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Small but mighty: the causes and consequences of
micronucleus rupture
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Abstract

Micronuclei are small DNA-containing nuclear structures that are spatially isolated from the main nucleus. They are
frequently found in pathologies, including cancer. It was recently shown that these nuclear structures are not only
biomarkers of disease but also play an active role in tumor biology. Many consequences of micronucleus formation on
tumor biology are dependent on the frequent and irreversible rupture of their nuclear envelopes, which results in the
exposure of their DNA contents to the cytoplasm. In this review, we discuss models of defective nuclear envelope
deposition on missegregated chromosomes that lead to nuclear envelope rupture. Furthermore, we expound upon
the various downstream consequences of micronucleus nuclear envelope rupture on cells. These consequences
include a massive DNA rearrangement phenomenon called chromothripsis and activation of the cGAS-STING innate
immune signaling pathway, which can be a double-edged sword with tumorigenesis and tumor prevention functions.
Although micronuclei are small structures, the impact they have on cells and their microenvironment is quite large.

An old observation with a new meaning

At mitotic exit, extensive nuclear envelope (NE) remo-
deling ensures that separated chromosomes are enclosed
by a NE and that a single nucleus is formed in each
daughter cell”>. A micronucleus, however, is an isolated
nuclear structure separated from the main nucleus and
represents an extreme example of nuclear atypia. Micro-
nuclei arise from lagging chromosomes or chromosome
fragments caused by mitotic errors or DNA damage®™®
(Fig. 1la). They have long been used as biomarkers of
genotoxicity, tumor risk, and tumor grade®™’. The fre-
quent observation of micronuclei in tumors and after
genotoxic events raises the specter that micronuclei might
not merely be passenger events but might play active roles
in DNA damage and tumor progression.

The study of micronuclei and their potential role in
DNA damage dates back to at least 1968. In this seminal
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work, Kato and Sandberg proposed that micronuclei are
associated with chromosome pulverization, a visual phe-
nomenon of apparent discontinuous DNA fragments on
chromosome spreads'®. This was followed by the obser-
vation that premature chromatin condensation and a
pulverized appearance of chromosomes can be induced in
the nuclei of under-replicated S-phase cells upon their
fusion with mitotic cells'"'*. Despite the initial hypothesis
that pulverized chromosomes might represent broken
DNA, it was concluded that the pulverized appearance is
merely the aberrant condensation of a chromosome that
lagged during the cell cycle. With this finding, the field
was largely forgotten for decades.

Only recently has the idea that micronuclei might lead
to DNA damage and disease been revived (Fig. 1b). First,
cytological evidence demonstrated that micronuclei
undergo delayed DNA replication and DNA damage™*~**,
Later it was shown that the NE of micronuclei is fragile
and ruptures, leading to the loss of nuclear-cytoplasmic
compartmentalization'®. This rupture originates from
defective postmitotic NE assembly that persists into
interphase’® and results in the release of micronuclear
contents into the cytosol'”. These steps then lead to DNA
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Fig. 1 Micronucleus formation and its downstream consequences. a Micronuclei form from lagging chromosomes (left) or chromosome
fragments (right) following mitotic errors or DNA damage, respectively. Although micronuclei are enclosed by NE, their NE is fragile, leading to
catastrophic NE rupture. b (Left) Chromosomes contained in micronuclei with a ruptured NE acquire double-strand (ds) DNA breaks and
chromosome pulverization, leading to chromothripsis, a phenomenon of extensive chromosome rearrangements confined to one or a few
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chromosomes. (Right) Chromatin released into the cytosol by NE rupture is recognized by cGAS, triggering the activation of cGAS-STING-dependent
innate immune signaling. Cytoplasmic chromatin fragments (CCFs), which can also cause a cGAS-STING-dependent innate immune response, can be
generated by autophagic degradation of the main nucleus or from DNA fragments from a micronucleus.

damage and chromosome pulverization'? (Fig. 1b, left).
More recently, it was revealed that the DNA from rup-
tured micronuclei can also act as a source of cytoplasmic
DNA and trigger an innate immune proinflammatory
response’’~*?, which is frequently seen in cancer (Fig. 1b,
right). Thus, micronuclei contribute broadly to many

aspects of cancer biology.

Built to fail: defective micronuclear envelope
assembly

Many of the downstream consequences of micronucleus
formation are intricately associated with micronuclear NE
fragility'®. Why micronuclei have fragile NEs and how NE
rupture occurs are key questions that require further
exploration. Interestingly, micronuclear NE fragility is
known to originate in the prior mitosis'®. To better
understand the reasons for NE fragility, we first discuss
normal NE assembly.

In higher eukaryotic cells that undergo open mitoses,
the NE disassembles during each cell division, enabling
mitotic spindle assembly. During mitotic exit the nuclear
boundary is reestablished through the complex process of
postmitotic NE reassembly’. NE reassembly requires
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inactivation of mitotic kinases and activation of protein
phosphatases that reverse the mitotic phosphorylation of
NE proteins and components of the nuclear pore complex
(NPC)"2. In addition, the concerted action of the NPC
assembly factor ELYS and the RanGTP gradient on
chromosomes promotes the recruitment of NE and NPC
proteins to chromatin®~??, NE reformation around the
chromosome mass is further promoted by the recruitment
and expansion of the mitotic ER membrane to chroma-
tin?®. Finally, the microtubule-severing protein spastin
and endosomal sorting complex required for transport-III
(ESCRT-III) promote the disassembly of spindle micro-
tubules and seal the NE holes that microtubules leave
behind***°, Thus, multiple mechanisms cooperate to
ensure the formation of a functional NE barrier with
NPCs, enabling efficient nuclear cytoplasmic transport.
Despite the mechanisms to facilitate concurrent
recruitment of NE and NPC proteins"?, initial post-
mitotic NE reassembly displays a partitioning of NE
domains that are largely depleted of or enriched with
NPCs***° (Fig. 2a). Chromosome regions far from spin-
dle microtubules assemble NPC-rich NEs by recruiting
non-core NE proteins, which include NPCs, lamin B and
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Fig. 2 NE reassembly at mitotic exit and three proposed models to explain micronuclear NE defects. a (Top) Transient partitioning of NE
domains during telophase: non-core proteins/NPCs are recruited to the chromosome periphery forming a non-core NE domain (yellow arrows); core
NE proteins are recruited to chromosome regions facing spindle microtubules forming a core NE domain (red arrows). (Middle) During interphase,
NPC-depleted pore-free islands (red arrowheads) are populated by NPCs and other non-core NE proteins (yellow arrows), resulting in a completely

chromosomes and micronuclei. For each model, proposed mechanisms inhibiting NE assembly on lagging chromosomes are indicated by NE and
NPC components that were used in each study. For the Aurora B-dependent checkpoint and Aurora B-coated DNA tether models, core NE proteins
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lamin B receptor (LBR)**!. This process is distinct from
that of chromosome regions near dense spindle micro-
tubules, which assemble NEs that lack NPCs but are
enriched with core NE proteins such as barrier-to-
autointegration factor (BAF), emerin, lamin-associated
peptide 2a (LAP2a) and lamin A/C**72%30733 As a con-
sequence of this separation, the NPC-depleted core
domains display NPC gaps, called “pore-free
islands”****3%, These gaps are later filled by incorporation
of NPC into pore-free islands during interphase, resulting
in the formation of a closed NE capable of functional
nuclear-cytoplasmic transport®>*,

Given this highly coordinated model of NE assembly
after mitosis, the reasons for micronuclei fragility and
whether micronuclei follow similar spatiotemporal pat-
terns of NE and NPC assembly have been areas of intense
research. Although it is appealing to think that micro-
nuclei might start with a normal NE prior to spontaneous
NE disruption and loss of lamina continuitylS, defects in
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NPC density and function in micronuclei have long been
suggested'>>*>*°, Accordingly, many groups have focused
on investigating postmitotic reassembly of NE on mis-
segregated chromosomes'®*’~*! (Fig. 2b). Despite some
differences in the experimental systems used and con-
clusions drawn from these studies, it is now clear that
micronuclei are initially generated with an altered com-
position of NE and NPC proteins.

One mechanism to explain NE defects in micronuclei is
an Aurora B-dependent chromosome separation check-
point model®”** (Fig. 2b, left). This model proposes that a
phosphorylation gradient of the mitotic kinase Aurora B
monitors the position of chromosomes and inhibits NE
assembly. In this model, high Aurora B activity at the
spindle midzone senses lagging chromosomes and pre-
vents NE assembly to ensure that membrane-free lagging
chromosomes can be reincorporated into the main
nucleus. This conclusion is drawn from the observation in
Drosophila S2 cells that lagging chromosomes fail to
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recruit lamin B and some NPC components, and Aurora
B inhibition reverses this NE defect’”. Defective NE
assembly was inferred in this study by the observation of
mainly non-core NE proteins, leaving open the possibility
that core NE proteins were being properly recruited to
lagging chromosomes even in the presence of high Aurora
B activity at the midzone. Later experiments by the same
group suggested that Aurora B and CDK1 cooperate in
the checkpoint—that Aurora B sets a CDK1 phosphor-
ylation gradient by stabilizing Cyclin B and thus globally
inhibits NE assembly of lagging chromosomes™®.

Another group proposed a model in which Aurora B
kinase inhibits NE assembly by a somewhat different
mechanism that does not involve a checkpoint. By
examining lagging acentric chromosomes in Drosophila
neuroblasts, Karg et al. propose that a localized pool of
Aurora B prevents NE assembly around acentric frag-
ments and the DNA tethers that connect the fragments to
their centric partners® (Fig. 2b, middle). The Aurora B-
coated DNA tether model is based on the observation that
lamin B gaps colocalize with DNA tethers coated with
Aurora B and its substrate, phosphorylated histone H3.
Moreover, the authors demonstrate that Aurora B
depletion restores lamin B continuity®®. A later study by
the same group further suggests that a failure to recruit
heterochromatin protein 1 (HPla) to lagging acentric
fragments causes a delay in NE assembly, possibly owing
to the ability of HP1a to interact with LBR*.

Polo-like kinase 1 (Plkl) has also been proposed to
contribute to postmitotic NE assembly*!. Although lag-
ging chromosomes can recruit some nuclear proteins
(lamin A/C), they are inefficient at recruiting NPC pro-
teins in HeLa cells, suggesting that there might be an
independent regulatory mechanism that controls different
NE and NPC proteins*'. In search for such regulatory
mechanisms, the role of Plkl was explored. From these
experiments it was revealed that inhibition of Plkl only
partially restored NPC assembly defects on lagging
chromosomes*!, raising the possibility that additional
factors in NE assembly remained undiscovered.

To this end, Liu and Kwon et al. conducted a systematic
examination of the recruitment of different NE and NPC
proteins to lagging chromosomes in human cells'®. They
found that despite normal recruitment of core NE pro-
teins and A-type lamins, non-core NE proteins, including
NPCs and B-type lamins, were not recruited to lagging
chromosomes'® (Fig. 2b, right). This NPC assembly defect
on lagging chromosomes coincided with defective nuclear
import, indicating it is likely a major contributing factor
to NE disruption'®. Moreover, by using correlative light
and electron microscopy (CLEM) to directly visualize
membrane assembly on lagging chromosomes, Liu and
Kwon et al. found that lagging chromosomes assemble
their NE without significant delay relative to NE assembly
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on the main nucleus'®. These findings are unlike what
would be expected in the presence of a chromosome
segregation checkpoint®”*> wherein NE assembly on
lagging chromosomes would be turned off in a switch-like
manner. Instead, these findings suggest that defective
core-only NE assembly on lagging chromosomes is an
unfortunate accident of NE assembly.

But what causes core-only NE assembly on micronuclei?
A particularly telling observation came from how NE
assembly occurs around the main chromosome mass. Liu
and Kwon et al. showed that NPCs and non-core NE
proteins are mainly excluded from chromosome regions
that face the spindle but not from those that face away
from the spindle'® (Fig. 2a). This finding suggests a role
for microtubules in inhibiting NE and NPC assembly'®**
(Fig. 2a, top, and 2b, right). Indeed, depolymerization of
microtubules by nocodazole restored NPC and non-core
NE assembly in an Aurora B-independent manner'®.
Consistently, the generation of micronuclei away from
spindle microtubules restored NPC recruitment to lag-
ging chromosomes and prevented the rupture of their
NE'®. Thus, a microtubule inhibition model that does not
necessitate a checkpoint may explain why mitotic exit is
error-prone, explaining in part the high frequency of
micronuclei in cancers. It remains to be addressed how
microtubules inhibit non-core NE protein deposition on
lagging chromosomes. Taken together, these data show
that the formation of a closed NE that lacks NPCs on
lagging chromosomes is the source of the NE defects that
persist into interphase'®*’, leading to NE rupture and
downstream consequences such as DNA damage.

Micronuclei: small packages with big genomic
consequences

The discovery that DNA contained in micronuclei
becomes damaged suggested that micronuclei might be a
source of highly localized chromosomal rearrangements
called ‘chromothripsis™® Chromothripsis (Greek for
‘chromosome shattering’) is tens to hundreds of chro-
mosomal rearrangements localized to one or a few
chromosomes or chromosomal segments that occur all at
once, in contrast to the gradual accrual of mutations
(Figs. 1b and 3a)**™*". The suggestion that micronuclei
might lead to chromothripsis was later affirmed, as dis-
cussed below™®>! (Fig. 3b).

Chromothripsis was first discovered in a patient with
chronic lymphocytic leukemia®. This patient’s genome
contained 45 genome rearrangements, 42 of which were
localized to a single chromosome arm. The clustered
rearrangements were joined in random orientation and
order and yielded only two copy number states. The two
copy number states corresponded to segments of alter-
nating loss and maintenance of heterozygosity, or put
otherwise, regions of basal copy number with interspersed
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deletions. This clustering of rearrangements with only two  microhomology at breakpoints was indicative of the
copy number states is unlikely to occur gradually but rearranged chromosomes being assembled by non-
instead was predicted to occur all at once**. Limited homologous end-joining (NHEJ) or microhomology-
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mediated repair**>' >3, Later experiments confirmed that
NHE] factors play a major role in the repair of shattered
DNA fragments from micronuclei®®,

Similarly, complex all-at-once rearrangement patterns,
termed chromoanasynthesis and chromoplexy, were also
recently discovered. Whereas chromothripsis is most
frequently associated with copy-number losses, chromoa-
nasynthesis is associated with copy-number gains accom-
panying its rearrangements®*>°, Chromoanasynthesis is
thought to occur by template switching during DNA
replication. Chromoplexy is distinct in that it consists of a
closed chain of rearrangements, which can be inter- or
intrachromosomal. Chromoplexy is found in many can-
cers and is believed to occur at replication or transcrip-
tional hubs that bring distal segments of DNA into
proximity®>”®, The mechanisms that cause chromoa-
nasynthesis and chromoplexy require further investigation.

Since its initial observation, chromothripsis has been
observed in cancers, congenital disease, plant genome
elimination, and even in seemingly healthy indivi-
duals®>®®. In congenital disease it is frequently copy-
number neutral, likely due to selective pressure®. A
recent pan-cancer analysis of whole genomes found
chromothripsis in at least 29% of tumors, with 100% of the
liposarcomas analyzed, 85% of the osteosarcomas and 84%
of the glioblastomas having at least one chromothripsis
event in their genomes*®. Additional studies observed
similar trends among tumor types, with chromothripsis
enriched in several tumor types, including osteosarcomas,
glioblastomas, and pancreatic tumors®>*>*%®!, Chromo-
thripsis is causal in cancer. It is frequently clonal and
causes tumor suppressor loss, fusion oncogene formation,
and/or oncogene amplification by the formation of double
minute chromosomes**>°,

In 2015, Zhang and colleagues first demonstrated that
micronuclei cause chromothripsis®’. Using ‘Look-Seq’, a
novel technique of tracking cells containing micronuclei
and subjecting their progeny to single-cell sequencing
(Fig. 3b), they showed that the chromosome contained in
a micronucleus exhibited several hallmarks of chromo-
thripsis**>!. First, there was a massive enrichment of
rearrangements on the chromosome contained in the
micronucleus compared to the remainder of the genome.
Second, some chromosomes from micronuclei segregated
to a single daughter (Fig. 3b, top). These were dominated
by copy-number neutral rearrangements like those
observed in congenital chromothripsis. In contrast, some
chromosomes were shattered and their fragments were
passed independently to both daughters. In these cases,
DNA segments that segregated to one daughter mani-
fested as deletions in the other daughter (Fig. 3b), pro-
ducing the characteristic oscillating two-copy number
state of chromothripsis (Fig. 3a, b). Together with other
recent work using micronuclei whose contents were

Official journal of the Korean Society for Biochemistry and Molecular Biology

1782

known a priori, it is now clear that micronuclei generate
chromothripsis at remarkably high rates, regardless of
whether the bulk of the micronucleus is reincorporated
into the primary nucleus**~>',

The lack of requirement of bulk reincorporation is
surprising, as it was thought that fragments needed to be
reincorporated into a repair-competent primary nucleus
for rearrangement to occur*®%% However, in these
cases, it is possible that some fragments not visible by
microscopy are reincorporated and repaired. Alter-
natively, aberrant mitotic DNA synthesis might cause
rearrangement without reincorporation into the main
nucleus when a NE is not present®®*,

Although it is clear that micronuclei are at least one
source for chromothripsis, it is unknown exactly how the
DNA in micronuclei is shattered. Delayed replication
timing in micronuclei has led to speculation that the DNA
contained in micronuclei might be shattered by pre-
mature mitotic entry11’12’48. In support of this, premature
chromosome condensation in G2 cells induced by treat-
ment with the phosphatase inhibitor calyculin A caused
fragmentation of chromosomes targeted to micronuclei®®,

Alternatively, it has been proposed that exposure to
cytoplasmic nucleases upon NE disruption could cause
DNA damage in micronuclei. One candidate nuclease is
the 3’ exonuclease TREX1, which has been observed at
ruptured micronuclei®. In support of a role for TREX1 in
chromothriptic rearrangement, TREX1-deficient single-
cell clones harbored fewer highly complex rearrange-
ments after telomere crisis and chromosome bridge for-
mation than TREX1-intact clones®>°, On the other hand,
another group did not see a reduction in complex rear-
rangements when sequencing TREX1-deficient single-
cells after bridge formation, suggesting that an alternative
mechanism for chromosome shattering might exist®*. If
TREXI1 is in fact the nuclease responsible for complex
chromosome breakage, several unknowns remain.
Because TREX1 is an exonuclease it requires the presence
of nicks as a substrate for activity. The source(s) of these
nicks remains unknown, although the ribonuclease RNa-
seH2 is one candidate®>®”. It is also unknown how TREX1
would cause the formation of double-strand breaks. To
produce a double-strand break, the exonuclease would
need to collide with a nick on the opposite strand or
would require the collision of two TREX1 exonuclease
tracts on opposite strands®®. Additional enzymes that
could be responsible for generating chromothripsis
include topoisomerase IIb, which has been observed in
areas of torsional stress induced by membrane distor-
tion®®, and abasic endonucleases, such as APEl, an
enzyme that is active during the repair of deaminated
bases after APOBEC activity®”.

Although micronuclei are a major cause of chromo-
thripsis, chromosome bridges have also been shown to
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result in chromothripsis®*®>®. The extent to which
micronuclei contribute to genome instability compared to
other nuclear atypia, especially in the context of cancers,
is worthy of further exploration. Notably, micronuclei and
bridge formation frequently follow one another during
tumor development®*®>7°, One possible explanation for
this sequence is that micronuclei arising from DNA
double-strand breaks leave behind the uncapped
centromere-containing part of the chromosome, which is
then susceptible to improper repair and chromosome
bridge formation®®. Chromosome bridges can then
undergo cycles of instability, including the formation of
new micronuclei®*®>®*”! Therefore, DNA in micronuclei
might just be the start of a cascade of genome instability
(Fig. 3¢).

Raising the alarm: micronuclei activate
cytoplasmic DNA-sensing and innate
immune signaling

In addition to causing DNA damage, the presence of
DNA from ruptured micronuclei in the cytosol signals the
activation of the cGAS-STING pathway of innate immu-
nity'’~'%7>7® (Fig. 1b). Whereas self-DNA normally
resides in the nucleus and is thus largely immune from
detection, foreign DNA residing in the cytosol upon
pathogen infection or micronucleus envelope disruption
can be recognized by cyclic GMP-AMP synthase (cGAS).
The cytoplasmic DNA-sensing cGAS-STING pathway
thus plays a canonical role in antiviral innate immunity.
Upon dsDNA binding by cGAS, 2’-5'-cGAMP is synthe-
sized, leading to the activation of stimulator of interferon
genes (STING). Through downstream signaling cascades,
STING then induces the transcription and secretion of
type I interferon and inflammatory cytokines”*”>,

The work of various groups has demonstrated that self-
DNA from DNA damage-induced micronuclei with rup-
tured NE can act as a trigger for the cGAS-STING
pathway'”'® (Fig. 1b, right). By utilizing single-cell RNA
sequencing and light microscopy, Mackenzie et al. showed
that interferon-stimulated genes downstream of cGAS are
upregulated in cells containing micronuclei'®, This
inflammatory response was shown to be dependent upon
the presence of micronuclei and not the DNA damage
used to cause micronucleus formation per se'”'®, Fur-
thermore, cells with ongoing chromosomal instability
contain cGAS-positive micronuclei and undergo a cGAS-
STING-dependent proinflammatory response®.

Other self-DNA triggers of cytoplasmic DNA-sensing
innate immunity are cytoplasmic chromatin fragments
(CCFs) that arise under various cellular stresses (Fig. 1b,
right). For example, aneuploidy-induced senescence is
likely to be accompanied by rupture-prone micronuclei
from chromosome missegregation'®’*, The contents of
micronuclei, if not completely reincorporated into the
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main nucleus in the following cell cycle, may become
CCFs. Furthermore, several studies have reported that
cells undergoing senescence due to oncogenic, genotoxic,
or oxidative stress show cGAS-STING-dependent
inflammatory responses via cytoplasmic DNA”>~"7. Cel-
lular senescence is characterized by terminal cell cycle
arrest accompanied by the characteristic expression and
secretion of proinflammatory cytokines, collectively
termed the senescence-associated secretory phenotype
(SASP)”. During senescence, CCFs originate from
autophagic degradation of nuclear lamina’*. Consistent
with this, inhibition of autophagy attenuates lamin Bl
degradation, causing a reduction in the generation of
CCFs and senescence’”. Moreover, genetic perturbation
of the cGAS-STING pathway under these stress condi-
tions protects cells from senescence and suppresses the
SASP program, suggesting a role for CCFs in self-DNA
recognition, SASP, and senescence’>~’”. Alternatively,
self-DNA and subsequent cGAS-STING activation sti-
mulates a different pathway, causing
independent cell death, as demonstrated in cells under-
going replicative stress after telomere crisis®’.

Although CCFs and micronuclei appear to be generated
by different mechanisms, CCFs and micronuclei share
many features, including the accumulation of markers for
DNA damage (as determined by yH2AX), inactive tran-
scription (as determined by heterochromatic histone
mark H3K27me3), and NE disruption (as determined
lamin B loss)*>®*°, Thus, further analysis would better
define the sources of cytoplasmic self-DNA and the
relative contribution of CCFs, micronuclei or mitochon-
drial DNA7>7*%? in ¢cGAS-STING activation during cel-
lular senescence in different contexts.

senescence-

The two faces of cytoplasmic DNA-mediated
innate immune activation in cancer

The consequences of cytoplasmic DNA sensing and
activation of the innate immune pathway are complex and
context dependent. Self-DNA recognition and subsequent
cGAS-STING-mediated inflammation present a double-
edged sword: they can suppress tumorigenesis but also
might promote it.

The former was demonstrated from a surprising
observation: abscopal effect, the long known phenomenon
wherein local irradiation suppresses tumors far from the
site of irradiation, was revealed to be STING-dependent
in mice'’. Because irradiation induces micronucleation
and NE rupture, this observation suggested that the
antitumoral effect of innate immune pathway activation
during abscopal effect might be elicited by DNA from
micronuclei. In support of this, it is known that activation
of the cytoplasmic DNA sensing pathway can induce both
autocrine and paracrine signaling effects. This occurs
because cGAMP can diffuse through gap junctions into
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neighboring cells®’, and cGAMP and downstream SASP
factors can be secreted”®**%, Thus, only a few cells with
ruptured micronuclei might activate immune signaling in
a large amount of tissue, making micronuclei an appealing
candidate source for the abscopal effect.

Tumor suppressive roles of self-DNA recognition are
also evident in senescent cells. For example, cells under-
going repeated chromosome segregation errors not only
permanently arrest in the cell cycle and undergo senes-
cence, but are also cleared by immune cells, such as
natural killer (NK) cells’*. Immune clearance of chro-
mosomally unstable cells might be caused by the activa-
tion of self-DNA recognition pathways and subsequent
SASP, which together can shape the immune landscape in
a manner similar to that of the immune clearance of
cancer cells®®. Consistent with this idea, in cells under-
going senescence in response to oncogenic stress (by
oncogenic NRasV12 expression), CCF-mediated STING
activation is indeed required for the clearance of senes-
cent cells and the suppression of tumorigenesis’’. These
results suggest that boosting cGAS-STING innate
immunity and exploiting NE defects can be an effective
cancer immunotherapy strategy for immune clearance of
cancer or precancerous cells.

Beyond the antitumoral function of innate immunity,
cytoplasmic DNA sensing by the cGAS-STING pathway
has also emerged as a mechanism that promotes
inflammation-driven tumorigenesis'®®’. For example,
cells displaying high chromosomal instability with ongo-
ing chromosome segregation errors and ruptured micro-
nuclei have been reported to promote cellular metastasis
by chronic activation of the cGAS-STING pathway'’.
Therefore, further elucidation of what switches cGAS-
STING signaling between tumor prevention and activa-
tion will be important if this pathway is to be used ther-
apeutically. To this end, investigation will be required to
dissect the molecular nature of cGAS-STING down-
stream signaling and the composition of SASP factors that
dictate different outcomes in tumor promotion and
suppression.

Perspectives and conclusions

Recent studies have advanced our understanding of
many processes in micronucleus biology with broad
impacts in both basic research and clinical fields. The
important basic question as to how chromosome segre-
gation is coordinated with NE assembly at the end of
mitosis has begun to be addressed. In answering this
question, studies have shown how the normal NE assem-
bly process proceeds and have revealed the origin of the
NE defects in micronuclei that lead to NE rupture. It has
also become clear that micronuclei are not simple con-
sequences of tumors, but instead are main contributors to
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tumorigenesis. The loss of NE integrity of micronuclei has
been intricately associated with chromothripsis, many
defects in cellular function, and the activation of innate
immune signaling. By using new tools and approaches
including single-cell whole genome and RNA sequencing
combined with imaging to trace the history of nuclear
aberration, and bulk DNA and RNA sequencing of cells
containing micronuclei, work over the past decade has
defined how chromothripsis arises, how and why the NE of
micronuclei is prone to rupture, and how a fragile NE
causes innate immune activation.

Many important questions remain unanswered in the
study of micronuclei and related phenomena. For exam-
ple, the mechanism by which spindle microtubules and/or
spindle geometry restrict NPC assembly of micronuclei
and thus generate a fragile NE remains to be explored. In
addition, the mechanisms of DNA damage in micronuclei
remain unknown. In particular, which enzymes, if any, are
responsible for chromosome fragmentation during chro-
mothripsis? Further studies as to how different sources of
self-DNA, including micronuclei, CCFs, and mitochon-
drial DNA, contribute to cGAS activation would help to
better understand the innate immune response. Addi-
tionally, a deeper understanding of the context-dependent
consequences of innate immune activation by NE rupture
or cytoplasmic DNA will help develop cancer immu-
notherapy strategies. Finally, finding predictive bio-
markers of abnormal nuclear structures, including
ruptured micronuclei and CCFs in cultured cells, tissues
and in vivo, would help to define patients who will benefit
from therapeutic strategies that exploit NE integrity and
the cGAS-STING innate immune pathway.

Acknowledgements

This work was supported by the National Research Foundation of Korea Grant
(NRF-2019R1A5A6099645) and the Ewha Womans University Research Grant of
2020 to MK and by the National Research Foundation of Korea grant (NRF-

2018R1D1A1B07048528) to J. L.

Author details

'Department of Life Science and the Research Center for Cellular Homeostasis,
Ewha Womans University, Seoul 03760, Korea. 2Department of Pediatric
Oncology, Dana-Farber Cancer Institute, Boston, MA, USA. 3Department of Cell
Biology, Harvard Medical School, Boston, MA, USA. *Department of
Biochemistry and Molecular Biology, Suwon 16499, South Korea. °Institute of
Medical Science, Ajou University School of Medicine, Suwon 16499, South
Korea

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 10 September 2020 Revised: 20 October 2020 Accepted: 21
October 2020.
Published online: 24 November 2020



Kwon et al. Experimental & Molecular Medicine (2020) 52:1777-1786

References

1.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Guttinger, S, Laurell, E. & Kutay, U. Orchestrating nuclear envelope disassembly
and reassembly during mitosis. Nat. Rev. Mol. Cell Biol. 10, 178-191 (2009).
Ungricht, R & Kutay, U. Mechanisms and functions of nuclear envelope
remodelling. Nat. Rev. Mol. Cell Biol. 18, 229-245 (2017).

Cimini, D, Cameron, L. A. & Salmon, E. D. Anaphase spindle mechanics pre-
vent mis-segregation of merotelically oriented chromosomes. Curr. Biol. 14,
2149-2155 (2004).

Cimini, D, Moree, B, Canman, J. C. & Salmon, E. D. Merotelic kinetochore
orientation occurs frequently during early mitosis in mammalian tissue cells
and error correction is achieved by two different mechanisms. J. Cell Sci. 116,
4213-4225 (2003).

Thompson, S. L. & Compton, D. A. Chromosome missegregation in human
cells arises through specific types of kinetochore-microtubule attachment
errors. Proc. Natl Acad. Sci. USA 108, 17974-17978 (2011).

Fenech, M. et al. Molecular mechanisms of micronucleus, nucleoplasmic
bridge and nuclear bud formation in mammalian and human cells. Muta-
genesis 26, 125-132 (2011).

Evans, H. J, Neary, G. J. & Williamson, F. S. The relative biological efficiency of
single doses of fast neutrons and gamma-rays on Vicia faba roots and the
effect of oxygen. Part Il. Chromosone damage: the production of micronuclei.
Int J. Radliat. Biol. Relat. Stud. Phys. Chem. Med. 1, 216-229 (1959).

Stich, H. F. & Rosin, M. P. Micronuclei in exfoliated human cells as a tool for
studies in cancer risk and cancer intervention. Cancer Lett. 22, 241-253 (1984).
Terradas, M, Martin, M, Tusell, L. & Genesca, A. Genetic activities in micronuclei:
is the DNA entrapped in micronuclei lost for the cell? Mutat. Res. 705, 60-67
(2010).

Kato, H. & Sandberg, A. A. Chromosome pulverization in human cells with
micronuclei. J. Natl Cancer Inst. 40, 165-179 (1968).

Johnson, R T. & Rao, P. N. Mammalian cell fusion: induction of premature
chromosome condensation in interphase nuclei. Nature 226, 717-722 (1970).
Crasta, K. et al. DNA breaks and chromosome pulverization from errors in
mitosis. Nature 482, 53-58 (2012).

Xu, B. et al. Replication stress induces micronuclei comprising of aggregated
DNA double-strand breaks. PLoS ONE 6, 18618 (2011).

Okamoto, A, Utani, K & Shimizu, N. DNA replication occurs in all lamina
positive micronuclei, but never in lamina negative micronuclei. Mutagenesis
27, 323-327 (2012).

Hatch, E. M, Fischer, A. H, Deerinck, T. J. & Hetzer, M. W. Catastrophic nuclear
envelope collapse in cancer Cell Micronuclei. Cell 154, 47-60 (2013).

Liu, S. et al. Nuclear envelope assembly defects link mitotic errors to chro-
mothripsis. Nature 561, 551-555 (2018).

Harding, S. M. et al. Mitotic progression following DNA damage enables
pattern recognition within micronuclei. Nature 548, 466-470 (2017).
Mackenzie, K. J. et al. cGAS surveillance of micronuclei links genome instability
to innate immunity. Nature 548, 461-465 (2017).

Bakhoum, S. F. et al. Chromosomal instability drives metastasis through a
cytosolic DNA response. Nature 553, 467-472 (2018).

Rasala, B. A, Orjalo, A. V, Shen, Z, Briggs, S. & Forbes, D. J. ELYS is a dual
nucleoporin/kinetochore protein required for nuclear pore assembly and
proper cell division. Proc. Natl Acad. Sci. USA 103, 17801-17806 (2006).
Walther, T. C. et al. RanGTP mediates nuclear pore complex assembly. Nature
424, 689-694 (2003).

Zhang, C, Hutchins, J. R, Muhlhausser, P, Kutay, U. & Clarke, P. R. Role of
importin-beta in the control of nuclear envelope assembly by Ran. Curr. Biol.
12, 498-502 (2002).

Otsuka, S. et al. Postmitotic nuclear pore assembly proceeds by radial dilation
of small membrane openings. Nat. Struct. Mol. Biol. 25, 21-28 (2018).

Vietri, M. et al. Spastin and ESCRT-IIl coordinate mitotic spindle disassembly
and nuclear envelope sealing. Nature 522, 231-235 (2015).

Olmos, Y, Hodgson, L, Mantell, J, Verkade, P. & Carlton, J. G. ESCRT-IIl controls
nuclear envelope reformation. Nature 522, 236-239 (2015).

Haraguchi, T. et al. Live cell imaging and electron microscopy reveal dynamic
processes of BAF-directed nuclear envelope assembly. J. Cell Sci. 121,
2540-2554 (2008).

Haraguchi, T. et al. BAF is required for emerin assembly into the reforming
nuclear envelope. J. Cell Sci. 114, 4575-4585 (2001).

Dechat, T. et al. LAP2alpha and BAF transiently localize to telomeres and
specific regions on chromatin during nuclear assembly. J. Cell Sci. 117,
6117-6128 (2004).

Official journal of the Korean Society for Biochemistry and Molecular Biology

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

1785

Otsuka, S. et al. Nuclear pore assembly proceeds by an inside-out extrusion of
the nuclear envelope. Elife 5, €19071 (2016).

LaJoie, D. & Ullman, K. S. Coordinated events of nuclear assembly. Curr. Opin.
Cell Biol. 46, 39-45 (2017).

Clever, M, Mimura, Y, Funakoshi, T. & Imamoto, N. Regulation and coordi-
nation of nuclear envelope and nuclear pore complex assembly. Nucleus 4,
105-114 (2013).

Samwer, M. et al. DNA cross-bridging shapes a single nucleus from a set of
mitotic chromosomes. Cell 170, 956-972 (2017). €923.

Maeshima, K et al. Cell-cycle-dependent dynamics of nuclear pores: pore-free
islands and lamins. J. Cell Sci. 119, 4442-4451 (2006).

Imamoto, N. & Funakoshi, T. Nuclear pore dynamics during the cell cycle. Curr.
Opin. Cell Biol. 24, 453-459 (2012).

Hoffelder, D. R. et al. Resolution of anaphase bridges in cancer cells. Chro-
mosoma 112, 389-397 (2004).

Geraud, G. et al. Three-dimensional organization of micronuclei induced by
colchicine in PtK1 cells. Exp. Cell Res. 181, 27-39 (1989).

Afonso, O. et al. Feedback control of chromosome separation by a midzone
Aurora B gradient. Science 345, 332-336 (2014).

Afonso, O. et al. Spatiotemporal control of mitotic exit during anaphase by an
aurora B-Cdk1 crosstalk. Elife 8, e47646 (2019).

Karg, T, Warecki, B. & Sullivan, W. Aurora B-mediated localized delays in nuclear
envelope formation facilitate inclusion of late-segregating chromosome
fragments. Mol. Biol. Cell 26, 2227-2241 (2015).

Warecki, B. & Sullivan, W. Micronuclei formation is prevented by Aurora B-
mediated exclusion of HP1a from late-segregating chromatin in Drosophila.
Genetics 210, 171-187 (2018).

de Castro, . J, Gil, R. S, Ligammari, L, Di Giacinto, M. L. & Vagnarelli, P. CDK1
and PLK1 coordinate the disassembly and reassembly of the nuclear envelope
in vertebrate mitosis. Oncotarget 9, 7763-7773 (2018).

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 37, 257-266 (2015).
Xue, J. Z et al. Chromatin-bound Xenopus Dppa2 shapes the nucleus by
locally inhibiting microtubule assembly. Dev. Cell 27, 47-59 (2013).
Stephens, P. J. et al. Massive genomic rearrangement acquired in a single
catastrophic event during cancer development. Cell 144, 27-40 (2011).
Kloosterman, W. P. & Cuppen, E. Chromothripsis in congenital disorders and
cancer. similarities and differences. Curr. Opin. Cell Biol. 25, 341-348 (2013).
Cortes-Ciriano, |. et al. Comprehensive analysis of chromothripsis in 2,658
human cancers using whole-genome sequencing. Nat. Genet. 52, 331-341
(2020).

Korbel, J. O. & Campbell, P. J. Criteria for inference of chromothripsis in cancer
genomes. Cell 152, 1226-1236 (2013).

Ly, P. et al. Selective Y centromere inactivation triggers chromosome shat-
tering in micronuclei and repair by non-homologous end joining. Nat. Cell Biol.
19, 68-75 (2017).

Kneissig, M. et al. Micronuclei-based model system reveals functional con-
sequences of chromothripsis in human cells. Elife 8, €50292 (2019).
Leibowitz, M. L. et al. Chromothripsis as an on-target consequence of CRISPR-
Cas9 genome editing. Preprint at https//www.biorxiv.org/content/10.1101/
2020.07.13.200998v1 (2020).

Zhang, C. Z. et al. Chromothripsis from DNA damage in micronuclei. Nature
522, 179-184 (2015).

Chiang, C. et al. Complex reorganization and predominant non-homologous
repair following chromosomal breakage in karyotypically balanced germline
rearrangements and transgenic integration. Nat. Genet. 44, 390-397, 5391
(2012).

Malhotra, A. et al. Breakpoint profiling of 64 cancer genomes reveals
numerous complex rearrangements spawned by homology-independent
mechanisms. Genome Res. 23, 762-776 (2013).

Liu, P. et al. Chromosome catastrophes involve replication mechanisms
generating complex genomic rearrangements. Cell 146, 889-903 (2011).
Leibowitz, M. L, Zhang, C. Z. & Pellman, D. Chromothripsis: a new mechanism
for rapid karyotype evolution. Annu. Rev. Genet. 49, 183-211 (2015).

Holland, A. J. & Cleveland, D. W. Chromoanagenesis and cancer: mechanisms
and consequences of localized, complex chromosomal rearrangements. Nat.
Med. 18, 1630-1638 (2012).

Baca, S. C. et al. Punctuated evolution of prostate cancer genomes. Cell 153,
666-677 (2013).


https://www.biorxiv.org/content/10.1101/2020.07.13.200998v1
https://www.biorxiv.org/content/10.1101/2020.07.13.200998v1

Kwon et al. Experimental & Molecular Medicine (2020) 52:1777-1786

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Anderson, N. D. et al. Rearrangement bursts generate canonical gene fusions
in bone and soft tissue tumors. Science 361, eaam8419, https.//doiorg/
10.1126/science.aam8419 (2018).

Collins, R. L. et al. A structural variation reference for medical and population
genetics. Nature 581, 444-451 (2020).

Kim, T. M. et al. Functional genomic analysis of chromosomal aberrations in a
compendium of 8000 cancer genomes. Genome Res. 23, 217-227 (2013).
Notta, F. et al. A renewed model of pancreatic cancer evolution based on
genomic rearrangement patterns. Nature 538, 378-382 (2016).
Vazquez-Diez, C, Yamagata, K, Trivedi, S, Haverfield, J. & FitzHarris, G. Micro-
nucleus formation causes perpetual unilateral chromosome inheritance in
mouse embryos. Proc. Natl Acad. Sci. USA 113, 626-631 (2016).
Minocherhomji, S. et al. Replication stress activates DNA repair synthesis in
mitosis. Nature 528, 286-290 (2015).

Umbreit, N. T. et al. Mechanisms generating cancer genome complexity from
a single cell division error. Science 368, eaba0712, https//doi.org/10.1126/
science.aba0712 (2020).

Maciejowski, J,, Li, Y., Bosco, N, Campbell, P. J. & de Lange, T. Chromothripsis
and kataegis induced by telomere crisis. Cell 163, 1641-1654 (2015).
Maciejowski, J. et al. APOBEC3-dependent kataegis and TREX1-driven chro-
mothripsis during telomere crisis. Nat. Genet. 52, 884-890 (2020).

Reijns, M. A. et al. Enzymatic removal of ribonucleotides from DNA is essential for
mammalian genome integrity and development. Cell 149, 1008-1022 (2012).
Vietri, M. et al. Unrestrained ESCRTHIl drives micronuclear catastrophe and
chromosome fragmentation. Nat. Cell Biol. 22, 856-867 (2020).

Li, Y. et al. Constitutional and somatic rearrangement of chromosome 21 in
acute lymphoblastic leukaemia. Nature 508, 98-102 (2014).

Ly, P. et al. Chromosome segregation errors generate a diverse spectrum of
simple and complex genomic rearrangements. Nat. Genet. 51, 705-715 (2019).
McClintock, B. The stability of broken ends of chromosomes in Zea Mays.
Genetics 26, 234-282 (1941).

Ablasser, A. & Chen, Z J. cGAS in action: expanding roles in immunity and
inflammation. Science 363, eaat8657, https:/doi.org/10.1126/science.aat8657
(2019).

Official journal of the Korean Society for Biochemistry and Molecular Biology

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

85.

86.

87.

1786

Zierhut, C. & Funabiki, H. Regulation and consequences of cGAS activation by
self-DNA. Trends Cell Biol. 30, 594-605 (2020).

Santaguida, S. et al. Chromosome mis-segregation generates cell-cycle-
arrested cells with complex karyotypes that are eliminated by the immune
system. Dev. Cell 41, 638-651. e635. (2017).

Gluck, S. et al. Innate immune sensing of cytosolic chromatin fragments
through cGAS promotes senescence. Nat. Cell Biol. 19, 1061-1070
(2017).

Yang, H, Wang, H, Ren, J, Chen, Q. & Chen, Z. J. cGAS is essential for cellular
senescence. Proc. Natl Acad. Sci. USA 114, E4612-E4620 (2017).

Dovu, Z. et al. Cytoplasmic chromatin triggers inflammation in senescence and
cancer. Nature 550, 402-406 (2017).

Coppe, J. P, Desprez, P. Y, Krtolica, A. & Campisi, J. The senescence-associated
secretory phenotype: the dark side of tumor suppression. Annu. Rev. Pathol. 5,
99-118 (2010).

Dovu, Z. et al. Autophagy mediates degradation of nuclear lamina. Nature 527,
105-109 (2015).

Ivanov, A. et al. Lysosome-mediated processing of chromatin in senescence. J.
Cell Biol. 202, 129-143 (2013).

Nassour, J. et al. Autophagic cell death restricts chromosomal instability during
replicative crisis. Nature 565, 659-663 (2019).

West, A. P. et al. Mitochondrial DNA stress primes the antiviral innate immune
response. Nature 520, 553-557 (2015).

Ablasser, A. et al. Cell intrinsic immunity spreads to bystander cells via the
intercellular transfer of cGAMP. Nature 503, 530-534 (2013).

Luteijn, R. D. et al. SLC19AT transports immunoreactive cyclic dinucleotides.
Nature 573, 434-438 (2019).

Ritchie, C, Cordova, A. F,, Hess, G. T, Bassik, M. C. & Li, L. SLC19A1 Is an
Importer of the Immunotransmitter cGAMP. Mol. Cell 75, 372-381 (2019).
e375.

Raulet, D. H. & Guerra, N. Oncogenic stress sensed by the immune system: role
of natural killer cell receptors. Nat. Rev. Immunol. 9, 568-580 (2009).

Ahn, J. et al. Inflammation-driven carcinogenesis is mediated through STING.
Nat. Commun. 5, 5166 (2014).


https://doi.org/10.1126/science.aam8419
https://doi.org/10.1126/science.aam8419
https://doi.org/10.1126/science.aba0712
https://doi.org/10.1126/science.aba0712
https://doi.org/10.1126/science.aat8657

	Small but mighty: the causes and consequences of micronucleus rupture
	An old observation with a new meaning
	Built to fail: defective micronuclear envelope assembly
	Micronuclei: small packages with big genomic consequences
	Raising the alarm: micronuclei activate cytoplasmic DNA-sensing and innate immune signaling
	The two faces of cytoplasmic DNA-mediated innate immune activation in cancer
	Perspectives and conclusions
	Acknowledgements




