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Abstract: Chromosomal instability (CIN) is a prevalent characteristic of solid tumours and haemato-
logical malignancies. CIN results in an increased frequency of chromosome mis-segregation events,
thus yielding numerical and structural copy number alterations, a state also known as aneuploidy.
CIN is associated with increased chances of tumour recurrence, metastasis, and acquisition of resis-
tance to therapeutic interventions, and this is a dismal prognosis. In this review, we delve into the
interplay between CIN and cancer, with a focus on its impact on the tumour microenvironment—a
driving force behind metastasis. We discuss the potential therapeutic avenues that have resulted from
these insights and underscore their crucial role in shaping innovative strategies for cancer treatment.

Keywords: chromosomal instability; tumour microenvironment; extracellular vesicles; cancer therapy;
immune modulation; metabolic vulnerabilities; extracellular matrix; metastasis

1. Chromosomal Instability (CIN) in Cancer

Chromosomal instability (CIN), a process driving genomic alterations [1], promotes
cancer cells to adapt to stress [2,3]. CIN refers to an increased frequency of errors in mitosis
and can lead to alterations of whole chromosome copy numbers as well as to structural
rearrangements [1,2]. The result of CIN is aneuploidy, a state in which cells have an
unbalanced DNA content. Furthermore, CIN will lead to variability between cancer cell
karyotypes, a concept known as intratumour karyotype heterogeneity. CIN is prevalent
during tumour development, and its severity correlates with tumour development stage,
genomic heterogeneity, immune escape, and metastasis rates [4–8]. However, we still do
not fully understand the relationship between CIN and cancer. While CIN has the potential
to promote tumourigenesis, CIN and the resulting aneuploidy landscapes differ between
cancer types [3,9–11].

CIN in cancer cells is caused by various, often co-occurring factors, each yielding
unique CIN signatures [12,13]. For instance, replication stress, i.e., the slowing or stalling
of DNA replication, can lead to unique structural DNA copy number variations, but also
large-scale chromosome losses [9]. Transient anomalies in mitotic spindle geometry pro-
mote chromosome segregation errors, thus leading to whole chromosome copy number
changes [14]. Similarly, disruptions to the kinetics of microtubule polymerization and
depolymerization will affect microtubule-kinetochore interactions and increase the chance
of chromosome mis-segregation, thus promoting whole chromosome copy number al-
terations [15]. Telomere attrition can lead to CIN via breakage–fusion–bridge cycles of
chromosomes with shortened telomeres, which will lead to chromosome fragmentation
and thus structural copy number changes [16]. Collectively, a variety of factors, including
but not limited to deregulated kinetochore-microtubule interactions, replication stress,

Cells 2023, 12, 2712. https://doi.org/10.3390/cells12232712 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells12232712
https://doi.org/10.3390/cells12232712
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-9838-3577
https://orcid.org/0000-0003-0989-3127
https://doi.org/10.3390/cells12232712
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells12232712?type=check_update&version=1


Cells 2023, 12, 2712 2 of 15

and telomere erosion, thus contribute to the diverse karyotypic alterations instigated by
CIN [9,14–18].

While novel cancer therapies have significantly improved survival rates and quality of
life in patients with various malignancies, therapy resistance is one of the most important
factors affecting overall patient survival [19,20]. The emergence of drug resistance is often
attributed to new mutations in tumour cells during treatment [21–23]. CIN is an important
contributor to such drug resistance [24,25]. For instance, delays in the G1 phase of the
cell cycle imposed by aneuploidy, the result of CIN, were described to play a role in
increased resistance to chemotherapy drugs like cisplatin and paclitaxel [26]. In line with
this, high aneuploidy rates and intratumour karyotype heterogeneity as a proxy of ongoing
CIN are associated with higher recurrence rates and worse prognosis in neuroendocrine
neoplasms [27,28] and are a crucial indicator of metastasis and therapy resistance in cancers
like hepatocellular carcinoma, colorectal cancer, and breast cancer, highlighting its potential
as a target for treatment [4,29–31].

In this review, we will discuss the relationship between CIN, metastasis, and the TME,
and highlight recent work that might provide new directions for therapeutic interventions
of CIN+ tumours.

2. Molecular Mechanisms Underlying Metastasis in CIN+ Cancers

As CIN drives karyotype heterogeneity, it contributes significantly to tumour evolu-
tion and adaptation [5,24]. While CIN has mostly been considered a process that promotes
genetic diversification, recent work reveals a broader impact on tumour progression [7,24].
For instance, the effects of CIN on the tumour microenvironment (TME) and metastatic
potential were recently identified as important contributors to the outcome of CIN in
cancer [3]. By activating pro-tumour inflammatory signalling pathways, CIN promotes
an inflammatory microenvironment that supports tumour growth and cancer cell sur-
vival [4,32]. Furthermore, metabolic alterations instigated by CIN lead to TME remodelling,
providing tumour cells with nutrients while at the same time suppressing anti-tumour
immune responses [3]. These combined effects promote tumour progression and establish
a TME that better supports metastasis.

While the effects that CIN has on the TME will likely influence the efficacy of metastatic
seeding, CIN also has effects that more directly promote metastatic potential [4,8]. Genetic
heterogeneity resulting from CIN helps cancer cells acquire characteristics that increase
their invasive capabilities, enhance survival in circulation, and facilitate seeding at distant
sites [4,8]. Furthermore, the genetic chaos resulting from CIN triggers the activation of
oncogenic pathways, which can directly support metastasis as these pathways frequently
intersect with fundamental cellular processes such as metabolic signalling, epithelial-
mesenchymal transition (EMT), and immune evasion—all crucial factors for metastasis [3].

One pathway that has increasingly been associated with CIN, the TME, and metastasis
is the cGAS-STING pathway. In the next section, we will explain this relationship in
more detail.

2.1. cGAS-STING Signalling and Immune Modulation

Under normal conditions, DNA is strictly confined to the nucleus. This prevents DNA
from being recognised by the cyclic GMP-AMP synthase (cGAS), which will activate the
cGAS-STING signalling pathway, ultimately mounting an innate immune response [33–35].
cGAS can be activated by cytoplasmic DNA for instance, DNA exposed from ruptured
micronuclei, caused by mis-segregated chromosomes [4,31]. In mammals, cGAS functions
as a primary sensor of cytosolic double-stranded DNA (dsDNA) [34,35]. Activation of
cGAS leads to the production of cyclic GMP-AMP (cGAMP), which engages the stimulator
of interferon genes (STING) [34,35]. This cascade promotes the induction of interferons
and various proinflammatory molecules [36,37]. Indeed, the cGAS-STING pathway is
upregulated in cells displaying increased levels of CIN [10], thus linking CIN to a primary
immune response [4,38]. Persistent DNA-leakage-mediated activation of cGAS-STING
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may have effects both on the cancer cells that display CIN as well as the immune cells
that infiltrated the tumour, as cGAS will enhance the inflammatory response of the cancer
cells [4,8]. This will mobilise the immune system and at the same time activate STING in
immune cells, thus further activating the immune response [4,8].

Various genes, including KIF2B/C, PICH, MASTL, PRC1, APOBEC3A, and CCAT2
lncRNA, have been shown to modulate tumour immunity through their interactions with the
cGAS-STING pathway [4,39–43]. Furthermore, factors like the ectonucleotidase ENPP1 were
found to promote metastasis by influencing STING substrate cGAMP, further underscoring the
complexity of these interactions [44]. Intriguingly, the cGAS/STING-mediated inflammatory
response also appears to provide a targetable vulnerability of cancer cells with induced CIN,
as cGAS-STING promotes IL-6-STAT3 pro-survival signalling, presumably for cells to cope
with the initial stress response that is imposed by CIN [31]. As such, the interaction between
CIN-associated DNA leakage and the activation of cGAS-STING signalling emerges as an
important driver of metastasis, with immune components within the TME playing a pivotal
role in orchestrating this process. Therefore, a better understanding of this CIN-induced
inflammatory response and its effect on the TME will likely reveal novel strategies to exploit
this response to treat cancer [3] (also see Figure 1).
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diversity, and metastasis, and providing potential therapeutic targets.

In addition to activating cGAS-STING signalling, CIN also triggers type I interferon
(IFN) signalling, a cornerstone of the antiviral defence and tumour immune surveillance [4].
Intriguingly, CIN+ cancers were found to circumvent immune surveillance through the
amplification of oncogenes, which yielded inhibition of the cGAS-STING pathway and
reduced production of type I IFN [4,8]. Additionally, CIN was found to disrupt IFN sig-
nalling by altering the expression of essential molecules, such as STAT1 or IRF9, or the
amplification of negative feedback mechanisms, such as upregulation of SOCS [4,45]. There-
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fore, while the cytoplasmic DNA resulting from CIN might trigger cGAS-STING and IFN
signalling to activate immune surveillance, CIN+ cancers quickly adapt by alleviating the
immune-activating IFN signalling to prevent immune clearance. Therefore, new therapies
that reactivate immune recognition of CIN+ cancer cells are urgently needed.

2.2. Epithelial-Mesenchymal Transition (EMT) and CIN

Epithelial-mesenchymal transition (EMT) is a dynamic cellular process orchestrated
by EMT-activating transcription factors (EMT-TFs) like SNAIL, TWIST, and ZEB families,
leading epithelial cells to acquire mesenchymal traits [46–48]. EMT plays a crucial role
in cancer progression by inducing cell polarity and adhesion loss, providing migratory
attributes, and imposing a mesenchymal phenotype upon cancer cells [47]. CIN can drive
transcriptional changes that induce a transition from a hypermetabolic to a mesenchymal
state, a precursor state to metastasis [4,49,50]. The interplay between CIN and EMT is
further exemplified in ovarian cancers, in which loss of intercellular junction (IJ) proteins
triggers EMT [51]. In this case, CIN leads to copy number changes of chromosomal regions
harbouring IJ protein regulators, which will strengthen the EMT phenotype, thus favouring
metastatic colonization [51].

While CIN can promote EMT, EMT inducers like Twist1 might also induce genomic
instability, for instance as shown for colorectal cancer [52,53]. Similarly, disruptions in
MASTL kinase activity promote EMT by modulating cell-cell junctions, leading to loss of
contact inhibition, but are also associated with increased rates of CIN [40,41]. By promoting
karyotype evolution, CIN acts as a catalyst to acquire malignant phenotypes, including
EMT [54,55]. For instance, CIN was described to affect cellular pathways like TGF-β and
WNT, and can change the tumour microenvironment to promote EMT, for example, through
induction of hypoxia [56–58]. Additionally, CIN was found to inhibit the expression of
the epithelial marker E-cadherin, thus promoting a transition to a more mesenchymal
phenotype [59].

Collectively, these findings underscore the relationship between EMT and CIN in
promoting metastasis. Although we do not yet fully understand this relationship, assessing
markers for EMT in combination with inference or quantification of intratumour karyotype
heterogeneity as a proxy of ongoing CIN might help predict treatment stratification and
outcome [49,57] (also see Figure 1).

2.3. CIN and Metabolic Signalling

CIN and aneuploidy often result in a deregulation of metabolic signalling, thereby
disrupting metabolic homeostasis [60–63]. Altered metabolic signalling is strongly associ-
ated with oncogenesis, particularly in tumours marked by hypoxia, glycolysis, and altered
levels of oncogenic metabolites [64,65]. Indeed, a dysregulated metabolism is a hallmark of
various cancers, especially those with CIN, fuelling their increased energy demand and
cell growth [66]. The relationship between CIN and cellular metabolism is exemplified in
oral squamous cell carcinoma (OSCC), in which genetic aberrations in both normal and
neoplastic cells promote metastasis through deregulation of metabolic pathways [67]. Simi-
larly, in Ewing sarcoma (ES), CIN-induced hypoxia triggers pathways that instigate further
genomic alterations, bone dissemination, and drug resistance [68]. Vice versa, hypoxia, low
levels of glucose, and lactic acidosis can induce or exacerbate CIN phenotypes in cancer
cells [65,69,70]. Furthermore, environmental stresses like hyperthermia and hypoxia induce
stress responses in cancer cells that lead to mitotic defects and karyotypic instability, for
instance in colorectal cancer [69].

How does CIN lead to this altered cellular metabolism? One important factor is that
the resulting aneuploidy will affect copy numbers of metabolic enzymes and thus alter the
expression of these genes, resulting in imbalances in various metabolic pathways [62,71].
Additionally, CIN-instigated activation of oncogenes like c-Myc or the loss of tumour
suppressors such as p53 were found to reprogram metabolic dynamics [72,73]. By altering
expression of genes that sense nutrients, CIN can also impact responsiveness to these nutri-
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ents, and will likely change metabolic feedback mechanisms [74]. Furthermore, oxidative
stress resulting from CIN can impair mitochondrial function, which will also affect cellular
metabolism [75,76]. Finally, CIN may affect copy numbers of genes involved in growth
factor signalling, such as insulin or IGF-1 signalling, which are important regulators of the
cellular metabolism [77]. Together, these factors explain the profound effect that CIN has
on the cellular metabolism [66,78].

In conclusion, metabolic rewiring and CIN go hand in hand to drive cancer development,
therapy resistance, and metastasis (also see Figure 1). Therefore, a better understanding of
these interactions may reveal novel therapeutic avenues to treat cancers with CIN.

2.4. CIN and Remodelling of the Micro-Environment

The tumour microenvironment (TME) is a complex environment in which tumour
cells originate and reside [79]. It comprises diverse cellular and non-cellular compo-
nents, including immune cells, stromal cells, glial cells, microvasculature, and various
biomolecules [79,80]. Unlike the balanced microenvironment of healthy tissues, the TME
actively supports the malignant behaviour of tumour cells [81]. Therefore, understanding
how CIN affects the TME is crucial.

CIN-induced mitotic errors lead to a series of changes that reshape the TME, includ-
ing shifts in the composition of immune cells, reorganisation of the extracellular matrix,
alterations in extracellular vesicle communication, changes in angiogenic factors, and shifts
in communication between tumour and stromal cells [3,4,82,83]. While these elements
collectively contribute to developing a TME that fosters tumour growth and cancer cell
dissemination, it will be essential to separate the responses to CIN from the individual
cellular and non-cellular components within the TME.

2.4.1. Cellular Components in the TME

The tumour microenvironment is composed of diverse cellular components, including
T cells, B cells, macrophages, and cancer-associated fibroblasts (CAFs) [80]. The cellular com-
position of the TME is heavily influenced by a CIN phenotype and resulting aneuploidy in
cancer cells as a result of the interaction of cells with CIN and the immune system [84–87].
However, various contrasting effects of more complex aneuploidy landscapes were reported:
some studies have observed increased T cell and macrophage infiltration due to increased im-
munogenicity from tumour cell genetic diversity, while other studies have shown that tumours
with CIN foster an immune-suppressive milieu, preventing the primary CIN-induced immune
responses [87–90]. Likely, these contrasting findings relate to the stage of the tumour, with
early CIN+ tumours recruiting a tumour-suppressive immune landscape and late tumours
circumventing this [91,92].

Indeed, CIN as well as the resulting aneuploidy have been associated with signifi-
cantly altered immune landscapes in the TME [84–87,93]. For instance, highly aneuploid
tumours display decreased immune-mediated cytotoxicity, proinflammatory activities
within the microenvironment, and suppressed tumour antigen presentation [93]. Further-
more, ongoing CIN and genome doubling were reported to influence the abundance of
infiltrating Treg cells and B cells [88]. Conversely, tumours with low aneuploidy and low
metastatic potential displayed increased infiltration by Treg cells and B cells compared to
tumours with high aneuploidy rates and high metastatic potential [89,90]. Additionally,
transcriptome analyses across multiple cancer types with varying aneuploidy rates showed
clear differences between the immune landscapes of tumours with lower versus higher ane-
uploidy rates [93]. Cancer cells that display CIN were also found to promote recruitment of
myeloid-derived suppressor cells (MDSCs) to the TME, possibly due to increased secretion
of damage-associated molecular patterns and tumour-derived factors [8]. Furthermore, the
chronic inflammation driven by CIN+ cancer cells may yield a more tumour-suppressive en-
vironment, which in turn will contribute to the dysfunction of CD8 T cells [8,85,94]. Finally,
the aneuploidies resulting from CIN can alter the expression of important chemokines,
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such as CCL5 or CXCL9/10, which will also impact the immune cell composition of the
TME [38,95,96].

Besides immune cells, cancer-associated fibroblasts (CAFs) also contribute to an im-
munosuppressive TME through exosome and growth factor secretion, thus promoting
tumour growth and metastasis [97]. While CAFs are considered to play an essential role
in tumourigenesis, the relationship between CAFs and CIN phenotypes in cancer cells
is poorly understood, except for the observation that CAF infiltrates vary between CIN
subtypes [98–100]. However, it is becoming increasingly clear that the interaction between
aneuploid cells and cellular components of the TME, such as immune cells and CAFs, plays
a crucial role in shaping the immune landscape within the TME.

Collectively, these observations indicate that the degree of CIN significantly impacts
the composition of immune cell populations within the TME, thereby establishing a nexus
between CIN, immune cell infiltration, and their collective impact on the complex landscape
of tumourigenesis [89,90]. As such, the cellular composition of the TME has important im-
plications for the immune response to cancer cells, for tumour growth, and for therapeutic
strategies. A better understanding of this cellular makeup will likely yield new insights
towards more effective cancer treatment strategies (also see Figure 1).

2.4.2. Non-Cellular Components of the Tumour Microenvironment

In addition to cellular elements, CIN might also influence the composition of non-
cellular components of the TME [3]. These non-cellular factors include extracellular matrix
(ECM) molecules, extracellular vesicles, and various biomolecules [68,83,101]. Jointly, these
factors play an important role in shaping the tumour-supportive environment [68,83,101]
(also see Figure 1).

The Extracellular Matrix (ECM)

The extracellular matrix (ECM) is primarily produced by cancer-associated fibroblasts
(CAFs) and plays an essential role in driving tumour growth and metastasis [97,102,103].
Beyond secreting exosomes and growth factors that fuel tumour development, the ECM
contributes to an immunosuppressive TME [97]. The ECM contains key components that
shape the TME, including proteins, glycoproteins, and proteoglycans that jointly orchestrate
cellular function and structure [102,103].

Gene expression profiling of colorectal cancer samples revealed that high aneuploidy
scores and microsatellite instability (MSI) correlate with increased expression of the POSTN
gene (periostin), a factor known to remodel the extracellular matrix (ECM) [104]. Further-
more, structural aberrations of chromosome 9, a result of CIN, have been associated with a
more rigid TME structure, highlighting the relationship of aneuploidies that result from
CIN and the ECM in shaping tumour stiffness [104,105].

Vice versa, rigidity of the tumour microenvironment can also facilitate further chro-
mosomal breaks within cancer cells to progress tumour progression [104,105]. For instance,
in glioblastoma (GB) cell lines, extra copies of chromosome 7 (Chr7) correlate with higher
glioma grades [101]. This phenomenon coincides with reduced expression of EFEMP1,
a constituent of the ECM [101]. Indeed, restoring EFEMP1 levels was found to improve
mitotic fidelity, suggesting that modulating the ECM by restoring EFEMP1 levels might
reduce CIN rates in cancer [101].

Taken together, these observations underscore the importance of understanding the
effects of CIN+ cancer cells on the ECM [101,104]. As CIN is influenced by the ECM and
vice versa, a better understanding of this relationship could yield insights towards targeted
therapeutic interventions that exploit this relationship (also see Figure 1).
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Extracellular Vesicles (EVs)

Extracellular vesicles (EVs) are released by various cell types and act as carriers for
RNA, DNA, and proteins, enabling bidirectional communication between cancer cells and
the TME to modify signalling cues in recipient cells [106,107]. Tumour-derived EVs, as
well as EVs released by non-malignant cells (nmEVs), can contribute to cancer develop-
ment [107]. For instance, the surface composition of exosomes, a subtype of EVs, can direct
exosomes towards specific cell populations and organs, influenced by factors like cytokines,
thus promoting organ-specific colonisation by altering the microenvironment [108]. Exo-
some colonisation will affect integrins in the recipient tissue, ultimately initiating a local
inflammatory response and formation of a pre-metastatic niche [109]. Therefore, quantifica-
tion of the exosome content in blood might aid in predicting metastatic patterns and thus
guide clinical decisions [110].

Prior work has revealed many important interactions between CIN and EVs [83,111–113].
As an example, amplification of centrosomes, another driver of CIN, triggers increased secretion
of small extracellular vesicles (SEVs) as a result of lysosomal dysfunction and increased levels
of ROS [88]. In the case of pancreatic cancer, these SEVs can activate pancreatic stellate cells,
increasing pancreatic cancer invasiveness and fibrosis [83].

What content within the EVs can explain their effect on the TME? Functional char-
acterization of tumour EVs has revealed a three-miRNA signature that might serve as an
indicator for genomic instability in breast cancer [113]. As EVs can be exploited as mini-
mally invasive biomarkers for early diagnosis, these findings might have important clinical
significance [113]. Similar patterns were found for gastric cancer. Here, RNA signatures
identified in EVs that were isolated from 3D cultures correlated with CIN and poor patient
survival, further underscoring the potential of EVs in detecting CIN+ cancers [112]. While
many other factors in EVs will play a role in shaping the TME, collectively, these findings
highlight the potential role of EVs as messengers and as promising biomarkers to detect
CIN+ cancers.

In summary, CIN plays a crucial role in promoting metastasis by affecting both the
cellular and non-cellular components of the TME [3]. CIN is associated with an immuno-
suppressive environment, which is characterised by the presence of myeloid-derived
suppressor cells and regulatory T cells that help cancer cells evade detection [8,85,114,115].
CIN also leads to changes in the ECM, making tumours more rigid and invasive [104,105].
Each of these effects, along with CIN’s ability to promote angiogenesis [82], have the
potential to be exploited as therapeutic targets to treat cancers with a CIN phenotype
(Figure 1).

3. Targeting of Mechanisms to Counteract CIN-Driven Cancer

Developing better therapeutic strategies that exploit the effects of CIN in cancer is
expected to advance cancer treatment. In this section, we review various approaches to
target specific mechanisms influenced by CIN, including immune modulation, metabolic
reprogramming, or targeting the extracellular matrix or STING pathway.

3.1. Targeting the CIN-Altered Immune Landscape

The inflammatory response that results from CIN activates the immune system, and
this likely explains why highly aneuploid cancers circumvent immune recognition, lead-
ing to immune-depleted TMEs [84–87,93]. Therefore, reinstating a normal inflamma-
tory response might provide a promising strategy to treat CIN+ cancers across cancer
types [4,8,31,116] (also see Figure 2). However, further work is required to better under-
stand what modulates the inflammatory response imposed by CIN and how CIN+ cancer
cells circumvent this before this concept can be translated into tangible clinical benefits.
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an overview of potential strategies for targeting CIN-driven cancer.

3.2. Exploiting Metabolic Vulnerabilities

CIN has major effects on the metabolism of cancer cells, which contributes to their
aggressive behaviour [3]. Therefore, targeting the altered metabolic pathways in CIN+

cancer cells might provide a powerful means to impair proliferation of these cells [117].
Several approaches target the glucose dependency of CIN+ cancer cells, for instance,
through modulation of lactate levels [66,117,118]. Such treatment reshapes the TME and
makes the cancer cells more dependent on glucose, thus rendering them more vulnerable
to glucose deprivation [66,117,118].

STING is another factor that links CIN, innate immunity, and the cellular metabolism [3,119].
Recent work revealed that activation of STING involves proton leakage, which impacts cellular
processes like autophagy and the immune response [119]. This newly discovered role of STING
could mean that targeting the proton-transporting activity of STING might disrupt the potential
of cancer cells to adapt their metabolism. Furthermore, other processes downstream of STING,
such as autophagy and activation of the inflammasome, might impact the metabolic adaptation
that promotes the survival of chromosomally unstable cancer cells [119,120].

While more work is required, jointly this work suggests that CIN leads to metabolic and
immune-related vulnerabilities that can be exploited in cancer therapy (also see Figure 2).

3.3. Manipulating CIN and Its Downstream Effects

Manipulating CIN rates might provide another powerful strategy to selectively treat
CIN+ cancers [121,122]. Increasing the rate of CIN can be accomplished by modulat-
ing factors that are involved in faithful chromosome segregation, like the centrosomes,
microtubule-kinetochore interactions, and the spindle assembly checkpoint [123–125].
One such factor is KIF18A, for which inhibition was found to disrupt spindle micro-
tubules, causing mitotic delays and cell death selectively of CIN+ cells [126]. Similarly,
the CDK2/CDK9 inhibitor CYC065 (Cyclacel) was found to induce mitotic catastrophe
in CIN+ cancer cells, restraining tumour growth and underscoring its potential to treat
cancers that display high-grade aneuploidy and substantial intratumoural karyotype
heterogeneity [127]. Furthermore, drug-mediated inhibition of Src1 was found to in-



Cells 2023, 12, 2712 9 of 15

crease cell death of CIN+ cancer cells via the deregulation of microtubule-kinetochore
interactions [125].

In conclusion, the strategic manipulation of CIN phenotypes in cancer presents an-
other potential avenue for targeted cancer therapy (also see Figure 2). By targeting the
mechanisms underlying CIN and capitalising on its vulnerabilities, CIN+ cancer cells can
be selectively targeted. While promising first steps have been made, a further systematic
exploration of synthetic lethal interactions instigated by CIN is required to fully exploit the
potential of this approach.

3.4. Targeting Extracellular Matrix (ECM)

Mitigating CIN phenotypes by targeting the ECM might provide another strategy
to exploit unique features of CIN+ cancers in therapy [101,105]. To develop such strate-
gies, we first need to better understand how ECM stiffness and mechano-transduction
influence DNA repair and chromosome segregation [128,129]. One approach that de-
serves experimental validation is to target mechano-transduction-associated genes like
MAP4K4/6/7 kinases to improve DNA damage repair in CIN+ cancers, mitigating CIN in
these cancer cells [129]. Similarly, single-cell RNA sequencing of glioblastoma (GB) samples
revealed that the ECM-related genes LOX, COL6A2, and TGFB1 are important factors that
drive glioma progression, suggesting that targeting these ECM components could be a
viable strategy to eradicate cancer stem cells [128].

These findings underscore that ECM-targeted strategies might have the potential to
manipulate aneuploidy landscapes and the consequences of these across cancers (also see
Figure 2). Therefore, therapeutic approaches might emerge in the coming years that disrupt
ECM-mediated processes to reduce intratumour karyotype heterogeneity and thus improve
treatment outcome.

3.5. Targeting Metastasis and STING

As discussed earlier, CIN promotes metastasis, and STING is a proposed mediator
of this effect [4,8]. Activated by micronuclei and chromosome bridges, cGAS-STING
signalling promotes both tumour inflammation and progression [130]. Intriguingly, inacti-
vation of key components in this signalling route, such as cGAS, STING, TBK1, and IRF3,
also increases micronuclei formation and chromosome mis-segregation, exemplifying the
multifaceted role of cGAS-STING signalling in cancer [130]. Furthermore, in addition to its
interferon-inducing function, STING also functions as a proton channel [119]. This latter
role is particularly relevant for cancer therapy, as inhibiting the STING-induced proton
flux might impede noncanonical autophagy and inflammasome activation, presenting
another promising avenue to target CIN+ cancers [119]. Indeed, the efficacy of selective
STING inhibitors to impair CIN-driven metastasis spans diverse cancer types, and their
effectiveness correlates with tumour cell-intrinsic STING activity [4,8,130].

The experimental evidence that STING is activated by CIN, in combination with its
role in modulating the TME to promote metastasis, underscores the clinical potential of
modulating STING activity in cancer. Further work is required to determine when STING
should be inhibited to block its tumour-promoting effects, such as driving CIN+ cancer
cell survival and metastasis [130], or activated to stimulate its tumour-suppressive effects,
including immune clearance of cancer cells [131].

Altogether, these findings highlight the various effects that CIN has on the immune
landscape of cancers. Manipulating the immune composition of the TME of CIN+ cancers,
exploiting CIN-dependent metabolic vulnerabilities, manipulating CIN rates, modulating
of the ECM, and exploiting the multifaceted role of STING signalling all emerge as promis-
ing strategies to battle CIN+ cancers (Figure 2). However, reaching the full potential of
these strategies will require more research on the interplay between CIN, the TME, and
cancer progression.
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4. Conclusions

In this review, we have explored the effects that CIN can have on the TME locally
and at distant sites. As CIN discriminates cancer cells from non-cancer cells, targeting
CIN provides an attractive target for selective cancer therapy. CIN results in an accumu-
lation of aneuploid cells with various karyotypes, thus promoting cancer cell evolution.
As a genome-shaping factor, CIN is associated with tumour recurrence, metastasis, and
treatment resistance. Simultaneously, CIN promotes inflammatory phenotypes in cancer
cells as a result of chronic cGAS-STING pathway activation, which ultimately leads to
mobilization of immune cells to clear CIN+ cells. CIN+ cancer cells appear to circumvent
this immune recognition through various mechanisms. Our growing understanding of this
inflammatory response and mechanisms of immune suppression within the TME provide
novel opportunities for therapeutic intervention, including immune modulation to reacti-
vate the immune response and clear CIN+ cancer cells, or inhibition of the CIN-induced
inflammatory response to kill CIN+ cancer cells. While the translation to the clinic of these
approaches still requires further work, they might provide important next steps towards
innovative therapies that target CIN+ cancers more effectively with fewer side effects.

Author Contributions: S.Z. wrote the manuscript with the assistance of E.G.-H. and F.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by a Chinese Scholarship Council fellowship to S.Z.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Geigl, J.B.; Obenauf, A.C.; Schwarzbraun, T.; Speicher, M.R. Defining “Chromosomal Instability”. Trends Genet. 2008, 24, 64–69.

[CrossRef]
2. Thompson, S.L.; Bakhoum, S.F.; Compton, D.A. Mechanisms of Chromosomal Instability. Curr. Biol. 2010, 20, R285–R295.

[CrossRef] [PubMed]
3. Bakhoum, S.F.; Cantley, L.C. The Multifaceted Role of Chromosomal Instability in Cancer and Its Microenvironment. Cell 2018,

174, 1347–1360. [CrossRef] [PubMed]
4. Bakhoum, S.F.; Ngo, B.; Laughney, A.M.; Cavallo, J.-A.; Murphy, C.J.; Ly, P.; Shah, P.; Sriram, R.K.; Watkins, T.B.K.; Taunk,

N.K.; et al. Chromosomal Instability Drives Metastasis through a Cytosolic DNA Response. Nature 2018, 553, 467–472. [CrossRef]
5. Burrell, R.A.; McGranahan, N.; Bartek, J.; Swanton, C. The Causes and Consequences of Genetic Heterogeneity in Cancer

Evolution. Nature 2013, 501, 338–345. [CrossRef] [PubMed]
6. McGranahan, N.; Swanton, C. Clonal Heterogeneity and Tumor Evolution: Past, Present, and the Future. Cell 2017, 168, 613–628.

[CrossRef]
7. Carter, S.L.; Eklund, A.C.; Kohane, I.S.; Harris, L.N.; Szallasi, Z. A Signature of Chromosomal Instability Inferred from Gene

Expression Profiles Predicts Clinical Outcome in Multiple Human Cancers. Nat. Genet. 2006, 38, 1043–1048. [CrossRef]
8. Li, J.; Hubisz, M.J.; Earlie, E.M.; Duran, M.A.; Hong, C.; Varela, A.A.; Lettera, E.; Deyell, M.; Tavora, B.; Havel, J.J.; et al.

Non-Cell-Autonomous Cancer Progression from Chromosomal Instability. Nature 2023, 620, 1080–1088. [CrossRef]
9. Shaikh, N.; Mazzagatti, A.; De Angelis, S.; Johnson, S.C.; Bakker, B.; Spierings, D.C.J.; Wardenaar, R.; Maniati, E.; Wang, J.; Boemo,

M.A.; et al. Replication Stress Generates Distinctive Landscapes of DNA Copy Number Alterations and Chromosome Scale
Losses. Genome Biol. 2022, 23, 223. [CrossRef]

10. Santaguida, S.; Richardson, A.; Iyer, D.R.; M’Saad, O.; Zasadil, L.; Knouse, K.A.; Wong, Y.L.; Rhind, N.; Desai, A.; Amon,
A. Chromosome Mis-Segregation Generates Cell-Cycle-Arrested Cells with Complex Karyotypes That Are Eliminated by the
Immune System. Dev. Cell 2017, 41, 638–651.e5. [CrossRef]

11. Beroukhim, R.; Mermel, C.H.; Porter, D.; Wei, G.; Raychaudhuri, S.; Donovan, J.; Barretina, J.; Boehm, J.S.; Dobson, J.; Urashima,
M.; et al. The Landscape of Somatic Copy-Number Alteration across Human Cancers. Nature 2010, 463, 899–905. [CrossRef]
[PubMed]

12. Drews, R.M.; Hernando, B.; Tarabichi, M.; Haase, K.; Lesluyes, T.; Smith, P.S.; Morrill Gavarró, L.; Couturier, D.L.; Liu, L.;
Schneider, M.; et al. A Pan-Cancer Compendium of Chromosomal Instability. Nature 2022, 606, 976–983. [CrossRef] [PubMed]

https://doi.org/10.1016/j.tig.2007.11.006
https://doi.org/10.1016/j.cub.2010.01.034
https://www.ncbi.nlm.nih.gov/pubmed/20334839
https://doi.org/10.1016/j.cell.2018.08.027
https://www.ncbi.nlm.nih.gov/pubmed/30193109
https://doi.org/10.1038/nature25432
https://doi.org/10.1038/nature12625
https://www.ncbi.nlm.nih.gov/pubmed/24048066
https://doi.org/10.1016/j.cell.2017.01.018
https://doi.org/10.1038/ng1861
https://doi.org/10.1038/s41586-023-06464-z
https://doi.org/10.1186/s13059-022-02781-0
https://doi.org/10.1016/j.devcel.2017.05.022
https://doi.org/10.1038/nature08822
https://www.ncbi.nlm.nih.gov/pubmed/20164920
https://doi.org/10.1038/s41586-022-04789-9
https://www.ncbi.nlm.nih.gov/pubmed/35705807


Cells 2023, 12, 2712 11 of 15

13. Steele, C.D.; Abbasi, A.; Islam, S.M.A.; Bowes, A.L.; Khandekar, A.; Haase, K.; Hames-Fathi, S.; Ajayi, D.; Verfaillie, A.; Dhami,
P.; et al. Signatures of Copy Number Alterations in Human Cancer. Nature 2022, 606, 984–991. [CrossRef] [PubMed]

14. Silkworth, W.T.; Cimini, D. Transient Defects of Mitotic Spindle Geometry and Chromosome Segregation Errors. Cell Div. 2012, 7, 19.
[CrossRef] [PubMed]

15. Godek, K.M.; Kabeche, L.; Compton, D.A. Regulation of Kinetochore-Microtubule Attachments through Homeostatic Control
during Mitosis. Nat. Rev. Mol. Cell Biol. 2015, 16, 57–64. [CrossRef] [PubMed]

16. Murnane, J.P. Telomere Loss as a Mechanism for Chromosome Instability in Human Cancer. Cancer Res. 2010, 70, 4255–4259.
[CrossRef] [PubMed]

17. Yoon, D.-S.; Wersto, R.P.; Zhou, W.; Chrest, F.J.; Garrett, E.S.; Kwon, T.K.; Gabrielson, E. Variable Levels of Chromosomal
Instability and Mitotic Spindle Checkpoint Defects in Breast Cancer. Am. J. Pathol. 2002, 161, 391–397. [CrossRef]

18. Parine, N.R.; Varsha, R.S.; Alanazi, M.S. Microsatellite Instability in Colorectal Cancer; Abdurakhmonov, I.Y., Ed.; IntechOpen: Rijeka,
Croatia, 2016; ISBN 978-953-51-2798-7.

19. Holohan, C.; Van Schaeybroeck, S.; Longley, D.B.; Johnston, P.G. Cancer Drug Resistance: An Evolving Paradigm. Nat. Rev.
Cancer 2013, 13, 714–726. [CrossRef]

20. Anand, U.; Dey, A.; Chandel, A.K.S.; Sanyal, R.; Mishra, A.; Pandey, D.K.; De Falco, V.; Upadhyay, A.; Kandimalla, R.; Chaudhary,
A.; et al. Cancer Chemotherapy and beyond: Current Status, Drug Candidates, Associated Risks and Progress in Targeted
Therapeutics. Genes Dis. 2023, 10, 1367–1401. [CrossRef]

21. Sharma, S.V.; Lee, D.Y.; Li, B.; Quinlan, M.P.; Takahashi, F.; Maheswaran, S.; McDermott, U.; Azizian, N.; Zou, L.; Fischbach,
M.A.; et al. A Chromatin-Mediated Reversible Drug-Tolerant State in Cancer Cell Subpopulations. Cell 2010, 141, 69–80. [CrossRef]

22. Yu, M.; Bardia, A.; Aceto, N.; Bersani, F.; Madden, M.W.; Donaldson, M.C.; Desai, R.; Zhu, H.; Comaills, V.; Zheng, Z.; et al.
Ex Vivo Culture of Circulating Breast Tumor Cells for Individualized Testing of Drug Susceptibility. Science 2014, 345, 216–220.
[CrossRef] [PubMed]

23. Wilting, R.H.; Dannenberg, J.-H. Epigenetic Mechanisms in Tumorigenesis, Tumor Cell Heterogeneity and Drug Resistance. Drug
Resist. Updates 2012, 15, 21–38. [CrossRef] [PubMed]

24. Bakhoum, S.F.; Landau, D.A. Chromosomal Instability as a Driver of Tumor Heterogeneity and Evolution. Cold Spring Harb.
Perspect. Med. 2017, 7, a029611. [CrossRef] [PubMed]

25. Lee, A.J.X.; Endesfelder, D.; Rowan, A.J.; Walther, A.; Birkbak, N.J.; Futreal, P.A.; Downward, J.; Szallasi, Z.; Tomlinson, I.P.M.;
Howell, M.; et al. Chromosomal Instability Confers Intrinsic Multidrug Resistance. Cancer Res. 2011, 71, 1858–1870. [CrossRef]
[PubMed]

26. Replogle, J.M.; Zhou, W.; Amaro, A.E.; McFarland, J.M.; Villalobos-Ortiz, M.; Ryan, J.; Letai, A.; Yilmaz, O.; Sheltzer, J.; Lippard,
S.J.; et al. Aneuploidy Increases Resistance to Chemotherapeutics by Antagonizing Cell Division. Proc. Natl. Acad. Sci. USA 2020,
117, 30566–30576. [CrossRef] [PubMed]

27. Lasolle, H.; Elsensohn, M.-H.; Wierinckx, A.; Alix, E.; Bonnefille, C.; Vasiljevic, A.; Cortet, C.; Decoudier, B.; Sturm, N.; Gaillard,
S.; et al. Chromosomal Instability in the Prediction of Pituitary Neuroendocrine Tumors Prognosis. Acta Neuropathol. Commun.
2020, 8, 190. [CrossRef]

28. van Riet, J.; van de Werken, H.J.G.; Cuppen, E.; Eskens, F.A.L.M.; Tesselaar, M.; van Veenendaal, L.M.; Klümpen, H.-J.; Dercksen,
M.W.; Valk, G.D.; Lolkema, M.P.; et al. The Genomic Landscape of 85 Advanced Neuroendocrine Neoplasms Reveals Subtype-
Heterogeneity and Potential Therapeutic Targets. Nat. Commun. 2021, 12, 4612. [CrossRef]

29. Carloni, V.; Lulli, M.; Madiai, S.; Mello, T.; Hall, A.; Luong, T.V.; Pinzani, M.; Rombouts, K.; Galli, A. CHK2 Overexpression and
Mislocalisation within Mitotic Structures Enhances Chromosomal Instability and Hepatocellular Carcinoma Progression. Gut
2018, 67, 348–361. [CrossRef]

30. Gong, Y.; Zou, S.; Deng, D.; Wang, L.; Hu, H.; Qiu, Z.; Wei, T.; Yang, P.; Zhou, J.; Zhang, Y.; et al. Loss of RanGAP1 Drives
Chromosome Instability and Rapid Tumorigenesis of Osteosarcoma. Dev. Cell 2023, 58, 192–210.e11. [CrossRef]

31. Hong, C.; Schubert, M.; Tijhuis, A.E.; Requesens, M.; Roorda, M.; van den Brink, A.; Ruiz, L.A.; Bakker, P.L.; van der Sluis,
T.; Pieters, W.; et al. CGAS-STING Drives the IL-6-Dependent Survival of Chromosomally Instable Cancers. Nature 2022, 607,
366–373. [CrossRef]

32. Paludan, S.R. Activation and Regulation of DNA-Driven Immune Responses. Microbiol. Mol. Biol. Rev. 2015, 79, 225–241.
[CrossRef]

33. Pan, J.; Fei, C.-J.; Hu, Y.; Wu, X.-Y.; Nie, L.; Chen, J. Current Understanding of the CGAS-STING Signaling Pathway: Structure,
Regulatory Mechanisms, and Related Diseases. Zool. Res. 2023, 44, 183–218. [CrossRef] [PubMed]

34. Sun, L.; Wu, J.; Du, F.; Chen, X.; Chen, Z.J. Cyclic GMP-AMP Synthase Is a Cytosolic DNA Sensor That Activates the Type I
Interferon Pathway. Science 2013, 339, 786–791. [CrossRef]

35. Wu, J.; Sun, L.; Chen, X.; Du, F.; Shi, H.; Chen, C.; Chen, Z.J. Cyclic GMP-AMP Is an Endogenous Second Messenger in Innate
Immune Signaling by Cytosolic DNA. Science 2013, 339, 826–830. [CrossRef]

36. Ishikawa, H.; Barber, G.N. STING Is an Endoplasmic Reticulum Adaptor That Facilitates Innate Immune Signalling. Nature 2008,
455, 674–678. [CrossRef] [PubMed]

37. Abe, T.; Barber, G.N. Cytosolic-DNA-Mediated, STING-Dependent Proinflammatory Gene Induction Necessitates Canonical
NF-KB Activation through TBK1. J. Virol. 2014, 88, 5328–5341. [CrossRef] [PubMed]

https://doi.org/10.1038/s41586-022-04738-6
https://www.ncbi.nlm.nih.gov/pubmed/35705804
https://doi.org/10.1186/1747-1028-7-19
https://www.ncbi.nlm.nih.gov/pubmed/22883214
https://doi.org/10.1038/nrm3916
https://www.ncbi.nlm.nih.gov/pubmed/25466864
https://doi.org/10.1158/0008-5472.CAN-09-4357
https://www.ncbi.nlm.nih.gov/pubmed/20484032
https://doi.org/10.1016/S0002-9440(10)64194-6
https://doi.org/10.1038/nrc3599
https://doi.org/10.1016/j.gendis.2022.02.007
https://doi.org/10.1016/j.cell.2010.02.027
https://doi.org/10.1126/science.1253533
https://www.ncbi.nlm.nih.gov/pubmed/25013076
https://doi.org/10.1016/j.drup.2012.01.008
https://www.ncbi.nlm.nih.gov/pubmed/22356866
https://doi.org/10.1101/cshperspect.a029611
https://www.ncbi.nlm.nih.gov/pubmed/28213433
https://doi.org/10.1158/0008-5472.CAN-10-3604
https://www.ncbi.nlm.nih.gov/pubmed/21363922
https://doi.org/10.1073/pnas.2009506117
https://www.ncbi.nlm.nih.gov/pubmed/33203674
https://doi.org/10.1186/s40478-020-01067-5
https://doi.org/10.1038/s41467-021-24812-3
https://doi.org/10.1136/gutjnl-2016-313114
https://doi.org/10.1016/j.devcel.2022.12.012
https://doi.org/10.1038/s41586-022-04847-2
https://doi.org/10.1128/MMBR.00061-14
https://doi.org/10.24272/j.issn.2095-8137.2022.464
https://www.ncbi.nlm.nih.gov/pubmed/36579404
https://doi.org/10.1126/science.1232458
https://doi.org/10.1126/science.1229963
https://doi.org/10.1038/nature07317
https://www.ncbi.nlm.nih.gov/pubmed/18724357
https://doi.org/10.1128/JVI.00037-14
https://www.ncbi.nlm.nih.gov/pubmed/24600004


Cells 2023, 12, 2712 12 of 15

38. Parkes, E.E.; Walker, S.M.; Taggart, L.E.; McCabe, N.; Knight, L.A.; Wilkinson, R.; McCloskey, K.D.; Buckley, N.E.; Savage, K.I.;
Salto-Tellez, M.; et al. Activation of STING-Dependent Innate Immune Signaling By S-Phase-Specific DNA Damage in Breast
Cancer. J. Natl. Cancer Inst. 2017, 109, djw199. [CrossRef]

39. Wörmann, S.M.; Zhang, A.; Thege, F.I.; Cowan, R.W.; Rupani, D.N.; Wang, R.; Manning, S.L.; Gates, C.; Wu, W.; Levin-Klein, R.;
et al. APOBEC3A Drives Deaminase Domain-Independent Chromosomal Instability to Promote Pancreatic Cancer Metastasis.
Nat. Cancer 2021, 2, 1338–1356. [CrossRef]

40. Huang, Y.; Li, W.; Yan, W.; Wu, J.; Chen, L.; Yao, X.; Gu, F.; Lv, L.; Zhao, J.; Zhao, M.; et al. Loss of PICH Promotes Chromosome
Instability and Cell Death in Triple-Negative Breast Cancer. Cell Death Dis. 2019, 10, 428. [CrossRef] [PubMed]

41. Rogers, S.; McCloy, R.A.; Parker, B.L.; Gallego-Ortega, D.; Law, A.M.K.; Chin, V.T.; Conway, J.R.W.; Fey, D.; Millar, E.K.A.; O’Toole,
S.; et al. MASTL Overexpression Promotes Chromosome Instability and Metastasis in Breast Cancer. Oncogene 2018, 37, 4518–4533.
[CrossRef]

42. Bakhoum, M.F.; Francis, J.H.; Agustinus, A.; Earlie, E.M.; Di Bona, M.; Abramson, D.H.; Duran, M.; Masilionis, I.; Molina, E.;
Shoushtari, A.N.; et al. Loss of Polycomb Repressive Complex 1 Activity and Chromosomal Instability Drive Uveal Melanoma
Progression. Nat. Commun. 2021, 12, 5402. [CrossRef] [PubMed]

43. Chen, B.; Dragomir, M.P.; Fabris, L.; Bayraktar, R.; Knutsen, E.; Liu, X.; Tang, C.; Li, Y.; Shimura, T.; Ivkovic, T.C.; et al. The
Long Noncoding RNA CCAT2 Induces Chromosomal Instability Through BOP1-AURKB Signaling. Gastroenterology 2020, 159,
2146–2162.e33. [CrossRef]

44. Li, J.; Duran, M.A.; Dhanota, N.; Chatila, W.K.; Bettigole, S.E.; Kwon, J.; Sriram, R.K.; Humphries, M.P.; Salto-Tellez, M.; James,
J.A.; et al. Metastasis and Immune Evasion from Extracellular CGAMP Hydrolysis. Cancer Discov. 2021, 11, 1212–1227. [CrossRef]

45. Töpfer, K.; Kempe, S.; Müller, N.; Schmitz, M.; Bachmann, M.; Cartellieri, M.; Schackert, G.; Temme, A. Tumor Evasion from T
Cell Surveillance. J. Biomed. Biotechnol. 2011, 2011, 918471. [CrossRef]

46. Nieto, M.A. Epithelial-Mesenchymal Transitions in Development and Disease: Old Views and New Perspectives. Int. J. Dev. Biol.
2009, 53, 1541–1547. [CrossRef]

47. Nieto, M.A.; Huang, R.Y.-J.; Jackson, R.A.; Thiery, J.P. EMT: 2016. Cell 2016, 166, 21–45. [CrossRef] [PubMed]
48. Thiery, J.P.; Acloque, H.; Huang, R.Y.J.; Nieto, M.A. Epithelial-Mesenchymal Transitions in Development and Disease. Cell 2009,

139, 871–890. [CrossRef] [PubMed]
49. Roschke, A.V.; Glebov, O.K.; Lababidi, S.; Gehlhaus, K.S.; Weinstein, J.N.; Kirsch, I.R. Chromosomal Instability Is Associated with

Higher Expression of Genes Implicated in Epithelial-Mesenchymal Transition, Cancer Invasiveness, and Metastasis and with
Lower Expression of Genes Involved in Cell Cycle Checkpoints, DNA Repair, and Chromatin Ma. Neoplasia 2008, 10, 1222–1230.
[CrossRef] [PubMed]

50. Bakir, B.; Chiarella, A.M.; Pitarresi, J.R.; Rustgi, A.K. EMT, MET, Plasticity, and Tumor Metastasis. Trends Cell Biol. 2020, 30,
764–776. [CrossRef] [PubMed]

51. Gao, C.; Su, Y.; Koeman, J.; Haak, E.; Dykema, K.; Essenberg, C.; Hudson, E.; Petillo, D.; Khoo, S.K.; Vande Woude, G.F.
Chromosome Instability Drives Phenotypic Switching to Metastasis. Proc. Natl. Acad. Sci. USA 2016, 113, 14793–14798. [CrossRef]

52. Celesti, G.; Di Caro, G.; Bianchi, P.; Grizzi, F.; Basso, G.; Marchesi, F.; Doni, A.; Marra, G.; Roncalli, M.; Mantovani, A.; et al.
Presence of Twist1-Positive Neoplastic Cells in the Stroma of Chromosome-Unstable Colorectal Tumors. Gastroenterology 2013,
145, 647–657.e15. [CrossRef]

53. Khot, M.; Sreekumar, D.; Jahagirdar, S.; Kulkarni, A.; Hari, K.; Faseela, E.E.; Sabarinathan, R.; Jolly, M.K.; Sengupta, K. Twist1
Induces Chromosomal Instability (CIN) in Colorectal Cancer Cells. Hum. Mol. Genet. 2020, 29, 1673–1688. [CrossRef]

54. Jusino, S.; Saavedra, H.I. Role of E2Fs and Mitotic Regulators Controlled by E2Fs in the Epithelial to Mesenchymal Transition.
Exp. Biol. Med. 2019, 244, 1419–1429. [CrossRef]

55. Kumari, A.; Shonibare, Z.; Monavarian, M.; Arend, R.C.; Lee, N.Y.; Inman, G.J.; Mythreye, K. TGFβ Signaling Networks in
Ovarian Cancer Progression and Plasticity. Clin. Exp. Metastasis 2021, 38, 139–161. [CrossRef]

56. Itatani, Y.; Kawada, K.; Sakai, Y. Transforming Growth Factor-β Signaling Pathway in Colorectal Cancer and Its Tumor Microenvi-
ronment. Int. J. Mol. Sci. 2019, 20, 5822. [CrossRef] [PubMed]

57. Cho, Y.-E.; Kim, J.-H.; Che, Y.-H.; Kim, Y.-J.; Sung, J.-Y.; Kim, Y.-W.; Choe, B.-G.; Lee, S.; Park, J.-H. Role of the
WNT/β-Catenin/ZKSCAN3 Pathway in Regulating Chromosomal Instability in Colon Cancer Cell Lines and Tissues.
Int. J. Mol. Sci. 2022, 23, 9302. [CrossRef] [PubMed]

58. Kumareswaran, R.; Ludkovski, O.; Meng, A.; Sykes, J.; Pintilie, M.; Bristow, R.G. Chronic Hypoxia Compromises Repair of DNA
Double-Strand Breaks to Drive Genetic Instability. J. Cell Sci. 2012, 125, 189–199. [CrossRef] [PubMed]

59. Kanthan, R.; Senger, J.-L.; Kanthan, S.C. Molecular Events in Primary and Metastatic Colorectal Carcinoma: A Review. Patholog.
Res. Int. 2012, 2012, 597497. [CrossRef]

60. Torres, E.M.; Sokolsky, T.; Tucker, C.M.; Chan, L.Y.; Boselli, M.; Dunham, M.J.; Amon, A. Effects of Aneuploidy on Cellular
Physiology and Cell Division in Haploid Yeast. Science 2007, 317, 916–924. [CrossRef]

61. Foijer, F.; DiTommaso, T.; Donati, G.; Hautaviita, K.; Xie, S.Z.; Heath, E.; Smyth, I.; Watt, F.M.; Sorger, P.K.; Bradley, A. Spindle
Checkpoint Deficiency Is Tolerated by Murine Epidermal Cells but Not Hair Follicle Stem Cells. Proc. Natl. Acad. Sci. USA 2013,
110, 2928–2933. [CrossRef]

62. Williams, B.R.; Prabhu, V.R.; Hunter, K.E.; Glazier, C.M.; Whittaker, C.A.; Housman, D.E.; Amon, A. Aneuploidy Affects
Proliferation and Spontaneous Immortalization in Mammalian Cells. Science 2008, 322, 703–709. [CrossRef]

https://doi.org/10.1093/jnci/djw199
https://doi.org/10.1038/s43018-021-00268-8
https://doi.org/10.1038/s41419-019-1662-6
https://www.ncbi.nlm.nih.gov/pubmed/31160555
https://doi.org/10.1038/s41388-018-0295-z
https://doi.org/10.1038/s41467-021-25529-z
https://www.ncbi.nlm.nih.gov/pubmed/34518527
https://doi.org/10.1053/j.gastro.2020.08.018
https://doi.org/10.1158/2159-8290.CD-20-0387
https://doi.org/10.1155/2011/918471
https://doi.org/10.1387/ijdb.072410mn
https://doi.org/10.1016/j.cell.2016.06.028
https://www.ncbi.nlm.nih.gov/pubmed/27368099
https://doi.org/10.1016/j.cell.2009.11.007
https://www.ncbi.nlm.nih.gov/pubmed/19945376
https://doi.org/10.1593/neo.08682
https://www.ncbi.nlm.nih.gov/pubmed/18953431
https://doi.org/10.1016/j.tcb.2020.07.003
https://www.ncbi.nlm.nih.gov/pubmed/32800658
https://doi.org/10.1073/pnas.1618215113
https://doi.org/10.1053/j.gastro.2013.05.011
https://doi.org/10.1093/hmg/ddaa076
https://doi.org/10.1177/1535370219881360
https://doi.org/10.1007/s10585-021-10077-z
https://doi.org/10.3390/ijms20235822
https://www.ncbi.nlm.nih.gov/pubmed/31756952
https://doi.org/10.3390/ijms23169302
https://www.ncbi.nlm.nih.gov/pubmed/36012568
https://doi.org/10.1242/jcs.092262
https://www.ncbi.nlm.nih.gov/pubmed/22266907
https://doi.org/10.1155/2012/597497
https://doi.org/10.1126/science.1142210
https://doi.org/10.1073/pnas.1217388110
https://doi.org/10.1126/science.1160058


Cells 2023, 12, 2712 13 of 15

63. Foijer, F.; Xie, S.Z.; Simon, J.E.; Bakker, P.L.; Conte, N.; Davis, S.H.; Kregel, E.; Jonkers, J.; Bradley, A.; Sorger, P.K. Chromosome
Instability Induced by Mps1 and P53 Mutation Generates Aggressive Lymphomas Exhibiting Aneuploidy-Induced Stress. Proc.
Natl. Acad. Sci. USA 2014, 111, 13427–13432. [CrossRef] [PubMed]

64. Ben-David, U.; Ha, G.; Tseng, Y.-Y.; Greenwald, N.F.; Oh, C.; Shih, J.; McFarland, J.M.; Wong, B.; Boehm, J.S.; Beroukhim, R.; et al.
Patient-Derived Xenografts Undergo Mouse-Specific Tumor Evolution. Nat. Genet. 2017, 49, 1567–1575. [CrossRef]

65. Pino, M.S.; Chung, D.C. The Chromosomal Instability Pathway in Colon Cancer. Gastroenterology 2010, 138, 2059–2072. [CrossRef]
[PubMed]

66. Addie, R.D.; Kostidis, S.; Corver, W.E.; Oosting, J.; Aminzadeh-Gohari, S.; Feichtinger, R.G.; Kofler, B.; Aydemirli, M.D.; Giera, M.;
Morreau, H. Metabolic Reprogramming Related to Whole-Chromosome Instability in Models for Hürthle Cell Carcinoma. Sci.
Rep. 2020, 10, 9578. [CrossRef] [PubMed]

67. Biswas, N.K.; Das, C.; Das, S.; Maitra, A.; Nair, S.; Gupta, T.; D’Cruz, A.K.; Sarin, R.; Majumder, P.P. Lymph Node Metastasis in
Oral Cancer Is Strongly Associated with Chromosomal Instability and DNA Repair Defects. Int. J. Cancer 2019, 145, 2568–2579.
[CrossRef]

68. Lu, C.; Mahajan, A.; Hong, S.-H.; Galli, S.; Zhu, S.; Tilan, J.U.; Abualsaud, N.; Adnani, M.; Chung, S.; Elmansy, N.; et al.
Hypoxia-Activated Neuropeptide Y/Y5 Receptor/RhoA Pathway Triggers Chromosomal Instability and Bone Metastasis in
Ewing Sarcoma. Nat. Commun. 2022, 13, 2323. [CrossRef]

69. Tan, Z.; Chan, Y.J.A.; Chua, Y.J.K.; Rutledge, S.D.; Pavelka, N.; Cimini, D.; Rancati, G. Environmental Stresses Induce Karyotypic
Instability in Colorectal Cancer Cells. Mol. Biol. Cell 2019, 30, 42–55. [CrossRef]

70. Vargas-Rondón, N.; Pérez-Mora, E.; Villegas, V.E.; Rondón-Lagos, M. Role of Chromosomal Instability and Clonal Heterogeneity
in the Therapy Response of Breast Cancer Cell Lines. Cancer Biol. Med. 2020, 17, 970–985. [CrossRef]

71. Sugaya, K. Chromosome Instability Caused by Mutations in the Genes Involved in Transcription and Splicing. RNA Biol. 2019,
16, 1521–1525. [CrossRef]

72. Panatta, E.; Butera, A.; Mammarella, E.; Pitolli, C.; Mauriello, A.; Leist, M.; Knight, R.A.; Melino, G.; Amelio, I. Metabolic
Regulation by P53 Prevents R-Loop-Associated Genomic Instability. Cell Rep. 2022, 41, 111568. [CrossRef]

73. Kuzyk, A.; Mai, S. C-MYC-Induced Genomic Instability. Cold Spring Harb. Perspect. Med. 2014, 4, a014373. [CrossRef]
74. Henriques, R.; Magyar, Z.; Monardes, A.; Khan, S.; Zalejski, C.; Orellana, J.; Szabados, L.; de la Torre, C.; Koncz, C.; Bögre, L.

Arabidopsis S6 Kinase Mutants Display Chromosome Instability and Altered RBR1-E2F Pathway Activity. EMBO J. 2010, 29,
2979–2993. [CrossRef] [PubMed]

75. Samper, E.; Nicholls, D.G.; Melov, S. Mitochondrial Oxidative Stress Causes Chromosomal Instability of Mouse Embryonic
Fibroblasts. Aging Cell 2003, 2, 277–285. [CrossRef] [PubMed]

76. Mishra, P.K.; Raghuram, G.V.; Panwar, H.; Jain, D.; Pandey, H.; Maudar, K.K. Mitochondrial Oxidative Stress Elicits Chromosomal
Instability after Exposure to Isocyanates in Human Kidney Epithelial Cells. Free Radic. Res. 2009, 43, 718–728. [CrossRef]

77. Goetz, E.M.; Shankar, B.; Zou, Y.; Morales, J.C.; Luo, X.; Araki, S.; Bachoo, R.; Mayo, L.D.; Boothman, D.A. ATM-Dependent IGF-1
Induction Regulates Secretory Clusterin Expression after DNA Damage and in Genetic Instability. Oncogene 2011, 30, 3745–3754.
[CrossRef] [PubMed]

78. Agustinus, A.S.; Al-Rawi, D.; Dameracharla, B.; Raviram, R.; Jones, B.S.C.L.; Stransky, S.; Scipioni, L.; Luebeck, J.; Di Bona, M.;
Norkunaite, D.; et al. Epigenetic Dysregulation from Chromosomal Transit in Micronuclei. Nature 2023, 619, 176–183. [CrossRef]

79. Baghban, R.; Roshangar, L.; Jahanban-Esfahlan, R.; Seidi, K.; Ebrahimi-Kalan, A.; Jaymand, M.; Kolahian, S.; Javaheri, T.; Zare, P.
Tumor Microenvironment Complexity and Therapeutic Implications at a Glance. Cell Commun. Signal. 2020, 18, 59. [CrossRef]
[PubMed]

80. Binnewies, M.; Roberts, E.W.; Kersten, K.; Chan, V.; Fearon, D.F.; Merad, M.; Coussens, L.M.; Gabrilovich, D.I.; Ostrand-Rosenberg,
S.; Hedrick, C.C.; et al. Understanding the Tumor Immune Microenvironment (TIME) for Effective Therapy. Nat. Med. 2018, 24,
541–550. [CrossRef]

81. Bizzarri, M.; Cucina, A. Tumor and the Microenvironment: A Chance to Reframe the Paradigm of Carcinogenesis? Biomed. Res.
Int. 2014, 2014, 934038. [CrossRef]

82. Mironchik, Y.; Winnard, P.T.J.; Vesuna, F.; Kato, Y.; Wildes, F.; Pathak, A.P.; Kominsky, S.; Artemov, D.; Bhujwalla, Z.; Van Diest,
P.; et al. Twist Overexpression Induces in Vivo Angiogenesis and Correlates with Chromosomal Instability in Breast Cancer.
Cancer Res. 2005, 65, 10801–10809. [CrossRef]

83. Adams, S.D.; Csere, J.; D’angelo, G.; Carter, E.P.; Romao, M.; Arnandis, T.; Dodel, M.; Kocher, H.M.; Grose, R.; Raposo,
G.; et al. Centrosome Amplification Mediates Small Extracellular Vesicle Secretion via Lysosome Disruption. Curr. Biol. 2021, 31,
1403–1416.e7. [CrossRef] [PubMed]

84. Xian, S.; Dosset, M.; Almanza, G.; Searles, S.; Sahani, P.; Waller, T.C.; Jepsen, K.; Carter, H.; Zanetti, M. The Unfolded Protein
Response Links Tumor Aneuploidy to Local Immune Dysregulation. EMBO Rep. 2021, 22, e52509. [CrossRef] [PubMed]

85. Davoli, T.; Uno, H.; Wooten, E.C.; Elledge, S.J. Tumor Aneuploidy Correlates with Markers of Immune Evasion and with Reduced
Response to Immunotherapy. Science 2017, 355, eaaf8399. [CrossRef] [PubMed]

86. Hayes, B.H.; Wang, M.; Zhu, H.; Phan, S.H.; Andrechak, J.C.; Chang, A.H.; Dooling, L.J.; Tobin, M.P.; Marchena, T.; Discher, D.E.
Chromosomal Instability Can Favor Macrophage-Mediated Immune Response and Induce a Broad, Vaccination-like Anti-Tumor
IgG Response. bioRxiv 2023. [CrossRef]

https://doi.org/10.1073/pnas.1400892111
https://www.ncbi.nlm.nih.gov/pubmed/25197064
https://doi.org/10.1038/ng.3967
https://doi.org/10.1053/j.gastro.2009.12.065
https://www.ncbi.nlm.nih.gov/pubmed/20420946
https://doi.org/10.1038/s41598-020-66599-1
https://www.ncbi.nlm.nih.gov/pubmed/32533088
https://doi.org/10.1002/ijc.32305
https://doi.org/10.1038/s41467-022-29898-x
https://doi.org/10.1091/mbc.E18-10-0626
https://doi.org/10.20892/j.issn.2095-3941.2020.0028
https://doi.org/10.1080/15476286.2019.1652523
https://doi.org/10.1016/j.celrep.2022.111568
https://doi.org/10.1101/cshperspect.a014373
https://doi.org/10.1038/emboj.2010.164
https://www.ncbi.nlm.nih.gov/pubmed/20683442
https://doi.org/10.1046/j.1474-9728.2003.00062.x
https://www.ncbi.nlm.nih.gov/pubmed/14570235
https://doi.org/10.1080/10715760903037699
https://doi.org/10.1038/onc.2011.92
https://www.ncbi.nlm.nih.gov/pubmed/21460853
https://doi.org/10.1038/s41586-023-06084-7
https://doi.org/10.1186/s12964-020-0530-4
https://www.ncbi.nlm.nih.gov/pubmed/32264958
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1155/2014/934038
https://doi.org/10.1158/0008-5472.CAN-05-0712
https://doi.org/10.1016/j.cub.2021.01.028
https://www.ncbi.nlm.nih.gov/pubmed/33592190
https://doi.org/10.15252/embr.202152509
https://www.ncbi.nlm.nih.gov/pubmed/34698427
https://doi.org/10.1126/science.aaf8399
https://www.ncbi.nlm.nih.gov/pubmed/28104840
https://doi.org/10.1101/2023.04.02.535275


Cells 2023, 12, 2712 14 of 15

87. Thorsson, V.; Gibbs, D.L.; Brown, S.D.; Wolf, D.; Bortone, D.S.; Ou Yang, T.-H.; Porta-Pardo, E.; Gao, G.F.; Plaisier, C.L.; Eddy,
J.A.; et al. The Immune Landscape of Cancer. Immunity 2018, 48, 812–830.e14. [CrossRef]

88. Jamal-Hanjani, M.; Wilson, G.A.; McGranahan, N.; Birkbak, N.J.; Watkins, T.B.K.; Veeriah, S.; Shafi, S.; Johnson, D.H.; Mitter, R.;
Rosenthal, R.; et al. Tracking the Evolution of Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2017, 376, 2109–2121. [CrossRef]

89. de Bruin, E.C.; McGranahan, N.; Mitter, R.; Salm, M.; Wedge, D.C.; Yates, L.; Jamal-Hanjani, M.; Shafi, S.; Murugaesu, N.; Rowan,
A.J.; et al. Spatial and Temporal Diversity in Genomic Instability Processes Defines Lung Cancer Evolution. Science 2014, 346,
251–256. [CrossRef]

90. Zhang, J.T.; Dong, S.; Ji, L.Y.; Zhou, J.Y.; Chen, Z.H.; Su, J.; Zhu, Q.G.; Wang, M.M.; Ke, E.E.; Sun, H.; et al. Intratumoral Genetic
and Immune Microenvironmental Heterogeneity in T4N0M0 (Diameter≥ 7 Cm) Non-Small Cell Lung Cancers. Thorac. Cancer
2022, 13, 1333–1341. [CrossRef]

91. Zhao, X.; Cohen, E.E.W.; William, W.N.J.; Bianchi, J.J.; Abraham, J.P.; Magee, D.; Spetzler, D.B.; Gutkind, J.S.; Alexandrov, L.B.;
Cavenee, W.K.; et al. Somatic 9p24.1 Alterations in HPV(-) Head and Neck Squamous Cancer Dictate Immune Microenvironment
and Anti-PD-1 Checkpoint Inhibitor Activity. Proc. Natl. Acad. Sci. USA 2022, 119, e2213835119. [CrossRef]

92. Schubert, M.; Hong, C.; Jilderda, L.J.; Rueda, M.R.; Tijhuis, A.E.; Simon, J.E.; Bakker, P.L.; Cooper, J.L.; Damaskou, A.; Wardenaar,
R.; et al. Cancer Tolerance to Chromosomal Instability Is Driven by Stat1 Inactivation in Vivo. bioRxiv 2021. [CrossRef]

93. Tripathi, R.; Modur, V.; Senovilla, L.; Kroemer, G.; Komurov, K. Suppression of Tumor Antigen Presentation during Aneuploid
Tumor Evolution Contributes to Immune Evasion. Oncoimmunology 2019, 8, 1657374. [CrossRef]

94. Pal, S.; Bhattacharjee, A.; Ali, A.; Mandal, N.C.; Mandal, S.C.; Pal, M. Chronic Inflammation and Cancer: Potential Chemopreven-
tion through Nuclear Factor Kappa B and P53 Mutual Antagonism. J. Inflamm. 2014, 11, 23. [CrossRef]
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