1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Semin Radiat Oncol. Author manuscript; available in PMC 2023 January 01.

-, HHS Public Access
«

Published in final edited form as:
Semin Radiat Oncol. 2022 January ; 32(1): 54-63. doi:10.1016/j.semradonc.2021.09.002.

Chromosome missegregation as a modulator of radiation
sensitivity

Pippa F. Cosperl:2, Sarah E. Copeland3, John B. Tucker?, Beth A. Weaver2:5.6.
1Department of Human Oncology, University of Wisconsin-Madison, Madison, WI 53705, USA

2University of Wisconsin Carbone Cancer Center, University of Wisconsin-Madison, Madison, WI

53705, USA

SMolecular & Cellular Pharmacology Graduate Training Program, University of Wisconsin-
Madison, Madison, WI 53705, USA

4Cancer Biology Graduate Training Program, University of Wisconsin-Madison, Madison, WI
53705, USA

SDepartment of Cellular and Regenerative Biology, University of Wisconsin-Madison, Madison, WI

53705, USA

6Department of Oncology/McArdle Laboratory for Cancer Research, University of Wisconsin-
Madison, Madison, WI 53705, USA

Abstract

Chromosome missegregation over the course of multiple cell divisions, termed chromosomal
instability (CIN), is a hallmark of cancer. Multiple causes of CIN have been identified, including
defects in the mitotic checkpoint, altered kinetochore-microtubule dynamics, centrosome
amplification, and ionizing radiation. Here we review the types, mechanisms, and cellular
implications of CIN. We discuss the evidence that CIN can promote tumors, suppress them, or

do neither, depending on the rates of chromosome missegregration and the cellular context. Very
high rates of chromosome missegregation lead to cell death due to loss of essential chromosomes;
thus elevating CIN above a tolerable threshold provides a mechanistic opportunity to promote
cancer cell death. Lethal rates of CIN can be achieved by a single insult or through a combination
of insults. Because ionizing radiation induces CIN, additional therapies that increase CIN may
serve as useful modulators of radiation sensitivity. Ultimately, quantifying the intrinsic CIN in a
tumor and modulating this level pharmacologically as well as with radiation may allow for a more
rational, personalized radiation therapy prescription, thereby decreasing side effects and increasing
local control.

Introduction

CIN results in aneuploid daughter cells, which contain an abnormal chromosome content
that deviates from a multiple of the haploid. Both CIN and aneuploidy can be numerical
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or structural: numerical CIN describes the missegregation of whole chromosomes, while
structural CIN involves gain or loss of large chromosome segments. Though the terms
aneuploidy and CIN are sometimes used interchangeably, there is an important distinction:
aneuploidy describes the state of having an abnormal chromosome number, while CIN
involves a persistent rafe of chromosome missegregation. Aneuploid chromosome contents
can be faithfully propagated to daughter cells over multiple generations or may result in
CINL2,

CIN and aneuploidy are well-recognized hallmarks of cancer. Aneuploidy occurs in ~85%
of human cancers3, with the prevalence of aneuploidy varying between tumor types*:>.
Importantly, aneuploidy is more common in cancer than alteration of any single oncogene
or tumor suppressor and affects more of the genome than any other somatic genetic
alteration®-8. Approximately 25% of the genome of a typical solid tumor is altered

through whole-chromosome or chromosome arm changes, with roughly equivalent levels of
amplification and deletion, demonstrating the presence of large scale genomic alterations®.
CIN, as a rate of ongoing genomic shuffling due to mitotic defects, is more difficult

than aneuploidy to quantify in tumors, particularly since most patient samples are fixed
specimens collected at a single timepoint. However, one validated method of measuring
CIN, via intercellular variability in chromosome number, finds that CIN occurs in 44%

of solid tumors and 14% of hematopoietic cancers®. Single cell sequencing approaches

also reveal both CIN and stably maintained aneuploid tumor clones'9-12, though for both
methods it is difficult to discriminate whether clonal aneuploid populations reproducibly
produce genetically identical aneuploid progeny, for instance because these genomes

have been optimized for tumor growth in their specific microenvironment, or whether

other aneuploid karyotypes are produced but eliminated from the surviving population by
selection. Nevertheless, both CIN and aneuploidy are common features of a large majority of
human cancers.

Causes of CIN

Mammalian cells employ multiple mechanisms to ensure faithful chromosome segregation
to prevent CIN. Foremost among these is the mitotic checkpoint (also known as the spindle
assembly checkpoint), which controls mitotic progression. During a normal mitosis the
chromosomes, which are replicated during S phase and enter mitosis as pairs of sister
chromatids linked by cohesins, are sorted and segregated on a bipolar spindle composed

of microtubules (reviewed in13). The centromere of each sister chromatid attaches to

the microtubules of the mitotic spindle through a protein-based complex termed the
kinetochore. The kinetochores of sister chromatid pairs attach to microtubules emanating
from opposite spindle poles, which allows the chromatid pairs to align at the spindle equator
and form a metaphase plate. Kinetochores frequently make attachments to microtubules
from the inappropriate spindle pole, but these are released through an Aurora B-mediated
error-correction pathway. Chromatids with unattached kinetochores are at risk of being
missegregated and therefore recruit mitotic checkpoint proteins and convert them into
active inhibitors of the Anaphase Promoting Complex/Cyclosome (APC/C), the target of
the mitotic checkpoint!®. Even a single kinetochore lacking microtubule attachments is
sufficient to activate the mitotic checkpoint and prevent mitotic progressionl®. However,
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once all kinetochores have made stable microtubule attachments, the mitotic checkpoint is
satisfied. APC/C E3 ubiquitin ligase activity leads to cleavage of the cohesins connecting
sister chromatid pairs, allowing sister chromatid separation, mitotic progression into
anaphase, and the creation of two genetically identical daughter cells.

Successful mitosis requires the coordinated activity of kinases, phosphatases, molecular
motors, and microtubule associated proteins as well as the mitotic checkpoint. Given the
exquisite complexity of mitosis, there are numerous types of cellular defects that result in
chromosome missegregation. Though mutations in mitotic checkpoint proteins are rare in
human cancers, changes in mMRNA expression are common (Fig. 1) and lead to weakening
of the mitotic checkpoint and CIN16-18_ Mitotic checkpoint genes are most commonly
upregulated in cancers compared to normal tissue (Fig. 1A). In part, this is because many
mitotic checkpoint genes are cell cycle regulated and are therefore more highly expressed
in tumors since they are more proliferative than corresponding normal tissue. However,
even mitotic checkpoint genes that are not cell cycle regulated show increased expression
in primary cancers relative to normal tissue (Fig. 1A). When comparing amongst tumors
that are or are not diploid for a specific checkpoint gene, both increased and decreased
expression of mitotic checkpoint genes are observed, implying differences due to copy
number changes and/or transcriptional regulation (Fig. 1B). Thus, alterations in mitotic
checkpoint gene expression, which often impairs mitotic checkpoint signaling and causes
CIN, are common in human cancers, while mutations in these genes are rare.

Defects in chromosome congression to the metaphase plate result in misaligned
chromosomes (Fig. 2A, arrow), some of which are at or near spindle poles (polar
chromosomes). Misaligned chromosomes can be whole chromosomes or chromosome
fragments (Fig. 2A, arrowhead) and can result from radiation treatment, weakened mitotic
checkpoint activity, or decreased expression and/or function of the plus-end directed kinesin
CENP-E19, In these circumstances, misaligned chromosomes are often missegregated,
leading to CIN.

Once chromosomes have begun segregating towards opposite spindle poles during
anaphase, additional mitotic errors indicative of chromosome missegregation can become
apparent. These include lagging chromosomes (Fig. 2B), which lag behind the segregating
masses of DNA, and chromosome bridges (Fig. 2C), which are composed of chromatin
stretched between the separating spindle poles. Numerous mechanisms result in lagging
chromosomes, including accelerated?? or delayed centrosome separation?!, deficits in
chromokinesin activity?2, and inappropriate merotelic attachments in which a single
kinetochore is attached to microtubules from both spindle poles, resulting in a tug-of-war.
Though merotelic attachments are not detected by the mitotic checkpoint, errors can

be resolved by the error correction pathway, but defects in this pathway substantially
increase erroneous attachments leading to lagging chromosomes?3:24, Altered kinetochore-
microtubule dynamics represent another cause of lagging chromosomes. Certain cancer
cell lines with CIN have more stable kinetochore-microtubule attachments than non-CIN
cells. These hyperstable kinetochore-microtubule attachments prevent error correction and
increase the frequency of lagging chromosomes25:26,
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A number of mechanisms also contribute to the formation of chromosome bridges. Bridges
can occur due to defects in sister chromatid separation because of incomplete cohesin
removal?’, defects in DNA decatenation, or lack of topoisomerase activity?8. Bridges can
also be formed by end-to-end chromosome fusions after double stranded DNA breaks

as a consequence of radiation exposure?® or telomere crisis, which both yield dicentric
chromosomes produced by rearrangements combining two chromosomes or chromosome
fragments that both contain a centromere. Attachment of the two centromeres on a single
chromatid to microtubules from opposite spindle poles leads to stretching of the intervening
chromatin between the segregating masses of DNA during anaphase, forming a bridge (Fig.
2C). These bridges can be maintained during mitosis®?, but subsequently break, resulting

in a chromosome breakage-fusion-bridge cycle and further chromosomal rearrangements

in subsequent cell cycles. Replication stress during S phase provides an additional,
pre-mitotic source of chromosome bridges that can also produce acentric chromosome
fragments appearing as misaligned or lagging chromosomes3L. Misaligned, lagging, and
bridge chromosomes can become isolated from the main nucleus in the subsequent G1 phase
of the cell cycle and form their own micronucleus. Chromosomes in micronuclei are often
missegregated32 or undergo chromothripsis33, a process in which chromatin from one or
two chromosomes is shattered and extensively reorganized, resulting in structural as well as
numerical CIN.

An additional mitotic error contributing to aneuploidy and CIN is the formation of
multipolar spindles, which can appear in any stage of mitosis (Fig. 2D). Persistence of

a multipolar spindle throughout mitosis results in separation of the two sets of replicated
chromosomes into three or more daughter cells, most of which die or exhibit cell cycle
arrest34. Cells sometimes focus these multipolar spindles into bipolar spindles3®, but even
the presence of a transient multipolar spindle can promote CIN via merotelic attachments
that produce lagging chromosomes34:36, Multipolar spindles are caused by the presence of
supernumerary centrosomes, which are readily observed in a variety of cancer types and
are induced by the anti-mitotic chemotherapeutic and microtubule stabilizing drug paclitaxel
(Taxol™) as well as by radiation. Thus, a wide variety of genetic and cellular alterations
contribute to mitotic errors and CIN in cancer.

lonizing radiation as a cause of CIN

lonizing radiation is a well-characterized cause of aneuploidy and CIN (Fig. 3). It was
established in the 1950s that ionizing radiation damages the “genetic constituents” of
cells3” and later that chromosome aberrations from double stranded DNA breaks were a
significant source of lethality38. DNA lesions caused by ionizing radiation include base
lesions, single strand, and double strand breaks. Repair of double stranded DNA breaks
via non-homologous end-joining is error prone and can produce structural aneuploidy in
the form of chromosomal translocations, inversions, deletions, and insertions. Radiation-
induced structural aneuploidies can be propagated over subsequent generations3?, as was
observed for multiple rearrangements of chromosome 4 that occurred in a dose dependent
fashion after cell recovery and proliferation?®. Though some of these rearrangements
were stably propagated, most were unstable, indicating CIN. Other types of structural
aneuploidy induced by radiation are also associated with CIN. During the mitosis that occurs
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after radiation, acentric fragments produced by chromosome breaks or rearrangements are
unable to attach to the microtubules of the mitotic spindle and are therefore randomly
segregated. During cell division, these acentric fragments appear as misaligned or lagging
chromosomes, depending on the stage of mitosis (Fig. 2, 3). Radiation also causes dicentric
chromosomes, which result in chromosome bridges when the two kinetochores on a

single sister chromatid attach to opposite spindle poles (Fig. 2C, 3). Pulling forces may
cause breaks in the chromatin, ultimately leading to continued CIN and in some cases
chromothripsis, generating further DNA damage. These chromosomal rearrangements are
perpetuated with further mitotic cycles and contribute to additional genomic instability*L.

In addition to structural aneuploidy, radiation has also long been recognized to cause
numerical aneuploidy and polyploidy#243. Recent evidence has provided insight into

the mechanism through which radiation induces missegregation of whole chromosomes
during mitosis. Radiation increases stability of kinetochore-microtubule attachments and
thereby prevents correction of erroneous attachments, leading to the formation of lagging
chromosomes during anaphase**4° (Fig. 2B, 3), which is mediated in part by the DNA
Damage Response. Interestingly, experimentally destabilizing kinetochore-microtubule
attachments by overexpressing Kif2b, a microtubule-depolymerizing kinesin-13 protein,
significantly decreased the incidence of lagging chromosomes after radiation and thereby
decreased whole chromosome missegregation without affecting the extent of DNA damage
or repair®4.

Radiation also induces multipolar spindles (Fig. 2D, 3) through at least two mechanisms.
First, radiation causes erroneous replication of centrosomes during a subsequent G2 arrest
in a Chk1 dependent fashion46-48, Second, radiation induces polyploid cells through
cytokinesis failure, cell fusion and/or endocycling, which all produce cells containing
supernumerary centrosomes*349. Multipolar divisions themselves are a source of CIN but,
even when multipolar spindles are subsequently focused into pseudo-bipolar spindles, they
can increase lagging chromosomes, further increasing CIN3436, Interestingly, inhibiting
centrosome amplification in cultured cells reduced radiation induced cell death, further
implicating this as a mechanism of radiation-induced cytotoxicity®°. Supernumerary
centrosomes are not well tolerated, and it has been shown that clonogenic tetraploid

cells formed through inhibiting cytokinesis rapidly decrease their centrosome number
through asymmetric clustering of centrosomes during mitosis. This produces one daughter
cell with supernumerary centrosomes, which proliferates poorly, and one daughter with
only a single centrosome, which shows increased fitness°L. Similarly, after induction of
centrosome overduplication by overexpression of the kinase Plk4, cells that survive to
become clonogenic return to normal centrosome numbers®2. Whether cells with radiation-
induced centrosome amplification return to a normal centrosome number after experiencing
a transient period of CIN due to supernumerary centrosomes is unknown, but evidence
from other experimental models suggests this is a possibility. Interestingly, long-term
timelapse microscopy has revealed that a fraction of radiation-induced polyploid giant cells
continue to divide, sometimes several times, though it is unclear whether these cells are
clonogenic?#3:49:53,
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In summary, ionizing radiation induces structural and numerical CIN through formation

of dicentric and acentric chromosomes, hyper-stabilization of kinetochore-microtubule
attachments, and centrosome amplification. This results in a variety of mitotic defects
including misaligned and lagging chromosomes, chromosome bridges, and multipolar
spindles, which can all contribute to cell death if occurring with sufficiently high frequency.
Conversely, reducing CIN in the form of lagging chromosomes or centrosome amplification
leads to radiation resistance and increased cell survival. This implies a mechanistic
opportunity to alter CIN levels to enhance radiation induced cell death.

CIN can both promote and suppress tumors

Aneuploidy is clearly well tolerated in cancer cells, suggesting it offers a growth and
survival advantage. However, when induced experimentally, aneuploidy is often associated
with a significant fitness cost. This apparent contradiction is known as the ‘aneuploidy
paradox’®4. Induction of aneuploidy experimentally, predominantly through gain of a single
chromosome, leads to metabolic alterations, proteotoxic stress, cell cycle delay, and in
some cases, CIN55-58, How aneuploid human tumors are able to proliferate and thrive
given the general growth disadvantage observed in trisomic cell lines is unclear, although
the karyotypes observed in cancer are typically more complex than single chromosome
gains. These complex karyotypes could mitigate the fitness costs of trisomy of a single
chromosome, which substantially reduces fitness during embryonic development as well as
in cultured cells.

It is important to note that, though aneuploid cell lines often show a growth disadvantage
under conditions optimized for euploid cells, certain karyotypes exhibit growth advantage
under selective conditions, highlighting the importance of chromosome specific as well

as global effects of aneuploidy®9-%2. In cell culture studies, CIN has been associated

with therapeutic resistance53, potentially because the shuffling of chromosomes generates

a large variety of karyotypes, one or more of which may confer resistance. Consistent

with this idea, two recent studies demonstrated that transient induction of CIN in cell lines
produced a variety of aneuploid karyotypes that conferred resistance to cytotoxic drugs84:65.
Sequencing of these resistant clones revealed outgrowth of specific karyotypes, however,
the recurrent chromosome gains and losses that conferred resistance differed in distinct cell
lines, suggesting that specific aneuploidies are unlikely to uniformly confer drug resistance.
Additionally, the persistent genomic shuffling associated with CIN can increase genomic
heterogeneity to such an extent that it can lead to oncogene independence and facilitate
further tumor growth86. These findings offer further support for the conclusion that low rates
of CIN generate a range of aneuploid karyotypes that permit a subset of cells to survive and
proliferate in adverse and changing environments.

Accordingly, mouse models of aneuploidy and CIN have demonstrated tumor
promotion87-70, as well as tumor suppression86.71-73  or neither’4-78, depending on the
specific genetic alteration and the tissue context (reviewed in %18.79) Many of the

altered genes in these murine models have cellular functions independent of chromosome
missegregation (reviewed in16) that complicate interpretation. However, one unifying
conclusion is that the effect of aneuploidy on tumors depends on the rate of CIN. Low rates
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of CIN can be tumor promoting through gain of oncogenes or loss of tumor suppressors,
although most aneuploid cells are not transformed. In contrast, higher rates of chromosome
missegregation lead to cell death and tumor suppression due to loss of both copies of one
or more essential chromosomes80:81, Importantly, higher levels of CIN can drive tumor
suppression even in the case of oncogene driven tumors86.71.72, Thus there appears to be

a range of CIN that allows for optimal tumor cell fitness; however, further increasing CIN
above a maximally tolerated threshold, which appears to vary by tissue context82:83, |eads
to cell death (Fig. 4). This suggests that tumors with underlying CIN are more sensitive to
therapies that further increase CIN, such as radiation.

Combining two sources of CIN results in cell death and tumor suppression

Lethal rates of CIN can be achieved through a single mechanism, for instance by complete
loss (rather than weakening) of mitotic checkpoint signaling®-18. However, combining two
insults that each cause a low, tolerable rate of CIN can also increase CIN above a maximally
tolerated threshold, resulting in cell death and tumor suppression. Since approximately half
of solid tumors exhibit CIN prior to treatment, this suggests that increasing CIN could be a
useful therapeutic strategy.

Consistent with that hypothesis, both genetic and pharmacologic induction of CIN have been
shown to be effective in causing cell death and tumor suppression when combined 8485,
Genetic alteration of a variety of genes results in a low, tolerable rate of CIN coupled with
a modest increase in spontaneous tumorigenesis; however, combining two different genetic
sources of CIN produces cells with increased rates of CIN ultimately leading to cell death
and tumor suppression®6:71-73.86.87 1mportantly, high CIN is capable of suppressing the
growth and progression of tumors that have already formed’2. The converse is also true.
Decreasing the levels of CIN by overexpressing the microtubule depolymerase Kif2b in a
mouse model of K-Ras-induced lung cancer promoted tumor growth®8, consistent with the
model that there is an optimal rate of CIN for tumor growth, and that increasing CIN above
that level suppresses tumor growth. Importantly, p53 is not necessary for cell death and
tumor suppression caused by high CIN8L. Given the frequency with which the p53 pathway
is impaired in cancer, and its role in conferring radioresistance, the continued sensitivity of
tumors to high rates of CIN in the absence of p53 suggests that modulating CIN could be a
mechanism for conferring radiosensitivity that is applicable to most cancers.

Pharmacologic treatments that induce CIN can cooperate with genetic insults to increase
CIN over a maximally tolerated threshold, resulting in tumor suppression (Fig. 4).

The best studied examples of pharmacologically induced CIN involve use of taxanes,
which are among the most widely used chemotherapeutics and are known to stabilize
microtubules. High doses of these drugs arrest cells in mitosis8. However, clinically
relevant concentrations of paclitaxel in breast cancer are insufficient to cause mitotic arrest.
Instead, these lower doses of paclitaxel induce abnormal multipolar spindles, which result
in CIN due to segregation of the two replicated sets of chromosomes in three or more
directions®®. CIN induced genetically or pharmacologically sensitizes cells and animal
tumor models to low dose taxane, as combining these two sources of CIN results in higher
rates of CIN, cell death and tumor shrinkage84-8591, Another example of this phenomenon is
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shown with the tumor suppressor p38a., which responds to DNA damage and replication
stress during S-phase. Loss of this protein results in increased CIN and aneuploidy.
Inhibitors of p38a that cause CIN were found to potentiate the effects of CIN-inducing
drugs, including taxanes, such that much lower doses of taxanes were necessary to induce
cell death%2. Similarly, reduction of the MTUS1 gene product ATIP3 increased multipolar
spindles and sensitivity to low dose taxane in cell culture and correlated with response

to chemotherapy that includes taxane in three cohorts of breast cancer patients®3. These
studies support the conclusion that tumor cells with a low level of pre-existing CIN are more
sensitive to therapies that also cause CIN, such as taxanes and radiation, which is further
discussed below.

Clinical studies also support the model that excessive levels of CIN lead to tumor
suppression and increased survival in cancer patients, though currently used methods to
measure CIN clinically are admittedly imperfect. In general, tumors with CIN exhibit worse
patient prognosis than diploid, chromosomally stable tumors®4-98. However, tumors with the
highest quartile of CIN, as dictated by bioinformatic analysis of gene expression or copy
number alterations, correlated with improved recurrence free survival for patients with a
variety of cancers, including those of the breast, lung, ovaries and stomach9%:190, |mproved
outcome in patients with tumors with extreme CIN was also shown in two additional cohorts
of ER-negative breast cancers using an alternative method of measuring CIN, fluorescence
in situ hybridization based detection of intercellular variability in the copy number of two
chromosomes192:192 Taken together, the existing data support a model in which a certain
range of CIN is weakly tumor promoting, but excessive rates of CIN cause cell death and
tumor suppression (Fig. 4).

Evidence for CIN as a radiosensitizer

Since ionizing radiation provides a significant source of both numeric and structural

CIN, tumors that exhibit CIN prior to treatment — and are therefore closer to their
maximally tolerated threshold — are expected to be more radiosensitive than chromosomally
stable (non-CIN) tumors. Historical studies have shown that the increased genomic
plasticity induced by radiation could modulate sensitivity by allowing for emergence of
resistant clones193. Early studies revealed that more chromosomally unstable clones had
greater variation in radiation sensitivity in general than stable clones, but CIN here was
defined as clones having rearrangements in 1 chromosome, and is therefore actually

more representative of structural aneuploidy rather than CIN104, Thus, these experiments
did not test whether pre-existing CIN — or a simultaneous CIN-inducing therapy —
sensitizes to radiation. More recent studies that have tested this directly have found

that pre-treatment CIN correlates with radiation response. Rectal adenocarcinomas with
higher pre-treatment rates of CIN had significantly better pathological response rates to
neoadjuvant chemoradiation than more chromosomally stable cancers19%, While tumor cells
with higher pre-existing CIN are more sensitive to radiation, the converse is also true:
reducing CIN by destabilizing hyperstable kinetochore-microtubule attachments decreased
radiation sensitivity in an orthotopic model of glioma*4, likely by maintaining tolerable rates
of CIN.
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There is evidence that pharmacologic methods of inducing CIN also increase
radiosensitivity. It is well known that taxanes sensitize cancer cells and patient tumors

to radiation106-109 Though the sensitization effects of taxanes have previously been
assumed to be due to mitotic arrest, the fact that paclitaxel does not reach sufficient
concentrations in primary breast cancer to arrest cells in mitosis and causes CIN on
multipolar spindles instead®®, suggests that taxanes sensitize to radiation via increasing
CIN. Chemical inhibition of the mitotic checkpoint kinase Mps1 (gene name TTK), which
induces CIN84.8591 also increases radiation sensitivity in cell and animal breast cancer
models10, which was attributed to persistent DNA damage and decreased homologous
recombination-mediated DNA damage repair. Though CIN was not evaluated in this study,
given that Mps1 inhibition causes CIN8485.91 it js likely that increased CIN played a role in
the enhanced radiosensitivity observed. Similarly, CIN combined with a low level of Mrel1,
a component of the MRN complex involved in DNA repair, highly correlated with response
to chemoradiation in rectal adenocarcinomal®®, implying that CIN is particularly detrimental
in tumors with DNA repair defects. Together, these studies imply that pre-treatment CIN
sensitizes to ionizing radiation and that synergism with CIN-inducing drugs or DNA repair
defects may allow for reduced radiation doses.

Conclusions

Manipulating levels of CIN to promote cell death provides a promising mechanistic
opportunity in oncology. Tumors contain varying, tolerable rates of CIN prior to treatment,
which can be increased to lethal levels pharmacologically and/or with radiation. Given the
evidence that tumors with higher CIN are more sensitive to radiation therapy, CIN may
serve as a potential biomarker of radiation response that is applicable to all cancer types.
Further, targeted manipulation of CIN may allow for enhanced radiation induced cell death,
which could have significant clinical implications. Though there remain many unanswered
questions, further research on the mechanisms underlying radiation induced CIN, the role
of DNA damage repair, and study of the interaction of radiation with CIN-inducing drugs
will be essential moving forward. Ultimately, we foresee CIN as a principle determinant
of radiation response that can aid in developing a more personalized approach to radiation
therapy for complete eradication of tumor with decreased toxicity.
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Figure 1: Mitotic checkpoint gene expression is commonly altered in cancer.
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Figure 2: Causes and examples of CIN.
Schematic of hypothetical diploid cell with 4 chromosomes exhibiting various mitotic

defects leading to chromosome missegregation. (A) In cells in which most chromosomes
have aligned at the spindle equator forming a metaphase plate, one or more chromosomes
may remain misaligned. These misaligned chromosomes can be located near the spindle
pole (polar chromosomes) or in between the spindle poles and the spindle equator (arrow).
Misaligned chromosomes may be intact sister chromatid pairs or a segment of the chromatid
pair, including acentric fragments (arrowhead) that lack a centromere and kinetochore.
Acentric fragments fail to attach to spindle microtubules and are randomly segregated. (B)
Example of a chromosome that lags behind the segregating masses of DNA due to an
abnormal merotelic attachment, in which a single kinetochore is attached to microtubules
from both spindle poles. Lagging chromosomes can also arise from acentric fragments (not
shown). (C) Chromosome bridges, which bridge the segregating chromosome masses, can
be caused by dicentric chromosomes in which each centromere is attached to microtubules
from opposite spindle poles. (D) Multipolar spindles, which contain greater than two spindle
poles, can cause chromosome missegregation in two ways: 1) multipolar spindles that are
maintained as cells proceed into anaphase result in division of the two sets of chromosomes
in three or more directions. 2) multipolar spindles that are focused into pseudo-bipolar
spindles increase the incidence of lagging chromosomes, as in B. PCM, pericentriolar
material.
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Figure 3: lonizing radiation induces CIN.
Representative images of HelL a cells 24 hours after 4 Gy radiation. ACA, anti-centromere

antibody. Upper row, misaligned chromosomes including acentric (arrowhead) and centric
chromosomes (arrows). Middle row, lagging (acentric, arrowhead) and bridge (arrow)
chromosomes. Bottom row, multipolar spindles. Asterisks denote spindle poles.
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Figure 4: Cellstolerate only alimited amount of CIN.
Cells have evolved multiple mechanisms for accurately maintaining their genomes during

mitosis (green zone). Modestly increased rates of CIN (yellow zone), due to defective error
correction or weakened mitotic checkpoint signaling, can be tumor promoting due to loss
of tumor suppressor genes, for instance. However, further increasing the rate of CIN (into
the red zone) results in cell death due to loss of both copies of one or more essential
chromosomes. Tumors exhibit variable rates of CIN that fall in either the green or yellow
zones prior to treatment. Given that radiation induces CIN, irradiation of tumors in the
yellow zone is predicted to increase CIN over a maximally tolerated threshold (dashed
line), leading to cell death and tumor regression. However, tumors in the green zone are
expected to be more tolerant of radiation induced increases in CIN, since it elevates them
into the yellow zone. Increasing CIN above a tolerable threshold in these tumors with a
CIN-inducing drug provides a mechanistic opportunity to enhance cancer cell death and
radiation response.
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