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Mitotic tethering enables inheritance of shattered micronuclear
chromosomes
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Don W. Cleveland1:2.4*
ILudwig Institute for Cancer Research, University of California at San Diego, La Jolla, CA, USA

2Department of Cellular and Molecular Medicine, University of California at San Diego, La Jolla,
CA, USA

3Department of Bioengineering, University of California at San Diego, La Jolla, CA, USA

4Moores Cancer Center, UC San Diego, La Jolla, CA, USA

Abstract

Chromothripsis, the shattering and imperfect reassembly of one (or a few) chromosome(s)?, is an
ubiquitous? mutational process generating localized complex chromosomal rearrangements that
drive genome evolution in cancer. Chromothripsis can be initiated by missegregation errors in
mitosis3# or DNA metabolism>~7 that lead to entrapment of chromosomes within micronuclei

and their subsequent fragmentation in the next interphase or upon mitotic entry®8-10, Here, we
use inducible degrons to demonstrate that chromothriptically produced pieces of a micronucleated
chromosome are tethered together in mitosis by a protein complex consisting of Mediator of DNA
damage checkpoint 1 (MDC1), DNA Topoisomerase Il Binding Protein 1 (TOPBP1), and Cellular
Inhibitor of PP2A (CIP2A), thereby enabling en masse segregation to the same daughter cell. Such
tethering is shown to be crucial for the viability of cells undergoing chromosome missegregation
and shattering after transient inactivation of the spindle assembly checkpoint. Transient, degron-
induced reduction in CIP2A after chromosome micronucleation-dependent chromosome shattering
is shown to drive acquisition of segmental deletions and inversions. Analyses of pancancer

tumor genomes showed that expression of CIP2A and TOPBP1 was increased overall in cancers
with genomic rearrangements, including copy number-neutral chromothripsis with minimal
deletions, but comparatively reduced in cancers with canonical chromothripsis in which deletions
were frequent. Thus, chromatin-bound tethers maintain proximity of fragments of a shattered
chromosome enabling their re-encapsulation into, and religation within, a daughter cell nucleus
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to form heritable, chromothriptically rearranged chromosomes found in the majority of human
cancers.

Elevated rates of chromosome missegregation, caused by errors in mitosis, are frequently
observed in many cancers!l. Chromosome missegregation can lead to numerical and
structural chromosomal changes in cancer cells, resulting in increased phenotypic diversity,
which provides a substrate for natural selectionl. Defects in chromosome segregation

can result in abnormal structures including micronuclei or chromatin bridges, which are
prevalent across the spectrum of human neoplasia. Micronuclei and chromatin bridge
formation trigger chromothripsis:3-812 an event in which a chromosome is shattered

into ten to hundreds of individual pieces, most of which are acentric. This shattering is
followed by re-ligation in random order of individual pieces, with a few pieces missing,
resulting in a massively rearranged chromosome(s). Such chromothriptic rearrangements can
result in multiple oncogenic insults, including loss of tumor suppressors13, amplification

of oncogenes!13-15 and formation of oncogenic fusions'®. Chromothripsis can also drive
formation and evolution of circular extrachromosomal DNA (ecDNA)12, a major vehicle for
oncogene amplification. How the pieces of a shattered chromosome are brought together
and ligated to yield a chromothriptic chromosome is unknown16. Nevertheless, following
micronucleation, newly generated structural variants are preferentially present in one of

the two daughter cells®. Here, we identify a complex of MDC1, TOPBP1, and CIP2A

whose recruitment to yH2AX-containing chromatin is responsible for tethering shattered
chromosomal fragments to each other, thereby enabling their delivery en masseto a daughter
cell nucleus and reassembly into a chromothriptically rearranged chromosome.

Mitotic clustering of broken chromosomes

To understand the behavior of a broken chromosome resulting from encapsulation into

a micronucleus or a chromatin bridge, we generated fragmented chromosomes in RPE1
p53~/~ cells using two approaches. Micronucleation was induced by Mps1 inhibitor (NMS-
P715) treatment!’, and chromatin bridge formation was induced by low dose inhibition

of Topoisomerase Il (with ICRF-193) was used to generate catenated sister chromatids

to produce mitotic chromatin bridges’ (Fig. 1A). Since chromosomes within micronuclei
undergo fragmentation before or upon entry into mitosis®2, cells were arrested in the next
mitosis using an inhibitor of the mitotic kinesin Eg5. To follow the fragmented chromosome
pieces, we exploited that an initial DNA damage response to a double stranded break is
phosphorylation of histone H2AX at S139A (yH2AX) throughout ~1 Mb of chromatin18-20
adjacent to the break. Generation of chromosome fragmentation by either method yielded
YH2AX-containing chromosome fragments that remained tightly clustered in mitosis for
large majorities (75.5%z=0.5 or 65.5%=0.7, respectively) of fragmented chromosomes
arising from Mps1 or Topoisomerase inhibition (Fig. 1B, C). Chromosome missegregation
can cause p53 dependent cell cycle arrest in a subset of cells resulting in fewer cells
entering a subsequent mitosis2122. Correspondingly, we either used p53~~ RPE1 cells or
p53 mutated DLD1 cells, or p53*/* RPE1’s with p53 depleted using siRNA, as indicated.
Presence or absence of p53 did not alter clustering frequency (Extended Data Fig. 1A).
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Next, we utilized a DLD1 cell model® in which missegregation and micronucleation of

the Y-chromosome could be triggered by selective inactivation of its centromere (Fig.

1D). As expected, Y-centromere inactivation resulted in damaged, yH2AX positive Y-
chromosomes in the next mitosis, as determined by combined immunofluorescence for
YH2AX and fluorescence /n situ hybridization (FISH) for the Y-chromosome (Fig. 1E) or by
Y-chromosome FISH on chromosome spreads (Extended Data Fig. 1B-D). The proportion
of cells with a yH2AX positive Y-chromosome (Extended Data Fig. 2E) was similar to

the proportion of fragmented Y-chromosomes (Extended Data Fig. 1D), confirming yH2AX
to be a reliable marker for fragmented mitotic chromosomes. Once again, in a majority
(79%=0.9) of cells, yH2AX positive fragments of the Y chromosome remain clustered

even in extended mitoses (Fig. 1E, F). Clustering in mitosis of chromosomal fragments
derived from micronuclei was not due to persistence in mitosis of a micronuclear envelope
(Extended Data Fig. 2A, B). Asymmetric segregation of clustered fragments from an
initially micronucleated chromosome to one daughter cell in the subsequent G1 phase was
consistently observed, both in RPE1 p53~/~ or DLD1 cells (Fig. 1G, H). Thus, shattered
chromosome fragments produced from micronuclei or chromatin bridges remained clustered
in the subsequent mitosis.

Clustering without PolD3, MRN, or PolQ

Micronuclei with an intact envelope have deficient nuclear import23 that delays
replication®10 and recruitment/retention of DNA repair proteins®23, including 53BP1 and
BRCAL (Extended Data Fig. 3A, B). This DNA replication deficiency is compounded by
micronuclear envelope rupture that exposes the micronuclear chromosome to cytoplasmic
nucleases®1”. Under-replicated regions within a primary nucleus are known to undergo
PolD3- (a subunit of polymerase Delta) mediated mitotic DNA repair synthesis (MIDAS)24.
Chromosomes from micronuclei or an initial chromatin bridge have been reported to
undergo a burst of DNA synthesis during mitosis’. We tested if replication intermediates
formed as a result of PolD3-mediated mitotic DNA synthesis could facilitate the clustering
of chromosomal pieces in mitosis. Although depletion of PolD3 or the key non-homologous
end joining (NHEJ) ligase, Lig4, increased the percentage of cells with a broken mitotic
Y-chromosome (Extended Data Fig. 2C-E) in the mitosis following Y-micronucleation, it
did not alter the proportion of cells with clustered micronuclear chromosomal fragments
(Extended Data Fig. 2F). PolD3’s involvement in damaged micronuclear chromosome repair
was confirmed (Extended Data Fig. 2G-J) using “CEN-select”, a colony formation assay to
monitor reassembly of a micronuclear chromosome by selecting for retention of a neomycin
resistance gene inserted into an initially intact Y-chromosome®. Thus, PolD3 contributes

to repair of fragmented micronuclear chromosomes, but does not play a role in mitotic
clustering of the micronuclear chromosomal fragments.

The MRN complex (consisting of Mre11, Rad50, and Nbs1)2>-28 and PolQ?” have been
reported to be required for tethering an acentric piece of a broken chromosome to the
centromere-containing fragment during mitosis and to be recruited to damaged micronuclear
chromosomes in interphase®. We thus tested if the MRN complex or PolQ mediates tethering
of micronuclear fragments during mitosis (Extended Data Fig. 3C). MRN complex or PolQ
depletion did not affect the frequency of cells with tethered Y-pieces (Extended Data Fig.

Nature. Author manuscript; available in PMC 2023 December 14.
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3D-G). Thus, mitotic clustering of fragments from a micronucleated chromosome is not
mediated by the MRN complex or PolQ.

MDC1, TOPBP1, CIP2A on broken chromosomes

TOPBP1 has also been proposed to maintain chromosomal integrity by tethering broken
chromosomal pieces in mitosis after DNA damage resulting from ionizing radiation
(IR)29:30 or replication stress caused by BRCA1/2 deficiency3! in the primary nucleus.
TOPBP1 is recruited to some DNA damage lesions in mitosis through direct interaction
with MDC130, which in turn directly binds yH2AX-containing chromatin assembled at
double strand breaks (DSBs)8. CIP2A directly interacts with TOPBP1 and mediates

its recruitment to DNA damage sites in mitosis and has been proposed to play a role

in tethering broken chromosomal pieces?9-31:32, Within micronuclei containing damaged
chromosomes, detectable MDC1, TOPBP1, and CIP2A did not accumulate in the large
majority (76.3+£2.0%, 88.0+1.4%, and 82.4+0.3%, respectively) of interphase DLD1 or
RPE1 p53~/~ cells (Extended Data Fig. 4A—F). [For the minority of micronuclei in
interphase with low level recruitment of the three proteins, micronuclear rupture was not
a key determinant of recruitment (Extended Data Fig. 5A-E).]

Upon mitotic entry all three proteins were strongly recruited to yH2AX-containing
micronuclei-derived chromatin (Fig. 2A-D), even in p53*/* cells (Extended Data Fig. 5G-1).
Live-cell imaging of SFPMDC1 or TOPBP1C!over showed their accumulation on the broken
micronuclear chromosome concomitant with chromosome condensation at mitotic entry
(Fig. 2E, F; Sup. Video 1 & 2). A similar accumulation of TOPBP1C!over on micronuclei
with a ruptured micronuclear membrane (determined by the absence of 3xNLSMscarlety yas
observed at the onset of mitosis (Extended Data Fig. 5F, Sup. Video 3). We conclude

that robust recruitment of TOPBP1 to a damaged micronuclear chromosome is triggered

by mitotic entry, when previously nuclear MDC1 and TOPBP1 are released into the

mitotic cytoplasm. In contrast, damage-containing chromatin generated from chromatin
bridge breakage recruited TOPBP1 (85.2+1.9%) and MDC1(91.3+0.3%), but not CIP2A,

in interphase (Extended Data Fig. 5J-L). Consistent with this, the stubs of a broken bridge
appeared to be encapsulated into a primary nucleus (Extended Data Fig. 5J-M). Live
imaging revealed that once recruited, TOPBP1C!0ver remained on stubs for extended periods
(=11 hours of live imaging) (Extended Data Fig. 5M, Sup. Video 4).

Damaged micronuclear chromosomes were identified to undergo one of three fates while
transitioning through mitosis. In the first, ~40% of the total damaged micronuclear
chromosome fragments remained clustered throughout mitosis and were incorporated into
only one of the daughter nuclei after cytokinesis (Fig. 2E, F; Sup. Video 1 & 2). A similar
proportion of damaged and clustered micronuclear chromosome mass was encapsulated
into a new micronucleus (Extended Data Fig. 6A; Sup. Video 5). In the final 18% of
examples, damaged micronuclear chromosome fragments were clustered initially, but broke
subsequently into smaller clusters from what appeared to be shear induced by mitotic
spindle forces (Extended Data Fig. 6B; Sup. Video 6), a scenario likely responsible for the
corresponding proportion of mitotic cells viewed in fixed imaging in which micronuclear
chromosome fragments were dispersed.

Nature. Author manuscript; available in PMC 2023 December 14.
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MDC1, TOPBP1, CIP2A tether DNA fragments

We tested if MDC1, TOPBP1, and CIP2A mediate the tethering of fragmented micronuclear
chromosomal pieces during mitosis by inducing Y-chromosome missegregation and then
depleting MDC1, TOPBP1, or CIP2A using siRNA. Depletion of any of the three (MDC1,
TOPBP1, or CIP2A) resulted in an increased proportion of cells with dispersed micronuclear
chromosomal fragments in mitosis (Fig. 3A-C; Extended Data Fig. 7A). The increase in
cells with dispersed Y fragments was not due to an increase in damaged Y-chromosomes

as there was no statistically significant change in the frequency of cells with a damaged
Y-chromosome in mitosis (Extended Data Fig. 7B). Similarly, homozygous deletion of
MDC1 or CIP2A in RPEL cells yielded an increase (compared to wildtype cells) in

the percentage of cells with dispersed chromosomal fragments following micronucleation
(Extended Data Fig. 7C, D). Thus, MDC1, TOPBP1, and CIP2A each may play a role in
tethering chromosomal pieces during mitosis.

TOPBP1 plays multiple distinct roles throughout the cell cycle33. To test if TOPBP1 acts as
a protein tether for chromosomal fragments in mitosis or if the tethering of chromosomal
pieces during mitosis is a consequence of its activity in the earlier cell cycle phase, we
reduced TOPBP1 levels at specific cell cycle phases. To achieve this, we modified both
endogenous TOPBP1 loci to encode a variant (TOPBP19Ta9) containing a carboxyterminal
degradation tag (dTag)3*4 (Extended Data Fig. 8A). TOPBP19T89 degradation was then
induced by addition of the heterobifunctional small molecule dTAG-13 to mediate binding
of the dTag to the E3 ubiquitin ligase cereblon (CRBN), producing rapid and efficient
degradation of TOPBP19T89 with a half-life of 14 min (Extended Data Fig. 8C, D).

We tested if the S-phase role(s) of TOPBP1 in regulating DNA replication and ATR
activation33:35 is sufficient for micronuclear fragment clustering in mitosis. We induced Y-
micronucleation and induced TOPBP1 degradation in the next G2 followed by mitotic arrest
(Extended Data Fig. 8F). Depletion of TOPBP1 in the G2 phase resulted in a three-fold
increase in cells with dispersed Y fragments in mitosis (Extended Data Fig. 8G). Despite
TOPBP1 depletion in G2, we did not observe any change in the percent of mitotic cells
with a damaged Y chromosome, indicating that the DNA damage or repair frequency was
not altered (Extended Data Fig. 8H). We conclude that beyond any G1 or S-phase roles

of TOPBP1, tethering of chromosomal pieces in mitosis requires continued presence of
TOPBP1 in G2.

TOPBP1 regulates mitotic DNA synthesis and the recruitment of various DNA repair
proteins to some yH2AX positive chromatin sites during early mitosis36-38, We tested

if chromosome fragment tethering is a consequence of repair events in early mitosis or

if TOPBP1 acts as a protein tether for chromosomal fragments throughout mitosis. To
do this, we induced Y-chromosome micronucleation and arrested cells in the subsequent
mitosis by releasing G2 arrested cells for 2 hours. Induction of TOPBP19T9 |oss during
mitosis (Fig. 3D) produced a three-fold increase in the percentage of cells with dispersed
of micronuclear fragments without any change in the proportion of mitotic cells with a
damaged Y chromosome (Fig. 3E; Extended Data Fig. 8E, I).

Nature. Author manuscript; available in PMC 2023 December 14.
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We next followed the behavior during mitosis of clustered Y chromosomal fragments

during the induced degradation of TOPBP19Tad (Fig. 3J). We used SFPMDC1 to follow
micronuclear chromosomal fragments during mitosis, since its localization to damaged
chromosome during mitosis is independent of TOPBP130, Live cell imaging revealed that

in mitotically arrested cells all 6FPMDC1 positive clusters of chromosomal fragments
remained tethered for the full 2-hour span of filming (Fig. 3K, top panels; Sup. Video

7). However, when TOPBP19T4d degradation was induced during imaging, "PMDC1-bound
chromosome fragments dispersed within 30 minutes after the addition of dTAG-13 (Fig.

3K, bottom panels; Sup. Video 8). Thus, continuing presence of TOPBP1 is essential for
maintaining micronuclear chromosome fragment clustering in mitosis.

Next, we modified both endogenous CIP2A or TOPBP1 loci of RPE p53~/~ cells to encode
dTagc|p2A or TOPBP19T89, After induction of micronuclei or chromatin bridge formation
(produced by Mps1 or Topoisomerase Il inhibition, respectively), induced degradation in the
subsequent G2 phase of 4T29CIP2A or TOPBP19T89 |ed to loss of tethering of chromosome
fragments marked by yH2AX (Fig. 3F-I; Extended Data Fig. 8B; Extended Data Fig.
8J-M). Micronuclear chromosomal fragments tethering in mitosis depends on functions of
CIP2A beyond its more established role as a PP2A inhibitor3? (Extended Data Fig. 9A-C).

MDC1-TOPBP1-CIP2A mediates DNA tethering

Mitotic DNA lesions recruit TOPBP1 and CIP2A in MDC1 dependent?9-31 and
independent30:31 manners, implying the presence of MDC1-TOPBP1-CIP2A and TOPBP1-
CIP2A subcomplexes. TOPBP1 interacts with MDC1 in mitosis through its BRCT1 and
BRCT2 domains3? and with CIP2A through amino acids 756-8913L. In cells in which

both endogenous TOPBP1 alleles encoded degron tagged TOPBP1, we complemented
induced TOPBP19T29 degradation with either wildtype TOPBP1 (TOPBP1WT) or TOPBP1
mutants that cannot interact with MDC1 (TOPBP1K155.250E) or C|P2A (TOPBP14756-891)
or both (TOPBP1K155.250E,A756-891) (Extended Data Fig. 10A). While complementation
with TOPBP1WT restored fragment clustering, TOPBP1K155.250E TOpBP14756-891 or
TOPBP1K155,250E, A756-891 \yere unable to rescue clustering after micronucleation
(Extended Data Fig. 10B) or chromatin bridge formation (Extended Data Fig. 10C). In

all cases, rescue required interactions among all three components, consistent with a MDC1-
TOPBP1-CIP2A complex.

Moreover, the amount of TOPBP1 bound to a fragmented chromosome during mitosis

was reduced to ~20% and ~2% in MDC1 ™/~ and CIP2A~/~ cells, respectively (Extended
Data Fig. 10D, E), consistent with a major MDC1-TOPBP1-CIP2A complex and a smaller
CIP2A-dependent, MDC1-independent pool of mitotic TOPBP1. To test if yH2AX is
required for TOPBPL1 recruitment and micronuclear fragment clustering, we utilized RPE1
H2AXS139A cells in which a serine to alanine (S-A) modification at position 139 of both
H2AX alleles prevents formation of yH2AX. The absence of yH2AX produced a 50%
reduction in the frequency of cells with TOPBP1 foci on damaged mitotic chromosomes
(Extended Data Fig. 10F, G) and in those with TOPBP1 foci remaining, a ~70% reduction in
TOPBP1 recruited onto previously micronucleated chromosomes (Extended Data Fig. 10H).
Finally, the frequency of dispersed chromosome fragments in mitosis after micronucleation

Nature. Author manuscript; available in PMC 2023 December 14.
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was increased by at least two-fold in the absence of yH2AX (Extended Data Fig. 101,
J). These data demonstrate a major yH2AX-dependent and a minor -yH2AX-independent
pathway in mitosis for TOPBP1/CIP2A recruitment to a fragmented chromosome.

DNA tethers enable en masse segregation

To test the consequence of disrupting chromosomal fragment clustering during mitosis
(Fig. 4A), we induced micronucleation by Mps1 inhibition in RPE1 p53~/~ cells and
monitored the distribution of chromosome fragments using yH2AX in telophase or early
G1 (Fig. 4B, C). Aurora-B staining at the midbody was used to identify paired daughter
cell nuclei. Disruption of fragment clustering by degradation of TOPBP14Tad or dTagC|p2A
resulted in random distributions of chromosomal fragments between the resulting daughter
cells in a large (69.8+0.15% and 70.7+1.9% after TOPBP19Ta9 or dTadC|P2A degradation,
respectively) majority of cases (Fig. 4C, D, Extended Data Fig. 11A) and with some
fragments encapsulated within a main nucleus and others in the cytoplasm of daughter
cells (Fig. 4C). The total number of distinct yH2AX positive fragments in both daughters
increased by an order of magnitude (from a median of 1 for controls to 11 and 12) for
TOPBP19Tag and 4Ta9C|P2A degradation conditions, respectively (Extended Data Fig. 11B).

DNA tethering-mediated cell viability

Viability of cells forming frequent micronuclei will require continued expression in daughter
cells of all essential genes (Fig. 4A), while dispersal of fragments and the loss of essential or
haplo-insufficient genes/chromosomal regions (including centromeres or telomeres) would
result in inviable daughter cells (Fig. 4A). We tested how viability of micronucleated

cells was affected by the absence of mitotic fragment clustering by inducing micronuclei
formation in one cell cycle in p53~/-, dTag/dTagC|p2 A RPE1 cells and then inducing
degradation of CIP2A9T29 in the subsequent cell cycle (Fig. 4E). While CIP2A is not

an essential gene, its transient depletion in the first mitosis after micronuclei formation
reduced cell viability by 2-fold (Fig. 4F, G). Upon repeating the cell viability assay in
TOPBP14Tag/dTag RPE1 p53~/~ cells complemented with either TOPBP1WT or the CIP2A
interaction mutant (TOPBP12756-891) \we observed a 2-fold reduction of cell viability in
cells expressing TOPBP124756-891 compared to TOPBP1WT (Extended Data Fig. 11C, D).
We conclude that TOPBP1-CIP2A complexes, not other functions of CIP2A, enhance cell
viability after micronucleation.

Genomic consequence of DNA de-tethering

The short-term consequences of the lack of fragment tethering were determined by
inducing micronucleation in RPE1 p53~/~ cells expressing CIP2A or 4TaCIP2A, followed
by transient CIP2A depletion (or not) throughout the next cell cycle and isolation of
colonies grown from single cells. Whole genome sequencing was then conducted for 24
clones that had, and another 24 that had not, undergone transient CIP2A loss (Fig. 5A).
Samples depleted in CIP2A demonstrated a significantly increased structural variant burden
(non-depleted mean=8.4; CIP2A depleted mean=71.4), as well as a significantly increased
copy number burden (non-depleted mean=57.8; CIP2A depleted mean=112.8) compared to

Nature. Author manuscript; available in PMC 2023 December 14.
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CIP2A competent cells (Fig. 5B), supporting a role of CIP2A in protecting against structural
alterations following chromosome mis-segregation.

A lack of tethering activity would posit an increase in the number of deletions and inversions
following chromosomal mis-segregation. Indeed, we observed an increase in both the
number of deletions (mean in non-depleted cells=4.8, mean in CIP2A depleted cells=19.8)
and inversions (mean in non-depleted cells=1.1, mean in CIP2A depleted cells=18.3) in

cells that had undergone transient CIP2A depletion after micronucleation compared to their
non-depleted counterparts (Fig. 5C-D). Furthermore, copy number data corroborated this
effect, with a significant increase in the proportion of the genome subject to focal loss of
heterozygosity (LOH) upon CIP2A transient depletion (Fig. 5E).

Impact of tethering on the cancer genome

The impact of chromosomal fragment tethering on the cancer genome was first assessed by
using 7,856 samples from The Cancer Genome Atlas (TCGA) project® where cancer RNA
expression data was associated with chromothripsis events identified using CTLPscanner®l,
An additional analysis was also performed using whole genome sequencing-derived
chromothripsis events (determined with ShatterSeek?) in the 667 tumors with gene
expression data from the Pan Cancer Analysis of Whole Genome (PCAWG) project#2,
Accumulation of RNAs encoding TOPBP1, CIP2A, and MDC1 was highly correlated

with each other, with each more highly expressed in samples in which chromothripsis

was identified by copy number or structural variants (Extended Data Fig. 12A-D). In

low TOPBPL/CIP2A expressing chromothriptic samples in TCGA, there was a significant
depletion of chromothripsis-amplification type copy number signatures®3 and a trend
towards enrichment in high expressing samples (Extended Data Fig. 12E, F).

We observed an overall increase in CIP2A expression in chromothriptic samples of TCGA
(Fig. 5F; all samples); however, upon subsetting the data by copy number burden (defined
as the count of copy number segments), we identified a stepwise increase in C/IP2A
expression as copy number burden increased. Within samples with similar levels of copy
number burden, there was a concomitant decrease of C/P2A expression in canonical
chromothriptic samples compared to non-chromothriptic samples (Fig. 5F). This effect was
retained when expanding the analysis to account for both chromothripsis and copy humber
burden simultaneously (linear regression, Extended Data Fig. 12G). Similar effects were
seen for TOPBPI expression (Extended Data Fig. 12G), consistent with the role of CIP2A
and TOPBP1 in promoting retention of chromothriptic fragments and copy number neutral
chromothripsis. In contrast, MDC1 expression was found to have a positive association
with chromothriptic samples, consistent with additional roles beyond tethering for MDCZ in
DNA repair*4 (Extended Data Fig. 12G).

In addition, we found that samples categorized as containing only ‘chromothriptic’ events
by ShatterSeek using structural variant and copy number information? displayed reduced
levels of CIP2A in comparison to samples categorized as containing only “clustered’
events; clustered events do not show the oscillating copy number pattern indicative of
canonical chromothripsis (Fig. 5G), thereby further supporting the role of CIP2A in

Nature. Author manuscript; available in PMC 2023 December 14.
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tethering. Chromothripsis requires many steps beyond chromosome fragment tethering

and thus unsurprisingly is associated with upregulation of many other DNA damage
response genes, within which 7TOPBPI and C/P2A are both significantly up-regulated in
chromothriptic samples compared to non-chromothriptic samples (Extended Data Fig. 12H)
and are amongst the most highly correlated genes with respect to gene expression, both in
chromothriptic and non-chromothriptic samples (fehromo=0.71, onchromo=0-77; Extended
Data Figure 171).

Discussion

Here we identify that a complex of TOPBP1 and CIP2A recruited by MDC1 mediates

the tethering of chromosomal fragments in mitosis generated as a result of either
micronucleation or chromatin bridge formation. Such tethering is a crucial for the en masse
inheritance of most or all micronuclear chromosome fragments by one of the daughter

cells leading to production of rearranged chromothriptic chromosome with minimal loss of
genomic content. Initial chromosome fragmentation within damaged or ruptured interphase
micronuclei recruits megabase domains of yH2AX that rapidly recruit MDC1 released

by disassembly of the main nuclear envelope. In turn, MDC1 assembled at or near each
DSB directly recruits TOPBP1 and its binding partner CIP2A. The assemblies of TOPBP1
and CIP2A are essential for tethering of chromosomal fragments throughout mitosis and
facilitate their incorporation into the primary nucleus of one daughter cell where they
remain in close proximity, facilitating their ligation by NHEJ into a heritable chromothriptic
chromosome (Extended Data Fig. 13). The nuclear foci resulting from inheritance of the
clustered micronuclei fragments in the daughter nuclei may be similar to the recently
described micronuclear body“°. While the absence of rounded droplets in live cell imaging
offers no support for chromosome fragment tethering through a mechanism involving
TOPBP1 condensation#8, mitotic chromosome fragment clustering may be mediated by the
multiple phosphate-binding BRCT domains of TOPBP147 and/or by CIP2A oligomerization
through its proposed coiled-coil domain.

While the mitotic clustering of the micronuclear-derived chromosome fragments may
suggest minimal loss of DNA copy during chromothripsis, the chromothriptic signature in
cancer genomes most often shows oscillation of copy number including loss of some DNA
fragments*8, Despite MDC1/TOPBP1/CIP2A tethering, losses may be mediated by multiple
mechanisms, including (7) selective pressures, including the loss of tumor suppressor genes,
(7i) spindle forces breaking initially clustered micronuclear chromosome fragments into
smaller groups (as we observed in about 20% of cases in our live-cell imaging - Extended
Data Fig. 6B), and (7/i) altered gene copy numbers from defective DNA replication in
micronuclei®? or exo-nuclease attack on the micronuclear DNA either in interphase®5 or
mitosis.

Transient, degron-induced reduction in CIP2A after chromosome micronucleation-
dependent chromosome shattering drove acquisition of segmental deletions and inversions.
Consistent with this, analyses of pan-cancer tumor genomes revealed that CIP2A

and TOPBPL1 expression was high in cancers with genomic rearrangements including
chromothriptic cancers, but comparatively reduced in cancers with canonical chromothripsis
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in which deletions were frequent. We have shown that chromosome fragment clustering in
mitosis affects viability of the resultant daughter cells (Fig. 4E-G, Extended Data Fig. 11C,
D). Since CIP2A is non-essential to dividing cells and its expression is low in most normal
human tissues but high in many cancers#®, we propose that it is an attractive therapeutic
target for chromosomally unstable tumors forming frequent micronuclei.

HEK293T (ATCC: CRL-11268), DLD-1, hTERT-RPE1 p53~/~ (a kind gift from Prof. David
Pellman), RPE1 MDC™~ (a kind gift from Prof. Manuel Stucki), RPE1 CIP2A~~ (a kind
gift from Prof. Manuel Stucki), RPE1 H2AXS139A/S139A (5 kind gift from Prof. Steve
Jackson) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) or
DMEM/F-12 (Gibco) (for h\TERT-RPE1 p53~/~) media, supplemented with 10% tetracyclin-
free fetal bovine serum (FBS), 2mM L-Glutamine, and 100ug/ml Normocin (Invivogen) at
37°C in presence of 5% CO». Cell lines were periodically tested and confirmed free of
mycoplasma.

Stable cell line generation and genome editing

For lentivirus production TOPBP1-clover cloned into LS135 or lenti-CMV/TO-GFP-MDC1
(779-2) (a gift from Eric Campeau, Addgene plasmid # 26285) were co-transfected

with packaging plasmids pMD2.G and psPAX2 in HEK293T using TransIT-VirusGEN®
Transfection Reagent (Mirus, MIR6705). Mutations (either S155,250E, or deletion of
region encoding 756-891 amino acids, or both) were introduced in LS135-TOPBP1-Clover
using site directed mutagenesis kit (Agilent) according to manufacturer’s protocol. The
supernatant containing lentivirus was collected and filtered through a 0.45um filter, 2-3 days
after transfection. For generating stable cell lines expressing fluorescently tagged proteins,
cells were infected with viral supernatant in presence of 5g/ml Polybrene (Santa Cruz).
Single-cell clones expressing the protein of interest were isolated by fluorescence-activated
cell sorting (FACS) (Sony SH800).

For tagging endogenous locus with dTAG, sgRNA sequences targeting the desired genomic
region (shown in Extended Data Fig. 7A, B) were cloned in pSpCas9(BB)-2A-GFP (PX458)
(a gift from Feng Zhang, Addgene plasmid # 48138). The repair template was created by
cloning the left and right homology arm (~500bp) with 2xHA-dTAG (for N-term tagging)
or dTAG-2xHA (for N-term tagging) into pUC19. Cas9 and sgRNA expressing plasmid
(PX458) along with plasmid containing repair template were nucleofected in DLD1 or
hTERT-RPE1 p53-/- using Cell Line Nucleofector™ Kit V (Lonza) and Nucleofector® 2b
Device (Lonza) according to manufacturer’s protocol. Single cells expressing GFP were
FACS sorted (Sony SH800) 2 days post nucleofection and grown to colonies. PCR and
Immunoblotting were used to screen colonies derived from single cells to identify correctly
edited colonies.

Following sgRNAs were used for editing and PCR primers were used for screening colonies:

SgTOPBP1: AGATGCGATTAGTGTACTCT
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sgCIP2A: GGCAGTGGAGTCCATTGCAC

PCR primers for confirming editing at TOPBP1 locus:
For DLD1 cells:

TOPBP1fw-1: GGTGAGACTTTGTCCCACAGGGT
TOPBP1rv-1: AACCTTGTGCTCAGGCTCCTGTT
For RPE1 p53~/~ cells:

TOPBP1fw-2: GAGACTTTGTCCCACAGGGTCCA
TOPBP1rv-2: AACCTTGTGCTCAGGCTCCTGTTA
PCR primers for confirming editing at CIP2A locus:
CIP2Afw: ATGCAGGCTCTGGCGGAGTG

CIP2Arv: ACGCTTACTAGGAAGGGGAAGTGC\

SiRNA transfection

ON-TARGETplus SMARTpool siRNAs (Horizon Discovery) targeting either Lig4
(L-004254-00-0005), PolD3 (L-026692-01-0005), Mrell (L-009271-00-0005), Rad50
(L-005232-00-0005), PolQ (L-015180-01-0005), MDC1 (L-003506-00-0005), TOPBP1
(L-012358-00-0005), CIP2A (L-014135-001-0005) or non-targeting pool (D-001810-
10-05) were transfected using Lipofectamine RNAIMAX Transfection Reagent
(ThermoFisher, 13778075) at the indicated timepoint according to manufacturer’s protocol.

Inhibitors and small molecules

Doxycycline was used at 1 pg/ml (Sigma), Indole-3-acetic acid (IAA) used at 500 uM
(Sigma, 15148), CDK1 inhibitor RO-3306 used at 9 uM (Sigma-Aldrich, SML0569), NMS-
P715 0.8 uM (Millipore Sigma, 475949), ICRF-193 used at 100 nM (Enzo life sciences,
BML-GR332-0001) S-Trityl-L-cysteine (STLC) used at 5 uM (Enzo Life Sciences,
ALX-105-011-M500), dTAG-13 used at 500 nM (Sigma-Aldrich, SML2601), Okadaic acid
used at 500 nM (Fisher Scientific, 11-362-5U), Geneticin® Selective Antibiotic (G418
Sulfate) used at 300 pg/ml (Gibco, 10131035).

Immunoblot (IB)

Cells were lysed in SDS sample buffer and boiled at 95°C for 10 minutes. The whole cell
lysate was resolved on SDS PAGE gel and transferred to Immobilon®-FL PVDF membrane
(Millipore Sigma). The membrane was then blocked with Intercept® (TBS) Blocking Buffer
(LI-COR) for 1 hour followed by overnight incubation at 4°C with primary antibody diluted
in Intercept® (TBS) Blocking Buffer supplemented with 0.1% Tween-20. The membrane
was washed 4 times (5min each) with TBST (TBS, 0.1% Tween-20) and then incubated for
1 hour at room temperature with fluorescent secondary antibody diluted in Intercept® (TBS)
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Blocking Buffer supplemented with 0.1% Tween-20. The membrane was washed 4 times (5
minutes each) with TBST (TBS, 0.1% Tween-20) and then imaged on Odyssey FC imager
(LI-COR).

Immunofluorescence (IF)

Antibodies

Cells were plated on coverslips and treated as indicated. Cells were fixed with 4% PFA in
PBS or 100% ice-cold methanol (for TOPBP1 staining) for 15 minutes at room temperature,
followed by permeabilization with 0.5% Triton X-100 in PBS for 15 minutes at room
temperature. Cells were then blocked with blocking buffer (0.2M glycine, 2.5% BSA, 0.1%
Triton X-100, PBS) for 1 hour at room temperature. Coverslips were incubated with primary
antibody diluted in blocking buffer for 1 hour at room temperature or overnight at 4°C.
Coverslips were washed 4 times with PBST (PBS, 0.1% Tween-20), 10 minutes each at
room temperature, followed by incubation with fluorescent secondary antibodies diluted in
blocking buffer for 1 hour at room temperature. Coverslips were washed 4 times with PBST
(PBS, 0.1% Tween-20), 10 minutes each at room temperature. Coverslips were then either
processed for Fluorescent In-Situ Hybridization (FISH) or stained with DAPI and mounted
on slides using Prolong Gold mounting media. For combined IF and FISH, cells were fixed
with methanol/acetic acid (3:1) after IF procedure and then processed for FISH as described
below.

Following antibodies were used in this study at the indicated concentration. Anti-phospho
histone H2AX (Ser139) (yH2AX) (clone JBW301, EMD Millipore, 05-636, 1:1500 IF)
(Cell Signaling Technologies, 2577, 1:1000 IF), anti-TOPBP1 (Bethyl Laboratories, A300-
111A, 1:2000 IF, 1:2000 IB) (Abcam, ab2402, 1:1000 IF), anti-MDC1 (Abcam ab11171,
1:1000 IF, 1:1000 IB), anti-CIP2A (clone 2G10-3B5; Santa Cruz sc80659, 1:500 IF, 1:1000
IB), anti-GAPDH (clone 14C10, Cell Signaling Technologies, 1:5000 IB), anti-PolD3 (clone
3E2, Abnova, H00010714-M01, 1:1000 IB), anti-Lig4 (clone N2C2, GeneTex, GTX100100,
1:1000 IB), anti-Mrell (clone 12D7, GeneTex, GTX70212, 1:1000), anti-Rad50 (Cell
Signaling Technologies, 3427, 1:1000 IB), anti-HA-tag (Novus biologicals, NB600-363,
1:2000 IB), anti-Lamin A/C (clone E-1, Santa Cruz, sc-376248, 1:200 IF), anti-Lamin B1
(clone C-5, Santa Cruz, sc-365962, 1:200 IF), anti-53BP1 (Thermo Fisher Scientific, PA1-
16565, 1:1000 IF), anti-BRCAL (clone D-9, Santa Cruz, sc-6954, 1:1000 IF).

Chromosome spreads and Fluorescent In-Situ Hybridization (FISH)

For metaphase chromosome spreads, cells were arrested in mitosis for 4 hours using
100ng/ml colcemid (KaryoMAX, Thermo Fisher). The cells were then collected by
trypsinization and incubated with hypotonic solution (25 mM KCI, 0.27% sodium citrate

in distilled water) for 10-15 minutes at 37°C followed by fixation with cold methanol/acetic
acid (3:1). Fixed cells were then pelleted and resuspended in appropriate concentration in
fixative and dropped on the slides for chromosome spread preparation.

For DNA FISH, human Y-chromosome and human Y-centromere FISH probes
(MetaSystems) were combined in a 1:1 ratio and applied to chromosome spreads and
covered with coverslip or applied to cells on coverslips (for combined IF-FISH) followed by
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denaturation at 75°C for 5 minutes. The coverslips were sealed with Fixogum rubber cement
(Marabu) and incubated overnight in a humidified chamber at 37°C for hybridization. Slides
or coverslips were then washed first with 0.4% SSC buffer at 72°C for 2 minutes, and

then by 2X SSC with 0.05% Tween-20 for 30 seconds at room temperature. Slides or
coverslips were then washed with distilled water and counterstained with DAPI and mounted
in Prolong Gold mounting media.

Fixed and Live cell Imaging

Fixed cell images were acquired on the DeltaVision Core system (Applied Precision) and
maximum intensity projections were generated using the Fiji package of ImageJ. Fixed
images were also acquired on the CQ1 benchtop spinning disk confocal high-content
analysis system (Yokogawa). Mean fluorescence intensity for TOPBP1 and yH2AX signal
was measured using Fiji package of ImageJ by manually drawing region of interest (ROI)
around -yH2AX signal on the damaged mitotic chromosome (for the experiment shown

in extended data figure 14 C and E, ROI was drawn around TOPBP1 signal). The mean
fluorescence intensity in the ROI was subtracted by the mean background signal intensity
(background intensity was measured at an intercellular region free of damaged DNA). Mean
TOPBP1 intensity was normalized to mean -yH2AX intensity at a given ROI, and all the
resulting normalized intensities were converted to percent intensity relative to the average
normalized TOPBP1 intensity of the control group (for the experiment shown in extended
data figure 14 C and E, mean TOPBP1 intensity in the ROl was converted into percent
average TOPBP1 intensity relative to that of the control group).

For live-cell imaging, DLD1 or RPE1 p53~/~ expressing the fluorescently tagged protein

of interest were plated in 96 well glass-like polymer bottom plates (Cellvis) and treated

as indicated. Live cell images were acquired for 4-24 hours CQ1 benchtop spinning disk
confocal high-content analysis system (Yokogawa) (CQ1 software version 1.05.01.02). Cells
were imaged at 40X or 60X dry objective and were maintained in humidified condition at
37°C in presence of 5% CO, during imaging.

Clonogenic assay

Cells were treated as indicated in the experimental outline and the specified number of cells
were plated. For the experiment shown in the Extended Data Fig. 2G-J, cells were grown
in 300 pg/ml G418 containing media. After 10-15 days the cells were fixed with 100%
methanol and stained with a solution of 0.5% crystal violet, 25% methanol. The colonies
formed were manually quantified.

Statistical analysis

Three independent replicates were performed for each experiment unless otherwise stated.
Prism v9.0 (GraphPad) was used for statistical analysis except for Fig. 4H-K and Extended
Data Fig. 10 and 11. All graphs show mean and standard error with individual data points
for each repeat. The statistical test used for analysis is indicated in figure legends.
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Gene expression analysis:

Gene expression data (gene level counts and TPMs) for TCGA were downloaded from

the GDC portal (https://portal.gdc.cancer.gov). Processed copy number profiles from

SNP6 arrays for TCGA were obtained from: https://github.com/VanLoo-lab/ascat/tree/
master/ReleasedData/ TCGA_SNP6_hg19. Chromothripsis calls for PCAWG (ShatterSeek)
were downloaded from: https://dcc.icgc.org/releases/PCAWG/evolution_and_heterogeneity/
clustered_mut_processes. Chromothripsis was called from SNP6 copy number profiles
using CTLPscanner!, Associations between log(TPM+1) C/P2A, TOPBPI, and MDCI1
gene expression and chromothripsis were performed with two-sided Mann-Whitney tests
between chromothriptic and non-chromothriptic samples. This was performed separately
for chromothripsis defined by CTLPscanner (TCGA SNP6) and chromothripsis defined by
ShatterSeek (PCAWG WGS). Expression of C/P2A and TOPBPI was jointly categorized
into lower, middle and upper by finding perpendicular lines to the line of best fit that pass
through both the upper quartile and lower quartile for both TOPBP1 and C/PZA. In brief the
line of best fit for log(TPM+1) gene expression of TOPBPI and CIP2A is given as

y=a*x+c,

where yis the gene expression for C/P2A, xis the gene expression for TOPBPFI1, ais the
gradient and cis the intercept. A perpendicular line that passes through a point defined as
[xi,yi] is then defined with coefficients:

ci=yi+axi, ai= —1/a

Where [xi,yi] are given as the upper quartiles of TOPBP1 and C/PZA expression to
determine a threshold for upper expression, and given as the lower quartiles of TOPBP1
and C/P2A expression to determine a threshold for lower expression.

Associations between categorized C/IP2ZA/TOPBPI expression and chromothriptic samples
were performed using two-sided Fishers exact tests. Associations between categorized
CIPZAI TOPBPI1 expression and the number of segments in copy number profiles were
tested with a Kruskal-Wallis rank-sum test, with subsequent pairwise two-sided Mann-
Whitney tests. Associations between categorized C/P2A/TOPBP1 expression and the
proportion of the genome as LOH were tested with a Kruskal-Wallis rank-sum test,

with subsequent pairwise two-sided Mann-Whitney tests. Categorization and subsequent
associations were performed for SNP6 data in all samples, for SNP6 data in only
chromothriptic samples, and for WGS data in only chromothriptic samples. Copy number
signature exposures for TCGA copy number profiles were downloaded from Steele et al.
202243, Associations between categorized C/P2A/TOPBPI expression and chromothripsis-
associated copy number signatures (CN4:9) were performed using Fisher’s exact tests.
Correction for multiple testing was performed using the Benjamini-Hochberg method. A
list of DNA repair genes was taken from Knijnenburg et al., 2018°0. Associations of

repair gene expression (log(TPM+1) with chromothripsis (CTLPscanner) were performed
with two-sided Mann-Whitney test. P-values were corrected for multiple testing using

the Benjamini-Hochberg method. Correlations of gene expression (log(TPM+1)) between
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all pairwise combinations of DNA repair genes was evaluated with Pearson’s correlation
coefficient, for chromothriptic and non-chromothriptic samples separately (CTLPscanner).

Associations of CIP2A gene expression (log(TPM+1)) with chromothriptic status
(CTLPscanner) were performed for all samples, and within sets of samples with 0-50,
50-100, 100-200 and >200 copy number segments in their SNP6 copy number profiles.
Linear regression models were then built separately for CIP2A, TOPBP1 and MDC1,

with gene expression as the response variable (log(TPM+1)) and predictor variables of
chromothriptic status (CTLPscanner) and copy number segmentaion groups (0-50, 50-100,
100-200, >200).

Samples were categorised by their ShatterSeek results. Samples with no putative
chromothriptic/clustered regions identified were designated as No-clustered. Samples with
only chromothriptic/clustered regions that were categorised as chromothriptic by ShatteSeek
were designated Chromothriptic Samples with only chromothriptic/clustered regions that
were categorized as clustered by ShatteSeek were designated Clustered Samples with

both clustered and chromothriptic regions were designated as Chromothriptic + Clustered.
Note that instances of ‘balanced chromothripsis’ will be categorized as clustered by
ShatterSeek as they will lack the oscillating copy number that ShatterSeek requires to

call chromothripsis. Association of CIP2A expression (log(TPM+1)) was tested between
chromothriptic only and clustered only samples (two-sided Mann-Whitney test).

Cell line data processing:

Alignment of cell line FASTQ files was performed using the alignment steps of of

the EnsembleVariantCallingPipeline without refinement (https://github.com/AlexandrovLab/
EnsembleVariantCallingPipeline). In brief, alignment was performed with BWA-mem
v0.7.17, BAM files were sorted using samtools v1.9, and duplicates were identified

with Picard v2.18.15 MarkDuplicates. Reads were aligned to the human GRCh38.d1.vd1
reference sequence.

Copy number calling was performed using ASCAT v3.1.0 (https://github.com/VanLoo-lab/
ascat), using SNP positions, GC content files, and replication timing files provided by the
package for GRCh38. Parental clone 1 was used to determine heterozygous SNP positions to
call copy number on for each of the experimental clones.

Structural variant calling was performed using delly v1.1.6 (https://github.com/dellytools/
delly). Variant calling was performed using the somatic SV calling strategy, utilising
parental clone 1 as the germline file for each experimental clone, and with parental clones
1-7 as a panel of controls. This involved somatic pre-filtering, genotype pre-filtering, and
post-filtering as described in the delly manual. \VCF files were filtered for PASS variants
only, and were converted to bedpe files using bcftools v1.17-5-g36f1b0c.

Associations between experimental conditions (CIP2A depletion, no CIP2A depletion) for
number of structural variants identified, number of deletion structural variants identified,
number of inversion structural variants identified, number of copy number segments
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identified in copy number profiles and proportion of the genome identified as loss of
heterozygosity were performed with two-sided Mann-Whitney tests.

Extended Data
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Extended Data Fig. 1. Fragmentation of Y-chromosome after micronucleation.
(A) Quantitation of chromosomal fragment tethering for RPE1 WT vs p53~/~ cells (similar

experimental setup as used in Fig.1C for Mpsli condition) (n=9 independent experiments,
total 498 and 861 cells were analyzed for RPE1 WT and RPE1 p53‘/‘ conditions,
respectively). Two-tailed unpaired t-test was applied, P=0.0009. (B) Experimental schematic
for (C)and (D). (C) Representative images of Y-chromosome in chromosome spreads

from experiment outlined in (B). Yellow arrows point to Y-chromosome fragments.

(D) Quantitation of fragmented Y-chromosome from experiments outlined in (B) (n=3
independent experiments, total 203 cells were analyzed). For (A)and (D), mean +/- SEM
are shown.
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Extended Data Fig. 2. Micronuclear envelopes do not persist in mitosis and PolD3 does not
mediate clustering of broken chromosome fragmentsin mitosis.

Representative image showing (A) Lamin A/C or (B) Lamin B1 staining on damaged
and clustered Y-chromosome in mitosis (for A and B, 2 independent experiments were
performed). (C) Schematic for experiment in (D), (E), and (F). (D) Immunoblots showing
depletion of PolD3 and Lig4 from experiment described in (C) (uncropped blots in
Supplementary Figure 1). (E) Quantitation of damaged Y-chromosome for experiment
shown in (C). (F) Quantitation of fragment dispersal of a damaged Y-chromosome for
experiment shown in (C) (for (E)and (F), n=3 independent experiments; total 651, 555,
and 637 cells were analyzed for control, siPolD3, and siLig4 conditions, respectively).
(One-way analysis of variance with Bonferroni’s multiple comparison test was applied,
** P<0.001 and ns P>0.05.) (G) Schematic of experimental setup for (H), (1), and (J).
(H) Images of CEN-select colony formation assay from experiment outlines in (G). (1, J)
Quantitation of clonogenic growth from the experiment outlined in (G) and shown in (H)
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(for (1)and (J), n=3 independent experiments were analyzed; one-way analysis of variance
with Bonferroni’s multiple comparison test was applied, ** P<0.001 and ns P>0.05). For
(E), (F), (1), and (G) the graphs mean +/— SEM are shown.
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Extended Data Fig. 3. Neither the MRN complex nor PolQ mediates clustering of broken
chromosome fragmentsin mitosisand micronuclei are defectivein recruitment of DNA repair
proteins.

Representative images showing lack of recruitment to damaged micronuclei of (A) 53BP1 or
(B) BRCAL1 (for A and B, 2 independent experiments were performed). (C) Schematic

of experimental setup for (D-G). (D) Immunoblot showing depletion of Rad50 and

Mrell for the experiment described in (C) (uncropped blots in Supplementary Figure 1).
Quantitation of (E) dispersed Y-chromosome fragments or (F) damaged Y chromosomes
from the experiments outlined in (C) after SiRNA depletion of Mrell or Rad50. (For (E)
and (F), n=3 independent experiments; total 726, 742, and 727 cells were analyzed for
control, siMrel1, and siRad50 conditions, respectively. One-way analysis of variance with
Bonferroni’s multiple comparison test was applied, ns P>0.05.) (G) Quantitation of damaged
Y-chromosomes from the experiment outlined in (C) upon siRNA depletion of PolQ (n=3
independent experiments; total 240 and 217 cells were analyzed for control and PolQ
depletion, respectively). (Two-tailed unpaired t-test was applied for data shown in (G); ns
P>0.05.). For (E), (F), and (G) mean +/- SEM are shown.
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Extended Data Fig. 4. Localization of MDC1, TOPBP1, and CIP2A to micronuclei.
Representative images showing localization of (A, D) MDC1, (B, E) TOPBP1, and (C, F)

CIP2A in micronuclei of DLD1 (n=3 independent experiments, total 482, 290, and 319
DLD1 cells were analyzed for MDC1, TOPBP1, and CIP2A, respectively) and RPE p53~/~
(n=3 independent experiments, total 315, 360, and 299 RPE p53~/~ cells were analyzed

for MDC1, TOPBP1, and CIP2A, respectively) (percentage of cells (mean +/- SEM) with
vYH2AX positive micronuclei showing the phenotype in the images are indicated on the
images). Yellow arrows point to the micronuclei.

Nature. Author manuscript; available in PMC 2023 December 14.

RPE1 p53"

RPET p53 "



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Trivedi et al. Page 20

Percent Lamin B1 negative
micronuclei

F onasaxismscariet TopapsClover
0 min 12 min

RPE1 WT
RPE1 WT

RPE1 p53-/-

..

DAPI CIP2A H2AX Vierge

RPE1 p53-/-

o .a'-_
w ¥ « ¥

DNA/TOPBP1Clover

RPE1 WT

/-

RPE1 p53

M

Extended Data Fig. 5. Localization of MDC1, TOPBP1, and CIP2A to a broken chromatin
bridge and micronuclear envelopeintegrity or p53 presenceisnot a major determinant of
localization of MDC1, TOPBPL, and CIP2A to micronuclei.

Representative images showing localization of Lamin B1 and (A)yH2AX, (D) MDC1, (C)
TOPBP1, and (D) CIP2A in micronuclei of RPE1 p537~. (E) Quantitation of representative
phenotypes shown in A-D (n=3 independent experiments, total 287, 307, 309, and 256
cells were analyzed for yH2AX, MDC1, TOPBP1, and CIP2A, respectively) (mean +/-
SEM are shown). One-way analysis of variance with Bonferroni’s multiple comparison test
was applied, *** P<0.0001. (F) Cropped frames of Sup. Videos 3 showing localization of
TOPBP1CI0over tg the micronuclear chromosome which had nuclear envelope ruptured before
entry into mitosis. From 2 independent experiments, a total of 60 mitotic chromosomes
previously within micronuclei were identified. In all cases, TOPBP1C!0Ver recruitment
occurred at the onset of mitosis but did not have detectable 3XNLS™Scarlet hefore mitosis
entry. Representative images showing localization of (G) MDC1, (H) TOPBP1, and (1)
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CIP2A on broken micronuclear chromosome in mitosis in RPE1 WT and RPE1 p53~/~ cells,
same experimental setup as outline is Fig.2C was used (for G, H, and I, 2 independent
experiments were performed). Representative images showing localization of (J) MDC1,
(K) TOPBP1, and (L) CIP2A on the remnant of a broken chromatin bridge induced by
topoisomerase inhibition in RPE1 p53~/~ cells (n=3 independent experiments, a total of 161,
192, and 165 cells were measured for MDC1, TOPBP1, and CIP2A staining, respectively
(percentage of cells (mean +/— SEM) with phenotype shown are indicated on the images).
Yellow arrow points to the remnant of a broken bridge. (M) Cropped Frames of Sup. Videos
4 showing recruitment of TOPBP1C!0Ver to the base of the chromatin bridge in interphase.

A

Damaged micronuclear chromosome forms another micronuclei after mitosis

TOPBP10%e

GFPMDC1

Extended Data Fig. 6. Fates of shattered micronuclear chromosomes during mitosis.
(A and B) Frames of Sup. Videos 5 and 6 showing different behaviors of micronuclear

chromosomes throughout mitosis.
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Extended Data Fig. 7. Role of MDC1, TOPBP1, and CIP2A in repair of a damaged micronuclear
chromosome.

(A) Immunoblot showing depletion of TOPBP1, CIP2A, and MDC1 from the experiment
shown in Fig. 3A-C (uncropped blots in Supplementary Figure 1). (B) Quantitation of
damaged Y-chromosomes (tethered or dispersed) for the experiment outlined in Fig. 3A
(n=3 independent experiments; number of cells analyzed is the same as in Fig. 3C). (C)
Experimental outline for experiment shown in (D). (D) Quantitation of cells with dispersed
micronuclear chromosome fragments in mitosis from the experiments outlined in (C). n=3
independent experiments; total 447, 345, and 385 cells were analyzed for control, MDC17/~,
and CIP2A™~ conditions, respectively. For both (B) and (D) One-way analysis of variance
with Bonferroni’s multiple comparison test was applied, ns P>0.05, *** P<0.0001. For (B)
and (D) mean +/— SEM are shown.

Nature. Author manuscript; available in PMC 2023 December 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Trivedi et al. Page 23
SgANA SgRNA
v
TOPBP et oy am TOPBP' g ooy am iP2A It mology am GIP2A gt homologyam
7N /\
/ \ /7 N
S S AN — L N
dlag HA HA L]
o dTAG -13 (500nM) treatment duration (min)
0 10 20 30 60 120 180
BPE1 poad KDa 100 50 25 125100 100 100 100 100 100 % Loading
- et a0 250—
‘ 5 - g ¥ i TOPBP{eT
o v
- ™) 30\l
4 - - v e R,
- TOPBPIT™ O o J TOPBP1™ = B ocipoa
o - o T
S TOPEP1 S - TOPBP1 = =
s rrrrrr - - o) : :
100
H
g7s - + dTAG-13 Y-centromere TOPBP1 G2 release
s —_— " inactivation Gzarest  degradation in G2 CDK1 inhibitor
H kpa 100 50 25125 100 Percentloading AR Do CDK1 inhibition ATAGA3 ‘Weanait
by 250—,
o g o =~ TOPBP17 Plate cells 72 hrs. 22hrs 1hr. 2 hrs g IF-FISH
o
= Mitotic arrest
£ 35— — e . it GAPDH Eg5 inhibitor
8
o
4
0
0 20 40 60 80 100 120 140 160 180
dTAG-13 treatment duration (min)
DLD1 DLD1 DLD1 - &
7 [ 50- 5 g’b ‘qu
" E= R
Lz ¢ 2 4 RPE1ps3* & <O
ik Ee e Koa 10 75 5 25 100 100 Porcentioasng
% 4 égau o éga e 250 e e ad T i ) ropee
BN SE | S o ~
2ol 3 {c:f' AP S B CP2A
£8 % . £9
8 £ 2 } 8 8> ) s GAPDH
L N &1 & 1
+ + + + + + dAG13
0-
TOPBPT + - TOPBP1 + = ToPBPI + -
K TOPBP1 and CIP2A G2 release
Chromatn bridge induction G2 artest  egradation in G2 CDK1 inhibltor
Topoisomerase inhibitor CDK1 inhibition dTAG-13 Washout
Plate cells 24 hrs. 20 hrs&» 2hr 2hrs—pp IF
Mitotic arest
Eg5 inhibitor
o
L RPE1 p53* M RPE1 p53
DAPI o >
DAPI yH2AX Merge  High brightness 2:&': (]
o gt F3
g |3 Q? 60-
5 15 i w
£ o|lE I>§
=1 3
T E|Q £ 8 40
£3 :5 &
oo ag
£E g5 0
S5 o
S| . £8
BE|S g2 20
258 v S
g |8 &2 10
g |2 < ¢
a |B
— TOPBP1 degradation +

CIP2A degradation +

Extended Data Fig 8. Role of TOPBP1 and CIP2A in tethering fragments of damaged
chromosome resulting from micronuclei or chromatin bridge during mitosis.

Schematic of (A) TOPBP19Ta9 and (B) 9T29CIP2A tagging at genomic loci and an agarose
gel image showing successful bi-allelic tagging. (C) Immunoblot showing dynamics of
TOPBP19T4d degradation upon addition of dTAG-13 (for A, B, and C, the experiment was
performed once). (D) Quantitation of TOPBP19Ta9 |evels from (B). Data were fitted with
single exponential decay curve, half-life 14 minutes. (E) Immunoblot showing depletion
of TOPBP19T29 ypon addition of dTAG-13 from the experiment outlined in Fig. 3D

(two independent repeats were performed). (F) Experimental outline for (G)and (H). (G)
Quantitation of cells with dispersed micronuclear Y-fragments in mitosis upon TOPBP19Tag
degradation in G2. (H) Quantitation of cells with damaged Y-chromosome fragments
(tethered or dispersed) in mitosis after degradation of TOPBP149T89 in G2 (for (G)and
(H), n=3 independent experiments; total 693 and 672 cells were analyzed for control and
TOPBP19Tad degradation conditions, respectively). (1) Quantitation of cells with damaged
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Y-fragments (tethered or dispersed) in mitosis upon degradation of TOPBP19789 in mitosis
for the experiment in Fig. 3D (the number of cells analyzed is the same as in Fig. 3E). For
(G-1), mean +/- SEM are shown and two-tailed unpaired t-test was applied; *** P<0.0001
(for G P=0.0011) and ns P>0.05. (J) Immunoblot showing degradation of 4T89CIP2A and
TOPBP19Tag for the experiment outlined in Fig. 3F (immunoblot was performed for 2 of
the 3 independent repeats). (for C, E, and J, uncropped blots in Supplementary Figure

1) (K) Experimental outline for (Z)and (M). (L) Representative images of RPE p53~/~
cells showing tethered and dispersed damaged micronuclear fragments in mitosis after
induction of chromatin bridge by inhibition of Topoisomerase Il. (M) Quantitation of cells
with dispersed micronuclear fragments in mitosis following chromatin bridge induction
upon degradation of TOPBP14Tad or 4Ta0C|P2A (n=3 independent experiments; total 420,
518, and 396 cells were analyzed for control, TOPBP19729 degradation, and 9T29CIP2A
degradation conditions, respectively). (Mean +/— SEM are shown and one-way analysis of
variance with Bonferroni’s multiple comparison test was applied, *** P<0.0001.)
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Extended Data Fig. 9. PP2A inhibition by CIP2A isnot required for tethering damaged
micronuclear chromosomal fragments during mitosis.

(A) Experimental outline for the experiment shown in (B)and (C). (B) Representative
images of RPE p53~/~ cells showing tethered and dispersed damaged micronuclear
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fragments in mitosis upon the indicated treatment(s). (C) Quantitation of cells with dispersed
micronuclear fragments in mitosis following micronuclei induction upon degradation of
dTagcIp2A (n=3 independent experiments; total 361, 281, 351, and 364 cells were analyzed
for control, okadaic acid treated, 9T9CIP2A degradation, and 9T3CIP2A degradation with
okadaic acid treated conditions, respectively). (Mean +/— SEM are shown and one-way
analysis of variance with Bonferroni’s multiple comparison test was applied, *** P<0.0001

and ns P>0.05).
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Extended Data Fig. 10. A complex of MDC1-TOPBP1-CIP2A recruited at yH2AX containing
chromatin isthe major mediator of tethering of chromosomal fragments generated from
micronuclei or chromatin bridge during mitosis.

(A) Immunoblot showing degradation of 4T89CIP2A and TOPBP19T2d and expression of
various TOPBP1 mutants (uncropped blots in Supplementary Figure 1). Quantitation of cells
with dispersed micronuclear fragments in mitosis following induction of (B) micronuclei
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or (C) chromatin bridge in indicated condition (n=3 independent experiments; a total 559,
608, 516, 530, 558, and 559 cells were analyzed for control, TOPBP19T23 degradation,
TOPBP].WT, TOPBP1A756_891, TOPBPlKlSS’ZSOE, and TOPBP1K155,250E; A756-891
conditions, respectively for (B); a total 302, 458, 190, 435, 456, and 301 cells were analyzed
for control, TOPBP19Ta9 degradation, TOPBP1WT, TOPBP12756-891 TOpBpP1K155250E
and TOPBP1K155.250E; A756-891 conditions, respectively for (C) ). (One-way analysis

of variance with Bonferroni’s multiple comparison test was applied, ns P>0.05 ***
P<0.0001.) Mean +/- SEM is shown on the graph. (D) Representative images showing
localization of TOPBP1 on shattered chromosomal fragments in mitosis in RPE1 WT,
MDC17/~, and CIP2A™"~ cells. (E) Graph showing TOPBP1 intensity normalized to
YH2AX intensity in the indicated conditions (n= 27, 20, and 20 cells were analyzed

for WT, MDC17/~, and CIP2A™'~ condition, respectively; a total of 113, 107, and 191

foci were measured for WT, MDC1~/~, and CIP2A~'~ condition respectively). One-way
analysis of variance with Bonferroni’s multiple comparison test was applied, ** P= 0.0035,
*** P<0.0001. (F) Representative images showing localization of TOPBP1 on shattered
chromosomal fragments in mitosis in RPE1 WT and H2AXS139A/S139A ce||s, (G) Graph
showing percentage of cells showing TOPBP1 positive chromosome in mitosis following
micronucleation (for (G) and (J) n=3 independent experiment, a total of 364 and 419 cells
for WT and H2AXS139A/S139A condition, respectively were measured). Two-tailed unpaired
t-test was applied for (G) P=0.0039, (H), and (J) P=0.0009, ** P>0.001 *** P<0.0001.

(H) Graph showing TOPBP1 intensity in the indicated conditions (n= 20 cells were
analyzed for WT and H2AXS139A/S139A condition, respectively; a total of 76, and 74 foci
were measured for WT and H2AXS139A/S139A condition, respectively). (1) Representative
images showing mitotic cell with presence or absence of dispersed chromosome fragments.
(J) Graph showing percent mitotic cells with dispersed chromatin fragments in WT vs
H2AXSI39A/SI39A ce||s. (We note that this is likely to be substantially underestimated since
without yH2AX staining to mark chromosome fragmentation, the only available assay is
observable DAPI-stained fragments found away from the bulk chromosome mass.) Mean
+/- SEM is shown on the graph.
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Extended Data Fig. 11. Asymmetric fragment segregation to daughter cells and fragment
tethering requirement for cell viability after micronucleation.

(A) Graph showing percent distribution of fragments between daughter cells in indicated
condition from experiment shown in Fig. 4B-D. Percent distribution of fragments between
daughter cells was calculated by dividing the number of fragments from the daughter that
inherited the maximum number of fragments with the total number of fragments in both
daughters and the resulting ratio was multiplied by 100. (B) Graph showing total number of
fragments in both daughter cells for the indicated condition from experiment shown in Fig.
4B-D (for (A) and (B) n= 105, 107, and 107 daughter pairs for Control, 4TCIP2A, and
TOPBP19Tad degradation condition, respectively were analyzed from one of the repeats of
Fig. 4D). For Aand B, Individual data points are shown in open red circles, median is shown
as solid black line, and dashed black line shows 25t and 75! quartile. (C) Representative
images of colony formed for indicated conditions. Same experimental setup as outlined in
Fig.4E was used. (D) Quantitation of cell growth for the experiment in (C) (n=3 independent
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experiments), mean +/— SEM are shown. For (A), (B) and (D), One-way analysis of variance
with Bonferroni’s multiple comparison test was applied, ns P>0.05, *** P<0.0001.
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Extended Data Fig. 12. High expression of MDC1, TOPBP1, and CIP2A in tumorswith a
chromothriptically rearranged chromosome.

(A) Associations between gene expression (log(TPM+1)) of TOPBP1 (x-axis) and CIP2A
(y-axis) as well as chromothriptic designation of samples (color) for 7,856 tumor samples
from The Cancer Genome Atlas (TCGA). Main panel — scatter plot of TOPBP1 and

CIP2A expression. Top panel — density of TOPBP1 expression in chromothriptic (orange)
and non-chromothriptic samples (blue). Right panel — density of CIP2A expression

in chromothriptic and non-chromothriptic samples. Difference in expression between
chromothriptic and non-chromothriptic samples is tested with a two-sided Mann-Whitney
test; ***p<0.001 (for TOPBP1 p=0, for CIP2A p=2.5e-14). Chromothripsis is defined by
CTLPscanner from SNP-array derived copy number profiles. (B) Associations between gene
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expression (log(TPM+1)) of TOPBP1 (x-axis) and MDC1 (y-axis) as well as chromothriptic
designation of samples (color) for 7,856 tumor samples from The Cancer Genome Atlas
(TCGA). Main panel — scatter plot of TOPBP1 and MDC1 expression. Top panel —

density of TOPBP1 expression in chromothriptic (orange) and non-chromothriptic samples
(blue). Right panel — density of MDC1 expression in chromothriptic and non-chromothriptic
samples. Difference in expression between chromothriptic and hon-chromothriptic samples
is tested with a two-sided Mann-Whitney test; ***p<0.001 (for TOPBP1 p=9.3e-57, for
MDC1 p=1.1e-16). Chromothripsis is defined by CTLPscanner from SNP-array derived
copy number profiles. (C) Associations between gene expression (log(TPM+1)) of MDC1
(x-axis) and CIP2A (y-axis) as well as chromothriptic designation of samples (color) for
7,856 tumor samples from The Cancer Genome Atlas (TCGA). Main panel — scatter

plot of MDCL1 and CIP2A expression. Top panel — density of MDC1 expression in
chromothriptic (orange) and non-chromothriptic samples (blue). Right panel — density

of CIP2A expression in chromothriptic and non-chromothriptic samples. Difference in
expression between chromothriptic and non-chromothriptic samples is tested with a two-
sided Mann-Whitney test; ***p<0.001 (for MDC1 p=2.0e-267, for CIP2A p=2.5e-14).
Chromothripsis is defined by CTLPscanner from SNP-array derived copy number profiles.
(D) Associations between gene expression (log(TPM+1)) of TOPBP1 (x-axis) and CIP2A
(y-axis) as well as chromothriptic designation of samples (color) for 667 tumor samples
from The Cancer Genome Atlas (TCGA) that overlap with Pan-cancer analysis of

Whole Genomes (PCAWG) samples. Main panel — scatter plot of TOPBP1 and CIP2A
expression. Top panel — density of TOPBP1 expression in chromothriptic (orange) and non-
chromothriptic samples (blue). Right panel — density of CIP2A expression in chromothriptic
and non-chromothriptic samples. Difference in expression between chromothriptic and non-
chromothriptic samples is tested with a two-sided Mann-Whitney test; *p<0.05, ***p<0.001
(for TOPBP1 p=0.031, for CIP2A p=3.0e-4). Chromothripsis is defined by shatterSeek from
WGS-derived copy number profiles. Log refers to natural log unless specified. (E) Gene
expression of TOPBP1 and CIP2A (log(TPM+1)) in 135 chromothriptic tumor samples
from The Cancer Genome Atlas (TCGA) that overlap with Pan-cancer Analysis of Whole
Genomes (PCAWG) samples. Samples are categorized as joint upper (red), middle (purple)
or lower (blue) expression of both genes by bisecting the line of best fit with a decision
boundary at the upper quartile or lower quartiles of each gene (green dotted lines). Light
grey dotted lines denote median values of gene expression, black dotted line indicates

the bisecting line of the median. TPM=transcripts per million. Chromothriptic samples
were determined by shatterSeek. (F) Associations between gene expression groups defined
in (E) (y-axis), and chromothripsis associated copy number signatures (x-axis; CN4:9),
using two-sided Fisher’s exact tests. Correction for multiple testing was performed using
the Benjamini-Hochberg method. Color denotes odds ratio, size of points indicates the
significance of the test. ***p<0.001. OR=0dds ratio. CN7 is a signature associated with
chromothripsis amplification. (G) Central coefficient estimates (circles) and 95% confidence
intervals (horizontal lines) from linear regression models with the categorized number of
segments and chromothriptic status (CTLPscanner) as predictor variables, and TOPBP1
(top), CIP2A (middle) and MDC1 (bottom) gene expression as response variables. Squares
denote reference groups. X-axis=effect size of variables on gene expression. ***=p<0.001,
two-sided Wald test, n=7,856. (H) Difference in gene expression (x-axis, log(TMP+1))
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between chromothriptic and non-chromothriptic cancer samples from The Cancer Genome
Atlas, as designated by CTLPscanner for 266 DNA repair genes (Knijnenburg et al., 2018).
y-axis=significance (-log2(Q values), two-sided Mann-Whitney test). Genes labelled in red
are genes of interest. Genes with >0.1 difference in mean expression and q<0.05 are
considered enriched in chromothriptic samples (orange area). Q values are corrected for
multiple testing using the Benjamini-Hochberg method. (I) Pearson’s correlation coefficient
between all pairwise comparisons of gene pairs from 266 DNA repair genes (Knijnenburg
et al., 2018) calculated in chromothriptic (x-axis) and non-chromothriptic (y-axis) samples
separately, as defined by CTLPscanner. Red=gene pair involving two of TOPBP1, CIP2A or
MDCL1. Grey: all other gene pairs. Black dotted line: x=y. Log refers to natural log unless

specified.
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Extended Data Fig. 13. Modé for chromothriptic chromosome for mation.
Chromosomes within micronuclei (that were formed as a result of errors in mitosis) are

fragmented before or upon entry into mitosis. The chromosomal fragments (yH2AX positive
or yH2AX negative) are tethered during mitosis by combined action of MDC1-TOPBP1-
CIP2A or TOPBP1-CIP2A. Tethering of chromosomal fragments during mitosis ensures
their transfer to the same daughter nucleus for subsequent ligation in random order, thereby
resulting in reassembly of a heritable, highly rearranged chromosome.
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Fig. 1. Chromosome fragments from abnormal nuclear structuresare clustered during mitosis
and segregated together to a daughter cell.

(A) Schematic of methods for generation of micronuclei and chromatin bridges in RPE1
p53~/~ cells. (B) Representative images showing dispersed and tethered chromosomal
fragments after micronuclei or chromatin bridge induction. (C) Quantitation of chromosomal
fragment tethering from experiments in (4)and (B) (n=3 independent experiments, total

511 and 420 cells were analyzed for micronuclei and chromatin bridge induced condition,
respectively). (D) Schematic for generation of Y-chromosome micronuclei in DLD1 cells.
(E) Representative images showing different fates of micronuclear Y-chromosome in mitosis
(yellow arrows point to the Y-chromosome fragments) (Y-FISH is Y-chromosome FISH and
Y-CEN-FISH is Y-centromere FISH). (F) Quantitation of tethered Y-chromosome fragments
during mitosis 3 days post Y-centromere inactivation (n=3 independent experiments, total
252 cells were analyzed). Representative images showing asymmetric inheritance of broken
micronuclear chromosomes in (G) RPE1 p53~/~ cells (n=3 independent experiments, total
201 were analyzed) and (H) DLD1 cells (n=3 independent experiments, total 143 were
analyzed) (for (G)and (H), percentage of cells (mean +/- SEM) showing en masse
inheritance of chromosomal fragments is indicated on the image). For graphs shown in
(C)and (F), the mean +/- SEM are shown; individual data points are shown as solid red
circles.
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Fig. 2. TOPBP1, MDC1, and CIP2A arerecruited to a damaged micronuclear chromosome upon
mitotic entry.

(A) Experimental outline for (B). (B) Representative images showing localization of MDC1,
TOPBP1, and CIP2A on broken micronuclear Y-chromosome in mitosis (n=3 independent
experiments, total 258, 252, and 263 DLD1 cells were analyzed for MDC1, TOPBP1,

and CIP2A, respectively). (C) Experimental outline for (D). (D) Representative images
showing localization of MDC1, TOPBP1, and CIP2A on broken micronuclear chromosome
in mitosis (=3 independent experiments, total 273, 265, and 271 RPE1 p53~/~ cells

were analyzed for MDC1, TOPBP1, and CIP2A, respectively). Mean percentage +/- SEM
for localization of the indicated protein to fragmented (yH2AX positive) chromosome

is indicated on the images in (B)and (D). (E) Schematics of experimental setup for

(F). (F) Cropped frames of Sup. Videos 1 and 2 showing localization of 6FPMDC1 and
TOPBP1C!over tg the micronuclear chromosome during mitosis.
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Fig. 3. MDC1, TOPBP1, and CIP2A mediate clustering of micronuclear chromosome fragments
during mitosis.

(A) Experimental outline for (B)and (C). (B) Representative images showing various fates
of a micronucleated Y-chromosome in the subsequent mitosis. (C) Quantitation of cells
with dispersed Y-chromosome fragments in mitosis upon siRNA mediated depletion of
MDC1, TOPBP1, and CIP2A (n=3 independent experiments; a total of 770, 686, 662,

and 667 cells were analyzed for control, siMDC1, siTOPBP1, and siCIP2A conditions,
respectively). (One-way analysis of variance with Bonferroni’s multiple comparison test
was applied, ***P<0.0001 and ns P>0.05.) (D) Schematic of experimental outline for

(E). (E) Quantitation of cells with dispersed Y-chromosome fragments in mitosis upon
degradation of TOPBP19T2d in mitosis (n=3 independent experiments; total 997 and 1131
cells were analyzed for control and TOPBP19T29 degradation condition, respectively). (F)
Experimental outline for (G-/). (G) Representative images of RPE p53~/~ cells showing
tethered and dispersed damaged micronuclear fragments in mitosis after induction of
micronucleation by Mps1 inhibition. Quantitation of cells with dispersed micronuclear
fragments in mitosis upon degradation of (H) TOPBP19789 (n=3 independent experiments;
total 476 and 688 cells were analyzed for control and TOPBP149T29 degradation condition,
respectively) or (1) 9T8CIP2A (n=3 independent experiments; total 511 and 445 cells were
analyzed for control and 9T8CIP2A degradation conditions respectively). (J) Experimental
outline and schematic for (K). (K) Frames of Sup. Video 7 and 8 showing behavior

of 6FPMDC1 labelled clustered damaged micronuclear chromosome in mitosis, when
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TOPBP19Ta9 degradation is induced (bottom) or not (top). Yellow arrows in (B)and (K)
point to the fragments of micronuclear chromosomes. Two-tailed unpaired t-test was applied
for data shown in (E) ***P=0.0003, (H)*** P<0.0001, and (7); *** P<0.0001. For graphs in
(C), (E), (H)and (1), mean +/- SEM are shown, individual data points are shown as solid red
circles.

Nature. Author manuscript; available in PMC 2023 December 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Trivedi et al.

Page 38
A \/\able.ce\lg _ Inviable cells
Micronucleus  En masse segregation gaplonnsqﬁlcudent Haploinsufficient
Chromosome ~ Membrane rupture  of shattered iner:‘ueclr;t;‘;'”e genle lost form
missegregation ~and chromosome Chromosome nucleus
and micronucleation fragmentation fragments
N @ g5 - e e
Fragment TOPBP1 and :
containing CIP2A absent .
haplo- / " b
insufficient p
gene

\
Random segregatlcx ’
of shattered &

Chromosome fragments

B G2 arrest  TOPBP1 or CIP2A G2 release
Micronucleation CDK1 degradation ~ CDK1 inhibitor
Mps1 inhibition inhibition dTAG-13 washout
Plat
C:”‘;A» 24 hrs#’ 20 hrs L» 3 hrs—Ay 2hrs — - IF
Aurora-B D RPE1 p53*
midbody oy [
yYH2AX Merge @ e
DAP' marker 2 Daughter cell pairs G B £2 o %
with en masse 23 & 60,
. inheritance of 8% S 50
- chromosome 8T E
tiy | fragments 52T 40
SEE
Daughter cell pairs & 3 3 30
with randomly 28¢ ool ®
ditributed 8¢ 2
chromosome & =510
fragments ol
R ———
RPE1 p53/ TOPBP1 degradation +
CIP2A degradation +
E G2 arrest TOPBP1 or CIP2A G2 release
Micronucleation ~ CDK1 degradation  CDK1 inhibitor 4TAG-13
Mps1 inhibition inhibition dTAG-13 washout ~ Washout Plate
Plate cels
cells 24 hrs 20 hrs 3hrs 24 hrs. for
colony
i formation
CIP2A degradat\on RPEn; P53
1209 s,
s ok
2100 == %’.‘_ —_
o L]
Qo
g)’ 804
2 60 ==
S L]
5 € 404
= @
8 <)
£ 8 204
Q 0-
g Mps1 inhibition + +
+

CIP2A degradation +

Fig. 4. CIP2A enables en masse transfer of fragmentsto the same daughter cell essential for
viability of the resulting daughter cell.

(A) Schematic showing sequence of events and fates of daughter cell post micronucleation
in indicated conditions. (B) Experimental outline for (C)and (D). (C) Representative images
showing various patterns of segregation of damaged micronuclear chromosome fragments

in telophase or G1 phase. (D) Quantitation of cells with dispersed micronuclear fragments
distributed between daughter cells following micronuclei formation and induced degradation
in G2 of TOPBP19Tad or dTa4C|P2A (n=3 independent experiments; total 306, 311, and

339 cells were analyzed for control, TOPBP19T29 degradation, and 9T2CIP2A degradation
conditions, respectively). (E) Experimental outline for (£)and (G). (F) Images of colony
formed for experiment outlined in (E) for indicated conditions. (G) Quantitation of number
of colonies formed for the experiment outlined in (£) for the indicated conditions (n=3
independent experiments). For (D) and (G), mean +/— SEM are shown; One-way analysis
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of variance with Bonferroni’s multiple comparison test was applied, *** P<0.0001 and ns
P>0.05.
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Fig. 5. Transient loss of CIP2A following micronucleation leadsto increased deletions and
inversions.

(A) Experimental outline for B-E. (B) Number of copy number segments (x-axis) and
number of structural variants (y-axis) identified in 48 single cell clones with (orange,
n=24) or without (blue, n=24) CIP2A depletion after micronucleation. Dotted line =
decision boundary for a logistic regression predicting CIP2A condition from number of
copy number segments and structural variants. Top panel: histogram of the number of
copy number segments. Right panel: histogram of the number of structural variants. (C)
Counts (purple) of deletions (DEL) and inversions (INV) split by CIP2A depleted (left,
orange) or CIP2A unaltered (right, blue). (D) Number of deletion (DEL) or inversion
(INV) identified (y-axis), split by CIP2A condition (color). (E) Proportion of the genome
with focal loss of heterozygosity (LOH, <10 Megabase (Mb)) (left y-axis), or length

of the genome LOH (right y-axis) in CIP2A unaltered (left, blue), or CIP2A depleted
(right, orange) condition. Light colored distributions=density of proportions. For B, D,
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and E two-sided Mann-Whitney test was applied. (F) CIP2A gene expression (y-axis,

log TPM+1) in cancer samples, stratified by copy number segmentation (x-axis) and
chromothripsis status (CTLPscanner, color), or for all samples (right). ***=p<0.001, two-
sided Mann-Whitney test. 50-100 p=9.7e-6. 100-200 p=7.4e-5. All samples p=1.4e-16.
(G) CIP2A gene expression (y-axis) stratified by chromothripsis categories identified by
ShatterSeek at a sample level (y-axis). No-clustered=no clustered event identified in the
sample. Chromothripsis= only chromothriptic events identified. Clustered= only clustered
events identified, may include ‘copy number neutral chromothripsis’. Chromothripsis +
Clustered = both chromothriptic and clustered events found. *=p<0.05 (p=0.033), two-sided
Mann-Whitney test. For F and G: log refers to natural log. For D, E, F and G: Light colored
distributions=density of y-axis values. Thin colored lines=individual sample values. Thick
colored lines=mean value.

Nature. Author manuscript; available in PMC 2023 December 14.



	Abstract
	Mitotic clustering of broken chromosomes
	Clustering without PolD3, MRN, or PolQ
	MDC1, TOPBP1, CIP2A on broken chromosomes
	MDC1, TOPBP1, CIP2A tether DNA fragments
	MDC1-TOPBP1-CIP2A mediates DNA tethering
	DNA tethers enable en masse segregation
	DNA tethering-mediated cell viability
	Genomic consequence of DNA de-tethering
	Impact of tethering on the cancer genome
	Discussion
	Methods
	Cell culture
	Stable cell line generation and genome editing
	siRNA transfection
	Inhibitors and small molecules
	Immunoblot IB
	Immunofluorescence IF
	Antibodies
	Chromosome spreads and Fluorescent In-Situ Hybridization FISH
	Fixed and Live cell Imaging
	Clonogenic assay
	Statistical analysis
	Gene expression analysis:
	Cell line data processing:

	Extended Data
	Extended Data Fig. 1.
	Extended Data Fig. 2.
	Extended Data Fig. 3.
	Extended Data Fig. 4.
	Extended Data Fig. 5.
	Extended Data Fig. 6.
	Extended Data Fig. 7.
	Extended Data Fig 8.
	Extended Data Fig. 9.
	Extended Data Fig. 10.
	Extended Data Fig. 11.
	Extended Data Fig. 12.
	Extended Data Fig. 13.
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.



