
16 h. d. Plot comparing aneuploidy percentages of RPE1-hTERT cells (see Fig. 1c) 
and human intestinal organoid aneuploidy percentages after Cpd-5 treatment. 
(mean ± s.e.m., two-tailed Pearson correlation coefficient, n = 217 aneuploid 
cells). Two independent organoid lines originating from the duodenum and 
ileum were used for this experiment. Chromosome 8 was not included in the 
analysis, because this chromosome was heterogeneously aneuploid in the 

ileum organoid line. e. Representative scKaryo-seq replicate of tetraploid 
RPE1-hTERT cells treated with and without Cpd-5 for 24 h. f. Plot comparing 
aneuploidy percentages of Fig. 1c versus quantification of the aneuploidy 
percentages after Cpd-5 treatment in tetraploid RPE1-hTERT cells (mean ± 
s.e.m., two-tailed Pearson correlation coefficient, n = 180 aneuploid cells). 
Experiment was performed in triplicate. g,h, Stills (g) and quantification  
(h) looking at the location of mis-segregating chromosomes just before 
anaphase onset after 48 nM nocodazole treatment (scale bar, 5 μm). 
Experiment was performed in triplicate (n = 30 segregation error events).  
i,j, Representative FISH images (i) and quantification ( j) of RPE1-hTERT cells 
synchronised as before and released in mitosis with 48 nM nocodazole (scale 
bar, 5 μm). Measured is the percentage of misaligned FISH probes (mean ± 
s.e.m., two-tailed Fisher’s exact test). Three independent experiments were 
performed.
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Extended Data Fig. 4 | MN-seq characterization and micronucleus content 
bias in nocodazole-treated and cancer cells. a. Live-cell imaging of 
RPE1-hTERT cells to determine survival when treated for 16 h with 62.5 nM Cpd-5.  
Experiment was performed in triplicate (mean ± s.e.m., two-tailed Fisher’s 
exact test). b. Representative images of a FAC-sorted nucleus and micronucleus 
(scale bar, 5 μm). c. Gating strategy for micronuclei. d,e, Representative FISH 
images (d) and quantification (e) of micronucleated RPE1-hTERT cells treated 
with Cpd-5 for 16 h (scale bar, 5 μm). The graph shows the percentage of 
micronuclei containing a certain chromosome (s.e.m., two-tailed Pearson 
correlation coefficient, 1/15 (n = 371 micronuclei), 2/17 (n = 277 micronuclei) 

and 6/18 (n = 376 micronuclei)). Three independent experiments were 
performed. f,g,h, as in Fig. 2b–d but instead cells were treated with low 
nocodazole (single micronuclei; mean ± s.e.m, two independent experiments, 
n = 151, bulk micronuclei; mean ± s.e.m., four independent experiments, 
two-tailed Pearson correlation coefficient, n = ~8000 micronuclei). i,j,k, Log2- 
fold enrichment of chromosomes in MN determined from bulk MN-seq data 
sorted from three chromosomally unstable cancer cell lines (mean ± s.e.m., 
two-tailed Pearson correlation coefficient, n = ~1500 MN for HT-29 and WiDr 
and 6000 for U2OS). Three independent experiments were performed for  
each cell line.
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Extended Data Fig. 5 | Mis-segregation frequency correlates with 
chromosome organization and organization is similar between cell lines. 
a,b,c,d, Plots comparing aneuploidy percentages after Cpd-5 treatment (see 
Fig. 1c) in RPE1-hTERT cells to centromere sizes (a), ratio of P- over Q arm sizes 
(b), chromosome sizes (c), and gene densities (d) (two-tailed Pearson 
correlation coefficient). e. Quantification of aneuploidy percentages of both X 
chromosomes in RPE1-hTERT cells after Cpd-5 treatment (mean ± s.e.m., 

two-tailed Fisher’s exact test, n = 133 cells with an X chromosome aneuploidy). 
f. Plot comparing aneuploidy percentages after Cpd-5 treatment versus 
previously determined radial distances (two-tailed Pearson correlation 
coefficient)37. g,h,i,j,k,l,m, Plots comparing the percentage of LADs per 
chromosome for indicated cell lines to chromosome size (two-tailed Pearson 
correlation coefficient).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Chromosomes behind the poles are more likely to 
mis-segregate. a,b, Representative images (a) and quantification (b) of the 
distance from centromeric FISH probes to the centre of the nucleus in BJ-hTERT 
cells (scale bar, 5 μm, mean ± s.d., n > 70, 56, 68, 70 and 68 chromosomes, 
respectively). Data is pooled from two independent experiments.  
c,d,e, Distance of centromeric FISH probes to the centre of the nucleus in three 
cancer cell lines (mean ± s.d., two-tailed ratio t-test, n = 133, 112, 81 and 108; 
n = 125, 161, 134 and 153; n = 160, 151, 185, 160 chromosomes, respectively). 
Three independent experiments were performed. f. Schematic depicting the 

strategy to follow kinetochores with a similar distance to the metaphase plate 
(yellow circles). g,h,i, Representative stills (g) and quantification (h-i) of time 
to alignment for matched kinetochores based on them having the same 
distance to the metaphase plate in RPE1-hTERT CENPA-GFP Centrin1-GFP cells 
(scale bar, 5 μm). White circles mark the centrosomes. Experiment was 
performed 10 times (mean ± s.d., unpaired t-test, n = 21). j,k, As in e-g, but 
instead cells were treated with 62.5 nM Cpd-5 and mis-segregations were 
measured (scale bar, 5 μm). Experiment was performed in triplicate  
(mean ± s.e.m., Fisher’s exact test).
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Extended Data Fig. 7 | Randomizing chromosome organization with 
monastrol decreases mis-segregation bias a. Quantification of cell survival 
of RPE1-hTERT cells synchronised, treated for 4 h with monastrol, followed by a 
washout and shake-off. Experiment was performed three times (scale bar, 5 μm, 
mean ± s.e.m., two-tailed Fisher’s exact test, n = 120 daughter cells per 
condition). b. Representative scKaryo-seq results of RPE1-hTERT cells 
undergone a monastrol washout. c. Quantification of the change in the 
observed mis-segregation rate compared to expected (4.3%) for Cpd-5 only 

treated RPE1-hTERT cells versus monastrol plus Cpd-5 treated ones (mean  
± s.e.m., two-tailed Fisher’s exact test). d. Quantification of aneuploidy levels of 
HCT116 either treated with Cpd-5 only or a combination of monastrol and Cpd-5  
as described before. Experiment was performed twice for the Cpd-5 treated 
cells and three times for the monastrol treated ones (mean ± s.e.m., n = 233 and 
180 aneuploid cells, respectively). e. As in c, but for HCT116 cells (mean ± s.e.m., 
two-tailed Fisher’s exact test).
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Extended Data Fig. 8 | Chromosomes in the periphery of the nucleus 
mis-segregate more frequently independent of identity. a,b, Representative 
still (a) and quantification (b) of the percentage of Cas9-tagged peripheral 
chromosomes just before mitosis onset (mean ± s.e.m., two-tailed Fisher’s 
exact test). Only chromosomes in the most outer ring were considered 
peripheral. b,c, Representative stills (c) and quantification (d) of chr11 

mis-segregation rate of LacI-GFP-expressing HT1080 cells containing a LacO 
array in chr11 (scale bar, 5 μm). Red arrowheads follow a mis-segregating 
chromosome pair, while white ones follows a properly segregating pair. 
Experiment was performed in triplicate (mean ± s.e.m., two-tailed Fisher’s 
exact test).



Extended Data Fig. 9 | Graphical representation of a cell going through an error-free mitosis (green arrows) or an erroneous one (red arrows). Red 
chromosomes start out peripheral, while blue ones are more central.
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Extended Data Fig. 10 | Chromothripsis-like patterns correlate with 
chromosome size. Plot comparing chromosome size and chromothripsis-like 
patterns percentages per chromosome calculated from previously published 
data (two-tailed Pearson correlation coefficient).
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