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Abstract

:

Simple Summary


Errors in the distribution of genetic information, contained in structures referred to as chromosomes, which are made up by DNA and proteins, during a cell division (mitosis) can cause developmental defects and contribute to malignant disease. To prevent the potentially detrimental consequences of unfaithful separation of chromosomes, or parts thereof, a process referred to as chromosomal instability (CIN), cells have developed different solutions. One such solution is the removal of chromosomally instable cells by suicide. This is achieved by the activation of a cell-intrinsic program, termed apoptosis. Lost cells are usually replenished by those that achieve the precise distribution of genetic information between daughter cells, in order to maintain a healthy balance in tissues (homeostasis). Mis-segregation of chromosomes reduces cellular fitness, e.g., due to accumulation of DNA damage during the process or imbalances in cellular protein levels arising from inheriting an uneven number of chromosomes (aneuploidy). All these events can trigger activation of the apoptosis machinery. Losing the ability to commit cellular suicide under such conditions can contribute to the rise of cancer, or foster drug-resistance in established tumours during treatment. Here, we discuss the mechanisms involved that promote cellular suicide in cells that show CIN or aneuploidy and how such cells may eventually manage to escape cell death.




Abstract


Aneuploidy is the gain or loss of entire chromosomes, chromosome arms or fragments. Over 100 years ago, aneuploidy was described to be a feature of cancer and is now known to be present in 68–90% of malignancies. Aneuploidy promotes cancer growth, reduces therapy response and frequently worsens prognosis. Chromosomal instability (CIN) is recognized as the main cause of aneuploidy. CIN itself is a dynamic but stochastic process consisting of different DNA content-altering events. These can include impaired replication fidelity and insufficient clearance of DNA damage as well as chromosomal mis-segregation, micronuclei formation, chromothripsis or cytokinesis failure. All these events can disembogue in segmental, structural and numerical chromosome alterations. While low levels of CIN can foster malignant disease, high levels frequently trigger cell death, which supports the “aneuploidy paradox” that refers to the intrinsically negative impact of a highly aberrant karyotype on cellular fitness. Here, we review how the cellular response to CIN and aneuploidy can drive the clearance of karyotypically unstable cells through the induction of apoptosis. Furthermore, we discuss the different modes of p53 activation triggered in response to mitotic perturbations that can potentially trigger CIN and/or aneuploidy.
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1. Introduction


The faithful and uniform distribution of genomic information into newly emerging daughter cells during mitosis poses several challenges. Multiple complex processes are involved in fulfilling this task. Starting from correct and complete DNA duplication in S-phase, timed entry from G2 into M-phase, chromosome condensation, formation of a mitotic spindle and the attachment of chromosomes, their separation and cell division (cytokinesis), all these processes bear the risk for errors that endanger genome integrity. Hence, cell cycle progression involves passage through multiple checkpoints that prevent chromosome segregation errors and structural CIN. When these checkpoints cannot be satisfied, different fail-safe mechanisms kick in, which prevent the loss of genome integrity at various levels. Here, we aim to review the established links between the cell cycle and apoptotic cell death machinery in response to delayed mitosis, chromosome alterations or defective cytokinesis, acting as a barrier to malignant transformation and therapy-resistance. We emphasize here, that the induction of apoptosis is not the only event that can limit the spread of CIN and aneuploidy in a vulnerable cell population, as the stochastic nature of the process may directly interfere with oncogenic signalling.




2. Mitotic Surveillance by the Spindle Assembly Checkpoint


The major cellular signalling complex guarding against numerical CIN during cell division is the mitotic spindle assembly checkpoint (SAC). The SAC prevents cell cycle progression into anaphase by inhibiting the anaphase-promoting complex/cyclosome (APC/C) E3 ubiquitin ligase complex from engaging its critical coactivator, CDC20. Induction of metaphase to anaphase transition is mediated by APC-dependent ubiquitination and degradation of securin and Cyclin B1, leading to a loss of cyclin dependent kinase (CDK1) activity and separase activation, allowing separation of sister chromatids and mitotic exit. The SAC involves several proteins, first and foremost those that comprise the mitotic checkpoint complex (MCC). The MCC includes MAD2 (mitotic arrest deficient 2) and the mitotic checkpoint proteins BUB3 and BUBR1 that sequester CDC20 away from the APC, thereby preventing the degradation of its mitotic substrates [1]. Importantly, for proper SAC function all proteins have to work in conjunction to induce mitotic arrest when a single kinetochore remains unattached [1]. When the SAC is activated, cells have three possibilities to respond. Cells can either die in mitosis, eventually complete cell division with severe delays (which can lead to chromosomal mis-segregation and CIN), or undergo mitotic slippage into the next interphase without completing cytokinesis. In the latter scenario, cellular or nuclear ploidy as well as the centrosome number increase [2,3,4]. Consequences of polyploidization are discussed towards the end of this review. For a more detailed description of the spindle assembly checkpoint, we refer the reader to excellent reviews on this topic [1,5]. Here, we focus on the connections between the SAC and the mitochondrial pathway of apoptosis.




3. Preventing CIN by the Induction of Apoptosis


3.1. Mitotic Arrest and Apoptosis


In general, cell death during extended mitotic arrest is executed along the intrinsic aka mitochondrial apoptosis pathway (Figure 1). Mitochondrial apoptosis is a highly regulated and largely non-inflammatory cellular suicide program that is executed by the BCL2 protein family, regulating organogenesis, tissue homeostasis and self-tolerance [6,7]. The BCL2 protein family consists of pro-survival proteins (BCLX, BCL2, MCL1, A1/BFL1, BCLB), pro-apoptotic BH3-only proteins (BIM, PUMA, NOXA, BID, BAD, BIK, BMF, HRK) and pro-apoptotic effector proteins (BAX, BAK1, BOK) [7,8]. In steady-state conditions, these proteins balance each other in their activity, but upon stress apoptotic trigger translate into the activation of pro-apoptotic BAX (BCL2-associated X protein) and BAK1 (BCL2 antagonist 1). This can be achieved by transcriptional activation of BH3-only proteins, post-transcriptional mRNA accumulation or different post-translational modifications allowing them to effectively bind and neutralize pro-survival proteins, or activate BAX/BAK directly [9]. Pro-survival proteins themselves can also be repressed, post-translationally modified or degraded, tilting the balance towards apoptosis execution [9]. For more detailed information on this topic we would like to refer the interested reader to the following excellent reviews [10,11]. BAX and BAK dimerization is considered the nucleating event, driving the assembly of mixed higher oligomeric structures and pore formation in the MOM (mitochondrial outer membrane) [12,13]. Upon mitochondrial outer membrane permeabilization (MOMP), cytochrome c release enables apoptotic peptidase activating factor 1 (APAF-1) to oligomerize, triggering the recruitment of pro-caspase-9 and its activation within the “apoptosome”. Ultimately, this results in a proteolytic cascade involving additional members of the caspase family (caspase-3, caspase-7), which are cysteine-dependent aspartate-specific proteases, executing this form of regulated cell death [14,15].



As mentioned, mitotic arrest following lack or faulty attachments of sister-chromatids to kinetochores depends on the inhibition of Cyclin B1 degradation [1]. Nevertheless, Cyclin B1 is degraded slowly by non-canonical APC activity in the absence of CDC20 [16]. When Cyclin B1 levels fall below a critical level, cells may eventually slip out of mitotic arrest, despite the SAC not being satisfied [16]. To prevent chromosome mis-segregation and slippage, apoptosis can be induced when caspase activity exceeds a certain threshold within this timeframe. However, the kinetics of caspase activation appear quite heterogeneous when comparing different cell types and cell lines [2]. These observations have been the basis of the competing network hypothesis [17], where the BCL2-regulated caspase activation or APC-mediated Cyclin B degradation pathways are kick-started in parallel, deciding the cell’s fate, which can be either death in mitosis or mitotic slippage [2,17,18]. While APC appears to display a constitutive low level activity in mitosis, the net balance of the BCL2 network needs to be tilted towards MOMP to trigger caspase-activation so that apoptosis can be induced [9]. To this end, CDK1, which forms a complex with Cyclin B1 during mitosis, is able to phosphorylate pro-survival proteins BCL2 (B-cell CLL/Lymphoma 2) and BCLX (B-cell lymphoma extra-large) [19]. Similarly, MCL1 (myeloid cell leukaemia sequence 1) is also targeted by CDK1 and this post translational modification affects its speed of degradation by the proteasome [20,21,22,23]. As such, MCL1 levels influence the time cells arrest in mitosis and can be considered as a “molecular timer” [24]. Multiple studies suggest that MCL1 degradation is the critical driving force in mitotic cell death, aided by NOXA/PMAIP (Phorbol-12-myristate-13-acetate-induced protein 1), a BH3-only protein with a high binding preference for MCL1 [7]. Physical MCL1/NOXA interaction drives degradation of MCL1, which lowers the threshold to mitotic cell death by unshackling pro-apoptotic protein BIM. This can be neutralized by interaction with MCL1, allowing MOMP [25,26]. Multiple E3 ligases, including the APC/C itself, SCFβ-TrCP, MULE/HUWE1 or SCFFBW7, have been implicated in MCL1 turnover, and also during mitotic arrest [20,22,27]. In addition, we noted that degradation of MCL1/NOXA is co-regulated by the mitochondria-residing E3-ligase MARCH5 (membrane-associated ring finger 5), and that lack of MARCH5 sensitizes cancer cells to microtubule targeting agents [28]. Similarly, when interfering with mitosis by depletion of CHAMP1 (chromosome alignment maintaining phosphoprotein), a protein which participates in microtubule attachment to kinetochores [29], cells showed an increase in CIN and cell death. Although CHAMP1-dependent MCL1 stabilization was also not specific for M-phase, increased mitotic cell death was observed upon its depletion [30], similar to findings made upon MARCH5 depletion [28].



While the MCL1/NOXA/BIM axis appears to be most critical to remove mitotically arrested cells as a barrier against CIN in multiple epithelial cancer cell lines [25,26], the BH3-only protein BMF (BCL2 modifying factor), originally described to be a regulator of anoikis [31], was suggested to contribute to death in mitosis of human dermal fibroblasts. When entering mitosis, BMF expression is limited by binding to FOXM1 (forkhead box protein M1) transcription factor [32]. Additionally, FOXM1 upregulates Cyclin B transcription to aid mitotic entry [33]. Upon reduction of FOXM1 expression, cells tend to die in mitosis as BMF repression is alleviated [32]. Furthermore, FOXM1 is repressed by p53 upon DNA damage [34,35]. As deficiency of FOXM1 [33] can lead to chromosomal mis-segregation, we can speculate that the described effects may be a consequence of DNA damage, triggering p53 dependent cell death.



The BH3-only protein BID (BH3-interacting domain death agonist) and BAD (BCL2-associated agonist of cell death) [36,37] have also been implicated in mitotic cell death. While the contribution of BAD was only noted upon overexpression, questioning physiological relevance, phosphorylation of BID on serine 66 early upon mitotic entry appears to facilitate its translocation to the mitochondria and priming in colon cancer cell lines, rendering these cells more prone to cell death upon paclitaxel treatment [36]. The kinase responsible for this phosphorylation event remains to be identified.



Activation of BAX and BAK1 are actually thought to be the last BCL2 family members involved in the events promoting apoptosis execution in mitosis. However, recently it has been suggested that they are not simply downstream effectors, waiting for upstream signals to be integrated, but that they play an active role in mitotic cell death by facilitating CDK1-mediated phosphorylation of pro-survival proteins [38]. BAX, and to a lesser degree BAK1, appear to be able to interact with CDK1, targeting it to the outer mitochondrial membrane where it can phosphorylate BCL2 and BCLX to facilitate apoptosis [38]. Phosphorylation of both BCL2 and BCLX is reduced in BAX/BAK double mutant cells. The increased potential of BAX to shuttle CDK1 to the mitochondrial outer membrane (MOM) compared to BAK can be explained by the fact that BAX actually constantly targets mitochondria, but upon insertion into the MOM it is retro-translocated back into the cytosol by interaction with BCLX [39]. It remains to be seen whether phosphorylation of BCLX by CDK1 reduces its capacity to shunt BAX back into the cytosol, leading to its accumulation at the MOM and pore-formation.



It remains difficult to predict if cells slip or undergo apoptosis in situ when they experience mitotic delays. Moreover, although MOMP is frequently seen as a point of no return in apoptosis signalling, not all cells die after caspase activation. In fact, limited MOMP, referred to as minority MOMP, has been shown to lead to genomic instability by the activation of caspase-activated DNase (CAD) [40]. It is worth mentioning that limited caspase activation-induced CAD activity can cause DNA damage specifically at telomeres in mitosis. Protection of telomeres by TRF2 (telomeric repeat binding factor 2) is lost during this process, leading to a DNA-damage response and p53 activation [41,42,43]. Loss of TRF2 sensitises cells to mitotic cell death [44]. However, some cells may still slip into the next interphase, which may be aided by TRF2 overexpression. The consequences of a subsequent G1 arrest after slippage will be discussed further below.




3.2. Mitotic Arrest, Metabolism and Mitophagy


One feature frequently linked to mitochondrial quality control, and in tuning mitochondrial cell death, is mitophagy, the clearance of superfluous or damaged mitochondria by autophagy [45]. During mitosis, mitochondria are divided and distributed equally within the daughter cells, a process regulated by the GTPase DRP1 (dynamin-related protein 1), which is phosphorylated and activated by CDK1 during mitosis [46]. In HeLa cells, silencing of DRP1 by siRNA led to a vast increase in cell death during mitotic arrest, accompanied by an increase in mitophagy [47]. Additionally, in a lung adenocarcinoma xenograft model, tumour proliferation decreased upon inhibition of DRP1 [48]. In both cases, the effects noted did not seem to be linked to the fission-promoting function of DRP1, but may be a consequence of corrupted mitochondrial metabolism, as mitosis is highly energy consuming. When entering mitosis, CDK1 tunes cellular metabolism that becomes highly dependent on mitochondrial respiration. A fraction of Cyclin B/CDK1 can be found in the mitochondrial matrix and phosphorylate components of complex I of the respiratory chain [49]. During extended mitotic arrest, mitochondria are cleared by mitophagy and glycolysis becomes the main energy source for ATP production. This response depends on AMPK (AMP-activated protein kinase) and PFKFB3 [6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3) ramping up glycolysis for survival [50,51]. Of note, glucose-deprivation may again promote cell death by engaging the BH3-only protein NOXA [52]. As such, it can be hypothesized that loss of mitochondria via mitophagy as well as inhibition of glycolysis should render cells more susceptible to mitotic inhibitors during cancer therapy.



Another metabolism-regulating target of CDK1 and AMPK during mitosis is RAPTOR (regulatory associated protein of mTOR), which is phosphorylated during mitosis, suppressing its activity [53,54]. RAPTOR forms a complex with mTOR called mTORC1 (mammalian TOR complex). The TOR (target of rapamycin) kinase pathway plays an essential role in nutrient response, cell growth and proliferation [55]. Although mitosis is a highly nutrient dependent process, mTORC1 levels are generally low, as mTOR per se does not seem to be necessary for mitotic progression or during prolonged mitotic arrest [56]. mTORC1 is inhibited by RAPTOR phosphorylation on multiple sides [53]. Nevertheless, expression of a RAPTOR phosphorylation mutant in HeLa cells prevented the loss of mTORC1 and cells were less prone to cell death during prolonged mitosis. Cell survival was secured by an increase in anti-apoptotic BCLX levels and a decrease in PDCD4 (programmed cell death protein 4). This suggests that cells able to sustain mTORC1 function in M-phase may be more likely to slip after mitotic arrest, and that mTORC1 downregulation during mitosis may be essential for impeding CIN [56]. Dual mTORC1/2 inhibition is currently under investigation in combination with paclitaxel in high-grade serous ovarian carcinomas which carry MYC amplifications [57].





4. Cell Death or Survival in Response to CIN—All about Bribing p53?


p53 is one of the most studied proteins and the plethora of its effector functions apparently needed for active tumour suppression have clouded its precise mode of action. Identification of relevant transcriptional outputs is challenging and the existence of multiple p53 isoforms as well as interaction partners make therapeutic exploitation of our vast knowledge difficult [58,59]. As the modalities and consequences of p53 activation differ substantially between cell types and tissues, many studies limit themselves to using p53 activation as a surrogate readout for tumour suppression, senescence or cell death initiation [59,60,61]. Notably, multiple different pathways leading to p53 that are critical to preventing CIN and aneuploidy have been characterised in recent years (Figure 2).



4.1. p53 Activation Due to Chromosomal Mis-Segregation


p53 plays a major role in the DNA damage response and can promote cell death. There is a clear correlation between aneuploidy and Tp53 mutations across cancers [62,63] and it has been shown that deletion of p53 promotes aneuploidy induction [51,64], whereas aneuploidies do not unequivocally lead to p53 activation [65]. Therefore, p53 seems to play a major role in restraining or eliminating cells with a high rate of CIN. Activation of p53 is likely not due to aneuploidy per se. Instead, events preceding aneuploidy lead to a p53 response and p21-dependent cell cycle arrest in the next G1 phase. DNA damage, as a consequence of chromosomal mis-segregation, DNA-double-stranded breaks or micronuclei formation, and chromothripsis are contributing [66,67,68]. When lagging in mitosis, entire chromosomes, or bigger chromosomal fragments, are initially sealed in separate micronuclei. Micronuclear membranes, however, often lack lamin B or nuclear pores, are prone to rupture, and, upon re-entering S-phase, massive DNA damage is acquired. The latter can be due to insufficiency in DNA building blocks or relevant enzymes. Additionally, those chromosomes can potentially rearrange upon micronuclear breakdown, a phenomenon called chromothripsis [68,69,70]. Both micronuclear envelope breakdown and chromothripsis can induce p53, but also sterile inflammation (see below).



Interestingly, Histone H3.3Ser31 phosphorylation on lagging chromosomes during anaphase can also trigger p53-dependent G1 arrest upon chromosomal mis-segregation in the absence of DNA damage [71]. Precisely how aneuploid G1 cells that carry serine phosphorylated H3.3 can activate p53 remains to be established. It will be interesting to test if the somatic mutations in H3.3. found in paediatric glioblastoma patients functionally interfere with this type of aneuploidy checkpoint [72,73]. The consequences of p53 activation beyond p21 induction in such cells also needs to be established, but defective cell death pathway engagement may contribute to the rise of MYCN amplified malignant disease.




4.2. P53 Activation in Light of Numerical CIN-Induced Protein Imbalance


Protein aggregation leads to an overflow of proteins at the endoplasmic reticulum (ER) and consequently insufficient protein folding. ER stress initiates a number of signalling events culminating in the unfolded protein response (UPR). The UPR adjusts protein load within the cell by inhibiting ribosomal translation, giving way to more sufficient protein folding [74,75].



In budding yeast, aneuploidy-induced protein aggregation, either due to imbalance of protein complex stoichiometries or poor lysosomal aggregate clearance, leads to proteotoxic stress and proliferation defects. This phenotype is random and not dependent on the accumulation of specific chromosomes or the total number of aneuploid chromosomes [76,77,78]. In mammalian cells, the UPR is strongly interconnected with autophagy. Global transcriptome and proteome analysis in human HCT116 and RPE1 cell lines harbouring extra chromosomes have shown that autophagy is induced in a p62 (sequestosome1; ubiquitin-binding protein p62) specific manner [79]. Additionally, upon numerical CIN induced by SAC inhibition, HeLa cells showed high levels of ER stress and concomitant autophagy induction depending on p62 [80]. P62 acts as a cargo receptor for non-functional proteins that become ubiquitinated and further associates itself with LC3 (microtubule associated light chain 3) to ensure formation of the autophagosome, its conjugation with lysosomes and autophagolysosomal degradation [81,82]. It was also shown that p53 induction accompanies the UPR and p62 enrichment in those cells. The modalities leading to p53 stabilization in this setting were not explored, but may involve PERK mediated alternative start site activation in the p53 gene locus, or sequestration of MDM2 by ribosomal proteins [83]. As a result, cells died by apoptosis upon protein accumulation in a dose-dependent manner [80], further underlining the interaction between aneuploidy, autophagy and the apoptotic machinery. Induction of apoptosis in the context of ER stress has been linked to the BCL2 family proteins BIM and PUMA [84], but a role for these proteins in eliminating aneuploid cells experiencing ER stress remains to be established.



Interestingly, although drugs causing proteotoxic stress lead to p53 activation and apoptosis in trisomic MEFs (mouse embryonic fibroblasts), the same drugs showed antiproliferative effects on aneuploid cell lines independent of p53 mutation status [85]. Nevertheless, DNA damage induced by doxorubicin increased autophagy and cell death in trisomic ES cells (embryonic stem cells) and cell death was alleviated by the inhibition of autophagy [86], suggesting interconnection of these pathways. Recently, Singla et al. reported that, in mouse embryos, aneuploidy induced by SAC inhibition leads to apoptotic cell death of aneuploid cells in the epiblast during early embryogenesis, and that removal of aneuploid cells triggered compensatory proliferation of diploid cells [87]. Both p53 and LC3 were found to be upregulated in aneuploid embryos, while Bcl2 mRNA levels were reduced, limiting proliferation of those cells. Inhibition of p53 resulted in decreased activation of autophagy, whereas inhibition of autophagy had no influence on p53 mRNA levels. This suggests an interconnection between p53 and autophagy rather than two events occurring in parallel, as here p53 activation due to aneuploidy triggers autophagy and this drives elimination of aneuploid cells by apoptosis [87]. While the induction of autophagy in aneuploid cells appears as a more general response, the requirement for p53 in this process differs, as upon chromosomal mis-segregation in RPE1 cells, lysosomal activation was comparable between p53-proficient and deficient cells [88]. Although certain facts point to a possible p53-dependent activation of autophagy in response to CIN and aneuploidy, more work needs to be carried out to demonstrate a direct interaction and to dissect the effectors of cell death involved in the elimination of aneuploid cells that engage autophagy prior to apoptosis.




4.3. P53 Activation Due to Delayed Mitotic Progression


Cells experiencing delays passing through mitosis, e.g., caused by delayed satisfaction of the SAC or due to defects in centriole biogenesis, also induce a p53 response when entering the next G1 phase. While in cell line studies p21-induced cell cycle arrest appears the primary response to centriole loss, acentriolar mitoses caused by spindle assembly abnormal 4 (SAS-4) deletion promote apoptosis in the developing mouse embryo [89,90]. Importantly, p53 activation appeared to be independent of DNA damage, suggesting the existence of a “centrosome surveillance” pathway to limit the growth or survival of cells that experience errors in the centrosome duplication cycle [89,90]. Loss of centrioles interferes with mitotic timing [90,91] and an early study also reported the phenomenon that a prolonged prometaphase blocks proliferation, suggesting the existence of a “mitotic stop watch” [92]. Three studies eventually provided a mechanistic explanation for how p53 becomes activated in cells that experience mitotic delays, independent of the type of perturbation [93,94,95]. In one of those, a CRISPR-based genetic screen identified 53BP1 and the deubiquitinase USP28, along with the E3 ligase TRIM37, as key regulators of p53 stabilisation upon centriole depletion and acentriolar proliferative capacity, respectively [94]. Here, 53BP1 appears to act independently of DNA damage and exerts a scaffold function, allowing interaction of p53 with USP28 that antagonizes MDM2-regulated ubiquitination [95]. How 53BP1 is activated in order to exert its function in the mitotic surveillance pathway remains to be fully established but a role for polo-like kinase 1 (PLK1) (https://doi.org/10.1101/2022.11.14.515741, accessed on 1 December 2022) and p38MAPK kinase signalling have been proposed [92,96].



The apoptosis-inducing potential of p53 in this response has been best documented in early embryogenesis, where loss of SAS-4, abrogating centriole biogenesis, causes premature lethality in utero. Co-deletion of USP28, however, allows embryogenesis to proceed significantly further [97]. Similarly, loss of USP28 can rescue neuronal progenitor cells from p53-induced apoptosis in mice that carry mutations found in patients developing microcephaly due to defects in centriole biogenesis that also cause mitotic delays [98]. Upon DNA damage, p53 is able to directly target pro-apoptotic BCL2 proteins, mostly PUMA (p53 upregulated modulator of apoptosis), NOXA and BAX, leading to MOMP, cytochrome c release and the induction of the apoptotic cascade [99]. How p53 actually triggers cell death in the context of the mitotic surveillance pathway has not been addressed, but hematopoietic cells appear to prefer cell death initiation over cell cycle arrest upon PLK4 inhibition (personal observations). As such, targeting USP28 in cancer, with the aim to block its role in DNA repair function, may become a boomerang as it may allow the survival of cells prone to CIN after experiencing delays in mitosis. Moreover, loss of p53 cannot fully restore embryonic development in SAS-4 mutant mice [97], suggesting alternative players to be involved in removing cells facing CIN and at risk for aneuploidy in response to mitotic delays. Finally, while loss of the 53BP1-USP28-p53-p21 axis allowed for the outgrowth of cells facing centrosome loss [95], it did not seem to be involved in limiting the growth of cells that experience cytokinesis failure or centrosome amplification after slippage [94].




4.4. p53 Activation by Extra Centrosomes


Accumulating evidence suggests that mitotic slippage (discussed in the context of prolonged SAC activation above), as well as failed cytokinesis, e.g., due to lagging chromosomes or persisting DNA bridges, greatly contribute to the emergence and evolution of cancer cells by promoting polyploidy and a concomitant numerical centrosome amplification. This paves the way for CIN and aneuploidy, which are prominently featured in many cancers. The increase in centrosome number disrupts the organization of the mitotic spindle and bipolar chromosomal segregation. Notably, if mitosis is allowed to proceed in a cell with supernumerary centrosomes, this can result in the formation of a pseudo-bipolar spindle due to the clustering of centrosomes. Mis-attached chromatids lead to chromosome mis-segregation, and this process yields two aneuploidy daughter cells with a variable number of centrosomes. Alternatively, scattered supernumerary centrosomes can lead to a multipolar anaphase. Due to the formation of multiple cleavage furrows, the resulting daughters display a high degree of aneuploidy and are rarely viable. The importance of centrosome number surveillance as an onco-suppressive mechanism is clearly highlighted by the high number of aberrant karyotypes found in tumours [100,101,102].



Previous research has shown that, in the presence of supernumerary centrosomes, cells activate a multi-protein complex called the PIDDosome, which prevents cells from re-entering the cell cycle [103]. Fava et al. demonstrated that the PIDDosome acts as a sensor for the centrosome number, thus controlling ploidy levels in mammalian cells [104]. The PIDDosome comprises the death-domain (DD) containing proteins PIDD1 (P53-Induced Death Domain Protein 1) and RAIDD (RIP-Associated ICH1/CED3-Homologous Protein with Death Domain), as well as Caspase-2, an aspartate-specific endopeptidase [105]. Upon assembly, the PIDDosome facilitates proximity-induced dimerization and autoproteolytic activation of Caspase-2. Several lines of evidence suggest that activated Caspase-2 can contribute to apoptosis and cell cycle arrest in the context of different mitotic perturbations [106,107,108], but its link to centrosome surveillance appears most robust, thus also establishing a link to its reported role as a tumour suppressor wherein it may act by removing aneuploid cells [109,110,111].



Interaction of PIDD1 with extra mature centrosomes, mediated by the distal appendage protein, ANKRD26, promotes PIDDosome assembly in polyploid cells after cytokinesis failure [112]. As a result, Caspase-2 starts cleaving its substrates, most notably MDM2, an E3 ubiquitin ligase that acts as a negative regulator of p53. This leads to p53 stabilization and the transcription of p53 target genes, including p21, facilitating cell cycle arrest and preventing the outgrowth of polyploid cells and the onset of CIN [104,113]. As with loss of p21, cells deficient of any of the PIDDosome components display impaired cell cycle arrest after cytokinesis failure, establishing a clear link between the acquisition of multiple centrosomes and a p53-dependent cell cycle arrest in cancer cells forced to fail cytokinesis, and in primary hepatocytes undergoing scheduled cytokinesis failure [104,114].



Beyond its role to facilitate cell cycle arrest in a PIDDosome dependent manner, Caspase-2 has frequently been reported to engage MOMP and thus induce apoptosis, e.g., in response to DNA damage or spindle poisons [106,107,108]. Whether Caspase-2 can clear cells with extra centrosomes has not been addressed. How Caspase-2 promotes MOMP has also been a matter of debate [108,115]. Notably, it has previously been reported that Caspase-2 is able to cleave the BCL2 family protein BID to its truncated, pro-apoptotic form tBID [107,116]. However, the substrate specificity of Caspase-2 for BID is low and primary cells from Caspase-2 deficient mice do not display severe apoptotic defects after mitotic perturbations [117]. While evidence accumulates that Caspase-2 might act as a barrier against numerical CIN in cells with extra centrosomes, the mechanistic details remain to be elucidated.





5. Preventing the Spread of CIN by Sterile Inflammation


Chromosome mis-segregation associates with micronuclei formation. Due to reduced stability of Lamin B in the nuclear envelope wrapping chromosomes that fail to integrate in the main nucleus, dsDNA becomes detectable in the cytoplasm [118,119]. cGAS (cyclic GMP-AMP synthase) binds cytosolic DNA, leading to the generation of a second messenger cyclic dinucleotide, cGAMP (cyclic guanosine monophosphate—adenosine monophosphate), which binds to STING (stimulator of interferon genes). Although it is an evolutionary conserved pathway against viral or bacterial invasion, DNA-binding of cGAS is not sequence specific and hence not limited to dsDNA from pathogens [120,121]. For cGAS-STING activation, size matters, as more cytosolic DNA leads to a stronger inflammatory response [122]. Additionally, STING can trigger apoptosis in certain cell types directly [123], as well as engaging senescence [124], while initiation of apoptosis itself may again amplify immunologic recognition in a cGAS/STING-dependent manner via mitochondrial DNA (mtDNA) release into the cytosol [12]. Hence, CIN is a very potent trigger of STING-dependent inflammation, and RPE1 cells did show a differing immune response gene pattern after chromosomal mis-segregation, when compared to cells arrested due to DNA damage [125]. Of note, aneuploid cells arrested in G1-phase show an upregulation of cell surface ligands, increasing immunological visibility, rendering these cells more susceptible to NK-cell (natural killer cell) attack. In co-culture systems, aneuploid cells were rapidly eliminated. Contrary to that, euploid cells did not show increased cell death [125].



Spinning the ball back to an earlier topic, there also seems to be a connection between cGAS-STING activation and autophagy. It would be easy to conclude that both pathways are independently activated in response to aneuploidy, but autophagy also appears to be required to dispose of cGAS-activating dsDNA to switch off the signal [126]. Additionally, Krivega et al. showed that, in constitutively trisomic cell lines, upon deletion of cGAS and STING, the expression of TFEB (transcription factor EB), which is the master regulator of lysosomal biogenesis, and its target genes (LC3, p62, LAMP2) were reduced, when compared with diploid cells. The same results could be shown in trisomic human embryonic fibroblasts, suggesting that cGAS-STING is not only responsible for the induction of inflammation after CIN, but also transcriptionally upregulates autophagy in response to aneuploidy, as shown in cells from humans with Down syndrome [127].



Since this inflammatory response to aneuploidy and CIN seems to be genoprotective, e.g., by fostering NK cell recognition, it is puzzling that cGAS and STING, while often lowly expressed in cancer cell lines, are rarely mutated (<1%) in cancer [128]. This is consistent with recently published data, documenting that patient-derived triple negative breast cancers exhibiting high CIN showed higher cGAS activity. Additionally, they were more likely to form metastasis than those with low CIN. Interestingly, STING-dependent NF-κB signaling seemed to positively affect tumour metastasis. Depletion of STING or NF-κB inhibition limited metastatic capacity, while in cancers with low CIN the addition of cGAMP improved metastasis capacity [129]. Upon deletion of cGAS using CRISPR-Cas9 or upon chemical inhibition of cGAS, several human and mouse breast cancer cell lines (BT594, 4T1) showed higher rates of apoptosis upon chromosomal mis-segregation. The same was true for STING inhibition, in line with NF-κB signalling inducing the expression of several pro-survival proteins, e.g., within the BCL2 family. In vivo tumour growth of the chromosomally instable murine 4T1 breast cancer cells was clearly reduced when lacking cGAS or STING [130], indicating that STING activation in the context of CIN is not onco-protective per se. These data urge caution for the use of STING agonists in the context of cancer therapy.




6. Conclusions and Outlook


The role of CIN and aneuploidy in cancer formation and evolution is firmly established. The relevance of apoptosis or other cell death modalities as a barrier against CIN or the removal of aneuploid cells, as compared to the induction of cell cycle arrest and senescence, is less clear. Moreover, while multiple pathways have been delineated that lead to p53 activation in response to CIN and aneuploidy, its outcome has mostly been investigated in model cell lines. The ability of p53 to induce cell cycle arrest (targeting p21) or cell death (targeting PUMA, NOXA) for tumour suppression in vivo, however, has been challenged in its importance [59]. This begs the question: are we looking in the right direction? Clearly, it remains to be seen if all routes of p53 activation subsequent to CIN lead to the same transcriptional core signature, canonical apoptosis or inflammatory outcome in different cell types and tissues. Anecdotal evidence of a direct pro-apoptotic role of p53 on mitochondria deserves mentioning in this context [131]. The long-lasting conundrum as to why different cell types elicit different cell fates in response to p53 activation is still largely unanswered. Advances in sequencing technologies, high-resolution and live-cell imaging approaches will shed light about the plasticity of the responses that limit CIN and aneuploidy at the cellular and organism-wide level.
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	p53 binding protein 1



	APC/C
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	BCL2
	B-cell CLL/Lymphoma 2



	BID
	BH3-interacting domain death agonist
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	B-cell CLL/Lymphoma 2



	LC-3
	microtubule associated light chain 3



	MCL1
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	mTORC1
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	Phorbol-12-myristate-13-acetate-induced protein 1



	P62
	sequestosome1; ubiquitin-binding protein p62



	RAPTOR
	regulatory associated protein of mTOR



	STING
	stimulator of interferon genes



	TOR
	target of rapamycin



	UPR
	unfolded protein response



	USP28
	ubiquitin specific protease 28







References


	



Musacchio, A.; Salmon, E.D. The spindle-assembly checkpoint in space and time. Nat. Rev. Mol. Cell Biol. 2007, 8, 379–393. [Google Scholar] [CrossRef] [PubMed]

	



Gascoigne, K.E.; Taylor, S.S. Cancer cells display profound intra- and interline variation following prolonged exposure to antimitotic drugs. Cancer Cell 2008, 14, 111–122. [Google Scholar] [CrossRef] [PubMed]

	



Rieder, C.L.; Maiato, H. Stuck in division or passing through: What happens when cells cannot satisfy the spindle assembly checkpoint. Dev. Cell 2004, 7, 637–651. [Google Scholar] [CrossRef] [PubMed]

	



Weaver, B.A.; Cleveland, D.W. Decoding the links between mitosis, cancer, and chemotherapy: The mitotic checkpoint, adaptation, and cell death. Cancer Cell 2005, 8, 7–12. [Google Scholar] [CrossRef]

	



Lara-Gonzalez, P.; Westhorpe, F.G.; Taylor, S.S. The spindle assembly checkpoint. Curr. Biol. 2012, 22, R966–R980. [Google Scholar] [CrossRef]

	



Tuzlak, S.; Kaufmann, T.; Villunger, A. Interrogating the relevance of mitochondrial apoptosis for vertebrate development and postnatal tissue homeostasis. Genes Dev. 2016, 30, 2133–2151. [Google Scholar] [CrossRef]

	



Czabotar, P.E.; Lessene, G.; Strasser, A.; Adams, J.M. Control of apoptosis by the BCL-2 protein family: Implications for physiology and therapy. Nat. Rev. Mol. Cell Biol. 2014, 15, 49–63. [Google Scholar] [CrossRef]

	



Cory, S.; Adams, J.M. The Bcl2 family: Regulators of the cellular life-or-death switch. Nat. Rev. Cancer 2002, 2, 647–656. [Google Scholar] [CrossRef]

	



Haschka, M.; Karbon, G.; Fava, L.L.; Villunger, A. Perturbing mitosis for anti-cancer therapy: Is cell death the only answer? EMBO Rep. 2018, 19, e45440. [Google Scholar] [CrossRef]

	



Kalkavan, H.; Green, D.R. MOMP, cell suicide as a BCL-2 family business. Cell Death Differ. 2018, 25, 46–55. [Google Scholar] [CrossRef]

	



Singh, R.; Letai, A.; Sarosiek, K. Regulation of apoptosis in health and disease: The balancing act of BCL-2 family proteins. Nat. Rev. Mol. Cell Biol. 2019, 20, 175–193. [Google Scholar] [CrossRef] [PubMed]

	



Cosentino, K.; Hertlein, V.; Jenner, A.; Dellmann, T.; Gojkovic, M.; Peña-Blanco, A.; Dadsena, S.; Wajngarten, N.; Danial, J.S.; Thevathasan, J.V.; et al. The interplay between BAX and BAK tunes apoptotic pore growth to control mitochondrial-DNA-mediated inflammation. Mol. Cell 2022, 82, 933–949.e9. [Google Scholar] [CrossRef]

	



Uren, R.T.; Iyer, S.; Kluck, R.M. Pore formation by dimeric Bak and Bax: An unusual pore? Philos. Trans. R. Soc. B Biol. Sci. 2017, 372, 20160218. [Google Scholar] [CrossRef] [PubMed]

	



Kuwana, T.; Bouchier-Hayes, L.; Chipuk, J.E.; Bonzon, C.; Sullivan, B.A.; Green, D.R.; Newmeyer, D.D. BH3 domains of BH3-only proteins differentially regulate Bax-mediated mitochondrial membrane permeabilization both directly and indirectly. Mol. Cell 2005, 17, 525–535. [Google Scholar] [CrossRef] [PubMed]

	



Tait, S.W.; Green, D.R. Mitochondrial regulation of cell death. Cold Spring Harb. Perspect. Biol. 2013, 5, a008706. [Google Scholar] [CrossRef] [PubMed]

	



Brito, D.A.; Rieder, C.L. Mitotic checkpoint slippage in humans occurs via cyclin B destruction in the presence of an active checkpoint. Curr. Biol. 2006, 16, 1194–1200. [Google Scholar] [CrossRef]

	



Huang, H.C.; Mitchison, T.J.; Shi, J. Stochastic competition between mechanistically independent slippage and death pathways determines cell fate during mitotic arrest. PLoS ONE 2010, 5, e15724. [Google Scholar] [CrossRef]

	



Topham, C.H.; Taylor, S.S. Mitosis and apoptosis: How is the balance set? Curr. Opin. Cell Biol. 2013, 25, 780–785. [Google Scholar] [CrossRef]

	



Terrano, D.T.; Upreti, M.; Chambers, T.C. Cyclin-dependent kinase 1-mediated Bcl-xL/Bcl-2 phosphorylation acts as a functional link coupling mitotic arrest and apoptosis. Mol. Cell. Biol. 2010, 30, 640–656. [Google Scholar] [CrossRef]

	



Harley, M.E.; Allan, L.A.; Sanderson, H.S.; Clarke, P.R. Phosphorylation of Mcl-1 by CDK1-cyclin B1 initiates its Cdc20-dependent destruction during mitotic arrest. EMBO J. 2010, 29, 2407–2420. [Google Scholar] [CrossRef]

	



Chu, R.; Terrano, D.T.; Chambers, T.C. Cdk1/cyclin B plays a key role in mitotic arrest-induced apoptosis by phosphorylation of Mcl-1, promoting its degradation and freeing Bak from sequestration. Biochem. Pharmacol. 2012, 83, 199–206. [Google Scholar] [CrossRef] [PubMed]

	



Wertz, I.E.; Kusam, S.; Lam, C.; Okamoto, T.; Sandoval, W.; Anderson, D.J.; Helgason, E.; Ernst, J.A.; Eby, M.; Liu, J.; et al. Sensitivity to antitubulin chemotherapeutics is regulated by MCL1 and FBW7. Nature 2011, 471, 110–114. [Google Scholar] [CrossRef] [PubMed]

	



Allan, L.A.; Skowyra, A.; Rogers, K.I.; Zeller, D.; Clarke, P.R. Atypical APC/C-dependent degradation of Mcl-1 provides an apoptotic timer during mitotic arrest. EMBO J. 2018, 37, e96831. [Google Scholar] [CrossRef] [PubMed]

	



Sloss, O.; Topham, C.; Diez, M.; Taylor, S. Mcl-1 dynamics influence mitotic slippage and death in mitosis. Oncotarget 2016, 7, 5176–5192. [Google Scholar] [CrossRef] [PubMed]

	



Haschka, M.D.; Soratroi, C.; Kirschnek, S.; Häcker, G.; Hilbe, R.; Geley, S.; Villunger, A.; Fava, L.L. The NOXA-MCL1-BIM axis defines lifespan on extended mitotic arrest. Nat. Commun. 2015, 6, 6891. [Google Scholar] [CrossRef] [PubMed]

	



Topham, C.; Tighe, A.; Ly, P.; Bennett, A.; Sloss, O.; Nelson, L.; Ridgway, R.A.; Huels, D.; Littler, S.; Schandl, C.; et al. MYC Is a Major Determinant of Mitotic Cell Fate. Cancer Cell 2015, 28, 129–140. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, Q.; Gao, W.; Du, F.; Wang, X. Mule/ARF-BP1, a BH3-only E3 ubiquitin ligase, catalyzes the polyubiquitination of Mcl-1 and regulates apoptosis. Cell 2005, 121, 1085–1095. [Google Scholar] [CrossRef]

	



Haschka, M.D.; Karbon, G.; Soratroi, C.; O’Neill, K.L.; Luo, X.; Villunger, A. MARCH5-dependent degradation of MCL1/NOXA complexes defines susceptibility to antimitotic drug treatment. Cell Death Differ. 2020, 27, 2297–2312. [Google Scholar] [CrossRef]

	



Itoh, G.; Kanno, S.-I.; Uchida, K.S.K.; Chiba, S.; Sugino, S.; Watanabe, K.; Mizuno, K.; Yasui, A.; Hirota, T.; Tanaka, K. CAMP (C13orf8, ZNF828) is a novel regulator of kinetochore-microtubule attachment. EMBO J. 2011, 30, 130–144. [Google Scholar] [CrossRef]

	



Hino, M.; Iemura, K.; Ikeda, M.; Itoh, G.; Tanaka, K. Chromosome alignment-maintaining phosphoprotein CHAMP1 plays a role in cell survival through regulating Mcl-1 expression. Cancer Sci. 2021, 112, 3711–3721. [Google Scholar] [CrossRef]

	



Puthalakath, H.; Villunger, A.; O’Reilly, L.A.; Beaumont, J.G.; Coultas, L.; Cheney, R.E.; Huang, D.C.S.; Strasser, A. Bmf: A proapoptotic BH3-only protein regulated by interaction with the myosin V actin motor complex, activated by anoikis. Science 2001, 293, 1829–1832. [Google Scholar] [CrossRef]

	



Vaz, S.; Ferreira, F.J.; Macedo, J.C.; Leor, G.; Ben-David, U.; Bessa, J.; Logarinho, E. FOXM1 repression increases mitotic death upon antimitotic chemotherapy through BMF upregulation. Cell Death Dis. 2021, 12, 542. [Google Scholar] [CrossRef]

	



Laoukili, J.; Kooistra, M.R.H.; Brás, A.; Kauw, J.; Kerkhoven, R.M.; Morrison, A.; Clevers, H.; Medema, R. FoxM1 is required for execution of the mitotic programme and chromosome stability. Nat. Cell Biol. 2005, 7, 126–136. [Google Scholar] [CrossRef]

	



Barsotti, A.M.; Prives, C. Pro-proliferative FoxM1 is a target of p53-mediated repression. Oncogene 2009, 28, 4295–4305. [Google Scholar] [CrossRef]

	



Millour, J.; de Olano, N.; Horimoto, Y.; Monteiro, L.J.; Langer, J.K.; Aligue, R.; Hajji, N.; Lam, E.W.-F. ATM and p53 regulate FOXM1 expression via E2F in breast cancer epirubicin treatment and resistance. Mol. Cancer Ther. 2011, 10, 1046–1058. [Google Scholar] [CrossRef]

	



Wang, P.; Lindsay, J.; Owens, T.W.; Mularczyk, E.J.; Warwood, S.; Foster, F.; Streuli, C.H.; Brennan, K.; Gilmore, A.P. Phosphorylation of the proapoptotic BH3-only protein bid primes mitochondria for apoptosis during mitotic arrest. Cell Rep. 2014, 7, 661–671. [Google Scholar] [CrossRef]

	



Berndtsson, M.; Konishi, Y.; Bonni, A.; Hagg, M.; Shoshan, M.; Linder, S.; Havelka, A.M. Phosphorylation of BAD at Ser-128 during mitosis and paclitaxel-induced apoptosis. FEBS Lett. 2005, 579, 3090–3094. [Google Scholar] [CrossRef]

	



Darweesh, O.; Al-Shehri, E.; Falquez, H.; Lauterwasser, J.; Edlich, F.; Patel, R. Identification of a novel Bax-Cdk1 signalling complex that links activation of the mitotic checkpoint to apoptosis. J. Cell Sci. 2021, 134, jcs244152. [Google Scholar] [CrossRef] [PubMed]

	



Edlich, F.; Banerjee, S.; Suzuki, M.; Cleland, M.M.; Arnoult, D.; Wang, C.; Neutzner, A.; Tjandra, N.; Youle, R.J. Bcl-x(L) retrotranslocates Bax from the mitochondria into the cytosol. Cell 2011, 145, 104–116. [Google Scholar] [CrossRef]

	



Ichim, G.; Lopez, J.; Ahmed, S.U.; Muthalagu, N.; Giampazolias, E.; Delgado, M.E.; Haller, M.; Riley, J.S.; Mason, S.M.; Athineos, D.; et al. Limited mitochondrial permeabilization causes DNA damage and genomic instability in the absence of cell death. Mol. Cell 2015, 57, 860–872. [Google Scholar] [CrossRef]

	



Orth, J.D.; Loewer, A.; Lahav, G.; Mitchison, T.J. Prolonged mitotic arrest triggers partial activation of apoptosis, resulting in DNA damage and p53 induction. Mol. Biol. Cell 2012, 23, 567–576. [Google Scholar] [CrossRef]

	



Hayashi, M.T.; Cesare, A.J.; Fitzpatrick, J.A.; Lazzerini-Denchi, E.; Karlseder, J. A telomere-dependent DNA damage checkpoint induced by prolonged mitotic arrest. Nat. Struct. Mol. Biol. 2012, 19, 387–394. [Google Scholar] [CrossRef]

	



Hain, K.O.; Colin, D.J.; Rastogi, S.; Allan, L.A.; Clarke, P.R. Prolonged mitotic arrest induces a caspase-dependent DNA damage response at telomeres that determines cell survival. Sci. Rep. 2016, 6, 26766. [Google Scholar] [CrossRef]

	



Masamsetti, V.P.; Low, R.R.J.; Mak, K.S.; O’Connor, A.; Riffkin, C.D.; Lamm, N.; Crabbe, L.; Karlseder, J.; Huang, D.C.S.; Hayashi, M.T.; et al. Replication stress induces mitotic death through parallel pathways regulated by WAPL and telomere deprotection. Nat. Commun. 2019, 10, 4224. [Google Scholar] [CrossRef] [PubMed]

	



Palikaras, K.; Lionaki, E.; Tavernarakis, N. Mechanisms of mitophagy in cellular homeostasis, physiology and pathology. Nat. Cell Biol. 2018, 20, 1013–1022. [Google Scholar] [CrossRef]

	



Taguchi, N.; Ishihara, N.; Jofuku, A.; Oka, T.; Mihara, K. Mitotic phosphorylation of dynamin-related GTPase Drp1 participates in mitochondrial fission. J. Biol. Chem. 2007, 282, 11521–11529. [Google Scholar] [CrossRef]

	



Peña-Blanco, A.; Haschka, M.D.; Jenner, A.; Zuleger, T.; Proikas-Cezanne, T.; Villunger, A.; García-Sáez, A.J. Drp1 modulates mitochondrial stress responses to mitotic arrest. Cell Death Differ. 2020, 27, 2620–2634. [Google Scholar] [CrossRef]

	



Rehman, J.; Zhang, H.J.; Toth, P.T.; Zhang, Y.; Marsboom, G.; Hong, Z.; Salgia, R.; Husain, A.N.; Wietholt, C.; Archer, S.L. Inhibition of mitochondrial fission prevents cell cycle progression in lung cancer. FASEB J. 2012, 26, 2175–2186. [Google Scholar] [CrossRef]

	



Wang, Z.; Fan, M.; Candas, D.; Zhang, T.Q.; Qin, L.; Eldridge, A.; Wachsmann-Hogiu, S.; Ahmed, K.M.; Chromy, B.A.; Nantajit, D.; et al. Cyclin B1/Cdk1 coordinates mitochondrial respiration for cell-cycle G2/M progression. Dev. Cell 2014, 29, 217–232. [Google Scholar] [CrossRef] [PubMed]

	



Doménech, E.; Maestre, C.; Esteban-Martínez, L.; Partida, D.; Pascual, R.; Fernández-Miranda, G.; Seco, E.; Campos-Olivas, R.; Pérez, M.; Megias, D.; et al. AMPK and PFKFB3 mediate glycolysis and survival in response to mitophagy during mitotic arrest. Nat. Cell Biol. 2015, 17, 1304–1316. [Google Scholar] [CrossRef]

	



Li, M.; Fang, X.; Baker, D.J.; Guo, L.; Gao, X.; Wei, Z.; Han, S.; van Deursen, J.M.; Zhang, P. The ATM-p53 pathway suppresses aneuploidy-induced tumorigenesis. Proc. Natl. Acad. Sci. USA 2010, 107, 14188–14193. [Google Scholar] [CrossRef] [PubMed]

	



Ramírez-Peinado, S.; Alcázar-Limones, F.; Lagares-Tena, L.; El Mjiyad, N.; Caro-Maldonado, A.; Tirado, O.M.; Muñoz-Pinedo, C. 2-deoxyglucose induces Noxa-dependent apoptosis in alveolar rhabdomyosarcoma. Cancer Res. 2011, 71, 6796–6806. [Google Scholar] [CrossRef] [PubMed]

	



Ramírez-Valle, F.; Badura, M.L.; Braunstein, S.; Narasimhan, M.; Schneider, R.J. Mitotic raptor promotes mTORC1 activity, G(2)/M cell cycle progression, and internal ribosome entry site-mediated mRNA translation. Mol. Cell. Biol. 2010, 30, 3151–3164. [Google Scholar] [CrossRef] [PubMed]

	



Gwinn, D.M.; Asara, J.M.; Shaw, R.J. Raptor is phosphorylated by cdc2 during mitosis. PLoS ONE 2010, 5, e9197. [Google Scholar] [CrossRef]

	



Fingar, D.C.; Blenis, J. Target of rapamycin (TOR): An integrator of nutrient and growth factor signals and coordinator of cell growth and cell cycle progression. Oncogene 2004, 23, 3151–3171. [Google Scholar] [CrossRef]

	



Moustafa-Kamal, M.; Kucharski, T.J.; El-Assaad, W.; Abbas, Y.M.; Gandin, V.; Nagar, B.; Pelletier, J.; Topisirovic, I.; Teodoro, J.G. The mTORC1/S6K/PDCD4/eIF4A Axis Determines Outcome of Mitotic Arrest. Cell Rep. 2020, 33, 108230. [Google Scholar] [CrossRef]

	



Martins, F.C.; Couturier, D.L.; de Santiago, I.; Vias, M.; Sanders, D.; Piskorz, A.; Hall, J.; Jimenez-Linan, M.; Hosking, K.; Crawford, R.; et al. 33P—Combination of mTOR inhibition and paclitaxel as a personalised strategy in the context of MYC-amplified high-grade serous ovarian cancer. Ann. Oncol. 2019, 30, vii10–vii11. [Google Scholar] [CrossRef]

	



Kruiswijk, F.; Labuschagne, C.F.; Vousden, K.H. p53 in survival, death and metabolic health: A lifeguard with a licence to kill. Nat. Rev. Mol. Cell Biol. 2015, 16, 393–405. [Google Scholar] [CrossRef]

	



Thomas, A.F.; Kelly, G.L.; Strasser, A. Of the many cellular responses activated by TP53, which ones are critical for tumour suppression? Cell Death Differ. 2022, 29, 961–971. [Google Scholar] [CrossRef]

	



Rizzotto, D.; Englmaier, L.; Villunger, A. At a Crossroads to Cancer: How p53-Induced Cell Fate Decisions Secure Genome Integrity. Int. J. Mol. Sci. 2021, 22, 10883. [Google Scholar] [CrossRef]

	



Lee, S.; Schmitt, C.A. The dynamic nature of senescence in cancer. Nat. Cell Biol. 2019, 21, 94–101. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, A.M.; Shih, J.; Ha, G.; Gao, G.F.; Zhang, X.; Berger, A.C.; Schumacher, S.E.; Wang, C.; Hu, H.; Liu, J.; et al. Genomic and Functional Approaches to Understanding Cancer Aneuploidy. Cancer Cell 2018, 33, 676–689.e3. [Google Scholar] [CrossRef] [PubMed]

	



Ciriello, G.; Miller, M.L.; Aksoy, B.A.; Senbabaoglu, Y.; Schultz, N.; Sander, C. Emerging landscape of oncogenic signatures across human cancers. Nat. Genet. 2013, 45, 1127–1133. [Google Scholar] [CrossRef] [PubMed]

	



Thompson, S.L.; Compton, D.A. Proliferation of aneuploid human cells is limited by a p53-dependent mechanism. J. Cell Biol. 2010, 188, 369–381. [Google Scholar] [CrossRef]

	



Soto, M.; Raaijmakers, J.A.; Bakker, B.; Spierings, D.C.; Lansdorp, P.M.; Foijer, F.; Medema, R.H. p53 Prohibits Propagation of Chromosome Segregation Errors that Produce Structural Aneuploidies. Cell Rep. 2017, 19, 2423–2431. [Google Scholar] [CrossRef]

	



Janssen, A.; van der Burg, M.; Szuhai, K.; Kops, G.J.; Medema, R.H. Chromosome segregation errors as a cause of DNA damage and structural chromosome aberrations. Science 2011, 333, 1895–1898. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



Zhang, C.-Z.; Spektor, A.; Cornils, H.; Francis, J.M.; Jackson, E.K.; Liu, S.; Meyerson, M.; Pellman, D. Chromothripsis from DNA damage in micronuclei. Nature 2015, 522, 179–184. [Google Scholar] [CrossRef]

	



Hatch, E.M.; Fischer, A.H.; Deerinck, T.J.; Hetzer, M.W. Catastrophic nuclear envelope collapse in cancer cell micronuclei. Cell 2013, 154, 47–60. [Google Scholar] [CrossRef]

	



Stephens, P.J.; Greenman, C.D.; Fu, B.; Yang, F.; Bignell, G.R.; Mudie, L.J.; Pleasance, E.D.; Lau, K.W.; Beare, D.; Stebbings, L.A.; et al. Massive genomic rearrangement acquired in a single catastrophic event during cancer development. Cell 2011, 144, 27–40. [Google Scholar] [CrossRef]

	



Hinchcliffe, E.H.; Day, C.A.; Karanjeet, K.B.; Fadness, S.; Langfald, A.; Vaughan, K.T.; Dong, Z. Chromosome missegregation during anaphase triggers p53 cell cycle arrest through histone H3.3 Ser31 phosphorylation. Nat. Cell Biol. 2016, 18, 668–675. [Google Scholar] [CrossRef] [PubMed]

	



Bjerke, L.; Mackay, A.; Nandhabalan, M.; Burford, A.; Jury, A.; Popov, S.; Bax, D.A.; Carvalho, D.; Taylor, K.R.; Vinci, M.; et al. Histone H3.3. mutations drive pediatric glioblastoma through upregulation of MYCN. Cancer Discov. 2013, 3, 512–519. [Google Scholar] [CrossRef] [PubMed]

	



Schwartzentruber, J.; Korshunov, A.; Liu, X.-Y.; Jones, D.T.W.; Pfaff, E.; Jacob, K.; Sturm, D.; Fontebasso, A.M.; Khuong-Quang, D.-A.; Tönjes, M.; et al. Driver mutations in histone H3.3 and chromatin remodelling genes in paediatric glioblastoma. Nature 2012, 482, 226–231. [Google Scholar] [CrossRef]

	



Hetz, C. The unfolded protein response: Controlling cell fate decisions under ER stress and beyond. Nat. Rev. Mol. Cell Biol. 2012, 13, 89–102. [Google Scholar] [CrossRef] [PubMed]

	



Adams, C.J.; Kopp, M.C.; Larburu, N.; Nowak, P.R.; Ali, M.M.U. Structure and Molecular Mechanism of ER Stress Signaling by the Unfolded Protein Response Signal Activator IRE1. Front. Mol. Biosci. 2019, 6, 11. [Google Scholar] [CrossRef]

	



Oromendia, A.B.; Dodgson, S.E.; Amon, A. Aneuploidy causes proteotoxic stress in yeast. Genes Dev. 2012, 26, 2696–2708. [Google Scholar] [CrossRef]

	



Brennan, C.M.; Vaites, L.P.; Wells, J.N.; Santaguida, S.; Paulo, J.A.; Storchova, Z.; Harper, J.W.; Marsh, J.A.; Amon, A. Protein aggregation mediates stoichiometry of protein complexes in aneuploid cells. Genes Dev. 2019, 33, 1031–1047. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Stingele, S.; Stoehr, G.; Peplowska, K.; Cox, J.; Mann, M.; Storchova, Z. Global analysis of genome, transcriptome and proteome reveals the response to aneuploidy in human cells. Mol. Syst. Biol. 2012, 8, 608. [Google Scholar] [CrossRef]

	



Ohashi, A.; Ohori, M.; Iwai, K.; Nakayama, Y.; Nambu, T.; Morishita, D.; Kawamoto, T.; Miyamoto, M.; Hirayama, T.; Okaniwa, M.; et al. Aneuploidy generates proteotoxic stress and DNA damage concurrently with p53-mediated post-mitotic apoptosis in SAC-impaired cells. Nat. Commun. 2015, 6, 7668. [Google Scholar] [CrossRef]

	



Pankiv, S.; Clausen, T.H.; Lamark, T.; Brech, A.; Bruun, J.A.; Outzen, H.; Øvervatn, A.; Bjørkøy, G.; Johansen, T. p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy. J. Biol. Chem. 2007, 282, 24131–24145. [Google Scholar] [CrossRef] [PubMed]

	



Lamark, T.; Johansen, T. Autophagy: Links with the proteasome. Curr. Opin. Cell Biol. 2010, 22, 192–198. [Google Scholar] [CrossRef] [PubMed]

	



Fusée, L.T.S.; Marín, M.; Fåhraeus, R.; López, I. Alternative Mechanisms of p53 Action During the Unfolded Protein Response. Cancers 2020, 12, 401. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez, D.A.; Zamorano, S.; Lisbona, F.; Rojas-Rivera, D.; Urra, H.; Cubillos-Ruiz, J.R.; Armisen, R.; Henriquez, D.R.; Cheng, E.H.; Letek, M.; et al. BH3-only proteins are part of a regulatory network that control the sustained signalling of the unfolded protein response sensor IRE1α. EMBO J. 2012, 31, 2322–2335. [Google Scholar] [CrossRef]

	



Tang, Y.C.; Williams, B.R.; Siegel, J.J.; Amon, A. Identification of aneuploidy-selective antiproliferation compounds. Cell 2011, 144, 499–512. [Google Scholar] [CrossRef]

	



Zhang, M.; Xiao, R.; Liu, G.; Huang, Y. Genotoxins exaggerate the stressed state of aneuploid embryonic stem cells via activation of autophagy. Sci. China Life Sci. 2020, 63, 1026–1036. [Google Scholar] [CrossRef]

	



Singla, S.; Iwamoto-Stohl, L.K.; Zhu, M.; Zernicka-Goetz, M. Autophagy-mediated apoptosis eliminates aneuploid cells in a mouse model of chromosome mosaicism. Nat. Commun. 2020, 11, 2958. [Google Scholar] [CrossRef]

	



Santaguida, S.; Vasile, E.; White, E.; Amon, A. Aneuploidy-induced cellular stresses limit autophagic degradation. Genes Dev. 2015, 29, 2010–2021. [Google Scholar] [CrossRef]

	



Bazzi, H.; Anderson, K.V. Acentriolar mitosis activates a p53-dependent apoptosis pathway in the mouse embryo. Proc. Natl. Acad. Sci. USA 2014, 111, E1491–E1500. [Google Scholar] [CrossRef]

	



Insolera, R.; Bazzi, H.; Shao, W.; Anderson, K.V.; Shi, S.H. Cortical neurogenesis in the absence of centrioles. Nat. Neurosci. 2014, 17, 1528–1535. [Google Scholar] [CrossRef]

	



Wong, Y.L.; Anzola, J.V.; Davis, R.L.; Yoon, M.; Motamedi, A.; Kroll, A.; Seo, C.P.; Hsia, J.E.; Kim, S.K.; Mitchell, J.W.; et al. Cell biology. Reversible centriole depletion with an inhibitor of Polo-like kinase 4. Science 2015, 348, 1155–1160. [Google Scholar] [CrossRef] [PubMed]

	



Uetake, Y.; Sluder, G. Prolonged prometaphase blocks daughter cell proliferation despite normal completion of mitosis. Curr. Biol. 2010, 20, 1666–1671. [Google Scholar] [CrossRef] [PubMed]

	



Fong, C.S.; Mazo, G.; Das, T.; Goodman, J.; Kim, M.; O’Rourke, B.P.; Izquierdo, D.; Tsou, M.-F.B. 53BP1 and USP28 mediate p53-dependent cell cycle arrest in response to centrosome loss and prolonged mitosis. eLife 2016, 5, e16270. [Google Scholar] [CrossRef] [PubMed]

	



Meitinger, F.; Anzola, J.V.; Kaulich, M.; Richardson, A.; Stender, J.D.; Benner, C.; Glass, C.K.; Dowdy, S.F.; Desai, A.; Shiau, A.K.; et al. 53BP1 and USP28 mediate p53 activation and G1 arrest after centrosome loss or extended mitotic duration. J. Cell Biol. 2016, 214, 155–166. [Google Scholar] [CrossRef] [PubMed]

	



Lambrus, B.G.; Daggubati, V.; Uetake, Y.; Scott, P.M.; Clutario, K.M.; Sluder, G.; Holland, A.J. A USP28-53BP1-p53-p21 signaling axis arrests growth after centrosome loss or prolonged mitosis. J. Cell Biol. 2016, 214, 143–153. [Google Scholar] [CrossRef] [PubMed]

	



Mikule, K.; Delaval, B.; Kaldis, P.; Jurcyzk, A.; Hergert, P.; Doxsey, S. Loss of centrosome integrity induces p38-p53-p21-dependent G1-S arrest. Nat. Cell Biol. 2007, 9, 160–170. [Google Scholar] [CrossRef]

	



Xiao, C.; Grzonka, M.; Meyer-Gerards, C.; Mack, M.; Figge, R.; Bazzi, H. Gradual centriole maturation associates with the mitotic surveillance pathway in mouse development. EMBO Rep. 2021, 22, e51127. [Google Scholar] [CrossRef]

	



Phan, T.P.; Maryniak, A.L.; Boatwright, C.A.; Lee, J.; Atkins, A.; Tijhuis, A.; Spierings, D.C.; Bazzi, H.; Foijer, F.; Jordan, P.W.; et al. Centrosome defects cause microcephaly by activating the 53BP1-USP28-TP53 mitotic surveillance pathway. EMBO J. 2021, 40, e106118. [Google Scholar] [CrossRef]

	



Aubrey, B.J.; Kelly, G.L.; Janic, A.; Herold, M.J.; Strasser, A. How does p53 induce apoptosis and how does this relate to p53-mediated tumour suppression? Cell Death Differ. 2018, 25, 104–113. [Google Scholar] [CrossRef]

	



Lens, S.M.A.; Medema, R.H. Cytokinesis defects and cancer. Nat. Rev. Cancer 2019, 19, 32–45. [Google Scholar] [CrossRef]

	



Sinha, D.; Duijf, P.H.G.; Khanna, K.K. Mitotic slippage: An old tale with a new twist. Cell Cycle 2019, 18, 7–15. [Google Scholar] [CrossRef] [PubMed]

	



LoMastro, G.M.; Holland, A.J. The Emerging Link between Centrosome Aberrations and Metastasis. Dev. Cell 2019, 49, 325–331. [Google Scholar] [CrossRef] [PubMed]

	



Weiler, E.S.; Szabo, T.G.; Garcia-Carpio, I.; Villunger, A. PIDD1 in cell cycle control, sterile inflammation and cell death. Biochem. Soc. Trans. 2022, 50, 813–824. [Google Scholar] [CrossRef]

	



Fava, L.L.; Schuler, F.; Sladky, V.; Haschka, M.D.; Soratroi, C.; Eiterer, L.; Demetz, E.; Weiss, G.; Geley, S.; Nigg, E.A.; et al. The PIDDosome activates p53 in response to supernumerary centrosomes. Genes Dev. 2017, 31, 34–45. [Google Scholar] [CrossRef]

	



Tinel, A.; Tschopp, J. The PIDDosome, a protein complex implicated in activation of caspase-2 in response to genotoxic stress. Science 2004, 304, 843–846. [Google Scholar] [CrossRef] [PubMed]

	



Miles, M.A.; Kitevska-Ilioski, T.; Hawkins, C.J. Old and Novel Functions of Caspase-2. Int. Rev. Cell Mol. Biol. 2017, 332, 155–212. [Google Scholar] [PubMed]

	



Brown-Suedel, A.N.; Bouchier-Hayes, L. Caspase-2 Substrates: To Apoptosis, Cell Cycle Control, and Beyond. Front. Cell Dev. Biol. 2020, 8, 610022. [Google Scholar] [CrossRef]

	



Fava, L.L.; Bock, F.J.; Geley, S.; Villunger, A. Caspase-2 at a glance. J. Cell Sci. 2012, 125 Pt 24, 5911–5915. [Google Scholar] [CrossRef]

	



Puccini, J.; Shalini, S.; Voss, A.K.; Gatei, M.; Wilson, C.H.; Hiwase, D.K.; Lavin, M.F.; Dorstyn, L.; Kumar, S. Loss of caspase-2 augments lymphomagenesis and enhances genomic instability in Atm-deficient mice. Proc. Natl. Acad. Sci. USA 2013, 110, 19920–19925. [Google Scholar] [CrossRef]

	



Dawar, S.; Lim, Y.; Puccini, J.; White, M.; Thomas, P.; Bouchier-Hayes, L.; Green, D.R.; Dorstyn, L.; Kumar, S. Caspase-2-mediated cell death is required for deleting aneuploid cells. Oncogene 2017, 36, 2704–2714. [Google Scholar] [CrossRef]

	



Peintner, L.; Dorstyn, L.; Kumar, S.; Aneichyk, T.; Villunger, A.; Manzl, C. The tumor-modulatory effects of Caspase-2 and Pidd1 do not require the scaffold protein Raidd. Cell Death Differ. 2015, 22, 1803–1811. [Google Scholar] [CrossRef] [PubMed]

	



Burigotto, M.; Mattivi, A.; Migliorati, D.; Magnani, G.; Valentini, C.; Roccuzzo, M.; Offterdinger, M.; Pizzato, M.; Schmidt, A.; Villunger, A.; et al. Centriolar distal appendages activate the centrosome-PIDDosome-p53 signalling axis via ANKRD26. EMBO J. 2021, 40, e104844. [Google Scholar] [CrossRef] [PubMed]

	



Andrysik, Z.; Galbraith, M.D.; Guarnieri, A.L.; Zaccara, S.; Sullivan, K.D.; Pandey, A.; Macbeth, M.; Inga, A.; Espinosa, J.M. Identification of a core TP53 transcriptional program with highly distributed tumor suppressive activity. Genome Res. 2017, 27, 1645–1657. [Google Scholar] [CrossRef] [PubMed]

	



Sladky, V.C.; Knapp, K.; Soratroi, C.; Heppke, J.; Eichin, F.; Rocamora-Reverte, L.; Szabó, T.G.; Bongiovanni, L.; Westendorp, B.; Moreno, E.; et al. E2F-Family Members Engage the PIDDosome to Limit Hepatocyte Ploidy in Liver Development and Regeneration. Dev. Cell 2020, 52, 335–349.e7. [Google Scholar] [CrossRef]

	



Nijhuis, E.H.; Le Gac, S.; Poot, A.A.; Feijen, J.; Vermes, I. Bax-mediated mitochondrial membrane permeabilization after heat treatment is caspase-2 dependent. Int. J. Hyperth. 2008, 24, 357–365. [Google Scholar] [CrossRef]

	



Bonzon, C.; Bouchier-Hayes, L.; Pagliari, L.J.; Green, D.R.; Newmeyer, D.D. Caspase-2-induced apoptosis requires bid cleavage: A physiological role for bid in heat shock-induced death. Mol. Biol. Cell 2006, 17, 2150–2157. [Google Scholar] [CrossRef]

	



Dawar, S.; Shahrin, N.H.; Sladojevic, N.; D’Andrea, R.J.; Dorstyn, L.; Hiwase, D.K.; Kumar, S. Impaired haematopoietic stem cell differentiation and enhanced skewing towards myeloid progenitors in aged caspase-2-deficient mice. Cell Death Dis. 2016, 7, e2509. [Google Scholar] [CrossRef]

	



Mackenzie, K.J.; Carroll, P.; Martin, C.-A.; Murina, O.; Fluteau, A.; Simpson, D.J.; Olova, N.; Sutcliffe, H.; Rainger, J.K.; Leitch, A.; et al. cGAS surveillance of micronuclei links genome instability to innate immunity. Nature 2017, 548, 461–465. [Google Scholar] [CrossRef]

	



Harding, S.M.; Benci, J.L.; Irianto, J.; Discher, D.E.; Minn, A.J.; Greenberg, R.A. Mitotic progression following DNA damage enables pattern recognition within micronuclei. Nature 2017, 548, 466–470. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Kwon, J.; Bakhoum, S.F. The Cytosolic DNA-Sensing cGAS-STING Pathway in Cancer. Cancer Discov. 2020, 10, 26–39. [Google Scholar] [CrossRef] [PubMed]

	



Luecke, S.; Holleufer, A.; Christensen, M.H.; Jønsson, K.L.; Boni, G.A.; Sørensen, L.K.; Johannsen, M.; Jakobsen, M.R.; Hartmann, R.; Paludan, S.R. cGAS is activated by DNA in a length-dependent manner. EMBO Rep. 2017, 18, 1707–1715. [Google Scholar] [CrossRef] [PubMed]

	



Gulen, M.F.; Koch, U.; Haag, S.M.; Schuler, F.; Apetoh, L.; Villunger, A.; Radtke, F.; Ablasser, A. Signalling strength determines proapoptotic functions of STING. Nat. Commun. 2017, 8, 427. [Google Scholar] [CrossRef] [PubMed]

	



Glück, S.; Guey, B.; Gulen, M.F.; Wolter, K.; Kang, T.-W.; Schmacke, N.A.; Bridgeman, A.; Rehwinkel, J.; Zender, L.; Ablasser, A. Innate immune sensing of cytosolic chromatin fragments through cGAS promotes senescence. Nat. Cell Biol. 2017, 19, 1061–1070. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Gui, X.; Yang, H.; Li, T.; Tan, X.; Shi, P.; Li, M.; Du, F.; Chen, Z.J. Autophagy induction via STING trafficking is a primordial function of the cGAS pathway. Nature 2019, 567, 262–266. [Google Scholar] [CrossRef]

	



Krivega, M.; Stiefel, C.M.; Karbassi, S.; Andersen, L.L.; Chunduri, N.K.; Donnelly, N.; Pichlmair, A.; Storchová, Z. Genotoxic stress in constitutive trisomies induces autophagy and the innate immune response via the cGAS-STING pathway. Commun. Biol. 2021, 4, 831. [Google Scholar] [CrossRef]

	



Bakhoum, S.F.; Cantley, L.C. The Multifaceted Role of Chromosomal Instability in Cancer and Its Microenvironment. Cell 2018, 174, 1347–1360. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Marchenko, N.D.; Moll, U.M. Mitochondrial death functions of p53. Mol Cell. Oncol. 2014, 1, e955995. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 15 00030 g001 550] 





Figure 1. Proper distribution of chromosomes during mitosis is guarded by the spindle assembly checkpoint (SAC) which, upon misguided or missing microtubule attachment, inhibits the anaphase promoting complex/cyclosome (APC/C), the E3 ubiquitin ligase degrading Cyclin B1 and securin. Upon mitotic arrest cells may either (1) undergo cell death in mitosis, executed by BCL2 protein family interactions, (2) complete cell division with delays, resulting in chromosomal mis-segregation and improper DNA content distribution in daughter cells or (3) fail mitosis and exit into the next interphase in a process referred to as mitotic slippage. The resulting whole genome duplication (WGD) of cellular DNA-content and centrosome imbalance can lead to different outcomes. These include apoptosis, senescence or cell cycle re-entry that can lead to structural and/or numerical CIN, when extra centrosomes cluster, or multi-polar spindle formation leading to severe aneuploidies and subsequent cell death that may not need to be strictly apoptotic. 
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Figure 2. Consequences of chromosomal mis-segregation or mitotic slippage are diverse. (1) p53 activation due to DNA damage, e.g., emanating from fragile micronuclei can trigger p21 dependent cell cycle arrest or BCL2 protein family dependent apoptosis. (2) ER stress and subsequent unfolded protein response (UPR) as a result of aneuploidy-induced protein imbalances or aggregation can trigger autophagy, involving p62, and/or result in p53 activation leading to apoptotic cell death. (3) Delays in mitotic progression (>90 min) can trigger a DNA damage-independent p53 response, involving p53 binding protein 1 (53BP1) and ubiquitin specific protease 28 (USP28), limiting MDM2-dependent p53 degradation. Cells may either arrest or die, potentially in a BCL2-regulated manner. (4) Similarly, independent of DNA damage, amplification of centrosomes triggers PIDDosome formation, MDM2 cleavage, p53 stabilization and p21 dependent cell cycle arrest. If and how extra centrosomes trigger apoptotic cell death remains uncertain, but it may involve again the BCL2 family. (5) Aggregation of cytosolic dsDNA, e.g., as a result of micronuclei formation, leads to cGAS-STING dependent sterile inflammation, resulting in interferon (IFN) production or induction NF-κB signalling, promoting cell recognition and clearance. 
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