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Chromothripsis has been defined as complex patterns of alternating genes copy number changes (normal, gain or loss)

along the length of a chromosome or chromosome segment (International System for Human Cytogenomic Nomenclature

2020). The phenomenon of chromothripsis was discovered in 2011 and changed the concept of genome variability,

mechanisms of oncogenic transformation, and hereditary diseases.
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1. Background

The genome (in particular the karyotype) is a complex system, the well-functioning of which ensures the correct operation

of the whole body. Aberrations in the karyotype, both structural and numerical, can lead to malfunctioning of the genome

and cause tumor cell transformation. Tumor cell transformation is usually accompanied by numerical (monosomies,

trisomies, tetrasomies, etc.) and structural chromosomal alterations, including: chromatid breaks, ring chromosomes,

additional material of unknown origin, derivatives chromosomes, balanced translocations, deletions, inversions and non-

condensed whole chromosomes, or chromosomes with impaired heterochromatin condensation, among others 

. In the cancer cell genomes detected, the multiple chromosomal changes are the result of a stepwise process in which

mutations accumulate over time .

Relatively recently, another form of karyotypic variation was discovered, associated with fragmentation (pulverization) of

chromosomes .

2. Types of Multiple Complex Chromosomal Rearrangements

Before considering in detail the phenomenon of chromothripsis, it is necessary to pay attention to multiple chromosomal

rearrangements. Holland and Cleveland proposed the term “chromoanagenesis” for all catastrophic events producing

complex chromosomal rearrangements . Chromoanagenesis is the event in which a large number of complex

rearrangements occur in one or more chromosomal loci during one catastrophic event. Chromothripsis is a subset of

chromoanagenesis.

Alongside chromothripsis, an event has been identified, called chromoanasynthesis. The chromoanasynthesis based on a

disorder of the replication process—a sequential stop of replication forks or a violation of replication mechanisms

mediated by microhomology. During chromoanasynthesis, the lagging strand of the defective fork is decoupled, and a

number of microhomologically dependent patterns and switching events occur with other replication forks. This process

leads to the formation of complex genomic rearrangements, which usually involve duplications and triplications . The

key difference between chromoanasynthesis and chromothripsis lives in the presence of gene copies (two or three

copies) in addition to deletions and normally copied regions of the chromosome (Figure 1).
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Figure 1. Scheme of multiple complex chromosomal rearrangements during chromoanasynthesis. In

chromoanasynthesis, as a result of absent DNA replication, a part of the chromosome (fragments 1–12) undergoes

complex rearrangements. In the rearranged chromosome, in addition to changing the sequence of the chromosome

region (fragments 7, 2, 6, 5, 4), amplified regions are observed (fragments 8, 3, 9), and some of the fragments are

removed (fragments 1, 10, 11, 12). The main difference between chromoanasynthesis and chromothripsis as well as

chromoplexy is the presence of both losses and gains (duplications/triplications) region on the rearranged chromosome.

Sequencing of prostate cancer led to the discovery of chromoplexy, another special type of complex chromosome

rearrangement (Figure 2). The chromoplexy is characterized by the participation of several chromosomes in

rearrangements . The “chromoplexy”, derived from the Greek word “pleco”, which means “weave” or “braid”. The

chromoplexy is defined as an accumulation of translocations involving several chromosomes (up to now, a maximum of 6

chromosomes have been detected simultaneously). The resulting chromosome rearrangements show little or no change

in copy number, unlike chromothripsis, which is usually limited to one or two chromosomes and shows fluctuations

between copy number. Chromosomes participating in chromoplexy often show fewer rearrangements than observed with

chromothripsis. Another difference between chromothripsis and chromoplexy is the break–join point patterns. In

chromoplexy, rearrangements are often found in the form of closed chains with almost exact contacts and almost without

deletions . As a result, the typical variation in the copy number observed with chromosomes after chromothripsis

was not found for chromoplexy .
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Figure 2. Scheme of multiple complex chromosomal rearrangements in chromoplexy. Chromoplexy involves linked

translocations of multiple chromosomes. As a result of chromoplexy from chromosome A was formed rearranged

chromosome A1, including fragments of chromosomes B, C, D (2 fragments); from chromosome B was formed

rearranged chromosome B1, including fragments of chromosomes A, C, D (2 fragments); from chromosome C was

formed rearranged chromosome C1, including fragment of chromosome A; from chromosome D was formed rearranged

chromosome D1, including 2 fragments of chromosome C. Some fragments were delated.

In this regard, when researchers detect multiple chromosomal changes, it is important to understand which type of

rearrangements the researcher faces as the pattern of changes, mechanisms, and consequences of events differ. More

likely, with the accumulation of knowledge about multiple chromosome rearrangements, their new types will be identified.

In later chapters, we will take thorough consideration of the phenomenon of chromothripsis.

3. Chromothripsis

Chromothripsis is a complex chromosomal rearrangement and is characterized by up to thousands of cluster

chromosomal rearrangements that occur simultaneously and are localized in limited regions of the genome in one or

several chromosomes. Thripsis in translation from Greek means destruction into small parts. Stephens with colleagues

first described chromothripsis in 2011 when massive genome rearrangements were detected in patients with lymphocytic

leukemia . In this work, the authors were faced with an unusual case in which one of the patients had 42 genomic

rearrangements localized in the long arm of chromosome 4, associated with chromosomal breaks at several points with

the subsequent random assembly of fragments (Figure 3). Such a large-scale genomic change within one chromosomal

arm did not fit into the classical mutational theory of oncogenesis.

Figure 3. Scheme of chromosomal rearrangements in chromothripsis. During chromothripsis, the chromosome or the

chromosome arm was destroyed, followed by incomplete and accidental restoration of fragments (1–12). When the

chromosome is restored, the orientation of the fragments can change (fragments 7, 10), some of the fragments are

removed (fragments 2, 5, 9, 11, 12), and some form extrachromosomal double minutes (fragments 4). This results in a

rearranged chromosome or chromosome fragments.

The discovery of chromothripsis made it possible to establish the existence in nature of an “explosive” mechanism of rapid

destabilization of the cellular genome. Initially, there has been much preliminary debate about the idea that a subset of the

cancer genomes may not be related to the gradual evolution of the genome . It is now generally accepted that

chromothripsis is a widespread mutational phenomenon. A number of criteria were formulated to identify the

rearrangements that occurred precisely as a result of chromothripsis :

The genomes of cells with chromothripsis are characterized by clustered DNA breaks. Such clustered regions have

multiple DNA breaks in close proximity to each other. These clustered regions are surrounded by large regions of DNA

not affected by rearrangements.

As a result of chromothripsis, part of the chromosome fragments can be deleted.

Chromothripsis usually occurs on one parental copy (haplotype) of chromosomes.
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Fragments of chromosomes obtained as a result of chromothripsis are combined in random order and have a random

orientation.

After chromothripsis in a new rearranged chromosome, each fragment is either retained or lost.

As suggested by the authors themselves , these criteria are not exhaustive, but rather are intended to develop

guidelines for the identification of chromothripsis and are subject to discussion. As this research area develops, new ideas

are likely to emerge that will require reevaluation and adjustment of the chromothripsis characteristics. Since 2013, the

International System for Human Cytogenetic Nomenclature has defined chromothripsis as complex patterns of alternating

changes in the number of gene copies (normal, increased, or with loss) along a chromosome or chromosomal segment

.

Information about the nature of chromothripsis is expanding every year. However, knowledge about this phenomenon is

still far from complete, and the mechanisms of chromothripsis are not yet fully clear. In this review, we describe the

prevalence of chromothripsis in nature, discuss its occurrence mechanisms, dwell on its detection methods, and discuss

the chromothripsis role in the development of oncogenesis.

4. Mechanisms of Chromothripsis

Since the initial stage of chromothripsis is multiple DNA breaks, it has been firstly suggested that the cause of

chromothripsis is the influence of severe exogenous stress factors that cause multiple double-stranded DNA breaks 

. However, DNA damages caused by such triggers impact the entire genome, not just one chromosome or

chromosomal region, as is observed in chromothripsis. The question about the “trigger” that causes chromothripsis is still

open, and the mechanisms of the chromosomes fragmentation process with their subsequent assembly are currently

being actively discussed. In recent years, several alternative mechanisms of chromothripsis have been proposed (Figure

4), which, however, are not mutually exclusive.

Figure 4. Scheme of possible pathways for chromothripsis. There are several pathways by which chromothripsis can be

generated, involving abortive apoptosis, telomere erosion, and end-to-end fusion. The issue of implementing one

mechanism or several at the same time is still under discussion. We believe that it is quite possible to implement several

paths at once. (BFB cycle, breakage-fusion-bridge cycle).

4.1. Fragmentation of Chromosomes in Micronuclei

Fragmentation of chromosomes in micronuclei is considered as one of the possible pathways for chromothripsis

occurrence (Figure 4). Micronuclei are formed as a result of the fact that chromosomes or chromosome fragments lagging

behind in mitosis are encapsulated by the nuclear envelope outside the main nucleus . In this case, micronuclei are
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small round extra-nuclear structures consisting of DNA surrounded by a bilipid layer . Both the whole segregated

chromosome (the so-called lagging chromosomes) and its part can enter the micronuclei .

It has been demonstrated that a number of processes taking place in the main nucleus are absent or lagging behind in

micronuclei, including DNA transcription and replication . This can lead to double-stranded DNA breaks due to

arrested or delayed replication forks . In addition, DNA replication in the micronucleus is asynchronous with respect to

the main nucleus . In response to cytoplasmic mitotic signals, the micronucleus DNA can prematurely compact,

resulting in multiple breaks in micronucleus DNA . The further destiny of micronuclear DNA can be different. In the

process of subsequent cell division, the micronucleus can be destroyed in the cytoplasm, which will result in the loss of

micronuclear DNA. On the other hand, during subsequent cell division, the micronucleus and its DNA can be re-

incorporated into the primary nucleus of one of the daughter cells.

There is strong experimental evidence linking chromothripsis to lagging chromosomes and micronucleus encapsulation

. Zhang and colleagues used a combination of live-cell imaging to track them after micronucleus induction using

nocodazole-mediated microtubule depolymerization  followed by sequencing of individual daughter cells .

Micronuclear DNA could be identified in daughter cells due to the fact that it was not sufficiently replicated. Genomic

analysis of the cells revealed de novo chromothriptic rearrangements on chromosomes that had apparently been

previously encapsulated in the micronucleus. . It was recently discovered that the cause of multiple DNA damage in

micronuclei is mechanistic. The driving force behind multiple breaks is the dynamics of premature condensation of

chromosomes in cells with asynchronous micronuclei .

4.2. Telomere Erosion and Dicentric Chromosome Formation

Another possible chromothripsis mechanism is associated with breakage–fusion–bridge (BFB) cycles (Figure 4) .

Chromothriptic breakpoints are often located within the telomere regions of the chromosome, indicating a possible role for

telomere damage in the clustering of breakpoints . Human telomeres consist of n-tandem repeats TTAGGG, limited by

shelterin proteins. In somatic cells, in the process of normal division, the centromeres are shortened. This shortening

occurs in every cell cycle. As a result, after a certain number of cycles, telomeres reach a critical length, and cell

senescence is activated in the cell. However, if the TP53 and RB genes are lost, cell cycle arrest does not occur in

response to critical telomere shortening. As a result, these cells continue to multiply. The telomeres of these cells continue

to shorten, eventually leading to dysfunctional and unprotected telomeres. When the protective functions of telomeres are

lost, DNA repair mechanisms can initiate the fusion of telomeres and the formation of dicentric chromosomes. If a

dicentric chromosome is formed in the cells, then later, during mitosis, chromatin bridges are formed, which subsequently

rupture . Thus, such cells enter BFB cycles. During anaphase, the centromeres of the dicentric chromosome can

stretch in different directions of the dividing cell. The two ends of one dicentric chromosome find themselves between two

daughter cells, due to which segregation cannot be completed and a chromatin bridge arises. Upon induction of envelope

formation, the chromatin bridge is destroyed by the cytoplasmic 3’-exonuclease TREX1 . This can lead to multiple

losses and inversions of chromosomal segments and also to the formation of double minutes. The BFB cycle can occur

simultaneously with the amplification of chromosome fragments . In connection with this phenomenon, it was

suggested that the BFB cycles associated with telomere shortening may lead to chromothripsis . On the other hand,

these cycles can be part of the formation of a new type of chromosome and be a consequence, not a cause, of

chromothripsis , hence the relationship between BFB cycles and chromothripsis under detailed studying, in particular,

using model systems, as shown by the fact that the BFB cycle is part of the process of chromothripsis formation . Also

in this work, it was suggested that the implementation of chromothripsis by BFB cycles is more typical for oncogenesis,

although it is possible in embryo development.

4.3. Abortive Apoptosis

The abortive apoptosis (Figure 4) is considered as the third mechanism for the onset of chromothripsis in cells . The

key regulator of apoptosis is the p53 protein, which is transcribed by the TP53 gene. It has been found that the apoptosis

mechanism is disrupted with the TP53 mutation. If a cell with TP53 mutation remains viable with the accumulation of

chromosomal mutations, it can lead to chromothripsis. Thus, in lymphocytic leukemia, TP53 mutations can be combined

with chromothripsis . Observation of a higher frequency of chromothripsis in hyperploid medulloblastomas, compared

with diploid ones, made it possible to establish a connection between chromothripsis and cell hyperploidization. Moreover,

it has been suggested that hyperaneuploidization may be a factor in the development of chromothripsis .

Now, three ways of the formation of chromothripsis have been put forward, but it can be assumed that there are other

mechanisms of its occurrence, including the implementation of several mechanisms simultaneously.
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5. Chromothripsis Detection Methods

The identification and description of the chromothripsis characteristics became possible due to modern methods of the

chromosomal analysis.

5.1. Next-Generation Sequencing (NGS)

This is one of the most effective methods for detecting structural variations in the genome . The method is based on

the amplification of a multitude of short sections of genes, in their totality, covering the entire genome, followed by their

sequencing. Post-processing of the obtained results using specialized software allows you to compare the analyzed

sequins with the reference DNA. Such an analysis makes it possible to identify both numerical and structural alterations in

the genome. However, NGS has its limitations, namely, the method cannot identify copy-neutral options and breakpoints

for structural alterations. Despite the high cost and methodological difficulties, sequencing is widely used in chromothripsis

research (Figure 5).

Figure 5. Methods for chromothripsis detection. For each method, conditional strengths and weaknesses are described

within the framework of detecting multiple chromosomal rearrangements.

5.2. Comparative Genomic Array Hybridization (CGH, aCGH)

This is another effective technique often referred to as molecular karyotyping or microchip chromosome analysis. Copy

number analysis can detect deletions and duplications, and determine their exact location and size in the genome (Figure

5). The resolution of this method is sufficient to detect submicroscopic aberrations. aCGH is based on a direct comparison

of two DNA samples to detect changes in the copy number in the genome. During the analysis, test DNA and reference

DNA are cut into small fragments, after which the fragments are labeled with a dye, for each sample its own dye. After

that, hybridization of the labeled DNA on the chip occurs. Single-stranded DNA probes are applied to the chip in a specific

sequence, individual for each chip. After hybridization has taken place on the chip, the fluorescence emitted from each

spot is measured. The number of copies of a particular gene is determined by the ratio of the intensity of the emitted

signal of two dyes (reference and test). Thus, the aCGH method allows detecting abnormalities in the copy number of

genes. To increase the information content of the method, aCGH was combined with the method of single-nucleotide

polymorphism on chips (SNP) . On SNP, chip analysis reveals common biallelic polymorphisms in the genome. In this

case, the analysis chips are supplemented with SNP-specific probes. Each of the two possible alleles at each SNP locus

is amplified using a specific color. In this case, the binding of the labeled products to the probes on the chip also occurs.

Then, the chip is read to determine the fluorescence intensity for each SNP. As a result of combining the aCGH and SNP

methods, it is possible to determine not only the number of DNA copies but also the heterozygosity of the studied

samples. For example, on chromosomes of chromothripsis, the regions with the lowest copy number usually show a loss

of heterozygosity. However, the aCGH method has a number of significant limitations. It cannot detect balanced structural

chromosomal aberrations or determine the order and orientation of derived chromosomal segments .
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5.3. Fluorescence In Situ Hybridization (FISH)

Cytogenetic studies explore a variety of FISH techniques, each of which aims to specifically identify the structure of a

derived chromosome. In the case of chromothripsis, spectral karyotyping (SKY) and multicolor FISH analysis (M-FISH)

are particularly informative (Figure 5). These methods use probes for whole chromosomes. Thus, using these methods

makes it possible to identify all chromosomes involved in complex chromosomal rearrangements. Along with M-FISH and

SKY, the method of multicolor FISH banding (MCB-FISH) is used. This method allows one to determine the structure of an

aberrant chromosome by segment-specific banding of chromosomes . Often, when analyzing cells with chromothripsis,

a combination of SKY and FISH with locus-specific probes is used to determine the structure of the derived chromosome

. Also, this combination allows for determining the structure of double minutes, which are often observed in cells with

chromothripsis. The undoubted advantage of these methods is that the analysis takes place at the level of individual

(single) cells, which allows both to detect rare aberrations in a population and to assess the karyotype of a heterogeneous

population.

5.4. Karyotyping by G-Banding

To detect chromothripsis in the clinic, the method of karyotyping by G-banding of peripheral lymphocytes is used (Figure

5). With this method, numerical and structural chromosomal abnormalities can be identified. This method is also carried

out on individual cells. However, the resolution of the light microscope and high labor intensity are the limitations of this

method . In the case of analysis of cells with chromothripsis, the complex nature of multiple changes in chromosomes

can also be a limitation of the widespread use G-banded chromosomes for analysis. In this regard, for the identification

and structural analysis of chromothripsis rearrangements, it is necessary to use an integrated approach that includes

several methods of genetic analysis at once.

6. Prevalence of Chromothripsis

Since chromothripsis was initially detected in a patient with lymphocytic leukemia , the initial study of chromothripsis

focused on cancer patients. At first, it was believed that chromothripsis in cancer cells is a rare phenomenon—3–5%.

To date, it has been shown that the incidence of chromothripsis in cancerous tumors is significantly higher than previously

assumed and reaches 100% for some types of cancer . So in a recent study, it was found that chromothripsis was

detected in 100% cases of malignant tumors of the peripheral nerve sheath, and in 71% cases of germ cell tumors .

Chromothripsis is regularly found in blood cancer, cancer of the central nervous system, in soft tissue tumors and

carcinomas , in osteosarcoma and glioblastoma . It was found that the incidence of chromothripsis

in cancer is significantly higher in patients with hereditary genetic disorders associated with gene mutations in the cell

cycle and DNA repair . Thus, we can put forward the assumption that for those types of cancer in which there is a

high frequency of occurrence of chromothripsis, exactly chromothripsis is the driving force behind the formation and

development of such tumors.

In addition to cancer cells, chromothripsis has been found in benign tumors. Thus, the phenomenon of chromothripsis has

been described in uterine leiomyoma cells , and in meningioma . The uterine leiomyoma is a benign tumor

of the uterine myometrium, which is characterized by a high frequency of chromosomal abnormalities. Interestingly,

chromothripsis with deletions (from 43 to 13,647 kbp) was found in uterine fibroids. However, the cells of this sample of

uterine fibroids cultivated in vitro were characterized by a normal karyotype .

While studying the genomes of patients with severe congenital anomalies in whom chromothripsis was observed , it

was revealed that each of the patients inherited chromothripsis from their mother. At the same time, it was surprising that

the mothers themselves were healthy, although they had a largely balanced chromothripsis in their genomes. Some of the

defective chromosomes from mothers were passed on to their children, resulted in imbalance, which most likely was the

cause of their illness.

The phenomenon of chromothripsis was also found in germ cells. It is interesting to note that significant differences were

found between embryonic chromothripsis and chromothripsis in cancer . Patients with a congenital disorder often have

a more balanced form of chromothripsis . The number of abnormalities in embryonic chromothripsis is usually lower

than in cancer . One of the explanations for this is the assumption that most of the deviations are eliminated during

fetal development.

Currently, the presence of chromothripsis is not limited to the species Homo sapiens. Such rearrangements have been

recorded in the nematodes (Caenorhabditis elegans) , (Arabidopsis thaliana)  and grapes (Vitis vinifera) . It can

be assumed that chromothripsis can be considered as one of the mechanisms of genetic variation.
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Thus, we can conclude that the phenomenon of chromothripsis is widespread in nature and even happens in the plant

kingdom. At the same time, chromothripsis most often occurs in cancer cells. It can be concluded that this phenomenon

has a direct impact on the oncogenic cell transformation.

References

1. Shilina, M.; Grinchuk, T.; Anatskaya, O.; Vinogradov, A.; Alekseenko, L.; Elmuratov, A.; Nikolsky, N. Cytogenetic and Tr
anscriptomic Analysis of Human Endometrial MSC Retaining Proliferative Activity after Sublethal Heat Shock. Cells 201
8, 7, 184.

2. Shilina, M.; Nikolsky, N.; Alekseenko, L.; Grinchuk, T. Genetic Stability and Aging. J. Gerontol. Geriatr. Res. 2016, 5, 6.

3. Shilina, M.; Kovaleva, Z.; Nikolsky, N.; Grinchuk, T. Genetic stability of human mesenchymal stem cells exposed to X-ra
ys or heat shock in culture. RAD Conf. Proc. 2017, 2, 155–158.

4. Alekseenko, L.; Shilina, M.; Kozhukharova, I.; Lyublinskaya, O.; Fridlyanskaya, I.; Nikolsky, N.; Grinchuk, T. Impact of P
olyallylamine Hydrochloride on Gene Expression and Karyotypic Stability of Multidrug Resistant Transformed Cells. Cel
ls 2020, 9, 2332.

5. Vig, B.K.; Willcourt, M. Decondensation of pericentric heterochromatin alters the sequence of centromere separation in
mouse cells. Chromosoma 1998, 107, 417–423.

6. Heng, H.H.Q.; Liu, G.; Stevens, J.B.; Abdallah, B.Y.; Horne, S.D.; Ye, K.J.; Bremer, S.W.; Chowdhury, S.K.; Ye, C.J. Kar
yotype heterogeneity and unclassified chromosomal abnormalities. Cytogenet. Genome Res. 2013, 139, 144–157.

7. Vogelstein, B.; Papadopoulos, N.; Velculescu, V.E.; Zhou, S.; Diaz, L.A.; Kinzler, K.W. Cancer genome landscapes. Sci
ence 2013, 339, 1546–1558.

8. Stephens, P.J.; Greenman, C.D.; Fu, B.; Yang, F.; Bignell, G.R.; Mudie, L.J.; Pleasance, E.D.; Lau, K.W.; Beare, D.; Ste
bbings, L.A.; et al. Massive genomic rearrangement acquired in a single catastrophic event during cancer developmen
t. Cell 2011, 144, 27–40.

9. Holland, A.J.; Cleveland, D.W. Chromoanagenesis and cancer: Mechanisms and consequences of localized, complex c
hromosomal rearrangements. Nat. Med. 2012, 18, 1630–1638.

10. Pellestor, F.; Gaillard, J.B.; Schneider, A.; Puechberty, J.; Gatinois, V. Chromoanagenesis, the mechanisms of a genomi
c chaos. Semin Cell Dev. Biol. 2021, S1084-9521.

11. Pellestor, F.; Gatinois, V. Chromoanasynthesis: Another way for the formation of complex chromosomal abnormalities i
n human reproduction. Hum. Reprod. 2018, 33, 1381–1387.

12. Shen, M.M. Chromoplexy: A New Category of Complex Rearrangements in the Cancer Genome. Cancer Cell 2013, 23,
567–569.

13. Wang, K.; Wang, Y.; Collins, C.C. Chromoplexy: A new paradigm in genome remodeling and evolution. Asian J. 2013, 1
5, 711–712.

14. Baca, S.C.; Prandi, D.; Lawrence, M.S.; Mosquera, J.M.; Romanel, A.; Drier, Y.; Park, K.; Kitabayashi, N.; MacDonald,
T.Y.; Ghandi, M.; et al. Punctuated evolution of prostate cancer genomes. Cell 2013, 153, 666–677.

15. Righolt, C.; Mai, S. Shattered and stitched chromosomes-chromothripsis and chromoanasynthesis-manifestations of a
new chromosome crisis? Genes Chromosom. Cancer 2012, 51, 975–981.

16. Kinsella, M.; Patel, A.; Bafna, V. The elusive evidence for chromothripsis. Nucleic Acids Res. 2014, 42, 8231–8242.

17. Korbel, J.O.; Campbell, P.J. Criteria for inference of chromothripsis in cancer genomes. Cell 2013, 152, 1226–1236.

18. Simons, A.; Shaffer, L.G.; Hastings, R.J. Cytogenetic nomenclature: Changes in the ISCN 2013 compared to the 2009
edition. Cytogenet. Genome Res. 2013, 141, 1–6.

19. Stevens, J.B.; Abdallah, B.Y.; Liu, G.; Ye, C.J.; Horne, S.D.; Wang, G.; Savasan, S.; Shekhar, M.; Krawetz, S.A.; Hütte
mann, M.; et al. Diverse system stresses: Common mechanisms of chromosome fragmentation. Cell Death Dis. 2011,
2, e178.

20. Morishita, M.; Muramatsu, T.; Suto, Y.; Hirai, M.; Konishi, T.; Hayashi, S.; Shigemizu, D.; Tsunoda, T.; Moriyama, K.; Ina
zawa, J. Chromothripsis-like chromosomal rearrangements induced by ionizing radiation using proton microbeam Irradi
ation system. Oncotarget 2016, 7, 10182–10192.

21. Leibowitz, M.L.; Zhang, C.Z.; Pellman, D. Chromothripsis: A New Mechanism for Rapid Karyotype Evolution. Annu. Re
v. Genet. 2015, 49, 183–211.



22. Fenech, M.; Kirsch-Volders, M.; Natarajan, A.T.; Surralles, J.; Crott, J.W.; Parry, J.; Norppa, H.; Eastmond, D.A.; Tucke
r, J.D.; Thomas, P. Molecular mechanisms of micronucleus, nucleoplasmic bridge and nuclear bud formation in mamma
lian and human cells. Mutagenesis 2011, 26, 125–132.

23. Thompson, S.L.; Compton, D.A. Chromosome missegregation in human cells arises through specific types of kinetocho
re-microtubule attachment errors. Proc. Natl. Acad. Sci. USA 2011, 108, 17974–17978.

24. Crasta, K.; Ganem, N.J.; Dagher, R.; Lantermann, A.B.; Ivanova, E.V.; Pan, Y.; Nezi, L.; Protopopov, A.; Chowdhury, D.;
Pellman, D. DNA breaks and chromosome pulverization from errors in mitosis. Nature 2012, 482, 53–58.

25. Terzoudi, G.I.; Karakosta, M.; Pantelias, A.; Hatzi, V.I.; Karachristou, I.; Pantelias, G. Stress induced by premature chro
matin condensation triggers chromosome shattering and chromothripsis at DNA sites still replicating in micronuclei or m
ultinucleate cells when primary nuclei enter mitosis. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2015, 793, 185–19
8.

26. Terradas, M.; Martín, M.; Genescà, A. Impaired nuclear functions in micronuclei results in genome instability and chrom
othripsis. Arch. Toxicol. 2016, 90, 2657–2667.

27. Forment, J.V.; Kaidi, A.; Jackson, S.P. Chromothripsis and cancer: Causes and consequences of chromosome shatteri
ng. Nat. Rev. Cancer 2012, 12, 663–670.

28. Zhang, C.Z.; Spektor, A.; Cornils, H.; Francis, J.M.; Jackson, E.K.; Liu, S.; Meyerson, M.; Pellman, D. Chromothripsis fr
om DNA damage in micronuclei. Nature 2015, 522, 179–184.

29. Luijten, M.N.H.; Lee, J.X.T.; Chen, S.; Crasta, K.C. Generation of micronuclei and detection of chromosome pulverizati
on. Methods Mol. Biol. 2018, 1769, 183–195.

30. Pantelias, A.; Karachristou, I.; Georgakilas, A.G.; Terzoudi, G.I. Interphase cytogenetic analysis of micronucleated and
multinucleated cells supports the premature chromosome condensation hypothesis as the mechanistic origin of chromo
thripsis. Cancers (Basel) 2019, 11, 1123.

31. Sorzano, C.O.S.; Pascual-Montano, A.; De Diego, A.S.; Martińez-A, C.; Van Wely, K.H.M. Chromothripsis: Breakage-fu
sion-bridge over and over again. Cell Cycle 2013, 12, 2016–2023.

32. Fukami, M.; Shima, H.; Suzuki, E.; Ogata, T.; Matsubara, K.; Kamimaki, T. Catastrophic cellular events leading to compl
ex chromosomal rearrangements in the germline. Clin. Genet. 2017, 91, 653–660.

33. McClintock, B. The Behavior in Successive Nuclear Divisions of a Chromosome Broken at Meiosis. Proc. Natl. Acad. S
ci. USA 1939, 25, 405–416.

34. Maciejowski, J.; Li, Y.; Bosco, N.; Campbell, P.J.; De Lange, T. Chromothripsis and Kataegis Induced by Telomere Crisi
s. Cell 2015, 163, 1641–1654.

35. Maciejowski, J.; De Lange, T. Telomeres in cancer: Tumour suppression and genome instability. Nat. Rev. Mol. Cell Bio
l. 2017, 18, 175–186.

36. Li, Y.; Schwab, C.; Ryan, S.L.; Papaemmanuil, E.; Robinson, H.M.; Jacobs, P.; Moorman, A.V.; Dyer, S.; Borrow, J.; Grif
fiths, M.; et al. Constitutional and somatic rearrangement of chromosome 21 in acute lymphoblastic leukaemia. Nature
2014, 508, 98–102.

37. Garsed, D.W.; Marshall, O.J.; Corbin, V.D.A.; Hsu, A.; DiStefano, L.; Schröder, J.; Li, J.; Feng, Z.P.; Kim, B.W.; Kowarsk
y, M.; et al. The Architecture and Evolution of Cancer Neochromosomes. Cancer Cell 2014, 26, 653–667.

38. Umbreit, N.T.; Zhang, C.Z.; Lynch, L.D.; Blaine, L.J.; Cheng, A.M.; Tourdot, R.; Sun, L.; Almubarak, H.F.; Judge, K.; Mitc
hell, T.J.; et al. Mechanisms generating cancer genome complexity from a single cell division error. Science 2020, 368,
0712.

39. Tubio, J.M.C.; Estivill, X. Cancer: When catastrophe strikes a cell. Nature 2011, 470, 476–477.

40. Tang, H.L.; Tang, H.M.; Mak, K.H.; Hu, S.; Wang, S.S.; Wong, K.M.; Wong, C.S.T.; Wu, H.Y.; Law, H.T.; Liu, K.; et al. Ce
ll survival, DNA damage, and oncogenic transformation after a transient and reversible apoptotic response. Mol. Biol. C
ell 2012, 23, 2240–2252.

41. Mardin, B.R.; Drainas, A.P.; Waszak, S.M.; Weischenfeldt, J.; Isokane, M.; Stütz, A.M.; Raeder, B.; Efthymiopoulos, T.;
Buccitelli, C.; Segura-Wang, M.; et al. A cell-based model system links chromothripsis with hyperploidy. Mol. Syst. Biol.
2015, 11, 828.

42. Miller, J.R.; Koren, S.; Sutton, G. Assembly algorithms for next-generation sequencing data. Genomics 2010, 95, 315–3
27.

43. Gao, G.; Smith, D.I. How can mate-pair sequencing be utilized for cancer patients? Expert Rev. Mol. Diagn. 2017, 17, 1
–3.

44. Keren, B. The advantages of SNP arrays over CGH arrays. Mol. Cytogenet. 2014, 7, I31.



45. Balajee, A.S.; Hande, M.P. History and evolution of cytogenetic techniques: Current and future applications in basic and
clinical research. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2018, 836, 3–12.

46. Shilina, M.A.; Grinchuk, T.M.; Nikolsky, N.N. Genetic stability of human endometrial mesenchymal stem cells assessed
with morphological and molecular karyotyping. Cell Tiss. Biol. 2017, 11, 35–41.

47. Cortés-Ciriano, I.; Lee, J.J.K.; Xi, R.; Jain, D.; Jung, Y.L.; Yang, L.; Gordenin, D.; Klimczak, L.J.; Zhang, C.Z.; Pellman,
D.S.; et al. Comprehensive analysis of chromothripsis in 2,658 human cancers using whole-genome sequencing. Nat.
Genet. 2020, 52, 331–341.

48. Voronina, N.; Wong, J.K.L.; Hübschmann, D.; Hlevnjak, M.; Uhrig, S.; Heilig, C.E.; Horak, P.; Kreutzfeldt, S.; Mock, A.;
Stenzinger, A.; et al. The landscape of chromothripsis across adult cancer types. Nat. Commun. 2020, 11, 2320.

49. Rode, A.; Maass, K.K.; Willmund, K.V.; Lichter, P.; Ernst, A. Chromothripsis in cancer cells: An update. Int. J. Cancer 20
16, 138, 2322–2333.

50. Mamaev, N.; Gindina, T.; Boichenko, E. Chromothripsis in Oncology: Literature Review and Case Report. Clin. Oncohe
matology 2017, 10, 191–205.

51. Malhotra, A.; Lindberg, M.; Faust, G.G.; Leibowitz, M.L.; Clark, R.A.; Layer, R.M.; Quinlan, A.R.; Hall, I.M. Breakpoint pr
ofiling of 64 cancer genomes reveals numerous complex rearrangements spawned by homology-independent mechani
sms. Genome Res. 2013, 23, 762–776.

52. Kloosterman, W.P.; Koster, J.; Molenaar, J.J. Prevalence and clinical implications of chromothripsis in cancer genomes.
Curr. Opin. Oncol. 2014, 26, 64–72.

53. Behjati, S.; Tarpey, P.S.; Haase, K.; Ye, H.; Young, M.D.; Alexandrov, L.B.; Farndon, S.J.; Collord, G.; Wedge, D.C.; Mar
tincorena, I.; et al. Recurrent mutation of IGF signalling genes and distinct patterns of genomic rearrangement in osteos
arcoma. Nat. Commun. 2017, 8, 15936.

54. Erson-Omay, E.Z.; Henegariu, O.; Omay, S.B.; Harmanci, A.S.; Youngblood, M.W.; Mishra-Gorur, K.; Li, J.; Özduman,
K.; Carrión-Grant, G.; Clark, V.E.; et al. Longitudinal analysis of treatment-induced genomic alterations in gliomas. Gen
ome Med. 2017, 9, 12.

55. Landuzzi, L.; Manara, M.C.; Lollini, P.L.; Scotlandi, K. Patient Derived Xenografts for Genome-Driven Therapy of Osteo
sarcoma. Cells 2021, 10, 416.

56. Rausch, T.; Jones, D.T.W.; Zapatka, M.; Stütz, A.M.; Zichner, T.; Weischenfeldt, J.; Jäger, N.; Remke, M.; Shih, D.; Nort
hcott, P.A.; et al. Genome sequencing of pediatric medulloblastoma links catastrophic DNA rearrangements with TP53
mutations. Cell 2012, 148, 59–71.

57. Ratnaparkhe, M.; Hlevnjak, M.; Kolb, T.; Jauch, A.; Maass, K.K.; Devens, F.; Rode, A.; Hovestadt, V.; Korshunov, A.; Pa
storczak, A.; et al. Genomic profiling of Acute lymphoblastic leukemia in ataxia telangiectasia patients reveals tight link
between ATM mutations and chromothripsis. Leukemia 2017, 31, 2048–2056.

58. Mehine, M.; Kaasinen, E.; Mäkinen, N.; Katainen, R.; Kämpjärvi, K.; Pitkänen, E.; Heinonen, H.-R.; Bützow, R.; Kilpivaa
ra, O.; Kuosmanen, A.; et al. Characterization of Uterine Leiomyomas by Whole-Genome Sequencing. N. Engl. J. Med.
2013, 369, 43–53.

59. Mehine, M.; Mäkinen, N.; Heinonen, H.R.; Aaltonen, L.A.; Vahteristo, P. Genomics of uterine leiomyomas: Insights from
high-throughput sequencing. Fertil. Steril. 2014, 102, 621–629.

60. Holzmann, C.; Markowski, D.N.; Koczan, D.; Küpker, W.; Helmke, B.M.; Bullerdiek, J. Cytogenetically normal uterine lei
omyomas without MED12-mutations -A source to identify unknown mechanisms of the development of uterine smooth
muscle tumors. Mol. Cytogenet. 2014, 7, 88.

61. Baltus, C.; Toffoli, S.; London, F.; Delrée, P.; Gilliard, C.; Gustin, T. Chromothripsis in an Early Recurrent Chordoid Meni
ngioma. World Neurosurg. 2019, 130, 380–385.

62. Koltsova, A.S.; Pendina, A.A.; Efimova, O.A.; Chiryaeva, O.G.; Kuznetzova, T.V.; Baranov, V.S. On the complexity of m
echanisms and consequences of chromothripsis: An update. Front. Genet. 2019, 10, 393.

63. De Pagter, M.S.; Van Roosmalen, M.J.; Baas, A.F.; Renkens, I.; Duran, K.J.; Van Binsbergen, E.; Tavakoli-Yaraki, M.; H
ochstenbach, R.; Van Der Veken, L.T.; Cuppen, E.; et al. Chromothripsis in healthy individuals affects multiple protein-c
oding genes and can result in severe congenital abnormalities in offspring. Am. J. Hum. Genet. 2015, 96, 651–656.

64. Kloosterman, W.P.; Cuppen, E. Chromothripsis in congenital disorders and cancer: Similarities and differences. Curr. O
pin. Cell Biol. 2013, 25, 341–348.

65. Chiang, C.; Jacobsen, J.C.; Ernst, C.; Hanscom, C.; Heilbut, A.; Blumenthal, I.; Mills, R.E.; Kirby, A.; Lindgren, A.M.; Ru
diger, S.R.; et al. Complex reorganization and predominant non-homologous repair following chromosomal breakage in
karyotypically balanced germline rearrangements and transgenic integration. Nat. Genet. 2012, 44, 390–397.



66. Collins, R.L.; Brand, H.; Redin, C.E.; Hanscom, C.; Antolik, C.; Stone, M.R.; Glessner, J.T.; Mason, T.; Pregno, G.; Dorr
ani, N.; et al. Defining the diverse spectrum of inversions, complex structural variation, and chromothripsis in the morbi
d human genome. Genome Biol. 2017, 18, 36.

67. Itani, O.A.; Flibotte, S.; Dumas, K.J.; Moerman, D.G.; Hu, P.J. Chromoanasynthetic genomic rearrangement identified i
n a N-Ethyl-N-Nitrosourea (ENU) mutagenesis screen in caenorhabditis elegans. G3 Genes Genomes Genet. 2016, 6,
351–356.

68. Tan, E.H.; Henry, I.M.; Ravi, M.; Bradnam, K.R.; Mandakova, T.; Marimuthu, M.P.A.; Korf, I.; Lysak, M.A.; Comai, L.; Ch
an, S.W.L. Catastrophic chromosomal restructuring during genome elimination in plants. eLife 2015, 4, e06516.

69. Carbonell-Bejerano, P.; Royo, C.; Torres-Pérez, R.; Grimplet, J.; Fernandez, L.; Franco-Zorrilla, J.M.; Lijavetzky, D.; Bar
oja, E.; Martínez, J.; García-Escudero, E.; et al. Catastrophic unbalanced genome rearrangements cause somatic loss
of berry color in grapevine. Plant. Physiol. 2017, 175, 786–801.

Retrieved from https://encyclopedia.pub/entry/history/show/24200


