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Abstract

Chromosomal instability (CIN) is one of the major forms of genomic instability in various human 

cancers and is recognized as a common hallmark of tumorigenesis and heterogeneity. However, 

some malignant tumors show a paucity of chromosomal alterations, suggesting that tumor 

progression and evolution can occur in the absence of CIN. It is unclear whether CIN is stable 

between precursor lesions, primary tumor, and metastases or if it evolves during these steps. In this 

review, we describe the influence of CIN on the various steps in tumor initiation and development. 

Given the recognized significant effects of CIN in cancer, CIN-targeted therapeutics could have a 

major impact on improving clinical outcomes.

Introduction

Most cancer types have the presence of a population of cells with chromosomal instability 

(CIN; ref. 1). This hallmark of cancer is suggested as a major modulator of tumor adaptation 

and evolution in response to challenges arising from the tumor microenvironment such as 

metastasis or therapeutic resistance (2). CIN, one of the major forms of genomic instability 

in various human cancers, is typically associated with structural and numerical chromosomal 

changes over time in tumor tissues (3-5). CIN and aneuploidy are distinct, but closely 

related, and have been shown to affect carcinogenesis and therapeutic responses. Although 

there is increasing understanding of the role of CIN in biological systems, there are currently 

no drugs in the clinic that can be used specifically to inhibit chromosome segregation errors 
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(4). Hence, increasing our understanding on the dual role of CIN as a modulator of tumor 

development and of resistance to therapy is critical for our ability to target it for therapeutic 

benefit (4).

In this review, we highlight the role of CIN in tumor initiation and development, especially 

in precursor lesions and metastases. We also discuss the impact of CIN on clinical outcome 

and highlight the challenges related to specifically targeting CIN.

Interplay of CIN, Aneuploidy, and Chromothripsis in Cancer

Although CIN, aneuploidy, and chromothripsis are intimately linked, there are fundamental 

differences between them, especially with regard to their function in various stages of tumor 

progression.

CIN versus aneuploidy in cancer

Aneuploidy, one of the most common chromosomal alterations, is characterized by an 

unbalanced chromosome number (i.e., having missing or extra chromosomes). Aneuploidy 

can be a consequence of CIN, and the level of CIN is typically associated with karyotypic 

complexity (6). Aneuploidy has been suggested to be a logical aberration in cells with CIN; 

however, CIN is not an obligatory outcome of aneuploidy (6). For instance, aneuploidy 

rearrangements that occur early in breast cancer cells are stably maintained because there is 

little karyotypic variance between cells; such breast cancer cells might not have CIN (6-8). 

In a CIN mouse model, nonregenerating tissues can have major aneuploidy, whereas 

regenerating tissues do not (6, 9). Alternatively, in silico modeling of somatic genome 

evolution has shown that CIN was significantly involved in generating higher-grade 

aneuploidies, and aneuploidy tolerance in the absence of CIN was sufficient to explain 

lower-grade aneuploidies (10).

CIN versus chromothripsis in cancer

As with CIN and aneuploidy, CIN and chromothripsis are not necessarily directly related. 

Chromothripsis ["chromosome" (chromo) and "shattering into pieces" (thripsis)] is a process 

by which dozens to up to thousands of chromosomal rearrangements occur in localized 

regions of one or a few chromosomes (11). Multistep carcinogenesis requires genomic 

instability (12), and defects in chromosome segregation and/or the DNA damage response 

process can also affect carcinogenesis by stimulating chromothripsis (11). It also should be 

noted that de novo rearrangements caused by chromothripsis can trigger CIN in subsequent 

cell divisions through other possible mechanisms, such as the absence of proper templates 

for homologous repair (13). The chromosomal missegregation detected in cleavage-stage 

embryos might cause mosaic chromothripsis, similar to somatic events present in cancer, by 

possibly giving rise to complex genomic rearrangements after chromosome pulverization in 

the micronuclei (13, 14).

Chromosome segregation in mitosis

Mitosis is a process that typically entails perfect duplication and segregation of 

chromosomes (15). In various cancers, chromosome missegregations, as well as changes in 
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structural chromosomes (deletions or translocations), are known to occur. In addition, 

translocation may be the most effective way of producing structural CIN, which can result in 

the overexpression or formation of oncogenes by gene fusion (16, 17). For instance, 

recurrent translocations that generate chimeric fusions have important functions in 

modulating tumor progression in blood malignancies such as acute lymphoblastic leukemia, 

follicular lymphoma, acute myeloid leukemia, or myelodysplastic syndrome (17, 18); 

recurrent gene fusions can also contribute to solid tumors such as bone or breast 

malignancies (17, 19). For example, the ETV6-NTRK3 fusion oncogene is thought to 

initiate breast cancer from committed mammary progenitors via activation of the AP1 

complex (20). Extrachromosomal oncogene amplification can also enable adaptation to 

variable environmental conditions by enhancing the likelihood that a subpopulation of cells 

will express that oncogene at a level that maximizes tumor development (21). 

Extrachromosomal DNA is observed in nearly half of human cancers; however, it was 

mostly absent in normal cells (21). This notably high frequency of extrachromosomalDNA 

in cancer is relative to chromosomal inheritance; driver oncogenes are amplified most 

commonly in extrachromosomal DNA. Thereby, oncogene amplification on 

extrachromosomal DNA can shape genetic heterogeneity in human cancer (21). 

Alternatively, several potential gross defects can occur during mitosis, such as defective 

sister chromatid cohesion and segregation and lagging chromosomes; these defects result in 

aberrant karyotypes and can involve CIN in cancer cells (Fig. 1A; refs. 3, 5, 12, 22-25).

It has been suggested that these chromosomal aberrations are highly associated with human 

cancers because the aberrations allow cells to rapidly acquire genetic changes (26) with 

diverse mechanisms; the causative functions of these aberrations in cancer progression have 

been reviewed in detail in previous reports (27, 28). For example, given the critical role of 

the spindle assembly checkpoint (SAC) for chromosome segregation fidelity, anaphase-

promoting complex/cyclosome suppression was found to potentially enhance the frequency 

of bipolar spindle formation and reduce CIN after genome doubling (29). Alternatively, 

impairments of the SAC may also lead to separation of premature sister chromatids, which 

can result in chromosome missegregation (30, 31). In addition to the defects that arise during 

mitosis and immediately lead to chromosome missegregation, there are other plausible 

mechanisms that originate during interphase that could (indirectly) contribute to 

chromosome missegregation, such as centrosome amplification (32, 33), alterations in gene 

transcription affecting mitosis (34, 35), and replication stress (36, 37).

CIN in Tumor Initiation and Development

CIN in precursor lesions

Tumor initiation is known to be associated with multiple processes, including epigenetic and 

genetic alterations. Several studies have examined the role of mitotic errors in shaping 

cancer genomes through CIN, which can provide the evolutionary fuel for cancer 

progression (38). For example, a mathematical framework was used to determine the effect 

of CIN on the somatic evolution of cancer and showed that CIN mutations seem to initiate 

colorectal cancer (39); in addition, a remarkably high degree of allelic imbalance (which 
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reflects CIN with changes in DNA copy number) has been observed in small tumors, 

strongly suggesting that CIN occurs early during colon cancer progression (40).

Since the 1800s, researchers have known that tumor cells missegregate their chromosomes 

during mitosis and that such missegregation events are more prevalent in advanced stages of 

cancer. At least 24 independent genetic lesions known to cause aneuploidy also enhance or 

initiate tumorigenesis in mice (38). In addition, X chromosome aneuploidy has been 

associated with breast cancer initiation and development (41). Aneuploidy can drive tumor 

formation in cases in which mutations at tumor suppressor or tumor promoter loci have 

already enhanced the potential for cellular transformation (42). For instance, overexpression 

of the mitotic checkpoint gene Mad2 is sufficient to lead to aneuploidy, nondisjunction, and 

tumor initiation in mice (43). However, whether aneuploidy alone is sufficient to initiate 

tumor progression is still unknown (44).

The centrosome, coordinator of most microtubule-associated processes, can play a critical 

role in organizing the bipolar spindle that partitions chromosomes during cell division (45). 

Supernumerary centrosomes have been observed early in the development of various tumors 

and are commonly associated with poor clinical outcome (45). In cultured cells, centrosome 

amplification leads to mitotic errors that may cause chromosome missegregation (45). A 

previous study has suggested that centrosome amplification may initiate tumorigenesis in 

flies (46); another study suggests that centrosome amplification stimulates aneuploidy in 
vivo and that extra centrosomes can trigger early tumorigenesis in a model of intestinal 

neoplasia (45). Furthermore, transplantation of extra centrosomes in larval brain cells 

stimulated the formation of metastases (47).

Cohesin, best known for its function in chromosome segregation, has been found to play a 

role in cancer progression (48). Sequencing of cancer genomes has also revealed the 

presence of somatic mutations in cohesin in various cancers. For example, 11 mutations in 

the SMC1A core cohesin subunit were identified in screening a large series of early 

colorectal adenomas, a precocious step during progression of colon cancer, suggesting that 

mutant cohesin can drive CIN in early colorectal adenomas (48). Another consequence of 

CIN is an enhanced rate of LOH. LOH at 7q31 has been observed in early stages of prostate 

cancer (49); LOH preferentially occurs in early replicating regions in cancer genomes (50). 

Several studies have revealed the function of CIN as a result of mitotic checkpoint 

hyperactivation in the initiation of tumors (51).

Dysfunctional telomeres can also initiate events that cause CIN. Telomeres, when 

functioning correctly, are composed of repetitive G-rich sequences and can form protective 

caps at the ends of linear chromosomes that prevent CIN (52). However, telomeres lose their 

capping role in response to telomere shortening, which may stimulate CIN and facilitate 

initiation of tumors (53). This role of telomeres has also been detected in cancer precursor 

lesions, for instance in colonic adenomas with high-grade dysplasia (54) and in ductal 

carcinoma in situ (55). Furthermore, telomere shortening, as an early change in 

preneoplastic cells, has been observed in various epithelial cancers; hence, telomere 

dysfunction is likely one of the various driving events in early carcinogenesis in these 

entities (56, 57). Whereas abnormalities in telomere length occur at an early stage in the 
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development of epithelial carcinogenesis (58), CIN and tetraploidy are early events in 

cervical carcinogenesis (59). In addition, tetraploidy may be a predictive marker for 

progression of Barrett's esophagus into esophageal adenocarcinoma (60). Researchers have 

also proposed that tetraploidy, much like aneuploidy (61), may stimulate tumor formation 

(62).

CIN, as an early event in the development of high-grade serous ovarian or fallopian tube 

cancer, is similar to events observed in ductal carcinoma in situ in breast tumorigenesis (55, 

63-65). Oncogenic H-RasV12, which is commonly related with cancer progression, can 

cause telomere attrition and telomeric replication stress, and subsequently dysfunctional 

telomeres in cells that lack hTERT activity (66). These studies further suggested that cells in 

early cancer precursor lesions commonly show no or low activation of telomerase, whereas 

cells in more than 90% of all human cancers show reactivation of this enzyme to maintain 

telomere function and length (66, 67).

CIN in metastases

Comparative reports of metastatic and primary tumors suggest that CIN may contribute to 

the development of cancer metastases via diverse mechanisms (68), as summarized below.

Breast cancer

Chromosome segregation errors can promote the number of micronuclei that when ruptured, 

cause enhanced cytosolic DNA, activate downstream noncanonical NF-κB signaling, and 

activate the cytosolic DNA-sensing cGAS-STING pathway in CIN-high breast cancer cells, 

hence stimulating cancer metastases (69). The amplification and overexpression of MASTL, 

an essential kinase for correct progression through mitosis, correlates with enhanced CIN in 

breast cancer and poor patient survival, whereas knock-down of MASTL may suppress 

breast cancer metastasis in vivo (70). CIN has also been suggested to initiate the formation 

of somatic copy-number alterations (SCNA; ref. 71); SCNAs have been detected both 

subclonally and clonally across all histologic subtypes of breast cancer (68). In a 

multiregional profiling study, metastatic subclones were identifiable in a primary basal 

breast tumor that resulted in lung metastases (72). In that study, SCNAs were identified both 

subclonally and clonally across all histologic subtypes of primary breast cancer (68, 72). 

Topographic single-cell sequencing analysis to evaluate genomic copy-number profiles of 

single tumor cells suggested that most mutations and CNAs evolved within the ducts before 

invasion (73).

Prostate cancer

Several studies have shown the presence of CIN in prostate cancer, especially in those 

presenting with metastatic disease. Reactivation of telomerase after telomere dysfunction 

was determined to yield murine prostate tumors with bone metastases (74). High levels of 

aneuploidy and tetraploidy have also been generally associated with the generation of 

metastases (75, 76). The intratumoral evolutionary landscape of high-risk prostate cancer 

suggests that primary tumors of patients with metastatic disease had a higher burden of 

SCNAs (77). This is consistent with previous studies correlating biochemical recurrence 
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after prostatectomy with high SCNA in localized disease (78). Thus, it is plausible that 

changes in SCNAs can contribute to aggressive metastatic prostate cancer.

Colorectal cancer

The progression from invasive cancer to metastatic disease in colorectal cancer is 

accompanied by increased CNAs (79) on the basis of a meta-analysis of chromosome CGH 

(80) and array CGH (81). For instance, the number of CNAs in metastases is higher than in 

primary tumors; small regions of gain at chromosomes 10p and 6p21 and of loss at 

chromosome 8p12 also occur more commonly in metastases than in primary tumors (79). In 

addition, no changes in known drivers of CIN were identified exclusively in chromothripsis-

containing metastasis; TP53 clonal mutations in particular were detected in all of the cases 

studied, reinforcing the possibility that CIN has a critical role in metastases (68).

Microtubule systems are known to be important for mitosis, for CIN, and for cell migration 

and morphologic plasticity required by metastasis (69, 82-84). During mitosis, microtubules 

can form the spindle to enable correct chromosomal segregation, whereas overexpression of 

the nonmotile microtubule-depolymerizing kinesin-13 family proteins KIF2B and KIF2C 

(also known as MCAK) may contribute to destabilization of microtubule attachments to 

chromosomes at the kinetochores, hence directly inhibiting CIN in otherwise 

chromosomally unstable cells (69). In colorectal tumors, CIN has been correlated with 

defects in microtubule plus-end attachments led by a dominant mutation in the adenomatous 
polyposis coli gene (85).

These findings suggest a critical association between CIN and metastases, especially 

because CIN is enhanced in metastases compared with primary tumors in cancer patients 

with multiple tumor types (Fig. 1B; refs. 4, 86). In addition, tumor metastasis may be 

characterized as clonal progression modulated by CIN (87). Table 1 lists a number of 

important associations with clinical implications. First, if the primary tumor can be stopped 

from repeatedly seeding metastases, then its removal might halt further metastatic 

development. Second, the ability to estimate the timing of metastatic spread from the 

primary tumor could be important for cancer treatment; this is because once the primary 

tumor is clinically detectable after metastatic dissemination occurs, early surgical resection 

may fail to reduce metastatic disease (68).

Future Perspectives of CIN

CIN as a prognostic tool

CIN is commonly associated with tumorigenesis and clinical outcomes (Supplementary 

Table S1); various reports have shown that aneuploidy that arises as a consequence of CIN in 

malignant tumors favors the evolution of tumors (88-90). Investigation of CIN signatures 

from specific genes whose expression was consistently associated with total functional 

aneuploidy in many different cancer types and the net overexpression of this signature were 

predictive of poor clinical outcome in 12 cancer data sets representing 6 cancer types (91). 

In addition, intratumoral heterogeneity mediated through CIN was correlated with increased 

risk of death or recurrence. This investigation subsequently confirmed the potential 
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prognostic value of CIN (92). Another study demonstrated the prognostic and predictive 

value of the centromere and of the kinetochore gene expression score, which indicated a role 

for centromere misregulation in the development of cancer and supported the notion that 

tumors with extremely high CIN are less tolerant to specific genotoxic therapies (93). In 

addition, a correlation has also been observed between improved prognosis and CIN, which 

was detected in non–small cell lung, gastric, and ovarian cancers; this correlation was not 

observed in estrogen receptor–positive breast cancers (90, 94).

Combination with chemotherapy to overcome resistance

Resistance to anticancer drugs is a complex process (5, 95-102), and CIN-related phenotypic 

and genetic diversity in tumors has implications for chemotherapy-resistance including 

innate and acquired resistance (89). CIN-positive tumors seem to be more sensitive to DNA-

damaging agents or radiotherapy (6). The SAC mainly contributes to CIN through the cell 

division and mono-polar spindle 1 kinase [MPS-1; also known as Thr/Tyr kinase (TTK); ref. 

103]. Various studies using xenograft models have demonstrated that TTK/MPS-1 

suppression may improve the effect of paclitaxel in the treatment of melanoma, 

glioblastoma, and triple-negative breast cancer (6). Improving microtubule stability by using 

inhibitors of the microtubule-destabilizing kinase, Aurora B (104), may enhance 

chromosome missegregation; Aurora B inhibitors have shown efficacy in primary as well as 

taxane-resistant tumors (105, 106).

Identifying a group or kinetochore and centromere protein genes that are related to 

sensitivity to therapy and cancer patient outcome could be attractive targets (107). These 

chromosomal roles are distinct from many existing drug targets involved in modulation of 

tumor suppression or oncogenic pathways. Hence, these proteins (i.e., centromere and 

kinetochore protein genes; ref. 107) might provide novel drug targets that could overcome 

the drug resistance associated with CIN, especially when combined with therapies that target 

known tumor suppression or oncogenic pathways or signal transduction in cancer patients. 

Some studies indicate that CIN modulates tumor heterogeneity in patients with myeloma 

and contributes to acquired drug resistance in multiple myeloma (108). As a result, targeting 

CIN upfront can be a potential approach to prevent genetic heterogeneity from occurring; 

new experimental model systems of CIN-dependent malignancy are needed for developing 

new therapies (108).

Conclusions

Whole-genome sequencing efforts have demonstrated that no two malignant tumors are the 

same; thus, careful matching of individual cancer patients with specific drugs, an approach 

referred to as personalized medicine, will be important to improving cancer therapy. We 

suggest that CIN can significantly affect tumor evolution and therapy response and could be 

an option for selecting therapy and targeting chemotherapy-resistant cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
CIN in cancer. A, Paths to CIN. Mechanisms leading to defects in chromosome instability 

(see text for details). B, The critical role of CIN in the development of cancer. CIN is 

included in whole-chromosomal losses and gains (numerical CIN) and subchromosomal 

gains, losses, and translocations (structural CIN). Increasing CIN has been correlated with 

key tumor features through chromosomal alterations that can contribute to metastases (see 

text for details).
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Table 1.

Associations between CIN and tumor initiation and metastases

Cancer
type

Event Methodology Phenomenon and potential mechanism Refs.

Breast 
cancer

SCNAs Profiling of 52 single cells from a 
primary basal breast tumor and 48 cells 
from the tumor's associated liver 
metastasis

• A high level of concordance was observed at the level of 
SCNAs

(109)

• Tumors grew by punctuated clonal expansions with few 
persistent intermediates

Comparing somatic mutations and gene 
CNAs of primary breast cancers and 
their matched metastases from patients 
with estrogen receptor (ER)-negative 
breast cancer

• There was a large subset of gene CNAs (55%) and 
nonsynonymous somatic mutation sharing between primary 
tumors and paired metastases

(110)

• Synchronous metastases displayed higher concordance with 
the paired primary tumor than did metachronous metastases

• The repertoires of somatic genetic alterations in ER-
negative breast cancer metastases may differ from those of 
their primary tumors

Investigating the genomic evolution 
between primary and matched 
metastatic ER+ breast cancers after 
failure of adjuvant treatment

• ESR1 mutations were in the metastases, but none were in 
the primary tumor

(111)

• Although there was a high level of concordance between 
primary tumor and matched metastases for the investigated 
molecular alterations, ESR1 mutations as potential 
actionable targets were identified only in metastases

Performing DNA exome and RNA-
sequencing of matched primary tumors 
and multiple metastases from 83 distinct 
specimens of 16 patients

• Genetic drivers unique to metastasis were identified as 
somatic mutations in the androgen and ER genes

(112)

• Most metastatic drivers might be established in the primary 
tumor despite the substantial heterogeneity observed in the 
metastases

High-depth whole-exome sequencing of 
distinct core biopsies of primary breast 
cancers and synchronous distant 
metastases

• Synchronous primary breast cancers and metastases 
differed in their repertoire of somatic genetic alterations

(113)

• Mutational signature shifts could affect spatial intratumoral 
genetic heterogeneity

Genome-wide sequencing of ctDNA 
from plasma of 162 patients with 
biopsy-proven metastatic triple-negative 
breast cancer (TNBC)

• Percent genome altered and copy-number profiles were 
similar between primary tumor and metastases in TNBCs

(114)

• SCNAs were enriched in TNBC metastases

Whole-exome sequencing (WES) of a 
base-like breast cancer primary tumor 
and a metachronous brain metastasis

• More than 90% of the SCNAs in the primary tumor were 
propagated in metastases, whereas ~80% of SCNAs in 
metastases were not shared by the primary tumor

(115)

• Enhanced CNAs were in metastases

Prostate 
cancer

SCNAs Comparing analysis of 333 primary 
prostate cancers (represented by single 
biopsies) and an unrelated cohort of 150 
soft tissue and bone metastases from 
castration-resistant prostate cancers

• There was a remarkably higher SCNA and mutational 
burden in the metastases than in primary tumors

(68)

• Patients who had a high SCNA burden had an elevated risk 
of relapse
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Cancer
type

Event Methodology Phenomenon and potential mechanism Refs.

TP53 
mutations

Whole-genome and ultradeep targeted 
sequencing of longitudinally collected 
metastatic and primary tumors

• Both primary tumor and metastatic clones were detected (116)

• Enrichment of TP53 mutations was present in metastases

WES of multiple metastases arising 
from prostate tumors in 10 patients

• Metastasis-to-metastasis seeding may occur either by a 
branching or a linear pattern of spread

(117)

Colorectal 
cancer

Combing WES CNAs for 15 triplets • The primary colorectal carcinomas and about half the 
metastatic colorectal carcinomas had the same clonal origin

(118)

Whole-genome sequencing of two 
primary colorectal cancer tumors and 
their metastases

• Most of the somatic alterations existed in both sites, and 
distinct clonal evolution patterns were identified in the two 
cases

(119)

Performing targeted next-generation 
sequencing on liver metastases and 
primary tumors from 18 patients with 
liver-limited metastatic colorectal cancer

• There was high genomic concordance between metastases 
and primary tumors, in support of the linear progression 
model in liver-limited metastatic colorectal cancer

(120)
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