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Graphical abstract

Modeling the process of chromothripsis.

Public summary

m We developed simulation programs with statistical algorithms to analyze batch-processed results, revealing how three
key parameters (the compaction ratio, break frequency, and repair rate) modulate the outcomes of chromothripsis.

m Our modeling revealed that chromothripsis generates remarkably limited quantities of circular DNA (typically < 4
molecules per event), with linear DNA consistently outnumbering circular DNA across most biological conditions.
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Abstract: Chromothripsis is a catastrophic chromosomal rearrangement that drives genomic instability and cancer evolu-
tion. Although extensive research has focused on biological mechanisms, the development of computational tools for mod-
eling this process remains lacking. Here, we developed two novel programs: a simulation program that models the process
of break and repair and outputs the rearrangement results and a computational program that quantitatively calculates the re-
lative abundance of linear and circular DNA products. We employ these programs to analyze how the compaction ratio,
break frequency, and repair rate influence the properties of both circular and linear DNA. Furthermore, we demonstrate
that individual chromothripsis events produce exceptionally few circular DNA molecules (typically < 4) under most con-
ditions. Our modeling offers new insights into extrachromosomal DNA (ecDNA) biogenesis and a theoretical model for

experimental validation.
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1 Introduction

Abnormal chromosomes can undergo various structural
changes, such as deletions, duplications, inversions, and
translocations. However, in recent decades, scientists have
discovered that chromosomes can undergo complex structur-
al changes, such as chromothripsis, chromoanasynthesis, and
chromoplexy!”. Among these, chromothripsis is the most
common, occurring in approximately 50% of cancers. In con-
trast, chromoanasynthesis and chromoplexy are far rarer, ap-
pearing in only 5% to 10% of cancer cases™". Chromothrip-
sis is a catastrophic chromosome rearrangement event in
which a single chromosome (or several chromosomes) shat-
ters into fragments and then reassembles into a complex new
structure®. Chromothripsis can be divided into four stages:

e Formation of micronuclei. The formation of micronuc-
lei is principally driven by three mechanisms: DNA breaks,
chromosome lagging during anaphase, and defective nuclear
envelope assembly of chromosomes during telophase'. When
DNA breaks occur, a chromosome is divided into two dis-
tinct fragments —one containing a centromere and one
without. The fragment with the centromere either undergoes
normal segregation or forms a chromosome bridge, whereas
the acentric fragment remains in the cytoplasm, where it sub-
sequently acquires a nuclear envelope, forming a micronuc-
leus. Chromosome lagging typically stems from kinetochore
dysfunction, aberrant kinetochore—microtubule attachments,
or defects in mitotic spindle assembly.

0303-1

e Rupture of micronuclear envelope. Micronuclear
membranes exhibit high instability and frequent rupture
because of their small radius of curvature and defective nucle-
ar lamina assembly”™ (evidenced by studies showing that
lamina-deficient micronuclei have increased rupture suscept-
ibility). Upon rupture, micronuclei recruit the ESCRT-III
complex, which unexpectedly exacerbates membrane dam-
age rather than facilitating repair. This leads to a progressive
decrease in the number of intact micronuclei and a concomit-
ant accumulation of ruptured micronuclei as cancer cells
transition from mitosis to interphase. Nevertheless, cellular
quality control mechanisms, including but not limited to the
cGAS-STING pathway, can involve the detection of some of
these ruptured micronuclei and the initiation of their selective
autophagic degradation!”.,

e Fragmentation of DNA. Micronuclear rupture has two
major consequences: First, cytoplasmic nucleases gain access
to the micronuclear compartment and cleave the exposed
DNA; second, the collapse of nuclear—cytoplasmic compart-
mentalization leads to rapid depletion of nucleus-localized
proteins, particularly those essential for DNA replication. The
loss of these proteins induces severe replication defects,
including premature replication fork stalling and collapse,
ultimately leading to widespread chromosomal fragmentation
during prophase chromatin condensation in subsequent
mitosis'".

e Repair of DNA breaks. Despite fragmentation, rup-
tured micronuclear chromosomes remain clustered during mi-
tosis through the action of MDC1, TOPBPI1, and CIP2A!" ",
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These damaged chromosomes face three distinct fates in the
subsequent cell cycle: approximately 40% successfully rein-
tegrate into the primary nucleus, where they undergo non-
homologous end joining (NHEJ)", and another 40% are
reencapsulated into new micronuclei, whereas the remaining
20%, although initially remaining clustered, eventually frag-
ment into smaller segments because of mitotic spindle-
generated shear forces, which are ultimately distributed
between the primary nucleus and  cytoplasmic
compartments!.

Chromothripsis can lead to several significant con-
sequences. First, it can disrupt functional genes. When tumor
suppressor genes are impaired, this promotes cancer develop-
ment. Second, it can induce gene copy number variations, po-
tentially causing either gene amplification or deletion. Third,
it produces extrachromosomal DNA (ecDNA), small circular
DNA molecules that accumulate in cancer cells and acceler-
ate cancer evolution"”'. To determine the harmful con-
sequences of chromothripsis, we developed a Python-based
chromothripsis simulation program. This program revealed
many intriguing properties of circular DNA and linear DNA
generated by chromothripsis, including the extremely limited
quantity of ecDNA. To further investigate this phenomenon,
we developed a mathematical model predicting the yields of
circular and linear DNA for varying numbers of DNA breaks.
All the programs can be obtained from https://github.com/
nesjedi/chromothripsis_simulation_programs.

2 Materials and methods

2.1 Simulation of the chromothripsis process

We developed a Python program in which we simplified the
process of chromothripsis into two phases: a breaking phase
and a repairing phase. The breaking phase simulates random
chromosomal breakage, as occurs in micronuclei, while
centromeres and telomeres are intentionally excluded be-
cause of their cleavage-resistant nature. In this phase, every
fragment is given a unique identifier, and their adjacent frag-
ments are recorded to make the following processes much
easier. The repairing phase simulates broken end connections
on the basis of spatial positioning relationships.

Given that a broken end is typically spatially closer to its
paired broken end on the same fragment than to other broken
ends, we developed a mathematical model to quantify the dis-
tance distribution between paired broken ends within indi-
vidual fragments, from which we derive length-dependent
probability distributions for fragment circularization.

Assuming that DNA is a freely jointed chain with isotropic
bending flexibility, the problem simplifies to a DNA frag-
ment of length D pm divided into » child fragments (where n

is sufficiently large), each with length 6 = — and random

angles between adjacent segments. By fixing r(l)ne end (A) of
the fragment as the spatial origin, we track the relative posi-
tion of the other end (B). The position of B is determined by n
successive steps of length 6 from A, with each step’s orienta-
tion randomly distributed in 3D space. This model is mathem-
atically equivalent to a 3D random walk with a fixed step
length ¢; therefore, the AB distance r approaches a Maxwell

0303-2

distribution as n — o:
2r 2
f(r)= 5_36 W, gt s —.

When n > 100 and D < 5, the truncation error
1—f(x) < 107; therefore, the effects of finite » domain re-
strictions are negligible. f(r) satisfies the following property:

d 6
lim—f =6 \/j 3r .
o dr Tp2s>

Assuming cyclization can only occur when the AB dis-
tance r is less than d (d << D), the cyclization probability

P(D) = 6\/§
T

— . This equation captures the inverse rela-
tionship betweDer_l(sD2 and P, where increasing fragment length
D leads to decreased cyclization probability P. For D > 5 um
(exceeding nuclear scale), P becomes independent of length
due to nuclear confinement, stabilizing at a constant value.
For computational tractability, we normalize the probability
distribution by setting P(D = 5) = 1 as the reference standard
and obtain the normalized distribution:

11.18034x D2, 0< D < 5:

P(D) = {
1, D>5.

Since the connection probability between ends on two sep-
arate fragments is not significantly different from that
between ends of a single sufficiently long fragment, we nor-
malize the relative interfragment connection probability to 1.
This probability distribution enables quantitative analysis of
how spatial positioning affects DNA repair. Both the break-
ing phase and the repairing phase are fully customizable
through adjustable parameters: the break frequency controls
the fragmentation intensity in the breaking phase, whereas the
repair rate and compaction ratio determine the rejoining prob-
ability in the repairing phase.

2.2 Analysis of chromothripsis rearrangement products

To better understand the rearrangement products after chro-
mothripsis, we must obtain key information, including wheth-
er circular DNA is present, the length of each rearrangement
product, the number of fragments within each rearrangement
product, and which fragments contain a centromere or a te-
lomere, among other details. We developed a search al-
gorithm to achieve this goal. In our search algorithm, the tra-
versal status of every fragment is recorded so that the pro-
gram can visit them exhaustively. The algorithm traverses
every rearrangement product that is newly generated after
simulated chromothripsis to calculate its length and the num-
ber of fragments it contains. Afterward, the results are visual-
ized using separate line plots for linear and circular DNA
data. To identify the newly generated DNA that contains
centromeres or telomeres, the algorithm searches every frag-
ment adjacent to the fragment that contains a centromere or
telomere and ultimately outputs information about rearrange-
ment products, including their topology (circular or linear),
length, and number of constituent fragments.

On the basis of these algorithms, we developed a batch-
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processing algorithm that runs for a set number of iterations
while outputting the length and quantity information of both
circular DNA and linear DNA from all cycles. Using these
data, we analyzed and visualized the effects of the compac-
tion ratio, break frequency, and repair rate on the properties of
circular DNA and linear DNA and statistically analyzed the
number of linear DNA fragments exceeding 50 Mb. All the
simulations were parameterized with the most prevalent con-
ditions in human cells.

2.3 Development of a mathematical model to predict cir-
cular DNA and linear DNA yields

To quantify circular DNA production from a single chromo-
thripsis event, we developed a mathematical model. In this
model, the complex factors affecting chromothripsis are re-
duced to two key parameters: the number of cuts (V) and the
number of repairs (;). A critical constraint arises from
telomere-containing fragments, which cannot undergo liga-
tion with other DNA ends under normal conditions, signific-
antly increasing model complexity. To address this, the
model assumes that two telomeres can transiently ligate to
each other, which will turn a linear chromosome into a circu-
lar form. Following the simulation, the temporary telomere
ligation is reversed. This approach provides rapid simplifica-
tion of the calculation.

This model initiates by simulating the break and repair pro-
cess on circular DNA, producing two key metrics: the mean
number of newly generated circular DNA (C) and the mean
number of fragments contained in newly generated circular
DNA (F). The model begins with N; cuts on circular DNA,
which will produce N; fragments with two open ends. These
fragments then undergo N, iterative repair steps. C; and F; are
recorded at each iteration. Considering that DNA can exist
only in two forms—Ilinear or circular—and that only linear
DNA can participate in repair, the only way to generate a cir-
cular DNA is through the ligation of both ends of the same
linear DNA (it will generate only a new linear DNA if two
ends of two different linear DNAs are ligated together). When
the i-thlrepair operation is being performed, each end has a

2N =it D=1 probability of being ligated to the other end
f

on the same linear DNA. Therefore, it is easy to obtain C; by
the following formula:

B 1 2N —i+1) 1

2N —i+ D=1 2N =i+ 1) 2N =20+ 17

G

P; can be directly calculated by multiplying F; by the mean
number of fragments carried on each linear DNA (E). Since E
can be calculated by the formula

£ the total number of fragments included in linear DNA
- the number of linear DNA

>

the total number of fragments included in linear DNA and the
number of linear DNA can be calculated by the following for-
mula:

the total number of fragments included in linear DNA =
Nl' - Fifl El
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the number of linear DNA = N; —i+ 1.

It is easy to obtain that:

Nl'_Fifl
F,=F_+C,XE=F_ +C.; x| ———| =

+ (].Vf_Fi—]) i , F():
(2N, =2i+1)(N;—i+1)

Fi—l

Ne
Ciorar €an be derived by the formula: C,,, = szl C,.

After the above steps are complete, we need to restore the
assumed circular DNA to the original chromosome by break-
ing the ligated telomere. Since every fragment has the same
possibility of being generated by the ligation of two telomere-
containing fragments, every fragment is equally likely to be
broken during the restoration process. If this fragment is con-
tained in linear DNA, it will generate two new linear DNAs
but will not affect the number of circular DNAs; if this frag-
ment is contained in circular DNA, it will turn a circular DNA
into linear DNA and reduce the number of circular DNAs by
one. Therefore, the final mean number of circular DNAs pro-
duced in the process of chromothripsis (K) can be expressed
as follows:

K= Clotal - ﬂ .
N;

The mathematical model was implemented in Python. This
program calculates the theoretical mean number of circular
DNA (using the formula above) and the theoretical mean
number of linear DNA (equivalent to N;—N,+1) and plots
both values on a line graph with the number of cuts represen-
ted on the x-axis for comparative analysis. Since there are
only two parameters—the number of cuts and the number of
repairs—that need to be considered in this program and the
number of cuts is set to be an x-axis variable while the num-
ber of repairs can be calculated from the degree of repair,
users only need to input the maximum cut number (defining
observation range) and the degree of repair.

3 Results and discussion

3.1 Developing a chromothripsis simulation program

To better understand the mechanism of chromothripsis, we
developed a simulation program to model the process of chro-
mothripsis. This program begins by simulating stochastic
chromosomal fragmentation by TREX! exonuclease and pre-
mature chromatin condensation within micronuclei and then
applying the Maxwell distribution to quantify the impact of
spatial proximity between two ends of an individual fragment
on repair probability, which enables more accurate simula-
tion of DNA fragment repair within the nuclear space. Not-
ably, the program assumes that repairs occur sequentially.
This is because synaptic complexes colocalize broken DNA
ends prior to the ligation process. Consequently, we can dis-
regard the duration of the repair process and focus only on the
formation of synaptic complexes. These synaptic complexes
form too rapidly for multiple simultaneous occurrences to be
possible.

Since chromothripsis naturally occurs not only on single
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chromosomes but also frequently involves two or more chro-
mosomes, we developed two separate simulation programs:
one modeling single-chromosome chromothripsis events and
another specifically designed for dual-chromosome cases.
Schematic diagrams illustrating single-chromosome and dual-
chromosome chromothripsis are presented in Fig. 1. Further
validation of these simulations within biological systems,
such as tissue culture and 3D organoids, would provide addi-
tional insights into the dynamics of chromothripsis and
ecDNA formation.

In this model, the position of centromeres and telomeres
after chromothripsis occurs should receive extra attention, as
it significantly influences mitotic chromosome segregation. In
single-chromosome events, the centromere can localize in one
of three ways: on a fully reassembled linear chromosome with
two telomeres, on linear DNA with one or two broken ends,
or on circular DNA. This scenario becomes more complex in
dual-chromosome chromothripsis, where centromeres origin-
ating from distinct chromosomes may become colocalized in
either linear or circular DNA structures. Such abnormal chro-
mosomes may lead to erronecous chromosome segregation
during mitosis, contributing to chromosomal instability. Te-
lomere distribution demonstrates two distinct patterns: DNA
fragments containing two telomeres form stable linear mo-
lecules that resist further ligation events, whereas those with
only one telomere are prone to breakage-fusion-bridge (BFB)
cycles during mitosis because of their unprotected DNA ends.
To systematically analyze these features, we developed a
search algorithm that characterizes the topological state
(circular or linear), molecular length, and quantity of the

constituent fragments. Additionally, our program supports
queries of any chromosomal region of interest, allowing re-
searchers to use gene position information to obtain detailed
information about the rearranged fragment with a specific on-
cogene.

To map all the rearrangement products, the program classi-
fies the DNA fragments into two topological categories: cir-
cular and linear. For each category, the program generates the
distribution of DNA length and the distribution of constituent
fragments per DNA fragment. The distribution of DNA
length allows users to retrieve the quantity of DNA of each
length after a chromothripsis event, and the distribution of
fragments per DNA fragment can help users determine how
many original fragments are included in each newly as-
sembled DNA fragment. An example of this analysis is
provided in Fig. 2.

3.2 The compaction ratio, break frequency and repair
rate modulate circular DNA formation during
chromothripsis

DNA compaction influences circularization probability
through length modulation. To establish the quantitative rela-
tionship between the length of naked DNA and its physical
length, we introduce a compaction ratio parameter. As shown
in Fig. 3a—c, increasing the DNA compaction ratio leads to
three coordinated effects: (i) elevated yields of circular
DNA, (ii) a reduced number of constituent fragments per cir-
cular DNA, and (iii) a decreased length of circular DNA.
This finding indicates that a higher compaction ratio in-
creases the circularization probability of linear DNA with

single-chromosome chromothripsis
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Fig. 1. Processes and outcomes of single-chromosome and dual-chromosome chromothripsis.
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Distribution of linear DNA length

(b)

Distribution of fragments per linear DNA

4.0 2.00 1
1.75
1.50
. 1.25 4
Q
o
£ 1.00 4
2
0.75 A
0.50 A
0.25 A
0.00 A . T T T
0.0 2.5 5.0 7.5 100 125 150 175 0 ) 10 15 20 25 30 35 40
length of DNA(Mb) number of fragments included
c A . d N .
( ) Distribution of circular DNA length ( ) Distribution of fragments per circular DNA
2.00 A 1.0 A
1.75
0.8 4
1.50
5 1.25 s 061
E €
£ 1.00 4 E
i !
0.75 1 047
0.50 A
0.2 4
0.25 A
0.00 T T T T T 0.0 T T T
0 1 2 3 4 5 6 0 2 4 6 8 10 12

length of DNA(Mb)

number of fragments included

Fig. 2. Simulation results of simulated chromothripsis. Parameter input: chromosome length, 100.0 (Mb); centromere position, 30.0 (Mb); break fre-

quency, 3.0 (breaks/Mb); repair rate, 95.0%; compaction ratio, 1.

fewer fragments. Reduced physical length can increase the
probability of self-ligation of a single fragment’s two ends.
This phenomenon decreases the length of circular DNA while
increasing its number. Considering the 7 : 1 compaction ra-
tio of 5 nm nucleosomes and the 40 : 1 ratio of 30 nm solen-
oid fibers, chromatin under physiological conditions (with
fiber diameters of 5-24 nm!") has an intermediate compac-
tion ratio ranging from 7 . 1 to 40 . 1. As shown in Fig. 3a,
the mean number of circular DNA molecules remains below
four within this physiological compaction range.

Break frequency can also affect circular DNA properties.
While elevated break frequencies increase circular DNA
yields (Fig. 3d), they concurrently reduce the number of con-
stituent fragments per circular DNA (Fig. 3e). This phe-
nomenon indicates that the reduced average length of frag-
ments resulting from breakage increases the likelihood of cir-
cularization for linear DNA with fewer fragments than for
those containing more fragments, which is consistent with
the —1.5 scaling exponent in the fragment length—probability
relationship. The combined effect of shorter fragment lengths
and fewer constituent fragments led to a decrease in the circu-
lar DNA length at elevated break frequencies (Fig. 3f). Inter-
estingly, the data in Fig. 3¢ and f reveal that while the maxim-
um number of constituent fragments per circular DNA in-
creases with increasing break frequency, the maximum length
of these fragments has an inverse relationship. Notably, at the
most prevalent break frequency of 1 break/Mb, the mean
number of circular DNAs remained below four molecules
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(Fig. 3d).

Furthermore, we investigated the impact of the repair rate
on circular DNA properties. An increase in the repair rate
nonlinearly increased the number of circular DNA, the num-
ber of fragments per circular DNA, and the length of the cir-
cular DNA, with effects intensifying progressively as the re-
pair rate approached 100%, as shown in Fig. 3g—i. This phe-
nomenon occurs because the circularization probability in-
creases as the number of unfixed fragments decreases,
demonstrating the critical role of final repair cycles in circu-
lar DNA formation. Notably, even at a 100% repair rate, the
number of circular DNAs remains constrained to approxim-
ately four molecules.

3.3 The properties and quantity of linear DNA are influ-
enced by the repair rate and break frequency

Following our circular DNA analyses, equivalent computa-
tional simulations were applied to linear DNA. As shown in
Fig. 4a, b, increasing repair rates promote both the elongation
of linear DNA and an increase in the number of constituent
fragments per linear DNA. Compared with a 99% repair rate,
a 100% repair rate significantly increased the length of linear
DNA, demonstrating that the final few repair events play a
crucial role not only for circular DNA but also for linear
DNA. This phenomenon is further confirmed in Fig. 4c,
where a significantly greater number of fragments exceeding
50 Mb are observed at a 99% repair rate than at a 90% repair
rate. Surprisingly, a 99% repair rate generates more linear
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Fig. 3. The properties of circular DNA are affected by the compaction ratio, break frequency, and repair rate. (a—c) Illustration of how the compaction ra-
tio influences the number of circular DNA molecules generated per chromothripsis event (a), the number of fragments per circular DNA (b), and the
length of circular DNA (c), respectively. Sample size: 1000; parameters: chromosome length, 130.0 (Mb); break frequency, 1.0 (breaks/Mb); repair rate,
99.0 (%). (d—f) Illustration of how the break frequency influences the number of circular DNA molecules generated per chromothripsis event (d), the
number of fragments per circular DNA (e), and the length of circular DNA (f), respectively. Sample size: 1000; parameters: chromosome length, 130.0
(Mb); compaction ratio, 25; repair rate, 99.0 (%). (g—i) Illustration of how the repair rate influences the number of circular DNAs generated per chromo-
thripsis event (g), the number of fragments per circular DNA (h), and the length of circular DNA (i), respectively. Sample size: 1000; parameters: chro-
mosome length, 130.0 (Mb); compaction ratio, 25; break frequency, 1.0 (breaks/Mb).

DNA fragments exceeding 50 Mb than a 100% repair rate
does. This occurs because the 99% repair rate leaves some
breakpoints unrepaired, allowing the persistence of multiple
linear DNA fragments exceeding 50 Mb in cells. This im-
plies that even 1% incomplete repair may serve significant
biological functions.

Unlike repair effects, increasing the frequency of breaks in-
creases the number of constituent fragments per linear DNA
while reducing their average lengths and the number of linear
DNA fragments exceeding 50 Mb (Fig. 4d—f). This finding
indicates that although increased break frequency reduces lin-
ear DNA length, it increases the complexity of rearrangement
fragments by increasing the repair event frequency.

3.4 Mathematical modeling of circular and linear DNA
production in chromothripsis

Our chromothripsis simulation model consistently demon-
strated this phenomenon: the mean number of circular DNAs
consistently remained remarkably low under most conditions
(Section 3.3). To elucidate this phenomenon, we established a
simplified mathematical model to calculate the expected
number of circular DNAs produced during a single chromo-
thripsis event. This model disregards the enhanced single-
fragment circularization propensity, given its minimal influ-
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ence at a biologically relevant 7 : 1-40 . 1 chromatin com-
paction ratio. The model incorporates a key assumption of
transient telomere—telomere ligation (details provided in Sec-
tion 2) to accelerate computation without altering its results.
On the basis of this model, we developed a Python program
that generates a plot with the number of cuts on the x-axis and
the mean number of circular DNA and linear DNA on the y-
axis (Fig. 5). This plot allows for a comparative analysis of
the number of circular DNAs and the number of linear DNAs
and displays the trend of how both change with break
frequency.

Two fundamental relationships related to the number of cir-
cular DNAs are shown in Fig. 5: a positive correlation with
the number of cuts and an inverse correlation with the repair
rate (this phenomenon can also be mathematically derived).
Under conditions of maximal fragmentation (1000 breaks, al-
though most chromothripsis events involve fewer than 1000
fragments) and perfect repair (100% efficiency), the expected
number of circular DNA molecules reaches a maximum of
3.4 molecules per event. However, under typical conditions,
the number of circular DNAs tends to be even lower, gener-
ally ranging from 0 to 2. Importantly, since extrachromo-
somal DNA (ecDNA) is a subset of circular DNA (specific-
ally, short circular DNA containing functional regions), the
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actual number of functional ecDNA molecules produced is
even lower than the total circular DNA count. This phe-
nomenon can be explained from two perspectives: First, only
a very small fraction of ecDNA originates from chromothrip-
sis, with the majority being generated through other mechan-
isms, such as the scarring excisional model or scarless ex-
cisional model®”. Second, this simulation model has several
limitations: ( 1) the fragmentation process may not be fully
random and preferentially produces shorter fragments, or (ii)
it underestimates the condensation level of fragments, as they
just enter interphase.

Another particularly significant observation is that when
the repair rate falls below 99%, linear DNA fragments con-
sistently outnumber circular DNA across most conditions.
This quantitative dominance of linear DNA suggests that it
may play an underappreciated role in tumorigenesis. We pro-
pose that these abundant linear DNA fragments could contrib-
ute to cancer progression through mechanisms such as activa-
tion of the cGAS-STING pathway™!, potentially leading to
PD-L1-mediated immune evasion*>*, Consequently, our res-
ults suggest the need for greater research attention to linear
DNA fragments in addition to ecDNA when studying chro-
mothripsis in cancer. Understanding the implications of lin-
ear DNA in tumorigenesis could provide valuable insights
into the mechanisms driving cancer evolution and the devel-
opment of therapeutic strategies.

4 Conclusions

We successfully developed a chromothripsis simulation pro-
gram, which effectively simulates the processes of chromo-
thripsis, revealing key insights into its outcomes: (1) in-
creased compaction ratios or break frequencies increase the
number of circular DNA fragments by reducing the physical
length of the fragment; (ii) increased repair rates increase
circular DNA production by decreasing residual fragment
quantity; (iil) increased repair rates and decreasing break fre-
quencies increase the length of linear DNA while reducing its
molecular count; and (iv) large linear DNA fragment genera-
tion strongly depends on a high repair rate. Another import-
ant discovery is the limitation in the production of circular
DNA. These results were further verified by a newly de-
veloped computational program, challenging the prevailing
assumption that chromothripsis is a major driver of ecDNA
accumulation in cancers. Future research should explore the
functional implications of these discoveries, especially con-
cerning chromosomal instability and therapeutic resistance.
Furthermore, these two programs highlight the underappreci-
ated role of linear DNA fragments, which numerically domin-
ate over circular DNA under most conditions. These frag-
ments may contribute to tumorigenesis through mechanisms
such as ¢cGAS-STING pathway activation and immune eva-
sion, suggesting their potential as therapeutic targets. While
our models provide insights into the structural outcomes of
chromothripsis, a key limitation is that they track only the re-
arrangement products and do not investigate the segregation
of these fragments to daughter cells (or their loss). Con-
sequently, they fail to capture the associated copy number
(CN) changes. Subsequent research should consider these
factors.
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