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Abstract

Micronuclei, whole or fragmented chromosomes which are spatially separated from the main
nucleus, are strongly associated with genomic instability and have been identified as drivers of
tumorigenesis. Paradoxically, Kifi8a mutant mice produce micronuclei due to unaligned
chromosomes in vivo but do not develop spontaneous tumors, raising questions about whether
all micronuclei contribute similarly to genomic instability and cancer. We report here that
micronuclei in Kif18a mutant mice form stable nuclear envelopes. Challenging Kif18a mutant mice
via deletion of the Trp53 gene led to formation of thymic lymphoma with elevated levels of
micronuclei. However, loss of Kif18a had modest or no effect on survival of Trp53 homozygotes
and heterozygotes, respectively. To further explore micronuclear envelope stability in KIF18A KO
cells, we compared micronuclei induced via different insults in cultured cells. Micronuclei in
KIF18A KO cells form stable nuclear envelopes characterized by increased recruitment of core
and non-core nuclear envelope components and successful expansion of decondensing
chromatin compared to those induced by microtubule drug washout or exposure to radiation. We
also observed that lagging chromosomes, which lead to micronucleus formation, were positioned
closer to the main chromatin masses, and further from the central spindle, in KIF18A KO cells.
Our studies provide in vivo support to models suggesting that micronuclear fate depends on the
sub-cellular location of late lagging chromosomes and suggest that not all micronuclei actively
promote tumorigenesis.
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Introduction

Micronuclei contain chromosomes which are excluded from the main nucleus and are used
clinically as a biomarker to evaluate genomic instability (Fenech and Morley, 1985; Tolbert et al.,
1992; Dertinger et al., 1996; Fenech, 2000; Bonassi et al., 2007; Imle et al., 2009; Fenech et al.,
2011; Luzhna et al., 2013). Micronuclei are widely associated with chromosomally unstable
tumors and poor patient prognosis (Bonassi et al., 2007; Imle et al., 2009; Fenech et al., 2011;
Luzhna et al.,, 2013). Growing evidence demonstrates that micronuclei are not only passive
markers, but also active drivers of genomic instability — though the specific conditions required for
this transformation are not fully elucidated (Stephens et al, 2011; Rausch et al., 2012; Holland
and Cleveland, 2012; Crasta et al., 2012; Nones et al., 2014; Zhang et al., 2015; Luijten et al.,
2018).

Micronuclei can arise due to various errors occurring during the cell cycle, including improper
attachments between microtubules and kinetochores, DNA replication errors, and unrepaired
DNA damage (Fenech and Morley, 1985; Cimini et al., 2001; Hoffelder et al., 2004; Crasta et al.,
2012). Chromosomes which become micronucleated can be whole or fragmented, and DNA
content can be centromere-containing or acentric, with different mechanisms of micronucleus
formation leading to varying levels of damage to the micronucleated DNA content (Ding et al.,
2003; Hoffelder et al., 2004; Terradas et al., 2009; Terradas et al., 2010; Huang et al., 2011,
Crasta et al., 2012, Hatch et al., 2013, Zhang et al., 2015, Liu et al., 2018).

There are two widely accepted, non-mutually exclusive mechanisms that explain how a
micronucleated chromosome may lead to genomic instability. First, cells entering cell division with
a micronucleus can become fragmented and result in severe, localized DNA rearrangements to
the micronucleated chromosome (Crasta et al., 2012; Holland and Cleveland, 2012; Jones and
Jallepalli, 2012; Zhang et al., 2015). This catastrophic process, termed chromothripsis, has been
identified as an early event in tumorigenesis, and has been elegantly demonstrated in
experiments pairing long-term imaging with single-cell whole genome sequencing in cultured cells
(Zhang et al., 2015). Further, loss of micronuclear envelope integrity can also lead to genomic
instability by exposing the chromosome to damage in the cell’'s cytoplasm (Hoffelder et al., 2004;
Hatch et al., 2013; Zhang et al., 2015, Shah et al., 2017). While these separate and distinct cellular
events may follow one another along a shared pathway, this does not occur in all cases (Hatch
et al., 2013, Zhang et al., 2015; He et al., 2019).

More recently, micronuclei have been demonstrated to form as a result of chromosome alignment
defects during mitosis (Fonseca et al., 2019). In cultured human cells lacking the function of the
kinesin KIF18A, chromosomes fail to properly align at the mitotic spindle equator, segregate in a
disordered fashion, and display an increased probability of forming micronuclei (Fonseca et al.,
2019). Furthermore, mice with inactivating mutations in Kif18a form micronuclei in vivo, with
micronuclear incidences significantly elevated from levels of spontaneously occurring micronuclei
in wild type mice. Paradoxically, Kif18a mutant mice do not develop tumors spontaneously and
have been shown to be resistant to induced colitis-associated colorectal cancer (Zhu et al., 2013).
These results raise a number of questions about the conditions under which micronuclei might
induce genomic instability and tumorigenesis in vivo. Kif18a mutant mice are a useful system for
studying the effects of micronuclei in vivo since the level of aneuploidy observed in these mice is
low, with no apparent increase in aneuploidy detected in mouse embryonic fibroblasts, allowing
separation of effects due to micronucleation from those caused by widespread aneuploidy
(Czechanski et al., 2015; Fonseca et al., 2019).
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84 It is possible that micronuclei in Kif18a mutant mice minimally impact genomic stability due to
85  p53-dependent cell cycle arrest or maintenance of micronuclear envelope stability. Activation of
86  p53 in micronucleated cells has been observed to cause cell-cycle arrest in the subsequent G1
87  (Uetake and Sluder, 2010; Santaguida, et al., 2017, Thompson and Compton, 2010), and
88  micronucleated KIF18A KO cells are subject to a p53-dependent cell cycle arrest in culture
89 (Fonsecaetal., 2019). Itis plausible, then, that micronuclei produced due to loss of Kif18a do not
90 contribute to tumorigenesis in mice because a p53-dependent pathway prevents micronucleated
91 cells from dividing further. This possibility is consistent with the results of in vitro studies that
92  demonstrated the contribution of micronuclei to genomic instability over repeated divisions where
93  experiments were carried out in cell lines lacking p53 activity (Crasta et al., 2012, Hatch et al.,
94 2013, Zhang et al., 2015, Liu et al., 2018, Soto et al., 2018). In addition, recent studies have
95 demonstrated that not all micronuclei undergo nuclear envelope rupture (Liu et al., 2018; He et
96 al., 2019). Thus, it is also possible that micronuclei in Kif18a loss of function cells form stable
97 nuclear envelopes, which could reduce their negative impact on genomic stability.

98 To investigate the effects of p53 status and micronuclear envelope stability on the impact of

99  micronuclei in vivo, we developed a mouse model lacking Kif18a and p53 function. We found that
100  micronuclei arising due to chromosome unalignment formed robust micronuclear envelopes
101  which rupture less frequently than those surrounding micronuclei formed due to improper
102  kinetochore-microtubule attachments. These data indicate that the type of insult which leads to
103  micronucleus formation can impact resulting micronuclear stability, and we speculate that these
104  differences influence the severity of overall risk to genome integrity.

105
106 Results

107 Loss of Kif18a increases micronuclei in both normal tissues and thymic lymphomas of
108  p53-null mice.

109  Mice homozygous for the Kif18a mutation gcd2 (germ cell depletion 2) lack KIF18A activity and
110  form micronuclei due to chromosome alignment defects in vivo (Czechanski et al., 2015; Fonseca
111 et al., 2019). While Kif18a%°%9°> mice are infertile due to mitotic defects during embryonic
112 germline development, they do not develop spontaneous tumors (Czechanski et al., 2015).

113 Analyses of KIF18A KO RPE1 cells indicated that micronucleated cells rarely entered mitosis
114  (Fonseca et al., 2019). This arrest was at least partially dependent on p53, consistent with other
115  reports of cell cycle arrest following micronucleation. Thus, we reasoned that a p53-dependent
116  mechanism could limit the impact of micronuclei on tumor induction or development in Kif18a
117  mutant mice (Sablina 1998, Thompson and Compton, 2010; Fonseca et al., 2019). To investigate
118  this possibility, we crossed Kif18a%“?* mice with mice heterozygous for a p53 null mutation
119 (Trp53™ ™) (Fig. 1A).

120  Micronuclei in Kif18a mutant mice were previously quantified in red blood cells via flow cytometry
121  (Fonseca et al., 2019). To confirm that micronuclei are present in other tissues, we analyzed
122 thymus, spleen, and liver tissues from mice carrying Kif18a mutations in the presence or absence
123 of Trp53. As expected, Kif18a%°9%°* mice displayed elevated levels of micronuclei in all tissues
124  compared to littermate controls (Fig. 1B-C and Table S1). Healthy thymus, spleen, and liver
125  tissues from Kif18a9°926%2 Trp53'™1 ™itm? ¥ mjce exhibited similar percentages of micronucleated
126  cells as Kif18a%°#%**? mice (Fig. 1C). Additionally, analyses of micronucleated reticulocytes via
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127  flow cytometry also indicated that the percentage of micronucleated cells was not affected by p53
128  in vivo (Fig. 1D).

129  Mice homozygous or heterozygous for null mutations in Trp53 develop a spectrum of tumors, with
130  a predominance of thymic lymphoma (Jacks et al., 1994). Consistent with this, Kif18a9%9%9°?
131 Trp53™' ™™ T homozygous mutant mice developed tumors within 3 months, with the vast
132 maijority exhibiting thymic lymphoma (78%). To investigate whether the prevalence of micronuclei
133 found within tumor tissues varied among Kif18a mutant and Trp53 mutant animals, we analyzed
134  primary thymic lymphoma sections stained with Hoechst to label DNA. We observed that tumors
135  from Kif18g9°9%9°42 = Trp53™T T/m1 Tvi mice exhibited elevated levels of micronucleated cells
136  compared to those from Kif18a**, Trp53™" 'm' imjce (p < 0.001; Fig. 2A-B).

137  Loss of Kif18a minimally affects the survival of Trp53 mutant mice.

138  If the elevated levels of micronuclei observed in Kif18g9°9%9¢%2 = Trp53im! Tm 1 T gccelerated
139  tumorigenesis, we reasoned that this effect would reduce survival. We did find that mice
140  homozygous for both Kif18a and p53 mutations had a small but significant reduction in survival
141  compared to p53 null littermates with wild type Kif18a (p = 0.01; Fig. 2C, left). The reduced survival
142 of the double mutants could be explained by (1) an increase in tumor development that occurs as
143 aresult of the Kif18a mutation, (2) an interaction between the Kif718a null genotype and the genetic
144  background differences introduced by the cross, or (3) a slightly reduced ability of Kif18a null mice
145  to cope with rapid tumorigenesis. To help distinguish between these possibilities, we tested the
146  effects of Kif18a loss of function on survival of p53 heterozygotes, which exhibit slower tumor
147  development. Within the p53 heterozygous population, there was no significant difference in
148  survival between Kif18a9°%2%°%2 and Kif18a"* animals (p = 0.4284; Fig. 2C, right). These results
149  demonstrate that reduced survival in the Kif18a null, p53 mice cannot be attributed to genetic
150  background effects on the Kif18a null genotype. Furthermore, micronuclei formed due to the
151 absence of Kifi8a are unlikely to contribute strongly to a reduction in survival, since
152  micronucleated cell frequency is similarly high in both p53 homozygotes and heterozygotes
153  lacking Kif18a function (Fig. 1C and Table S1). Therefore, the reduced survival observed in
154  Kif18a9°9%9°42  Trp53™! Twm1 Tvi mice is likely due to a reduced ability of Kiff8a mutants to cope
155  with rapid tumorigenesis.

156

157  Micronuclear envelopes in normal tissues of Kif18a9°929¢92  Typ53tm? Tvitm1 Tvi mjce are
158 stable, but those in tumor cells are disrupted.

159  Micronuclear envelope instability has been reported to contribute significantly to genomic
160 instability (Hatch et al., 2013; Shah et al., 2017; Zhang et al., 2015; Liu et al., 2018). Previous in
161  vitro studies indicate that micronuclear envelopes are often incomplete, lacking the appropriate
162  and expected density, deposition, or diversity of some nuclear envelope components (Hatch et
163  al., 2013; Liu et al., 2018). To analyze micronuclear envelopes in Kif18a mutant mice, sections
164  from liver, spleen, and thymus were stained for the core nuclear envelope protein lamin A/C and
165 DNA (Fig. 3A). Micronuclei surrounded by continuous lamin A/C signal were considered to have
166 intact nuclear envelopes, while those containing gaps in or completely lacking lamin A/C were
167  considered to have ruptured nuclear envelopes. We found that the majority of micronuclear
168  envelopes remained intact (only 3-17% rupture, varying by tissue type) and did not exhibit
169  evidence of rupture within healthy tissues from Kif18a mutant mice (Fig. 3B and Table S1). In
170  contrast, micronuclei found in tissues from WT mice were rare but usually exhibited evidence of
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171 rupture (100% of micronuclei in thymus, n=1, were ruptured; 50% of micronuclei in spleen, n=2,
172 were ruptured; 100% of micronuclei in liver, n=1, were ruptured). The incidence of micronuclear
173  envelope rupture was also uniformly low regardless of Trp53 allele status. Thus, micronuclei
174  formed following loss of KIF18A function in vivo appear to have stable nuclear envelopes.

175  We also investigated whether micronuclei within tumor tissues maintain stable nuclear envelopes.
176  Sections from primary thymic lymphomas stained for lamin A/C and DNA (Hoescht) were used to
177  analyze micronuclear rupture (Fig. 3A). Micronuclear envelope rupture rates in tumors were
178  elevated relative to normal thymus tissue, however, there was no significant difference in the
179  rupture frequency between mice lacking only p53 and those lacking both Kif18a and p53 (43% vs
180 46%, Fig. 3C and Table S3). These data suggest that the stability of micronuclear envelopes in
181  Kif18a mutant cells could limit genomic instability and spontaneous tumorigenesis in Kif18a
182  mutant mice.

183
184  Micronuclei induced through loss of KIF18A rupture infrequently in vitro.

185  To further explore micronuclear envelope stability in KIF18A mutant cells, we established an in
186  vitro system to compare micronuclei induced via different types of insults in a human retinal
187  pigment epithelial cell line (RPE1) immortalized by human telomerase expression (hTERT).
188 hTERT-RPE1 cells are female, near diploid cells containing a modal chromosome number of 46
189  with a single derivative X chromosome and have been used previously for investigating
190 micronuclear envelope rupture (Zhang, et al., 2015; Hatch et al., 2013; Liu et al., 2018). We will
191  refer to these hTERT-RPE1 cells as “RPE1” throughout, for simplicity.

192  Micronuclei were induced in RPE1 cells via: 1) a nocodazole drug washout treatment, which leads
193  to improper attachments between kinetochores and microtubules; 2) knockout (KO) of the KIF18A
194  gene; 3) sub-lethal doses of radiation, which lead to double-stranded DNA breaks and fragmented
195 chromosomes; and 4) siRNA knockdown of Mad2 (mitotic arrest deficient-2) protein, which
196 disables the mitotic spindle assembly checkpoint and causes micronuclei through a combination
197  of both improper kinetochore-microtubule attachments and chromosome unalignment (Fenech
198  and Morley, 1985; Cimini et al., 2001; Burds, et al., 2005; Lusiyanti et al., 2016; Fonseca et al.,
199  2019; Fig. 4A). Micronuclei also spontaneously form within wild type populations of RPE1 cells at
200 low frequencies (1%), and RPE1 cells treated with a non-targeting siRNAs were used as controls
201  (Tolbert et al., 1992).

202  We analyzed cells following each treatment for the presence of micronuclei via staining with the
203  DNA dye DAPI. Micronuclei were identified as DAPI-stained chromatin masses outside the main
204  nucleus, and the percentage of micronucleated cells observed in each population was quantified.
205 Consistent with previous observations, we found that 5.3% of KIF18A KO RPE1 cells formed
206  micronuclei (Fig. 4B and Table S4) (Fonseca et al., 2019). To facilitate comparison, a short
207  treatment of nocodazole (2 hours) before washout was used to yield a similar percentage of
208  micronucleated cells (5.6%, Fig. 4B and Table S4). We also found that 4% of RPE1 cells treated
209  with MAD2 siRNAs formed micronuclei and 19% of RPE1 cells subjected to 1 Gy radiation had
210  formed micronuclei when evaluated 24-hours after exposure (Fig. 4B and Table S4).

211  Micronuclear envelope rupture was assessed by analyzing RPE1 cells labeled with lamin A/C
212  antibodies and DAPI. Micronuclei were scored as ruptured if lamin A/C label was absent (Fig.
213 4C). To validate this approach, we tested the ability of micronuclei to retain an mCherry-tagged
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214  nuclear localization sequence (mCherry-N7) as a function of lamin A/C staining (Fig. S1).
215  Specifically, micronuclear envelopes were quantified as ruptured based on 1) discontinuous lamin
216  A/C staining and 2) leakage of mCherry-N7 signal outside the contained micronuclear area,
217  identified via DAPI. By comparing these two criteria in the same micronuclei, we determined that
218 lamin A/C signal alone is predictive of the integrity of the micronuclear envelope for 96% of cells
219  (134/140 micronuclei), suggesting that lamin A/C immunofluorescence is a reliable method to
220  determine rupture status of micronuclear envelopes in fixed cells. Consistent with previous reports
221  (Hatch et al., 2013, and Liu et al., 2018), micronuclei produced via nocodazole washout
222  experienced high rates of micronuclear envelope rupture (58%), as evidenced by a loss of robust
223 lamin A/C signal co-occurring with micronuclear DNA (Fig. 4D and Table S5). In contrast,
224  micronuclei in KIF18A KO cells exhibited low rates of micronuclear envelope rupture (16%)
225  compared to micronuclei produced via all other inductions (p < 0.001, Fig. 4D and Table S5). We
226  observed a moderate level of micronuclear envelope rupture in cells following MAD2 KD (46%),
227  control KD (33%), and irradiation (32%, Fig. 4D and Table S5). It should be noted that micronuclei
228  that form spontaneously (control KD) and those that form following MAD2 KD could result from a
229  mix of initial cellular insults, including improper kinetochore microtubule attachments and
230  alignment defects. This could explain the intermediate level of rupture observed compared to
231  micronuclei in nocodazole treated and KIF18A KO cells. The frequencies of micronuclear
232 envelope rupture in each population were not significantly affected by p53 KD, consistent with our
233 invivo results.

234  The relatively low micronuclear envelope rupture frequency observed in KIF18A KO cells could
235  be explained by increased micronuclear envelope stability or a requirement for KIF18A in the
236  micronuclear envelope rupture process. To distinguish between these possibilities, KIF18A KO
237  and control RPE1 cells were subjected to nocodazole washout, in parallel, and micronuclear
238  envelope integrity was assessed. Because cells were fixed 2 hours post nocodazole washout, a
239 large fraction of micronuclei present in each cell population at this time point are expected to have
240 formed due to improper kinetochore-microtubule attachments. We found that micronuclei in
241  KIF18A KO cells treated with nocodazole washout displayed similar rates of rupture as those
242 produced via drug treatment in RPE1 control cells (not significant, p = 0.2041, Fig. 4E and Table
243  S6). These data indicate that KIF18A is not required for micronuclear envelope rupture, and
244  therefore, micronuclear envelopes in KIF18A KO cells are more stable than those formed due to
245  induced kinetochore microtubule attachment defects.

246

247  Micronuclei in KIF18A KO cells successfully recruit non-core nuclear envelope
248 components.

249  Nuclear envelope stability is dependent on proper reassembly of humerous nuclear envelope
250 components at the completion of cell division. Before chromosomes can interact with spindle
251  microtubules in mammalian cells, nuclear envelope components must be disassembled and
252  relocated. Several nuclear envelope proteins are found ubiquitously throughout the cytoplasm
253  following nuclear envelope disassembly, whereas other components are unevenly distributed to
254  organelles in the dividing cell (Hetzer, 2010). Some nuclear pore components are localized to the
255  kinetochore (ex. ELYS, Nup107-160 complex), while inner nuclear membrane proteins, such as
256  lamin B, are stored within the membranes of the ER at this time (Yang et al., 1997; Zuccolo et al.,
257  2007; Hetzer, 2010).
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258 In addition to differences in their mitotic localization, nuclear envelope components are
259  categorized by their localization on decondensing chromatin surfaces following chromosome
260  segregation (Clever et al., 2013; Liu and Pellman, 2019). Lamin A/C, a nuclear envelope protein
261  found ubiquitously throughout the cytoplasm during mitosis, is a “core” nuclear envelope
262  component, as it is recruited to the central chromosome mass nearest the central spindle axis
263  during nuclear envelope reformation (Clever et al., 2013). Alternatively, lamin B is a “non-core”
264  component because it is targeted to the chromosome peripheral regions during nuclear envelope
265 reformation (Clever et al., 2013). Incorporation of non-core components is necessary for
266  transport-competent nuclear envelopes and proper nuclear functions (Hetzer, 2010; Clever et al.,
267 2013, Liu and Pellman, 2019). Micronuclear envelope stability is enhanced by successful
268  recruitment of lamin B, while loss of lamin B causes holes to form in the lamina, increasing the
269  frequency of nuclear envelope rupture (Vergnes et al., 2004; Vargas et al., 2012; Hatch et al.,
270  2013; Liu et al., 2018).

271  To compare the extent of non-core nuclear envelope component recruitment to micronuclei in
272 KIF18A KO cells and those subjected to nocodazole drug washout, cells were fixed and co-
273  stained with DAPI and an antibody against lamin B1 (Fig. 5A). These experimental conditions
274  were chosen for comparison because they exhibited the lowest and highest rates of micronuclear
275  envelope rupture, respectively (Fig. 4D and Table S5). Fluorescence intensities of lamin B were
276  measured using background-subtracted radial profile plots. The DNA boundary, as determined
277 by DAPI, was used to determine the appropriate boundary of chromatin area for each individual
278  micronucleus quantified. Ratios of lamin B surrounding micronuclei and corresponding primary
279  nuclei within the same cell were also calculated for comparison. Quantifications of lamin B
280  recruitment are reported both across populations of micronuclei, independent of rupture status
281  (Fig. 5B-C), and as a function of micronuclear envelope integrity determined via lamin A/C (Fig.
282  5D). Lamin B levels in KIF18A KO cell micronuclei were significantly higher than those in
283  nocodazole washout-treated cells and similar to those measured in primary nuclei (Fig. 5B-C; p
284 < 0.01). These data indicate that lamin B recruitment to micronuclei is more efficient in KIF18A
285 KO cells than in nocodazole treated cells.

286  To determine if lamin B is also recruited to micronuclei in Kif18a mutant cells in vivo, we
287  investigated lamin B in thymic lymphoma tissues co-stained with Hoechst (DNA, Fig. 5E). We
288  found similar levels of lamin B recruitment to micronuclei within Kif18a**, Trp53™™! TW/m1 ™ gnd
289  Kif18g9°9%9°92  Trp53™mT Tv/iml T tissues, where 48% and 52% of micronuclear envelopes,
290 respectively, lack robust recruitment of lamin B (Fig. 5F and Table S7). These results are
291  consistent with the level of rupture measured via lamin A/C staining and indicate that lamin B is
292  recruited to stable micronuclei within Kif18a mutant mice (Fig. 3B and 5F). A comparison of
293  micronuclear membranes from the same tissues (but not the same cells) supports the idea that
294  lamin B recruitment correlates with rupture frequency (Fig. 5G).

295
296  Micronuclei in KIF18A KO cells exhibit successful nuclear envelope expansion.

297  Nuclear envelope stability also depends on efficient recruitment of membrane and membrane
298  components from the ER as chromosomes decondense and nuclear area expands in late mitosis
299  (Anderson and Hetzer, 2008; Hetzer, 2010; Clever et al., 2013; De Magistris and Antonin, 2018).
300  Multiple nuclear envelope and nuclear pore components have been found to directly impact
301 chromatin decondensation and chromatin remodeling, upon being targeted to chromatin (Chi et
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302 al., 2007; Korfali et al., 2010; Kuhn, et al., 2019). Data from intact cells, as well as in vitro nuclear
303 assembly systems, show that physically disrupting the connection between nuclei and the
304 peripheral ER (where nuclear envelope components are stored during mitosis) can indeed block
305 nuclear expansion (Anderson and Hetzer, 2007). To investigate whether micronuclei in KIF18A
306 KO cells are able to successfully expand and stabilize, we measured the change in both
307 micronuclear and primary nuclear chromatin area over time as chromosomes decondensed in
308 live telophase cells (Fig. 6A). Micronuclear chromatin within KIF18A KO cells exhibited a 1.4-fold
309 increase in area, similar to that of chromatin within primary nuclei (Fig. 6B-D). In contrast,
310  micronuclei forming as a result of nocodazole washout exhibited a significantly reduced expansion
311  during telophase (p < 0.01). These results suggest that micronuclei forming after nocodazole
312  washout experience chromatin restriction, which may increase the frequency of micronuclear
313  envelope rupture.

314
315 Lagging chromosomes in KIF18A KO cells are found near main chromatin masses.

316  Previous work in both cultured human cells and Drosophila has demonstrated that micronuclear
317  envelope stability is influenced by the subcellular location of nuclear envelope assembly around
318 individual lagging chromosomes within the mitotic spindle (Afonso et al., 2014 and Maiato et al.,
319 2015, Liu et al., 2018). Thus, we compared the locations of lagging chromosomes in KIF18A KO
320 and nocodazole washout RPE1 cells. Asynchronously dividing KIF18A KO cells were fixed and
321 labeled with an antibody against y-tubulin, to mark spindle poles, and DAPI, to stain chromatin.
322  Cellsin late anaphase were scored for the presence of late-lagging chromosomes, which notably
323  trailed behind the main chromatin masses. Late lagging chromosomes were observed in 44%
324  (52/118) of nocodazole-washout treated RPE1 cells, and in 9% (4/43) of KIF18A KO cells,
325 respectively (Fig. S2A-B; p < 0.001). These data agree with our prior conclusion that
326  chromosomes in the midzone during late anaphase are rare in KIF18A KO cells and suggest that
327 differences in lagging chromosome positions may underscore the differences in micronuclear
328  envelope stability exhibited by KIF18A KO and nocodazole washout cells (Fonseca et al., 2019).

329 To explore this question further and obtain precise measurements of lagging chromosome
330 positions from a larger number of KIF18A KO cells, we treated with a CDK-1 inhibitor to enrich
331 cells in G2 and then released into mitosis by drug washout. This facilitated a similar enrichment
332  of late anaphase cells as observed following nocodazole washout. Cells were then fixed and
333  stained for antibodies against y-tubulin and centromeres (Fig. 7A). The positions of individual
334  chromosomes relative to the spindle pole were measured in each half-spindle of anaphase cells.
335 Centromere signals located further than two standard deviations from the average centromere
336  position within each half spindle were identified as “lagging” (Fig. 7B). Lagging chromosomes in
337  KIF18A KO cells were located closer to the main chromatin masses than those in nocodazole
338 treated cells (Fig. 7C). In addition, the angle of each late-lagging chromosome centromere relative
339 to the pole-to-pole axis was measured. There was not a significant difference between the angles
340 of lagging chromosomes to the spindle in the two conditions (Fig. 7D). These data indicate that
341 lagging chromosomes in nocodazole washout cells are closer to the midzone than those in
342  KIF18A KO cells, which could contribute to the observed decrease in micronucleus stability
343  measured in nocodazole treated cells.

344  To explore other possible explanations for the differences in micronuclear envelope stability in
345 KIF18A KO and nocodazole washout cells, we investigated micronuclear chromatin area, the
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346 DNA damage marker yH>AX, and presence of centromeres. However, consistent with previous
347  reports, none of these factors had strong correlations with micronuclear envelope stability (Fig.
348  S3, A-D; Hatch et al, 2013).

349
350 Discussion

351  Micronuclei have been proposed not only as passive markers of genomic instability, but also as
352  active drivers of tumorigenesis (Stephens et al, 2011; Rausch et al., 2012; Holland and Cleveland,
353  2012; Crasta et al., 2012; Nones et al., 2014; Zhang et al., 2015; Luijten et al., 2018). Inconsistent
354  with this proposal, Kif18a mutant mice readily form micronuclei in vivo but do not spontaneously
355  develop tumors. We investigated this apparent contradiction by testing the contributions of two,
356  non-mutually exclusive models: (1) that p53 activity in Kif18a mutant mice prevents propagation
357  of micronucleated cells and the subsequent reincorporation of damaged DNA into primary nuclei
358 and (2) that micronuclei form stable nuclear envelopes. Our data favor the second model, and
359 indicate that micronuclei in Kif18a mutant cells, which form as a result of mitotic chromosome
360 alignment defects (Fonseca et al, 2019), have stable nuclear envelopes that undergo expansion
361  as cells exit mitosis. The more stable micronuclear envelopes in KIF18A KO cells are less prone
362  to experiencing rupture events, as assessed both in cultured cells and in vivo tissue sections, and
363 these behaviors are independent of p53 status. In contrast, micronuclei that resulted from
364  improper kinetochore microtubule attachments induced by nocodazole washout formed further
365  from mitotic spindle poles, had unstable nuclear envelopes, and failed to undergo expansion
366  (Hatch et al., 2013, Zhang et al., 2015, Liu et al., 2018). Taken together, this work demonstrates
367 that the underlying cause of lagging chromosomes can strongly impact the stability of
368  micronuclear envelopes that form around them, and therefore, their threat to genomic stability
369 (Ding et al., 2003; Hoffelder et al., 2004; Terradas et al., 2009; Terradas et al., 2010; Huang et
370 al., 2011, Crasta et al., 2012, Hatch et al., 2013, Zhang et al., 2015, Liu et al., 2018).

371  Loss of Kif18a had modest or no effect on survival of Trp53 homozygotes and heterozygotes,
372 respectively. These data are inconsistent with the idea that p53-dependent cell cycle arrest
373  prevents micronuclei from promoting tumor development in Kif18a mutant mice and also indicate
374  that, unlike colitis-associated colorectal tumors, Kif18a is not required for the growth of thymic
375 lymphoma (Zhu et al., 2013). However, we cannot formally rule out that differences in tumor
376  spectrum between Kif18g9°9%9¢42 = Typ53™m 1 Tv/m 1 Tyi gnd Kif18a9°9%9°2 = Trp53™ ' * genotypes
377 could also contribute to their differences in survival. In addition, our results suggest that the
378  formation of micronuclei per se does not necessarily lead to tumorigenesis. This, together with
379  prior studies which (1) detect no apparent increase in aneuploidy in Kif18a99%9°®? mouse
380 embryonic fibroblasts, and (2) demonstrate that Kif18a mutant mice are not predisposed to tumor
381 formation when challenged with colitis-associated colorectal cancer, suggests that Kif18a mutant
382 mice are relatively genomically stable despite elevated levels of detectable micronuclei in
383  peripheral blood and tissues (Czechanski et al., 2015; Zhu et al., 2013). Thus, all micronuclei may
384 not have the same potential to alter genomic stability, and additional physical or genetic insults
385 are likely required to create permissive environments for micronuclei to drive cellular
386 transformation in the cells or tissues where they form.

387  Our data indicate that the positioning of late-lagging chromosomes, which often form micronuclei,
388 is impacted by the type of insult leading to the chromosome segregation error. Prior studies that
389 characterized the impact of micronuclei on genomic stability primarily utilized treatments, such as
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390 nocodazole washout, that promote improper attachments between kinetochores and microtubules
391 and give rise to micronuclei that form in the central-spindle, far from the spindle poles (Crasta et
392 al., 2012, Zhang et al., 2015, Hatch et al., 2015, Liu et al., 2018). In contrast, lagging
393 chromosomes in KIF18A KO cells were located near the main chromatin masses in late
394  anaphase. The fact that micronuclei in KIF18A KO cells are relatively stable compared to those
395 in nocodazole treated cells is consistent with work indicating that bundled microtubules and a
396 gradient of Aurora B inhibit proper nuclear envelope reformation near the center of anaphase
397 spindles (Afonso et al., 2014 and Maiato et al., 2015, Liu et al., 2018). Our data also indicate that
398 the distance of a lagging chromosome from the pole is more important for nuclear envelope
399 reformation than its position relative to the pole-to-pole axis.

400  On the other hand, chromosome size, prevalence of DNA damage, and whether the micronuclear
401  chromatin contained centromeres did not strongly correlate with micronuclear envelope rupture
402  status, consistent with previous work (Hatch et al., 2014). While we cannot rule out that there are
403  other factors contributing to observed differences in micronuclear envelope stability, our data are
404  consistent with the idea that lagging chromosome position strongly influences nuclear envelope
405  stability and that this effect may be relevant in vivo.

406 In addition to the negative regulation proposed by microtubule bundling and inhibitory Aurora
407 gradients, it is possible that positive regulation by the spindle poles and ER membranes may
408 promote stable nuclear envelope reformation. This idea is consistent with our observations that
409  pole-proximal positioning of lagging chromosomes correlates with successful expansion of
410  micronuclear chromatin area and recruitment of lamin B to micronuclear membranes in KIF18A
411 KO cells. For example, if lagging chromosomes are positioned nearer to the stores of nuclear
412  envelope components located in the mitotic ER, this pole-proximal location may enhance prompt
413  recruitment of necessary proteins and membrane to micronuclear envelopes during telophase.
414  Potential positive regulators that impact nuclear envelope stability will require further investigation.

415 Why does micronuclear envelope stability differ between normal and tumor tissues? One
416  possibility is that changes occurring during the process of cellular transformation may act to
417  increase the frequency of micronuclear rupture. For example, a reduction of lamina has been
418  associated with reduced stress resistance in the nuclear envelope, resulting in more frequent
419 nuclear blebbing and rupture (Vergenes et al., 2004; Vargas et al., 2012; Hatch et al., 2013;
420 Denais, et al., 2016). On the other hand, upregulation of lamina expression in transformed cancer
421  cells enables nuclei to withstand greater mechanical forces and limit nuclear deformation, though
422  this nuclear stiffness directly limits invasion efficacy (Vortmeyer-Krause et al., 2020). These
423  conclusions suggest a tuned balance must be struck in the regulation of nuclear envelope
424  dynamics for transformed cells to both withstand increased cytoskeletal forces and promote
425 invasion efficiency (Vortmeyer-Krause et al., 2020). The increased stiffness of tumorous tissue
426  architecture, paired with increased cytoskeletal forces present, may contribute to the increased
427  prevalence of micronuclear envelope rupture in this context. Though growing evidence links
428 increased mechanical stress to elevated rupture of primary nuclei in cancer cells, more research
429 is needed to completely map these mechanistic changes to micronuclear envelope rupture in an
430  in vivo context.

431  In conclusion, our work raises a number of interesting questions about the impact of micronuclei
432  in vivo. To what extent and under what cellular conditions do micronuclei behave as drivers of
433  tumorigenesis, and barring those conditions, are micronuclei simply passive biomarkers of
434  instability? How does the surrounding tissue architecture impact transmitted cytoskeletal forces
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435  and alter micronuclear behaviors and rupture incidence? To what degree are immune system
436  inflammatory sensors successful at recognizing and clearing damaged extranuclear DNA in vivo,
437 and how might inflammatory micronucleation alter the progression of tumorigenesis at an
438  organismal level? The development of new models that allow investigators to tune micronuclear
439  rupture in vivo will be required to fully understand the impact of micronuclei.

440
441 Materials and Methods
442  Animal Ethics Statement

443  All procedures involving mice were approved by The Jackson Laboratory’s Institutional Animal
444  Care and Use Committee and performed in accordance with the National Institutes of Health
445  guidelines for the care and use of animals in research.

446
447  Mouse development

448 A cohort of laboratory mice heterozygous for the null alleles, Trp53™'™ and Kif18a%“, were
449  generated by in vitro fertilization of oocytes from 30 heterozygous Trp53™'™ females (JAX
450  JR#2526, C.129S2(B6)-Trp53<tm1Tyj>/J) with sperm from a BG6.Kif18a*gcd2 male (JAX
451  JR#10508 / MMRRC #034325-JAX). A total of 143 offspring (64F/69M) were obtained from this
452  expansion and those that were doubly heterozygous for each allele were intercrossed to produce
453  alarge cohort of animals for survival analysis. Cohort size and sample groups by genotype were
454  based on published tumorigenesis and survival data on the Trp53<tm1Tyj>/ allele
455  (PMID: 7922305) and z-tests, alpha = 0.5, 85% power. Genotypes and sample groups, excluding
456  censored individuals) were as follows: Heterozygous p53: Kif18a9°9%9°%2 Trp53™'™"* (n = 40F,
457  35M) vs. Kif18a™, Trp53™™"* (40F, 38M). Homozygous p53: Kif18a9%9%0%%2 Trp53m™AmITy (n
458 - 22':, 20M) VS. Kif18a+/+, Trp53tm1Tyj/tm1Tyj (n = 25':, 33M) or Kif18agcd2/+, Trp53 tm1Tyj/tm1Tyj (n = 13F,
459  20M). A cohort of Kif18a%°92%%2 Trp53** (n = 38F, 34M) genetic background controls were
460 included and no tumors were observed in this group of mice.

461  Two approaches were used for survival analysis. Prism 8 and R were used to generate survival
462  curves and to perform Wang-Allison tests. These tests compare of the number of subjects alive
463  and dead beyond a specified time point (90% percentile) between two sample groups. To account
464  for censored data, and a nonparametric log-rank test as also used to compare the survival
465  distributions. The log-rank test results in a Chi-square statistic, which was then used to calculate
466  significance of the test.

467
468  Peripheral blood micronucleus assays

469  Micronuclear assays of peripheral blood were conducted as previously described (Dertinger et
470  al., 1996; Reinholdt et al., 2004). Peripheral blood was collected from the retro-orbital sinus of
471  male and female laboratory mice, 12-18 weeks of age, for each of the following genotypes (4
472  males and 4 females per genotype). Genotypes were as follows: Kif18a9°429°#2  Trp53im!WAmITy -
473 Kif188+/+, Trp53 tm1Tyj/tm1Tyj Kif18ang2/+, Trp53 tm1Ty/7tm1Tyj; Kif18a+/+, Trp53 tm1Ty/7tm1Tyj,. Kif188+/+, Trp53
474 " . A cohort of Kif18a9%9%%°%2 Trp53** (n = 38F, 34M). Briefly, 75 ul of blood was immediately
475  mixed with 100 ul of heparin, and the mixture was then pipetted into 2 ml of ice-cold (-80°C) 100%
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476  methanol with vigorous agitation to prevent clumping. Samples were stored at -80°C overnight
477  before processing for flow cytometry. Sample preparation and flow cytometry: Each blood sample
478  was washed with 12 ml of sterile, ice-cold bicarbonate buffer (0.9% NaCl, 5.3 mM sodium
479  bicarbonate, pH7.5), centrifuged at 500g for 5 min. and resuspended in @ minimum of carryover
480  buffer (~100 [Jl). 20 [l of each sample was added to a 5 ml polystyrene round- bottomed tube,
481  and to each sample an 80 [l solution of CD71-FITC and RNAseA (1 mg/ml) was added. Additional
482  control samples were CD71-FITC alone and an additional sample with bicarbonate buffer alone
483  to which propidium iodide (PI) would be later added (see below). Cells were incubated at 4C for
484 45 minutes, washed with 2 ml cold bicarbonate buffer, and centrifuged as above. Cell pellets were
485  stored on ice and then, immediately prior to flow cytometric analysis, resuspended in 1 ml of ice-
486  cold PI solution (1.25 mg/ml) to stain DNA. Flow cytometry: Samples were processed on a BD
487  Bioscience LSRII fluorescence-activated cell sorter gated for FITC and PI, and set to collect
488 20,000 CD71 positive events at 5,000 events / sec. The CD71-FITC and PI control samples were
489 used to calibrate for autofluorescence. Reticulocytes (Retic, CD71+, PI- [in the presence of
490 RNAse A]), mature red blood cells (RBC, CD71 -, Pl -), micronucleated normochromatic
491  erythrocytes (NCE-MN, CD71-, Pl+) and micronucleated reticulocytes (Ret-MN, CD71+, Pl+)
492  were measured using FlowJo software. The total % of spontaneous micronuclei in NCE was NCE-
493  MN/(NCE-MN + RBC)*100.

494
495 Cell Culture and transfections

496 hTERT-RPE1 cells (ATCC) were maintained at 37°C with 5% CO. in MEM-a (Life Technologies)
497  containing 10% FBS (Life Technologies) and 1% antibiotics. The Kif18A-deficient CRISPR line
498  was produced as previously described (Fonseca et al, 2019). For fixed cell assays, cells were
499 seeded on 12-mm acid-washed coverslips and transfected with 30 pmol siRNA complexed with
500 RNAIMAX, following the manufacturer’s instructions. For live cell imaging, cells were subjected to
501 plasmid transfections ([2 pgl/ each plasmid), performed using a Nucleofector 4D system,
502 according to the manufacturer’s instructions (Lonza). RPE1 cells were transfected with SF
503  solution and electroporated with code EN-150. Following electroporation, cells were seeded in
504  35-mm poly-L-lysine-coated glass bottom dishes (MatTek) 8 h before the addition of siRNA.

505
506  Primary murine tumor extraction and histology sections

507  For derivation of primary murine tumors, mice were euthanized when they showed signs of
508 labored breathing (suspected thymic lymphoma) or exhibited visible tumors causing difficulties in
509  mobility (suspected muscular sarcoma). Mice were dissected, tissue samples were taken for
510 genotype verification, and individual tumors were excised, washed in cold PBS, halved, and fixed
511 in normal buffered formalin and embedded in paraffin. Five micrometer, step-sections were
512  mounted on microscope slides and 10 slides per tissue sample were used for immunolabeling.
513  Mounted paraffin sections were deparaffinized in xylene and rehydrated through a gradual ethanol
514  series. Antigen retrieval was performed by boiling 0.01 M citric acid (pH 6) for 20 min. Slides were
515  blocked in 20% goat serum in AbDil for one hour before antibody incubation overnight and staining
516  via Hoechst. Stained sections were mounted in ProLong Gold without DAPI.
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517  Tissue samples were genotyped by The Jackson Laboratory Transgenic Genotyping Service.
518 Tissue sectioning and slide preparation was performed by The Jackson Laboratory
519  Histolopathology Services.

520
521 Plasmids and siRNAs

522 H2B-GFP was a gift from Geoff Wahl (The Salk Institute, La Jolla, CA; Addgene plasmid no.
523  11680). mCherry-Nucleus-7 plasmid was generated by Michael Davidson and obtained from
524  Addgene (Addgene plasmid no. 55110). Cells were transfected using siRNAs targeting MAD2
525 sequence 5-AGAUGGAUAUAUGCCACGCTT-3' (Qiagen), pools of siRNAs targeting the TP53
526 sequence 5-GAAAUUUGCGUGUGGAGUA-3’, 5-GUGCAGCUGUGGGUUGAUU-3’, 5'-
527 GCAGUCAGAUCCUAGCGUC-3’, and 5-GGAGAAUAUUUCACCCUUC-3' (Dharmacon ON-
528 TARGETDplus), or negative control Silencer siRNA #2 (ThermoFisher Scientific).

529
530 Cell fixation and immunofluorescence

531 RPE1 cells were fixed in -20°C methanol (Thermo Fisher) and 1% paraformaldehyde (Electron
532  Microscopy Sciences). Cells were then washed in 1x TBS and blocked in antibody dilution buffer
533  (Abdil; tris buffered saline, pH 7.4, 1% bovine serum albumin, 0.1% Triton X-100, and 0.1%
534 sodium azide) containing 20% goat serum. Cells were incubated with the following primary
535  antibodies for 1 h at room temperature in Abdil: mouse anti-human lamin A/C (1:200; Millipore),
536  rabbit anti-lamin A/C (1:200; Abcam ab26300), rabbit anti-lamin B1 (1:200; Abcam ab16048),
537  rabbit anti-y-H>AX (1:200; COMPANY), rabbit anti-mCherry (1:200; Abcam ab167453), mouse
538  anti-y-tubulin (1:200; Sigma-Aldrich). Cells were incubated overnight at 4°C with human anti-
539  centromere antibody (ACA; 1:200; Antibodies Inc.). Cells were incubated for 1 h at room
540 temperature, in the dark, with goat secondary antibodies against mouse, rabbit, or human IgG
541  conjugated to Alex Fluor 499, 594, or 647 (Molecular Probes by Life Technologies). Coverslips
542  were mounted on glass slides with Prolong Gold antifade reagent plus DAPI (Molecular Probes
543 by Life Technologies).

544
545  Microscopy

546  Cells were imaged on a Nikon Ti-E inverted microscope (Nikon Instruments) controlled by NIS
547  Elements software (Nikon Instruments) with a Spectra-X light engine (Lumencor), Clara cooled-
548  CCD camera (Andor), 37°C environmental chamber, and the following Nikon objectives: 20x Plan
549  Apo differential interference contrast (DIC) M N2 (NA 0.75), 40x Plan Apo DIC M N2 (NA 0.95),
550 60x Plan Apo A (NA 1.42), and 100x APO (NA 1.49).

551 Imaging of nuclear envelope component lamin B1 for assessment in RPE-1 cells and lamin A/C
552 or lamin B1 assessment in histological sections of mouse tissues was performed at the
553  Microscopy Imaging Center at the University of Vermont. Fixed cells or tissues were imaged using
554  a Nikon A1R-ER confocal microscope (Nikon Instruments), controlled by NIS Elements software
555  (Nikon Instruments), with a Sola light engine (Lumencor), Nikon A1plus camera, containing a
556  hybrid resonant and high resolution Galvano galvanometer scanhead set on an inverted Ti-E
557  system (Nikon Instruments), and the following Nikon objectives: 20x Plan Apo A (NA 0.75), 40x
558  Plan Fluor Oil DIC H N2 (NA 1.3), 60x APO TIRF Oil DIC N2 (NA 1.49).
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559
560 Live cell imaging

561 Cells were transferred into CO.-independent media with 10% FBS and 1% antibiotic (Life
562  Technologies) for imaging via fluorescence microscopy. For long term imaging of H2B-GFP
563  and/or mCherry-Nucleus7 expressing cells, single focal plane images were acquired at 2-minute
564 intervals with a 20x or 40x objective. For imaging live micronucleus production and chromatin
565  decondensation/expansion, fields were scanned and metaphase cells were selected for imaging.

566
567  Micronuclear envelope rupture counts

568  For fixed cells, micronucleus counts were made using single focal plane images of DAPI stained
569 cells. Image acquisition was started at a random site at the bottom edge of the coverslip, and
570 images were acquired every two fields of view using a 20x objective for micronucleus frequencies
571 in each population. Micronuclear envelope rupture frequencies were made using single focal
572  plane images of DAPI stained cells. Image acquisition was started at a random site at the bottom
573  of the coverslip, all micronuclei that were observed were imaged using a 20x objective, until ~50
574  micronuclei were found via DAPI stain only (blind to nuclear envelope marker) in each condition.

575  To validate the use of lamin A/C presence as a marker of intact micronuclear envelopes, RPE1
576  cells were transfected with mCherry-N7 plasmid (mCherry tag fused to nuclear localization
577  sequence repeats to allow targeted nuclear import of plasmid), seeded onto 12-mm acid-washed
578  coverslips, and maintained for 24 h. Cells were fixed and stained with mouse anti-lamin A/C and
579 rabbit-anti-mCherry, and mounted on glass slides with Prolong Gold antifade reagent plus DAPI.
580  Coverslips were scanned in the DAPI channel only, and all micronuclei found (up to 50 micronuclei
581  per experiment) were imaged in all channels to assess co-occurance of lamin A/C and mCherry
582  signals.

583
584  Nuclear envelope protein assessment in micronuclei

585  Fixed cells with micronuclei were identified by scanning in DAPI. Relevant fields were recorded
586 and imaged on a Nikon confocal microscope focused within a single, central plane through main
587  nuclei. Quantification of nuclear envelope components was performed in ImagedJ using the Radial
588  Profile Plot plugin. Briefly, the plugin produces a profile plot of integrated fluorescent intensity
589 measurements, for a series of concentric circles, as a function of distance from the central point.
590 A standardized circular ROl was used to collect all micronuclear radial profile measurements, with
591 the center of the ROI placed over the center of each micronucleus. Radial profile plots were
592  collected in DAPI (to determine the distance cutoff for each micronucleus circumference) and in
593 thelamin B1 channel (to quantify its abundance within the outer rim of the micronuclear envelope).
594  Background subtracted lamin B1 measurements at the outer rim of each micronuclear envelope
595  were recorded. This process was repeated to measure lamin B1 presence at the outer rim of
596  primary nuclei and report the relative ratio of lamin B1 incorporation within nuclear envelopes of
597  micronuclei and primary nuclei occurring in the same cell, for comparison. For primary nuclear
598 measurements, ROI were arranged around the smallest circular ROI touching three sides of the
599  main nucleus.
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600
601 Lagging chromosome measurements

602  Kif18A KO RPE-1 cells were synchronized with 10 yM CDK-1 inhibitor R0-3306 (Sigma-Aldrich)
603  diluted in MEM- a media with 10% FBS and 1% antibiotic for 15 hours before drug was washed
604  out. Cells were fixed 1 h post release to enrich for late anaphase cells. RPE-1 WT cells were
605 treated with nocodazole (Sigma-Aldrich) at (5 uM) for 2 h before drug was washed out to induce
606  merotelic attachments. Cells were fixed 45 min post washout to enrich for late anaphase cells.

607  Fixed cells in late anaphase were imaged in multiple z-stack focal planes to capture both focused
608  spindle poles and individual ACA puncta. Image analysis was done in ImagedJ with the straight
609 line segment tool to obtain individual chromosome-to-pole distance measurements. One end of
610 the line was anchored at the focused plane of a single spindle pole, and the other end was moved
611  to the center of each focused ACA puncta (in the appropriate focal plane) for all 23 centromeres
612  positioned for segregation to that pole (spindle-to-centromere distances taken for each respective
613  half-spindle). All centromere positions were recorded, and average chromosome distribution was
614  calculated for each individual half spindle measured, to account for cells fixed in different stages
615  of anaphase. Late lagging chromosomes were determined as those centromeres with measured
616 centromere to spindle distances greater than two standard deviations outside the averaged
617  centromere to spindle distances for all centromere puncta per each half spindle. Normalized
618  centromere to spindle distance were obtained for each late lagging chromosome by dividing that
619  centromere’s centromere to spindle distance by the averaged centromere to spindle distance for
620  that respective half spindle.

621
622  Chromatin decondensation / Micronuclear envelope expansion measurements

623 RPE-1 cells were transfected with GFP-H2B plasmid. 24 h after transfection, cells were
624  transferred to CO.—independent media for live imaging. For nocodazole or vehicle control DMSO
625  conditions, RPE-1 cells were treated with drug or vehicle control for 2 h before drug washout (cells
626  flushed 3x with PBS) immediately before transferring to CO» —independent media and beginning
627  filming. Cells found to be in metaphase were imaged every 2 min using a 40x objective and
628 imaged for a duration of at least 4 h.

629  Chromatin decondensation measurements were obtained using ImagedJ by applying the minimum
630 threshold to completely cover chromatin (GFP-H2B) signal and measuring the area of the
631  thresholded region corresponding to an individual chromatin mass forming either 1) a daughter
632  nucleus or 2) a micronucleus. Frames which did not provide appropriate spatial separation to
633  select only a single daughter cell nucleus or micronucleus without interference (overlapping other
634  nuclei / edge of frame) were excluded from measurement. Area measurements began in the first
635 frame of chromatin decondensation (following completion of chromatin segregation in late
636  anaphase), and measurements were taken every subsequent frame for one-hour post anaphase
637  onset, or until the chromatin area plateaued.

15


https://doi.org/10.1101/2020.11.23.394924
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.23.394924; this version posted November 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 InteBationaI IicenseThymus Spleen Liver
E— n.s.
%] o
-1 3 n.s.
Trp53™ ™/ Trp53*, Trp53™ M/ Trp53*, = O -
Kif18a%%?/Kif18a* Kif18a%%?/Kif18a* o 8
s
= O
C —
QS
8 C * *
g
Trp53T™ M/ Trp53™ ™, Trp53™ M/ Trp53™ ™, Trp53T™M/Trp53*,  Trp53™ M/Trp53*, L2
Kif18a*/Kif18a* Kif18a9°92/Kif 18942 Kif18a*/Kif18a*  Kif18a%9/Kif18a%42 S

AW i & < @\ A< O
Qrb \* < 0& Q‘-’% /\1\ \00& Qbrb@\d;\\\@\oo&
/i@"?f & TS (@S
PG P P

Klf1 8agcd2/gcd2 Klf1 8agcd2/gcd2 Klf1 8agcd2/gcd2

Thymus Spleen Liver

Kif18a 9¢429cd2 Trp53 ++

® Kif1839¢92/9cd2 53+

®  Kif18a9°92/9cd2 53+
Kif18a9%92* p53 -
Kif18a**, p53”- and p53**

Percentage of micronucleated
reticulocytes (of total retic.)
[ J

Genotype


https://doi.org/10.1101/2020.11.23.394924
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.23.394924; this version posted November 24, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1: Kif18a mutant mice display similarly elevated levels of micronuclei in healthy
tissues, regardless of p53 status. (A) Schematic of cross used to generate Kif18a%%?, Trp53™’
™ mice. (B) Quantification of micronucleated cells, as observed by Hoechst stain, observed in
thymus, spleen, and liver tissues from healthy individuals homozygous for the Kiif18A%"
mutation, and with wildtype Trp53, Trp53™" ™", or Trp53™' ™M1 T n=3 tissue types from one
biological sample per each genotype was scored. Percentages are the average from 2
independent counts of each tissue. Micronucleated cell counts were as follows: Kif18g9°9%9°92,
Trp537* 83/1317 in thymus, 119/2587 in spleen, 57/1115 in liver; Kif18a9%9%9°%2 Trp53*m1 Tvi
120/1496 thymus, 68/1468 spleen, 41/735 liver; Kif18a9°929%42 Trp53™! ™m1 Tvi 36/602 thymus,
97/2410 spleen, 46/811 liver. (Table S1.) Thymus, p = 0.11, n.s.; spleen p = 0.54, n.s.; liver p =
0.84, n.s. Indicated p values were calculated by x2 analysis. (C) Representative images of
micronuclei (indicated by yellow arrowhead) observed in healthy (left to right) thymus, spleen, and
liver tissue sections from a Kif18a%°9%°%2 p53** mouse. (D) Plot showing percentages of
micronucleated reticulocytes (of total reticulocytes) quantified via peripheral blood assay from
male and female mice of genotypes: Kif18a9°929°%2 Trp53m! ™Wm1 T (n=8): Kif18a9°7%9°%2 Trp53**
(n=8); Kif18a%°9%* Trp53™m! ™M1 T (n=8); Kif18a™*, Trp53™" ™' Wi and Trp53"* (n=8). Data
points indicate individual biological replicates. Error bars represent standard deviation. Statistical
analysis was performed using pairwise ANOVA comparisons of means, alpha 0.05 (* p < 0.01).
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Figure 2: Loss of Kif18a function increases the percentage of micronucleated cells in
tumors caused by Trp53 mutation but only modestly reduces survival. (A) Representative
images of micronuclei (yellow arrowheads) observed in thymic lymphoma tumor sections, stained
via Hoechst, from Kif18a9°926°2 Trp53'™m" ™W'm1 i and Kif18a™*, Trp53™! "M ™ mice. (B) Plot
showing the percentage of micronucleated cells observed in sectioned thymic lymphoma from the
indicated genotypes. Data points represent individual biological samples. n=3 biological
replicates per genotype; Kif18a**, Trp53™! ™1 T n= 3099 total cells scored; Kif18a9°9%9°
Trp53™! MM ™ n = 4210 total cells scored for micronuclei; * p < 0.001; (Table S2). Statistical
comparison was made via x2 analysis. (C) Kaplan Meier survival curves for the indicated
genotypes (Left) Loss of Kif18a significantly reduced survival of Trp53™! Wm1 Tvi mjice, with an
average reduction in survival of 20 days (Kif18a™*, Trp53!™ /™1™ n = 58; Kif18a9°7%9°% Trp53™’
im0 = 41; Kif18a%°%%*, Trp53™! W'm1 ™ = 33; * p = 0.01). (Right) Loss of Kif18a did not
significantly reduce the survival of Trp53™" ™" mice (Kif18a9°9%%°%2 Trp53™' /* n = 88; Kif18a™",
Trp53™ ™" n = 87; p = 0.4284, n.s.). Black lines represent censored datapoints. Indicated p
values were obtained by performing log rank analysis of mean survival time and a Wang Allison
test of maximal lifespan.
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Figure 3: Micronuclear envelopes in Kif18a mutants are stable in healthy tissue but display
increased rupture in tumor cells. (A) Representative images of nuclear envelopes for primary
nuclei and micronuclei occurring in healthy thymus tissue (top) and in thymic lymphoma (middle
and bottom) from the indicated genotypes. Sections were stained with Hoechst (DNA, blue) and
lamin A/C (green); yellow arrowheads indicate micronuclei. (B) Plot showing the percent of
micronucleated cells experiencing micronuclear envelope rupture in healthy thymus, liver, and
spleen tissues, as determined via absence of lamin A/C signal co-occurring with micronuclear
DNA. n = 3 tissue types per one biological replicate for genotype. Kif18a%%%%°%2, Trp53** (2/83
ruptured micronuclei in thymus, 6/74 ruptured micronuclei in spleen, 3/57 ruptured micronuclei in
liver); Kif18a9°?%9°%2 Trp53*™m" ¥ (14/120 thymus, 5/68 spleen, 2/41 liver); Kif18a9°9%9°? Trp53™’
Tyhm1 T (4/36 thymus, 16/122 spleen, 8/46 liver). Thymus, p = 0.052, n.s.; spleen p = 0.54, n.s.;
liver p = 0.056, n.s. (Table S1.) Indicated p values were calculated by x2 analysis. (C) Plot
showing percent of micronuclei with ruptured nuclear envelopes in thymic lymphoma tissues from
the indicated genotypes n=3 biological replicates per genotype: Kif18a9°%942 Trp53im? TyAm1 Tyi
totaled 117/253 ruptured micronuclei from 4210 cells; Kif18a™*, Trp53™ Wm1T¥i 46/107 ruptured
micronuclei from 3099 cells; p = 0.7648, n.s. (Table S3). Individual data points indicate individual
biological replicates. Indicated p values were calculated via unpaired Student’s t-test.
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Figure 4: Micronuclei resulting from loss of KIF18A function in human cells rupture
infrequently. (A) Schematic of experimental design. (B) Plot showing percent of micronucleated
RPE1 cells following treatment with the indicated siRNAs or drug washout. Data are pooled from
three independent experiments. n=4188 (RPE1 Control KD), n=3536 (RPE1 Control+p53 KD),
n=661 (KIF18A KO Control KD), n=869 (KIF18A KO Control KD+p53 KD) n=1223 (RPE1 MAD2
KD), n=1157 (MAD2 KD+p53 KD), n=4005 (RPE1+nocodazole washout), n=2189 (RPE1 1 Gy,
Control KD), n=3080 (RPE1 1 Gy, Control KD+p53 KD). *, p < 0.0001. (Table S4) (C)
Representative images of fixed, micronucleated RPE1 cells labeled with DAPI and lamin A/C to
visualize DNA and nuclear envelope, respectively. (D) Plot showing percentage of micronucleated
cells that exhibited micronuclear envelope rupture in RPE1 cells, as determined by absence of
lamin A/C signal, following the indicated treatments. Data are pooled from three independent
experiments. n=485 (RPE1 Control KD), n=510 (RPE1 Control+p53 KD), n=807 (KIF18A KO
Control KD), n=720 (KIF18A KO Control KD+p53 KD), n=631 (RPE1 MAD2 KD), n=648 (RPE1
MAD2 KD+p53 KD), n=726 (RPE1+nocodazole washout), n=622 (RPE1 1Gy, Control KD), n=778
(RPE1 1Gy, Control KD+p53 KD) *, p < 0.01. (Table S5.) (E) Plot showing percentage of
micronuclei that exhibited micronuclear envelope rupture in RPE1 Control and KIF18A KO cells
subjected to DMSO treatment or nocodazole-washout, as indicated. n=161 (RPE1 Untreated),
n=162 (RPE1+DMSO washout), n=171 (RPE1+nocodazole washout), n=253 (KIF18A KO
Untreated), n=293 (KIF18A KO+DMSO washout), n=278 (KIF18A KO+nocodazole wasout), * p <
0.01. (Table S6.) Data are from three independent experiments (B,C,E) and from four experiments
(D). Indicated p values were calculated by x2 analysis.
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Figure 5: Micronuclei in KIF18A-deficient cells successfully recruit the non-core nuclear
envelope component lamin B. (A) Representative images of fixed, micronucleated RPE1 cells
labeled with DAPI, ACA, and lamin B to visualize DNA, centromeres, and a non-core nuclear
envelope component, respectively. (B) Plot displaying lamin B fluorescence in micronuclear
envelopes. Data are from three independent experiments; n=27 (RPE1+nocodazole washout)
n=28 (KIF18A KO) * p < 0.001. Data points indicate individual micronuclei. (C) Plot displaying the
ratio of lamin B recruited to the micronuclear (MN) envelope, directly compared to lamin B
recruited to the primary nuclear (PN) envelope in the same cell. Data are from three independent
experiments; n=10 (RPE1+nocodazole washout) n=14 (KIF18A KO) * p < 0.0001. Data points
indicate individual micronucleated cells. (D) Plot displaying the ratios of lamin B recruited to the
MN envelope compared to lamin B recruited to the PN envelope, parsed by MN integrity, as
assessed via co-staining with lamin A/C antibody. n=24 (RPE1+nocodazole washout), n=52
(KIF18A KO); * p < 0.01. Data are from three independent experiments. Data points indicate
individual micronucleated cells. (E) Representative images of thymic lymphoma tumor sections
stained with Hoechst (DNA, blue) and lamin B (nuclear envelope, red) (micronuclei indicated via
yellow arrowheads). (F) Plot showing percentage of micronuclei in thymic lymphoma tissues that
lacked lamin B. n=3 biological replicates per genotype were assessed, totaling: Kif18a"*, Trp53™’
Tytm1Tyi 150/311 micronuclei lacking lamin B; Kif18a9°929¢%2 Trp53™' ™M1 T¥i 200/387 micronuclei
lacking lamin B; p = 0.5048, n.s. (Table S7). Data points indicate individual biological replicates.
(G) Plot showing comparison of each sample’s percentage of micronuclei in thymic lymphoma
tissues that lacked lamin B, plotted by percentage of ruptured micronuclei (indicated by loss of
lamin A/C), Indicated p values for numerical data were obtained via unpaired Student’s t-test, for
comparisons among two conditions, or a one-way ANOVA with post-hoc Tukey test, for
comparisons among more than two conditions.
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Figure 6: Micronuclei in KIF18A KO cells exhibit chromatin expansion upon exit from
mitosis. (A) Stills from time-lapse imaging of micronuclei (indicated via arrowhead) arising due
to unalignment in a KIF18A KO RPE1 cell, top; and in an RPE1 control cell following nocodazole
washout treatment, bottom. Cells were transfected with GFP-H2B to label DNA. (B)
Representative traces displaying fold change in micronuclear chromatin area beginning
immediately after completion of chromosome segregation at the time of initial micronucleus
formation until chromatin was decondensed. Traces shown in B match representative images
shown in A. Individual fold change trace indicates a single representative micronucleus per
condition. (C) Plot of final fold change in micronuclear area (final area divided by initial recorded
micronuclear area), for the indicated conditions. Data points represent individual micronuclei.
n=35 (RPE1+nocodazole), n=19 (KIF18A KO untreated), n=16 (KIF18A KO + DMSO), n=32
(KIF18A KO+nocodazole). Data were collected from four independent experiments, * p < 0.0001).
Data points indicate individual micronuclei. Error bars indicate standard deviation about the mean.
(D) Final ratio of fold change in primary nuclear area, from the same cells that micronuclei were
measured in C. n=18 (RPE1+nocodazole), n=18 (KIF18A KO untreated), n=12 (KIF18A
KO+DMSO), n=16 (KIF18A KO+nocodazole); p = 0.80, n.s. Data points indicate individual
daughter primary nuclei. Error bars indicate standard deviation about the mean. Statistical
comparisons were made using a one-way ANOVA with Tukey’s multiple comparisons test.
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Figure 7: Lagging chromosomes in KIF18A KO cells are located near the spindle poles in
late anaphase. (A) Representative images of late anaphase RPE1 cells that were fixed and
labeled with antibodies against centromeres and spindle poles. Arrowhead indicaes ‘lagging’
chromosome. (B) Left: Schematic depicting how lagging chromosome positions were measured
and normalized within each half-spindle. Right: Plot showing normalized late lagging chromosome
to spindle pole distances measured in KIF18A KO RPE1 cells and nocodazole-washout treated
RPE1 WT cells. n=47 (RPE1 WT+nocodazole), n=27 (KIF18A KO). Data were collected from
three independent experiments, * p < 0.01. Data points indicate individual lagging chromosomes.
Error bars represent standard deviation about the mean. (C) Left: Schematic depicting how
lagging chromosome angles were measured relative to the central spindle axis. Measured angles
were converted to equivalent angles within the range of 0 and 90 degrees. Right: Plot of late
lagging chromosome angles relative to the central spindle axis for the indicated conditions (n =
29, KIF18A KO and n =47, RPE1 nocodazole-washout; p = 0.186, n.s.). Data were collected from
three independent experiments. Data points indicate individual lagging chromosomes. Statistical
comparisons were made using a two-tailed unpaired Student’s t-test.
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Supplemental Figure 1: Validation of lamin A/C staining to assess micronuclear envelope
integrity. (A) Representative images of KIF18A KO cells, and RPE1 cells treated with nocodazole
washout, stained with DAPI (to identify micronuclei) and antibodies against lamin A/C and
mCherry approximately 24 hours following transfection with mCherry-NLS construct. (B)
Percentage of micronuclei exhibiting retainment or leakage of mCherry-NLS signal as a function
of continuous or discontinuous nuclear membrane signal (lamin A/C). Of 140 micronuclei imaged
and scored: 47 micronuclear envelopes showing continuous lamin A/C signal contained mCherry
signal (1 showed mCherry leakage); 87 micronuclear envelopes showing discontinuous lamin A/C
signal experienced mCherry leakage (5 retained mCherry signal). Comparison of these two
criteria for the same micronuclei indicated that lamin A/C signal alone allowed us to correctly
evaluate the integrity of the micronuclear envelope for 96% of cells (134/140 micronuclei).
Validation data were collected from two independent experiments.
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Supplemental Figure 2: Late lagging chromosomes are infrequently observed in KIF18A
KO late anaphase cells. (A) Representative late anaphase RPE1 cells treated with nocodazole
washout or containing KIF18A KO mutations. Late-lagging chromosomes indicated via white
arrowhead. (B) Percentage of late anaphase cells containing one or more lagging chromosomes
from the indicated experimental conditions. Late-lagging chromosomes were observed in 44%
(52/118) of nocodazole-washout treated RPE1 cells, and in 9% (4/43) of KIF18A KO cells; * p <
0.001. Data are from one experiment. Indicated p value was calculated by x2 analysis.
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Supplemental Figure 3: Micronuclear envelope rupture incidence does not strongly
correlate with initial chromatin area, micronuclear area, centromere presence, or yH>AX
DNA damage status. (A) Plot of initial chromatin area, a proxy for chromosome size, for
micronuclei forming in KIF18A KO or RPE1 nocodazole-washout treated cells. n=35
(RPE1+nocodazole), n=19 (KIF18A KO untreated), n=31 (KIF18A KO+nocodazole), n=16
(KIF18A KO+DMSO), p = 0.7280, n.s. Data points indicate individual micronuclei. (B) Plot
showing area of DAPI-stained micronuclear chromatin in an asynchronous, fixed-cell population,
parsed by rupture-status (as determined via lamin A/C staining) for KIF18A KO or RPE1
nocodazole-washout treated cells. n= 219 (RPE1+nocodazole), n=310 (KIF18A KO). KIF18A KO
intact vs. ruptured micronuclei, p = 0.063, n.s.; RPE1 + nocodazole intact vs. ruptured micronuclei,
p =0.73, n.s. (C) Representative images showing DAPI (DNA, to indicate micronuclei), along with
antibodies against: lamin A/C (to assess micronuclear envelope integrity), anti-centromeric
antibody (ACA; to assess centromere presence), and yH2AX (to assess DNA damage) associated
with micronuclei arising in KIF18A KO cells and RPE1 nocodazole-washout treated cells. (D) Plot
showing micronuclei positive for ACA signal (top graph; ACA signal indicates micronuclei likely
contain whole chromosomes, while loss of centromeric signal suggests fragmentation), and
yH2AX (bottom graph; yH>AX indicates foci of DNA damage), by method of micronuclear induction
and p53 status. Data are pooled from three independent experiments. n=262 (RPE1 Control KD),
n=304 (RPE1 Control+p53 KD), n=398 (KIF18A KO Control KD), n=359 (KIF18A KO Control
KD+p53 KD) n=297 (RPE1 MAD2 KD), n=295 (MAD2 KD+p53 KD), n=312 (RPE1+nocodazole
washout), n=518 (RPE1 1 Gy, Control KD), n=620 (RPE1 1 Gy, Control KD+p53 KD). *, p <
0.0001 (ACA), *, p < 0.0001 (yH2AX). Indicated p values for numerical data were obtained via
unpaired Student’s t-test, for comparisons among two conditions, or a one-way ANOVA with post-
hoc Tukey test, for comparisons among more than two conditions. Indicated p values for
categorical data were calculated by x2 analysis.
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Table S1: Counts of micronucleated cells (MN) in vivo as a fraction of total cells scored in
healthy samples from thymus, spleen and liver tissues from the indicated genotypes. Reported
values are the averages of two independent counts from these sampled tissues. Fixed tissues
were labeled with Hoescht stain and lamin A/C antibodies.

Thymus Spleen Liver

MN / Total | Ruptured/ | MN/Total | Ruptured/ | MN/Total | Ruptured/

Cells Total MN Cells Total MN Cells Total MN
Kif18g9°9%/9¢92 83/1317 2/83 119/2587 6/74 57/1115 3/57
Trp53" (6.3%) (2.4%) (4.6%) (8.1%) (5.1%) (5.3%)
Kif18g9°9%/9¢92 120/1496 14/120 68/1468 5/68 41/735 2/41
Trp537m! Tvi (8.0%) (11.7%) (4.6%) (7.4%) (5.6%) (4.9%)
Kif18g9°9%/9¢92 36/602 4/36 97/2410 16/122 46/811 8/46
Trp53™! TWm1 Ty | (6.0%) (11.1%) (4.0%) (13.1) (5.7%) (17.4%)

Table S2: Quantified micronuclear load within thymic lymphoma tissues from mice of the
indicated genotypes. Fractions indicate number of micronucleated cells as a fraction of total
cells scored, with percentage in parentheses. Individual micronuclear loads reported for each of
three biological replicates per genotype. Far right column reports totals.

Genotype Micronuclear load in thymic lymphoma
MN / Total Cells (%) | Total MN / Total Cells (%)
Kif18a**, Trp53™ ™M1 Ty 26/647 (4%) 107/3099  (3.5%)
37/1161 (3.2%)
44/1291 (3.4%)
Kif18a9°9/9%2  Trp53'm? Wm1 Tyl | 68/1286 (5.3%) | 253/4210  (6.0%)
94/1272 (7.4%)
91/1652 (5.5%)

Table S3: Counts of ruptured micronuclei within thymic lymphoma tumor tissues from the
indicated genotypes, as determined via lamin A/C antibody staining. Frequency of ruptured
micronuclei reported for each of three biological replicates per genotype. Fraction indicates
ruptured micronuclei, of total micronuclei scored. Far right column reports totals.

Genotype Ruptured MN / Total MN (%) | Total Ruptured MN / Total MN (%)
Kif18a**, Trp53"* 14/26 (54%) 46/107 (43%)

13/37 (35%)

19/44 (43%)
Kif18g9°9%9°92  Trp53im1 TWAm1 Ty | 29/68 (43%) 117/253 (46%)

47/94 (50%)

41/91 (45%)
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Table S4: Micronucleated RPE1 or KIF18A cells, as a fraction of total cells following each
induction mechanism (see experimental design, Figure 4A). For both frequency of
micronucleated cells and fraction of ruptured micronuclei described below in each condition,
data are pooled from three independent experiments.

MN Induction Method (RPE1) MN / Total cells (%)
RPE1 Control KD 43/4188 (1.0%)
RPE1 Control KD+p53 KD 63 / 3536 (1.8%)
KIF18A KO Control KD 35/661 (5.3%)
KIF18A KO Control KD+p53 KD | 48 /869 (5.5%)
RPE1 MAD2 KD 49 /1223 (4.0%)
RPE1 MAD2 KD+p53 KD 82 /1157 (7.1%)
RPE1 + nocodazole washout 223/4005  (5.6%)
RPE1 1 Gy, Control KD 414/2189 (19.0%)
RPE1 1 Gy, Control KD+p53 KD | 700/3080 (23.0%)

Table S5: Frequency of micronuclear envelope rupture in RPE1 or KIF18A KO cells under the
indicated conditions. Rupture assessed via lamin A/C staining. Data are pooled from four
independent experiments.

MN Induction Method (RPE1) Ruptured MN / Total MN (%)
RPE1 Control KD 161/485 (33%)
RPE1 Control KD+p53 KD 160 /510 (31%)
KIF18A KO Control KD 131 /807 (16%)
KIF18A KO Control KD+p53 KD | 109 /720 (15%)
RPE1 MAD2 KD 292 /631 (46%)
RPE1 MAD2 KD+p53 KD 2751648 (42%)
RPE1 + nocodazole washout 420/ 726 (57%)
RPE1 1 Gy, Control KD 201/622 (32%)
RPE1 1 Gy, Control KD+p53 KD | 235/778 (30%)

Table S6: Micronucleated cells exhibiting micronuclear envelope rupture in RPE1 and KIF18A
KO cells subjected to DMSO treatment or nocodazole-washout, as indicated. Data are pooled
from three independent experiments.

MN Induction Method (RPE1 cells) | Ruptured MN / Total MN (%)
RPE1, Untreated 58 /161 (36%)
RPE1 + DMSO washout 57 /162 (35%)
RPE1 + nocodazole washout 101 /171 (59%)
KIF18A KO, Untreated 52 /253 (21%)
KIF18A KO + DMSO washout 64 / 293 (22%)
KIF18A KO + nocodazole washout | 146 / 278 (53%)
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Table S7: Counts of micronuclei lacking lamin B as a fraction of total micronuclei counted in
thymic lymphoma tumor tissues from the indicated genotypes. Data are reported for each
biological replicate per genotype. Fractions indicate number of micronuclei lacking lamin B out
of total micronuclei scored. Far right column reports totals from all 3 replicates.

Genotype Lamin B recruitment to micronuclei in thymic lymphoma
MN without lamin B/ Total MN (%) | Grand totals (%)
Kif18a**, Trp53™ ™M1 Ty 52/107 (49%) 150/311 (48%)
54/104 (52%)
44/100 (44%)
Kif18g9°0%9%42  Trp53™! w/m1 Ty 1 72/159 (45%) 200/387 (52%)
43/77 (56%)
85/151 (56%)
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