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The acquisition of massive but local-
ized chromosome translocations, 

a phenomenon termed chromothrip-
sis, has received widespread attention 
since its discovery over a year ago. Until 
recently, chromothripsis was believed 
to originate from a single catastrophic 
event, but the molecular mechanisms 
leading to this event are yet to be uncov-
ered. Because a thorough interpretation 
of the data are missing, the phenomenon 
itself has wrongly acquired the status of 
a mechanism used to justify many kinds 
of complex rearrangements. Although 
the assumption that all translocations in 
chromothripsis originate from a single 
event has met with criticism, satisfac-
tory explanations for the intense but 
localized nature of this phenomenon 
are still missing. Here, we show why 
the data used to describe massive cata-
strophic rearrangements are incompat-
ible with a model comprising a single 
event only and propose a molecular 
mechanism in which a combination of 
known cellular pathways accounts for 
chromothripsis. Instead of a single trau-
matic event, the protection of undam-
aged chromosomes by telomeres can 
limit repetitive breakage-fusion-bridge 
events to a single chromosome arm. 
Ultimately, common properties of chro-
mosomal instability, such as aneuploidy 
and centromere fission, might establish 
the complex genetic pattern observed in 
this genomic state.
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Introduction

The phenomenon of localized but mas-
sive DNA fragmentation was described 
first as an acquisition of rearrangements 
through a single catastrophic event1 and 
was subsequently termed chromothrip-
sis.2 Whereas chromothripsis was used 
initially to describe a considerable num-
ber—dozens or more—of translocations 
limited to a single chromosome,1 the term 
has since been applied to a wide variety 
of chromosomal alterations irrespec-
tive of the involvement of one or more 
chromosomes or the number of detected 
alterations.3 Currently, chromothripsis is 
used to describe chromosomal rearrange-
ments affecting between one and a dozen 
or more chromosomes in tumors or cell 
lines,1,3,4 in the germ line5,6 or in chronic 
inflammation.7 Even though the term 
chromothripsis is being applied to a con-
tinuously expanding group of complex, 
otherwise inexplicable, chromosome aber-
rations, efforts to provide a mechanistic 
basis for the phenomenon have met with 
little success. Since a satisfactory eluci-
dation is lacking, the phenomenon itself 
has wrongly acquired the role of mecha-
nism;3,5 considerable importance has been 
attributed to massive chromosome frag-
mentation, but chromothripsis appears to 
be a genetic state at best.

Chromothripsis was thoroughly 
reviewed shortly after its first description,8 
but the first critical considerations regard-
ing its proposed underlying mechanisms 
have been published only recently.9,10 
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to the hypothesis that a massive number of 
breaks are acquired simultaneously.

A Monte Carlo simulation—a math-
ematical algorithm based on random sam-
pling—is used to corroborate the formation 
of massive breakage in a single event.1 
This computer model predicts an escala-
tion of distinct copy number (CNum) 
states during a sequential accumulation 
of translocations. Since the observed ratio 
of translocations and CNum states falls 
outside the predicted range for repetitive 
breakage, the assumption of a single cata-
strophic event is made. The problem is that 
a purely qualitative attribute (sequenc-
ing of a translocation) is compared with 
a quantitative measurement (CNum). 
Massive sequencing potentially identifies 
a translocation present only in a single 
cell, whereas CNum analysis provides a 
global value for the entire sample. Thus, 
loss of a chromosomal region form part 
of the cell population, a consequence of 
heterogeneous growth,16 does not impede 
sequence-based identification of the fusion 
point, but will alter the CNum of the seg-
ments involved. Subsequent scoring of 
translocations present only in a subset of 
cells might produce a gross overestimation 
of the total number of translocations per 
cell. CNum analysis indeed indicates that 
genetic regions undergoing chromothripsis 
are subject to heterogeneity, and are inher-
ited by a subset of cells instead of the whole 
population (see below).

Notwithstanding the problems with a 
computer model, the comparison of fusion 
points to CNum and heterozygosity status 
is an essential step that helps to understand 
the behavior of a cell population (Fig. 1). 
In contrast to the predictions made by the 
Monte Carlo simulation, thorough scru-
tiny of the data seems to reveal that several 
features of chromothripsis are incompat-
ible with a single round of breakage and 
rejoining. According to the initial model, 
fragments that are not included in the reas-
sembled chromosome are lost to the cell. 
In contrast, all fragments except the future 
telomeres must be fused at both ends when 
reincorporated in the reassembled chro-
mosome; a single round of breakage and 
ligation also means that intra-chromo-
somal fragments can only recombine with 
other intra-chromosomal fragments, and 
all of these must be present at the same 

be accounted for by simple genetics, and 
several explanations tailored to individual 
examples might be needed. Previously 
described mechanisms, however, can 
account for many aspects of chromosome 
pulverization.

Incompatibilities  
in a Single Event Model

Although the percentage of tumors that 
can be attributed to chromothripsis is very 
low (2–3%), the proposed catastrophe 
leading to pulverization of individual chro-
mosomes can be considered spectacular. 
Other phenomena that generate substan-
tial DNA damage in a short time have been 
described, for example, apoptosis14 or mei-
otic recombination,15 but breaks in these 
events are spread over the entire chromo-
some complement. Thus, the most remark-
able feature of chromothripsis is that a large 
number of translocations affect a small 
number of chromosomes. The limited 
number of chromosomes typically involved 
in a single sample might have contributed 

According to the initial description, 
numerous simultaneous breaks shatter a 
single chromosome, forming dozens of 
fragments that are subsequently reassem-
bled in a random fashion by non-homol-
ogous end joining (NHEJ). However, the 
single event nature of chromothripsis has 
met with criticism,10 because it is inferred 
from a undocumented computer model 
verified only for a minimal subset of sam-
ples.1 Other authors indeed consider the 
possibility that chromosome pulverization 
might be a multi-step process,9,11 in agree-
ment with the classical stepwise model of 
tumor development.12

Notwithstanding recent reviews, which 
warn for genetic and experimental factors 
that might skew interpretation,13 the sta-
tus of chromothripsis as a novel phenome-
non has remained unchallenged. Here, we 
argue that part of the genetic alterations 
attributed to chromothripsis, including 
examples from the initial description, are 
brought about by a reiteration of breakage-
fusion-bridge (BFB) cycles. Possibly, the 
entire spectrum genome instability cannot 

Figure 1. Possibilities and impossibilities of a single event model. (A) The hitherto proposed 
mechanism leading to chromothripsis comprises a single round of breakage and fusion, in which 
any fragment evading reassembly is excluded from the population. In the proposed pathway, 
clonal expansion of the reassembled chromosome leads to a unique and integer (“high” or “low”) 
copy number for each segment. (B) A single catastrophic event can produce interleaved transloca-
tions in the reassembled chromosome (left, for example A-G and H-D), and eliminate segments to 
produce two unique copy number states. (C) A single event cannot cause translocations between 
segments that bear di�erent copy numbers (I) or non-integer CNum states that exceed the ploidy 
of chromothripsis-associated chromosomes (II). The latter two phenomena require di�erential 
transmission of chromosomal segments within the cell population and are probably linked to 
tumor heterogeneity.
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additional copies of the affected chro-
mosome (Fig. 3). In combination, these 
data show that regions of chromothripsis 
acquire a large variety of unique CNum 
states. The combination of a lower than 
expected number of translocations and 
higher than expected variation in CNum 
states would probably classify the data 
as a product of sequential events in the 
Monte Carlo simulation. Apart from the 
CNum, the allelic balance ratios also indi-
cate that chromothripsis is associated with 
heterogeneity; whereas allelic ratios fol-
low the limitations imposed by ploidy in 
normal segments, intermediate values are 
observed frequently for markers located in 
chromothriptic segments (Fig. 3). Since 
sample heterogeneity requires differential 
retention of translocations—single-cell 
analysis demonstrates that accumulation 
of heterogeneity is a stepwise process17—
signal noise in data concerning the entire 
cell population contradicts models based 
on a single event. In conclusion, popu-
lation-wide methods of genetic analysis 
favor a multi-step process in which trans-
locations accumulate sequentially.

lines that show chromosomal instability 
(CIN), these experiments showed that 
individual cells acquire additional copies of 
small regions, revealing marked cell-to-cell 
differences and heterogeneity. Although 
analysis of single cells17 identified multiple 
CNum differences between cell pairs, the 
high numbers of translocations appar-
ently found in chromothripsis were never 
reached. Probably, massive sequencing has 
identified the sum of many translocations, 
each of which represent a small proportion 
of the entire sample. In conclusion, CNum 
alterations in small genomic regions 
acquired in individual cells do not neces-
sarily represent the entire cell population.

The non-integer CNum states cor-
responding to regions of chromothripsis, 
evident from increased noise in CNum 
analyses (Figs. 2 and 3), indicate that 
these genomic segments in particular 
suffer from sample heterogeneity. In 
addition, the CNum of individual small 
segments frequently exceeds ploidy of the 
corresponding chromosome; the CNum 
of several small regions reaches eight or 
more, whereas karyotyping shows a few 

CNum (Fig. 1A and B). DNA segments 
lost to the cell, or incorporated in a second 
chromosome structure, might be present 
in lower CNum, but only if they behave 
independently. In contrast, translocations 
spanning segments that have different 
CNum can be formed only after multiple 
rounds of breakage and fusion (Fig. 1C); 
as a minimum, these translocations need 
an event to produce the translocation and 
an independent event to generate CNum 
deviations. In some samples attributed to 
chromothripsis, however, the combination 
of CNum analysis and massive sequencing 
shows translocations between fragments 
that originate from the same chromo-
some but have acquired different CNum 
(Fig. 2), invalidating models based on a 
single event.

CNum analysis not only assists the 
interpretation of individual transloca-
tions, but can also provide information on 
the behavior of the whole cell population. 
Although the details of the Monte Carlo 
simulations are not published, a model in 
which translocations are caused in multiple 
successive events apparently would result 
in a wide range of CNum states, whereas 
a single event would limit the possibilities 
of CNum variation1 and instead result in 
an oscillation between two states.13 The 
“simple” mathematics of a single breakage 
and fusion provide the same conclusion 
(Fig. 1); individual segments are either 
included with peers or excluded from the 
reformed chromosome. What is consid-
ered a unique CNum state, however, could 
be a matter of debate; whereas the CNum 
of most chromosomal segments faithfully 
follows the ploidy determined by spectral 
karyotyping, the CNum in regions of 
chromothripsis deviate considerably from 
ploidy status and no longer are found as 
integer values (Figs. 2 and 3). Such devia-
tions from integer CNum states can only 
occur in a heterogeneous population, in 
which part of the cells have gained or lost 
a particular marker. It has been recognized 
that intra-tumor variation could be an 
important factor to establish genetic pat-
terns that resemble chromothripsis,13 but 
mathematical methods to quantify het-
erogeneity are still awaiting development. 
Recent techniques, however, have made it 
possible to carry out CNum analysis on 
individual cells.17 When applied to cell 

Figure 2. Whole-genome analysis in chromothripsis. Reprinted from Stephens et al. Cell 2011; 
144:27–40, with permission from Elsevier. Circos plots of cell lines used for the original description 
of chromothripsis. Chromosome banding is shown in the outer circle and CNum analysis in the 
inner circle. Translocations are depicted inside the inner circle. Please note the localized CNum 
heterogeneity in the a�ected chromosomes only (arrows), evident from an increased signal noise 
as compared with una�ected chromosomal regions.
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however, leaves the question open as to 
what might be the underlying mechanism. 
Several of the cell lines used for the ini-
tial description, for example TK1019 and 
8505C,20 were originally established over 
two decades ago and show signs of chro-
mosomal instability (CIN). A subclass of 
CIN might thus account for the accumu-
lation of breaks in a limited region of the 
genome.

Whereas CIN is mostly known for the 
gains and losses of whole chromosomes, 
it also includes chromosome breakage 
and structural alterations.21 The hypoth-
esis that structural and numerical altera-
tions are associated is supported by the 
samples of chromothripsis, as many of 
these present intra- and interchromo-
somal translocations together with copy 
number alterations.1 One feature of CIN 
in particular, formation of dicentric chro-
mosomes and the cyclic process known as 
breakage-fusion-bridge (BFB),22,23 seems 
a likely cause of the break distribution 
observed in chromothripsis. Although 
dicentric chromosomes were considered 
briefly when massive but localized damage 
was first described,1 their relation to the 

lagging metaphase chromosomes in micro-
nuclei leads to a delay in the replication 
of the DNA contained within. This delay 
might then provoke a damage response, 
restricted to the micronucleus, which sup-
posedly limits chromothripsis to a few 
chromosomes. Since micronucleus forma-
tion and delayed replication take place in 
a single cell cycle, the micronucleus model 
still does not explain why regions of chro-
mothripsis acquire non-integer CNum. In 
conclusion, a model than spans multiple 
divisions, thereby triggering the differen-
tial propagation of breakage products, is 
a prerequisite for the emergence of non-
integer CNum and sample heterogeneity.

Chromothripsis Correlates  
with CIN and BFB

The Monte Carlo simulations agree with 
a single event only if CNum states closely 
follow ploidy; the examples shown above 
reveal that most of the data cannot be 
interpreted in this way. Instead, CNum 
analysis and heterozygosity indicate that 
multiple sequential events sculpt the 
genetic landscape in chromothripsis. This, 

Alternative Explanations

Even though chromothripsis has received 
criticism in earlier reviews,9,10,13 few alter-
native explanations for the observed 
data have been proposed. An open ques-
tion is how the data from sequencing 
and CNum analysis can be unified. To 
answer this question, it is important to 
know the nature of the data; techniques 
with the potential to detect alterations in 
individual cells (massive sequencing and 
karyotyping) are compared with popu-
lation-wide analyses (CNum and allelic 
ratio). Even though a multi-step model is 
more probable, it not only has to elucidate 
the generation of breaks that lead to trans-
locations, but also support the observed 
CNum variation and sample heterogene-
ity. Finally, a comprehensive model has to 
include a mechanism that prevents break-
age of unaffected chromosomal regions.

Since a single round of breakage 
and rejoining cannot account for all 
chromosomal alterations detected, the 
hypothesis has been expanded with an 
exacerbation of breakage by replication 
defects.18 Apparently, sequestration of 

Figure 3. Analysis of single chromosomes. Reprinted from Stephens et al. Cell 2011; 144:27–40, with permission from Elsevier. Comparison of CNum 
(upper part), predicted breakpoints (middle part) and allelic balance (lower part) for two chromosomes undergoing chromothripsis. Red arrows 
indicate whole chromosome CNum; blue arrows show examples of regions with higher CNum than the whole chromosome. Please note the increased 
noise in CNum analysis and allelic balance (blue accolade) for regions strongly a�ected by chromothripsis. The genomic a�ected regions extend up to 
the telomere, but no involvement of other chromosome arms was evident (Fig. 2, SNU-C1). The short arm of chromosome 15 comprises rDNA repeats 
and is not analyzed.
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samples revealed the paucity of chromo-
some end-to-end fusions between in car-
cinomas, responsible for less than 1% of 
karyotype aberrations.23 NHEJ apparently 
is sufficiently suppressed in telomeres to 
delay repair until a more suitable sub-
strate becomes available, since the major-
ity of breaks in carcinomas are processed 
through self-ligation after replication (Fig. 
4, left),23 or form neoacrocentric chromo-
somes when they acquire a new telomere 
through the alternative recombination 
(ALT) pathway.34 Intermediate replica-
tion of a chromosome segment, followed 
by self-ligation, results in an antiparallel 
orientation of fusion products, evidence 
of which is abundant in samples of chro-
mothripsis.1 Thus, alternative pathways 
of repairing a reactive DNA end com-
pete with telomere capture in BFB, and 
pathways that prevent the involvement 
of healthy chromosomes seem dominant. 
Suppression of NHEJ in telomeres might 
be the key mechanism in the limitation of 
chromothripsis to single chromosomes.

Although NHEJ is largely suppressed, 
telomeres occasionally fuse with the iso-
lated breaks generated in BFB (Fig. 4, 
right), illustrated further by the capture 
of chromosome arms in clinical samples.23 
Several of the chromothripsis samples, 
too, show repeated translocations between 
two or more chromosomes.1 Other sam-
ples, however, reveal perfect limitation 
to just one chromosome arm; another 
mechanism therefore explains confine-
ment of breakage. This latter group 
includes samples in which two copies of 
the same affected chromosome are pres-
ent, suggesting that duplication protects 
against capture of healthy chromosomes. 
The presence of two copies of the same 
chromosome has far-reaching implica-
tions for BFB, because their breakage in 
mitosis produces a pair of reactive ends, 
instead of a single “half-break,” that form 
the preferred substrate for NHEJ instead 
of the semi-protected telomeres.35,36 The 
doubling of chromothriptic chromosomes 
thus is an important step to establish a 
metastable genome (Fig. 5). This meta-
stable state may persist over many divi-
sions and promote further breakage of 
the same region, or can be brought to an 
end by alternative competing repair path-
ways such as ALT telomere acquisition.34 

CNum states accumulate at an exponential 
rate as well. Importantly, the two daughter 
cells that inherit a chromosome fragment 
behave independently and therefore pro-
duce unrelated new breaks in the subse-
quent BFB cycle (Fig. 4, left). The analysis 
of translocations in single cells17 corrobo-
rates the cell-autonomous and individual 
nature of breakage. A theoretical doubling 
of breakage sites in each division means 
that the typical number of translocations 
in a chromothripsis sample,1 between 50 
and 100, might already be acquired in the 
sixth or seventh generation of daughter 
cells after BFB has first started.

Limiting BFB to Single  
Chromosomes

A remarkable feature of chromothripsis is 
the localization of multiple breaks to single 
chromosomes or chromosome arms.1,3,27 
Whereas some examples undergo translo-
cations between regions of chromothrip-
sis and other chromosomes, other cell 
lines confine breakage without apparent 
spreading.1 This observation seems to con-
tradict the general view of BFB, thought 
to propagate rather than limit chromo-
somal instability. BFB is thought to prop-
agate breakage because the segregation of 
chromosome segments in mitosis results in 
daughter cells containing a reactive DNA 
end subject to renewed fusion (Fig. 4).21 
NHEJ is the preferred repair pathway for 
breaks generated in mitosis,28 as is the case 
for BFB, because homologous recombina-
tion is suppressed during this part of the 
cell cycle;29 massive sequencing indicated 
that non-homologous end joining (NHEJ) 
indeed is the predominant break repair 
mechanism in chromothripsis.1

A central role for chromosome fusion 
in BFB is ascribed to telomeres.30 Telomere 
structure depends on components of the 
NHEJ repair machinery31 and can be sub-
strate for DNA end-to-end fusions.32 To 
convert a telomere to a suitable NHEJ sub-
strate, however, its function must be com-
promised by genetic inactivation of one or 
more structural proteins,33 and the actual 
DNA-joining steps of NHEJ are largely 
repressed in normal telomeres. Although 
the molecular and functional analy-
sis of telomeres indicates a dual role in 
fusion and protection, a survey of clinical 

observed data and to a single catastrophic 
event has remained elusive. A later review 
considered chromothripsis and BFB sepa-
rate phenomena.13 Nonetheless, BFB fits 
with the observed data, because breakage 
occurs at a random position between the 
two centromeres when the kinetochores of 
dicentric chromosomes segregate to differ-
ent spindle poles.23 Chromosomal regions 
not enclosed between the two centro-
meres, effectively most of the genome, will 
not undergo this type of mitotic spindle-
induced breakage.

The tension generated by the mitotic 
spindle not only produces breakage of 
dicentric chromosomes, it also segre-
gates the two DNA fragments into dif-
ferent daughter cells. BFB thus provides 
a mechanism for the enrichment of a 
chromosome segment in a proportion of 
daughter cells, and subsequent differences 
in growth or survival of these daughter 
cells might limit the transmission of addi-
tional copies to a proportion of the cell 
population. Differential transmission of 
chromosome segments in BFB, in mul-
tiple sequential events, thus causes het-
erogeneity and explains why individual 
markers appear in a non-integer CNum. 
Since amplification of small chromo-
some regions is a common consequence of 
ongoing BFB cycles,24,25 BFB might also 
explain the sharp increase in the CNum 
of small regions, even exceeding ploidy of 
the corresponding chromosome arm (Fig. 
3, arrows). The remarkable size limita-
tion of the amplified segments might be 
explained by the finding that a previously 
damaged chromosomal region remains 
susceptible for renewed breakage after 
fusion of DNA ends.26

Combination of the main characteris-
tics of BFB, random breakage of dicen-
trics and inheritance of the fragments 
by daughter cells, has important con-
sequences for the genomic landscape in 
chromothripsis. Random break distribu-
tion, albeit restricted to a single dicentric 
chromosome, means that each round of 
division can position a rupture in a new 
genomic location; each mitosis thus con-
tributes to the acquisition of additional 
CNum states by the cell population. Since 
BFB is a cyclic process that repeats itself 
from one cell division to another, expo-
nential growth of cancer cells implies that 
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and an unprotected half-break on the 
other extreme—can fuse to the telomere 
of a receptor chromosome, self-ligate after 
replication, or acquire a new telomere 
through the ALT pathway.23 The behavior 
of centromeric breaks thus shows remark-
able parallels to the genetic alterations in 
chromothripsis.

Importantly, the samples used to 
describe chromothripsis themselves reveal 
evidence of centromere fission; not only 
is chromothripsis regularly limited to 
a single chromosome arm without evi-
dence for breaks in other chromosomes, 
also the CNum differences between arms 
that acquire translocations and adjoining 
arms show that the centromere is a break-
age hotspot.1 In addition, cell lines used 
to identify chromothripsis show direct 
signs of centromere fission; whereas the 
original TK10 cells had a t(3;5) translo-
cation,19 a t(3;9) is identified in the cur-
rent karyotype.1 A likely scenario includes 
a dicentric t(3;5) intermediate that broke 
again and formed the current der(5) chro-
mosomes. Since the chromosome arm that 
initiates this process (from chromosome 
3) is located outside the two centromeres 
in the dicentric intermediate, it does not 
suffer breakage itself and goes undetected 
in massive sequencing.

Although several examples of chro-
mothripsis show a typical limitation of 
breakage to single chromosome arms, 
other samples suffer from interchromo-
somal translocations. These indicate that 
two arms from different chromosomes are 
affected, and breakage along the chromo-
some arms can start BFB cycles in agree-
ment with these examples.24,25 In some 
cases, translocations accumulate in a 
sharply defined region along the chromo-
some arm.1 Possibly, a fragile site40 flanks 
such regions and provokes BFB in these 
cases of chromothripsis. In conclusion, 
whereas the protective effect of telomeres 
likely is responsible for the limitation of 
BFB, its initiation might depend on a 
different mechanism of chromosome 
breakage.

Concluding Remarks

Somewhat more than a year after its initial 
description, chromothripsis has wrongly 
acquired the status of mechanism, 

chromosome arm and reaches up to the 
telomere (Fig. 3, lower panel), but no evi-
dence for fusion to a second chromosome 
was uncovered; this observation undoubt-
edly has contributed to the single-event 
model. In the multi-step model supported 
by the CNum analysis, such restriction 
means that a single arm is limited by 
the two centromeres of a dicentric chro-
mosome from the start of BFB. Again, 
a particular feature of CIN, in this case 
centromere fission,21,37 provides a possible 
explanation. Centromere fission—break-
age of a chromosome in or adjacent to the 
centromere—is closely associated with 
karyotype evolution in CIN tumors23 
and can be brought about by mitotic 
spindle defects such as merotelic attach-
ments37,38 or by cohesion fatigue leading to 
unscheduled sister chromatid separation.39 
Depending on the selection of a fusion 
partner, the fragments formed by centro-
mere fission—chromosome arms limited 
by a protective telomere on one extreme 

Finally, breakage of each copy in a differ-
ent but adjacent location greatly facilitates 
the formation of tandem translocations 
or internal deletions. In conclusion, the 
genetic makeup of cell lines undergo-
ing chromothripsis is compatible with a 
multi-step model involving BFB, in which 
telomeres are partially shielded from 
NHEJ-dependent end fusion.

Starting BFB in Chromothripsis

A final question that remains to be 
answered is how BFB is started in chro-
mothripsis if telomeres are largely 
protected. The nature of dicentric chro-
mosomes leads to distribution of breaks 
between the two centromeres, since the 
mitotic spindle exerts pulling forces on 
these structures.22 Fusion of two chro-
mosomes therefore generates breaks in 
arms originally part of each chromosome. 
In a considerable proportion of cases, 
chromothripsis is restricted to a single 

Figure 4. BFB and chromothripsis. Mitotic breakage of a dicentric chromosome, a common prod-
uct of centromere �ssion in CIN cells,23 gives rise to two fragments that are promptly segregated 
by the dividing cell. The fragments thus formed may be repaired in G2 phase after replication 
(left) and give rise to an inverted repeat that increases the CNum of the region involved but no 
additional chromosome in spectral karyotyping. In the subsequent division, breakage might 
occur at another position on the same chromosome arm (red arrows). Alternatively, the breakage 
product may again capture a telomere (right) and propagate BFB to a healthy chromosome. If a 
telomere is captured in G1, the fusion product is duplicated in the subsequent S phase and the 
situation depicted in Figure 5 occurs. In both cases, new dicentric chromosomes are formed and 
BFB continues. Di�erential survival of the two daughter cells may result in a non-integer CNum 
for each product. Horizontal dotted lines indicate cell cycle transitions, the vertical line indicates 
separated daughter cells.
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