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ABSTRACT

The chromosome breakage-fusion-bridge (BFB) cycle is a mutational process that
produces gene amplification and genome instability. Signatures of BFB cycles can be observed in
cancer genomes with chromothripsis, another catastrophic mutational process. Here, we explain
this association by identifying a mutational cascade downstream of chromosome bridge formation
that generates increasing amounts of chromothripsis. We uncover a new role for actomyosin forces
in bridge breakage and mutagenesis. Chromothripsis then accumulates starting with aberrant
interphase replication of bridge DNA, followed by an unexpected burst of mitotic DNA
replication, generating extensive DNA damage. Bridge formation also disrupts the centromeric
epigenetic mark, leading to micronucleus formation that itself promotes chromothripsis. We show
that this mutational cascade generates the continuing evolution and sub-clonal heterogeneity

characteristic of many human cancers.

INTRODUCTION

Cancer genomes can contain thousands of chromosomal rearrangements (/).
Traditionally, it was assumed that these genomes evolve gradually by accruing small-scale
changes successively over many generations. However, the extent of genomic rearrangement in
many cancers suggests a non-exclusive, alternative view: these genomes may evolve rapidly via
discrete episodes that generate bursts of genomic alterations (2-6). This latter model provides a
parsimonious explanation for the origin of extreme genomic complexity.

Three classes of catastrophic events have been described that may account for a substantial

fraction of chromosome alterations in cancer: whole-genome duplication, chromothripsis, and
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chromosome breakage-fusion-bridge cycles. The first class, whole-genome duplication (WGD),
can promote tumorigenesis and is now appreciated to occur during the development of ~40% of
human solid tumors (2, 7). Whole-genome duplication causes genome instability by several
mechanisms, including doubling the number of centrosomes, distorting spindle architecture,
generating chromosome segregation errors, and producing micronuclei, abnormal nuclear
structures common in cancer (8-117).

The second class of catastrophic event, chromothripsis, is a massive rearrangement of only
one or a few chromosomes resulting in an unusual DNA copy number pattern (3, 5, 12).
Chromothripsis occurs with reported frequencies of 20-65% in many common tumor types (/, 13).
We previously found that chromothripsis can originate from micronuclei (/4-17), which arise from
mitotic segregation errors or unrepaired DNA breaks that generate acentric chromosome
fragments. Due to aberrant nuclear envelope assembly around these chromosomes, micronuclei
undergo defective DNA replication and spontaneous loss of nuclear envelope integrity, which
results in extensive DNA damage by unknown mechanisms (/8, 79).

The third class of catastrophic event, the chromosome breakage-fusion-bridge (BFB) cycle
(20, 21), starts with cell division errors that trigger the formation of another abnormal nuclear
structure, a chromosome bridge. Bridges arise from telomere crisis and end-to-end chromosome
fusions but can also occur from end fusions at DNA breaks, incomplete DNA replication, or a
failure to resolve chromosome catenation (22). Bridge breakage then initiates a process that can
generate gene amplification after multiple cell generations. Evidence of BFB cycles has been
reported in a broad range of cancer types, with estimated frequencies ranging up to ~80% in

pancreatic cancer (/3).
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Although BFB cycles are major sources of genome instability, the perfect palindromic
sequence pattern expected from the originally proposed BFB model is not commonly observed in
cancer genomes (/, /3, 23). Whether this is due to subsequent chromosomal rearrangement
obscuring the simple BFB pattern, or whether the BFB process itself is inherently more complex
than originally envisioned, has been unclear. Recently, comprehensive cancer genome sequencing
has uncovered examples where signatures of the BFB cycle are intermingled with chromothripsis,
raising the possibility that coupling of these two processes could add complexity to BFB cycles
(23). However, to determine the relationship between BFB cycles and chromothripsis, it is first
necessary to better understand the BFB cycle, for which many key mechanistic steps, particularly
how chromosome bridges are broken, remain unclear.

Proposed models for chromosome bridge breakage have included breakage by spindle
forces during the mitosis in which they are formed or DNA cleavage by the cytokinesis/abscission
apparatus (21, 24-26). Yet recent work indicates that chromosome bridges are rarely, if ever,
broken during mitosis or cytokinesis, but rather persist for many hours into interphase (26, 27). It
was then proposed that interphase bridges are severed by the cytoplasmic, endoplasmic reticulum-
associated exonuclease, TREX1 (26). Transient nuclear envelope (NE) disruption was suggested
to allow TREX1 to enter the nucleus and gain access to the bridge DNA, simultaneously breaking
the bridge and fragmenting the bridge DNA to generate chromothripsis (26). Although the
TREX1-model could explain the association between BFB cycles and chromothripsis in cancer
genomes (23), loss of TREX1 was reported to delay, but not block, bridge breakage (26).

Below, we present data supporting a new model that explains the linkage between BFB
cycles and chromothripsis. Rather than being generated simultaneously by a single mechanism,

we demonstrate that chromothripsis accumulates through a cascade of new mutational events
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90 initiated by the formation of a chromosome bridge. The first such event appears to involve
91  defective DNA replication of bridge DNA, which, in a minority of cells, is associated with a newly-
92  identified signature of DNA rearrangement in broken bridges during the interphase after bridge
93  formation. Next, we observed extensive DNA damage and frequent chromothripsis associated with
94  anunexpected burst of aberrant DNA replication on broken bridge “stubs” during the next mitosis.
95  Then, because of compromised maintenance of the centromere epigenetic mark, CENP-A, the
96  chromosomes with the broken bridge stubs mis-segregate with high frequency into micronuclei,
97  which will generate further rounds of chromothripsis. Analysis of clonal populations after bridge
98  breakage established that these events initiate iterative cycles of genome instability, causing
99  extensive subclonal heterogeneity downstream of the formation of a single chromosome bridge.
100  An analogous series of events was observed after the formation of micronuclei, indicating that
101  similar mechanisms generate chromothripsis irrespective of the nuclear structure initiating the
102 mutational cascade. Together, these findings reveal how a single cell division error rapidly
103 generates extreme genomic complexity.

104

105 RESULTS

106 We used four methods to generate chromosome bridges to study their breakage and
107  genomic impact: transient expression of a dominant negative variant of telomeric repeat-binding
108  factor 2 (TRF2-DN) (28), partial knockdown of condensin (siSMC2) (29), low-dose topoisomerase
109  1II inhibition (ICRF-193) (30), and CRISPR/Cas9-mediated telomere loss on chromosome 4
110 (Chr4gl, Fig. S1A-C). TRF2-DN was employed to generate chromosome bridges in most
111 experiments in this study, unless otherwise specified. Chromosome bridges were visualized in

112 live cells with GFP-BAF (barrier-to-autointegration factor). GFP-BAF is a sensitive reporter for
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113 these structures because, unlike histones (26), DNA binding by BAF is not compromised by the
114  stretching of chromosome bridges during bridge extension (Fig. 1). For TRF2-DN, we developed
115 transient expression and live-cell imaging conditions that avert the previously reported strong
116  inhibition of cell cycle progression (26). In our conditions, cells with bridges entered S phase with
117  similar timing after mitotic exit as unperturbed parental cells lacking bridges (8.3 versus 7.3 hr,
118  respectively; Fig. S1D and accompanying legend). Importantly, bridges generated by each of the
119  above four approaches all had similar lifetimes (ti2): ~10 hours from the completion of mitosis
120  (Fig. 1A).

121 ~ Mechanical force triggers chromosome bridge breakage

122 The cytoplasmic, endoplasmic reticulum-associated exonuclease, TREX1, has been
123 suggested to mediate chromosome bridge breakage after rupture of the primary nucleus in bridged
124 cells, as genetic ablation of TREX1 had a partial effect on bridge resolution (26). However, using
125  the same cell lines and bridge induction method (and an additional method) but imaging conditions
126  with less light exposure, we were unable to detect an effect of TREX1 knockout on bridge lifetime
127  (six independent clones, two different knockout strategies, Fig. S2A-C). Additionally, a notable
128  fraction of bridge breakage events occurred in the absence of any detectable rupture of the primary
129  nucleus (36%, n = 58, Movie S1), and bridge lifetime showed no correlation with the occurrence
130  or duration of nuclear envelope disruption (Fig. S2D). Therefore, fundamental aspects of the
131  mechanism for bridge breakage remain to be identified.

132 A clue for alternative mechanisms comes from the fact that as interphase cells migrate in
133 culture, bridges can reach hundreds of microns in length before breaking, raising the possibility
134  that bridge breakage might have a mechanical component. Consistent with this idea, BJ foreskin

135  fibroblasts, which exhibited similar motility to RPE-1 cells (cell velocity 0.48 and 0.51 pm/min,
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136  respectively), extended and broke chromosome bridges during interphase with similar timing as
137  bridges in RPE-1 cells (ti2 = 7.4 hr; Fig. S3A and Movie S2). By contrast, two cell lines that
138  exhibited low motility (HeLa and U20S) almost never extended bridges beyond 100 pm and rarely
139  underwent breakage before the next mitosis (10% and 20% interphase breakage, respectively; Fig.
140  S3B-C and Movies S3-4).

141 We hypothesized that the extension of chromosome bridges is required for their breakage.
142 To test this idea, we controlled bridge extension using rectangular fibronectin “micropatterns” that
143 constrain cell migration to the fibronectin-containing pattern (3/). When RPE-1 cells were plated
144 on long (300 um) patterns, newly formed chromosome bridges extended to ~160 um on average,
145  and ~85% of bridges broke during interphase with similar kinetics as unconfined cells on glass
146  coverslips (Fig. 1B-C, Movie S5). By contrast, restricting bridge extension with short (100 pm)
147  micropatterns limited bridge extension to <50 pm and almost completely blocked bridge breakage
148  (<10% bridge cleavage prior to entry into the next mitosis; Fig. 1B-C, Movie S6). Although there
149  was less spontaneous NE rupture on short patterns, increasing NE ruptures >8-fold with Lamin B1
150  knockdown failed to accelerate bridge breakage on short patterns (Fig. S4). Therefore, the
151  extension of chromosome bridges, but not NE rupture, is required for their breakage.

152 Mechanical forces could stretch a bridge across its length or act locally within a section of
153  a bridge. Live-cell imaging supported the latter model: bridges often formed acute angle bends
154  and/or exhibited non-uniform stretching prior to breakage, with one segment appearing taut and
155 adjacent segments appearing slack, followed by breakage of the bridge within the taut segment (23
156  of 25 cases examined, Fig. 1D, Movie S7). Supporting the idea that local actomyosin contractile
157  forces contribute to bridge breakage, live cell imaging with the actin reporter RFP-Utr261 (32)

158  revealed large concentrations of actin filaments immediately adjacent to the taut segments of the
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159  bridge just prior to breakage in all cases examined (n = 30; Fig. 1E, Fig. S5A, Movies S8-9 and
160  see (27) for similar results). Actin accumulation was transient and dissolved after bridge breakage.
161  Immunostaining to detect paxillin revealed large focal adhesions at sites of F-actin accumulation
162  where bridges appeared taut, indicating strong cell-extracellular matrix attachments (Fig. 1F).
163  These sites also had extensive accumulations of non-muscle myosin II, which co-stained for the
164  active, phosphorylated form of myosin regulatory light chain, indicating high contractile forces
165 (Fig. 1G). Local myosin accumulation and contractility is known to be induced by increased
166  membrane tension (33), which is expected to occur at the base of extending chromosome bridges.
167 We next asked if actomyosin contractility is required for chromosome bridge breakage.
168  During live imaging, chromosome bridges were generated and allowed to extend, and then small-
169  molecule inhibitors of myosin activation (ML7) or actin assembly (Latrunculin A) were added. By
170  comparison with controls, ML7 addition substantially delayed, and Latrunculin A addition
171  abolished, bridge breakage (Fig. 1H, Fig. S5B, and Movie S10) demonstrating that a functional
172 actomyosin network is required for bridge breakage. Moreover, when cells were plated on
173 fibronectin, which increases focal adhesions and intracellular actomyosin contractile forces (34),
174  bridge breakage was accelerated two-fold (p < 0.0001; Fig 1I). Because fibronectin also affects
175  cell signaling (35, 36), we plated cells on hydrogels of varying stiffness, all coated with the same
176  concentration of fibronectin. Consistent with the known effect of reduced substrate stiffness
177  diminishing actomyosin contractility (37), bridge lifetime increased with decreasing substrate
178  stiffness (Fig. 1J). Finally, we asked whether bridge breakage depends on the LINC complex, the
179  best characterized pathway by which actomyosin forces can be transmitted across the nuclear
180  envelope (38-40). Knockout of the major inner nuclear membrane LINC components, SUN1 and

181  SUNZ2, had a partial effect, delaying bridge breakage (t12 = 18 hr; Fig 1K and Fig. S6). Together,
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182  these data establish a critical role for cytoplasmic actomyosin contractile forces in chromosome
183  bridge breakage.

184

185  Single-cell sequencing reveals the immediate impact of chromosome bridge breakage

186 Copy number alterations immediately after bridge breakage. We investigated both the
187  immediate and long-term consequences of chromosome bridge breakage on genome structure. To
188  define the immediate outcome(s) of bridge breakage, we employed our previously developed
189  approach, which combines live-cell imaging with single-cell whole-genome sequencing [Look-
190  Seq (Z7)]. Chromosome bridges were induced, their breakage was monitored by live-cell imaging,
191  and the two daughter cells were isolated ~8 hr after bridge breakage for single-cell whole genome
192  sequencing. Sequencing was performed to ~25% mean depth, which allowed us to interrogate
193 ~90% of the unique sequence of each homologous chromosome with one or more reads (Fig. 2A,
194  Methods). This approach enabled us to observe the immediate consequences of bridge breakage
195  without confounding genomic alterations during subsequent cell divisions.

196 In all 20 cell pairs after bridge breakage, we observed copy number alterations affecting a
197  segment (>2.5 Mb) of one or more chromosome arms, distributed in a reciprocal pattern between
198  the daughter cells (Fig. 2B, Fig. S7, and Movies S11-13). Using previously developed haplotype
199  copy number analysis, we could unambiguously identify the homologous chromosome that
200  underwent breakage (/7) . Most commonly, we found terminal segment reciprocal gain and loss
201  patterns, which, as in the original BFB model (21), are expected from breakage of dicentric fusions
202  between sister chromatids or single chromatids from different chromosomes (“‘chromatid fusions,”
203  Fig. 2C). Interestingly, in four daughter cell pairs, we observed the reciprocal gain and loss of

204  internal chromosome segments. This pattern can be explained by breakage of replicated dicentric
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205  chromosomes derived from two different chromosomes (“‘chromosome fusions,” (47), Fig. 2D),
206  coupled to an inverted orientation of the dicentric chromatids along the mitotic spindle. Although
207  bridge breakage sometimes affected only one chromosome, in nine cases, two or more different
208  chromosomes were involved, as expected from the methods employed to induce bridges (4/); the
209  exception was the CRISPR-based method, which, as expected, exclusively produced chromosome
210 4 bridges (Fig. 2B).

211 Closer inspection of the bridge breakpoints revealed a spectrum of genomic outcomes,
212 where some bridges underwent simple breakage and others experienced fragmentation, which was
213 specifically localized to the region of the main copy number transition (Fig. 3). In cases where
214  bridge breakage occurred with local fragmentation, fragments as small as ~100 kb could be readily
215  detected (see Methods for details) if these fragments were retained within a larger region of
216  complete haplotype loss. The retention of larger (~1Mb) fragments in one daughter could also be
217  validated by reciprocal loss of this fragment in the sister cell. Rearrangements involving fragment
218  ends often provided additional support for the identification of fragmentation.

219 Importantly, both simple breaks and local fragmentation could be generated by mechanical
220  force-dependent bridge breakage, because direct breakage of bridges with a glass capillary yielded
221  avery similar spectrum of outcomes (Fig. 4A and Fig. S8A). Moreover, we observed similar local
222  fragmentation patterns for spontaneous bridge breakage in TREXI-null cells, reinforcing the
223 conclusion that TREXT is not required to break or fragment chromosome bridges (Fig. 4B and Fig.
224 S8B).

225 In sum, these findings demonstrate that the immediate consequences of bridge breakage
226  are relatively simple patterns of copy number alterations localized to the bridge. This localized

227  pattern contrasts with that reported from bulk sequencing of populations of cells isolated many

10
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228  generations after telomere crisis. These populations often contained complex copy number
229  oscillations and rearrangements that encompassed most of a chromosome arm and/or spanned the
230  centromere (26). We also observed these complex patterns in long-term population evolution
231  experiments and will present evidence defining a cascade of events downstream of initial bridge
232 breakage that can explain them (see Figs. 7-9 below).

233 Chromosome rearrangements associated with bridge breakage. We next analyzed
234 chromosome rearrangements associated with the above described DNA copy number alterations.
235 Many cell pairs exhibiting simple breakage or small-scale fragmentation contained the
236  approximate number of rearrangements expected from ligation of the fragments (Fig. 3B). This
237  pattern of rearrangements closely resembles what has been termed “local jump footprints,” a
238  rearrangement signature in cancer genomes of unknown origin (42). We also identified several
239  examples of local fragmentation involving two or more chromosomes, where subsequent end-
240  joining produced a pattern of intra- and inter-chromosomal rearrangements (Fig. 3C, bottom cell).
241  Overall, these findings suggest that “local jumps” can be generated by DNA ligation after local
242  fragmentation, and thus may share a common underlying mechanism with many cases of
243 chromothripsis, consistent with our previous proposal (/7).

244 Four daughter cell pairs showed a distinct and particularly extreme pattern of complex
245  rearrangement (n = 4 of 20 cell pairs; Fig. 5A). In two of these cases we additionally observed
246  kataegis near the rearrangements. Kataegis is a phenomenon in which local clusters of point
247  mutations are generated in a strand-coordinated manner and in trinucleotide contexts implicating
248  the action of APOBEC family cytosine deaminases on single-stranded DNA (Fig. S9) (43, 44).
249  Thus, complex rearrangements and kataegis can occur at or around the time of chromosome bridge

250  breakage, albeit in a minority of cases.

11
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251 Analysis of rearrangement junctions from these four samples revealed surprising features
252  that are inconsistent with an origin from simple fragmentation followed by ligation in random
253  order and orientation. Instead, the rearrangement pattern suggests it originates from errors during
254  DNA replication. First, rather than being randomly distributed, in these samples, breakpoints were
255  tightly clustered into local hotspots, as has been previously noted in chromothripsis samples but
256  not understood mechanistically (45). Second, tracking the connections between rearrangements
257  revealed chains of short insertions (median 183 bp) that were arrayed in tandem, hereafter referred
258  toas “Tandem Short Template” (TST) jumps (Fig. 5B). The TST insertions were typically derived
259  from multiple hotspots on chromosomes within the bridge, but occasionally, insertions originated
260  from other chromosomes not involved in the bridge. One plausible explanation is that these
261  insertions were generated by template-switching DNA replication errors, as in the
262  microhomology-mediated break-induced replication (MMBIR) model (12, 46).

263 Accordingly, we analyzed microhomology at the junctions between TST insertions.
264  Although a minority of junctions showed blunt-end joining (< 1bp microhomology), junctions with
265  microhomology were also infrequent. For example, of the 13 junctions in the TST chain shown in
266  Fig. 5B, five contained microhomology or insertion of <1 bp, and two showed >2 bp
267  microhomology. The remaining six junctions contained 2—20 bp of sequence with ambiguous
268  origin. It is possible that these sequences reflect junctional microhomology, but that detection of
269  microhomology is obscured because the sequences are derived from repeats and/or partial
270  mismatches that are difficult to map (47).

271 In light of the above findings implicating aberrant DNA replication in the generation of the
272 TST jump signature, we characterized the efficiency of DNA replication in chromosome bridges.

273  Pulse-labeling with the nucleoside analog, 5-ethynyl-2’-deoxyuridine (EdU) was used to assess

12
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274  replication in chromosome bridges. Cells in S phase labeled strongly for EdU in the primary
275  nucleus, but EdU intensity dropped off where chromatin extruded from the main nucleus and was
276  absent from most of the bridge (Fig. 5C). Control experiments demonstrated that the absence of
277  EdU signal was not due to limited detection sensitivity for the small amount of DNA in bridges
278  (Fig. S10). The same defect was observed in intact bridges and broken bridge stubs (Fig. 5C),
279  indicating that both structures have replication defects. Further support for the conclusion that
280  bridge DNA is poorly replicated came from our single-cell sequencing experiments. In
281  approximately half of the daughter cell pairs, we could identify a region of the bridge chromosome
282  that was present at lower copy number than the intact homologue that was not in the bridge (Fig.
283  5D). Therefore, chromosome bridges exhibit severe DNA replication defects similar to those
284  previously identified in micronuclei (/4, 16, 19).

285 We observed the TST jump signature in two additional contexts by bulk DNA sequencing.
286  First, we identified the TST jump signature by bulk sequencing of a population of cells derived
287  from a single cell with a broken bridge. We use CRISPR to induce breakage of the termini of
288  Chr4, observed the formation and breakage of chromosome bridges and then isolated individual
289  cells that were then grown into large populations (>10° cells each). One out of 12 such populations
290  evidenced clustering of rearrangements into breakpoint hotspots, with chains of short insertions
291  with a similar size range as the single cell experiments (Fig. 6A). Second, we identified the TST
292  jump signature by long-read sequencing of a primary tumor sample obtained from a patient with
293  renal cell carcinoma. In this patient sample, the TST jumps are associated with a chromothripsis
294  event that generated the unbalanced translocation between Chr3p and Chr5q (Fig. 6B), which is
295  the canonical driver event in this cancer type (48). The median size of the insertions (199 bp) was

296  similar to what we observed by single-cell sequencing of broken bridges (Fig. 6C). These findings

13
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297  indicate that the TST jump signature reflects a specific mutational process that can be stably
298  inherited over many generations.

299 In summary, sequencing cells after the breakage of chromosome bridges demonstrates that
300  most rearrangements result from ligation after localized fragmentation but that highly complex
301 rearrangements do occur in a minority of cases. The unique sequence features of these
302  rearrangements (TST jumps) suggest an origin from template-switching errors in DNA replication
303 (12, 47,49, 50).

304

305 Mechanisms generating DNA damage downstream of chromosome bridge breakage

306 Damage from aberrant mitotic DNA replication. Although there is a low frequency of
307 complex rearrangement initially associated with chromosome bridges in the first interphase after
308  the bridge has formed, we hypothesized that additional DNA damage might arise downstream of
309  bridge breakage. First, chromosome bridges contain segments of incomplete DNA replication and
310  probably stalled replication forks that could undergo replication fork breakage upon entry into
311  mitosis (57, 52). Second, we found that complex rearrangements were frequent in the second
312 generation (i.e. grand-daughter cells) derived from cells with the stubs of broken chromosome
313  bridges. In all three of the second-generation lineages that we examined by single-cell sequencing,
314  we detected complex rearrangements localized near the bridge breakpoints (Fig. S11). These
315  considerations motivated experiments to determine if the broken stubs of chromosome bridges
316  acquire additional damage upon entry into the next mitosis.

317 We assayed DNA damage in mitosis using a protocol of live-cell imaging followed by
318 fixation and staining for y-H2AX in these same cells. Relative to primary nuclei, most broken

319  bridges exhibited little to no detectable damage during interphase, even when cells were held in

14
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320  extended G2-arrest with CDKI1 inhibition. However, if cells with broken bridge stubs were
321  released into mitosis, y-H2AX labeling intensity increased ~5-fold (Fig 7A-B). This damage was
322 localized to one or a few mitotic chromosomes and was observed only in cells that had a bridge in
323 the prior interphase (Fig 7A). Heavy mitotic y-H2AX labeling was consistently associated with
324  extensive replication protein A (RPA) accumulation, indicating the generation of single-stranded
325 DNA (ssDNA) (Fig. 7A-B). Surprisingly, pulse-labeling with EdU revealed that RPA and y-H2AX
326  accumulation coincided with extensive DNA synthesis that occurred specifically on the bridge
327  DNA during mitosis (Fig. 7C). Similar findings were obtained in BJ cells with bridges induced by
328  topoisomerase inhibition (Fig. S12). Live-cell imaging of GFP-RPA?2 established that the mitotic
329  replication specifically occurred on the stub of the broken chromosome bridge (Fig. 7D and Movie
330  S14). Therefore, the stubs of broken chromosome bridges undergo a second wave of DNA damage
331  during a burst of aberrant, mitosis-specific DNA replication.

332 Chromosome bridges generate micronuclei. If chromosome bridge formation generated
333 micronuclei, the frequency of chromothripsis and the size of the rearrangement footprint would be
334  further increased (/4, /7). This could contribute to the extensive pattern of rearrangements
335  previously reported by bulk sequencing of cell clones derived after telomere crisis (26).

336 Although it has been previously reported that there is no increase in the frequency of
337  micronuclei immediately after chromosome bridge breakage (26), whether the resulting broken
338  chromosomes segregate normally in subsequent cell divisions has not been examined. To address
339  this question, we used live-cell imaging to track these chromosomes over two generations (Fig.
340  8A). We confirmed that micronucleation is not an immediate consequence of chromosome bridge
341  breakage in the first cell cycle when the bridge forms and breaks. However, a different result was

342  obtained when we examined daughter cells with broken bridges that went through the next mitosis:

15
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343 52% of divisions resulted in grand-daughter cells with micronuclei (n = 82 daughter cell divisions
344  examined; Fig. 8A and Fig. S13A). This frequency was higher still when the bridge did not break
345  during the first cell division (65%, n = 20). By comparison, cells without a bridge divided normally
346  and did not produce micronuclei (n = 82 divisions), even though they were present in the same
347 imaging dish and were treated identically. BJ cells induced to form bridges by topoisomerase
348 inhibition also showed an increase in micronucleation rate (>5 fold) in the second cell cycle (Fig.
349  S13A). Therefore, micronucleation is a major downstream consequence of chromosome bridge
350  formation.

351 To determine whether the above described micronuclei contain chromosomes from
352 bridges, we generated CRISPR-mediated Chr4 bridges and used fluorescence in situ hybridization
353 (FISH) to detect DNA from Chr4 (Fig. 8B). In the first cell cycle after induction, almost all bridges
354  contained Chr4 sequence (Fig. S1C). Chr4 centromeres (CEN4) sometimes localized to the “base”
355  of the bridge, with some CEN4 spots appearing stretched, suggesting that they were under
356  mechanical tension (Fig. 8B). In the second cell cycle, most micronuclei contained DNA from
357  Chr4 (80%, n = 105), indicating that the majority of chromosomes from bridges mis-segregate in
358  the next mitosis. Surprisingly, most of these micronuclei contained CEN4 DNA (62%, n = 84),
359 indicating that the high rate of mis-segregation cannot be explained by loss of centromeric DNA.
360  As most bridge-derived micronuclei exhibited little or no staining for CENP-A (Fig. S13B), it
361  appeared that the functionality of centromeres trapped within bridges might be compromised.

362 Defective loading of CENP-A, presumably due to nuclear import defects, could contribute
363  to centromere defects in chromosome bridges, as was recently reported for micronuclei (53).
364  However, failure to load new CENP-A would only cause a 2-fold dilution each cell cycle, which

365  onits own (54) would be unlikely to explain the timing and extent of chromosome mis-segregation
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366  we observed. This frequent mis-segregation suggested a more severe defect, perhaps due to active
367  stripping of previously loaded CENP-A from the centromeres of bridge chromosomes. To address
368 this possibility, we pulse-labeled cells expressing Halo-tagged CENP-A from its endogenous locus
369  (55) prior to the induction of chromosome bridges, enabling preferential visualization of the
370  preexisting population of CENP-A that was loaded prior to bridge formation. After labeling and
371  bridge induction (TRF2-DN), cells were given sufficient time to divide twice—first to form
372 bridges, and again to allow bridges to be converted to micronuclei (Fig. 8C). We then measured
373  CENP-A levels at centromeres in micronuclei and determined that they were reduced ~4-fold
374  relative to the primary nucleus, with ~25% of micronuclear centromeres lacking any detectable
375  CENP-A (Fig. 8C). By contrast, in control micronuclei induced by nocodazole washout, CENP-A
376  levels were only ~1.5-fold reduced using the same labeling strategy (Fig. S13C), as expected from
377  defective CENP-A loading alone. Therefore, chromosomes in bridges are prone to CENP-A
378  depletion, which likely compromises centromere identity, leading to frequent micronucleation and
379  additional chromothripsis.

380

381 Common mechanisms for DNA damage in micronuclei and chromosome bridges

382 We hypothesized that chromosome bridges and micronuclei, although morphologically
383  distinct, might nevertheless have a similarly defective nucleoplasm leading to similar defects in
384  DNA replication—both during interphase and then later in mitosis. This idea was motivated by
385  our previous work showing that the replication defect in micronuclei stems from aberrant nuclear
386  envelope assembly and defective nucleo-cytoplasmic transport (/9). Chromosome bridges share

387  this same defect in nuclear envelope assembly (79).
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388 We determined if micronuclei acquire DNA damage during interphase like chromosome
389  bridges. Because nuclear envelope disruption itself causes DNA damage (/8), we characterized
390  micronuclei with intact nuclear envelopes. Micronuclei were generated by a nocodazole washout
391  procedure (/7) and EdU labeling was used to assess the extent of DNA replication in micronuclei
392 relative to the primary nucleus (Fig. 9A). Intact micronuclei were identified by their accumulation
393  of a nuclear import reporter (RFP fused with a nuclear localization signal, RFP-NLS) (/7). As
394  expected, many micronuclei in G2 cells had detectable, but strongly reduced DNA replication
395  relative to the primary nucleus (median EdU ratio = 27%). In these G2 cells, 23% of intact
396  micronuclei displayed DNA damage (Fig. 9A-B). Interestingly, almost all DNA damage occurred
397  in micronuclei with the strongest replication defect, as 90% of damaged micronuclei were at or
398  below the median EdU level (27% of the primary nucleus signal, Fig. 9A-B). Furthermore, nearly
399 all DNA damage in intact micronuclei could be eliminated by blocking the initiation of DNA
400  replication with small molecule inhibitors of either cyclin-dependent kinase (CDK) or Dbf4-
401  dependent kinase (DDK) (Fig. 9A-B). We note that although y-H2AX intensity measurements
402  were reliable for assessing DNA damage in micronuclei, similar measurements are not feasible for
403  chromosome bridges because of the tension-induced nucleosome loss that occurs on bridge
404  chromosomes (26). Single-cell sequencing showed extensive chromothripsis-like rearrangements
405  in one of ten G2 cells with intact micronuclei (Fig. 9C). Thus, like chromosome bridges, intact
406  micronuclei undergo defective DNA replication in interphase during the first cell cycle after their
407  formation, leading to a low frequency of DNA damage and chromothripsis.

408 We next asked if micronuclear chromosomes, like broken chromosome bridges, undergo
409  mitotic replication and secondary DNA damage. Although most intact micronuclei in G2 cells

410 lacked DNA damage, after entering mitosis, there was a ~10-fold increase in damage levels on
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411  micronuclear chromosomes, accompanied by mitotic DNA synthesis and the accumulation of
412  ssDNA (Fig. 9D-F, Fig. S14A, and Movie S15). These findings were corroborated in BJ and HeLa
413 cells (Fig. S14B).

414 We used single-cell sequencing to determine if transit through mitosis promotes complex
415  rearrangement of micronuclear chromosomes. By live-cell imaging, we identified cells with intact
416  micronuclei that subsequently went through mitosis, generating daughter cells. Unlike the parental
417 G2 cells where only one of ten cells exhibited chromothripsis (Fig. 9C), we observed
418  chromothripsis in eight of the nine daughter pairs after passing through mitosis (Fig. 9G and Fig.
419  S15). Thus, incompletely replicated chromosomes from either micronuclei or bridges undergo
420  aberrant replication upon entry into mitosis linked to a high frequency of complex rearrangement
421  in the next generation.

422 Therefore, at a low frequency, DNA from chromosome bridges or micronuclei undergo
423  fragmentation and rearrangement during defective DNA replication in interphase. Subsequently,
424  a second wave of abnormal replication and heavy DNA damage occurs when cells enter mitosis.
425  For chromosomes bridges, DNA damage and chromothripsis is further amplified by the induction
426  of micronuclei.

427

428  Complex genome evolution from the formation of a chromosome bridge

429 Our results identify a cascade of events that should amplify both the frequency and extent
430  of chromosomal aberrations downstream of chromosome bridge formation. These findings predict
431  that the formation of a chromosome bridge should initiate ongoing genome instability where

432  episodes of chromothripsis would necessarily accompany breakage-fusion-bridge cycles (3, 56).
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433 To more directly test our model, we induced the formation of CRISPR-generated Chr4
434  bridges as discussed above, enabling us to track the evolution of the bridge chromosome in a long-
435  term population growth assay. Bulk genome sequencing analysis of 12 such populations (hereafter
436  “primary clones”) revealed copy number alterations that affected one or both copies of Chr4 in
437  every primary clone (Fig. 10A, Fig. S16). Only one primary clone showed simple breakage of
438  Chr4, whereas the remainder showed complex copy number patterns and rearrangements: seven
439  primary clones had complex copy number alterations confined to one arm of Chr4, and four
440  exhibited alterations of both Chr4 arms (Fig. S16).

441 Across all 12 primary clones, there were 26 additional karyotype abnormalities (copy
442  number alterations and/or chromosome fusions) affecting a total of 8 different non-targeted
443  chromosomes (Table S1). Interestingly, these fusions primarily involved acrocentric chromosomes
444 (85% of cases), which were typically seen fused at their p-arms to the aberrant Chr4 (Fig. S17). A
445  similar enrichment of acrocentric fusions has been reported previously in samples after TRF2-DN
446  expression (57), so this effect is unlikely to be an off-target artifact of the CRISPR-generated Chr4
447  bridge system. These results suggest that broken chromosome ends might be more likely to fuse
448  with acrocentric chromosomes whose terminal rDNA repeat sequences are fragile and prone to
449  spontaneous breakage (58). The high frequency of acrocentric fusions may also be explained by
450  selection, as they provide an efficient path to stabilize broken bridge chromosomes by supplying
451  asingle functional centromere and telomere. Importantly, the non-Chr4 aberrations were typically
452  subclonal within each primary clone (Table S1), suggesting their occurrence during downstream
453  evolution of the initial bridge involving Chr4.

454 Multiple additional lines of evidence indicated a high degree of ongoing genome instability

455  within most of the primary clones, including (i) high frequencies of micronuclei and chromosome
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456  bridges (not shown); (ii) non-clonal aberrations of Chr4 observed by cytogenetic analyses (Table
457 Sl and Fig. S17); and (iii) non-integer copy number states in the bulk sequencing data, indicating
458  subclonal copy number heterogeneity (Fig. 10A, Fig. S16, and Fig. S18). Subclonal heterogeneity
459  was directly validated with low-pass sequencing followed by DNA copy number analysis on
460  ~500-800 single cells from each of nine primary clones (Fig. 10B and Fig. S19). This
461  heterogeneity primarily occurred on Chr4, but was also evident on acrocentric Chrs 13, 14, 15, and
462 22 at lower penetrance (Fig. 10B and Fig. S19).

463 To better understand the evolution of copy number variation, we derived subclones from
464  the primary clones, and performed bulk whole-genome sequencing (Fig. 10C-D). These data
465 provided clear evidence for complex copy number alterations and rearrangements occurring
466  downstream of the initial bridge breakage event. Three representative subclone copy number
467  profiles, shown in Fig. 10C, illustrate a shared ancestral breakpoint near the Chr4 p-arm terminus
468  (dotted black line), as well as additional breakpoints specific to each lineage (dotted blue lines).
469  The breakpoints private to each lineage cannot be explained by an early rearrangement event with
470  subsequent loss in some subclones. Instead, these breakpoints can only have been acquired after
471  the ancestral break.

472 Other examples provided evidence for least three modes of ongoing genome evolution in
473  the primary clone. First, we observed kataegis in 22 of 23 subclones derived from primary clone
474  1la; however, only a few of these kataegis events were shared across the entire set of subclones
475  (Fig. S20). Most kataegis events were identified only in particular lineages or were even private to
476  just one subclone, which is best explained by some kataegis events occurring late in the evolution
477  of the population (Fig. S20). Second, as shown by the analysis of subclones from one primary

478  clone in Fig. 10D, one homolog (homolog A) exhibited shared breaks as well as private focal
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479  changes, including amplifications, which varied in both magnitude and location across the
480  different subclones. Third, in other subclones from this experiment that all share a common
481  homolog A profile, we observed variable loss of the p-arm terminus for homolog B in a pattern
482  suggestive of progressive shortening. This finding, together with our observation that one
483  subclonal lineage exhibits an intact homolog B profile (Fig. 10D bottom), indicates that the
484  evolution of homolog B occurred late during growth of the primary clone and postdated the
485  alterations that gave rise to their shared homolog A profile.

486 The apparent progressive shortening of homolog B in Fig. 10D likely reflects ongoing BFB
487  cycles. The absence of cells with gain of this region, as predicted by the BFB model, may be
488  explained by gene amplification compromising the fitness of these cells, and/or a bias towards
489  segmental loss due to under-replication of bridge DNA (Fig. 5C-D). This progressive pattern of
490  terminal segment loss generates a sloping average copy number level in the bulk sequencing data
491  (Fig. 10D, homolog B). This pattern is present in most of our primary clones (Fig. S18), and is
492  also commonly observed in cancer genomes (C.Z. Zhang, unpublished). The pattern may therefore
493  represent a useful sequence-based biomarker for ongoing genome instability.

494 In summary, our results demonstrate that the formation and breakage of a chromosome
495  bridge initiates a cascade of events that rapidly generate a high degree of genomic complexity and
496  cellular heterogeneity. Because later genome evolution obscures the initial genomic alterations,
497  elucidating early events requires a combination of live-cell imaging and single cell genomic
498  analysis (Look-Seq), enabling a direct correspondence to be established between the phenotype of
499  acell division error and its genomic consequences.

500
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501  DISCUSSION

502 Our results identify a cascade of events that generate increasing amounts of chromothripsis
503  after the formation of a chromosome bridge. These findings substantially revise the chromosome
504  breakage-fusion-bridge model (21, 59, 60) and establish that episodes of chromothripsis will be
505 inherently interwoven with BFB cycles, explaining the implied association between these
506  processes in cancer genomes.

507 We propose the following model (Fig. S21). Like micronuclei, nuclear envelope assembly
508  around chromosome bridges is aberrant, leading to a depletion of nuclear pores (/9) and a defective
509  nucleoplasm. This results in poor DNA replication in the bridge, including stalled replication forks
510  and replication origins that have not fired. The bridge is then broken by a mechanism that requires
511  stretching force from the actin cytoskeleton. Bridge breakage produces simple breaks and local
512 fragmentation, generating free DNA ends that can engage in end-joining and/or in error-prone
513 replicative repair, potentially MMBIR (12, 46). In some cells, this produces the rearrangement
514  signature that we term Tandem Short Template (TST) jumps. These events lead to a low frequency
515  of chromothripsis during the interphase when the bridge forms and breaks. Subsequently, after
516  cells enter mitosis, the stubs of broken chromosome bridges undergo a burst of aberrant mitotic
517  DNA replication, similar to what occurs for micronuclear chromosmes. This leads to significantly
518 more DNA damage and increases the frequency of chromothripsis. Finally, bridge formation
519  disrupts the centromere histone epigenetic mark, compromises centromere function and thereby
520 increases the rate of micronucleation during the next cell division after bridge formation. These
521  micronuclei generate further cycles of chromothripsis, as previously described (15, /7). Combined,

522  these mutational events rapidly generate hallmark features of cancer genome complexity,
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523 producing continuing cycles of genome evolution and subclonal heterogeneity from a single cell
524  division error.

525

526  Mutagenesis and DNA fragmentation from actomyosin-based force

527 It was previously proposed that bridge breakage might occur by mechanical forces
528  generated during chromosome segregation in mitosis (27), cytokinetic furrow ingression, or
529  abscission (24, 25). However, recent findings (26) and our own observations indicate that most
530  bridges remain intact throughout mitosis, cytokinesis, and abscission, arguing against a major role
531  forthese processes in bridge breakage. This work suggested that bridges are cleaved enzymatically
532 via a mechanism partially dependent upon the cytoplasmic, endomembrane-associated
533  exonuclease TREX1 (26). Our data disfavor a role for TREX1 and, instead, demonstrate that
534  bridge breakage requires mechanical forces from interphase actomyosin-based contractility (Fig.
535 1). These forces appear to be exerted locally on DNA near the base of the bridge and are associated
536  with transient actin accumulation and large focal adhesions. This actin accumulation may be
537  triggered by plasma membrane tension, consistent with well-described force-response properties
538  of cytoskeletal contractility (37, 61, 62). Actomyosin forces are transmitted across the nuclear
539  envelope to the bridge chromatin in part by the LINC complex (38, 40).

540 A simple interpretation of our results is that actomyosin-dependent forces are capable of
541  rupturing the phosphodiester bonds in bridge DNA. The force required to break DNA is estimated
542  to be in the range of 0.5-2 nN (63, 64), which can be achieved or exceeded by traction forces
543  generated from individual focal adhesions, which range from 2~20 nN (37, 65-67). Although non-

544  covalent interactions connecting actin to chromatin (LINC-dependent and -independent) are
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545  individually weak, large numbers of attachments acting in parallel could support the high
546  mechanical load needed to break DNA.

547 It is also possible that bridge breakage involves DNA processing enzyme(s) whose activity
548  or access to DNA requires mechanical tension. Force-mediated ejection of nucleosomes from
549  DNA (68), which explains the rapid loss of histone signal we and others have observed in bridges
550  (26), might increase nuclease accessibility to bridge DNA. In principle, loss of nuclear envelope
551  integrity could enable access of cytoplasmic nucleases such as TREX1 (26); yet we observed that
552 knockout of TREX1 had no effect on bridge lifetime. Moreover, we did not detect an impact of
553  nuclear envelope rupture on bridge breakage, which disfavors a mechanism based on NE-restricted
554  access of cytoplasmic nucleases to bridge DNA. We therefore propose that mechanical force is
555  either sufficient for DNA breakage or facilitates the action of one or more nuclear-localized
556  factors, such as a nuclease or topoisomerase.

557 Whole-genome sequencing of single cells after chromosome bridge breakage during the
558 interphase after they were formed revealed that bridge breakage resulted in either simple breaks or
559  local DNA fragmentation, consistent with a breakage mechanism involving mechanical force.
560 Indeed, we also observed both simple breakage and fragmentation when we mechanically broke
561 intact chromosome bridges with a glass capillary. Mechanical bridge breakage could, in principle,
562  cause localized chromosome fragmentation if forces were applied to multiple sites on chromatin,
563  as might occur if the chromatin were in a looped conformation.

564 We highlight that our ability to draw mechanistic conclusions about bridge breakage
565  benefitted from specific features of our analysis and experimental design: haplotype-specific DNA
566  copy number measurement and the comparison of sister cells (Fig. 2). For example, we noted

567  puzzling examples of internal chromosome segment copy number alterations after bridge breakage
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568  (Fig. 2C). Duplication of an internal chromosome segment, as we observed in those daughter cells
569  with copy number gain, would commonly be attributed to a DNA replication error involving
570  template switching or to unequal sister chromatid exchange between repeat sequences (69).
571  However, the comparison between sister cells instead showed this class of copy number alteration
572 in our experiments is best explained by DNA breakage after chromosome-type fusions.

573

574  Chromosomal rearrangements from abnormal nuclear architecture

575 When bridge breakage was accompanied by fragmentation, we often detected chromosome
576  rearrangements. In most cases, rearrangements resulted from ligation of fragments generated
577  during bridge breakage. This gave rise to a range of outcomes (Fig. 3), from simpler patterns
578  similar to the “local jump” footprint described in cancer genomes (42), to more complex events
579  meeting the criteria for chromothripsis (45). In cases where multiple chromosomes appeared to
580 be present in the bridge, we often also detected interchromosomal rearrangements between
581  breakage sites.

582 A subset of bridge breakage events (4 of 20) showed a distinct pattern of extreme localized
583  rearrangements, where small (~2—-3 kb) regions contained focal clusters of ~10 breakpoints each.
584  These “hotspots” were extensively inter-connected by rearrangements, despite being situated
585 megabases apart in the reference genome or, occasionally, on different chromosomes. This
586  generates a signature of multiple short (median ~150-200 bp) insertions present in tandem within
587  rearrangement junctions (TST jumps; Fig. 5). We think TST jumps are likely generated by
588  aberrant DNA replication involving replication template switching (/2) for the following reasons.
589  First, local breakpoint clusters are not expected from a random fragmentation process but could be

590  generated by localized cycles of replication fork collapse, breakage, and aberrant replicative repair.
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591  Second, the size distribution of inserted segments (Fig. 6C) is inconsistent with random
592  fragmentation and re-ligation. In agreement with generally similar functional defects in
593  micronuclei and chromosome bridges, we previously identified an example of multiple short
594  tandem insertions in single cell analysis of chromothripsis derived from a micronucleus (/7).

595 The TST jump signature does not result from artifacts during single-cell whole-genome
596  amplification because a similar pattern was observed in bulk sequencing analysis of clonal
597  populations of cells after bridge breakage. Furthermore, we also observed a similar signature by
598  long-read sequencing of a renal cell carcinoma genome. Features of the TST jump signature have
599  been described in large cancer data sets (/, 70) and tandem arrays of short insertions have also
600 been noted in lung cancer genomes, where they may be common ((7/) and J. Lee, personal
601  communication). Although the cause of the TST jump signature is unknown, an origin for the
602 insertions from Okazaki fragments might explain the size distribution of the insertions, which is
603  strikingly similar in all of the contexts in which the pattern has been observed.

604 We demonstrate that similar DNA replication abnormalities occur in bridges and in
605  micronuclei whose nuclear envelopes are intact. This finding demonstrates that nuclear envelope
606 rupture (/8) is not absolutely necessary for complex rearrangements on micronuclear
607  chromosomes. Common functional defects of the nucleoplasm in chromosome bridges and
608  micronuclei make sense, given these structures share a common defect in nuclear envelope
609  assembly (7/9). Generally, DNA replication errors are thought to be major sources of structural
610  wvariation in cancer genomes. However, what triggers these replication errors in the first place
611  remains poorly understood. We propose that nuclear architecture defects, a hallmark feature of
612 human cancer termed nuclear atypia (72) are a major trigger for cancer-associated DNA replication

613 errors.
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614

615 A wave of DNA damage from aberrant mitotic DNA replication

616 Based on the high frequency of chromothripsis after cells pass through mitosis, we
617  performed a series of experiments that uncovered an unexpected burst of DNA replication that
618  occurs during mitosis, specifically on the stubs of broken chromosome bridges or on micronuclear
619  chromosomes. This mitotic DNA replication is highly aberrant as it produces heavy DNA damage
620  and ssDNA formation. Although some ssDNA forms on bridges in interphase (26), the amount of
621  ssDNA is far greater in mitosis (Fig. 7). Mitotic replication may therefore make a significant
622  contribution to the kataegis pattern that has been linked to chromosome bridge breakage (Figs. S9
623  and S19; also see (26)).

624 The mechanism triggering mitotic DNA replication on bridge stubs or micronuclear
625  chromosomes is not known. However, because bridge and micronuclear DNA is incompletely
626  replicated during interphase, these structures likely contain stalled DNA replication forks and
627  licensed replication origins that have not fired. Our prior experiments demonstrate that for
628  micronuclei, incomplete DNA replication occurs because of defective nucleocytoplasmic
629  transport, leading to a failure to accumulate key proteins required for DNA replication and repair
630  (/4, 19). However, when cells enter mitosis, the nuclear envelope surrounding the primary nucleus,
631  micronucleus or chromosome bridge will be broken down near-simultaneously. When this occurs,
632  under-replicated bridge or micronuclear DNA will suddenly gain access to the pool of replication
633  factors that had been sequestered in the primary nucleus throughout interphase. Access to
634  replication factors, coupled with high mitotic cyclin-dependent kinase activity (51, 73), likely then
635 activates replication on this incompletely replicated DNA. The DNA damage resulting from

636  mitotic DNA replication may have a number of causes including the well-described activation of
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637  structure-specific endonucleases in mitosis (74) and/or the recently discovered cleavage of stalled
638  DNA replication forks that occurs because of removal of the MCM2-7 replicative helicase from
639  mitotic chromosomes (51, 75).

640

641  Loss of the centromeric epigenetic mark in chromosome bridges

642 In addition to the above described mutational events, we found that chromosome bridge
643  formation predisposes to micronucleation, which could then initiate another round of
644  chromothripsis downstream of bridge breakage (/4, 17, 76). We attribute the high rate at which
645  bridge chromosomes mis-segregate in the second mitosis to depletion of CENP-A nucleosomes,
646  which provide the epigenetic specification of centromere identity (77, 78). Two mechanisms likely
647  contribute to CENP-A loss. First, because bridges largely lack nuclear pore complexes (/9, 26)
648  and have dimensions that will impede diffusion (79), they should fail in the normal replenishment
649  of CENP-A nucleosomes that occurs each cell division. However, in the timeframe of our
650  experiments, this dilution cannot account for the observed magnitude of CENP-A loss. Instead,
651  our data suggests active CENP-A loss, which we propose may originate from stripping of CENP-
652 A containing nucleosomes by actomyosin forces when centromeric chromatin is trapped within
653  the bridge (Movie S16). The forces required to strip nucleosomes from DNA (~20 pN) are ~50-
654  fold lower than those required to break covalent bonds in the backbone (63, 64, 68). Thus, in
655 addition to promoting mutagenesis, actomyosin contractility may disrupt epigenetic marks on
656  chromatin.

657
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658  Rapid genome evolution from a single cell division error

659 The above described cascade of events is predicted to generate ongoing cycles of complex
660  genome evolution. We tested this hypothesis with a CRISPR-based system to track the fate of a
661  defined chromosome (Chr4) bridge. In populations derived from a single cell after bridge
662  breakage, we detected extensive genetic heterogeneity, with evidence that chromothripsis recurs
663  downstream of initial bridge breakage.

664 Together, these findings identify mechanisms that explain the remarkable potential of a
665  single unrepaired DNA break to compromise the integrity of the genome. In human cells, a single
666  DNA break only weakly, if at all, activates the DNA damage response to block cell cycle
667  progression (80, 81). This means that unrepaired breaks can be amplified into many additional
668  breaks when the cell divides due to the generation of micronuclei or additional chromosome
669  bridges. Because de novo telomere addition is inefficient (82), stable end-capping of chromosomes
670  is primarily achieved through chromosome translocation or break-induced DNA replication (§3).
671  For a stable chromosome to result, the DNA segment with the capped ends must additionally
672  contain only one functional centromere. The end result is that downstream of chromosome bridge
673  formation, it is easy for the accumulating burden of DNA breakage to exceed the capacity to
674  stabilize broken DNA ends. Complex genome evolution with subclonal heterogeneity is therefore
675  avirtually inevitable consequence of chromosome bridge formation, a common cell division error
676  during tumor development.

677

678
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679 FIGURE LEGENDS

680  Figure 1. Chromosome bridge breakage requires actomyosin contractility.

681 (A) Indistinguishable chromosome bridge lifetimes observed with different experimental
682 methods for bridge induction. Survival plot shows bridge lifetimes (time interval from
683 bridge formation after mitosis until bridge breakage or the next mitosis; visualized with
684 GFP-BAF). Methods of bridge induction were: inducible dominant-negative TRF2 (black,
685 n = 624 bridges analyzed), partial knockdown of condensin (siSMC2, green, n = 119), low-
686 dose topoisomerase II inhibition (100 nM ICRF-193, magenta, n = 121), and inducible
687 CRISPR/Cas9-targeted telomere loss on chromosome 4 (Chrd4gl, blue, n = 132). No
688 significant difference in mean lifetime is found among the four methods (p = 0.14, one-
689 way ANOVA).

690 (B) Extension of chromosome bridges is required for their breakage. Representative time-lapse
691 images (GFP-BAF) of cells with bridges on “long” (20300 um, left) or “short” (20x100
692 um, right) fibronectin micropatterns. Note: due to the area occupied by the main cell body
693 of each daughter, bridge length does not exceed ~50 um on short patterns. Dashed lines:
694 micropattern borders; teal arrowheads: broken bridge ends. Timestamp is relative to
695 completion of the previous mitosis (0 hr).

696 (C) Quantification of data from (B). Orange and teal traces show data for cells on short (n =
697 45) and long (n = 54) micropatterns; p < 0.0001 (Mann-Whitney).

698 (D) A representative chromosome bridge breakage event. Prior to breakage, there is apparent
699 non-uniform stretching of the bridge (GFP-BAF). Magenta arrowhead indicates a
700 transition between “taut” and “slack™ regions of the bridge. The taut region appears to
701 progressively stretch, whereas the slack region progressively retracts; breakage occurs in
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the taut region. Inset images: high contrast of the regions marked by dashed red boxes to
visualize the taut region before and after breakage. Timestamp is relative to bridge
breakage (min).

(E) Actin dynamics during chromosome bridge breakage. Actin is detected with RFP-Utr261;
bridges with GFP-BAF. Contraction of the actin-rich structure (magenta arrowheads)
occurs immediately preceding and up to the time of bridge breakage (-25 to 0 min). After
bridge breakage, the actin structure rapidly disassembles (20 min). Timestamp is relative
to bridge breakage (min).

(F) Representative images show large focal adhesions (a-Paxillin) and actin fibers (phalloidin)
at the bent region of a chromosome bridge (GFP-BAF), indicated by cyan arrowheads.
(G) As in (B), representative accumulation of contractile myosin II (a-myosin heavy chain,
MHC; a-phospho-myosin light chain 2, pMLC2) at the transition between taut and slack

segments of a chromosome bridge.

(H) Actomyosin contractility is required for bridge breakage. Bridge lifetime plots show the
effect of actin disruption (0.5 uM Latrunculin A; red trace, n = 66) or myosin II inhibition
(20 uM ML7; orange trace, n = 113) relative to controls (DMSO; black trace, n = 184).
Cells were allowed to divide, form and extend chromosome bridges and were then
exchanged into drug medium (see Fig. S5B).

(D) Increasing cellular contractility decreases bridge lifetime. Bridge lifetimes for cells plated
on untreated glass (black, n = 148) or fibronectin (FN)-coated glass (light blue, n = 150).

(J) Bridge breakage depends on substrate stiffness. Bridge lifetimes were measured for cells

plated on substrates of varying stiffness, each coated with 5 pg/ml fibronectin: glass (>10°
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724 kPa; light blue, n = 123), stiff gel (32 kPa; medium blue, n = 147), and soft gel (0.5 kPa;
725 dark blue, n = 130).

726 (K)Bridge breakage in part requires the LINC complex. Bridge lifetimes for wild-type (black,
727 n = 90), SUN1 knockout (orange, n = 90), SUN2 knockout (green, n = 90), and
728 SUN1/SUN2 double knockout (red, n = 90) RPE-1 cells.

729  Figure 2. Immediate effect of chromosome bridge breakage on DNA copy number.

730 (A)Cartoon illustrating the Look-Seq experiment. Bridge formation and breakage was
731 monitored during live imaging. After bridge breakage, individual daughter cells were
732 isolated for whole-genome sequencing.

733 (B) Schematic summary of large-scale (>2.5 Mb) DNA copy number alterations after bridge
734 breakage. Dashed boxes show the p- and g-arms of each chromosome. Chromosome arms
735 that contain a subregion with copy number alterations are colored as follows: white,
736 diploid; red, gain; blue, loss; gray, copy-neutral loss of heterozygosity. Right: bridge
737 lifetime and bridge length at the time of breakage for each sample.

738 (C) Type 1 events are daughter cells with reciprocal gain and loss of a terminal chromosome
739 segment. Cartoon depicts chromatid fusion events initiated by DNA breaks or telomere
740 uncapping. Left: sister chromatid fusion; Right: fusion of single chromatids from different
741 chromosomes (G2 cell). The resulting dicentric fusions are segregated in mitosis (green
742 dashed arrows) to form a bridge. Breakage of the bridge (dashed red line) generates the
743 depicted reciprocal copy number alterations. Bottom: representative plot of DNA copy
744 number (gray dots show mean copy number of 1-Mb bins) for the affected haplotype
745 resulting from a Type 1 bridge breakage event involving the g-arm of chromosome 2. Red
746 bar: inferred bridge breakpoint. Light gray bar: centromere.
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747 (D) Type 2 events are reciprocal gain and loss of an internal chromosome segment between the
748 daughter cells. Top: cartoon depicts a chromosome fusion (28) (e.g. from replication of an
749 interchromosomal fusion occurring in G1). If the kinetochores of the dicentric chromatids
750 attach to microtubule bundles from opposite poles (dashed green arrows), one dicentric
751 will assume an inverted orientation relative to the other (middle panel). In contrast to the
752 scenarios depicted in (C), cleavage of both chromatids in the resulting bridge at the
753 indicated position yields reciprocal copy number alterations of an internal chromosome
754 segment. Bottom, plot of DNA copy number as in (C).

755  Figure 3. Small-scale, highly localized DNA breakage and rearrangement with bridge

756  breakage.

757 (A) Simple breakage of a bridge chromosome. Left: CIRCOS plots showing the bridge
758 chromosome (Chr4) in the 4-2 daughter pair (Fig. 3B). DNA copy number is shown for the
759 bridge haplotype (gray bars/black outline) and the non-bridge haplotype (white bars/grey
760 outline); intrachromosomal rearrangements are shown as green arcs, chromosome band
761 pattern is shown in the outer arc. Red arrowhead indicates the bridge breakpoint. Right:
762 Expanded view of DNA copy number at the breakpoint transition (gray dots show 250-kb
763 bins). Copy-number segments (red solid lines) are determined using SNP-level coverage
764 in the top daughter (see Methods). The reciprocal pattern is shown for the bottom daughter
765 (red dashed lines). This line represents the expected copy number in the bottom daughter
766 based on fragmentation detected in the top daughter, assuming that two copies of the shown
767 homolog were distributed between both daughters. Structural variants (SV) are shown
768 above the copy-number plots as in the CIRCOS plots.
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769 (B) Generation of the “local jump” pattern from bridge breakage. As in (A), shown are
770 CIRCOS plots (Left) and DNA copy number plots with rearrangements (Right) for the
771 bridge chromosome (Chr4) in the 4-4 daughter pair.

772 (C) Local fragmentation with complex rearrangement associated with bridge breakage. As in
773 (A), CIRCOS plots (Left) and DNA copy number plots with rearrangement (Right) in the
774 C-2 daughter pair, whose bridge contained three different chromosomes (Chrs 4, 5, and 6).
775 Each bridge chromosome contains multiple breaks resulting in local fragmentation. The
776 pattern of rearrangements in daughter (b) indicates end-joining of these fragments,
777 including the formation of inter-chromosomal rearrangements (orange arcs or lines). In
778 addition to fragmentation, daughter (a) evidences the TST jump rearrangement pattern (see
779 Fig. 5).

780  Figure 4. Local fragmentation accompanies mechanical breakage of bridges and does not

781  require TREXI.

782 (A)Mechanical breakage of chromosome bridges produces a spectrum of outcomes from
783 simple breakage to local fragmentation. Left: schematic of the experiment using a glass
784 capillary to mechanically stretch and break chromosome bridges. The daughter cells were
785 collected for sequencing immediately after mechanical bridge breakage, to determine its
786 direct consequences. Therefore, cells did not have time for DNA repair to generate
787 chromosomal rearrangements. Top right: an example of simple bridge breakage. Plots as
788 in Fig. 3, with the exception that grey dots in the whole-chromosome plot indicate 1 Mb
789 bins due to lower (5x) sequence depth. Bottom right: two examples of local fragmentation.
790 (B) A similar spectrum from simple breakage to local fragmentation after spontaneous bridge
791 breakage in cells lacking TREX1. Left: DNA copy number plots, as in (A), showing simple
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792 bridge breakage in TREXI1-null cells. Right: local fragmentation of the bridge
793 chromosome, with chromosome rearrangements (green arcs and orange lines) due to end-
794 joining of the resulting fragments.

795  Figure 5. The Tandem Short Template (TST) jump rearrangement signature and aberrant

796  DNA replication within broken chromosome bridges.

797 (A) Extreme breakpoint clustering near the site of chromosome bridge breakage. Copy number
798 (1-Mb bins, gray dots) and rearrangements (black curves and magenta lines) are shown as
799 in Fig. 3 for daughter cell (a) of the T-1 sample. Copy-number segmentation based on the
800 250-kb bin-level analysis (see Methods) is shown (bottom, black line). Uppermost
801 (“rainfall”) plot shows the distance between adjacent breakpoints (logio scale); clustering
802 of breakpoints is indicated from marked drops in inter-breakpoint distance (colored lines
803 correspond to rearrangement hotspots in panel B).

804 (B) Features of the TST jump signature. Top: One chain of short insertions, colored according
805 to their respective hotspot origin. The origin of each insertion in this chain is labeled in the
806 hotspot plot below, showing its order in the template chain (i, ii, iii, etc.). Bottom left: The
807 chain of insertions depicted above is shown as thick black lines, and other chains are thin
808 black lines. Magenta line shows a short insertion derived from Chrl1. Bottom right: Each
809 hotspot (A-F) spans 1-2 kb and contains 4-8 short insertions (8-16 break ends); numbers
810 indicate the position of each hotspot on the reference genome. The TST insertions (not
811 drawn true-to-scale) within each hotspot often display partial overlap and form multiple
812 chains. Filled shapes: TST insertions in the single, long chain shown above. Unfilled
813 shapes: other TST insertions involved in different chains. Shapes open on one side
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814 represent the start or end of chains, where only one segment boundary could be determined
815 via SV analysis.

816 (C) Cytological observation of under-replication of chromatin in bridges. Cells with intact (top)
817 or broken (bottom) chromosome bridges were pulse-labeled in S phase with EAU. Bridges,
818 marked by cyan arrowheads, were visualized by staining for LAP2. Insets (magenta boxes)
819 show the broken bridge stub.

820 (D)Example of interphase under-replication of DNA in bridges detected by single-cell
821 sequencing. Cells were isolated after a Look-Seq experiment (Fig. 3A). Shown are copy
822 number plots for the bridge haplotype (black dots) and the control, non-bridge haplotype
823 (gray dots). Gray shading: region of under-replication of bridge haplotype. The mean copy
824 number in this 20-Mb region (grey rectangle) for the bridge haplotype, 1.56, is lower than
825 the expected gain (CN = 2) for this region. Partial retention of that haplotype in the sister
826 cell (median CN of bridge haplotype = 0.05) does not explain the extent of “missing” DNA.

827  Figure 6. The Tandem Short Template (TST) jump rearrangement signature in primary

828  clones from bridged cells and in a primary tumor sample.

829 (A) The TST jump signature is observed in bulk sequencing of the progeny of a single cell after
830 bridge breakage. Top: DNA copy number of the bridge chromosome (Chr4) is shown as
831 gray dots (250-kb bins). Long-range rearrangements (distance between breakpoints > 1Mb)
832 on Chr4 are shown as black or colored curves. Three chains of complex rearrangements
833 (similar to the chain illustrated in Fig. 5B), each consisting of 8-14 short templates
834 originating from 11 breakpoint hotspots, are shown with blue, green, and red curves. Black
835 curves indicate rearrangements not obviously linked in chains. Bottom: the chains of
836 insertions are shown schematically, where templated insertions (gray boxes with black

37


http://dx.doi.org/10.1101/835058
https://doi.org/10.1101/835058

R T, E e Ay v

s’réserved. NO reuse a out permission.

837 outline) are connected as shown by blue, green, or red lines in an expanded view for each
838 breakpoint cluster (<10-kb window in each region). Grey vertical lines are axis breaks
839 indicating distances larger than 10 kb.

840 (B) TST jump signature in a renal cell carcinoma sample. As in (A), upper plot shows copy
841 number (gray dots: 10-kb bins) and rearrangements (black lines) for the region of
842 unbalanced translocation between Chr3 and Chr5. Schematic below depicts one chain of
843 templated insertions from long-read sequencing data, in an expanded view for each
844 breakpoint cluster (3- to 10-kb windows in the hotspot regions labeled A-E).

845 (C) Chains of short insertions identified in bridged cells and in a primary tumor sample exhibit
846 a similar fragment size distribution. Histograms show the size distribution for chained short
847 insertions from single-cell sequencing of a daughter cell after bridge breakage (left; data
848 from Fig. 5B), from bulk sequencing of progeny derived from a single cell after bridge
849 breakage (center; data from panel A), and from long-read sequencing data from the renal
850 cell carcinoma sample (right; data from panel B).

851  Figure 7. Aberrant DNA replication and extensive DNA damage on bridge DNA after mitotic

852  entry.

853 (A) Correlative live-cell/fixed-cell imaging was used to monitor broken bridge chromosomes
854 entering the next mitosis. Left: schematic of the experiment. Right: example images show
855 cells with broken bridges in G2 arrest and after release into mitosis, as well as a control
856 mitotic cell that did not have a bridge in the prior interphase. Cyan arrowheads: bridge
857 chromosome.

858 (B) Quantification from (A).
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859 (C) Images showing correlation of DNA damage (y-H2AX) with RPA accumulation and active
860 DNA replication (EdU). Cyan arrowheads: bridge chromosome.

861 (D) Representative time-lapse images showing a burst of mitotic DNA replication specifically
862 on a chromosome from a broken bridge. Mitotic replication was visualized by GFP-RPA2;
863 bridge with SNAP-BAF. During mitosis, high activity of vaccinia related kinase (VRK)
864 inactivates DNA binding by BAF (10 to 25 min). Orange arrowheads indicate the broken
865 bridge chromosome. Note that an unrelated interphase cell migrates through the bottom of
866 the field of view in several frames (10 to 35 min). Confocal imaging was performed with
867 a 40x objective, 7 z-slices at 1-um spacing, acquired every 5 min.

868  Figure 8. Centromere inactivation on chromosomes within bridges leads to frequent

869  micronucleation.

870 (A) Frequent micronucleation in the second generation after bridge formation. Left:

871 schematic of the live-cell imaging experiment. A cell divides, forming a bridge between
872 two daughter cells in the first generation. After the bridge breaks, the daughter cells with
873 broken bridge stubs divide, generating four “grand-daughter” cells in the second

874 generation. The frequency of micronucleation in second generation cells was measured in
875 control cells that did not have a bridge in the first generation (No bridge) as compared to
876 cells that did (Bridge). Right: quantification of data from the experiment.

877 (B) Micronuclei derived from a bridge chromosome usually retain their centromeres. Left:
878 fluorescence in situ hybridization (FISH) to detect whole-chromosome 4 (Chr4 paint, red)
879 and Chr4 centromere (CEN4, green) in first- and second-generation cells after CRISPR-
880 mediated Chr4 bridge formation. Right: quantification of CEN4 status of Chr4-containing
881 MN in second-generation cells.
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882 (C) Centromere defects explain the high rate of micronucleation after chromosome bridge
883 formation. Left: representative images showing CENP-A-Halo labeling (green) and anti-
884 centromere FISH (red) to assess centromere integrity of chromosomes in micronuclei

885 (second-generation cells, as in (A)). Cyan arrowheads indicate the location of the

886 centromere (FISH signal) in micronuclei. Right: quantification of CENP-A-Halo levels at
887 centromeres in micronuclei (MN), relative to those in primary nuclei (PN), p <0.0001
888 (paired t-test). Bridges were induced in the first generation by transient TRF2-DN

889 expression. Only centromere DNA-containing micronuclei were analyzed.

890  Figure 9. Micronuclei develop extensive DNA damage associated with a burst of mitotic DNA

891  synthesis, which promotes chromothripsis.

892 (A)Modest DNA damage is associated with defective replication in intact micronuclei of G2
893 cells. Top: schematic of the experiment. Micronuclei were induced by a nocodazole
894 washout procedure (/7), and EQU was added in G1 to visualize all DNA replication during
895 the following S phase. Cells were then fixed in G2 (22 hours after mitosis). Where
896 indicated, small-molecule inhibitors of Dbf4-dependent kinase (PHA-767491) or cyclin-
897 dependent kinase (flavopiridol) were also added in G1 to block the initiation of DNA
898 replication. Bottom: example images show intact micronuclei (assessed by RFP-NLS),
899 with counter-staining to relate the extent of DNA replication (EdU) to the amount of DNA
900 damage (y-H2AX). Robust y-H2AX signal was correlated with diminished EdU signal and
901 was blocked by the DDK or CDK inhibitors.

902 (B) Quantification of (A) showing DNA damage in micronuclei with poor DNA replication.
903 Left: DNA damage in intact micronuclei (ratio of y-H2AX intensity in the micronucleus
904 relative to the primary nucleus) relative to replication proficiency (EdU ratio). Dashed red
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line indicates the threshold (three standard deviations above the mean intensity for primary
nuclei) above which micronuclei were scored as positive for DNA damage. Right:
compared to control, CDKi (p = 0.01) or DDKi (p = 0.0008) prevents DNA damage in
intact micronuclei; p-values determined by Mann-Whitney test.

(C) Complex rearrangement of a chromosome from an intact micronucleus in a G2 cell. The
chromosome from the micronucleus (Chr2) is under-replicated and was identified by its
odd-numbered copy number state. The mis-segregation generating this micronucleus
resulted in a diploid cell with an extra copy of Chr2 from the micronucleus (2N+1) (7).
Black dots: 1-Mb bins for the haplotype of the micronuclear chromosome, which together
with the fully replicated copy of Chr2 haplotype in the primary nucleus, leads to black copy
number of ~3. Gray dots: the other Chr2 haplotype, which is also in the primary nucleus
and present at a copy number of 2. n = 1 of 10 cells examined; the remaining 9 G2
micronucleated cells did not exhibit rearrangement of the micronucleated chromosome.

(D)Mitotic DNA replication and DNA damage (synchronized fixed cells), similar to Fig. 7C,
for cells induced to form micronuclei by nocodazole washout. Cyan arrowheads:
micronucleated chromosome.

(E) Parallel experiments as in Fig. 7A-B, for cells with intact micronuclei that were released
into mitosis. To avoid confounding DNA damage from interphase nuclear envelope
rupture, only cells with intact micronuclei (RFP-NLS) were analyzed. Cyan arrowheads:
micronucleated chromosome.

(F) Quantification from (E). Levels of DNA damage on the micronucleated chromosome

increased ~10-fold in mitotic cells compared to G2 cells (p <0.0001, left plot), concomitant
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with abrupt initiation of mitotic DNA synthesis as indicated by RPA1 accumulation (p <
0.0001, right plot); p-values calculated by Mann-Whitney test.

(G)Complex rearrangement of a chromosome from an intact micronucleus after passing
through mitosis. Copy number and rearrangements are shown for the micronucleated
chromosome (one haplotype of Chr2), identified by its odd copy number as described in
(C).8 of 9 daughter pairsexamined evidenced complex rearrangements on

the micronucleated chromosome.

Figure 10. Extensive genetic heterogeneity after chromosome bridge formation.

(A)Multiple co-existing subclones in a population derived from a cell with a broken
chromosome bridge (Chr4, see Fig. S1). Top: DNA copy number of the two Chr4
homologs (red and blue dots, 25-kb bins) from bulk DNA sequencing of Primary Clone
2a. Non-integer copy number indicates the presence of multiple subclones with different
copy number states.

(B) Heatmap of DNA copy number for Homolog A on the p-arm of Chr4 (0-50 Mb) in ~800
single cells, where each row represents one cell. Different subclonal populations can be
identified with copy number profiles consistent with those seen in single cell-derived
subclones shown in (C).

(C) DNA copy number of Chr4p Homolog A (red dots, 25-kb bins) in three subclones grown
from single cells isolated from Primary Clone 2a. The copy number state is shown
schematically above each plot. The copy number change point shared across all
subclones (dashed orange line) is inferred to have resulted from breakage of the Chr4
bridge chromosome in the first generation. Other copy number changes that were shared

only among a subset of subclones (dashed purple line), or were private to individual
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950 subclones (dashed cyan lines), suggest that these more complex patterns arose during

951 later generations downstream of the initial bridge breakage event.

952 (D) Evidence of ongoing chromosomal instability in Chr4 bridge primary clones indicated by
953 copy number variations across subclones. Top: Bulk DNA copy number of Homolog A
954 (red) and Homolog B (blue) on Chrdp (0-50Mb) in Primary Clone 1a. Bottom: Copy

955 number profiles of each homolog in single-cell derived subclones. The first profile of
956 Homolog A was observed together with each of the first eight profiles of Homolog B, as
957 shown by the thick black lines. Similarly, the next five profiles of Homolog A were each
958 observed together with the ninth profile of Homolog B. The last profiles of Homologs A
959 and B were observed together (two independent subclones). Copy number breakpoints on
960 Homolog A that are shared among all subclones are indicated by vertical dashed black
961 lines. Variations in Homolog A range from focal copy number changes (red arrows),

962 including focal amplifications, to near-complete arm loss (last profile). Profiles of

963 Homolog B show different degrees of terminal loss, a pattern that suggests ongoing

964 instability affecting this chromosome. This is supported by the observation that many of
965 these Homolog B profiles were present at a low clonal fraction (i.e. observed in only one
966 subclone). Therefore, this progressive terminal loss pattern might represent a snapshot of
967 ongoing evolution that eventually results in complete loss of the chromosome arm.
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