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Abstract

Exploring the role of nuclear transport and chromatin state in micronucleus stability

Molly G. Zych

Chair of the Supervisory Committee:
Emily Hatch

Department of Biochemistry

Micronuclei (MN) form when missegregated chromatin recruits its own nuclear envelope
after mitosis. MN are byproducts of genome instability, are defective in performing most nuclear
functions, and cause further aneuploidy and DNA damage. MN are unstable and their rupture can
activate immune signaling and metastatic pathways, contributing to cancer progression. Many
studies have identified mechanisms that contribute to MN rupture. Defects in nuclear envelope
protein recruitment lead to rupture and are influenced by spindle position or chromosome identity.
Chromosome size influences MN stability through lamin B1 and nuclear pore complex
recruitment, while gene density influences stability through lamina organization, though the
mechanism behind this is not known. While most nuclear functions are altered in MN, it’s still not
well understood how or if these erroneous functions also contribute to MN rupture.

In this work, I first investigate how gene density influences the stability of small MN, MN
containing short chromosomes, in Chapter 2. | find that histone modifications are influential on

small MN rupture, where heterochromatin contributes to lamina gaps and instability. This occurs



through nuclear growth, which is largely influenced by nuclear transport and recruitment of RCC1,
a RanGEF. Euchromatic MN, which are stable, are especially depleted for RCC1, whereas
heterochromatic MN have higher RCC1 recruitment. In addition to this defect in small MN, |
identify growth as a new contributor to MN rupture and find that all MN have an export defect that
leads to growth, lamina gap formation, and rupture. | analyzed existing chromothripsis data from
patients and found that chromothripsis on early rupturing chromosomes contains higher levels of
APOBEC mutations compared to late rupturing chromosomes, suggesting rupture timing is
important for MN consequences. Additional work summarized in Chapter 3 looks into the
mechanisms responsible for MN formation. | determined MN content after spindle assembly
checkpoint inhibition or merotelic microtubule attachment and found that MN content is non-
random and specific to the mechanism of formation. Additional unfinished work developed tools
to identify MN content in a high throughput manner, either through subcellular fractionation or
multiplexed DNA-FISH.

Together these studies help define how chromosome identity influences MN formation,
function, rupture, and the consequences of MN rupture. This work suggests that the previously
identified defects in MN function are more variable than previously appreciated and that these
differences can influence the contribution MN make to long lasting cellular consequences. Future
studies should look further into the cause of the transport defects in MN, better define what

triggers MN rupture, and test the role of these mechanisms of MN rupture in vivo.
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Chapter 1 : Introduction

Sections of text in this chapter have been modified from the following manuscript:

Zych MG, Hatch EM. Small spaces, big problems: The abnormal nucleoplasm of micronuclei
and its consequences. Curr Opin Struct Biol. 2024 Aug;87:102839. doi:

10.1016/j.sbi.2024.102839. Epub 2024 May 18. PMID: 38763098.

Micronucleus formation

The nuclear envelope (NE) is composed of a double membrane, nuclear pore complexes
(NPCs) that span the membranes, a meshwork of nuclear lamin filaments associated with the
inner nuclear membrane (INM), and a collection of membrane associated proteins, called NETSs,
that link the INM to the lamin meshwork and peripheral chromatin. The NE is a critical barrier that
separates the nucleus from the cytoplasm, with NPCs regulating the passage of molecules
between compartments, and that preserves the structural integrity of the genome through multiple
mechanisms. During mitosis in metazoans, the NE disassembles to allow proper chromosome
alignment and segregation. After chromosome segregation, NETs in the ER, lamin proteins, and
NPCs are sequentially recruited to the chromatin in a cell type specific manner [1] to reform the
NE and recreate the barrier between the nucleus and cytoplasm. When NE assembly occurs on
chromatin outside of the main chromatin mass, including chromatin fragments or lagging
chromosomes, micronuclei (MN) form.

MN formation results from several types of genome instability, including mitotic errors
causing whole chromosome missegregation and DNA damage or DNA replication errors causing
acentric fragment formation. This strong association with chromosome instability and DNA

damage has led to their use as biomarkers of carcinogen exposure and cancer [2]. Recent work
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has highlighted how MN also result from changes in ER organization [3-5], suggesting that they
could also be a sensitive readout of broader changes in cellular architecture. The frequency with
which missegregating chromatin becomes a MN varies widely between cell types [6,7] and can
be mitigated by an anaphase surveillance system, based on Aurora B signaling, that delays NE
resealing [8,9]. Despite this, MN occur regularly in somatic cells due to stochastic mitotic errors
[10]. They are observed in a variety of healthy epithelial tissues [11] and increase in frequency in
cancer tissues, during aging, and in certain pathological conditions, including autoimmune,
neurodegenerative, and laminopathy diseases [10,12-15]. An extensive list of conditions
characterized by increased MN and the potential contributions of MN to their pathology can be

found in a recent review [10].

Micronucleus rupture and its consequences

MN frequently undergo membrane rupture and rarely undergo membrane repair, resulting
in a loss of compartmentalization that exposes chromatin to the cytoplasm for the rest of
interphase. In some cell lines, MN rupture frequency can reach as high as 90% during interphase
arrest [16]. There are still many questions about the mechanism of MN rupture and what prevents
its repair. What is known is that membrane rupture is enhanced by defects in NE structure in MN
[16]. MN frequently fail to properly recruit key NE proteins, including lamin B1 and NPCs, during
mitotic exit and early G1, which is thought to lead to gaps in the lamina that become sites of
membrane rupture [16,17]. In addition, recent work found that aberrant activation of the ATR
kinase in MN depletes lamin A/C from the NE, which increases rupture in a subset of MN [18].
Whether lamina disruption, through issues with lamin recruitment, maintenance, and/or premature
disassembly, is the main cause of MN rupture, or if there are additional processes that trigger
membrane disruption is still unclear. After rupture, MN recruit many of the proteins required for

post-mitotic NE assembly and nuclear membrane rupture repair, yet they ultimately fail to
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recompartmentalize. The current model is that over-recruitment of the ESCRT-IIl membrane
remodeling complex to ruptured MN leads to ER invasion, persistent disruption, and even DNA
damage, instead of membrane resealing [19,20]. However, the mechanistic details of this remain
to be defined.

Much of the current interest in MN is driven by ground-breaking work demonstrating that
MN and MN rupture are potent causes of massive genome instability events thought to drive both
cancer initiation and metastasis [21] and triggers of inflammatory and invasion pathway
upregulation [22]. Current research has identified several factors that can cause DNA damage in
both intact and ruptured MN. Defective transcription in intact MN can cause R-loop formation and
the subsequent recruitment of the nickase APE1 causing interphase DNA damage [23]. In
addition, delayed DNA replication in intact MN can drive DNA damage through the action of error
prone DNA-polymerases during mitosis [24,25]. Ruptured MN are exposed to cytosolic nucleases,
including TREX1, which can cause DNA fragmentation and double-stranded (dsDNA) breaks [26].
Exposed DNA ends in damaged MN are also substrates for APOBEC-dependent mutation [27].
During mitosis fragmented MN DNA is held together by CIP2A-TOPBP1 complexes [28] and
repaired into highly reorganized and mutated chromosomes in the next cell cycle in a process
called chromothripsis [29]. Detailed discussion of these mechanisms can be found in several
excellent reviews [30,31].

Upon rupture, MN chromatin frequently recruits the innate immune activator, cGAS
[32,33]. However, whether this binding induces an innate immune response is still under
investigation [34,35]. Early studies found cGAS-STING signaling occurred, but well after MN
formation and rupture, perhaps even after the next mitosis [32,33]. Additional work has found that
several mechanisms active on ruptured MN, including the binding of BAF (barrier to
autointegration factor) [36] and TREX1 activity [26], are sufficient to inhibit cGAS activation. A
recent, direct analysis of cGAS recruitment to MN suggests that activity may also depend on the

state of the exposed chromatin [37]. Clarifying the requirements for cGAS activation on MN will
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be a key area of research in the coming years to truly understand the frequency with which MN
activate these pathways in cancer.

Several excellent reviews on MN formation and the consequences of MN rupture have
been published recently [30,38,39]. Here, | highlight evidence that intact MN lack a fully functional
nuclear environment (Fig. 1.1), leading to significant consequences for the enclosed chromatin
and the cell. In addition, | discuss recent findings of biased chromosome missegregation into MN
and the impact on MN function and stability. Together these studies demonstrate that there is a
need to define the nuclear environment in MN, both chromosome content and nuclear function,

to better understand how alterations to nuclear function may contribute to MN instability.
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Figure 1.1: The disruption of nuclear functions in intact and ruptured micronuclei.

A. Intact micronuclei (MN) have overcompacted chromatin, are enriched for heterochromatin
modifications, and are depleted for euchromatin modifications. Ruptured MN lose euchromatin
modifications completely and have a further enrichment of heterochromatin modifications. B.
Intact MN have decreased mRNA production, decreased euchromatin, are depleted for multiple
essential transcription proteins, and form RNA-DNA hybrids. Ruptured MN lose the ability to
transcribe mMRNA and persistence of RNA-DNA hybrids causes DNA damage. C. Intact MN have
error prone DNA polymerases, replicate their DNA asynchronously from the nucleus, and undergo
replication stress. MN rupture halts DNA replication, leading to aneuploidy, collapsed replication
forks, and DNA damage. D. Intact MN are depleted for kinetochore proteins and have reduced
centromeric heterochromatin. Ruptured MN may have further defects in kinetochore assembly.
E. Intact MN have a decreased density of NPCs and are lacking many nuclear proteins, especially
large proteins. MN rupture results in loss of all soluble proteins due to a lack of
compartmentalization from the cytoplasm.

Defects in intact micronuclei

Chromatin structure

The NE has essential functions in chromatin organization, including heterochromatin
binding at the nuclear periphery and regulating transport of histone modifying enzymes. New work
suggests that chromosome isolation in MN can cause long-lasting alterations in chromatin state
and gene expression. Analysis of DNA compaction and histone modifications in MN isolated from
cultured cells found that DNA in intact MN is overcompacted and has increased levels of
heterochromatin-associated histone modifications [40,41]. These changes were correlated with
reduced recruitment of a broad range of histone modifying enzymes to MN, which may reflect
defects in protein import or chromatin decompaction [41]. MN chromatin undergoes additional
modifications after rupture. Cytoplasmic exposure results in global loss of histone acetylation and
further increases H3K9me2 and H3K27me3 marks [40,41]. The rapid deacetylation of MN
histones after rupture has led to its use as a sensitive reporter for MN rupture in several systems
[26,42]. Alterations to histone modifications can also influence the frequency of MN formation,
suggesting that chromatin structure is influential at many points in the MN life cycle [43,44].
Determining the molecular mechanisms driving histone modification alterations in intact MN will

be key in understanding how micronucleation defines chromatin structure.
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Identification of MDC1 (mediator of DNA damage checkpoint 1) as a persistent marker of
damaged chromatin from MN allowed researchers to demonstrate that changes in chromatin
organization persist on the MN body, the MNated chromatin, when it is reincorporated into a
nucleus [40]. These changes include increased H3K9me2/3 and H3K27me3, which mark
constitutive and facultative heterochromatin, and decreased H3K27ac, a euchromatin-associated
mark, compared to the surrounding chromatin [40,41]. Further analysis of cell lines allowed to
expand after a single MN event suggests that micronucleation could have long-lasting
consequences on chromatin structure [40,41]. This long-term alteration of MN chromatin may be
under selection to offset the negative consequences of aneuploidy, as MN frequently co-occur
with or cause aneuploidy.

Persistent changes in histone modifications may also impact DNA damage repair
efficiency and transcription on micronucleated chromatin. H3K36me3 methylation, which
participates in the DNA damage response, is enriched in intact MN, though it is not known whether
this is sufficient to alter pathway function [41]. Several histone acetylation marks lost on ruptured
MN, including H3K27ac and H3K9ac, are necessary for transcription initiation and may contribute
to transcription defects in MN [40,41]. In addition, specific histone methylation can promote cGAS
binding, suggesting a new potential mechanism influencing MN activation of innate immune
signaling [37].

These studies strongly suggest that missegregation into MN is sufficient to disrupt
chromatin function for multiple cell cycles, but the consequence of these changes is unclear. To
untangle questions about which effects of MN directly affect cellular changes, we recently
developed an approach using on-demand automated image analysis and photoactivation to
isolate cells with intact and/or ruptured MN from a larger population. Initial results suggest that
micronucleation and rupture have little effect on cell transcription compared to the aneuploidy
response in the first cell cycle [45], consistent with previous results [46,47]. Continued analysis of

these cells over time, however, will be critical to define the impact changes in MN histone
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modifications have on other cellular processes and on the formation and maintenance of highly

rearranged and mutated chromosomes within the population.

Transcription

The extent of transcription loss in intact MN has been unclear, but many studies suggested
that there was a strong defect in mRNA production even before MN rupture. Earlier RNA FISH
experiments in cultured cells suggested that most intact MN could synthesize mRNA [16].
However, a new study using a bioinformatics approach to estimate MN contribution to cellular
MRNA found that over 70% of intact MN were transcriptionally silent, and that this correlated with
reduced recruitment of core transcriptional components Cdk12 and Cdk9 [40]. Reductions in
active RNA Pol2 in MN have also been observed in many systems [16,40,48]. Altered chromatin
compaction, histone modifications, and DNA methylation, though this has not been well
characterized in MN, could also contribute to decreased transcription rates. Impaired transcription
can persist into the next cell cycle, though specifically on damaged chromatin, suggesting an
interdependence between DNA damage and transcriptional silencing [40].

Transcription defects in MN alter gene expression and may also be a major driver of DNA
damage through the formation of R-loops. These RNA-DNA hybrids are enriched in MN, either
due to the increased errors in transcription or impaired recruitment of R-loop resolving enzymes
MPG and APE1, members of the base excision repair pathway. Unrepaired DNA nicks at R-loops
can lead to dsDNA breaks upon MN rupture [23]. Overall, the mechanisms behind transcriptional
silencing and whether gene expression loss in intact MN is detrimental or protective for the cell,
which likely depends on whether the MN chromosome contributes to aneuploidy, are still

unknown.

Replication

Intact MN initiate DNA replication, but frequently show delays or defects that can lead to
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aneuploidy and DNA damage. Estimates of replication timing and extent vary between
experiments and cell types, but studies generally find that a significant proportion of intact MN are
still replicating in G2 and as the cell enters mitosis [16,18,24,49,50]. Analysis of replication factors
identified defects in recruitment of ORC complexes to MN that could underlie these delays [17,50].
This under-replication can be exploited to identify micronucleated chromosomes in subsequent
cell cycles and has enabled key insights into the consequences of micronucleation [29]. DNA
replication delays in MN may cause DNA damage through multiple mechanisms. Open replication
forks are proposed to be a major source of dsDNA breaks during MN rupture and under-replicated
DNA activates an error prone replication process in mitosis that generates DNA damage
[24,29,51]. Of interest will be whether MN chromatin has continued DNA replication issues in the

next cell cycle, similar to what is found for chromatin structure and transcription.

Kinetochore assembly

Chromosomes contained in MN frequently missegregate again in the following mitosis,
and this has been connected to defects in chromatin compaction and kinetochore assembly.
Analysis of centromere and kinetochore protein recruitment in RPE-1 cell MN found a significant
reduction in multiple essential centromeric markers during early interphase, including CENPC,
CENPT, CENPA, and H4K20me1l [52]. Work in Ptk1 cell MN, which rarely rupture, found similar
results [53], suggesting that these changes likely occur in intact MN. These changes lead to
defects in spindle assembly checkpoint activation and substantial rates of re-micronucleation
[52,53], supporting a role in MN persistence. Interestingly, an initial analysis of MN fate in cancer
cells found that the majority of MN segregated into a main nucleus at the end of the next mitosis
[16], suggesting that different cell types may regulate kinetochore assembly differently, or that
other spindle characteristics may promote proper MN segregation. Proper histone modification is
a key factor in centromere assembly, thus defects in histone modifying enzyme recruitment to MN

could be an important mechanism. Overall, a comprehensive analysis of centromere and
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kinetochore protein recruitment to MN in multiple cell lines will be critical to understand this

phenotype.

Nuclear transport defects in micronuclei: a mechanism driving functional change

Although most MN assemble functional NPCs, defects in nuclear import are thought to
drive many of the chromatin structure and nuclear function defects observed in intact MN.
Analysis of whole chromosome MN indicates that even those containing the smallest human
chromosomes form NPCs and can import reporter proteins [42]. However, NPC recruitment or
insertion is reduced in most MN, leading to lower NPC densities in multiple systems
[16,17,42,48,50,54]. Models of NPC transport in the nucleus suggest that decreased NPC density
could significantly slow passive diffusion of small proteins, such as Cdk9 and Cdk12, into the MN
[55-57]. Delayed or reduced facilitated import has been observed for several fluorescent reporters
in MN, supporting a defect in active MN transport [17,52], although the mechanism is unclear.
Interestingly, many of the proteins depleted from MN, including the replication proteins MCM2,
MCM3, RNA Pol Il (RPB1) [16,40,48,50], the histone ubiquitination complex (RNF40) [41], and
the centromere protein CENPC [52], are very large and likely highly sensitive to decreased import
efficiency, such as from reduction of the Ran gradient or transport factor availability [58—60].

A defining factor of MN is their presence in the same cytoplasm as the larger main nucleus,
which could lead to competition for transport factors and nuclear proteins [61]. Delays in initiating
MN import post-mitosis could impair the ability of MN to compete with the nucleus for critical NE
proteins during mitotic exit, including chromatin decompaction and nuclear lamina assembly
factors [62], and decreases in transport rates could sustain these losses in interphase. Although
other MN characteristics, including membrane curvature (lamin B1 [63]) and chromatin state
(histone modifiers), also contribute to altered protein recruitment or retention in MN, impaired

transport is likely a major factor driving changes in MN composition and function. Further analysis
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of MN recruitment of major transport factors as well as localization of essential nuclear proteins
requiring unique importers, including the proteosome [64] and nuclear actin [65], may yield new
insights into the molecular mechanisms of transport defects and how they lead to functional

defects in MN.

Chromatin content determines micronucleus structure and function

Chromosome missegregation and micronucleation are determined by both chromosome
and spindle characteristics and are often highly biased (Fig. 1.2). New technologies to induce and
analyze aneuploidies at the single cell level have shown that delaying cells in prometa- or
metaphase in cultured human cells can result in increased missegregation of long chromosomes
due to an increased susceptibility to cohesion fatigue [66]. A larger kinetochore region can also
increase missegregation after mitotic delay due to increased merotelic microtubule attachments
[67]. In contrast, accelerating metaphase by inhibiting the spindle assembly checkpoint (SAC)
causes both increased missegregation of large chromosomes, through decreased microtubule
error correction at edge of the metaphase plate [68], and increased missegregation of small
chromosomes, through an unknown mechanism [66]. Meanwhile, reduced expression of
centromere components mainly causes missegregation of chromosomes with small centromeres
[69].

Chromosome and spindle characteristics also determine the likelihood of micronucleation
after missegregation. Although global mechanisms act to prevent micronucleation [9,70], large
chromosomes positioned at the edge of the metaphase plate [68] or chromosomes that are
misaligned but satisfy the SAC [6] are more likely to form MN. How other types of mitotic or genetic
changes, including aneuploidy, p53 loss, or changes in ER organization, affect micronucleation

bias remain to be elucidated.
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The biased missegregation of chromosomes into MN has significant implications for
interpreting functional defects in MN. Chromosome content can affect the fate of the
micronucleated cell in several ways. First, MN containing large or multiple chromosomes recruit
more key NE proteins, including NPCs and lamin B1, which delays their rupture [42]. In addition,
small chromosomes with low heterochromatin density are able to suppress nuclear lamina gap
formation in MN through an unknown mechanism, also delaying rupture [42]. These differences
in rupture timing could have significant effects on the type and extent of DNA damage and cGAS
activation [30,38]. The mechanism of MN formation can also affect the apparent functionality of
MN. Metaphase delay results in MN containing larger and more gene-dense chromosomes that
recruit more proteins, have a higher transcription potential, and an earlier replication timing. In
contrast, inhibiting the SAC results in more small MN with a wide variation in NE structure defects

and baseline transcription. Thus, controlling for changes in MN content will be key to defining

mechanisms responsible for MN function defects and membrane rupture.

Metaphase Anaphase/Telophase Interphase
A. Large Chr. - L
Mitotic delay: Low llkellhoqd of MN 2 Stability
A Cohesion fatigue formation
SAC inhibition- M NPC recruitment J Lamina gaps
M KT-MT attachment errors A Lamin B1 recruitment
B. Small Chr. SAC inhibition: High likelihood of MN Heterochrom. J Stability
M Missegregation formation poor: M Lamina gaps
% Seteciaeshinent Heterochrom. /[ Stability
¥ Lamin B1 recruitment rich: J Lamina gaps
C. Large o .
KT Mitotic delay: ? No effect on MN stability
% M KT-MT attachment errors f

Missegregation effects Micronucleation effects

Figure 1.2: The influence of chromosome features on missegregation and
micronucleation.

A. Large chromosomes are located at the edge of the metaphase plate leading to missegregation
due to an increase in erroneous microtubule (MT)-kinetochore (KT) attachments during SAC
inhibition. Large chromosomes also missegregate from susceptibility to cohesion fatigue during
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mitotic delay. Only a small fraction of large missegregating chromosomes become MN. Large
chromosomes recruit higher levels of NE proteins and in MN, delay MN rupture, and form an intact
lamina. B. Small chromosomes missegregate frequently after disruptions to the SAC. Bypassing
the SAC can lead to a higher proportion of missegregating chromosomes becoming MN. Smaller
chromosomes recruit lower levels of NE proteins. In MN small chromosome stability is influenced
by gene density, with gene rich chromosomes delaying rupture and having fewer defects in their
lamina while gene poor chromosomes rupture frequently and contain many lamina gaps. C.
Chromosomes with large KTs form more KT-MT attachments and have more KT-MT errors during
mitotic delay. KT size has no correlation with MN stability.

Concluding remarks and perspectives:

The breadth of research assessing MN function and consequences in recent years has
shifted our understanding of MN from outputs of genetic instability to detrimental nuclear
compartments that drive further genetic instability. Work characterizing nuclear defects in intact
MN suggests that the nuclear environment of MN is highly abnormal and that MN formation in a
cell, even prior to rupture, is more disruptive than previously appreciated. Intact MN have defects
in all the major nuclear processes studied thus far, which may underlie the massive DNA damage
and gene expression changes that follow MN formation. Key questions going forward are: what
is the extent of MN functional defects, what is driving them, and which cause persistent changes
in the cell? Comprehensive studies of MN protein and RNA content will be critical to identify
additional defects; a recent analysis of the MN proteome suggests that the defects reviewed here
represent the tip of the iceberg [71]. Whether other nuclear processes, such as the formation of
nuclear subcompartments like nucleoli [72], occur efficiently in MN also remains to be determined.
Continued analyses of MN transport and chromosome biases will also be key areas of research
to understand the fundamental conditions leading to impaired nuclear environments in MN. In
addition, global changes in MN chromatin structure suggest alternative mechanisms for the high
frequency of nuclear lamina and membrane rupture in MN. For instance, overcompaction may
disrupt chromatin interactions with the nuclear lamina, leading to decreased mechanical
resistance [73]. Micronucleation biases may also inform the contribution of MN to cancer-specific

aneuploidies and chromothripsis events, such as the frequent chromothripsis of chromosome 11
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in ependymomas [74], and how well specific micronuclei are tolerated by the cell. Thus, expanding
our understanding of the general and specific consequences that encapsulating different
chromatin types in MN has on the nuclear environment could define the mechanisms underlying
multiple critical steps in the MN lifecycle and the contribution of MN formation and rupture to cell
dysfunction. Identifying how this dysfunction varies in different cellular contexts, such as the
unique cellular environments of aging or neurological diseases where the impact of MN is not well
understood, will help us understand the functional ability of MN in vivo and the contribution they

make to disease.

Thesis overview

Overall, the goal of this thesis is to determine how chromosome identity influences the
formation, function, and stability of micronuclei so we can better understand the causes and
consequences of MN rupture in cancer. Chapter 2 will identify heterochromatin as a key regulator
of small MN stability that influences lamina organization and MN growth. While characterizing
growth in MN, a defect in MN export is characterized and found to promote MN rupture. Chapter
3 will look at how chromosome identify influences MN formation by assaying MN content after
different MN inducing treatments. Finally, Chapter 4 will discuss the implications of these studies

and areas of future investigation.
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Chapter 2 : Nuclear transport drives micronucleus disruption

Abstract

Micronuclei (MN) form when missegregated chromosomes recruit their own nuclear
envelope and are commonly used as a marker of chromosome instability. MN frequently rupture,
which causes genome instability, upregulation of metastatic genes, and increased immune
signaling. MN rupture is often caused by NE defects, but the cause of these defects is not
understood. Previous work from our lab found that chromosome identity regulates the timing of
rupture of small MN, MN containing short chromosomes, and that MN with euchromatic
chromosomes are more stable due to fewer nuclear lamina defects. Here we find that histone
methylation plays an important role in small MN stability and promotes instability through lamina
defects and MN growth. Surprisingly, we find all MN to have a severe nuclear export defect that
promotes growth and MN rupture. Growth in MN is correlated with the appearance and growth of
gaps in the lamina. We find that export defects are correlated with decreased RCC1 levels in MN
and that additional loss of RCC1 caused by decreased histone methylation in euchromatic MN
results in an additional import and growth defect that prevents nuclear lamina gap growth and
membrane rupture. Analysis of mutational signatures associated with early and late rupturing
chromosomes in the Pan-Cancer Analysis of Whole Genomes Consortium dataset identified an
enrichment of APOBEC signatures on chromothripsis events, suggesting that MN rupture timing
is a key determinant of genome evolution in these events. Our study defines a new model of MN
rupture where MN growth, driven by defects in protein export, drives defects in nuclear lamina
organization that make the MN susceptible to membrane rupture with long-lasting effects on

genome architecture.
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Introduction

Micronuclei (MN) form when missegregated chromatin recruits its own nuclear envelope
during mitotic exit. MN can contain chromatin fragments or one or a few whole chromosomes. MN
have been used as markers of exposure to carcinogens, are frequent in many tumors, and occur
at elevated rates in genetic diseases, including auto-immune disorders and laminopathies [10,22].
Similar to nuclei, the MN nuclear envelope compartmentalizes chromatin from the cytoplasm,
however many nuclear functions are defective in MN including chromatin modifications,
transcription, replication, and nuclear transport [75]. Because of these defects MN can lead to
functional aneuploidy, where a chromosome is diploid but one copy is not expressed, and DNA
damage can occur from erroneous transcription and replication [23,24]. MN are extremely
unstable, at least 50% of MN lose compartmentalization in cultured cells by unrepaired rupture of
the membrane during interphase and the proportion increases with increasing interphase duration
[16]. This chromatin is under replicated and experiences massive DNA damage, driving
aneuploidy, and extensive highly localized genome changes, including chromothripsis and
kataegis [76]. MN rupture also activates the cGAS-STING innate immune pathway, which can
trigger cancer-associated invasion and inflammatory pathways [32,33,77].

The current model for why MN rupture is centered on defects in NE assembly, including
decreased density of NPCs and gaps in the nuclear lamina [16]. Small MN containing shorter
chromosomes fail to recruit many NE proteins during mitotic exit, especially the “non-core” group
of B type lamins, NPCs, and LBR, [17,42]. These defects have been linked to microtubule density
or altered AurB activity in the spindle midzone [9,17,70,78]. An alternative model suggests that
high curvature inhibits lamin B meshwork formation [63,79]. Defects in NPC recruitment have
been suggested to cause the reduction in lamin B1 levels and MN functional defects due to

impaired import of replication, transcription, and histone modification proteins [40,41]. However,
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other studies have found that active import is not regulated by NPC density [59], suggesting that
other transport factors are likely disrupted in MN.

We found that MN with high euchromatin have improved nuclear lamina organization
despite limited recruitment of lamin B1 and NPCs [42]. This was surprising since chromosomes
enriched in euchromatin typically have limited contact with the nuclear lamina and provide less
resistance to mechanical force [73,80,81]. However, in MN it is possible the lack of contact
between euchromatin and the lamina prevents it from interfering with lamina organization. In
addition, MN have a global decrease in histone acetylation and enrichment of histone methylation
marks accompanied by decreased transcription, suggesting that euchromatin should be more
similar to heterochromatin in MN [40,41]. Therefore, the mechanism by which euchromatin
increases MN stability is unclear.

In this study we determine how chromatin state regulates MN stability and identify nuclear
export defects as a major driver of NE disruption in MN. We link defects in export to increased
nuclear lamina gaps driven by unregulated MN growth. The growth and export defects are linked
to specific loss of the RanGEF RCC1, which is required to maintain the Ran gradient [82]. RCC1
is further depleted from euchromatic MN due to the depletion of histone methylation, suggesting
a mechanism by which these MN are protected from lamina disruption by additional defects in
import, limiting MN growth. In addition, by analysis of cancer genome datasets we find that the
early rupture of heterochromatic MN is associated with specific mutational signatures within
chromothripsis, demonstrating that MN rupture timing can have long-lasting impacts on genome

structure that could alter cancer progression and therapeutic efficacy.

Results

Histone modifications are a key feature for determining small MN stability
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In a previous study we identified chromosome identity an important contributor to MN
stability, with gene density influencing rupture timing [42] (Fig. 2.1a). Unstable MN rupture early
in the cell cycle following their formation from mitotic errors, in G1, while stable MN are able to
delay rupture but do eventually rupture later in the cell cycle after DNA replication has been in
initiated in S or G2 phase. Large chromosomes form large MN that recruit Lamin B1, NPCs, and
are stable. Small chromosomes form small MN, which fail to recruit lamin B1 and vary in stability.
Small MN stability correlates with gene density as small, gene poor MN have gaps in their lamina
meshwaork and rupture early in G1 while small, gene rich MN have an intact lamina and are stable
until the G2 phase. For small MN, we still need to know how gene density influences lamina
structure and MN stability.

To address this question, we decided to analyze small MN containing a single copy of
chrl8 or chrl9 as models. We chose to use these two chromosomes because they have divergent
gene density values and stability in MN, with chrl9 being gene rich and very stable, despite being
similar in size and NE composition. To understand how gene density influences MN stability, we
characterized histone modification levels and active transcription for these chromosomes in MN.
We induced micronuclei in non-transformed RPE-1 cells by first synchronizing cells in G1 with a
cdk4/6 inhibitor and then releasing cells into a MPS1 inhibitor to disrupt mitosis and increase
micronuclei formation. We then fixed cells in following the G1/S phase for immunofluorescence
(IF). To identify MN containing a specific chromosome we performed DNA-FISH combined with
IF for a centromere marker, to ensure a single chromosome was in each MN, and with a rupture
marker (H3K27Ac or LBR) [42] (Fig. S2.1a,b,c). We then quantified H3K27me3 and H3K9me2
(heterochromatin), H3K27ac (euchromatin), and active Pol2 pSer2 (transcription) in intact MN by
IF. Analysis of bulk MN recapitulated previous results [40,41], identifying overall higher levels of
histone methylation and lower levels of active Pol2 pSer2 (Fig. S2.1d-g). Comparing chrl8 and
19 we found chrl8 has slightly higher levels of the constitutive heterochromatin marker

H3K27me3 compared to chrl9, as expected based on gene density and main nucleus data,
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though similar levels of an additional constitutive heterochromatin marker H3K9me2 (Fig. 2.1b,c).
When looking at H3K27ac we found that chrl8 and chr19 have similar levels of this euchromatin
marker (Fig. 2.1d). We found that both chromosomes had very low levels of active Pol2,
suggesting little to no active transcription in these MN, in line with previous studies [40] (Fig. 2.1e).
Together this shows that in micronuclei chrl8 is slightly more heterochromatic, with more
methylation compared to chr19, though the differences are not a large as expected possibly due
to global changes in chromatin structure in MN. These results suggest histone modifications as a
possible difference between euchromatic and heterochromatic chromosomes in MN that could
determine stability.

To test this hypothesis, we altered chromatin and transcription with small molecule drugs
and measured the effect on chrl8 and 19 MN stability. To alter histone modifications we used
methylstat a histone demethylase inhibitor that increases histone methylation making chromatin
more heterochromatic and TSA a HDAC inhibitor that increases histone acetylation and makes
chromatin more euchromatic. To target transcription we used DRB a transcription elongation
inhibitor. To eliminate possible effects on chromosome missegregation frequency or position,
these drugs were added after mitosis for 4 hours prior to fixation. For methylstat and DRB we
used H3K27ac as a rupture marker and for TSA treatment, because we are inhibiting HDACs, we
used LBR as a rupture marker [26,42] (Fig. S2.1c). These treatments were sufficient to alter
histone modifications or transcription in nuclei, bulk MN, and chr18 and 19 MN, as expected (Fig.
S2.1d-g, Fig. 2.1f-g). Increasing histone methylation with methylstat had a small effect on bulk
MN stability, but significantly decreased the stability of chrl9 MN (Fig. 2.1h, Fig. S2.1h).
Increasing histone acetylation with TSA treatment led to an increase in bulk micronuclei stability
as well as increasing chr18 MN stability and slightly increasing chr19 MN stability (Fig. 2.1i, Fig.
S2.1i). DRB also affected both chrl8 and 19 similarly, leading to a slight decrease in stability, but
had not effect on bulk MN (Fig. S2.1h,j). Overall, our results suggest that increasing histone

methylation specifically decreases the stability of Imnbl- MN, with larger effects on more
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euchromatic chromosomes, suggesting heterochromatin as a contributor to small MN instability.
In addition, our data suggest that TSA and DRB have more global effects on MN stability,
potentially due to additional transcriptional changes in the main nucleus from these drug

treatments.
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Figure 2.1: Histone modifications regulate small MN stability

A. Summary of the influence of chromosome size and gene density on lamina gap formation and
MN rupture timing (Mammel et al). B-E. Maximum intensity projections of H3K27me3 (B),
H3K9me2 (C), H3K27ac (D), and active Pol2 pSer2 (E) in intact single chromosome chrl8 and
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19 MN in RPE-1 cells 24hrs post BAY addition. Quantification H3K27me3, H3K9me2, H3K27ac,
and active Pol2 pSer2 from sum projections to measure total intensity. Wilcox ran sum test, N=3,
H3K9me2 n=(17,22), H3K27me3 n=(21,19), H3K27ac n=(74,65), and pol n=(16, 15) F. Maximum
intensity projections of H3K27me3 in intact single chromosome chrl8 and 19 MN in RPE-1 cells
after 4hr treatment with 5uM methylstat. Quantification H3K27me3 from sum projections to
measure total intensity. Wilcoxon rank sum test, N=3, n=(21, 18, 19, 26) G. Maximum intensity
projections of H3K27ac in intact single chromosome chrl8 and 19 MN in RPE-1 cells after 4hr
treatment with 100nM TSA. Scale bars=10um. Quantification H3K27ac from sum projections to
measure total intensity. Wilcox ran sum test, N=3, n=(74,65,90,53) H. MN stability for 24hr post
BAY release single chromosomes chrl8 and 19 MN after 4hr DMSO or 5uM methylstat treatment.
Barnards test, N=(4,4,3,3), n=(216,338,165,199). I. MN stability for 24hr post BAY release single
chromosomes chrl8 and 19 MN after 4hr DMSO or 100nM TSA treatment. Barnards test,
N=(3,3,4,4), n=(213, 188, 203,112). Scale bars = 10um. For all graphs, ns p>0.05, * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001. For all dotplots in the article median of all replicates (black
square) is shown with 95% confidence interval (black line) and individual measurements (colored
circles). For all bar graphs in the article, individual experiments are represented as points and
pooled replicate proportions are represented as bars. For all sample sizes, N = number of
experimental replicates, n = total number of objects from all replicates.

MN size and lamina organization are altered by histone modifications and correlated with MN

instability

To determine how altered levels of histone methylation could regulate MN rupture timing,
we first assessed lamina associated domain (LAD) organization before and after incubation in
histone modifying drugs in RPE-1 cells. LADs are critical resistors of mechanical force whose
disruption leads to altered nuclear stability and were our first hypothesis for how histone
modifications may influence stability in small MN. Surprisingly, we found that chrl8 and 19 MN
had a similar LAD organization in MN, despite significantly different amounts predicted from their
sequence [42,83], and that this organization was unperturbed by methylstat or TSA treatment
(Fig. S2.2a,b). These data suggest that MNation alters the expected LAD number of chromatin,
possibly due to the forced proximity to the lamina when chromosomes are isolated in MN, and
that LADs are not responsible for the instability of MN associated with heterochromatin.

During this analysis, we noticed that methylstat treatment led to consistently larger chr19
MN (Fig. 2.2a), but no change in the bulk MN size (Fig. S2.2c), suggesting that MN growth could
determine rupture timing. This hypothesis could also explain differences in lamina organization

we previously observed where chrl9 MN had significantly fewer lamina gaps than other chr18
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MN. Live cell imaging of nuclear lamina organization in U20S cell MN found a strong correlation
between increasing MN size and increasing lamina gap size (Fig. 2.2b). In addition, analysis of
MN volume and nuclear lamina gap number found that MN containing lamina gaps were larger
than those with gaps across chromosome content (Fig. 2.2c¢). Although we cannot definitively say
that MN growth can initiate new lamina gaps, these data strongly suggest that their appearance
requires MN growth. We therefore asked whether increasing histone methylation triggered
appearance of lamina gaps in addition to an increase in MN size. We found that methystat
increased the frequency of nuclear lamina gaps in chrl9 MN (Fig. 2.2d,e), consistent with
increased size. Conversely, increasing histone acetylation reduced lamina gaps in chr18 MN (Fig.
2.2d,e). Together, these data suggest that histone modifications drive defects in nuclear lamina
organization, potentially through MN growth, that are required for MN rupture.

To directly test the effect of MN growth on rupture, we first forced micronuclear growth in
RPE-1 cells expressing RFP-NLS using hypotonic treatment, which leads to nuclear swelling
within 30 minutes (Fig. S2.2d). We added hypotonic treatment for 1 hour, then added back normal
media for 1 hour to enable labeling of DNA structures that are altered during swelling. Live cell
imaging of RFP-NLS during hypotonic swelling showed massive disruption of MN. We saw
nuclear bleb formation in MN and MN rupture within 5 minutes (Fig. 2.2f). Based on fixed cell
analysis only ~15% of MN stay intact compared to 40% in untreated cells, confirming that nuclear
growth does cause instability in the bulk MN population (Fig. 2.2g). The effect on MN size could
not be measured due to the speed of rupture and low number of intact MN after hypotonic
treatment. Interestingly, MN do not normally form blebs and MN rupture is not connected to
mechanical stress, but the speed of this growth induced rupture is somehow inducing bleb
formation in a similar way to force. Both chr18 and 19 MN had a similar disruption after hypotonic
swelling, with the intact proportion of both being reduced similar to the bulk population (Fig.
S2.2e). These results show that growth is sufficient to induce MN rupture, regardless of

chromosome content.
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We next asked whether growth was necessary for MN rupture by inhibiting growth through
blocking nuclear import. We first tested the efficacy of inhibiting cargo import by adding the
importin a/b inhibitor importazole. However, preliminary analyses of MN growth by live-cell
imaging in U20S cells identified a substantial increase in nuclear rupture prior to import inhibition
that complicated interpretation of these results. We then inhibited nuclear growth by
overexpressing RanT24N [84], a Ran mutant locked in the GDP bound form that disrupts the Ran
gradient and decreases nuclear size. Expression was limited to interphase through use of a dox-
inducible system to prevent additional changes from disrupting Ran during mitosis. Induction of
RanT24N for 16hrs was sufficient to deplete Ran from nuclei and MN (Fig. 2.2h, Fig S2.2f,q),
indicative of Ran gradient collapse, and to decrease nuclear size (Fig. 2.2i). Although we did not
observe a significant decrease in MN size, possibly because of a slow MN growth rate in MN (Fig.
2.2j), we did observe a significant increase in bulk MN stability, consistent with our hypothesis

that growth is required for MN rupture (Fig. 2.2k).
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Figure 2.2: MN size correlates with histone modifications and stability

A. Maximum projected area of intact MN 24hrs after BAY for single chromosome 18 and 19 MN
in RPE-1 cells. Chrl9 MN increase in size after methylstat treatment compared to DMSO.
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Wilcoxon ran sum test, N=3, n=(34, 46, 29, 29). B. Example of live imaging from U20S cells
expressing Lamin A-mcherry and GFP-NLS imaged every 10 minutes. Single sections shown.
Scale bar = 1um. C. Comparison of the volume of MN with and with lamina gaps for chrl, chrl8,
and chrl9 MN. Wilcoxon rank sum test, N=3, n=(23, 23, 14). D. Max projections of the top surface
of intact MN containing single chromosome 18 or 19 MN in RPE-1 cells. Example of MN without
gaps for DMSO chrl19 and TSA chrl9 and example of MN with gaps for DMSO chrl8 and
methylstat chrl9. E. Quantification of nuclear lamina organization in MN for each condition.
Barnards test, N=3, n=(25, 26, 20, 22). Scale bar = 1um. F. Stills from live imaging of RPE-1 cells
expressing 2XxRFP-NLS and treated with hypotonic media diluted 1:2 in sterile water. Cells were
imaged every 2 minutes and timepoints from 2 min before hypotonic treatment, and 2 and 6
minutes after are shown. Inset shows MN undergoing nuclear blebbing and rupture. Scale bar =
10um. G. MN stability for bulk intact MN in RPE-1 control and cells and after hypotonic swelling
for 1 hour. Barnards test, N= 3, n=(134, 200). H. Maximum projection images of RPE-1 TetOn
TRE-RanT24N-mcherry cells treated with Ong/ul and 100ng/ul dox stained for Ran and DAPI
showing nuclear expression of mcherry and loss of nuclear Ran with dox addition. Scale bar =
10um. 1,J. Max projected area of nuclei and intact MN, based on H3K27ac staining, in RPE-1
TetOn TRE-RanT24N-mcherry cells treated with Ogn/ul or 100ng/ul dox for 16hrs. I. Nuclei:
Wilcoxon rank sum test,. N=3, n=(79,113). J. MN: Wilcoxon rank sum test, N=3, n=(72,97). K.
MN stability in RPE-1 TetOn TRE-RanT24N-mcherry cells treated with Ogn/ul or 100ng/ul dox for
16hrs. Barnards test, N=3, n= (373,487). For all graphs, ns p>0.05, * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001.

MN overgrow due to a defect in nuclear export

To better define the connection between growth and MN stability, we next asked what
determined growth rate and size in MN. Analysis of MN growth by live-cell imaging found a strong
defect in initial post-mitotic expansion, consistent with previous observations of increased
chromatin compaction [40,41] (Fig. 2.3a). However, unlike nuclei, which obtain a specific nuclear
to cytoplasm ratio and stop expanding, MN continued to expand throughout interphase until
rupture. This led us to examine the major regulators of nuclear growth in MN. Previous work
identified a strong dependence on a nuclear pore protein [85], B-type lamin levels [86], and
nuclear transport [87] for nuclear growth. Because MN have reduced densities of NPCs and B-
type lamins [42], especially small MN such as those containing chrl8 and 19, we focused on
assessing differences in nuclear transport in MN.

Previous work identified defects in nuclear import in MN [17,52], but this would not explain

the continuous growth we observed. Therefore, we assessed both import and export rates in MN

using a small optogenetic reporter, mCherry-LEXY [88]. The LEXY protein contains a weak NLS,
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a mcherry tag, and a LOV2 domain with an NES that is hidden but uncages with exposure to UV
light (Fig. 2.3b). In the absence of UV light the LEXY protein is imported into nuclei as only its
weak NLS is accessible. During UV exposure the NES is released and the protein is exported to
the cytoplasm due to the strength of the NES compared to the NLS. We expressed NLS-mcherry-
LEXY in RPE-1 cells with H2B-miRFP to identify nuclei and MN. Cells were imaged for the 647nm
(H2B) and 568nm (LEXY) channels every 30 seconds for 5 minutes to measure starting
intensities, imaged for 647nm, 568nm, and 405nm channels at 30 second intervals over 45 min
to measure for export, and then imaged again in the absence of UV every 30 seconds for 25 min
to measure re-import (Fig. 2.3c,d). To reduce the effect of different volumes of MN and nuclei on
analysis of transport rates, we calculated the relative initial import and export rates when
permeability difference and volume differences are expected to have negligible effects [59]. To
correct for different starting concentrations across cells and compartments, we also calculated
the relative effective transport rate for both N and MN [59]. We observed a linear relationship
between cargo concentration and transport rate for both MN and nuclei across all concentrations,
indicating that expression of LEXY does not saturate the transport machinery [59] (Fig. 2.3g,h).

We obtained a median initial rate of nuclear export of -20.7 AU/s and a median import rate
of 8.2 AU/s. Surprisingly, we observed no difference in import rate for MN compared to nuclei in
the same cell or across cells after adjusting for cargo concentration (Fig. 2.3e). Instead, we saw
a substantial defect in nuclear export with the effect export rate about 2x slower for MN despite a
frequently higher starting concentration and a smaller volume that would be expected to reach
stead state faster (Fig. 2.3f). These changes were independent of the size of the MN (Fig. S2.3a),
indicating that they are not correlated with NPC density. Consistent with this model, MN had
higher levels of LEXY at steady state when the NES was exposed compared to nuclei (Fig. S2.3b),
as expected if export rates are slower in MN compared to nuclei.

As an additional control, we analyzed the relative nuclear fluorescence of GFP tagged

with a strong NES and a strong NLS (NES-GFP-NLS) in nuclei and MN in fixed cells. An export
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defect would be expected to result in increased steady-state GFP fluorescence in the MN, which
is what we observed (Fig. 2.3i). The difference in NES-GFP-NLS accumulation also increased
over time, along with MN size, consistent with a growth resulting from a defect in export rather
than a defect in DNA decompaction. This result was not limited to RPE1 cells, as a similar
accumulation of NES-GFP-NLS was observed in U20S cell MN (Fig. S2.3d).

Interestingly, we observed that cells expressing LEXY showed a consistent increase in
MN versus nucleus mCherry levels prior to uncaging the NES sequence, when only the weak
NLS was available (Fig. S2.3b). We observed similar results using a 2xRFP-NLS construct in
RPE1 cells (Fig. 2.3)). Steady state levels of NLS or NES reporters are determined by the rate of
facilitated transport versus passive diffusion through the pores. Based on the similarities in import
rates observed between the two compartments, our data strongly suggest that MN have additional
defects in passive transport. Since the rate of passive transport is largely determined by the size
of the cargo, we would expect LEXY to show a larger accumulation in MN compared to 2xRFP-
NLS, which is what we observe (Fig. S2.3b,g). Both NES-GFP-NLS and RFP-NLS levels are
independent of MN size (Fig. S2.3c,e,f).

To test the extent of this export defect in MN we completely inhibited export by incubating
cells in leptomycin b (leptB), a CRM1 competitor, for 5 hours. These conditions were sufficient to
increase accumulation of GFP-NES and NES-GFP-NLS in nuclei (Fig. S2.3h,i,j) and increase
nucleus size (Fig. 2.3k). However, despite an increase of GFP-NES levels in MN (Fig. S2.3)),
blocking export with leptB was insufficient to increase bulk MN size or drive changes in MN rupture
frequency (Fig. 2.3l,m, Fig. S2.3i), consistent with most MN already having a significant export
defect. Overall, our data strongly indicate that MN have a substantial defect in nuclear export,

regardless of content or size, and a minimal defect in import of small cargo.
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NLS channel staring with time 0 at GFP-NLS import after mitosis. B. Schematic of NLS-LEXY-
mcherry domains. In the absence of UV the NES of LEXY is hidden and the NLS dominates
leading to nuclear localization of LEXY. When exposed to UV the NES is exposed leading to
export or LEXY form the nucleus. C. Image of single sections from live imaging in RPE-1 cells
expressing NLS-LEXY-mcherry and H2B-miRFP to identify nuclei and MN during imaging. Cells
were images every 5 minutes. Still show cells at the start of imaging without UV, after 45 minutes
of UV exposure every 5 minutes, and after 25 minutes in the absence of UV. Scale bar = 10um.
D. Examples of LEXY intensity quantification in nuclei and MN in RPE-1 cells throughout imaging
outlined in C. E. Nuclear import rates quantified from LEXY import over 25 minutes in the absence
of UV in paired nuclei and MN. Paired Wilcoxon rank sum test, N=3, n=34. F. Nuclear export rates
guantified from LEXY export during 45 minutes of UV exposure in paired nuclei and MN. Paired
Wilcoxon rank sum test, N=3, n=34. G, H. Import or export rates compared to the LEXY-mcherry
concentration, quantified from cytoplasmic LEXY signal, in RPE-1 cells. Analysis of covariance
test. I. Maximum projection of RPE-1 cells expressing NES-GFP-NLS. NES-GFP-NLS intensity
was quantified for nuclei and intact MN. Wilcoxon rank sum test, N=1, n=(20,43). J. Maximum
projection of RPE-1 cells expressing RFP-NLS. RFP-NLS intensity was quantified for nuclei and
intact MN. Wilcoxon rank sum test, N=3, n=(70, 93). K, L. Maximum projected areas were
calculated for nuclei and intact nuclei in RPE-1 cells for control and 5hr 20ng/ul leptB treatments.
Wilcoxon rank sum test. Nuclei: N= 3, n=(238, 250), MN: N= 3, n=(214, 252). M. MN stability in
RPE-1 cells for control and 5hr 20ng/ul leptB treatments. Barnards test , N=3, n=(218, 286). For
all graphs, ns p>0.05, * p<0.05, ** p<0.01, ** p<0.001, **** p<0.0001.

High euchromatin leads to additional defects in MN import

Transport issues in MN lead to an export defect and accumulation of proteins in the MN
nucleoplasm but the extent of transport loss is variable within the population. To determine
whether growth is contributing to instability in MN, we first wanted to characterize transport in
chrl8 and 19 MN to identify where they fall within this range of defects. Since our hypothesis is
that transport is responsible for growth and instability in MN, then we would expect chr18 MN to
have more active transport than chr19.

We again used NES-GFP-NLS to measure export and import levels and RFP-NLS to
measure import and diffusion levels and looked at chrl8 and 19 MN specifically. Chrl18 MN had
similar levels of RFP-NLS to the bulk population while chr19 MN were depleted, suggesting that
chr19 MN struggle with import (Fig. 2.4a). Surprisingly NES-GFP-NLS levels are similar in chrl8
and 19 MN (Fig 2.4b). Together with the RFP-NLS data, this suggests that chr19 MN are less

active than chr18 in import but both have an export defect.
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If chrl9 MN have a defect in import as well as export, then we expect them to be less
affected by leptB treatment. We found that leptB slightly increased the area of chr18 but not chr19
MN (Fig. 2.4c), but similar to the bulk results leptB did not alter MN stability for either chromosome
(Fig. 2.4d). This is not due to an inability of chrl9 to expand, as both chrl8 and 19 MN ruptured
at similar frequencies during hypotonic swelling (Fig. S2.2e). Together these data confirm that all
MN are defective in export and that chr18 MN have higher transport levels and growth potential

than chr19 MN.
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Figure 2.4: High euchromatin leads to additional defects in MN import

A. Maximum projections of intact single chromosome 18 and 19 MN in RPE-1 cells expressing
RFP-NLS. RFP-NLS intensity was quantified from single sections for nuclei and intact MN.
Wilcoxon rank sum test, N=3, n=(26, 33). B. Maximum projections of intact single chromosome
18 and 19 MN in RPE-1 cells expressing NES-GFP-NLS. NES-GFP-NLS intensity was quantified
from single sections for nuclei and intact MN. Wilcoxon rank sum test, N=4 , n=(56, 49). C.
Maximum projected areas for intact single chromosome 18 and 19 MN in RPE-1 cells for control
and 5hr 20ng/ul leptb treatments. Wilcoxon rank sum test, N=3, n=(62, 78, 94, 92). D. MN stability
for single chromosome 18 and 19 MN 24hr post BAY release with 5hr control and 20ng/ul leptB
treatments. Barnards test, N=3, n=(261,323,304,243). For all graphs, ns p>0.05, * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001.
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Defects in RCC1 recruitment result in decreased nuclear export in MN.

Nuclear export rates are dependent on NPC proteins, transportin concentration, and the
Ran gradient. To determine the mechanism of MN export defects, we quantified changes in these
components in MN compared to nuclei. Consistent with previous results, we found that NPC
proteins were generally depleted in MN, correlated with the size of the MN, but neither of the
transport rate associated regulators, Nup153 and TPR, nor the protein export receptor, CRM1,
were largely reduced below the level expected by the overall reduction in pore number (Fig.
S2.4a-c). In contrast, Ran levels were variable across MN and not correlated with MN size, unlike
NPC density (Fig. 2.5a, Fig S2.4d). Ran is normally found concentrated at a 3:1 ratio in the
nucleus compared to the cytoplasm. In RPE-1 cells we see a Nuc:Cyto ratio of 3.12, as expected,
but we find MN have a more variable nuclear Ran concentration and many are depleted (Fig.
2.5a).

RCC1, the RanGEF, is required for Ran accumulation in the nucleus and export is
specifically sensitive to changes in RCC1 activity [89]. Therefore, we hypothesized that reduced
RCC1 in MN is a major driver of the MN export defect. We observed decreased micronuclear
RCC1 levels in both RPE-1 and U20S cells (Fig. 2.5b, Fig. S2.4f,g). Similar to Ran, RCCL1 levels
are not correlated with MN size in RPE-1 or U20S cells (Fig. S2.4e,h). To test the role of RCC1
depletion in defective exportin MN we increased RCC1 levels in MN using a fusion gene of RCC1
and H2A to force chromatin association of RCC1. We expressed RCC1-H2A in RPE-1 cells right
before release into a Mps1 inhibitor, as cell are entering mitosis and forming MN. RCC1-H2A
expressing cells were binned into low and high expressing cells based on RCC1 intensity in the
corresponding nucleus. High expression of RCC1 rescued MN stability compared to low
expressing and control cells (Fig 2.5¢c). RCC1-H2A expression also led to a decrease in the
accumulation of NES-GFP-NLS in MN (Fig. 2.5d), though NES-GFP-NLS levels in MN with

RCC1-H2A are still elevated above nuclear levels likely due to issues with DNA decompaction in
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MN [41]. Together, these data support RCC1 depletion as a key contributor to defective nuclear

export in MN.

Additional loss of RCC1 in high euchromatin MN causes additional import defects.

Transport levels have been connected to chromatin state, as heterochromatin loss causes
a depletion in nuclear Ran concentration, through the enrichment of RCC1 on H3K9me3 and
H3K27me3 heterochromatin [90]. To see if heterochromatin influences transport in MN we then
looked at Ran and RCC1 levels in chrl8 and 19 MN. Ran slightly differs between the
chromosomes in MN, with chrl9 being more depleted, but both chromosomes are able to form
the Ran gradient in MN (Fig. 2.5e). We also found chr19 MN to be especially depleted for RCC1,
while chr18 MN had more enrichment but were still lower than nuclei levels, again similar to the
bulk population (Fig. 2.5f). RCC1 is known to bind chromatin and is enriched on heterochromatin
[90], in line with its depletion from chrl9 MN. To test whether heterochromatin levels influence
RCC1 recruitment in MN we looked at RCC1 levels on TSA chrl8 or methylstat chr19 MN. We
saw that methylstat treatment increased RCCL1 levels on chrl9 MN (Fig. 2.5g), and in the bulk
MN population (Fig. S2.4i), while TSA treatment specifically lowered chrl8 MN RCCL1 levels (Fig.
2.50). Together these results show that RCCL1 is influenced by heterochromatin levels in MN.
From this we hypothesize that RCC1 may be responsible for the growth, lamina gaps, and
instability in chr18 MN.

To test this hypothesis we altered RCC1 activity in chrl8 and 19 MN. To lower RCC1
levels in chr18 MN we used RanT24N, which inhibits RCC1 while blocking import and export. In
line with our model, RanT24N expression slightly decreased the presence of lamina gapsin chrl8
MN (Fig. 2.5h) and increases the stability of both chr18 and 19 MN (Fig. 2.5i). However, RanT24N
did not alter MN size for either chromosome (Fig. 2.5j). It's possible that these MN are already
too small to see a decrease in size, or that stopping all nuclear transport has additional effects on

stability that complicate our results.
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We next increased RCC1 activity in chrl9 MN using RCC1-H2A expression. RCC1-H2A
expression did increase RCC1 levels in chr19 MN, though results in a mixed population due to a
low nucleofection efficiency (Fig. 2.5k). We saw a slight decrease in chrl9 MN stability with the

expression of RCC1-H2A (Fig 2.5l). Together these data support RCC1 as potential regulator of

small MN stability.
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Figure 2.5: Defects in RCC1 recruitment result in decreased nuclear export in MN

A. Maximum projections of Ran in RPE-1 cells 24hrs post BAY addition. Intact MN indicated with
white circles. Wilcoxon rank sum test, N=3, n=(88, 140). B. Maximum projections of RCC1 in
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RPE-1 cells 24hrs post BAY addition. Intact MN indicated with white circles. Wilcoxon rank sum
test, N=3, n= (168, 268). C. MN stability in RPE-1 cells for after RCC1-H2A expression. Cells in
RCC1-H2A samples were binned into high and low intensity groups by eye based on nuclear
RCC1 intensity. Barnards test, N=3, n=(294, 349, 73). D. For control and RCC1-H2A cells, the
comparison between MN:Nuclei mean intensity of NES-GFP-NLS and RCC1 mean intensity for
MN in each condition. N=1, n=(272, 82). E. Maximum projections of Ran in intact single
chromosome 18 and 19 MN in RPE-1 cells 24hrs post BAY addition. Wilcoxon rank sum test,
N=3, n=(24, 21). F. Maximum projections of RCCL1 in intact single chromosome 18 and 19 MN in
RPE-1 cells 24hrs post BAY addition. Wilcoxon rank sum test, N= 3, n=(46, 41). G. Maximum
projections of RCC1 intact single chromosome 18 and 19 MN in RPE-1 cells treated with DMSO,
5um methylstat, or 100nm TSA. Wilcoxon rank sum test, N=3, n=(23, 46, 35, 36). H. Quantification
of nuclear lamina organization in single chromosome 18 MN 24hr post BAY for RPE-1 RanT24N-
mcherry cells treated with Ong/ul or 100ng/ul dox. N=3, n=(40, 41). I. MN stability for single
chromosome 18 and 19 MN 24hr post BAY release for RPE-1 RanT24N-mcherry cells + or - dox.
Barnards test, N=3, n=(148, 152, 120, 121). J. Maximum projected areas of intact chromosome
18 and 19 MN in RPE-1 TetOn TRE-RanT24N-mcherry cells treated with 0 or 100ng/ul dox for 16
hours. Wilcoxon rank sum test, N=3, n=(31,34,36,55) K. Quantification of total RCC1 intensity in
single chromosome 19 MN 24hr post BAY for control and RCC1-H2A expressing RPE-1 cells.
Wilcoxon rank sum test, N=3,4, n=(29,76). L. MN stability for single chromosome 19 MN 24hr
post BAY in control and RCC1-H2A expressing RPE-1 cells. Barnards test, N=3, n=(116, 82). For
all graphs, ns p>0.05, * p<0.05, ** p<0.01, ** p<0.001, **** p<0.0001.

MN rupture timing correlates with chromothripsis DNA damage sighature

Previous data shows that chr18 MN rupture early, during G1, while chr19 MN delay rupture
until G2 or S phase [42]. MN rupture after DNA replication has been connected to double stranded
DNA breaks [16,24,29,50] while rupture in G1 mainly includes the formation of single stranded
DNA [26]. Based on these differences, we hypothesized that differences in rupture timing would
influence the type of DNA damage that occurs on MN chromatin.

To test this hypothesis, we analyzed data collected from the Pan-Cancer Analysis of
Whole Genomes (PCAWG) Consortium, which contains whole genome sequencing data of
chromothripsis events from 2,658 tumors across 38 cancer types [91]. To look at rupture timing
we divided chromosomes in to 3 categories: early rupturing (chrl3, 18, and 21), mid rupture (chr7 -
12, 14-16, 20, and 22), and late rupturing (chr1-6, 17, 19, X) based on previously identified MN
rupture frequencies (Fig. 2.6b) [42]. Chromothripsis events are present on chromosomes in all
categories and are not biased by confidence or type of chromothripsis (Fig. S2.6a,b). We

identified DNA damage signatures on chromosomes with and without chromothripsis for each
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rupture timing category (Fig. S2.6¢) and looked at whether signatures were enriched in any
category.

We found enrichment of APOBEC signatures in chromothripsis events on early rupturing
chromosomes in both the presence and severity of mutations (Fig. 2.6¢). This enrichment is only
seen in chromothripsis events and not in samples with no chromothripsis signatures (Fig. S2.6d).
These results are in line with the known mechanisms of DNA damage during G1 as APOBEC
mutations are associated with kataegis and ssDNA formation [27,92]. These data show that MN

rupture timing can have lasting effects on genome integrity in vivo.
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Figure 2.6: APOBEC signatures are enriched in early rupture chromosome chromothripsis
events

A. Model of MN rupture due to transport induce growth in all MN, or small MN. B. MN rupture
timing classification based on chromosome length, LAD density, and previously analyzed rupture
frequencies in RPEL cells (Mammel et al.). C. Survey of mutational signatures identifies APOBEC
as enriched in high confidence chromothripsis events in early rupture chromosomes. Number of
non-zero datapoints out of the total are indicated under each group. Anova, p=0.0166, Tukey
honest significant difference test used for pairwise differences. n=(74, 256, 332). For all graphs,
ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Discussion
In this study we discover that heterochromatin influences stability in small MN and identify

a new pathway contributing to MN rupture: growth though transport. We find that all MN import
but have a defect in export leading to an accumulation of nuclear proteins, overgrowth, and lamina
gap formation (Fig. 2.6a). Our model suggests that this export defect is caused by RCCL1 depletion
as other key export factors are not largely lost from MN. We propose that histone methylation
levels determine RCC1 recruitment and that euchromatic MN are especially depleted for RCC1,
which delays their rupture (Fig. 2.6a). Analysis of existing chromothripsis data shows that early
rupturing MN have more APOBEC mutations, supporting a lasting effect of MN rupture timing

differences on genome stability.

Chromatin organization leads to instability in MN

Our results find that increasing histone methylation in MN leads to instability while
increasing histone acetylation leads to stability. This is in opposition to chromatin’s role in nuclear
stability, where histone methylation confers stability by increased stiffness [73] and increasing
histone acetylation and transcription leads to more nuclear blebbing and instability [80]. Unlike
the nucleus, MN rupture is not connected to mechanical force [93] therefore the rigidity of
heterochromatin may be detrimental in the absence of force. We do see bleb formation during
MN rupture with rapid hypotonic growth, suggesting that the growth can alter internal forces on

MN, though more work is needed to fully define this process.

Lamina defects in MN rupture

We see LAD formation in both chrl8 and 19 MN despite predicted differences in LAD
amount based on their sequence. MN are enriched for histone methylation in general [40,41], so

it is surprising that lamina interactions are still sufficient to form nuclear compartments even in a
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mostly heterochromatic environment. Future work looking at the mechanics of heterochromatin in
MN will help determine its role in rupture and lamina interactions. Despite all MN having elevated
histone methylation, heterochromatic MN have more lamina organization issues than euchromatic
MN, even though heterochromatin normally associates with the lamina. However, these lamina
gaps are not sufficient for MN rupture as they are seen in many intact MN, suggesting the need
for an additional rupture trigger. Identifying whether transport defects are sufficient for rupture or
if they mainly enable additional mechanisms that trigger rupture will be essential to defining the

necessity of lamina gaps in MN rupture.

Transport defects requlate MN stability

The continuous growth of MN likely occurs because of their location in the same cytoplasm
as a fully functioning nucleus, which constantly replenishes the cytoplasmic cargo from proper
nuclear transport. This accumulation of proteins in MN due to defective export may cause
accumulation of specific proteins that trigger MN rupture, such as ATR [18] or Chmp7 [19,20].
Also, many of our results suggest competition between nuclei and MN for transport. Competition
with the nucleus for cellular proteins, specifically during mitotic exit, may contribute to the timing
or frequency of MN rupture. When the Ran gradient is collapsed during RanT24N expression we
see a global increase in MN stability, without a change in MN size, that is not fully explained by
our model. It is possible that this collapse relieves nuclear competition, which promotes MN
stability. Competition with the nucleus is also a potential mechanism by which all MN are depleted
for RCC1. Further testing this connection between nuclear compartments will help elucidate how

transport defects originate in MN.

The influence of MN rupture timing in cancer

We outline how small, gene rich MN, such as chrl9, delay rupture. The stability of small

gene rich MN is especially relevant to cancers with double minute chromosomes. Double minutes
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are amplified copies of oncogenes, commonly containing the Myc gene [94], that are organized
into circular DNA that readily forms MN that rarely undergo MN rupture [95]. The mechanism
behind small gene rich MN stability we have uncovered here might be applicable in these unique
MN and could explain why they are so stable in cancer cells. In addition, we find chromothipsis
on early rupturing chromosomes to be enriched for mutational signatures associated with kataegis
[92]. This suggests that either rupture before DNA replication or an extended time in the cytoplasm
after rupture may influence the acquisition of these hypermutations on MN chromatin. Together,
these findings support MN rupture timing as an important factor determining the lasting effects

MN formation will have in cancer tissues.
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Methods

Cell lines and culture methods

hTERT-RPE-1 (RRID: CVCL_4388) cells were grown in DMEM/F12 (Gibco) + 10% FBS (Gibco)
+ 1% Pen-Strep (Gibco) + 0.01 mg/ml hygromycin (Sigma-Aldrich) at 5% CO;and at
37°C. pLVXE-neo:H2B-emiRFP, pLVXE-Blast:2xRFP-NLS, and pLVXE-Blast:NES-GFP-NLS
were introduced by stable transduction into hTERT-RPE-1 cells. pLVX-Neo:Eto.1 (TetOn) was
introduced by stable transfection into hTERT-RPE-1 cells followed by stable transfection with
pLVXE-Blast:TRE-RanT24N-mcherry. RPE-1 TetON TRE-RanT24N-mcherry cells were grown in
DMEM/F12 media with tet-free FBS (GeminiBio). U20S (ATCC:HTB-96) cells were grown in
DMEM (Gibco) + 10% FBS (Gibco) + 1% Pen-Strep (Gibco) at 10% CO, and at 37°C. U20S

GFP-NLS Lamin A-mcherry is a stable cell line characterized previously [96].

To induce MN for RPE-1 IF and IF+FISH experiments and U20S IF experiments cells were
arrested in G1 by addition of 1 yM PD-0332991 isethionate (Cdk4/6i; Sigma-Aldrich) for 24 hrs.
Cells were released by washing three times in 1x PBS before incubation in 100 nM BAY-1217389
(Mps1i; Thermo Fisher Scientific) for 24 hrs, unless otherwise noted. For drug treatments altering
histone modification and transcription with Methylstat (histone demethylase inhibitor; Abcam;
ab144566), TSA (HDACI; Cell Signaling; 9950), and DRB (RNA Pol Il inhibitor; Sigma; D1916; ),
RPE-1 cells were treated 5uM methylstat, 100nM TSA, 100ug/mL DRB, or equal volume DMSO
for each for 4 hrs before the 24 hrs post BAY timepoint. For lamina gap analysis cells were fixed
at 20 hrs post BAY addition. For MN growth and imaging, RO-3306 was used in U20S GFP-NLS
Lamin A-mcherry cells at 7.5 uM for 16.5 hrs and released by washing 7x with warm media before

live imaging for MN growth and lamina gap growth.
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For hypotonic swelling RPE-1 cells in 100 nM BAY were treated 2 hrs before the 24 hr post BAY
timepoint. Media with 100nM BAY was diluted 1:2 in sterile water for 1hr then replaced with normal
media with 100nM BAY for 1 hr before fixing cells. RPE-1 tetON TRE-RanT24N-mcherry cells
were grown in tet-free media. Cells were treated with 1 uM PD for 24 hrs, 100 nM BAY for 24 hrs.
100 ng/ul doxycycline (Clontech) or equal volume sterile water was added to cells for 16 hrs
before 24 hrs post BAY timepoint. Leptomycin B (20 ng/ul, Sigma Aldrich; L2913) was added to
RPE-1 or RPE-1 NES-GFP-NLS cells during 100 nM BAY treatment 5 hrs before fixing cells at
24 hrs post BAY timepoint. As a negative control an equal volume of sterile 100% ethanol was
added to RPE-1 cells. For live imaging of RPE-1 NES-GFP-NLS cells imaging began when
leptomycin B was added at 5 hrs before the 24 hrs post BAY timepoint. For GFP-NES imaging in
U20S cells, GFP-NES was transfected into U20S cells using a 4D nucleofector (Lonza) and the
SE cell line 4D-Nucleofector X Kit S (Lonza). Cells were trypsinized and pelleted. 200,000 cells
were resuspended in buffer SE plus 400 ng plasmid, transferred to a 16-well electroporation
cuvette, and electroporated using program DS-138. Cells were plated into penstrep free media
and treated with 7.5 uM RO-3306 (Sigma-Aldrich; SML0569) for 16.5 hrs and released by washing
7x with warm media before live imaging and 20 ng/ul leptomycin B was added 2 hrs into imaging.
RPE-1 or RPE-1 NES-GFP-NLS cells were synchronized with 1 uM PD for 24 hrs. 24 hrs later
cells were transfected with RCC1-FLAG-H2A by nucleofection using a 4D nucleofector (Lonza)
and the SE cell line 4D-Nucleofector X Kit S (Lonza). Cells were trypsinized and pelleted. 200,000
cells were resuspended in buffer SE plus 400 ng plasmid, transferred to a 16-well electroporation
cuvette, and electroporated using program DS-138. Cells were plated into penstrep free media

with 100 nM BAY and fixed for imaging 24 hrs later.

Plasmids
To construct pLVXE-Blast:2xRFP-NLS, mCherry-NLS-tagRFP sequence ordered as a G-Block

from IDT and inserted in pLVXEblast (pLVXE-IRES-puro (Clontech) with puroR replaced by
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blastR) linearized by restriction digest at BamHI—EcoRI and assembled by Gibson assembly.
pLVXE-Blast: TRE-RanT24N-mcherry was constructed by PCR and ligation of RanT24N-mcherry
from pTK21 into a pLVXTight lentiviral vector (Clontech) previously modified to contain the Efla
promoter and blasticidin gene. pTK12 was a gift from lain Cheeseman (Addgene plasmid # 37396
; http://n2t.net/addgene:37396 ; RRID:Addgene_37396). pLVX-Neo:Eto.1 was a gift from the Fred
Gage lab (Salk Institute) and is pLVX-Tet-On Advanced (Clontech/Takara) with the CMV promoter
replaced with the EFla promoter. To construct pLVXE-neo:H2B-miRFP, H2B-miRFP703 was
PCR'd out of pH2B-miRFP703 (a gift from Vladislav Verkhusha, (Addgene plasmid # 80001) and
inserted into pLVXE-IRES-puro with the puroR replaced by neoR, using Notl/Mlul restriction sites.
pPcDNA3.1:NLS-mCherry-LEXY (pDN122) was a gift from Barbara Di Ventura & Roland Eils
(Addgene plasmid # 72655 ; http://n2t.net/addgene:72655 ; RRID:Addgene_72655). pLVXE-
Blast: NES-GFP-NLS was constructed by PCR and ligation of CMV-NES-GFP-NLS from
pcLumioDest:NES-GFP-NLS into a pLVXE lentiviral vector. pcLumioDest:NES-GFP-NLS was a
gift from the Hetzer lab made by Gateway cloning. pDEST53:2xGFP-NES was characterized
previously [42]. pLVE-Blast: TRE-RCC1-FLAG-H2A was created using vector builder (vector ID is

VB240110-1335jye).

NLS-mcherry-LEXY live imaging and analysis

For NLS-mcherry-LEXY imaging 200,000 RPE-1 H2B-miRFP cells were nucleofected with 400
ng of NLS-mcherry-LEXY using the SE cell line 4D-Nucleofector X Kit S (Lonza) and DS-138
settings. After nucleofection cells were plated into a 2 well ibidi plate in penstrep free media. 8hrs
later cells were treated with 100 nM BAY overnight for 16 hrs. At this point exposure to light was

limited to prevent LEXY export and cells were kept in the dark for 15 minutes prior to imaging.

Images were acquired using a 40%x/1.3 Plan Apo objective on an automated Leica DMi8

microscope outfitted with a Yokogawa CSU spinning disk unit, Andor Borealis illumination and an
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ASI| automated stage with Piezo Z-axis. Images were captured with an Andor iXon Ultra 888
EMCCD camera using MetaMorph software (version 7.10.4; Molecular Devices). RPE-1 H2B-
MIiRFP cells expressing NLS-mcherry-LEXY were imaged every 30 seconds across 3 periods of
time. To measure the starting LEXY intensity cells were imaged with Cy5 and sdRed channels for
5 min. Cells were then imaged with Cy5, dsRed, and DAPI lasers for 45 min to measure LEXY
export. The DAPI channel was removed and cells were imaged for another 20 min with only Cy5

and dsRed to measure reimport of LEXY.

To quantify LEXY intensity in nuclei and MN throughout imaging the H2B-miRFP channel was
used to create ROIs for nuclei and MN and the mcherry intensity in each ROI was quantified for
all timepoints. To measure the cargo intensity for each cell, LEXY intensity in the cytoplasm was
guantified at the end of the export period. The mean initial nuclear mean intensity and the nuclear
area were calculated by averaging the first 5 intensity (LEXY) and area (H2B) values,
respectively. The initial MN:N LEXY intensity ratio was calculated by dividing the MN and N mean
intensities at the start of imaging. The plateau MN:N LEXY ratio (was calculated by dividing the

MN and N mean intensities at the end of the export period.

To measure import rates, LEXY mean fluorescence intensity versus time was plotted for all
nuclear compartments and fit to a one phase association curve in Prism (version 10.0.3). The
curve fit the equation It = Imax * (1-e-kt) where | = fluorescence intensity, Imax = fluorescence
intensity at the final plateau, and t = time. From this equation, the mean fluorescence value of
Imax (plateau) and rate constant (k) were derived. The import rate was derived from the curve fit
(initial rate = k*plateau). To measure export rates, LEXY mean fluorescence intensity versus time
was plotted for all nuclear compartments and fit to a one phase decay curve from time 300 s to
2670 s in prism. The curve equation is It = 10 * e-kt where | = fluorescence intensity, 10 =

fluorescence intensity at time 0, and t = time. From this equation, the mean fluorescence value of
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10 (the same as YO or Imax), the mean fluorescence value at the bottom of the curve (plateau)
and rate constant (k) were derived. The initial export rate was calculated by a linear regression
through the first 3 timepoints of export (300 s - 360 s) and recording the slope. Some curves did
not initiate export immediately at 300 s. For curves with an overall negative slope between 300 s

and 450 s the timepoints were shifted forward by 30 s until a negative slope was obtained.

Immunofluorescence

Cells were grown on poly-L-lysine coated coverslips and fixed in 4% PFA (Electron Microscopy
Sciences) for 10 min at RT for the following experiments: RFP-NLS IF and IF+FISH in RPE-1
cells, NES-GFP-NLS IF in RPE-1 and U20S cells and IF+FISH in RPE-1 cells, Ran IF and
IF+FISH in RPE-1 cells, NPC IF in RPE-1 cells. IF and FISH experiments for RCC1 were pre-
extracted for 15 seconds with 0.1% triton-X in 1xPBS then fixed for 10 min in 100% methanol at
-20°C and refixed after secondary antibody staining with 4% pfa. For all other IF and FISH
experiments, cells were fixed in 100% methanol at -20°C for 5—10 min. Coverslips were blocked
in 3% BSA (Sigma-Aldrich) + 0.4% Triton X-100 (Sigma-Aldrich) + 0.02% sodium azide (Sigma-
Aldrich) in 1x PBS (PBS-BT) for 30 min before incubation in primary antibodies diluted in PBS-

BT.

Primary antibodies used: mouse or rabbit anti-H3K27ac (1:250; 1hr; 39085, Active Motif; 1:500;
30m; ab4729; Abcam), rabbit anti-H3K27me3 (1:500; 30m; MA511198; thermos fisher scientific),
rabbit anti-H3K9me2 (1:250; 30m; AM39041; active motif), rabbit anti-Phospho-Rpb1l CTD (Ser2)
(1:500; 30m; 13499S; Cell signaling technology), human anti-CREST (1:100; 1hr; 15-234;
antibodies incorporated), rabbit anti-LBR (1:500; 30m; ab32535; abcam), rabbit anti-Lamin A
(1:500, O/N at 4°C; L1293-200UL; sigma Aldrich), mouse anti-Ran (1:500; 4°C at OI/N;
MA511198; thermos fisher scientific), mouse anti-RCC1 (1:200; 2hrs, refix with 4% pfa; sc-

376049; santa cruz biotechnology), rabbit anti-Nup133 (1:100; 30m; ab155990; abcam), rabbit
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anti-Nup153 (1:100; 30m; ab96462; abcam), rabbit anti-TPR (1:500; 30m; ab84516; abcam),
rabbit anti-CRM1 (1:1000; 30m; 46249; Cell signaling technology), RFP-boost (1:1000; 1hr;

rb2AF568; Chromotek), rabbit anti-FLAG (1:500; 30m; F7425; Millipore Sigma).

Coverslips were washed three times in PBS-BT then incubated in the following secondary
antibodies: Alexa Fluor 647—conjugated goat anti-human (1:1000; 30m; A-21445; Thermo Fisher
Scientific), Alexa Fluor 488—conjugated goat anti-mouse (1:1000; 30m; A-11029; Thermo Fisher
Scientific), Alexa Fluor 405-conjugated goat anti-mouse (1:500; 1hr; A-31553; Thermo Fisher
Scientific), Alexa Fluor 594—conjugated donkey anti-rabbit (1:500; 30m; 711-585-152; Jackson
ImmunoResearch), Alexa Fluor 568-conjugated goat anti-mouse (1:1000; 30m; A11031; Life
Technologies), Alexa Fluor 488—conjugated goat anti—rabbit (1:1000; 30m; A-11034; Thermo
Fisher Scientific), Alexa Fluor 568-conjugated goat anti-rabbit (1:1000; 30m; A11036; Life
Technol.ogies), Alexa Fluor 405-conjugated goat anti-rabbit (1:500; 1hr; A-31556; Thermo Fisher
Scientific). Secondary antibodies were dilute in PBST and incubated for 30 min at RT. Coverslips
were washed twice in PBST then incubated with DAPI (1 pg/ml in PBS; Roche) for 5 min at RT,
washed once in diH.O, and mounted in Vectashield (Vector Labs) or Prolong Gold (Life

Technologies).

DNA-FISH

For experiments using chromosome enumeration (XCE) or whole chromosome paint (XCP)
probes, after methanol fixation and immunofluorescence, as described above up until DAPI
labeling, coverslips were fixed for 5 min with 4% PFA in 1x PBS. This and subsequent steps were
performed at RT unless noted. Coverslips were washed twice with 2x SSC (Sigma-Aldrich) for 5
min then permeabilized with 0.2 M HCI + 0.7% Triton X-100 for 15 min at RT. Coverslips were
washed twice with 2x SSC for 5 min, denatured in 50% formamide (EMD Millipore) 2x SSC for 1

hr, washed twice with 2x SSC, then inverted onto 3-5 pl of Spectrum Orange or green XCE or
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XCP probe (MetaSystems) and sealed with rubber cement. Probes and targets were co-
denatured at 74°C for 3 min and hybridized 2 hrs to overnight at 37°C in a humidified chamber (2
hrs for XCE probes and O/N for XCP probes). For methanol fixed cells coverslips were washed
once in pre-heated 0.4x SSC buffer at 74°C for 5 min then twice in 2x SSC + 0.1% Tween-20 for
5 min. For pfa fixed cells coverslips were washed once in pre-heated 0.25x SSC buffer at 74°C
for 5 min then twice in 4x SSC + 0.1% Tween-20 for 5 min. Coverslips were incubated in DAPI
and mounted in Vectashield (Vector Labs) (for analysis of MN morphology or protein recruitment)

or Prolong Gold (Life Technologies) (for MN rupture analysis).

Microscopy

Unless noted below, confocal images were acquired with a Leica DMi8 laser scanning confocal
microscope using the Leica Application Suite (LAS X) software and a Leica ACS APO 40x/1.15
Oil CS objective or a Leica ACS APO 63x/1.3 Oil CS objective. Z-stacks were acquired with the

system optimized step size except where noted.

MN rupture was analyzed from images taken on the Leica DMi8 with a z-step size of 0.5 um.
Lamin A labeled cells for chrl8 MN in hTERT-RPE-1 tetON Rant24n-mcherry cells — and + dox
were imaged on the Leica DMi8 with a Leica ACS APO 63x/1.3 Oil CS objective and a z-step size
of 0.2 um. Post-acquisition, images were deconvolved using lightning with smoothing a size of

medium through the LAS X software.

Lamin A labeled cells for chrl8 and 19 MN in DMSO, methylstat, and TSA treatments were
imaged using a Leica TCS Sp8 with the super-resolution microscope system (STED) using a 775
nm pulsed laser, Leica Application Suite software platform (LAS X version 3.5.7.23225), and a

Leica HC PL APO 100x/1.4 Oil CS2 objective. Before image acquisition the STED and confocal
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beams were manually aligned using FluoSpheres mounted in Prolong Gold and white light laser
setto 594 and 775 nm STED, the alignment was adjusted until the STED FluoSpheres overlapped
with the center of the confocal FluoSpheres images. Images were acquired at ~20 nm pixel size
for a resolution of ~50 nm in the xy plane, and a white light laser was tuned to 405 nm (DAPI),
488 nm (H3K27ac), 556 nm (FISH), 594 nm (lamin A), and 647 nm (CREST) wavelengths. Post-
acquisition, images were deconvolved using lightning with smoothing a size of medium through

the LAS X software.

RCC1 labeled cells for chr19 MN in control and RCC1-H2A expressing cells were imaged using
a Leica Stellaris, a Leica HC Plan Apo 63x / 1.40 Oil CS2 objective, and Leica Application Suite

software platform (LAS X version 4.0.2).

For all images, post-acquisition image processing was limited to cropping the image and adjusting

levels through Adobe Photoshop to make use of the entire histogram spectrum. False colors for

channels were changed through the arrange channels function in Fiji [97].

Time lapse imaging

Unless noted below, time lapse images were acquired using a 40x/1.3 Plan Apo objective on an
automated Leica DMi8 microscope outfitted with a Yokogawa CSU spinning disk unit, Andor
Borealis illumination and an ASI automated stage with Piezo Z-axis. Images were captured with
an Andor iXon Ultra 888 EMCCD camera using MetaMorph software (version 7.10.4; Molecular
Devices). For hypotonic treatment RPE-1 RFP-NLS cells were imaged for single confocal slices
at 2 min intervals for 2 hrs. For post mitotic MN and Nuclei growth U20S GFP-NLS Lamin A-
mcherry cells were imaged for the GFP channel imaged with z- stacks with a z-step size of 0.5

um at 3 min intervals. For leptomycin B treatment in U20S NES-GFP cells were image with z-
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stacks with a z-step size of 2 um at 5 min intervals for 5 hrs. Leptomycin B treatment in RPE-1

NES-GFP-NLS cells was imaged for single confocal slices at 5 min intervals for 8 hrs.

Images for Lamin A gap growth in U20S GFP-NLS Lamin A-mcherry cells were acquired using a
100x/1.4 (oil) objective on an Andor Dragonfly 200 High Speed Confocal Microscope. Images
were capture with an Andor iXon 888 EMCCD using Fusion software and were taken every 10

minutes for z-stacks with a step size of 0.75 um.

Image quantification

An MN was defined as a DAPI positive round object adjacent to or near the nucleus that was
distinct from the nucleus, to distinguish them from nuclear herniations and chromatin bridge
fragments. Teardrop shaped objects were excluded from analysis. Intact MN were defined as
those with H3K27ac mean intensity that was equivalent to that of the main nucleus over some
part of its area or as those with LBR intensity equivalent to or lower than that of the main nucleus.
Ruptured MN were defined as those where the average H3K27ac signal was decreased by >60%
compared to the main nucleus or as those with LBR intensity higher than that of the main nucleus.
Chromosome number was defined as the number of centromere foci, which were assessed by
CREST IF. A positive FISH signal was defined as a focus twice the background signal that partially
co-localized with a centromere. MN area was calculated from maximum intensity projections by
selecting the DAPI channel object and measuring the area in FIJI. Pixel area was converted to

um? using the image dimensions.

Unless noted below protein intensity was quantified for intact (H3K27ac+) MN 24 hrs post-Cdk4/6i
release into Mpsli and corresponding nuclei. Using FIJI, a single z-slice was analyzed from the

middle of the MN. The DAPI or H3K27ac channel was used to create ROIs for nuclei or MN.
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Fluorescence intensity in this region was measured and background subtracted measurements
were obtained using a rolling ball radius of 50 pixels. The total intensity of histone modifications
and RNA pol2 were quantified for intact (H3K27ac+) chr18 and 19 MN containing a single CREST
focus that overlapped with the FISH probe 24 hrs post-Cdk4/6i release into MPS1i. Sum slices
projections were analyzed and the DAPI channel as used to create ROIs for nuclei or MN and

fluorescence intensity in this region was measured.

Bulk MN Ran intensity, chrl8 and 19 MN Ran intensity, and chr 18 and 19 MN RCC1 intensity
were guantified from z-stacks in Imaris x64 8.4.2 (Bitplane). The intensities for intact (H3K27ac+),
containing a single chromosome for FISH samples, 24 hrs post-Cdk4/6i release into Mpsli and
its corresponding nucleus were quantified by first defining the region of interest for each MN and
nucleus by creating a surface using the DAPI or H3K27ac channel. The smoothing was set to
0.5-0.8, and background subtraction of 0.4, and the threshold was adjusted to encompass the
entire nuclear area. The mean intensity, total intensity, and volume for each surface were

recorded.

The organization of H3K29me2 intensity in MN was measured for intact (H3K27ac+) containing
a single chromosome 24 hrs post-Cdk4/6i release into Mpsli. Using FIJI, a single z-slice was
analyzed from the middle of the MN. The H3K9me2 channel was used to create ROIs for MN and
the MN area was divided into concentric shells 1 pixel wide. To measure the mean intensity the
total florescence intensity of the H3K9me2 channel within each shell was measured and divided
by the area of the shell. The number of shells was normalized to a 0-1 scale to compare different

sized MN on the same scale.

Nuclear pore complex (NPC) protein density was determined for intact (H3K27ac+) MN 24 hrs

post-Cdk4/6i release into Mpsli and its corresponding nucleus. The number of NPC foci per
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nucleus was quantified in Imaris x64 8.4.2 (Bitplane) by first defining the region of interest around
each MN and nucleus using the contour tool, then creating spots for each region of interest with
a XY spot diameter set to 0.22 uyM. The threshold was adjusted for each image to capture every
NPC focus in the nucleus but very few spots in the cytoplasm. The same threshold was used for
the corresponding MN. The surface area was calculated in Imaris from the DAPI channel, with
smoothing set to 0.8, and background subtraction of 0.4, and the threshold adjusted to

encompass the entire DAPI signal.

Nuclear lamina gaps in chrl8 and 19 MN and after histone drug treatments were quantified using
a previously established MATLAB pipeline [42]. Nuclear gaps in chrl8 MN after RanT24N
expression were quantified using a MATLAB app previously used for lamina gap identification in

the nucleus [98].

Methods used to calculate mutational signatures of chromothripsis

Single nucleotide variant (SNV) data from 50 cancer cohorts from Pan-Cancer Analysis of Whole
Genomes (PCAWG) Consortium was downloaded [99]. Furthermore, annotations for
chromothripsis events were also matched to coded patient ID i.e. ICGC donor ID [91] leading to
a total of 2987 chromothripsis events across 1019 patients across 50 cancer cohorts.

Chromothripsis events were annotated for:

‘High confidence’

‘Low confidence’

‘Linked to high confidence’ and
e ‘Linked to low confidence’
Only ‘high confidence’ annotated chromothripsis events were selected for analysis and compared

to those with annotations of ‘no’ chromothripsis events.
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Additional chromothripsis annotations are:
e ‘Before polyploidization’
e ‘After polyploidization’
e ‘Canonical without polyploidization’ and
e ‘With other complex events’
‘With other complex events’ was removed from the dataset to remove any confounding factors

due to other complex events.

Chromosomes were categorized into the following categories based on the hypothesized timing
of rupture of micro-nuclei containing the respective chromosomes:

e Early rupture: 13", '18', '21'

e Late rupture: '1','2','3','4''5''6','17",'19','X’

e Mid rupture: '7','8''9','10",'11',"12',"14','15',"16','20",'22"
The filtered dataset results in the following distribution of high confidence chromothripsis events

without any other complex events:

Early Rupture Mid rupture Late Rupture

74 256 332

Sigprofiler [100] was used to assign COSMIC signatures version 3.4 to the SNVs. SNVs in each
patient were assigned one of six categories, which were a combination of chromothripsis status
of ‘yes’ or ‘no’ and chromosome status of ‘early’, ‘mid’ or ‘late’ rupture. SNVs in each category of
the sample were assigned to mutational signatures, which were then normalized by the total
number of SNVs in the sample category. The normalized proportion of SNVs assigned to

APOBEC signature (SBS 2 and SBS 13) were averaged across early, mid and late rupture
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chromosomes that are chromothripsis positive. Code to process the data can be found on a public

repository here: https://github.com/manasvitavashisth/MutationalSignatureAnalysis

Statistics

All statistic tests were conducted using R (version 4.0.0) or Prism (version 10.0.3). For all tests, P-
values greater than 0.05 were considered statistically significant. For all data comprising three or
more groups of observations, a family test (i.e., chi-squared for categorical data, ANOVA test for
continuous data) was performed first to test the null hypothesis that all the observations were the
same. Only data where the family test rejected the null hypothesis were further analyzed by
multiple comparison testing. For statistical analysis of categorical data between 2 groups, p-
values were calculated using Barnard’s exact test on R (version 3.4.1). For statistical analysis of
the distribution of quantitative data between 2 groups where one or more groups deviated from

normality, p-values were calculated with Wilcoxon rank sum test on R (version).

For statistical analysis of the distribution of paired quantitative data (e.g., paired MN-Nuc data
from LEXY imaging) p-values were calculated with the paired Wilcoxon rank sum test on R. To
compare MN:Nuc ratios to the null hypothesis of 1, p-values were calculated with a one sample
Wilcoxon ran sum test on R. Spearman’s rank correlation coefficient was used to assess
monotonic relationships for two variables with non-normal distribution (e.g., LEXY intensity vs
transport rates, fluorescence intensity vs MN areas) with R or prism. To compare the slopes of
regression lines (e.g., LEXY transport data vs cargo concentration) a simple linear regression and

the Analysis of Covariance (ANCOVA) test were performed in prism.

For analysis of chromothripsis mutational signatures the Anova test using the R function ‘aov’ was
used to identify difference in the categoric data sets. Moreover, Turkey Honest Significant

Differences test was used to used ascertain statistically significant differences in the increase in
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APOBEC signature proportion in the early rupture chromosomes undergoing chromothripsis
compared to mid and late rupture. Additionally, chromothripsis negative chromosomes do not
show any statistically significant differences in APOBEC signature in early, mid and late rupture

chromosomes.
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Chapter 3 : The contribution of chromosome identity to micronucleus

formation

Abstract

Micronuclei form when missegregated chromatin recruits its own nuclear envelope at the
end of mitosis. Micronuclei are potent drivers of chromothripsis, the fragmentation and random
reassembly of chromosomes, which occurs at high frequencies in a variety of cancers and is an
initiating event in several brain cancers. We have previously found that micronucleation of
different chromosomes affects rupture frequency, signifying that the identity of the micronucleated
chromosome along with the frequency of micronucleation significantly impacts the acquisition of
genome alterations in cancer. Together these data strongly support the critical need to understand
how micronuclei form in cancer tissue and which chromosomes they contain. Previous work from
our lab and others has shown that chromosome missegregation and micronucleation after mitotic
disruption are non-random, however the mechanism of micronucleation bias has not been
investigated. We find that MN formation after spindle assembly checkpoint (SAC) inhibition is
biased for chromosomes 1, 4, 13, and 18, while MN formation after merotelic attachment is mainly
biased for chromosome 1. These results support micronucleation as a non-random process.
Further work identifying the mechanism behind unique MN biases will enable new insight into the

role of micronuclei in driving tumorigenesis through genome alteration.

Introduction

Micronuclei form when missegregated chromosomes recruit their own nuclear envelope.
Micronuclei have many features of normal nuclei, but are defective in DNA replication and
kinetochore assembly, driving aneuploidy of the isolated chromosome(s) [50,52,53]. The

membranes of micronuclei are unstable and frequently rupture [16], which has been linked to an



innate immune response, and specifically the inflammatory abscopal response, along with
increased expression of epithelial-mesenchymal transition genes [32,101]. In addition,
micronucleus rupture causes chromosome fragmentation and is likely a major mechanism of
chromothripsis [29], which involves fragmentation and random reassembly of chromosomes and
is observed in a wide variety of cancers [102]. Therefore, micronuclei directly connect mitotic
errors and cancer development as their rupture leads to genome instability and inflammation, the
two enabling characteristics for tumorigenesis [21]. Our lab has identified that chromosome
content influences micronucleus stability [42]. However, our knowledge of which chromosomes
are enriched in micronuclei and the mechanism by which specific chromosomes are preferentially
missegregated into micronuclei is not complete. In part, this is because the general mechanisms
of micronucleation versus missegregation have not been elucidated. Micronuclei are a diagnostic
criteria and chromothripsis rearrangements have been documented to cause cancer driving
mutations [103-105], which strongly supports the critical need to understand how frequently
micronuclei form and contribute to cancer genome evolution.

Missegregated chromosomes fail to properly segregate during anaphase. The most
common form is lagging chromosomes, which arise through improper microtubule attachments
or improper chromatid separation, though unaligned and unattached chromatin also contribute to
missegregation. Missegregation can lead to aneuploidy, in which the chromosome is segregated
into the incorrect daughter cell, and/or micronucleation, where the chromosome remains isolated
from the primary chromosome mass. Recurrent gains, losses, and translocations of specific
chromosomes are a defining feature of many cancer types. However, it is not known how much
of missegregation and aneuploidy in cancer is due to initial micronucleation of chromosomes as
opposed to selection. Also, few mechanisms promoting or preventing micronuclei have been
identified despite micronucleation having more severe outcomes compared to missegregation
and aneuploidy alone.

Specific chromosome features cause non-random chromosome missegregation. For
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example, extension of prometaphase leads to missegregation and aneuploidy of the 2 largest
human chromosomes, chromosomes 1 and 2, due to cohesion fatigue [66] while chromosomes
with large centromeres missegregate more frequently after mitotic disruption due to the formation
of more erroneous microtubule kinetochore attachments [67]. Chromosome features have not yet
been studied for their contribution to micronuclei formation, but evidence for a bias in
micronucleation is supported by the enrichment of specific chromosomes in micronuclei isolated
from healthy human tissue [106—108]. A current limitation of these studies is that they are limited
to one form of mitotic disruption, only identify micronuclei that permit cell proliferation, and don't
accurately reflect initial chromosome micronucleation levels. Thus, the true rate of chromosome
micronucleation it is not known. Also, the mechanism behind biased incorporation of
chromosomes into micronuclei has not been identified. Specific chromosome features influence
biased missegregation [66—69], but whether micronucleation bias is due to similar chromosome
features or is a product of the mitotic machinery has not been determined. Here we begin to
develop more comprehensive approaches to look at all chromosomes in MN across multiple
mitotic disruptions. Completing these studies will be essential to identifying whether
missegregation and micronucleation follow the same biases and the factors that influence

micronucleation bias specifically.

Results

MN content is non-random

We focused on identifying MN formation after 2 main mechanisms: Merotelic microtube
attachment and SAC deficiency. These two mechanisms of micronuclei formation have also been
identified as drivers of chromosomal instability in cancer [109]. Merotelic attachments occur when
one sister chromatid is bound by microtubules from both spindle poles and are the primary cause

of chromosome instability in cancer tissue [110]. These attachments are caused by
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mislocalization of kinetochore-microtubule attachment proteins or errors in spindle geometry
during formation of the bipolar mitotic spindle. To identify the chromosomes micronucleated due
to merotelic microtubule attachment in human cells we treated cells with nocodazole, a drug
inhibiting microtubule polymerization that causes mitotic delay resulting in both sister chromatid
cohesion fatigue and increased levels of merotelic attachments after washout. The SAC ensures
proper chromosome segregation by preventing anaphase onset in the presence of unattached
kinetochores [111]. Misexpression of SAC genes has been identified in cancer cells isolated from
multiple tissues and their disruption has been linked to increased levels of chromosome
missegregation [112-114]. To test the effect of SAC deficiency on chromosome specific
micronucleation we treated cells with reversine a small molecule inhibitor of monopolar spindle
kinase 1 (Mps1), an upstream regulator of the SAC. RPE-1 cells were used for these experiments
because they are diploid, rarely form micronuclei spontaneously, and are karyotypically stable.
To determine whether micronuclei are enriched in specific chromosomes, we used
chromosome specific DNA-FISH probes to target a subset of human chromosomes in RPE-1 cells
after nocodazole and reversine treatments (Fig. 3.1a). For each treatment, individual
chromosomes are found to be enriched or depleted compared to what is expected for random
micronucleation (4.3%), supporting that micronucleation is a non-random process. Reversine
caused enrichment of chromosome 1, 4, 13, 18, and 20 while nocodazole MN were mainly
enriched for chromosomes 1 and 11 (Fig. 3.1b). These results suggest that different mitotic
disruptions have different effects on micronucleus content and, importantly, they do not align with
patterns of missegregation found in previous studies [66], suggesting separate biases for each

process.
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Figure 3.1: Non-random micronucleation of human chromosomes.

A. Representative DNA FISH image of micronucleated chromosome 1. B. Micronucleation
frequencies from DNA FISH. Blue bar represents random (4.3%) micronucleation. Chi-square for
goodness of fit test. Reversine: n=(1015, 592, 991, 616, 686, 813, 849, 663, 588, 330).
Nocodazole: n=(111, 451, 127, 515, 382). For all graphs, ns p>0.05, * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001.

Subcellular fractionation and TigerFISH

To follow up on our preliminary results identifying a bias in MN formation, we next wanted
to look at all 23 chromosomes after multiple mitotic disruptions. A challenge with our previous
assay is targeting chromosomes individually with DNA FISH probes. To address this issue we
planned to apply 2 techniques that overcome these limitations: subcellular fractionation with DNA
sequencing and TigerFISH.

| first applied a subcellular fractionation technique to address this question. This protocol
lysed open RPE-1 cells treated with DMSO, nocodazole, or reversine and separated MN from

nuclei by size through a series of sucrose gradients. The DNA from isolated MN could then be
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sequenced to identify chromosome content. Subcellular fractionation of micronuclei has been
used for proteomic analysis by other labs [26,76]. However, after optimization of this protocol we
concluded that subcelluar fractionation was not the best tool to screen MN content after multiple
types of mitotic disruption as the amount DNA recovered at the end of this was insufficient for
DNA sequencing. The only way to overcome this would be to increase the number of cells at the
start of the experiment, however the number of cells needed for each treatment is too high for this
to be a feasible experiment to assay multiple treatments at once.

We next planned to identify the micronucleation frequency of all 23 human chromosomes
after each drug treatment using TigerFISH, a DNA FISH technique developed by the Beliveau lab
[115]. For this technique the Beliveau lab designed an algorithm to identify FISH probe sequences
targeting repeats located in satellite DNA for each chromosome and are tested the specificity of
these probes on metaphase spreads (Fig. 3.2a,b). These probes can be combined with SABER
technology [116] and microfluidic probe exchange to allow for rapid analysis of micronucleus

content and enable high throughput analysis of micronucleation across multiple conditions.
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A. Regions where oligo probes were designed against satellite DNA (blue). Red squares are
indicative of centromeric sequence; black and gray bars are cytogenetic bands. B. Test for
specificity of 2 potential probes for chr1, 9, and 18 on human metaphase spreads using TigerFISH
and SABER. Insets show labeled chromosomes and diagram outlines location of probes on each
chromosome. Chromosomes are identified by cytogenetics.

In collaboration with the Beliveau lab, | began testing the specificity of TigerFISH probes
targeted against satellite regions of DNA in interphase RPE-1 cells. Preliminary experiment
showed specificity of probes targeting chromosome 1 and 18. Further work testing additional
probes and comparing chromosome number and relative position to known chromosome
territories [117] will validate this method in interphase cells. Using TigerFISH to identify MN

content would be advantageous because it also identifies co-micronucleation frequencies for

chromosomes and could be applied to other systems, such as tissue or organoid samples.

Discussion

After this project was set aside, another group performed a similar analysis looking at
chromosome bias in missegregation and MN formation using a combination of single-cell DNA
sequencing, isolation of MN, and DNA-FISH probes [68]. This study focused on missegregation
after Mps1 inhibition in RPE-1 cells and found large chromosomes, such as 1-5, 8, 11, and X, to
be biased toward both missegregation and MN formation. These results slightly differ from our
FISH analysis, where see also see enrichment of smaller chromosomes such as chri8.
Interestingly, they find that this bias is due to interphase nuclear location, where chromosomes
near the nuclear periphery are more likely to both missegregate and form MN. Chromosome 18
is also near the nuclear periphery in interphase, in line with this model. It is possible that this
mechanism is also responsible for MN bias seen in our preliminary studies, though completing
this analysis for all chromosomes would be needed to confirm this. Whether this bias is also
responsible for the enrichment of large chromosomes in MN after nocodazole treatment, or if

other mechanisms connected to large chromosome missegregation such as cohesion fatigue may
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be more dominant in this process, is not known. Investigating whether this mechanism causing
chromosome specific micronucleation is altered in different contexts, such as after different mitotic
errors or in different cell types, will define the requirements for MN formation in cells. This will add
to our understanding of how micronuclei contribute to cancer development and progression while
also allowing for the prediction of chromosomes likely to be impacted by mitotic errors in cancer
tissue.

Subcellular fractionation of MN for protein analysis was recently applied to identify nuclear
processes disrupted in MN [71] proving its strength as a tool for discovery in the MN field. This
tool could be applied to address additional questions proposed in this work, such as better defining
how the MN export defect is established or for identifying what the eventual rupture trigger is in

MN.

70



Methods

Cell lines and culture methods

hTERT-RPE-1 (RRID: CVCL_4388) cells were grown in DMEM/F12 (Gibco) + 10% FBS (Gibco)
+ 1% Pen-Strep (Gibco) + 0.01 mg/ml hygromycin (Sigma-Aldrich) at 5% CO; and at 37°C. To
induce MN for RPE-1 IF and IF+FISH experiments and U20S IF experiments cells were arrested
in G1 by addition of 1 yM PD-0332991 isethionate (Cdk4/6i; Sigma-Aldrich) for 24 hrs. Cells were
released by washing three times in 1x PBS before incubation in 0.5 yM reversine (Mps1i; EMD
Millipore) for 20 hrs. For nocodazole treatment and missegregation position experiments, RPE-1
cells were incubated in 1 ug/ml nocodazole (Sigma-Aldrich) for 14hrs prior to release by washing

three times with 1x PBS and then adding either media alone (nocodazole) or media for 6hrs.

Immunofluorescence

Cells were grown on poly-L-lysine coated coverslips and fixed in 4% PFA (Electron Microscopy
Sciences) for 10 min at RT. Coverslips were blocked in 3% BSA (Sigma-Aldrich) + 0.4% Triton
X-100 (Sigma-Aldrich) + 0.02% sodium azide (Sigma-Aldrich) in 1x PBS (PBS-BT) for 30 min
before incubation in primary antibodies diluted in PBS-BT. Primary antibodies used: mouse or
rabbit anti-H3K27ac (1:250; 1hr; 39085, Active Motif; 1:500; 30m; ab4729; Abcam) and human
anti-CREST (1:100; 1hr; 15-234; antibodies incorporated). Coverslips were washed three times
in PBS-BT then incubated in the following secondary antibodies: Alexa Fluor 647—conjugated
goat anti-human (1:1000; 30m; A-21445; Thermo Fisher Scientific), Alexa Fluor 488—conjugated
goat anti-mouse (1:1000; 30m; A-11029; Thermo Fisher Scientific), Alexa Fluor 488—conjugated
goat anti-rabbit (1:1000; 30m; A-11034; Thermo Fisher Scientific). Secondary antibodies were
dilute in PBST and incubated for 30 min at RT. Coverslips were washed twice in PBST then
incubated with DAPI (1 pg/mlin PBS; Roche) for 5 min at RT, washed once in diH-O, and mounted

in Prolong Gold (Life Technologies).



DNA-FISH

For experiments using chromosome enumeration (XCE) or whole chromosome paint (XCP)
probes, after methanol fixation and immunofluorescence, as described above up until DAPI
labeling, coverslips were fixed for 5 min with 4% PFA in 1x PBS. This and subsequent steps were
performed at RT unless noted. Coverslips were washed twice with 2x SSC (Sigma-Aldrich) for 5
min then permeabilized with 0.2 M HCI + 0.7% Triton X-100 for 115 min at RT. Coverslips were
washed twice with 2x SSC for 5 min, denatured in 50% formamide (EMD Millipore) 2x SSC for 1
h, washed twice with 2x SSC, then inverted onto 3-5 pl of Spectrum Orange or green XCE or
XCP probe (MetaSystems) and sealed with rubber cement. Probes and targets were co-
denatured at 74°C for 3 min and hybridized 2 h to overnight at 37°C in a humidified chamber (2hrs
for XCE probes and O/N for XCP probes). Coverslips were washed once in pre-heated 0.4x SSC
buffer at 74°C for 5 min then twice in 2x SSC + 0.1% Tween-20 for 5 min. Coverslips were
incubated in DAPI and mounted in Vectashield (Vector Labs) (for analysis of MN morphology or

protein recruitment) or Prolong Gold (Life Technologies) (for MN rupture analysis).

Qutline of subcellular fractionation of MN

For MN isolation, four 15cm plates of hTERT-RPE-1 cells were plated for each condition. To
induce MN cells were arrested in G1 by addition of 1 yM PD-0332991 isethionate (Cdk4/6i;
Sigma-Aldrich) for 24 hrs. Cells were released by washing three times in 1x PBS before
incubation in 0.5 uM reversine (Mps1i; EMD Millipore), 1 ug/mL nocodazole (Sigma-Aldrich), or
DMSO for no treatment control for 20 hrs. Nocodazole treated cells were washed three times in
1x PBS 6 hours before starting the protocol and released into normal media. Prior to collecting

cells all conditions were treated with 10 uM RO-3306 (Sigma-Aldrich; SML0569) for 2 hrs to

deplete mitotic cells and with 1 pg/mL cytochalasin D and l1ug/mL nocodazole for 1hr prior to
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collection to depolymerize the cytoskeleton. Cells were trypsinized and pelleted for 5 m at 1.2
krpom 4°C, washed in ice cold 1x PBS and pelleted again. The pellet was suspended in 1 mL
NP40-lysis buffer on ice for 15 min in a BSA coated tube. Cells were lysed by passing cell
suspension through two 1 mL syringes attached to 23 1% g needles connected by a short piece
of plastic tubing 5 times. To pellet the nuclei out of the whole cell lysate 111 uL 2.3M sucrose/1
mL of cell lysate was added and the lysate was centrifuged for 10 m 2 kg 4°C. The supernatant
and the flocculent pellet of whole cells was removed from the top of the nuclear pellet. The nuclear
pellet was resuspend in 500 pL 1M sucrose, placed over a 1 mL 1.8M sucrose cushion, and spun
at 30 m 43 krpm at 4°C in a TLS-55 rotor. After spin, the top layer of the gradient was removed,
the top of the cushion was washed with ~300ul of TKM buffer (50 mM Tris pH 7.5, 25 mM KCI, 5
mM MgCl,) 3 times and the rest of the supernatant was removed. The pellet was resuspended in
200 pL 0.5 M sucrose and placed over a 2 mL discontinuous sucrose gradient: 1 mL 2.3 M
sucrose then 1 mL 1.4 M sucrose. Gradient was spun 30 m 4°C 5krpm. We collected 100 uL
fractions from the top of the gradient and put each in its own tube and then resuspend the pellet
in 100uL of 0.5 M sucrose. Fractions wer stored at -80°C. MN are located be in upper fractions,
PN will be at bottom/pelleted and the contents of each fraction was assayed with microscopy by
taking 2uL of the fraction + 1uL DAPI. Fractions containing only MN or PN were combined,
diluted10x in TKM buffer, and spun at 10 m 20 kg 4°C to pellet nuclei for immunofluorescence or

DNA isolation.

Statistics

All statistic tests were conducted using R (version 4.0.0). For all tests, P-values greater than 0.05
were considered statistically significant. For all data comprising three or more groups of
observations, a family test (i.e., chi-squared for categorical data) was performed first to test the

null hypothesis that all the observations were the same. Only data where the family test rejected
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the null hypothesis were further analyzed by multiple comparison testing. For statistical analysis
of categorical data, MNation frequency for each chromosome was compared to random (4.3%)

and p-values were calculated using Barnard’s exact test on R (version 3.4.1).
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Chapter 4 : Conclusions and future directions

The influence of gene density on MN stability

We find that histone modifications are a key determinate of gene density differences in
MN stability. Specifically, increasing histone methylation in MN leads to instability and defects in
lamina organization. An essential next step to understanding MN stability will be to address why
the stiffness associated with heterochromatin is detrimental to MN stability, rather than beneficial
[73]. Future studies should identify whether this difference in chromatin’s effect on stability is
mainly due to growth differences, as outlined in this work, or if additional mechanisms contribute
to these changes. Possible alternative mechanisms could include altered mechanical forces in
MN due to overcompaction [40,41,93] or a disruption to the expected chromatin-lamina

interactions in MN.

The origin of lamina gaps in MN

We identify growth as a new mechanism promoting lamina defects in MN. This method of
lamina gap formation is unique to MN, as nuclei are able to control their size and don’t experience
overgrowth like MN. We don’'t know whether growth is sufficient for MN rupture, however
additional experiments manipulating growth and determining the effect on both lamina gap
appearance and growth will strengthen our understanding of this pathway. Lamina gaps are
present in intact MN prior to rupture, suggesting they may not be sufficient for rupture. Testing
this hypothesis will be an essential next step in this project. If lamina gaps are not sufficient for
MN rupture, novel rupture triggers could be identified through subcellular fractionation and
proteomics to identify unique MN proteins or by testing proteins already known promote MN

rupture, such as ATR [18] or Chmp7, to test if they are working in this same pathway.
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Defective nuclear export in MN

We find that only export is largely altered in MN in RPE-1 and U20S cells, in contrast to
other studies that find an import defect in MN [17,52]. Our reporters for import are small in size
and some proteins found to be lost from MN are very large. Large proteins are more sensitive to
changes in the Ran gradient [58], and therefore it is possible that we are missing a large protein
import defect in our studies. Similar to previous studies [16,17,42,48,50,54] we do see a depletion
of nuclear pores in MN. Additionally, the extent of import ability in MN may differ based on the
method of MN formation, which has been shown to influence growth potential in MN [62].
Confirming our export defect is present after MN formation from nocodazole treatment in RPE-1
cells would be a good first step to test this possibility.

We observe a continuous growth defect for MN, which is likely unique to MN because of
their location in the same cytoplasm as a fully functioning nucleus. Studies that inhibit nuclear
export [85] or induce RCCL1 loss [89] find a limit to nuclear growth or accumulation of proteins and
don’t report nuclear rupture. The cellular environment of MN therefore may enhance transport
defects and their consequences. This association between nuclei and MN could also lead to
competition for protein access, which could possibly contribute to defects in nuclear functions,
including loss of RCC1 from MN. Taking advantage of experimental systems that increase
transport cargo access, such as the permeabilized cell assay where the plasma membrane of
cells is permeabilized and exogenous cytoplasm is added to cells [118,119], can give us sight into

this relationship by relieving competition between these nuclear compartments.

Further work looking at origin of the export defect in MN is needed to determine if RCC1
loss is the main cause. This has been difficult for us to identify because RCC1 is an essential
protein necessary for both mitotic spindle formation and NE reformation [120,121], so it cannot
be largely manipulated in cells without additional consequences that inhibit studying MN function.

RCCL1 is located in the nucleus through 2 mechanisms. RCC1 is bound to chromosomes during
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mitosis and also is also imported into nuclei after the nuclear envelope is resealed [122]. Our
preliminary data show that RCC1 levels in MN decrease over time. This suggests an issue with
RCC1 maintenance, rather than recruitment. Most MN can import at similar levels to nuclei,
suggesting that lack of import is not the main reason for RCC1 depletion in MN. However, RCC1
import could be low due to competition with the nucleus. Testing this hypothesis will strengthen

our model by defining RCC1’s role in MN rupture.

MN rupture in cancer

Based on the data presented in this work, we propose that MN rupture timing is an
important contributor to the lasting consequences of MN rupture in vivo. Work looking at biases
in MN content, from this project and others [68], finds that chromosomes near the nuclear
periphery, which are normally heterochromatic, are enriched in MN. We find that heterochromatic
chromosomes rupture early and acquire more APOBEC mutations during chromothripsis.
Together this suggest that early rupturing chromosomes are commonly found in MN and likely
make a significant contribution to MN rupture consequences in cancer tissues. In addition, we find
that euchromatic chromosomes are stable and delay rupture due to a defect in growth. This
stability is also seen in double minute chromosome MN, which are small, euchromatic, and rarely
rupture [95]. The mechanism behind small gene rich MN stability we have uncovered here might
be applicable in these unique MN. To test whether the mechanisms of MN rupture outlined in this
project are at work in double minute MN, future work should characterize growth and lamina
organization in these MN. Additionally, testing whether their stability is decreased by methylstat
treatment, similar to chr19 MN, would determine whether the histone modification rupture pathway

identified in this work is function in these MN.
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Conclusions

This project describes the contribution of chromosome identify to MN formation, function,
and rupture. The findings presented here identify a novel pathway for MN rupture, MN transport,
and connect transport levels to chromosome identity through histone modifications. This work
begins to define how transport contributes to lamina organization defects and instability.
Additional mechanisms that promote MN rupture will likely interact with the mechanism described
here and connecting these processes will be key in pushing the MN field further. Elucidating the
causes of MN rupture will allow to us transfer this knowledge to in vivo systems, connecting MN

formation and rupture to the consequences in cancer tissue.
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Appendix A: Supplementary material for Chapter 2

Supplementary Figures
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Supplementary Figure 2.1: Manipulation of histone modifications and transcription in
nuclei and MN

A. Maximum intensity projection images of intact (H3K27ac+) and ruptured (H3K27ac-) MN in
RPE-1 cells containing a single copy (1 CREST focus) of chrl8 or 19. B. Maximum intensity
projection images of intact (LBR-) and ruptured (LBR+) MN in RPE-1 cells containing a single
copy (1 CREST focus) of chrl18 or 19. Scale bar for Aand B = 10um. C. Quantification of H3K27ac
and LBR colocalization in RPE-1 cells 84.5% LBR- MN were of H3K27ac+ and 4.3% of LBR+ MN
were of H3K27ac+. N=3, n=620. D,E. Example images of H3K9me2 and H3K27me3 staining in
nuclei and MN from RPE-1 cells with single sections shown. Quantification of H3K9me2 and
H3K27me3 intensity in nuclei and intact (H3K27ac+) MN in cell treatment with DMSO and 5um
methylstat. Scale bar = 10um. C. H3K9me2 Wilcoxon ran sum test, N=3, n=(62,58,82,86) D.
H3K27me3 Wilcoxon ran sum test, N=3, n=(231, 269, 109, 177). F. Example images of H3K27ac
staining nuclei and MN from RPE-1 cells with single sections shown. Quantification of H3K27ac
in nuclei and micronuclei in cells treated with DMSO and 100nm TSA. Scale bar = 10um. Wilcoxon
ran sum test. N=3, n=(224, 252, 93, 149). G. Example images of Pol Il pSer2 staining in nuclei
and MN from RPE-1 cells with single sections shown. Quantification of Pol Il pSer2 intensity in
nuclei and intact (H3K27ac+) MN in cells treated with DMSO and 100ug/ml DRB. Wilcoxon ran
sum test. N=3, n=(210,267,136,220). H. Intact proportion of bulk MN 24hr post BAY determined
by H3K27ac classification in cells treated with DMSO, 5uM methylstat, and 100ug/ml DRB.
Barnards test, N=3, n=(477,432, 386). I. intact proportion of bulk MN 24hr post BAY determined
by LBR classification in cells treated with DMSO and 100nm TSA. Barnards test, N=3, n=(462,
560). J. Intact proportion of 24hr post BAY release single chromosomes chrl8 and 19 MN after
DMSO and 100ug/ml DRB treatment. Barnards test, N=3, n=(216,147,165, 304). For all graphs,
ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Figure 2.2: Lamina gaps and instability in MN correlate with growth not
LADs

A. Example images of H3K9me2 staining in single chromomsome 18 and 19 RPE-1 cell MN
treated with DMSO , 5uM methylstat, or 100nm TSA with single sections shown. Scale bar =
10um. B. Chrl8 and 19 MN from A were segmented into 1um thick concentric shells and the
mean H3K9me?2 intensity was quantified in each shell N=3, chr 18 n=(30, 34), chr19 n=(29, 30).
C. Max projected area for bulk intact MN in RPE-1 cells treated with DMSO and 5uM methystat
for 4 hours. N=3, n=(268, 276). D. Maximum projected area of nuclei in RPE-1 control cells and
after hypotonic swelling in media diluted 1:2 in sterile H20 for 1 hour. Wilcoxon rank sum test, N=
3, n=(233, 377). E. MN stability for single chromosome 18 or 19 MN in RPE-1 cells 24hrs after
BAY for control and hypotonic treated cells. Barnards test, N=3, n=(224, 169, 85, 70). F.
Quantification of Ran staining in nuclei and intact MN in RPE-1 TetOn Tre-RanT24N-mcherry

91



cells treated with Ong/ul and 100ng/ul dox. Wilcoxon rank sum, N=3, n=(79,113,72,97). G.
Quantification of RanT24N-mcherry staining in nuclei and intact MN in RPE-1 TetOn Tre-
RanT24N-mcherry cells treated with Ong/ul and 100ng/ul dox. Wilcoxon rank sum, N=3,
n=(79,113,72,97). For all graphs, ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Figure 2.3: MN transport rates are conserved and not correlated with MN
area

A. Nuclear import and export rates quantified form LEXY intensity changes are not correlated with
MN area. B. LEXY-mcherry intensity quantified in MN and nuclei at the start of imagine in the
absence of UV (initial) and after 45 min of UV exposure to induce export (plateau). MN were
compared to their corresponding nuclei. One-sample Wilcoxon rank sum test, N=3, n=(34). C.
NES-GFP-NLS intensity levels quantified in RPE-1 cell MN are not correlated with MN area.
Spearman correlation R=0.014, p=0.93. D. Maximum projection images of U20S cells expressing
NES-GFP-NLS. Scale bar = 10um. NES-GFP-NLS intensity was quantified for nuclei and intact
MN in U20S cells. Wilcoxon rank sum, N=1 n=(25, 41) E. NES-GFP-NLS intensity levels
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quantified in U20S cell MN are not correlated with MN area. Spearman correlation R=-0.25,
p=0.55. F. RFP-NLS intensity levels quantified in RPE-1 cell MN are not correlated with MN area.
Spearman correlation R= 0.35, p=0.0081. G. MN:Nuc ratios for RFP-NLS and NES-GFP-NLS
intensity quantified in RPE-1 cells. One-sample Wilcoxon rank sum test, N=3,1, n=(55,43). H,.
The intensity of NES-GFP-NLS and area for nuclei and intact MN measured from live imaging of
RPE-1 cells expressing NES-GFP-NLS at the start of imaging and 5hrs after 20ng/ul leptB LB
addition. The fold change of area and intensity over 5hrs was calculated. Wilcoxon rank sum test,
N=1, Nuc n=36, MN n=46. J. Live imaging of U20S cells expressing GFP-NES with single
sections shown. Cells imaged every 5 minutes. Arrowheads show MN that exclude GFP-NES
before leptB addition and accumulate GFP-NES after leptB addition. Intensity min and max were
reset to better visualize localization at each timepoint. Scale bar= 10 um. Time shown as
hr:min.For all graphs, ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Figure 2.4. RCC1 levels more than NUP density correlate with export
defects in MN

A. Maximum projections of the top surface of nuclei and MN in RPE-1 cells stained for Nup133,
Nupl53, TPR, and CRM1. Intact MN indicated by white circles. Scale bar =10um. B.
Quantification of NUP density for images in A. Wilcoxon rank sum test, N=(3,3,3,1),
n=(84,76,84,32). One sample Wilcoxon rank sum comparing MN:Nuc to 1, Nup133 p<0.0001,
Nup153 p<0.0001, TPR p<0.0001, CRM1 p<0.0001. C. Correlation between NUP density and
MN volume for quantification in B. R= Spearman correlation coefficient. Nup133 p<0.01, Nup153
p<0.0001, TPR p<0.0001, CRM1 p>0.05. D. Ran intensity levels quantified in RPE-1 cell MN are
not correlated with MN area. Spearman coefficient R= 0.26, p=0.0017. E. RCC1 intensity levels
quantified in RPE-1 cell MN are not correlated with MN area. Spearman coefficient R= 0.24,
p=0.0033. F. Maximum projected images of RCC1 staining in U20S cells. Intact MN indicated by
white circles. Scale bar= 10um. G. Quantification of RCC1 intensity in F for nuclei and intact MN.
Wilcoxon ran sum test, N=1, n=(46, 68). H. RCC1 intensity in U20S cell MN is not correlate with
MN area. Spearman coefficient R= 0.1, p=0.41. I. Images of RCC1 in RPE-1 cells treated with
DMSO and 5um methylstat. Single sections shown. Quantification of RCCL1 intensity in nuclei and
intact MN. Wilcoxon ran sum test, N=3, n=(168, 177, 268, 276). For all graphs, ns p>0.05, *
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Figure 2.5: Controls for chromothripsis analysis

A,B. Chromothripsis calls are not biased by chromosome class. C. Mutational signatures are
broadly present and identifiable in all chromosome classes, with and without chromothripsis
events (labeled as ‘chromothripsis’ or ‘no’). Chi-square test D. APOBEC mutational signature is
not increased in early rupture chromosomes not involved in chromothripsis events. Anova p=ns.
Number of non-zero datapoints out of the total are indicated under each group. n=(3770, 3946,
3944). For all graphs, ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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