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ABSTRACT

The interplay between regulated cell death (RCD) and mitotic catastrophe (MC) determines
much of the success of many anticancer treatments. Down-regulation of Topoisomerase 11
(Top2) is the more direct and devastating form of MC since it happens concomitantly with
the formation of anaphase bridges in cells proficient for Go/M checkpoints. Herein, we have
characterized in budding yeast the consequences for the cell progeny of a top2 MC.
Clonogenic and microcolony experiments, in combination with vital stains, showed that 75%
of daughter cells become senescent immediately after the top2 MC; they are unable to divide
but remain alive. Decline in cell vitality occurred slowly, not even reaching 50% of cells 24 h
after the MC, and uncoordinatedly when comparing pairs of daughters. Genetic experiments
showed that the RCD mediator Mcal/Ycal does not modify the senescence/death outcome.
We thus conclude that MC mediated by Top2 deficiency leads to short-term senescence that
eventually ends up in non-regulated cell death. Furthermore, we showed that the ability to
divide in the short term can be modulated by the chromosome ploidy, suggesting that gross
chromosome imbalances during segregation may account for senescence in the top2 progeny.
Indeed, we found that diploid long-term survivors of the top2 MC are prone to genomic
imbalances such as trisomies, uniparental disomies and terminal loss of heterozygosity

(LOH), the latter affecting the longest chromosome arms.

Keywords: Mitotic catastrophe, Top2, anaphase bridges, cell death, cell vitality, senescence,

genomic instability, uniparental disomy, loss of heterozygosity.
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INTRODUCTION

Mitotic catastrophe (MC) is a class of cell death still poorly understood, and with a
conflictive definition among the scientific community [1-4]. In its most general acceptation,
we can consider MC as the cell-death-triggering event that follows an aberrant mitosis. This
aberrant mitosis requires that cells are committed to segregate the duplicated genome to the
daughter cells under conditions that preclude the success of such attempt. MC is presumed to
be of the outmost importance in cancer biology, both as an oncosuppressive barrier in
carcinogenesis and a mechanism of cell death after anti-cancer treatments. Many antitumor
drugs that damage the DNA or the microtubules lead to chromosome segregation failures
provided that cells do not stop their division cycle in a timely fashion [5-7]. Human cells
make use of p53, ATM, ATR, p38/MK2 and Mps1, among other proteins, to arrest the cell
cycle in G1/S or G2/M following DNA damage and other genome-altering events, and tumour
cells frequently lack one or several of these checkpoint proteins [8-11]. When checkpoints
are functional, cancer cells treated with DNA- or microtubule-damaging agents often die after
a transient cell cycle arrest through a regulated cell death (RCD) known as intrinsic apoptosis
[12,13]. Cancer cells are more prone to die than healthy cells because they grow more rapidly
and are often deficient in repair systems that could eventually overcome the inflicted damage.
Apoptosis causes the permeabilization of the mitochondrial outer membrane, and the
subsequent leakage of pro-apoptotic factors into the cytosol [3]. Execution of the intrinsic
apoptosis is significatively accelerated by the activation of the so-called caspase-mediated
transduction cascade. When checkpoints or apoptosis are non-functional, MC is expected to
take over. Therefore, understanding MC is becoming increasingly important in cancer

biology.
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MC is expected to kill most of the progeny due to major genomic imbalances and massive
irreparable DNA damage. However, whether MC might also trigger a form of RCD or, rather,
it simply leads to an accidental cell death (ACD) is still unclear. In addition, MC is reported
to lead to senescence in certain backgrounds [1,14]. Senescence refers to the irreversible cell
cycle arrest of otherwise live cells. Significant differences in the outcome are expected for
MCs that result from different sources. Thus, MC occurring upon microtubule damage likely
leads to missegregation of whole chromosomes prior to cell death, whereas DNA damage can
give rise to more complex outcomes. For instance, DNA damage may result in either
breakage of the DNA molecule (i.e, double strand breaks, DSBs) or replication stress (i.e.,
stalled replication forks). Attempts to segregate broken chromosomes would yield daughter
cells with irreparable damage. Attempts to segregate underreplicated chromosomes would
cause the formation of anaphase bridges (ABs), which may end up in DSBs upon cytokinesis
with the same deleterious consequences [15-18]. Another condition that leads to MC
concomitant with the appearance of ABs occurs when catenations between sister chromatids
persist until anaphase. This happens when the catalytic action of topoisomerase Il (Top2) is
downregulated [19-22]. Top2 downregulation seems to pass undetected by cell cycle
checkpoints in many cancer cell lines but not in normal differentiated cells [22-29].
Consequently, catalytic inhibition of Top2 offers a promising target to promote MC in cancer
cells irrespective of the status of DNA damage G1/S and G2/M checkpoints [30]. Of note,
Top2 is often downregulated during acquisition of secondary resistance to
chemotherapeutical regimes that comprise Top2 poisons, a major class of antitumor drugs
that generate Top2-mediated DSBs [31,32]. This observation implies that these resistant

cancer cells should become even more hypersensitive to inhibition of Top2.
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91 Top2 is essential in all organisms. In Saccharomyces cerevisiae, inactivation of Top2 by
92  means of thermosensitive (ts) alleles leads to MC in anaphase without previous checkpoint
93 activation [20,33-36]. In recent years, S. cerevisiae has also been a model to study both cell
94  death pathways and genomic instability footprints after environmental or genetic insults
95 [37,38]. Here, we have characterized the consequences for the offspring of inactivating Top2
96 through the top2-5 ts allele (hereafter refer to as top2 MC). We show that most of the top2
97  MC progeny lose their ability to divide. Interestingly, these daughter cells do not die abruptly
98  but, rather, there is a slow decline in cell vitality over several hours. The patterns of cell death
99  point towards an ACD, which was genetically corroborated with mutants for the main

100  apoptotic pathway. We have also used heterozygous diploids to diagnose chromosome

101  rearrangements in the surviving progeny, and we found genomic footprints that include

102 uniparental disomy and terminal loss of heterozygosity in the longest chromosome arms. We

103 conclude that (i) most top2 daughter cells become senescent in the short-term while

104  eventually dying by ACD; and (ii) the surviving offspring frequently carry genomic

105  rearrangements expected from transiting through anaphase with unresolved sister chromatids.

106

107
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108 RESULTS.

109  Most of the immediate progeny of a top2-5 mitotic catastrophe irreversibly stops cell

110  division.

111 We have recently reported that the top2-5 thermosensitive mutant undergoes timely
112 progression through the cell cycle until a MC occurs in late anaphase [36]. Importantly, top2-
113 5 gives a clear point-of-no-return in the MC phenotype because cytokinesis makes the top2-5
114  anaphase bridges collapse irreversibly. In many ways, this MC is similar to other previously
115  studied top2 conditional alleles [20,35], although top2-5 provides a better synchrony through
116 the MC since a larger percentage of cells quickly sever the anaphase bridge [36]. This

117  particularity might be connected to a better inactivation of Top2-5 at 37 °C, as predicted from
118  the number and classes of mutations in the top2-5 allele (Fig. S1). Single-cell

119  videomicroscopy showed that mother and daughter cells struggled to rebud (the most obvious
120  yeast signal for a new cell cycle) after the MC, at least during the first six hours. Indeed,

121 rebudding only happened in 20% of the mothers, leading to a microcolony of just three cell
122 bodies [36]. We hereafter refer to cell bodies rather than cells or buds since it is difficult to
123 conclude whether they are part of a single multi-budded cell, a budded mother with a

124  daughter or a mother with two daughters.

125 In our previous work [36], we filmed cells on agarose patches by fluorescence

126 microscopy using GFP-labeled histones to follow nuclear segregation. Concerned that the
127  outcome of the experiment might be affected by the modest doses of UV irradiation and/or
128  the hypoxic conditions in the patch, we repeated the experiment with cells grown on the
129  surface of agar within a Petri dish and photographed through long-range objectives. We

130  found the same outcome (Fig. 1A) as in our previous study. Whereas TOP2 G1/Go cells were

6
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131  able to form microcolonies of around 10 cell bodies after 6 h at 37 °C, top2-5 cells stopped
132 dividing at either 2 (~65%) or 3 (~20%) cell bodies. This 2-3 cell-body pattern was an end-
133 point phenotype upon continuous Top2 inactivation, since we observed the same proportions
134  after 24 h at 37 °C (Fig. 1B). Next, we investigated whether reactivation of Top2 by shifting
135  the temperature down to 25 °C would allow any of these bodies to divide (re-bud) again. In
136  order to have an overall picture of cell viability, we first determined clonogenic survival after
137  different incubation periods at 37 °C. Because of the complexity of the budding patterns after
138  the MC, we chose a clonogenic assay that allows to determine if at least one of the cell bodies
139  was still viable by the time of the temperature shift, no matter how many cells are present in
140  the progeny (Fig. 1C). We found that top2-5 had a gradual loss of viability (50% survival

141  after ~ 4 h), and less than 5% clonogenic survival was obtained after 24 h at 37 °C; the TOP2

142  isogenic strain retained the expected 100% clonogenic survival in this assay (data not shown).

143 Because in these clonogenic assays there is a mixture of budded and unbudded cells at
144  the time of plate seeding, we repeated the clonogenic survival after 6 h at 37° C, but

145  photomicrographing the plate surface at different time points. Through this analysis, we

146  determined that at time O h the unbudded:budded ratio was 2:1; however, only half of the

147  surviving macrocolonies came from unbudded cells (Fig. 1D). This result implies that the
148  chance to become a macrocolony is doubled if the original cell was budded at the time of the
149  temperature upshift. The most likely explanation for this bias resides in the fact that the top2
150  MC is expected to be milder if cells are closer to anaphase onset when Top2 is inactivated.
151  Indeed, budded cells appeared to better complete the first two cell cycles at the restrictive
152 conditions (Fig. S2). Therefore, we hereafter mostly focused on those cells which were in
153  Gi1/Go at the time of the temperature upshift. A calculation based on the cell proportions at Oh

154  (66% G1/Go), overall macrocolony formation from the 37 °C for 6h regime (~25%), and the
7
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155  origin of those macrocolonies (50% from G1/Go) led us to conclude that around ~20% of the

156  original G1/Go cells gave rise to survivors after 6 h at 37 °C [0.25 x 0.5/ 0.66 = 0.2].

157 Next, we tried to correlate the long-term clonogenic survival of the G1/Go cells with
158 their ability to form microcolonies. We reasoned that it is possible that many MCs could

159  render viable progeny in the short-term (microcolony) but could not raise a visible colony
160 later (macrocolony). This difference could reflect a gradual loss of viability in the progeny as
161  aconsequence of genomic imbalances acquired after the MC. To get further insights into this
162  possibility, we took pictures of the cells on the surface of Petri dishes at the time of seeding
163 (Oh), right after the 37 °C incubations (6h or 24h), and 16 h or 24 h after the plates were

164  shifted back to 25 °C (Fig. 2A). As expected from above, most of the original G1/Go

165  (unbudded) cells did not go beyond the 2-3 bodies stage during the 37 °C incubations (Fig.
166  2A, B; inner circles in the sunburst plots). Restoring permissive conditions for Top2 activity
167  allowed very few of the cell progeny to divide again (Fig. 2A, B; outer circles in the sunburst
168  plots). This finding was true not only during the long (24 h) incubation at 37 °C, but also for
169  the 6 h incubation. Thus, only ~15% of the 2-3 cell bodies observed after 6 h at 37 °C were
170  able to re-bud again once or more after incubating them back at 25 °C. Incidentally, a low but
171 significant proportion of G1/Go cells did not bud during the 37 °C regimes. However, even in
172 these non-MC cases, cells did not divide after the Top2 reactivation, suggesting that this

173 G1/Go subpopulation was already incapable of cell division following growth at 25 °C.

174 Longer incubations at 25 °C after the MC resulted in microcolonies of >50 cells that
175  eventually developed into macrocolonies. With our cell density settings, microcolonies of
176 more than 20-30 cells hindered us from raising conclusions about the fate of adjacent cells.

177  However, the position of the center in these microcolonies suggests that most, if not all, of
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178  the G1/Go cells that ended up as macrocolonies had re-budded again within the first 24 h that

179  followed the temperature downshift.

180 From previous analysis by videomicroscopy, we know that most top2-5 doublets (2
181  bodies) and all triplets (3 bodies) have passed anaphase and thus completed a MC after 6 h at
182  37°C [36]. Nevertheless, we decided to complete the analysis of the immediate progeny by
183  testing whether the observed cell bodies have accomplished cell separation. Our reasoning
184  was that separation by micromanipulation would demonstrate that cell bodies have become
185 individual daughter cells. Indeed, we could separate with the needle more than half of the

186  doublets and triplets (Fig. 2C, middle concentric circle in the sunburst chart). We next tried to
187  correlate the ability of all these cells to form macrocolonies but found that they were largely
188 unviable. The percentage of macrocolonies was much lower than expected, indicating that

189  that micromanipulation likely kills cells that otherwise would have retained viability.

190 We conclude from this set of experiments that yeast top2 MC irreversibly
191  compromises the short- and long-term ability to divide for more than 75% of the cell

192  progeny.

193

194  Cell death after prolonged absence of Top2 activity occurs slowly, asynchronously,

195 asymmetrically and is independent of the Ycal metacaspase.

196 We noticed from the microcolony experiments performed above that cells swelled
197  after prolonged incubations at 37 °C (Fig. 2A). After 24 h at 37 °C, the volume occupied by
198 the original mother cell doubled (Fig. 3A). Downshift of the temperature to 25 °C only

199  modestly deflated these cells. In addition, a low proportion of cell bodies underwent lysis
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200 (“0”; 2 - 1 and 3 - 2 categories in previous sunburst charts). These findings led us to

201  consider osmotic stress due to the continuous growth in size of the mother cell as a possible
202  cause underlying the long-term inviability and/or short-term inability to divide of the top2
203  progeny. However, addition of 1.2 M sorbitol, an osmotic stabilizer, neither prevented cells
204  from swelling (Fig. 3A) nor improved long-term viability (Fig. 3B) or short-term division

205  capability (Fig. 3C).

206 Next, we analysed cell bodies in these microcolonies more closely, seeking other

207  morphological patterns of cell disease aside from swelling; for example, lysis, darkening and
208  loss of the rounded shape (Fig. 4A). Most of these morphological features have been

209  previously related to different forms of cell death. Because the top2-5 strain also carries a
210  GFP-labeled H2A histone, we also monitored nuclear morphology and chromatin integrity
211 (i.e., GFP intensity). Cells still looked fully healthy after 6 h at 37 °C (no difference with 0 h),
212 despite the great loss in the ability of the progeny to divide. Only after prolonged 37 °C

213 incubations did the cells start to look clearly sick. Still, more than 50% of cell bodies

214  harboured a nuclear GFP signal even 24 h following the 37 °C upshift. This GFP signal co-
215  existed in cell progenies that showed unhealthy patterns in the bright field such as swelled,

216  darkened, or non-rounded cell bodies.

217 In order to better study cell death after top2 MC, we employed other means that

218  required experiments to be performed in liquid media instead of Petri dishes. We first

219  quantified the rate of cell death and metabolic decline by staining with the vital dye

220  methylene blue (MB) (Fig. 4B). This dye stains dead cells blue; and it can also stain cells that
221 are alive but metabolically attenuated [39]. A time course after the 37 °C upshift showed that

222 there was not a major increase in MB positive cell bodies in the first 4 h (the equivalent in

10
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223 liquid cultures to 6 h on solid medium; [36]). In general, the increase in MB+ bodies was

224  linear, but even 24 h after the 37 °C upshift ~40% of cell bodies were not stained by MB.

225  These staining experiments uncovered two other properties of the top2 MC: i) it was common
226  that only one cell body was MB+ in doublets and triplets (Fig. S3A); and ii) both unbudded
227  and budded cells were stained (Fig. S3B). Regarding the former, the result suggest that loss
228  of vitality is not coordinated between mother and daughter(s) cells. This asymmetry also

229  confirms that many doublets must have completed cytokinesis despite remaining together. As
230 for the latter, the staining pattern suggests that loss of vitality occurs in an asynchronous

231 fashion in terms of any preference for a cell cycle stage.

232 Because MB does not distinguish whether cell bodies are dead or simply

233 metabolically stressed, we next sought other more informative vital stains. Firstly, we

234  employed the fluorescent vitality probe FUN1©. This probe stains metabolically active live
235  cells with red vacuolar aggregates [40]. FUN1®© is considered more informative and reliable
236 than MB. With this probe we confirmed that only ~10% of cell bodies have lost vitality after
237  just4 hat 37 °C (left chart of Fig. 4C; Fig. S4). It was also surprising that vitality decline still

238  affected no more than 40% of all cell bodies after 24 h at 37 °C.

239 We also used Propidium lodide (PI) to monitor cell viability. Loss of plasma

240  membrane impermeability is considered a bona fide marker of cell death [37]. Pl is only able
241  to fluorescently stain cells that have lost such impermeability. Anticipating some sort of RCD
242  after the top2 MC, we decided to accompany Pl staining in red with a reporter for reactive
243 oxygen species (ROS) in green. Intrinsic ROS production has been observed during RCD in
244  all eukaryotes, including yeast, and is considered one of most reliable RCD markers [41].

245  After overnight growth at 25 °C (0h), the top2-5 strain had neither dead cells nor cells with

11
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ROS (right part of Fig. 4C, Fig. S5). Four hours after the 37 °C temperature shift, there was
only a slight increase in dead cell bodies (~6%) and almost no signs of ROS in the rest
(~3%). Only after 24 h of incubating the cells at 37 °C, we found a significant proportion of
both ROS (~20%) and dead cells (~20%). It is noteworthy that the percentage of P1+ cells
was still relatively low after this 24 h incubation, and 60% of all cell bodies were still

resistant to Pl and free of ROS.

We next examined if the observed dead cells after the top2 MC were the result of a
regulated suicidal (apoptotic) process or the result of accidental (non-regulated) death. In
order to address these possibilities, we deleted the only caspase-like gene in yeast,
YCA1/MCAL. Ycal is required for apoptosis in yeast in response to several environmental
stresses [42—44]. In addition to cell death, we checked whether Ycal modulated the other
behaviours seen in the top2 MC progeny (for example, the inability to divide and the slow
decline in cell vitality). The conclusions raised from comparing top2-5 YCA1 and top2-5
ycalA were that Ycal/Mcal: (i) had no influence in the percentage or rate of cells that end up
dying (Fig. 4B, C); (ii) neither accelerated nor slowed down the vitality decline (Fig. 4B, C);
(iii) did not modify the profile of clonogenic survival after the top2 MC (Fig. 4D); and (iv) its

absence did not improve the ability of the immediate cell progeny to divide (Fig. 4E).

The overall conclusion from these experiments is that the immediate progeny of the
top2 MC enter a senescent-like state as they retain vitality but loses their ability to re-bud.
Senescence is only a transient state that last several hours or days, until cells eventually die.
The pattern of cell death (morphologically diverse, slow, asynchronous and asymmetrical)

together with the lack of effect of Ycal suggest that loss of Top2 leads to ACD.

12
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269  Chromosome ploidy modulates the ability of the progeny to divide.

270 All the experiments described above were carried out in haploid yeast cells. In

271 haploids, MC associated with the presence of partly unresolved sister chromatids, as in the
272 top2-5 mutant, is expected to be highly deleterious. Severing of these anaphase bridges result
273 in daughter cells that may lack several chromosome arms [18]. Based on this consideration,
274 one might expect that diploid cells would be more resistant to the consequences of top2 MC
275  than haploid cells. Thus, we studied the top2 MC in an isogenic homozygous top2-5/top2-5
276  diploid (2N) strain. Unlike its haploid counterparts, diploid cells were more often able to re-
277  bud at least once. In fact, ~50% of all 2-3 cell bodies originated from just after 6h at 37 °C
278  were able to do so after the 25 °C downshift (Fig. 5A). This percentage dropped considerably
279  if the progeny was incubated 24 h at 37 °C. Strikingly, however, the increase in the ability to
280  divide again after the MC did not yield better clonogenic survival (Fig. 5B), indicating that
281  most of this viable progeny was competent to re-bud only in the first generations. We also
282  performed a microdissection analysis of the diploid top2 progeny. Unlike haploid top2-5

283  cells, which was rather sensitive to micromanipulation, 13% of the diploid progeny raised a
284  macrocolony after the separation attempt (Fig. 5C). Altogether, we conclude that a top2 MC

285 indiploids results in better short-term ability to divide.

286

287  Genome instability footprints in the surviving progeny from the top2-mediated mitotic

288  catastrophe.

289 Above, we have just shown that ~25% of the top2-5 diploid cells still gave rise a

290  macrocolony after the 6h at 37°C regime. We next examined the genomes of these survivors

13
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291 in search for specific genomic footprints of the top2 MC. To accomplish this goal, instead of
292  using the homozygous isogenic diploid employed in the previous chapter, we generated a
293  highly heterozygous hybrid top2-5 diploid. The hybrid diploid was generated by crosses of
294  two sequence-diverged top2-5 haploids, derivatives of W303-1A and YJM789, which are
295  heterozygous for more than 55,000 single-nucleotide polymorphisms (SNPs) distributed

296 throughout the yeast genome (the yeast genome is 15 Mb). These heterozygous SNPs allow
297  the analysis of various types of genomic alterations by using SNP-specific microarrays

298  [45,46]. Each SNP array contains 25-base oligonucleotides that matched either the W303-1A-
299  associated allele or the YJM789-associated allele for about 13,000 different SNPs. By

300 measuring the relative amounts of hybridization to each oligonucleotide, we could detect loss
301  of heterozygosity (LOH) (an event expected from mitotic recombination), as well as analyse
302  deletions, duplications, and changes in chromosome number. Examples of this type of

303  analysis will be described further below.

304 The hybrid diploid was also engineered to select various types of chromosome

305 alterations on chromosome V (Fig. 6A). The, diploids were homozygous for the ade2-1

306  mutation on chromosome XV (an ochre-suppressible allele) and heterozygous for the SUP4-0
307  suppressor gene in chromosome V [47]. Strains with the ade2-1 mutation form red colonies
308 in YPD in the absence of the SUP4-0 suppressor. Diploid strains with one or two copies of
309  SUP4-o form pink and white colonies, respectively [48]. Thus, loss of the SUP4-0 gene by
310  mitotic recombination (to be discussed later) or chromosome loss results in a red colony

311  instead of the pink colonies characteristic of the original strain. Colony colour changes are
312 also expected if the copy number of the ade2-1 allele varies by loss or duplication of

313  chromosome XV. In addition, aneuploidy for other chromosomes sometimes alters the color

314  of the colony. As will be described further below, we analysed genomic alterations under two
14
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315  types of conditions: (i) in colonies that were derived from cells incubated at 37 °C for 6 h,
316 plated at the permissive temperature without regard to colony color and (ii) in red/white
317  sectored colonies derived from cells incubated under the same conditions as the unsectored

318  colonies.

319 The hybrid top2-5 strain FM1873 is homozygous for the top2-5 mutation.

320  Microcolony and clonogenic experiments showed that this strain lost viability quicker than
321 the isogenic homozygous diploid in the S288C background (Fig. 6B, C). There was a steady
322 rise in red and/or red/white sectored colonies among the survivors during the 37 °C

323 incubation, as expected if the top2 MC increases genome instability (Fig. 6D). We used

324  microarrays to examine genomic alterations in the control FM1873 isolate (no exposure to 37
325 °C)and in isolates exposed to 37 °C for 6 h, and then allowed to form colonies at 25 °C. It is
326  important to stress that the SNP microarrays allow analysis of genomic alterations throughout
327  the genome in addition to those changes that occur on chromosome V [45,46]. Examples of
328  microarrays for some types of genomic changes are shown in Fig. 7. In the left side of the
329  figure, the Y-axis shows the normalized hybridization ratio to probes specific to the W303-
330 1A form of the SNP (red) or the YJM789 form of the SNP. Heterozygous SNPs have ratios of
331  about 1 (details in Materials and Methods); in LOH events, SNPs derived from one homolog
332 have aratio of near 2 and those derived from the other have a ratio near 0. One common

333  pattern is a terminal LOH (T-LOH) event (Fig. 7A). As shown on the right side of the figure,
334  this pattern can reflect a reciprocal crossover. Alternatively, T-LOH events can occur by a
335  non-reciprocal type of recombination termed “break-induced replication” (BIR, not shown)
336 [49]. A second type of LOH is an interstitial LOH event (I-LOH; Fig. 7B) in which a region
337  of LOH is flanked by heterozygous. I-LOH events (gene conversions) result from the non-

338  reciprocal transfer of DNA sequences between homologs. Two other classes of genomic
15
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339  rearrangements are a consequence of chromosome non-disjunction. Such non-disjunction
340  events can result in trisomy (Fig. 7C) or monosomy. An event in which one homolog is
341  duplicated and another deleted is called “uniparental disomy” (UPD) and can reflect a non-

342  disjunction event in which the two homologs segregate into different daughter cells (Fig. 7D).

343 When the control FM1873 strain was examined before exposure to the restrictive

344  temperature, surprisingly, we found that it was altered relative to an isogenic TOP2/TOP2
345  hybrid [49]. More specifically, we realized that FM1873 carried a terminal LOH (t-LOH) on
346  the right arm of chromosome XII (the longest chromosome arm in yeast). In addition, all

347  isolates had three to four copies of chromosome XIV. We tried several times to recreate the
348  hybrid top2-5 diploid but were unable to isolate a derivative that had only two copies of XIV.
349  Since this chromosome is the location of top2-5, it is likely that chromosome XIV trisomes
350 and tetrasomes have a selective growth advantage over the diploids that have only two top2-5
351  copies even at the permissive temperature. We generated an isogenic derivative of FM1873
352 (MD684) that lacked the T-LOH event on XII, although it still had extra copies of XIV. For

353 our subsequent genomic analyses, we studied both FM1873 and MD684.

354 The experimental strains were exposed to the restrictive temperature of 37 °C by

355 incubating the cells for six hours either on plates or in liquid (details in Materials and

356  Methods); these two protocols resulted in similar levels of instability. A total of 27 isolates
357  were examined for FM1873 (13 experimental, 14 control), and 19 isolates of MD684 (10

358  experimental, 9 control). Somewhat surprisingly, the control single-colony isolates (cells not
359  exposed to 37 °C) also had high rates of instability (Table 1; “C” samples), indicating that the
360 Top2p encoded by top2-5 does not have wild-type activity even at the permissive

361 temperature. Indeed, a previous biochemical study reported that the Top2-5 activity at 25 °C
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362 is 33% of that of wild type Top2 [50]. Among all isolates examined, we found 76 T-LOH

363 events, 3 I-LOH events, 31 trisomies, 2 monosomies, and 6 UPDs.

364 The average number of genetic changes per strain (including all the data of Table 1) was
365 3.3 alterations/isolate. Since the strains were grown approximately 40 generations before

366  microarray analysis, the rate of alterations/cell division/isolate is about 8.3 x 102. In a

367  previous microarray analysis of a wild-type diploid isogenic with FM1873 and MD684, we
368  found a rate of alterations of about 2 x 10/division, a rate about 40-fold less than for the

369  top2 strains. The most common alteration in the top2 strains was a terminal LOH event (64%
370  of the total events). These events likely reflect the repair of a DSB by either a crossover or a
371 BIR event (Fig. 7). The chromosomal distribution of the events is striking. The right arms of
372 chromosome IV and XII (the two longest arms in the yeast genome) had over 80% of the

373 terminal LOH events (60/76), although these arms represent less than 30% of the yeast

374  genome. Other chromosomes with terminal LOH events (the number of events shown in

375  parentheses) are: XI1I (5), XV (4), VII (3), XIV (2), VII (1), XI (1), and V (1). Chromosomes
376 XIllI, XV and X1V have the third, fourth, and fifth longest chromosome arms in the genome,
377  respectively; all of the mapped events in these chromosomes are on the longest arms.

378  Strikingly, the very large (about 1.2 Mb) ribosomal RNA gene cluster (rDNA) on the right
379  arm of chromosome XII was not a preferred site for terminal LOH events. Although the

380 rRNA gene cluster is about 60% of the right arm of XII, only 30% (3 of 11) of the LOH

381  events had a breakpoint in or near the rRNA genes. We should point out that terminal LOH
382  events on XIllI could only be followed in the MD684 strains (FM1873 already had a cXlIr T-
383  LOH); hence, our estimate of the frequency of terminal LOH events on the right arm of XII is

384 a minimal estimate.
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385 In addition to LOH events, we observed 33 changes in chromosome number (31 trisomies
386 and 2 monosomies) (Table 1). The frequencies of trisomies are not simply related to the size
387  of the chromosomes. Chromosomes V, VIII, and XV were the most frequently-observed

388  trisomes; chromosomes V and VIII are medium-sized chromosomes (both about 550 kb),

389  whereas chromosome XV is large (1092 kb). Only one trisomy was observed involving one
390  of the three smallest chromosomes (I, VI, and I11). Only three of the trisomies involved the
391  two largest chromosomes IV and XII. A straightforward explanation of the large number of
392  trisomic chromosomes is that the intertwining of sister chromatids in the top2 strains often

393  results in their co-segregation into one of the daughter cells.

394 We also observed six UPD events (Fig. 7D). In strains with these events, the homolog is
395  present in two copies, but both copies are derived from one of the original parental homologs.
396  There are two plausible pathways to generate UPD (Fig. S6): two non-disjunction events in
397  different cell cycles or reciprocal UPD (RUPD) in which one pair of homologs segregates
398 into one cell and the other pair segregates into the other cell. Although both pathways

399  probably contribute to UPD in yeast, at least some of the events in wild-type strains are

400 RUPD [51]. To determine whether RUPD events occurred frequently in the top2 cells, we
401  used a protocol in which both daughter cells produced as a result of RUPD or a reciprocal
402  crossover (RCO) in chromosome V could be recovered in different sectors of a sectored

403  colony (Fig. S7). The sectored colonies were derived from the same strains (FM1873 and
404  MD684) used for our single-colony analysis. As discussed previously, a crossover or RUPD
405  can produce a red/white sectored colony. However, to select for such events, both FM1873
406  and MD684 contained a heterozygous can1-100 marker located allelically to the SUP4-0
407  insertion and a gene encoding hygromycin resistance (hph) located distal to the can1-100

408 insertion. The can1-100 mutation is a nonsense mutation, and is suppressed by SUP4-o.
18
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409  Strains that lack the suppressor are resistant to the drug canavanine and those with the
410  suppressor are sensitive. A crossover between canl-100 and the centromere results in
411  formation of a canavanine-resistant red/white sectored colony (Fig. S7A); a sectored colony
412 with the same phenotype can also result from RUPD (Fig. S7B). RCO and RUPD events can

413  be distinguished by microarray analysis (bottom panels of Fig. S7).

414 Following exposure of FM1873 and MD684 to 37 °C, we found 242 red/white CanR

415  sector colonies, 43 of which had the sectoring pattern for the hph marker suggestive of RCO
416  or RUPD events. We found both RCO and RUPD events in two-thirds of these colonies

417  (Table S1). The rate of RUPDs in cells of FM1873 and MD684 treated for six hours at 37 °C
418  was the same, 1.1 x 10°/division; the rate of RUPD in cells of FM1873 that were not exposed
419  to 37°C was 1 x 10°®. The rate of RCO in FM1873 cells treated at 37 °C was 2.7 x 10%; no
420 RCO events were observed in MD684. In an isogenic wild-type strain, the rates of RUPD and
421 RCO for chromosome V were 107 and 1.6 x 10°®, respectively [51]. These results support the
422  conclusion that the top2 mutation results in a substantially elevated rate of RUPD (about 100-

423  fold) and has little effect on the rate of RCO.
424
425  DISCUSSION

426 The formation of anaphase chromosome bridges during the cell division is one of the
427  most dramatic sources of genetic instability. Too many bridges are expected to cause a kind
428  of mitotic catastrophe (MC) which will kill the progeny. Downregulation of topoisomerase 11
429  (Top2) is likely the most common way of generating large numbers of anaphase bridges. In

430  addition, downregulation of Top2 has important implications during acquisition of resistance
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431  against cancer therapy that comprises Top2 poisons (for example, etoposide and

432  anthracyclines). In the present work, we have studied the consequences of downregulating
433  Top2 in yeast. We show that the expected MC often leads to progeny unable to divide;

434  however, cell death is not immediate but the result of a decline in cell vitality that takes hours
435  to complete. We further propose that the irreversible genomic imbalances that occur during
436 chromosome segregation in the absence of Top2 explain the short-term senescence observed
437  in the immediate progeny. This hypothesis is strengthened by the observation that diploid
438  survivors of a top2 MC often carry genomic footprints expected from anaphase bridges such
439  as uniparental disomies and terminal loss of heterozygosity. A step-by-step summary of the

440  events ensuing the top2 MC is shown in Fig. 8.

441  On the short-term cytological consequences of the top2 mitotic catastrophe.

442 In this study we have adopted the term mitotic catastrophe (MC) in its broadest

443  cytological sense, referring to aberrant mitoses that are expected be deleterious for the

444  progeny based on the degree of observed abnormalities. It is worth mentioning that other

445  authors, especially those working with metazoans, restrict the MC term to death occurring in
446  mitosis after a mitotic insult, while using terms such as mitotic slippage to refer to an aberrant
447  chromosome segregation following a mitotic insult [3,52]. With this restriction in mind, MC
448  in metazoans is a sort of RCD, whereas mitotic slippage could result in cell death, either RCD
449  or ACD, or lead to survivors. In our yeast experimental model with the top2-5 allele, death
450  before anaphase is insignificant since cells go through G2/M and anaphase as quickly as their
451  TOP2 counterparts [36]. Nevertheless, other top2 alleles appear to block cells in G2/M either
452 by activating the spindle assembly checkpoint (SAC) or the DNA damage/replication

453  checkpoint [35,53]; it would be interesting to closely follow the fate of these blocked cells,
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454  although cell death was not reported in the short-term. In nocodazole-treated cells, which also
455  arrest cells in Go/M by activation of SAC, 40% cell death has been reported after 10 h in
456  clonogenic assays [54]. This cell death was described to occur through an RCD apoptosis-like

457  mechanism.

458 Our clonogenic assays showed that a sudden drop in viability occurs between 3-6 h
459  after Top2 inactivation (Fig 1C), about the time needed for cells to complete telophase and
460  cytokinesis on solid medium [36]. From the microcolony experiments, we concluded that the
461  ensuing top2-5 progeny are largely impaired in entering a second cell cycle (Fig 1A, B and
462  2). This impairment can be partly alleviated in diploids, yet only in the short-term (Fig 5).
463  This observation leads us to propose that gross genomic imbalances prevent the immediate
464  progeny from cell cycle progression. Taking into account previous reports on the formation
465  of anaphase bridges in top2-ts mutants [20,36] and high levels of chromosome

466  missegregation [34], it appears logical that many of the haploid progeny lose entire

467  chromosomes containing essential genes. In addition, loss of essential genes may reflect
468  breakage of chromosomes at the bridge followed by loss of the distal chromosome regions

469  [18,55].

470 An interesting third scenario is that daughter cells immediately die upon the top2 MC
471  through an RCD program. This would imply that either mitotic cells or their immediate

472  progeny sense the MC and execute an RCD, as in metazoans and in nocodazole-blocked

473  yeast cells [14,54]. Our results, however, argue against this possibility. Firstly, many cells
474  stained negative for death markers (PI) and positive for metabolic activity (FUN1©) even
475  after 24 h at 37 °C. Secondly, the decline in cell vitality occurred slowly, linearly

476  (asynchronously) and asymmetrically (when comparing daughter cells that remained together
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477  after the MC). Thirdly, Ycal/Mcal, the main RCD player in S. cerevisiae, does not modulate
478  the way vitality declines. Even though there are other RCD proteins aside from Ycal/Mcal
479  [56,57], we point out that that the pattern of cell death after the top2 MC is better explained
480  through ACD. Although we found intrinsic ROS production in a subset of the top2 MC

481  progeny and this finding has been considered a marker of RCD [41,58], we hypothesize that,
482  inour case, ROS accumulation is another consequence of the steady decline of cell

483  homeostasis. For instance, ROS might arise from either loss of nuclear genes encoding

484  mitochondrial proteins or genes involved in eliminating ROS. Comparing with previous

485  studies, the events that lead to death after the top2 MC resemble those observed after

486  prolonged G2/M arrest in the cdc13-1 mutant, which results in irreversible DNA damage at
487  chromosome ends. In arrested cdc13 cells, there are cell markers of RCD such as ROS

488  production [59], although further biochemical assays or genetic manipulation suggest ACD
489  rather than RCD [56]. In cdc13-1, because cells get blocked in G2/M, there are no genetic
490 imbalances prior to cell death. It was proposed that cell lysis, resulting from cell growth

491  without cell division, was the ultimate cause of death, a hypothesis confirmed because

492  sorbitol (an osmotic stabilizer) improved cell viability [56]. Although we also observed

493  oversized cells one day after the top2 MC (Fig 2A; 3A), cell lysis was a rare event and

494  sorbitol did not improve cell viability (Fig 3). Therefore, we propose that the secondary ACD
495  observed after the top2 MC is the consequence of the steady decline of cell homeostasis

496  resulting from loss of essential genes.

497

498  On the long-term genetic consequences of the top2 mitotic catastrophe.
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499 We have also compared the genomes of surviving diploids after 6h of Top2

500 inactivation. Even though we have not formally checked that all survivors came from a MC
501 (i.e., they went through anaphase), the results shown in Figs 1-5, together with previous
502  findings [20,35,36] lead us to conclude that most of these survivors likely came from a top2
503 MC. Indeed, many of the observed chromosome variations and rearrangements can be best
504  explained if cells go through anaphase in the absence of proper sister chromatid disjunction.
505  Failure to decatenate sister chromatids results in DNA breaks that are repaired by RCOs or
506  BIR. Previous studies also show that ABs get elevated in strains defective for sister

507 chromatid decatenation such as top2, condensin mutants and cdc14 [60-62].

508 One interpretation of the strong bias for T-LOH events relative to I-LOH events (76
509 terminal and 3 interstitial) is that DSBs are repaired primarily through BIR. In many previous
510 studies, I-LOH represented a very significant fraction of the total LOH events. For example,
511  in Gi-synchronized cells treated with ultraviolet light, we observed a 1:3 ratio between T-
512  LOH and I-LOH [49]. Interstitial LOH requires both ends of the DSB to invade the other

513  homolog during repair through homologous recombination, a condition difficult to fulfil in
514 the DSBs generated by cytokinesis [18]. According to a previous study [60], the frequency of
515  DSBs in top2 mutants is higher for long chromosome arms than short chromosome arms. Our
516  results are also consistent with this observation. Chromosome 1V and XII right arms are the
517  longest in the yeast genome and are overrepresented in the T-LOH events (normalizing for
518  the size of the arm). An unusual feature of the T-LOH data is the rDNA is under-represented
519  as a breakpoint in the cXIIr T-LOH events. It was previously shown, using an assay that

520 detects loss of inserted marker within the rDNA, that top2 strains have substantially elevated
521  rates of mitotic recombination in the rDNA [63]. One possible explanation of this

522  discrepancy is that DSBs within the rDNA may be repaired by single-strand annealing
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523  between flanking copies of the rDNA genes [64], an event that could result in loss of an

524 inserted marker without an interaction with the other homolog.

525 Another genetic alteration that is consistent with sister chromatid non-disjunction at
526  the top2 MC is the elevated presence of trisomies. A straightforward explanation for this is
527  that the intertwining of sister chromatids in the top2 strains often results in their co-

528  segregation into one of the daughter cells. Although this type of non-disjunction would be
529  expected to create equal numbers of monosomic and trisomic strains, it is possible that the
530 monosomic strains have a competitive growth disadvantage and are, therefore, selected

531 against. In tel1 mecl diploids, expected to enter anaphase with broken and/or underreplicated
532  chromosomes, trisomies were five times more common than monosomies [65]. A similar bias
533  towards trisomies was observed in cdc14-1 diploids [66]; cdc14 results in elevated levels of

534  anaphase bridges because Cdc14 regulates condensin and Top2 actions in anaphase [67,68].

535 Lastly, the 100-fold enrichment in RUPD after the top2 MC is also in agreement with
536  models of genomic instability generated by sister chromatid non-disjunction. Two models are
537  proposed for the generation of RUPD. One model involves two independent missegregation
538 events occurring in successive divisions. In the other model, segregation of the chromosomes
539  occurs in a manner similar to meiosis-I (Figs. S6 and S7). In wild-type cells, we demonstrated
540 that the second model is correct [51]. From our data in the current study, we cannot

541  distinguish between these models. The rate of a single non-disjunction event of chromosome
542 'V inatop2 mutant is very high, about 3 x 10°%/division [34]. Thus, the likelihood of two

543  independent non-disjunction events in a single division is (3 x 10)2 or 10 which is close to
544  our observed rate of RUPD in the top2-5 diploid. It is possible that both mechanisms

545  contribute to the high rate of RUPD observed in the top2-5 mutants. Another difference with
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546  our earlier study [51] is the low frequency (18%) of sectors reflecting RUPD and RCO
547  recovered from the red/white Can® sector assay. In our previous study, almost all of the
548  sectored colonies reflected RCOs or RUPD events. It is likely that the high levels of

549  aneuploidy observed in the top2 mutants affects colony color by mechanisms unrelated to

550 RCO or RUPD events on chromosome V.
551 CONCLUSIONS

552 In this work, we have characterized the consequences for the progeny of depleting

553  yeast cells of Top2. We determined that the top2 mitotic catastrophe leads to the sudden loss
554  of the capability to divide again. Nevertheless, restrictions for cell division are not a

555  consequence of immediate cell death as the progeny remain alive for several hours. In

556  addition, survivors of the top2 mitotic catastrophe carry genomic footprints that point towards
557  sister chromatid non-disjunction and breakage of anaphase bridges as the source of the top2-
558  driven genome instability. Overall, the top2-mediated mitotic catastrophe is highly

559  deleterious for the cell progeny but it might also bring about highly unstable surviving clones.
560  Our results are of special interest to the field of Top2 catalytic inhibition as a promising

561  mechanism of action against cancer cells, especially those that have become resistant to anti-

562  Top2 poisons.

563
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564 MATERIALS AND METHODS

565  Strain construction.

566 All strains used in this work are listed in Table S2. Gene deletions were achieved

567 using standard PCR and transformation methods [36,69]. To obtain the transformation

568  products, genomic DNA of the corresponding strain in the Euroscarf yeast haploid MATa
569  knockout collection was used as the PCR template. Primers used in the PCR bind 100-400
570  bps upstream and downstream the deleted gene ORF (Table S3). Thus, the transformation
571  product consisted in an amplicon containing either the kanMX or URA3MX selection markers

572  flanked by 100-400 bps arms homologous to the targeting locus.

573 The top2-5 isogenic homozygous diploid derivative was generated through a one-step
574  marker-free transformation approach that takes advantage of the a-factor hypersensitivity in
575  the haploid MATa barlA genotype (a proof of concept is provided in Fig. S8). Briefly,

576  haploid MATa barlA strains were transformed with a PCR product obtained from a MATa
577  haploid strain such that it only recombines with the MAT locus but not with the silent

578  HML/HMR loci. We counterselected against the MATa genotype by spreading 5 pg a-factor
579  on the Petri dish surface before spreading the transformed cells. Colonies resistant to a-factor
580  were collected after 3-4 days at 25 °C and checked by PCR for the MATa, MATa or

581  MATa/MATa genotypes (Fig. S8). MATa/MATa diploids were further confirmed by

582  sporulation capability and 2N DNA content by flow cytometry [70].

583 The top2-5 heterozygous diploids FM1873 and MD684 were obtained by crossing of
584  haploid strain top2-5 derivatives of PSL2 and PSL5. These two strains are isogenic with

585  Wa303-1A and YJM789, respectively, and have been engineered to select and visually detect
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586  chromosome V rearrangements [47]. W303-1A and YJM789 differ by about 55,000 SNPs.
587  The PSL2 top2-5 (FM1830) and PSL5 top2-5 (FM1832) haploids were constructed by
588 transformation with a top2-5:9xmyc:natNT2 product. This product was amplified by PCR
589  from a CH326 strain derivative in which the top2-5 allele had been tagged at 3’ with

590 sequences for 9 copies of the Myc epitope [71]. The heterozygous top2-5/top2-5 diploid
591  FM1873 was obtained by crossing FM1830 and FM1832. After realizing that FM1873

592 already carried genome alterations at 25 °C (3-4 copies of cXIV and cXIIr T-LOH), other
593  attempts to construct this diploid were undertaken. Previously, the FM1830 and FM1832
594  haploids were analysed and it was determined that FM1830 had 1-2 copies of cXIV. Thus,
595  FM1830 was backcrossed with W303 to cure the strain of genome alterations. One spore
596 (MD681) was identified that had the same genotype as FM1830 except that it had only one
597  copy of chromosome XIV. This strain was crossed to FM1832 to generate the diploid

598 MD684. Although these steps of construction were designed to generate a diploid that was
599 isogenic with FM1873 lacking the aneuploidy of XIV and the T-LOH event on cXIIr,

600  subsequent microarray analysis showed that MD684 still had three to four copies of X1V,

601  although the T-LOH event on cXIIr was absent.

602 Unless stated otherwise, all strains were grown overnight in air orbital incubators at
603  25°C inrich YPD media (1% w/v of yeast extract, 2% w/v peptone and 2% w/v dextrose)

604  before every experiment.

605

606  Assays to assess clone survivability and capability of single cells to divide.
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607 A modified clonogenic assay was used to assess survivability of the progeny after the
608  mitotic catastrophe. The purpose of this assay was to determine if at least one of the resulting
609 cells in the progeny was still able to raise a new cell population. To this aim, 10? and 103 cells
610  of an asynchronous logarithmic culture were spread onto a set of 14 YPD plates. These plates
611  were then incubated for 0, 3, 6, 9, 12, 24 and 48 h at 37 °C. After that, they were switched to
612 25 °C to allow the growth of the survivors. Colonies were counted after 3-4 days and were
613  normalized to the number of colonies grown without exposure to the restrictive temperature
614 (0 h). By fixing the initial cell population on a solid medium, any clones that keep viability
615  would give rise to a single macrocolony, irrespective of how many times the cell has divided
616 and how many cells in the progeny are viable. Half-life values (t ¥2), the time in which the
617  clone survival drops to 50%, were calculated adjusting the data to a four-parameter model

618  using Graphpad Prism 7.

619 For the microcolony analysis, ~1.5 x 10° cells were spread onto a YPD (or YPD plus
620 1.2 M Sorbitol) plate to yield a density on the plate surface of around 25 cells per 10,000

621  pm?2. Defined positions on the plate were marked by piercing the surface with the needle of a
622  Singer Sporeplay tetrad microdissector, using its 8 x 8 grid as a reference (12-16 fields in

623  total). The plate was then transferred to a Leica LMD6000 direct microscope equipped with a
624  6.7x and 40x long-range objectives. The 6.7x was used to locate the marked fields and the
625  40x to take pictures of the cells in those fields (corresponding to 0 h, 25 °C). Next, the plates
626  were incubated at 37 °C for 6 or 24 h before taking new pictures of the same fields. The

627  procedure was repeated one more time after incubating the plate back at 25 °C for 18-24 h.
628  Finally, the same microcolonies in the corresponding three frames per field were identified by

629  eye and categorized as indicated in the figure legends. The cell volume of the original mother

28


https://doi.org/10.1101/668954
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/668954; this version posted June 13, 2019. 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.

630  cell in all three frames was calculated assuming a perfect sphere and taking the cell diameter

631  for calculations.

632 For the single cell analysis by micromanipulation the different strains were streaked
633  on YPD Petri dishes. Unbudded cells were harvested with a Singer Sporeplay tetrad

634  microdissector. Just 12 cells were harvested per plate and arrayed along the A file stage grid
635 template in order to avoid prolonged incubations at 25° C. They were then incubated 6 h at 37
636  °C and then observed under the microscope to count the number of cells that originated from
637  the initial cell. Next, each cell that had at least a new bud was subjected to a mild attempt to
638  separate the cell bodies using the needle and the vibration device. If successful, the largest
639  body remained in the A file, whereas the other body was transferred to the B file. Finally, the

640  plate was incubated 4 d at 25 °C to search for survivors.

641 The segregation and morphology of the histone-labelled nucleus (H2A-GFP) was

642  analyzed by wide-field fluorescence videomicroscopy. An asynchronous culture was

643  concentrated by centrifugation to ODeso Of 3 and spread onto YPD agar 90 mm Petri dishes.
644  Patches were made from this plate and mounted in a microscope slide. They were incubated
645  at 37 °C for 24 h in high humidity chambers to avoid the patch to dry. The same fields were
646  photomicrographed at 0, 6 and 24 h. For each time point, a series of z-focal plane images (10
647  planes, 0.6 um depth) were collected on a Leica DMI6000, using a 63x/1.30 immersion

648  objective and an ultrasensitive DFC 350 digital camera, and processed with the AF6000

649  software (Leica).

650

651  Assays to assess cell vitality and cell death.
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652 All the colorimetric and fluorometric assays to assess metabolic competence, ROS
653  production, and plasma membrane permeability were carried out in asynchronous logarithmic
654  cultures grown overnight at 25 °C, adjusting the ODeoo to 0.2 and incubated them for 24 h at
655 37 °C. Samples were taken at 0, 4 and 24 h, unless stated otherwise, and directly observed
656  under the microscope. Fluorescence microscopy was used instead of flow cytometry because
657  strains were already fluorescent for H2A-GFP. ROS were visualized with 10 ug/ml of 2',7'-
658  dichlorofluorescin diacetate (DCFH-DA,; Sigma-Aldrich; D6883); and 3 ug/ml PI (Fluka;

659  #81845) was used to count dead cells. Both dyes were directly mixed with a 200 pl aliquot of
660  the culture and incubated 15 min at 37 °C in the dark. Cell bodies were considered ROS

661  positive when the cytoplasm stained green in the absence of staining for Pl. FUN® 1

662  (Invitrogen; F7030) staining was done washing 200 ul of each sample with water containing
663 2% D-(+)-glucose and 10 mM Na-HEPES, pH 7.2, resuspending the cells in the same buffer
664  with 10 yM FUN® 1 and incubating 30 min at 37 °C in the dark. For MB (Sigma-Aldrich;
665 M9140) staining, 1 pl of each sample was mixed with 1 pl of a 0.04% w/v MB solution in

666  water onto a microscope slide and directly visualized (bright field).

667

668  Analysis of genomic rearrangements using microarrays

669 Two similar protocols were used to expose heterozygous diploids to the top2-

670  mediated mitotic catastrophe. For both protocols, cells were grown in YPD to an optical

671  density of 0.5-1. For one set of experiments (marked as E1 in the tables in the text), the cells
672  were struck for single colonies on plates containing solid YPD medium, incubated for 6 hours
673  at 37°C, then incubated at room temperature until colonies had formed. For the second

674  protocol, the cells grown at room temperature were harvested by centrifugation, and
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675  resuspended in 37 °C liquid medium, followed by incubation for 6 hours at 37 °C. Following
676 this incubation, they were struck on YPD plates and incubated at room temperature until

677  colonies were formed. For both protocols, the control cells were struck to room temperature
678  YPD plates without incubating them at 37 °C. In experiments to detect sectored colonies, the
679  YPD medium was replaced with solid omission medium lacking arginine and containing 120

680  pg/ml canavanine [48].

681 We detected LOH events, aneuploidy and UPD using SNP-specific microarrays

682  similar to those used by [72]. The details of this procedure have been described before

683  [45,46]. In brief, for most experiments, genomic DNA was obtained from single-colony

684 isolates of experimental samples (incubated for six hours at 37 °C) that was labeled with Cy5-
685  dUTP. Two different types of microarray-control DNA were used and labelled with Cy3-

686  dUTP. For some experiments, we used DNA purified from the FM1873 culture before

687  exposure to 37 °C. In other experiments, we used DNA from the TOP2/TOP2 isogenic strain
688  JSC24 [49]. Following labeling of the samples, the experimental and microarray-control

689  DNA samples were mixed and hybridized to the microarrays [45]. The microarrays were then
690  scanned at wavelengths 532 and 635 nm with a GenePix scanner, and analyzed by GenePix
691  Pro software. Hybridization signals for Cy5 and Cy3 were normalized over the array to a

692  value of 1. Additional steps of normalization are described in [45]. Following normalization,
693  the ratio of hybridization of the experimental samples to the control samples for individual
694  SNPswas 1 if the experimental strain was heterozygous. In analysis of single-colony isolates,
695  whole-genome arrays were used (Gene Expression Omnibus [GEO] #GPL20144). For

696  analysis of sectored colonies, we used microarrays specific for the right arm of V, and

697  chromosomes I, I11, and VIII (GEO #GPL21274).
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Table 1. Genomic changes in single-colony isolates of FM1873 and MD684.

Strain name!

Genomic alterations?

FM1873-01 (E1)

FM1873-04 (E1)

FM1873-11 (E1)
FM1873-1 (E2)
FM1873-2 (E2)
FM1873-3 (E2)
FM1873-4 (E2)
FM1873-5 (E2)
FM1873-11X (E2)
FM1873-12 (E2)
FM1873-13 (E2)
FM1873-14 (E2)
FM1873-15 (E2)
FM1873-C1 (C1)
FM1873-C2 (C1)
FM1873-C3 (C1)

FM1873-C4 (C1)

FM1873-1c (C2)

FM1873-2¢ (C2)
FM1873-3c (C2)

FM1873-4c (C2)

T-LOH (966 kb on 1V), Tri (V), Partial UPD (VI1), Tri (X)

T-LOH (471 kb on 1V), UPD (VIII), 3 T-LOH events (XIII, breakpoints
at 450 kb, 777 kb, and 864 kb)

UPD (IV), Tri (VII1), Mon (1X), Tri (X), Partial Tri (XV), UPD (XVI)
UPD (1V), Tri (XV)

T-LOH (790 kb on 1V)

T-LOH (790 kb on 1V)

T-LOH (671 kb on V), Tri (V), Tri (VI1), T-LOH (1002 kb on XV)
T-LOH (755 kb on IV), T-LOH (450 kb on XI11)

T-LOH (958 kb on V), Tri (V1)

Tri (V)

T-LOH (668 kb on IV), Tri (V), T-LOH (1002 kb on XV)

T-LOH (1018 kb on V)

T-LOH (483 kb on IV)

No additional alterations

No additional alterations

Two T-LOH events (485 kb and 820 kb on V)

T-LOH (470 kb on 1V), T-LOH (856 kb on XI11), T-LOH (216 kb on
X1V)

Two T-LOH (456 kb and 1440 kb on IV); T-LOH (385 kb on V1), T-
LOH (400 kb on XIV)

Two T-LOH (957 kb and 1440 kb on V)
T-LOH (935 kb on 1V), Tri (V)

T-LOH (858 kb on 1V)
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FM1873-5¢ (C2)
FM1873-11c (C2)
FM1873-12¢ (C2)
FM1873-13¢ (C2)
FM1873-14c (C2)

FM1873-15¢ (C2)

MD684.1.1 (E1)
MD684.1.2 (E1)
MD684.1.3 (E1)
MD684.1.4 (E1)

MD684.1.5 (E1)

MD684.1.6 (E2)

MD684.1.7 (E2)

MD684.1.8 (E2)

MD684.1.9 (E2)

MD684.1.10 (E2)

MD684 C1.1 (C1)

MD684 C1.2 (C1)

MD684 C1.3 (C1)

MD684 C1.4 (C1)

MD684 C1.5 (C1)
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Tri and T-LOH (1270 kb on 1V), Tri (V), Partial Tri (XIII)
T-LOH (1017 kb on IV), Tri (VII1), Tri (XV)

T-LOH (1004 kb on 1V), Tri (X), Tri (XV)

T-LOH (1017 kb on IV), Tri (VII1)

Two T-LOH events (889 kb and 1221 kb on 1V)

I-LOH (1354-1357 kb on IV), T-LOH (1474 kb on 1V), Tri (V), UPD
(VIII)

T-LOH (596 kb on 1V), T-LOH (7.5 kb on XI), T-LOH (430 kb on XII)
T-LOH (808 kb on 1V), Tri (V11I)

T-LOH (1002 kb on V), T-LOH (165 kb on XII)

T-LOH (458 kb on 1V), Tri (XV)

T-LOH (1065 on V), Tri (VIII), Two T-LOH (253 kb and 446 kb on
XI1lI)

Partial Tri (11)

T-LOH (1028 kb on V), T-LOH (29 kb on V1), T-LOH (175 kb on
XII)

Three T-LOH (921 kb, 1050 kb and 1070 kb on V), T-LOH (538 kb on
V), T-LOH (450 kb on XI11)

Partial monosomy (1), Tri and T-LOH (486 kb on 1V)

Two T-LOH (661 kb and 963 kb on 1V), Tri and T-LOH (626 kb on
XV)

I-LOH (747-760 kb on V), T-LOH (840 kb on IV), T-LOH (176 kb on
XII)

T-LOH (458 kb on 1V), T-LOH (447 kb on XI1)

Two T-LOH (893 kb and 1472 kb on 1V), Tri (V), T-LOH (170 kb on
XI1)

Tri (1), T-LOH (920 kb on 1V)

T-LOH (527 kb on 1V), Tri (XII)
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MD684 C1.6 (C2) Two T-LOH (680 kb and 1050 kb on 1), T-LOH (760 kb on V1), T-
LOH (175 kb on XII)

MDG684 C1.7 (C2) T-LOH (1008 on V), I-LOH (215-228 kb on XII), T-LOH (277 kb on
XI11), Partial Tri (XVI)

MD684 C1.8 (C2) T-LOH (842 kb on IV), T-LOH (657 kb on XV)
MD684 C1.9 (C2) T-LOH (1028 kb on IV)

921

922  !Parentheses after the strain name indicate whether the strain was experimental (E, incubated
923  for six hours at 37 °C) or control (C, not incubated at 37 °C). E1 and C1 indicates that the 37
924  °C incubation was done on plates; in E2 and C2 experiments, the 37 °C incubations were

925  done in liquid.

926 2 Strains derived from FM1873 (both experimental (incubated at 37 °C for six hours) and
927  control (not incubated at 37 °C) strains had three to four copies of chromosome XIV and a
928 terminal LOH event on the right arm of chromosome XII (breakpoint at 236 kb). These

929  alterations, therefore, are not listed in the FM1873 strains. The MD684 strain also had three
930 to four copies of chromosome XIV in isolates, and this alteration is not shown in the table.
931  Code: T-LOH (terminal LOH event), I-LOH (interstitial LOH event), Tri (trisomy), Mon

932  (monosomy), UPD (uniparental disomy).
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Figure 1. Most daughter cells coming from a Top2-mediated mitotic catastrophe are unable to
divide again (I). (A) Haploid TOP2 (WT) or top2-5 cells were grown at 25 °C and spread on YPD
agar plates. Unbudded cells (G,/G,) were identified and photographed again after 6 h at 37 °C.
Number of cell bodies (buds) coming from these G,/G, cells were then counted and plotted as
indicated. (B) The same analysis as in panel A but including data coming from independent
experiments as well as after 24 h incubation at 37 °C (mean + s.e.m., n=3). (C) Time course of
clonogenic survivability. Asynchronous top2-5 cultures growing at 25 °C were spread onto several
YPD plates. The plates were incubated at 37 °C for different periods before transferring them 25
°C. Four days after the initial plating, visible colonies (macrocolonies) were counted and
normalized to a control plate which was never incubated at 37 °C (Oh). (D) Analysis of the origin of
macrocolonies after the 6 h x 37 °C regime as determined after microscanning plates at the time of
seeding (N=33 macrocolonies; 2:1 unbudded:budded ratio at seeding).
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‘ top2-5
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Figure 2. Most daughter cells coming from a Top2-mediated mitotic catastrophe are unable to
divide again (I1). Haploid top2-5 cells were grown and spread at high cell density on two Petri dishes.
At the time of seeding, Oh (25 °C), several fields were photomicrographed before incubating the plates
at 37 °C during either 6 h or 24 h. After the 37 °C incubation, the same fields were localized,
photomicrographed again, and further incubated 16-24 h at 25 °C. (A) An example of a microscope
field of a 37 °C x 24 h experiment. Three representative unbudded cells at Oh (25 °C) are highlighted. In
red, two cells that budded just once during the 37 °C x 24 h incubation (“2” cell bodies); one of them
able to re-bud again a few times after the 25 °C downshift (“m”) and the second one that remained
stuck as “2”. In green, a cell that reached “3” bodies at 37° C and remained so after the final 25 °C x 24
h incubation. Scale bar corresponds to 50 um. (B) Analysis of how far the top2-5 progeny can go after
the mitotic catastrophe, based on the microcolony approach shown in panel A. Only unbudded (G,/G)
cells at Oh (25 °C) were considered. The inner circle in the sunburst chart depicts the number of cell
bodies after the 37 °C incubation. The outer circle depicts the situation after the final 25 °C incubations
(16 h for the 6h x 37 °C regime and 24 h for the 6h x 37 °C regime). On the left are results from a 37 °C
X 6 h regime; on the right are results from a 37 °C x 24 h regime. Numbers point to the number of cell
bodies; “m” means microcolonies of 5 or more bodies. (C) Capability of the top2-5 progeny to split
apart and relationship with overall survivability. Unbudded cells were micromanipulated and arranged
at defined plate positions before incubating then 6 h at 37 °C. Then, those cells able to re-bud at least
once were subjected to an attempt to physically separate the cell bodies. The inner circle in the sunburst
depicts the number of cell bodies after the 6 h at 37 °C incubation. The middle circle depicts the result
of the separation attempt (“Y” or “N”, successful or unsuccessful, respectively). The outer circle
indicates if any of the bodies was able to raise a macrocolony (Yes or No) after 4 d incubation at 25 °C.
N, number of original unbudded cells which were followed. Blue sectors, G,/G, cells that remained
unbudded during the 37 °C incubations; red sectors; cells that budded once at 37 °C; green sectors, cells
that reached 3 bodies at 37 °C; orange sectors, cells that reached 4 or more bodies at 37 °C.
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Figure 3. Osmotic stress plays no role in the inability to divide of the top2-5 progeny.
(A) Progression of the size (volume) of the original G,/G, cells (mother) after the top2-5
mitotic catastrophe with and without the osmotic stabilizer Sorbitol (Sorb, 1.2 M). (B)
Time course of clonogenic survivability in the presence of 1.2 M Sorbitol. The
experiment was conducted as in 1C. (C) Sunbursts of microcolony analyses in the
presence of 1.2 M Sorbitol (Srb) at the 6 h and 24 h x 37 °C regimes. Interpretation as in
Figure 2B.
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Figure 4. Cell vitality remain high for several hours after the top2 mitotic catastrophe and
is not modulated by Ycal. (A) Morphological patterns of cell and nuclear sickness after the
top2 MC. Haploid top2-5 HTA2-GFP cells were seeded onto agarose patches and the same
fields visualized under the fluorescence microscope at 0 h, 6 h and 24 h after the 37 °C
temperature upshift. White filled triangles point to darkened inclusion bodies, asterisks (*)
swelled cells, open circles (o) cells that has lost their rounded shape, and hash (#) points to
cells that have largely lost the H2A-GFP signal. BF, bright field. Scale bar corresponds to 20
um. (B) Time course of cell vitality decline as reporter by methylene blue (MB) negative
staining. Asynchronous cultures of the top2-5 and top2-5 ycalA strains were grown at 25 °C
before shifting the temperature to 37 °C. At the indicated time points (0, 2, 4, 6, 24 & 48 h),
samples were taken and stained with the vital dye MB. (C) Cell vitality decline as reported by
metabolic competence, intrinsic ROS generation, and loss of plasma membrane
impermeability. Cells were treated as in B and stained at the indicated time points with the vital
dye FUNL1, the death marker propidium iodide (PI), and/or the ROS reporter DCFH-DA (mean
+ s.e.m., n=3). (D) Clonogenic survival profile of top2-5 ycalA as determined on the low-
density plates (mean + s.e.m., n=3). The experimental procedure is described in Figure 1C. (E)
Ability to re-bud of the top2-5 ycalA MC progeny as determined on the high-density plates.
The experimental procedure is described in Figure 2.
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Figure 5. Mitotic catastrophe in top2-5 diploids leads to progeny with a greater capacity
for cell division than observed in the haploid. Isogenic homozygous top2-5 diploid cells were
grown and spread at either low or high cell density on Petri dishes. In addition, G,/G, cells were
micromanipulated, arrayed and treated as described in Figure 2C. (A) Ability to re-bud after
transient (6 h or 24 h) incubations at 37 °C of the high-density plates. The experimental
procedure is described in Figure 2. (B) Clonogenic survival profile as determined on the low-
density plates (mean + s.e.m., n=3). The experimental procedure is described in Figure 1C. (C)
Capability of the progeny to split apart and relationship with overall survivability. The
experimental procedure is described in Figure 2C.
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Figure 6. Mitotic catastrophe in top2-5 heterozygous diploids leads to a
genetically unstable progeny (I). (A) Schematic of the engineered chromosome V
(cV) from the hybrid highly heterozygous (~55,000 SNPs) diploids used in this study.
As explained in the text, the genetic modifications applied in cV allowed for selection
of chromosome rearrangements. (B) G,/G, cells from the hybrid highly heterozygous
top2-5 diploid FM1873 strain were micromanipulated, arrayed and treated as
described in Figure 2C. The capability of the immediate progeny to split apart and its
relationship with overall survivability is shown in the sunburst chart. The
interpretation is described in Figure 2C. (C) Clonogenic survival profile of FM1873 as
determined on low-density plates (mean + s.e.m., n=3). The experimental procedure is
described in Figure 1C. (D) Percentage of red or sectored (either white:red or pink:red)
colonies in the surviving clones. Both outcomes often reflect genetic alterations on cV
as described in the text.
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Figure 7. Genomic alterations detectable by microarrays. In this figure, the results of microarray
analysis of colonies derived from FM1873 or MD684 are shown on the left side, and diagrams of the
genetic events producing these patterns are shown on the right side. For the microarray patterns,
hybridization to SNPs specific to homologs derived from W303-1A are shown in red, and
hybridizations to SNPs specific to YJM789 are shown in blue. The X-axis shows SGD coordinates for
the chromosome, and the Y-axis shows the ratio of hybridization normalized to a heterozygous diploid
strain. (A) Terminal-LOH event on IV (MD684.1.1 (E1) in Table 1). Such events reflect either
crossovers or BIR events. (B) Interstitial-LOH event (marked with arrow) plus T-LOH event on
chromosome IV (FM1873-15c (C2) in Table 1). (C) Trisomy (MD684.1.1 (E1) in Table 1). This
isolate has two copies of the W303-1A-derived chromosome X1V and one copy of the YJM789-
derived XIV. (D) Uniparental disomy. This isolate has two copies of the W303-1A-derived
chromosome V and no copies of the YJM789-derived chromosome.
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Figure 8. Summary of the top2-mediated mitotic catastrophe and the fate of the
immediate progeny. After inactivation of Top2, cells cannot resolve sister chromatids in
anaphase, leading to an anaphase bridges between the mother (M) and its daughter (D1). These
bridges are quickly severed (at least in the top2-5 mutant [36]). The immediate progeny coming
from the top2 mitotic catastrophes (MCs) is largely unable to enter a new cell cycle (do not re-
bud) despite remaining metabolically active for many hours; hence, these cells become
senescent. Only ~25% of the original mothers re-bud once (D2) after the top2 MC. The long-
term fate of these cells is death. Most, if not all, cells will eventually die through accidental cell
death (ACD), as deduced from both the asynchrony and asymmetry of death events and the
lack of regulation by the death modulator Ycal(Mcal). The inability to enter a new cell cycle is
likely a consequence of both the massive DNA damage as a consequence of bridge severing,
and the misdistribution of essential genetic material coded on the chromosome arms between
the daughter cells. A small proportion of the progeny, especially those cell that underwent a
milder top2 MC (e.g., already in S/G, at the time of Top2 inactivation) survives to yield a
population of cells with characteristic footprints of genomic instability. Two of these footprints,
terminal loss of heterozygosity (T-LOH) and uniparental disomy (UPD) are expected outcomes

from anaphase bridges.
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