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Abstract

Micronuclei are small membrane bounded compartments with a DNA content encapsulated by a 

nuclear envelope and spatially separated from the primary nucleus. Micronuclei have long been 

linked to chromosome instability, genome rearrangements, and mutagenesis. They are frequently 

found in cancers, during senescence, and following genotoxic stress. Compromised integrity of the 

micronuclear envelope delays or disrupts DNA replication, inhibits DNA repair, and exposes 

micronuclear DNA directly to cytoplasm. Micronuclei play a central role in tumorigenesis, with 

micronuclear DNA being a source of complex genome rearrangements (including chromothripsis) 

and promoting a cyclic GMP–AMP synthase (cGAS)-mediated cellular immune response that may 

contribute to cancer metastasis. Here, we discuss recent findings on how micronuclei are 

generated, what the consequences are, and what cellular mechanisms can be applied to protect 

against micronucleation.

Introduction

Micronuclei (MN) are small nuclei-like structures formed by nuclear envelope deposition 

around lagging chromosomes or chromosome fragments that persist into interphase after 

failing to be reincorporated into a primary nucleus following completion of mitosis or 

meiosis. The prefix “micro” is a bit of a misnomer that would more accurately be replaced 

with “decinucleus” for a tenth (rather than a millionth) of the size of a typical nucleus. 

Accumulation of MN has been extensively used as a biomarker of genotoxic stress and 

genetic instability in a great variety of human and non-human models [1,2]. MN frequently 

possess defects in their nuclear envelope (NE), the barrier that both protects the genome 

from the cytoplasmic environment and mediates proper nucleocytoplasmic transport. NE 

rupture results in the damage of micronuclear DNA due to disruption in DNA replication 

and repair as well as exposure of interphase DNA/chromatin to cytoplasm [3–5]. Multiple 

lines of evidence have pointed to MN as a source of recently described complex genome 
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rearrangements, including chromothripsis, which is a hallmark of many cancer types, 

especially most aggressive ones [3,5–8].

In cancer cells, MN can end up degraded by an autophagy-lysosomal pathway [9,10]. 

Cytoplasmic exposure of MN DNA can trigger a cellular immune response by recruiting the 

DNA sensor cGAS that initiates inflammatory gene expression, which has been reported to 

contribute to metastasis [11–13]. MN-like structures have also been described in non-

dividing senescent cells under the name of “cytoplasmic chromatin fragments”, or CCFs, 

which are apparently formed as a result of a poorly understood process of nuclear budding. 

Similar to MN, CCFs lack important NE elements, such as lamin A/C or lamin B1, induce 

cellular immune response via cGAS, and can be cleared by autophagy [14–18].

Causes of micronuclei formation

MN arise from (1) lagging chromosomes or (2) acentric chromosome fragments that do not 

incorporate into daughter nuclei, but which are encapsulated into a separate (and frequently 

abnormal) NE [19,20]. While disruption of many aspects of spindle assembly have long 

been known to produce MN (especially transient exposure to drugs that affect microtubule 

assembly [19]), additional molecular players and mechanisms have been recently implicated 

in the formation of MN (see below).

1. Factors responsible for chromosome lagging include malfunctional centromeres 

and kinetochores, aberrant kinetochore-microtubule attachments and defects in 

mitotic spindle assembly. In one recent example, human somatic cells and mice 

lacking a functional kinesin motor KIF18A have been shown to fail at 

chromosome alignment, producing MN after mitotic exit [21]. Another study 

reported increased frequency of MN upon depletion of the deubiquitinating 

enzyme Cezanne/OTUD7B, implicated in the control of chromosome 

segregation by opposing the activity of anaphase-promoting complex/cyclosome 

(APC/C) [22]. Less obviously, lagging chromosomes leading to MN have been 

observed in the human cells bearing lysosomal defects, implicating lysosomal 

degradation of one or more mitotic substrates that effect chromosome 

segregation, including a subset of histone H3 [23] or components of the cohesin 

machinery [24].

2. Acentric chromosome fragments are produced by unrepaired DNA double strand 

breaks, some of which are related to DNA replication. As such, deregulation of 

numerous factors of DNA replication and repair have been demonstrated to lead 

to MN. Recent examples include ribonuclease RNAseH2 [12,25], MCM2–7 

replicative helicase [26], DNA damage-response mediator proteins MDC1 and 

TOPB1 [27], DNA-directed primase/polymerase (PrimPol) [28], multiple 

components of the Fanconi anemia/BRCA pathway [26,29–32], Bloom 

syndrome RecQ-like helicase (BLM) [33], SMC5/6 complex [32], chromatin 

remodeling factors SSX [34] and ATRX [29], and PARP1-interacting protein 

KHDC3L [35]. Finally, the resolution of chromatin bridges, containing dicentric 

chromosomes results in the formation of acentric fragments on both sides of a 

cleavage furrow, producing MN in both daughter cells [36,37].

Krupina et al. Page 2

Curr Opin Cell Biol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Failure to properly assemble nuclei and NE upon mitotic exit contributes to MN 

formation. A recent study has demonstrated that DNA-binding protein Barrier-

to-autointegration factor (BAF) controls nuclear formation by assembling and 

maintaining a group of chromosomes together into the single mass, thereby 

allowing formation of a single nucleus and preventing/inhibiting micronucleation 

[38]. Proper NE assembly has also been reported to frequently fail on lagging 

chromosomes. Several hypotheses underlying such incomplete assembly of a 

micronuclear envelope have been suggested based on signaling cascades 

controlled by Aurora B [19,39], but the precise mechanism(s) remain to be 

established. A surprising, additional “spindle inhibition model” has recently been 

proposed in which microtubules of the mitotic spindle directly inhibit 

recruitment of non-core NE proteins (such as B-type lamins, lamin B receptor) 

and nuclear pore complexes (NPCs), thus leading to MN with irreversible NE 

damage [19,40].

Besides “canonical” ways to produce MN mentioned above, an unexpected process of 

nuclear budding leading to MN has been observed in human cancer cells, p53-deficient 

human fibroblasts and epithelial cells [41]. While the mechanisms of the nuclear budding 

remain obscure in human cells, recent findings in Drosophila and mice point to DNA 

satellite binding proteins, D1 and Prod (Drosophila), and HMGA1 (murine cells) that 

control proper bundling of pericentromeric satellite DNA into so-called chromocenters. 

Aberrant D1/Prod/HMGA1 function results in nuclear budding-mediated formation of MN, 

unsurprisingly accompanied by marked (up to 10 fold) increase in DNA damage in both 

primary and micronuclei [42,43]. As nuclear budding is also the major route to form CCFs 

in non-dividing senescent cells [14,20], it will be intriguing to test whether similar 

mechanisms apply in the context of cellular senescence.

Making micronuclei experimentally

Cellular models allowing for controlled induction of MN are necessary for mechanistic 

studies of micronucleation and its functional outcomes (Figure 1). Antimitotic drugs 

impacting microtubule stability and spindle function are the most commonly used agents for 

inducing mis-aligned and lagging chromosomes that will become MN in the subsequent 

interphase. In this approach, MN are produced randomly from any mis-segregated 

chromosome; therefore, to analyze genomic outcomes of every single MN event, David 

Pellman’s team invented “Look-Seq”, with live imaging following MN formation and single 

cell DNA sequencing of both daughter cells [5]. An alternative strategy has involved the 

mis-segregation of a specific chromosome, the human Y, into MN after induced, selective 

inactivation of its centromere, and then following the consequences over several cell cycles 

[7,44]. Another approach employed microcell-mediated chromosome transfer (MMCT), 

itself an extension of a method developed in the 1970’s to accomplish somatic cell genetics 

[45] in which single chromosome-containing MN (formed following mitotic slippage after 

usage of a microtubule depolymerization drug) were transferred to and followed in acceptor 

cells [46]. A final approach has relied on formation of dicentric chromosomes that produce 

MN as a consequence of fragmentation of DNA and its encapsulation into MN on both sides 

of a chromatin bridge [36,37].
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The consequences of micronuclei

It is generally accepted that genetic material entrapped in MN is characterized by impaired 

and asynchronous DNA replication, as well as defects in DNA repair, which are caused by 

compromised integrity of NE and altered nucleocytoplasmic transport [3,5]. The latter 

probably arises from assembly of a suboptimal number of functional nuclear pores [3,4], 

possibly driven by delayed and/or inhibited nuclear pore assembly into a highly constrained 

envelope with a small radius of curvature that itself is prone to physical rupture. Added to 

this, endoplasmic reticulum (ER) invasion as a means to disrupt MN integrity has been also 

observed, albeit it is not clear if this directly leads to DNA damage [19]. Loss of NE 

integrity can also be provoked by the depletion of NE components [4,40].

NE rupture in MN is almost always irreversible [4,40] and abruptly exposes MN DNA to the 

cytoplasm. Sites of MN rupture accumulate components of the NE repair machinery 

(including endosomal sorting complexes required for transport-III (ESCRT-III)), which 

paradoxically further exacerbate NE rupture, instead of repairing it [47,48]. In Drosophila, 

an amazing process has been reported in which lagging acentric chromosomes are 

transferred through NPCs and subsequently re-integrated into newly formed nuclei, thus 

preventing MN formation [49]. This process depends on ESCRT-III along with BAF [49], 

with the latter also being implicated in NE repair in mammalian cells [50]. In human cells, 

chromosomes within MN were reported to accumulate decreased levels of important 

kinetochore assembly factors over several divisions, thus leading to recurrent mis-

segregation of these chromosomes into MN over several cell cycles [51]. Taken together, the 

evidence supports what most would have thought all along: chromosomes in MN exhibit 

marked DNA damage and serve as a source of genome instability (Figure 2).

Micronuclei as drivers of chromothripsis

Over the last decade MN have been extensively studied in relation to chromothripsis – a 

massive, clustered chromosome rearrangement usually involving a whole, or a piece of a 

single chromosome, apparently as the result of a one-step catastrophic event [6]. Shattering 

of DNA linked to MN was first reported by Kato and Sandberg in 1968 [52], but went 

largely unnoticed for the next 44 years until the work of Pellman in 2012 [3]. Recent 

analysis of 2,658 cancer genomes performed by Pan-Cancer Analysis of Whole Genome 

(PCAWG) Consortium established a very high frequency of chromothripsis in human 

cancers: high confidence chromothriptic events were observed in 29% of the samples, 

reaching 100% and 77% in liposarcomas and osteosarcomas, respectively [8]. MN have been 

shown to be the major initial site of chromosome shattering of the MN content, followed by 

aberrant reassembly of resultant fragments [5,7,40].

Chromothriptic shattering of DNA within MN remains incompletely understood 

mechanistically. Potential explanations typically are based on the assumption that 

chromosome shattering takes place in ruptured MN and occurs via formation of numerous 

DNA double strand breaks [3]. According to one scenario [3], NE rupture destroys the 

balance in housekeeping processes of DNA replication and repair leading to the 

accumulation of DNA double strand breaks. Another possibility implies the disruptive action 
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of external factors, including putative, yet to be identified, cytoplasmic nucleases, which 

under normal circumstances have no access to interphase chromatin, but will enter ruptured 

MN and can induce DNA double strand breaks during interphase.

One nuclease, three-prime repair exonuclease 1 (TREX1), has been implicated in inducing 

chromothripsis in a model of chromosome bridge resolution, whose subsequently formed 

MN are also characterized by NE rupture [53,54]. However, a different study argued directly 

against such a role for TREX1, demonstrating instead that breakage of DNA within a bridge 

required mechanical forces from the interphase actin cytoskeleton rather than a nuclease 

[36]. Furthermore, overexpression of TREX1 did not increase DNA damage upon NE 

rupture in a model of constricted cell migration [55]. Finally, given that TREX1 is well 

characterized as an exonuclease [56], in contexts where TREX1 does contribute to DNA 

fragmentation it is likely that initiation of DNA double strand breaks requires other 

nuclease(s) (or other events) to act in concert with TREX1 [53].

Micronuclei and cGAS

One of the major recent breakthroughs in the field of immunology has been the discovery of 

the cytosolic DNA-sensing pathway that initiates and controls cellular immune response to 

potentially pathogenic DNA exposed to the cytoplasm [57]. The central component of this 

pathway, cyclic GMP–AMP synthase (cGAS), binds to cytoplasmic DNA and produces the 

second messenger cyclic GMP–AMP (cGAMP) that in turn activates innate immune 

responses, including the induction of interferons via the Stimulator of interferon genes 

(STING) (Figure 3). Initially observed upon radiotherapy [11] and in a model of monogenic 

autoinflammation [12], the recognition of DNA in ruptured MN by cGAS and subsequent 

activation of STING was later expanded to multiple models of micronucleation, including 

BLM-deficient human fibroblasts [33], BRCA2-defective human cancer cells and mouse 

embryonic fibroblasts [30], bacteria infected murine macrophages and human cancer cells 

[58], cultured primary human breast tumors and patient-derived xenografts [59]. In line with 

strong association between inflammation and cancer, MN-induced cGAS activation has been 

further linked to cancer progression, promoting cellular invasion and metastasis in a STING-

dependent manner [13]. In an interesting twist, cGAS itself has been shown to exacerbate 

DNA damage, thus further contributing to tumorigenesis [60]. In particular, genotoxic agents 

(such as etoposide, hydrogen peroxide and camptothecin) trigger nuclear translocation of 

cGAS and its subsequent recruitment to DNA damage sites, where it counters the assembly 

of the PARP1-Timeless complex, thus preventing efficient homologous recombination [60].

Evidence for regulation of cGAS by chromatin was reported in 2019. cGAS was found in 

the primary nucleus, where it was tightly bound to nucleosomes, a tethering that apparently 

keeps cGAS in a catalytically inactive state [61,62]. Subsequent structural studies identified 

that, in the nucleus, cGAS interacts with a negatively charged acidic patch formed by 

histones H2A and H2B which blocks cGAS dimerization and keeps it inactive [63–67]. 

Identification of BAF, another DNA-binding protein, as a competitor and inhibitor of cGAS 

added a further level of complexity to nuclear regulation of cGAS function [68]. Future 

studies are now essential to understand how chromatin in ruptured MN activates cGAS, 

including experimentally testing if the ratios between cGAS, BAF, and nucleosomes might 
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be very different in MN as compared to primary nuclei, thus preventing cGAS from 

nucleosome- and BAF-mediated inhibition.

Senescence-associated cytoplasmic chromatin fragments (CCFs)

Cellular senescence is an irreversible cell cycle arrest, traditionally considered as a means to 

block proliferation of damaged cells and characterized by dramatic increase in secretion of 

pro-inflammatory cytokines and extracellular matrix-remodeling factors, defined as 

“senescence-associated secretory phenotype” (SASP) [69]. Senescent cells frequently 

possess extranuclear DNA in the form of so-called “cytoplasmic chromatin fragments”, or 

CCFs, that are believed to originate through budding from the primary nucleus and bear 

marked defects in the integrity of their NE [14]. Similar to MN, CCFs have been reported to 

activate cGAS-STING pathway both in vitro and in vivo, including primary human cells and 

mouse models [15–18]. Importantly, cGAS-STING participates in the regulation of cellular 

senescence by triggering the production of SASP factors [15–18]. Both MN and CCFs can 

be recognized by autophagy-lysosomal machinery leading to their degradation [9,14]. This 

feature is evolutionary conserved, as autophagic clearance of MN and nuclear material has 

also been reported in yeast, nematodes, and frogs [70–72]. According to one study in cancer 

cells, MN and CCFs were eliminated by autophagy provoked by replicative stress, which 

resulted in cell death, therefore protecting against genome instability [10]. Another group 

reported that autophagy-mediated clearance of CCFs repressed senescence by preventing 

CCF-induced cGAS-STING activation and SASP [18]. In this regard, autophagy emerges as 

a protective pathway against MN and CCFs. This defense mechanism might be particularly 

efficient if genetic material within MN/CCFs contained the only copies of essential genes, 

leading to the death of cells in which MN/CCFs were consumed by autophagy (Figure 3).

In addition, developmentally programmed elimination of chromosomes or chromosome 

fragments via MN has been reported in plants, frogs and nematodes, indicating that MN 

formation and clearance can function as a naturally occurring mechanism for irreversible 

silencing of gene expression [71–73]. For future therapeutic strategies, it will be important to 

unravel the specifics of MN/CCFs recognition by autophagy, especially taking into account 

recent identification of nuclear-specific autophagy receptors in yeast [74,75].

Concluding remarks

Over the last decade, the traditional view of MN/CCFs as mere markers of genotoxic stress 

has evolved into a much more complex picture with MN/CCFs playing central and active 

role in cancer and senescence. Better understanding of precise molecular mechanisms 

controlling MN/CCFs will be critical to therapeutically target these cellular structures. The 

latter is even more important, as currently used therapies acting on the level of DNA are 

known to promote micronucleation. Rapidly developing MN models will serve as a basis to 

unravel pathways and players inducing complex genome rearrangements, such as 

chromothripsis, that are being increasingly appreciated as a common feature of aggressive 

cancers. In particular, MN models will provide mechanistic insights into how chromosomes 

are shattered and re-build in chromothripsis.
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The involvement of autophagy in the clearance of pathological MN/CCFs as well as in 

developmentally programmed elimination of MN is of particular interest, as it suggests a 

path to specifically target and destroy MN and CCFs. As to how to prevent MN/CCFs or 

curtail their pathological consequences, new studies will likely focus on the mechanisms of 

NE repair and nucleocytoplasmic transport, regulation of cellular immune response and 

identification of cytoplasmic factors promoting DNA damage in MN.

Acknowledgements

We would like to apologize to all of our colleagues whose work has not been cited due to space and format 
limitations. This work was funded by a grant from the US National Institutes of Health R35-GM122476. DWC 
receives salary support from the Ludwig Institute for Cancer Research. Portions of the figures were adopted from 
Servier Medical Art by Servier (smart.servier.com) and modified by the authors under a Creative Commons 
Attribution 3.0 Unported License.

Literature cited

papers of special interest (•) or outstanding interest (••)

1. Fenech M, Kirsch-Volders M, Natarajan AT, Surralles J, Crott JW, Parry J, Norppa H, Eastmond 
DA, Tucker JD, Thomas P: Molecular mechanisms of micronucleus, nucleoplasmic bridge and 
nuclear bud formation in mammalian and human cells. Mutagenesis 2011, 26:125–132. [PubMed: 
21164193] 

2. Hayashi M: The micronucleus test-most widely used in vivo genotoxicity test. Genes Environ 2016, 
38:18. [PubMed: 27733885] 

3. Crasta K, Ganem NJ, Dagher R, Lantermann AB, Ivanova EV, Pan Y, Nezi L, Protopopov A, 
Chowdhury D, Pellman D: DNA breaks and chromosome pulverization from errors in mitosis. 
Nature 2012, 482:53–58. [PubMed: 22258507] 

4. Hatch EM, Fischer AH, Deerinck TJ, Hetzer MW: Catastrophic nuclear envelope collapse in cancer 
cell micronuclei. Cell 2013, 154:47–60. [PubMed: 23827674] 

5. Zhang CZ, Spektor A, Cornils H, Francis JM, Jackson EK, Liu S, Meyerson M, Pellman D: 
Chromothripsis from DNA damage in micronuclei. Nature 2015, 522:179–184. [PubMed: 
26017310] 

6. Stephens PJ, Greenman CD, Fu B, Yang F, Bignell GR, Mudie LJ, Pleasance ED, Lau KW, Beare D, 
Stebbings LA, et al.: Massive genomic rearrangement acquired in a single catastrophic event during 
cancer development. Cell 2011, 144:27–40. [PubMed: 21215367] 

7. Ly P, Brunner SF, Shoshani O, Kim DH, Lan W, Pyntikova T, Flanagan AM, Behjati S, Page DC, 
Campbell PJ, et al.: Chromosome segregation errors generate a diverse spectrum of simple and 
complex genomic rearrangements. Nat Genet 2019, 51:705–715. [PubMed: 30833795] •• 
Combining a Y centromere inactivation approach after integration into the Y chromosome of a gene 
that provides a selectable growth advantage, this study demonstrated that missegregation of a single 
specific chromosome during mitosis, combined with selection for retention of that gene, produces a 
broad spectrum of genome rearrangements (including chromothripsis) found in human cancer.

8. Cortes-Ciriano I, Lee JJ, Xi R, Jain D, Jung YL, Yang L, Gordenin D, Klimczak LJ, Zhang CZ, 
Pellman DS, et al.: Comprehensive analysis of chromothripsis in 2,658 human cancers using whole-
genome sequencing. Nat Genet 2020, 52:331–341. [PubMed: 32025003] •• This study is a part of a 
large-scale whole-genome sequencing analysis of human cancers, performed by PCAWG 
Consortium. Cortes-Ciriano et al. demonstrated very high frequency of chromothripsis among 
human cancers, thus confirming its role as a major driver of cancer genome evolution.

9. Rello-Varona S, Lissa D, Shen S, Niso-Santano M, Senovilla L, Marino G, Vitale I, Jemaa M, 
Harper F, Pierron G, et al.: Autophagic removal of micronuclei. Cell Cycle 2012, 11:170–176. 
[PubMed: 22185757] 

10. Nassour J, Radford R, Correia A, Fuste JM, Schoell B, Jauch A, Shaw RJ, Karlseder J: Autophagic 
cell death restricts chromosomal instability during replicative crisis. Nature 2019, 565:659–663. 

Krupina et al. Page 7

Curr Opin Cell Biol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://smart.servier.com


[PubMed: 30675059] • Nassour et al. observed hyperactivation of autophagy in cellular models of 
replicative crisis that led to cell death. Mechanistically, micronuclei and cytoplasmic chromatin 
fragments (CCFs) that were produced were recognized by the autophagy machinery in cGAS-
STING-depedent manner. Suppression of autophagy resulted in bypass of cell crisis and the 
associated genome instability.

11. Harding SM, Benci JL, Irianto J, Discher DE, Minn AJ, Greenberg RA: Mitotic progression 
following DNA damage enables pattern recognition within micronuclei. Nature 2017, 548:466–
470. [PubMed: 28759889] 

12. Mackenzie KJ, Carroll P, Martin CA, Murina O, Fluteau A, Simpson DJ, Olova N, Sutcliffe H, 
Rainger JK, Leitch A, et al.: cGAS surveillance of micronuclei links genome instability to innate 
immunity. Nature 2017, 548:461–465. [PubMed: 28738408] 

13. Bakhoum SF, Ngo B, Laughney AM, Cavallo JA, Murphy CJ, Ly P, Shah P, Sriram RK, Watkins 
TBK, Taunk NK, et al.: Chromosomal instability drives metastasis through a cytosolic DNA 
response. Nature 2018, 553:467–472. [PubMed: 29342134] 

14. Ivanov A, Pawlikowski J, Manoharan I, van Tuyn J, Nelson DM, Rai TS, Shah PP, Hewitt G, 
Korolchuk VI, Passos JF, et al.: Lysosome-mediated processing of chromatin in senescence. J Cell 
Biol 2013, 202:129–143. [PubMed: 23816621] 

15. Yang H, Wang H, Ren J, Chen Q, Chen ZJ: cGAS is essential for cellular senescence. Proc Natl 
Acad Sci U S A 2017, 114:E4612–E4620. [PubMed: 28533362] 

16. Gluck S, Guey B, Gulen MF, Wolter K, Kang TW, Schmacke NA, 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. [PubMed: 28759028] 

17. Dou Z, Ghosh K, Vizioli MG, Zhu J, Sen P, Wangensteen KJ, Simithy J, Lan Y, Lin Y, Zhou Z, et 
al.: Cytoplasmic chromatin triggers inflammation in senescence and cancer. Nature 2017, 
550:402–406. [PubMed: 28976970] 

18. Han X, Chen H, Gong H, Tang X, Huang N, Xu W, Tai H, Zhang G, Zhao T, Gong C, et al.: 
Autolysosomal degradation of cytosolic chromatin fragments antagonizes oxidative stress-induced 
senescence. J Biol Chem 2020, 295:4451–4463. [PubMed: 32047109] 

19. Liu S, Pellman D: The coordination of nuclear envelope assembly and chromosome segregation in 
metazoans. Nucleus 2020, 11:35–52. [PubMed: 32208955] 

20. Hatch EM: Nuclear envelope rupture: little holes, big openings. Curr Opin Cell Biol 2018, 52:66–
72. [PubMed: 29459181] 

21. Fonseca CL, Malaby HLH, Sepaniac LA, Martin W, Byers C, Czechanski A, Messinger D, Tang 
M, Ohi R, Reinholdt LG, et al.: Mitotic chromosome alignment ensures mitotic fidelity by 
promoting interchromosomal compaction during anaphase. J Cell Biol 2019, 218:1148–1163. 
[PubMed: 30733233] 

22. Bonacci T, Emanuele MJ: Impressionist portraits of mitotic exit: APC/C, K11-linked ubiquitin 
chains and Cezanne. Cell Cycle 2019, 18:652–660. [PubMed: 30874463] 

23. Hamalisto S, Stahl JL, Favaro E, Yang Q, Liu B, Christoffersen L, Loos B, Guasch Boldu C, Joyce 
JA, Reinheckel T, et al.: Spatially and temporally defined lysosomal leakage facilitates mitotic 
chromosome segregation. Nat Commun 2020, 11:229. [PubMed: 31932607] 

24. Almacellas E, Pelletier J, Day C, Ambrosio S, Tauler A, Mauvezin C: Lysosomal degradation 
ensures accurate chromosomal segregation to prevent chromosomal instability. Autophagy 
2020:1–18.

25. Bartsch K, Knittler K, Borowski C, Rudnik S, Damme M, Aden K, Spehlmann ME, Frey N, Saftig 
P, Chalaris A, et al.: Absence of RNase H2 triggers generation of immunogenic micronuclei 
removed by autophagy. Hum Mol Genet 2017, 26:3960–3972. [PubMed: 29016854] 

26. McNairn AJ, Chuang CH, Bloom JC, Wallace MD, Schimenti JC: Female-biased embryonic death 
from inflammation induced by genomic instability. Nature 2019, 567:105–108. [PubMed: 
30787433] 

27. Leimbacher PA, Jones SE, Shorrocks AK, de Marco Zompit M, Day M, Blaauwendraad J, 
Bundschuh D, Bonham S, Fischer R, Fink D, et al.: MDC1 Interacts with TOPBP1 to Maintain 
Chromosomal Stability during Mitosis. Mol Cell 2019, 74:571–583 e578. [PubMed: 30898438] 

Krupina et al. Page 8

Curr Opin Cell Biol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28. Bailey LJ, Bianchi J, Doherty AJ: PrimPol is required for the maintenance of efficient nuclear and 
mitochondrial DNA replication in human cells. Nucleic Acids Res 2019, 47:4026–4038. [PubMed: 
30715459] 

29. Pladevall-Morera D, Munk S, Ingham A, Garribba L, Albers E, Liu Y, Olsen JV, Lopez-Contreras 
AJ: Proteomic characterization of chromosomal common fragile site (CFS)-associated proteins 
uncovers ATRX as a regulator of CFS stability. Nucleic Acids Res 2019, 47:8004–8018. [PubMed: 
31180492] 

30. Heijink AM, Talens F, Jae LT, van Gijn SE, Fehrmann RSN, Brummelkamp TR, van Vugt M: 
BRCA2 deficiency instigates cGAS-mediated inflammatory signaling and confers sensitivity to 
tumor necrosis factor-alpha-mediated cytotoxicity. Nat Commun 2019, 10:100. [PubMed: 
30626869] 

31. De Magis A, Manzo SG, Russo M, Marinello J, Morigi R, Sordet O, Capranico G: DNA damage 
and genome instability by G-quadruplex ligands are mediated by R loops in human cancer cells. 
Proc Natl Acad Sci U S A 2019, 116:816–825. [PubMed: 30591567] 

32. Rossi F, Helbling-Leclerc A, Kawasumi R, Jegadesan NK, Xu X, Devulder P, Abe T, Takata M, Xu 
D, Rosselli F, et al.: SMC5/6 acts jointly with Fanconi anemia factors to support DNA repair and 
genome stability. EMBO Rep 2020, 21:e48222. [PubMed: 31867888] 

33. Gratia M, Rodero MP, Conrad C, Bou Samra E, Maurin M, Rice GI, Duffy D, Revy P, Petit F, Dale 
RC, et al.: Bloom syndrome protein restrains innate immune sensing of micronuclei by cGAS. J 
Exp Med 2019, 216:1199–1213. [PubMed: 30936263] 

34. Traynor S, Mollegaard NE, Jorgensen MG, Bruckmann NH, Pedersen CB, Terp MG, Johansen S, 
Dejardin J, Ditzel HJ, Gjerstorff MF: Remodeling and destabilization of chromosome 1 
pericentromeric heterochromatin by SSX proteins. Nucleic Acids Res 2019, 47:6668–6684. 
[PubMed: 31114908] 

35. Zhang W, Chen Z, Zhang D, Zhao B, Liu L, Xie Z, Yao Y, Zheng P: KHDC3L mutation causes 
recurrent pregnancy loss by inducing genomic instability of human early embryonic cells. PLoS 
Biol 2019, 17:e3000468. [PubMed: 31609975] 

36. Umbreit NT, Zhang CZ, Lynch LD, Blaine LJ, Cheng AM, Tourdot R, Sun L, Almubarak HF, 
Judge K, Mitchell TJ, et al.: Mechanisms generating cancer genome complexity from a single cell 
division error. Science 2020, 368.•• This elegant study unraveled the genomic outcomes of a 
Breakage-fusion-Bridge cycle using the live-cell imaging coupled with single-cell whole-genome 
sequencing (Look-Seq). Umbreit et al. also provided evidence supporting the role of actomyosin-
dependent forces in bridge resolution.

37. Shoshani O, Brunner SF, Yaeger R, Ly P, Nechemia-Arbely Y, Kim DH, Fang R, Castillon GA, Yu 
M, Li JSZ, et al.: Chromothripsis drives the evolution of gene amplification in cancer. Nature 
2020.•• Shoshani et al. used whole-genome sequencing of chemotherapy-resistant cancer clonal 
isolates to reconstruct essential steps of cancer evolution. They demonstrated that chromothripsis 
is a major force driving amplification of extrachromosomal DNA (ecDNA) carrying drug 
resistance genes. They further identified ecDNA within small-size micronuclei that are formed 
upon chromosome bridge resolution as a substrate for chromothripsis.

38. Samwer M, Schneider MWG, Hoefler R, Schmalhorst PS, Jude JG, Zuber J, Gerlich DW: DNA 
Cross-Bridging Shapes a Single Nucleus from a Set of Mitotic Chromosomes. Cell 2017, 
170:956–972 e923. [PubMed: 28841419] 

39. Maiato H, Afonso O, Matos I: A chromosome separation checkpoint: A midzone Aurora B 
gradient mediates a chromosome separation checkpoint that regulates the anaphase-telophase 
transition. Bioessays 2015, 37:257–266. [PubMed: 25470791] 

40. Liu S, Kwon M, Mannino M, Yang N, Renda F, Khodjakov A, Pellman D: Nuclear envelope 
assembly defects link mitotic errors to chromothripsis. Nature 2018, 561:551–555. [PubMed: 
30232450] 

41. Shimizu N, Itoh N, Utiyama H, Wahl GM: Selective entrapment of extrachromosomally amplified 
DNA by nuclear budding and micronucleation during S phase. J Cell Biol 1998, 140:1307–1320. 
[PubMed: 9508765] 

42. Jagannathan M, Cummings R, Yamashita YM: The modular mechanism of chromocenter 
formation in Drosophila. Elife 2019, 8.

Krupina et al. Page 9

Curr Opin Cell Biol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43. Jagannathan M, Cummings R, Yamashita YM: A conserved function for pericentromeric satellite 
DNA. Elife 2018, 7.

44. Ly P, Teitz LS, Kim DH, Shoshani O, Skaletsky H, Fachinetti D, Page DC, Cleveland DW: 
Selective Y centromere inactivation triggers chromosome shattering in micronuclei and repair by 
non-homologous end joining. Nat Cell Biol 2017, 19:68–75. [PubMed: 27918550] 

45. Fournier RE, Ruddle FH: Microcell-mediated transfer of murine chromosomes into mouse, 
Chinese hamster, and human somatic cells. Proc Natl Acad Sci U S A 1977, 74:319–323. 
[PubMed: 264685] 

46. Kneissig M, Keuper K, de Pagter MS, van Roosmalen MJ, Martin J, Otto H, Passerini V, Campos 
Sparr A, Renkens I, Kropveld F, et al.: Micronuclei-based model system reveals functional 
consequences of chromothripsis in human cells. Elife 2019, 8.

47. Willan J, Cleasby AJ, Flores-Rodriguez N, Stefani F, Rinaldo C, Pisciottani A, Grant E, Woodman 
P, Bryant HE, Ciani B: ESCRT-III is necessary for the integrity of the nuclear envelope in 
micronuclei but is aberrant at ruptured micronuclear envelopes generating damage. Oncogenesis 
2019, 8:29. [PubMed: 30988276] 

48. Vietri M, Schultz SW, Bellanger A, Jones CM, Petersen LI, Raiborg C, Skarpen E, Pedurupillay 
CRJ, Kjos I, Kip E, et al.: Unrestrained ESCRT-III drives micronuclear catastrophe and 
chromosome fragmentation. Nat Cell Biol 2020, 22:856–867. [PubMed: 32601372] • Vietri et al. 
demonstrated that micronuclei fail to properly control the recruitment and function of the members 
of ESCRT-III membrane fission machinery, which results in uncontrolled accumulation of ESCRT-
III. The latter leads to nuclear envelope rupture, DNA damage, and chromosome fragmentation.

49. Warecki B, Ling X, Bast I, Sullivan W: ESCRT-III-mediated membrane fusion drives chromosome 
fragments through nuclear envelope channels. J Cell Biol 2020, 219.

50. Halfmann CT, Sears RM, Katiyar A, Busselman BW, Aman LK, Zhang Q, O’Bryan CS, Angelini 
TE, Lele TP, Roux KJ: Repair of nuclear ruptures requires barrier-to-autointegration factor. J Cell 
Biol 2019, 218:2136–2149. [PubMed: 31147383] 

51. Soto M, Garcia-Santisteban I, Krenning L, Medema RH, Raaijmakers JA: Chromosomes trapped in 
micronuclei are liable to segregation errors. J Cell Sci 2018, 131.

52. Kato H, Sandberg AA: Chromosome pulverization in human cells with micronuclei. J Natl Cancer 
Inst 1968, 40:165–179. [PubMed: 5635016] 

53. Maciejowski J, Li Y, Bosco N, Campbell PJ, de Lange T: Chromothripsis and Kataegis Induced by 
Telomere Crisis. Cell 2015, 163:1641–1654. [PubMed: 26687355] 

54. Maciejowski J, Chatzipli A, Dananberg A, Chu K, Toufektchan E, Klimczak LJ, Gordenin DA, 
Campbell PJ, de Lange T: APOBEC3-dependent kataegis and TREX1-driven chromothripsis 
during telomere crisis. Nat Genet 2020, 52:884–890. [PubMed: 32719516] 

55. Xia Y, Pfeifer CR, Zhu K, Irianto J, Liu D, Pannell K, Chen EJ, Dooling LJ, Tobin MP, Wang M, et 
al.: Rescue of DNA damage after constricted migration reveals a mechano-regulated threshold for 
cell cycle. J Cell Biol 2019, 218:2545–2563. [PubMed: 31239284] 

56. Yang YG, Lindahl T, Barnes DE: Trex1 exonuclease degrades ssDNA to prevent chronic 
checkpoint activation and autoimmune disease. Cell 2007, 131:873–886. [PubMed: 18045533] 

57. Chen Q, Sun L, Chen ZJ: Regulation and function of the cGAS-STING pathway of cytosolic DNA 
sensing. Nat Immunol 2016, 17:1142–1149. [PubMed: 27648547] 

58. Ku JWK, Chen Y, Lim BJW, Gasser S, Crasta KC, Gan YH: Bacterial-induced cell fusion is a 
danger signal triggering cGAS-STING pathway via micronuclei formation. Proc Natl Acad Sci U 
S A 2020, 117:15923–15934. [PubMed: 32571920] 

59. Lohard S, Bourgeois N, Maillet L, Gautier F, Fetiveau A, Lasla H, Nguyen F, Vuillier C, Dumont 
A, Moreau-Aubry A, et al.: STING-dependent paracriny shapes apoptotic priming of breast tumors 
in response to anti-mitotic treatment. Nat Commun 2020, 11:259. [PubMed: 31937780] 

60. Liu H, Zhang H, Wu X, Ma D, Wu J, Wang L, Jiang Y, Fei Y, Zhu C, Tan R, et al.: Nuclear cGAS 
suppresses DNA repair and promotes tumorigenesis. Nature 2018, 563:131–136. [PubMed: 
30356214] 

61. Volkman HE, Cambier S, Gray EE, Stetson DB: Tight nuclear tethering of cGAS is essential for 
preventing autoreactivity. Elife 2019, 8.•• This study was the first to identify that endogenous 

Krupina et al. Page 10

Curr Opin Cell Biol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cGAS is predominantly a nuclear protein, and, along with Zierhut et al. (2019), provided the first 
mechanistic explanations as to how chromatin tethering prevents cGAS activation.

62. Zierhut C, Yamaguchi N, Paredes M, Luo JD, Carroll T, Funabiki H: The Cytoplasmic DNA 
Sensor cGAS Promotes Mitotic Cell Death. Cell 2019, 178:302–315 e323. [PubMed: 31299200] •• 
Zierhut et al. unraveled the details of cGAS recruitment to mitotic chromosomes (first reported by 
Yang et al. (2017)) and, along with Volkman et al. (2019), provided the first mechanistic 
explanations as to how chromatin tethering prevents cGAS activation.

63 •. Michalski S, de Oliveira Mann CC, Stafford C, Witte G, Bartho J, Lammens K, Hornung V, 
Hopfner KP: Structural basis for sequestration and autoinhibition of cGAS by chromatin. Nature 
2020.

64 •. Zhao B, Xu P, Rowlett CM, Jing T, Shinde O, Lei Y, West AP, Liu WR, Li P: The Molecular 
Basis of Tight Nuclear Tethering and Inactivation of cGAS. Nature 2020.

65 •. Pathare GR, Decout A, Gluck S, Cavadini S, Makasheva K, Hovius R, Kempf G, Weiss J, 
Kozicka Z, Guey B, et al.: Structural mechanism of cGAS inhibition by the nucleosome. Nature 
2020.

66 •. Kujirai T, Zierhut C, Takizawa Y, Kim R, Negishi L, Uruma N, Hirai S, Funabiki H, Kurumizaka 
H: Structural basis for the inhibition of cGAS by nucleosomes. Science 2020.

67 •. Boyer JA, Spangler CJ, Strauss JD, Cesmat AP, Liu P, McGinty RK, Zhang Q: Structural basis of 
nucleosome-dependent cGAS inhibition. Science 2020.Studies (63–67) • established a structural 
basis of nucleosome-dependent cGAS inhibition.

68. Guey B, Wischnewski M, Decout A, Makasheva K, Kaynak M, Sakar MS, Fierz B, Ablasser A: 
BAF restricts cGAS on nuclear DNA to prevent innate immune activation. Science 2020, 369:823–
828. [PubMed: 32792394] • Guey et al. discovered that competition between two DNA-binding 
proteins, cGAS and BAF, provided an additional layer of regulation of nuclear cGAS activity, 
protecting against immune response towards self-DNA.

69. Campisi J, d’Adda di Fagagna F: Cellular senescence: when bad things happen to good cells. Nat 
Rev Mol Cell Biol 2007, 8:729–740. [PubMed: 17667954] 

70. Otto FB, Thumm M: Mechanistic dissection of macro- and micronucleophagy. Autophagy 2020:1–
14.

71. Wang J, Veronezi GMB, Kang Y, Zagoskin M, O’Toole ET, Davis RE: Comprehensive 
Chromosome End Remodeling during Programmed DNA Elimination. Curr Biol 2020, 30:3397–
3413 e3394. [PubMed: 32679104] •• This study discovered programmed elimination of DNA in 
somatic cells in the parasitic nematode Ascaris occurs through specific chromosome 
missegragation and breakage, followed by incorporation of chromosome fragments into 
micronuclei. These micronuclei are next degraded through an autophagy pathway.

72. Chmielewska M, Dedukh D, Haczkiewicz K, Rozenblut-Koscisty B, Kazmierczak M, Kolenda K, 
Serwa E, Pietras-Lebioda A, Krasikova A, Ogielska M: The programmed DNA elimination and 
formation of micronuclei in germ line cells of the natural hybridogenetic water frog Pelophylax 
esculentus. Sci Rep 2018, 8:7870. [PubMed: 29777142] 

73. Ruban A, Schmutzer T, Wu DD, Fuchs J, Boudichevskaia A, Rubtsova M, Pistrick K, Melzer M, 
Himmelbach A, Schubert V, et al.: Supernumerary B chromosomes of Aegilops speltoides undergo 
precise elimination in roots early in embryo development. Nat Commun 2020, 11:2764. [PubMed: 
32488019] • Ruban et al. demonstrated that the naturally occuring elimination of so-called 
supernumerary B chromosomes in roots of diploid grass Aegilops speltoides is mediated via 
chromosome missegregation during mitosis, followed by formation of micronuclei and 
degradation of micronucleated DNA.

74. Lee CW, Wilfling F, Ronchi P, Allegretti M, Mosalaganti S, Jentsch S, Beck M, Pfander B: 
Selective autophagy degrades nuclear pore complexes. Nat Cell Biol 2020, 22:159–166. [PubMed: 
32029894] 

75. Mochida K, Oikawa Y, Kimura Y, Kirisako H, Hirano H, Ohsumi Y, Nakatogawa H: Receptor-
mediated selective autophagy degrades the endoplasmic reticulum and the nucleus. Nature 2015, 
522:359–362. [PubMed: 26040717] 

Krupina et al. Page 11

Curr Opin Cell Biol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Research models to study cellular and genomic consequences of micronucleation.
Top to bottom: (1) Mitotic drug-induced chromosome missegregation followed by Look-Seq 

[5]; (2) Inducible inactivation of Y chromosome centromere resulting in Y missegregation 

into micronuclei (MN) [7,44]; (3) Generation of MN by Microcell Mediated Chromosome 

Transfer [46]; (4) Dicentric chromosomes producing MN as a result of chromosome bridge 

resolution [36,37]. Identification of complex genome rearrangements including 

chromothripsis is performed by whole-genome sequencing of single daughter cells (Look-

Seq, (1) and (4)) or stable clones ((2), (3) and (4)).
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Figure 2. Nuclear Envelope (NE) rupture in micronuclei.
Ruptured MN are characterized by aberrant NE repair and Endoplasmic Reticulum invasion. 

NE rupture in MN results in DNA damage ultimately leading to chromosome shattering and 

chromothripsis. Potential contributors to DNA damage include imbalances in genome 

maintenance machinery and influx of cytosolic nucleases. ESCRT, Endosomal sorting 

complex required for transport; BAF, Barrier-to-autointegration factor.
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Figure 3. Unprotected chromatin in dividing and senescent cells: different causes, similar 
outcomes.
Ruptured micronuclei (MN) and cytoplasmic chromatin fragments (CCFs) accumulate DNA 

damage and trigger cellular immune response which contribute to cancer metastasis. MN 

and CCFs can be degraded by Autophagy-lysosomal pathway thus providing a potential 

therapeutic strategy. cGAS, cyclic GMP–AMP synthase; cGAMP, cyclic GMP–AMP; 

STING, Stimulator of interferon genes.
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