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Abstract

Cell division is a crucial process, and one of its essential steps involves copying the genetic material, which is organized into
structures called chromosomes. Before a cell can divide into two, it needs to ensure that each newly copied chromosome is
paired tightly with its identical twin. This pairing is maintained by a protein complex known as cohesin, which is conserved
in various organisms, from single-celled ones to humans. Cohesin essentially encircles the DNA, creating a ring-like structure
to handcuff, to keep the newly synthesized sister chromosomes together in pairs. Therefore, chromosomal cohesion and
separation are fundamental processes governing the attachment and segregation of sister chromatids during cell division.
Metaphase-to-anaphase transition requires dissolution of cohesins by the enzyme Separase. The tight regulation of these
processes is vital for safeguarding genomic stability. Dysregulation in chromosomal cohesion and separation resulting
in aneuploidy, a condition characterized by an abnormal chromosome count in a cell, is strongly associated with cancer.
Aneuploidy is a recurring hallmark in many cancer types, and abnormalities in chromosomal cohesion and separation have
been identified as significant contributors to various cancers, such as acute myeloid leukemia, myelodysplastic syndrome,
colorectal, bladder, and other solid cancers. Mutations within the cohesin complex have been associated with these cancers,
as they interfere with chromosomal segregation, genome organization, and gene expression, promoting aneuploidy and
contributing to the initiation of malignancy. In summary, chromosomal cohesion and separation processes play a pivotal
role in preserving genomic stability, and aberrations in these mechanisms can lead to aneuploidy and cancer. Gaining a
deeper understanding of the molecular intricacies of chromosomal cohesion and separation offers promising prospects for
the development of innovative therapeutic approaches in the battle against cancer.
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Introduction

Cells serve as the fundamental units of our bodies, and
they divide through complex processes like mitosis and
meiosis. These processes involve a series of intricate steps
that culminate in the replication and separation of the cell’s
genetic material with very high fidelity, ultimately yielding
two genetically identical daughter cells [1].

A critical aspect of mitosis is the faithful replication of
the cell’s DNA during the S phase. Following this, sister
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chromatids, which are pairs of replicated chromosomes, are
held together by a remarkable group of proteins known as
the cohesin complex [2]. This complex acts as a molecular
glue, maintaining the cohesion of sister chromatids until
the metaphase of cell division [3-5]. During the transition
from metaphase to anaphase, the replicated chromosomes
are meticulously separated after the removal of the
cohesin complex [6, 7]. This process ensures the precise
distribution of genetic material into each daughter cell [8].
Any malfunction in this process can result in chromosomal
anomalies leading to abnormal chromosome content,
known as aneuploidy, and more likely to result in cell death.
However, the cells that overcome the aneuploidy stress can
result in uncontrolled cell growth, a defining characteristic of
human tumors [9-12]. Understanding the mechanisms that
govern chromosomal cohesion and separation is therefore
vital for comprehending how cells preserve genomic fidelity.
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Sister chromatid cohesion and separation
Discovery of cohesin

Historically, it was thought that DNA catenation, a
process where sister chromatids are intertwined at
specific sites during DNA replication, held them together,
much like twisted threads, and this connection needed
to be unraveled at anaphase by enzymes known as type
IT topoisomerases [13]. In 1987, a seminal study from
the Hartwell laboratory [14] provided the first evidence
against the catenation model, prompting the search for
factors responsible for holding sister chromatids together.
However, a pivotal discovery emerged in 1997 when two
independent groups of researchers made a significant
discovery using genetic studies in yeast S. cerevisiae [15,
16]. Their discovery revealed that a group of proteins
known as Structural Maintenance of Chromosomes
(SMC), many of which were initially identified for their
roles in DNA repair, played a primary role in keeping
sister chromatids together [2—4]. The complex formed by
these proteins is now known as “cohesion”. When yeast
cells had mutations in the genes that encode these proteins,
the sister chromatids separated too soon. This discovery
was a significant leap in our understanding of how mitosis,
the cell division process, works.

Composition of cohesin complex and its function

In mitotic cells, cohesin is composed of a tripartite ring
containing Smcla, Smc3, Rad21, and a peripheral subunit
Scc3 in yeast that, in vertebrates, exists as two closely
related isoforms: the abundant STAG2 (SA2) and the
less abundant STAG1 (SA1) [2]. SMCla and SMC3 are
ABC-like ATPases [17]. The N- and C-terminus of SMC
molecules fold back on themselves forming antiparallel
intramolecular coiled coils. SMCla and SMC3 form a
heterodimer via the hinge domain [18-20]. The C- and
N-termini of RAD21 bind proximal to the head domains
of SMCla and SMC3 heterodimer, respectively, to form
a triangular ring, and SCC3 (SA1/2) binds to RAD21 and
SMC3 subunits to reinforce the ring [21-23], playing a
critical role in facilitating cohesin’s association with
DNA [24-26]. Moreover, these STAG subunits within the
cohesin complex possess the capacity to engage with RNA
within the cellular nucleus [26].

At different stages during the cell cycle, several other
proteins also dynamically associate with cohesin and
regulate both cohesion and separation of sister chromatids
(Table 1) [7, 8, 15, 16, 27-37]. Cohesin is loaded onto
the chromatin in late telophase in vertebrates, [28, 29]

@ Springer

Table 1 Cohesin and Cohesin associated Proteins in Human

Cohesin Structural Units: RAD21, SMC1A, SMC3, SA1 (STAGI) or
SA2(STAG2)

Cohesin Associated Proteins with a role in:

NIPBL, MAU2
ESCO1, ESCO2

PDS5A, PDS5B,
WAPL, CDCAS5
(Sororin), SGOI,
PP2A

ESPL1 (Separase),
PLK1, CANPI1
(Calpain-1),
HDACS, USP37

Cobhesin loading
Cohesion establishment
Cohesin maintenance

Cohesin dissolution

which is dependent on two proteins, Scc2/Nipped-B/
NIPBL and Scc4/MAU-2 [27, 31, 35]. While NIPBL/
MAU-2 dimer [38] helps load cohesin onto DNA, WAPL
and PDSS5 help release it [39-41]. Cohesin can be loaded
onto DNA at any stage of the cell cycle, but the majority of
cohesin binding is temporary. To keep things stable from
the S to M phase to establish cohesion between the sister
chromatids, the release process (involving WAPL and
PDS5) is suppressed during S phase by Sororin [36]. This
suppression is facilitated through the acetylation of Smc3
at lysine residues [24, 30, 42] by acetyltransferases ESCO1
[43] and ESCO2 [44], These acetylation tags remain
until the G2 and M stages, and is removed at the start
of anaphase by the deacetylase Hos1/HDACS, following
RAD21 cleavage by Separase [45—47]. In early mitosis in
vertebrates, during prophase, most of the cohesin from
chromosomal arms is removed following phosphorylation
of the cohesin component SA2 by PLK1, leaving behind a
small pool of intact cohesins at the centromeres protected
by the Sughosin (SGO1)-PP2A complex [37] along with
some residual amounts on chromosomal arms [7, 48]. At
the metaphase-to-anaphase transition, the cohesins on
both centromeric and chromosomal arms are completely
removed by the endopeptidase Separase, encoded by the
ESPLI gene, which cleaves RAD21 to separate the sister
chromatids [6, 8, 49, 50] (Fig. 1).

Cohesin is also located in centrosomes and plays a crucial
role in centriole tethering. Similar to its proteolytic cleavage
of RAD21 during the separation of sister chromatids in the
metaphase-to-anaphase transition, Separase activity is also
essential for the disengagement of centrioles [8]. Although
the exact timing and the regulatory network governing
centriole disengagement remain to be fully defined, the
consensus is that centriole disengagement occurs during
the late mitosis/early G1 phase [51-54]. This process takes
place after the separation of sister chromatids, providing
an additional mitotic mechanism that could impact faithful
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Fig. 1 Sister chromatid cohesion and separation in human
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chromosome segregation. Apart from its canonical function
of sister-chromatid cohesion and separation, cohesin also
play roles in transcriptional regulation, DNA double-strand
break repair, chromosome architecture and rearrangement,
and DNA replication [23, 55, 56].

To activate transcription properly, cohesin loops
chromatin, bringing distant regions together. Chromosomes
contain conserved regulatory elements (CREs) with
enhancers boosting transcription and insulators blocking
it. Cohesins physically connect distant CREs with gene
promoters in a cell-type specific manner. Depending upon
cohesin’s binding to activators or insulators, it influences
transcriptional outcomes either positively or negatively.
Changes in cohesin levels could impact its binding to CREs
and chromatin structure, altering their interaction with
promoters and, consequently, gene activity. Even a slight
decrease in chromatin-bound cohesin can lead to changes in
the expression of many genes. However, our understanding
of how cohesin is recruited and removed from transcription
sites to regulate transcription is limited.

Models of sister chromatid cohesion

Sister chromatid cohesion around the two sister chromatids
is currently explained by two major models [2, 57-60]. The
first model, known as the “one-ring embrace”, proposes
that a single cohesin ring captures and holds together two
sister chromatids throughout the cell cycle [2, 61]. Using
minichromosome as a tool, Nasmyth and colleagues
showed that the way cohesin and DNA connect is like a
twisty knot. They did this by separating the connection
between cohesin and DNA, either by cutting cohesin or
cutting the DNA rings [62]. Their results supported the
concept that the three parts of the Smcl1-Smc3-Scc3

connection resemble more of an embrace, achieved using
proteins and a cross-linker to seal them together [63].
However, later research findings challenge this idea. The
alternative model, referred to as the “dimeric handcuft-
model,” suggests a more complex scenario [24, 32,
57-59, 64, 65]. According to this model, multiple cohesin
molecules cooperate to generate cohesion. These cohesin
molecules form two separate rings, each consisting of
RAD21, SMCla, and SMC3 protein subunits. The key
concept here is the formation of a handcuff-like structure,
where two RAD21 molecules within these rings align in
an anti-parallel orientation. The orientation is enforced
by proteins STAG1 or STAG2. Mutations in the STAG-
binding motif in STAG proteins reduced RAD21-RAD21
interaction [66]. When STAG1/STAG?2 is inhibited, the rings
disassemble, resulting in the loss of cohesion. Later findings
using budding yeast as a model supported that Scc3 or Pds5
may serve as factors that structurally stabilize two cohesin
rings, forming a handcuff conformation [67, 68]. Notably,
the removal of Pds5 in cells did not result in alterations
in cohesin levels on chromatin, even though changes in
sister chromatid cohesion were observed. Recent studies
have also provided compelling evidence for the presence
of cohesin dimers in cells [24, 65]. Cohesin dimers, which
involve two cohesin molecules working together, appear
to play a crucial role in the organization of chromosomes.
Despite these significant findings, our understanding of
cohesin dimers and their precise role in chromosomal
organization is still evolving. More in-depth research is
necessary to uncover the intricacies of cohesin dimerization
and its impact on chromosome dynamics during cell
division. Future investigations, such as reconstructing the
human cohesin complex binding to chromatin in vitro and
conducting structural and microscopy studies, as well as
high-throughput chromosome conformation capture (Hi-C)
experiments, are expected to provide additional insights into
cohesin’s detailed role in regulating high-order chromatin
structures and may reveal the true nature of cohesin rings in
the context of cell division.

Cohesin and accurate chromosome
segregation

Accurate chromosome segregation during anaphase is a
fundamental process that relies on the tight regulation of
cohesin [69-71]. Cohesin maintains the connection from
the moment sister chromatids are synthesized during the S
phase until their separation in anaphase. During mitosis, the
assembly of the spindle apparatus becomes an important
event, as it engages the kinetochores of all chromosomes.
Notably, the proper attachment of kinetochores to spindle
microtubules, referred to as amphitelic (bi-orientation)
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attachment, is a key determinant in enabling the eventual
separation of sister chromatids [72-74]. This separation
is executed by the enzymatic cleavage of specific cohesin
subunits, namely RAD21, catalyzed by the enzyme Separase.
After cohesin cleavage, sister chromatids are released and
move toward opposite poles due to the action of the spindle
apparatus [6-8] (Fig. 1).

Role of separase

It is important to recognize that the removal of cohesin,
and consequently the separation of sister chromatids, is an
irreversible step. Therefore, the removal of cohesin needs to
be synchronized for the proper segregation of the chromatids
to opposite spindle poles [8, 75]. Premature separation
of sister chromatids can lead to aneuploidy, a condition
characterized by an abnormal number of chromosomes,
and potentially contribute to tumorigenesis [8, 10, 76, 77].
At the metaphase-to-anaphase transition, Separase, an
evolutionarily conserved endopeptidase, cleaves RAD21
to separate the sister chromatids [6—8]. Separase activity is
tightly regulated via several mechanisms to ensure timely
cleavage of cohesin-RAD21 during the metaphase-to-
anaphase transition [8, 78—82]. Separase is inactive when it
binds to its inhibitory chaperon, securin. It is also inhibited
via phosphorylation by Cyclin B-CDK1 kinase and binding
to Cyclin B [81]. After activation at the onset of anaphase,
the anaphase-promoting complex polyubiquitinates mitotic
cyclin and securin, which are rapidly degraded by 26S
proteasome. Once activated, Separase proteolytically cleaves
the cohesin subunit RAD21.

The consequences of cohesin dysregulation
and Separase overexpression

Despite many control mechanisms, overexpression of
Separase, a feature of many human tumors including
breast, prostate, bone, brain, and blood cancers [33,
83-89], has been reported to cause chromosomal
missegregation and aneuploidy [8, 33, 84, 90]. ESPLI is
an oncogene, the transcription of which can be activated
by the steroid hormones estrogen and progesterone [91],
and that overexpression of Separase induces chromosomal
missegregation in tissue culture, mammary transplants,
and transgenic animals through premature separation
of chromatids, resulting in aneuploidy and mammary
tumorigenesis [33, 84]. The significance and relevance of
these studies in mice are underscored by the finding that
Separase is overexpressed in numerous human tumors.
Further, overexpression of Separase strongly correlates
with a high incidence of relapse and metastasis and a lower
5-year overall survival rate [8, 83, 85, 90]. Meta-analysis
indicates a strong positive correlation between Separase
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mRNA expression and tumor grade, and a strong negative
correlation with disease-free and overall survival [8, 83,
85, 87-89, 92-94]. Despite its overexpression in numerous
human tumors, the role of Separase as an oncogene and its
relevance as an oncotarget have been grossly understudied
[8]. Specifically, how Separase overexpression-driven
aneuploidy overcomes the threshold of tumor-resisting
forces within the cell and results in the initiation of tumor
formation and how other cooperating lesions further this
process need to be investigated.

Cohesin mutations and aneuploidy

Mutations in cohesin have been a subject of intense research,
and their relationship with aneuploidy has generated
significant interest [77], [95]. Somatic mutations in genes
associated with the cohesin complex and its regulators are
prevalent in various cancer types, such as glioblastoma,
Ewing’s sarcoma, bladder cancer, and myeloid neoplasms
[96-112]. These mutations, which can range from 4 to
36% in different cancers, tend to involve genes encoding
core cohesin subunits [71, 113-115]. Interestingly, these
mutations typically occur in a mutually exclusive manner,
without specific hotspots identified. Among the cohesin
subunits, STAG?2 stands out as the most frequently mutated
subunit and is implicated in four or more cancer types [111,
116]. Moreover, certain cases of myeloid neoplasms and
Ewing sarcoma have revealed instances of reduced cohesin
gene expression, even in the absence of mutations [105,
110]. In a parallel line of genetic alterations, mutations
affecting the binding sites of cohesin and CTCF, a cohesin-
associated protein, have been observed in multiple cancer
types [117]. It is important to note that cohesin mutations
alone are insufficient to drive malignancy. Rather, they
must coincide with other genetic mutations and collaborate
with abnormal signaling events to contribute to cancer
progression [105, 106, 108, 112]. A recent study in budding
yeast found that under normal conditions, cohesin’s role
in maintaining cohesion between sister chromatids serves
to suppress aneuploidy and prevent whole chromosome
loss of heterozygosity. However, when sister chromatid
cohesion becomes compromised, it can result in significant
genetic consequences including whole chromosome loss
of heterozygosity [118]. This underscores the cooperative
and context-dependent nature of cohesin mutations in the
development of cancer.

Several studies have explored the impact of cohesin
mutations on aneuploidy, and while a clear connection
exists in some cases, the relationship is more complex
in others [77]. Cohesin deficiency in cell models can
lead to chromosome and cell cycle irregularities.
While cohesin mutations were initially expected to be
linked with aneuploidy in cancers, the connection is
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not straightforward. Some studies found an association
between cohesin mutations and chromosome copy-
number variations, while others did not observe
increased aneuploidy in cohesin mutant cancers, such as
bladder cancer, Ewing sarcoma, or myeloid neoplasms.
Interestingly, specific types of STAG2 mutations adversely
affected chromatid cohesion and chromosome segregation,
but this did not consistently result in a substantial increase
in chromosome number [119]. Reduced cohesin expression
was also linked to chromosome instability in some cases,
characterized by increased micronuclear formation and
nuclear size [120]. In summary, cohesin mutations can
lead to chromosome instability in certain cases, but this
does not necessarily result in aneuploidy. Therefore, the
link between cohesin mutations and aneuploidy is still
debated.

Several studies suggest that the primary mechanism
by which cohesin mutations contribute to cancer is
through disrupting genome organization and transcription
impacting proto-oncogenes or tumor Suppressor genes
[115, 121-131]. Dysfunctional cohesin affects its dynamic
binding to chromatin and impairs the recruitment of RNA
polymerase II, leading to transcriptional dysregulation.
Cancer-associated mutations in cohesin genes can lead to
aberrant DNA looping, dysregulation of crucial lineage-
specific transcription factors, and misexpression of
genes responsible for cellular identity and homeostasis
[122, 125, 126, 131-136]. Cohesin insufficiency can
enhance self-renewal while impairing differentiation,
leading to abnormal cellular plasticity, which is central to
malignant transformation. This effect has been observed in
hematopoietic stem cells, where cohesin insufficiency results
in misexpression of critical genes involved in hematopoiesis
[122, 125, 126, 131-134]. In mouse embryonic stem cells,
cohesin depletion reduces enhancer—promoter interactions
at pluripotency genes, causing a loss of the pluripotent state
[137, 138]. Loss-of-function mutations in STAG2, found in
Ewing’s sarcoma, alter dynamic loop extrusion, decrease
cis-promoter—enhancer interactions, and lead to significant
changes in the transcriptome [139]. Replication stress,
involving challenges to DNA replication fork progression,
can be influenced by cohesin, which accumulates at stalled
forks and facilitates template switching to repair DNA lesions
[140]. Cohesin depletion increases Pol II pausing at cohesin-
binding genes, highlighting its role in resolving replication
stress [141]. STAGI is also implicated in interactions with
the Super Elongation Complex, a process linked to leukemia
and multiple myeloma pathogenesis [142]. Overall, cohesin
defects play a significant role in cancer development,
involving a complex interplay of aneuploidy, altered gene
expression, and participation in DNA replication and repair
processes. However, distinguishing between aneuploidy and
transcriptional changes resulting from cohesin mutations is

experimentally challenging, suggesting that both processes
likely occur concurrently.

In summary, the connection between cohesin mutations
and aneuploidy is complex and context-dependent. While
some cancers show a clear link between cohesin mutations
and aneuploidy, others do not, emphasizing the multifaceted
role of cohesin mutations in cancer development.
Understanding the specifics of these relationships is crucial
for developing targeted therapies and treatments for various
cancer types.

Aneuploidy and its link to cancer:
an overview

Aneuploidy is a hallmark of human cancers [12, 143,
144]. It refers to an imbalanced karyotype marked by an
abnormal number of chromosomes in cells. The frequency
of aneuploidy varies among different cancer types, ranging
from approximately 25% in thyroid carcinomas to nearly
100% in glioblastomas [145]. About 97% of breast cancers
show one or more aneuploidies, where around 60% of
breast cancer tumors contain an extra copy of chromosome
arm 1ql1, which is a more prevalent alteration compared
to mutations in genes like PIK3CA (found in 39% of
breast tumors) that encodes Phosphatidylinositol-4,5-
Bisphosphate 3-Kinase Catalytic Subunit Alpha, or
TP53 (in 34%) [145] which encodes p53 protein, a tumor
suppressor. Aneuploidy’s exact causes remain unclear, but
it can indirectly lead to changes in gene expression from
trisomic and monosomic chromosomes. In contrast, healthy,
non-cancerous cells in the human body are typically very
strict about maintaining the right number and structure
of chromosomes during cell division. This key difference
between cancer cells and normal cells has given rise to
the hypothesis that cancer cells have somehow developed
the ability to overcome inherent barriers to changes in
chromosomes that normal cells cannot tolerate. This means
that they have acquired unique strategies to deal with these
genetic alterations. However, what this strategy is currently
remain undefined.

Aneuploidy’s dual role: neither universal oncogenic
nor tumor suppressor

Aneuploidy frequently develops early in tumorigenesis
[146—151] with some chromosomal alterations occurring
later in tumor development, potentially after cells have
acquired mutations allowing them to tolerate aneuploidy’s
effects [152]. On the other hand, considering that in most
cases, aneuploidy can be detrimental to cell fitness, it is
possible that aneuploidy serves as an early evolutionary
response to counteract uncontrolled cell division triggered
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by factors, such as oncogenic mutations, epigenetic changes,
or environmental stress. The fact that many aneuploidies
are capable of functioning as tumor suppressors [12]
supports this alternate hypothesis. However, as cells face
repeated oncogenic challenges, they may adapt to tolerate
aneuploidy through genetic or epigenetic alterations that
support uncontrolled growth. Evidence for this concept
comes from observations that aneuploid cells can acquire
mutations enhancing their proliferative capacity, such as in
the ubiquitin—proteasome pathway of budding yeast [153].
In mammalian cells, the loss of the tumor suppressor pS3
has been shown to facilitate the growth of aneuploid cells
[12, 154, 155]. In a model of hormone-induced spontaneous
tumorigenesis in p53-null mammary glands, our research
has revealed that the rate of chromosome missegregation
can be significantly influenced by changes in the levels
of two crucial proteins: Separase and MAD2, which
play essential roles in maintaining proper chromosomal
segregation and the spindle checkpoint during mitosis [91].
As tumor progresses, cells counter-evolve and further adapt
to tolerate aneuploidy through significant chromosomal and
genomic alterations, enabling them to meet the demands of
uncontrolled tumor growth.

The precise mechanisms governing aneuploidy tolerance
and the shift from aneuploidy’s anti-tumorigenic traits to
cancer-promoting features remain elusive. The ways in
which cancer cells maintain vigorous growth despite highly
aneuploid karyotypes are still actively under investigation
and lack a comprehensive understanding. In some rare
instances, aneuploid karyotypes may exhibit properties that
benefit cancer development, such as immune evasion, drug
resistance, and the overexpression of oncogenes. These
advantageous aneuploidies can gradually become more
prevalent within the tumor as they are selectively favored
over time [12].

Chromosomal instability and aneuploidy

Chromosomal instability (CIN) and aneuploidy are
intricately connected in cancer [156, 157]. While one can
be considered the cause, the other is the resulting effect.
Aneuploidy characterizes an unbalanced chromosomal
arrangement, whereas CIN is a state in which cells
frequently missegregate whole chromosomes, thus playing
a role in the development of aneuploidy [156, 158]. While
CIN can give rise to aneuploidy, aneuploidy can lead to
CIN. Similarly, like that of aneuploidy, CIN can also exert
both tumor-promoting and tumor-suppressive effects [12].
The mechanisms of chromosomal instability have been
extensively covered in several excellent reviews [159-162],
but the outcome is consistently the missegregation of
chromosomes. Missegregated chromosomes do not always
result in aneuploidy but can trigger various other effects.
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These include DNA damage, activation of the cytosolic
DNA-sensing pathway involving cyclic GMP-AMP synthase
(cGAS) and stimulator of interferon genes (STING),
and chromothripsis, a phenomenon where one or more
chromosomes shatter and are incorrectly reassembled
[163-167]. Hence, these CIN can impact tumorigenesis
through mechanisms that are independent of aneuploidy.

Consequences of aneuploidy

Aneuploidy, through the gain or loss of whole chromosomes,
creates imbalances in the proteome [162, 168], particularly
in proteins crucial for DNA metabolism and cell cycle
regulation, elevating the risk of DNA mutations [169-171].
Single-chromosomal aneuploidy in budding yeast producing
a modest, but significant, elevation in the rates of point
mutations and mitotic recombination supports this notion
[172]. Aneuploidy-driven genome instability could arise
from chromosome missegregation errors in mammalian
cells, which leads to double-strand breaks as a result of
lagging anaphase chromosomes trapped in the cleavage
furrow during cytokinesis [10, 173]. In addition to the
damage caused directly by the mitotic machinery, lagging
chromosomes, including those that are not missegregated,
often form micronuclei, which also accumulate high levels
of DNA damage resulting in chromosome fragmentations or
shattering leading to chromothripsis [10, 174—178]. While
epigenetic dysregulation is recognized as a factor in cancer
[179, 180], its connection to aneuploidy remains a less-
explored area.

Aneuploidy can influence the behavior of oncogenes and
tumor suppressors without triggering an immune response.
Additionally, aneuploidy can change the expression of
antigens and cell surface markers, creating a diverse
range that helps certain cells evade immune detection. As
indicated earlier, a related feature, chromosomal instability,
can activate pathways like cGAS-STING, leading to a
phenomenon called the senescence-associated secretory
phenotype (SASP) [181]. While SASP can aid the immune
system, particularly natural killer cells, in recognizing and
eliminating aneuploid cells, it can also contribute to tumor-
promoting behaviors such as mesenchymal transitions,
chronic inflammation, and the release of factors that support
tumor growth [12]. This intricate relationship between
aneuploidy, the immune system, and tumorigenesis is
currently a subject of active investigation.

Aneuploidy can arise from various cellular defects,
including issues with the spindle apparatus, centrosome and
centriole abnormalities, checkpoint maintenance, and altered
telomere and centromere stability [10]. These defects can
occur spontaneously or be induced by mutations in relevant
genes, potentially causing aneuploidy. Recent studies
demonstrate that aneuploidy alone can trigger mutations
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that drive cancer initiation and progression [156, 182, 183].
However, the full spectrum of mutations and epigenetic
changes associated with aneuploidy in the context of tumor
development remains a subject of ongoing investigation.

Aneuploidy and cancer therapy: a promising
avenue

Surprisingly, despite being a consistent feature of human
tumors, aneuploidy status has not been harnessed for cancer
therapy. Aneuploidy, a common feature in various cancers
but rare in normal tissues, presents a promising target for
cancer treatment. This distinction between cancerous and
healthy tissues holds the potential for a captivating avenue
in cancer therapy, where aneuploid cancer cells could be
selectively targeted while sparing normal, diploid cells,
thus reducing side effects. This innovative approach holds
promise for a wide spectrum of cancer types [184].

One avenue of exploration is to exploit the inherent
vulnerability of untransformed aneuploid cells to certain
metabolic stressors. Studies have shown that aneuploid cells
are more sensitive to the activation of the AMP-activated
protein kinase (AMPK) and peroxisome proliferator-
activated receptor-y co-activator la (PGCla) pathway [185,
186]. This pathway plays a central role in regulating energy
metabolism and mitochondrial biogenesis. Aneuploid cells
are already under considerable energy stress, and further
disruption of these metabolic pathways may push them over
the edge, causing toxic levels of metabolic dysregulation.
Additionally, aneuploid cells have higher levels of ceramide,
a type of lipid molecule, and further elevating ceramide
levels is significantly more toxic to aneuploid cells compared
to diploid cells [187].

Another approach to targeting aneuploid cancer cells is
to exacerbate their chromosomal mis-segregation [188].
Since aneuploidy and chromosomal instability (CIN) are
closely intertwined, increasing the rate of chromosome
missegregation beyond tolerable levels may specifically
compromise the viability of aneuploid cells. Many aneuploid
cancer cells exhibit altered microtubule dynamics and
increased stability of microtubule—kinetochore connections.
These spindle disruptions can result in improper kinetochore
attachments, hinder error correction mechanisms, and lead
to high levels of chromosome missegregation. Inhibiting the
spindle-assembly checkpoint has been shown to selectively
kill aneuploid cancer cells by further enhancing their level
of CIN [189-192].

Furthermore, recent research suggests that aneuploid
cancer cells may be sensitive to spindle disruption by
inhibiting a mitotic kinesin, even without a complete loss
of the spindle-assembly checkpoint [192]. Specifically, the
mitotic kinesin KIF18A, which is generally dispensable

for most mammalian cell proliferation, appears to be more
toxic to aneuploid cells compared to diploid cells [193,
194]. Knockdown of KIF18A in cells with highly aneuploid
karyotypes leads to alterations in spindle geometry
and microtubule dynamics, resulting in mitotic errors,
micronucleus formation, and a reduction in cellular viability.

These findings suggest that KIF18A inhibition could hold
promise as a target for future drug development aimed at
establishing anti-aneuploidy therapeutic strategies for cancer
treatment [195]. Overall, these approaches offer exciting
possibilities for selectively targeting aneuploid cancer cells,
providing new avenues for developing effective and targeted
cancer therapies.

Separase: an innovative target to tackle
aneuploidy

During cell division, Separase’s enzymatic activity is brief
and requires minimal active enzyme levels to cleave cohesin
molecules [50, 196]. Therefore, unlike other mitotic targets,
pharmacologic inhibition of Separase by small molecule
drugs presents an effective strategy to be a more effective
mitotic target in inhibiting the proliferation of cancer cells
addicted to Separase overexpression without affecting the
normal cell division [8].

Separase, an oncogene overexpressed in multiple
cancers, has been linked to aneuploidy and tumorigenesis
[33, 83, 85-89]. Premature chromatid segregation due to
overactive Separase can lead to aneuploidy. Its conditional
activation in mouse mammary epithelial cells induces gross
aneuploidy and mammary tumors that are reversible upon
removal of activation [33, 84]. Over 60% of human breast
cancer tumors overexpress Separase, and its expression
correlates with poor prognosis and altered tumor subtypes
[33, 83]. In mouse model, Separase overexpression promotes
aneuploidy and genetic heterogeneity, leading to mammary
tumorigenesis [84]. Homozygous deletion of ESPLI, the
gene encoding Separase, results in early embryonic lethality
in mice [197-199]. In contrast, ESPLI heterozygote mice
with significantly lower Separase levels exhibit no apparent
phenotype. Using a hypomorphic Separase mouse model,
researchers observed a cancer-free phenotype and increased
lifespan compared to wild-type mice [197-199]. ESPLI
overexpression, on the other hand, leads to aneuploidy
and tumorigenesis [33, 85]. Therefore, pharmacologically
reducing Separase activity in cancer cells offers a new
approach to combating aneuploidy and tumorigenesis [8].

Knockdown of Separase inhibits the growth of breast
cancer cells while sparing normal mammary epithelial cells.
Small molecule inhibitors of Separase, known as Sepins,
have been identified and shown to be effective in selectively
targeting Separase-overexpressing cancer cells in culture and
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in xenograft studies [200]. Therefore, Separase represents an
ideal therapeutic target to eliminate Separase-overexpressed
aneuploid tumors including various breast tumor subtypes,
and Sepins offer a promising avenue for breast and other
cancer therapeutics.

Conclusion and future prospective

To conclude, the intricate processes of chromosomal
cohesion and separation play pivotal roles in governing
genomic integrity and fidelity, making them key players in
the complex landscape of cancer biology. Any malfunction
in this process can result in chromosomal anomalies, leading
to abnormal chromosome content, a condition known as
aneuploidy. Aneuploidy is a defining characteristic of
human tumors and contributes significantly to the initiation
and progression of cancer. Overexpression of Separase has
been linked to chromosomal missegregation, aneuploidy,
and tumorigenesis. Thus, the level of Separase activity is a
crucial determinant of genomic stability. Notably, Separase
has emerged as an innovative therapeutic target to tackle
aneuploidy in cancer. Small molecule inhibitors of Separase,
known as Sepins, show promise in selectively targeting
Separase-overexpressing cancer cells while sparing normal
cells. This targeted approach offers a novel avenue for cancer
therapy, potentially reducing side effects and improving the
prognosis for various cancer types, particularly those with
high Separase expression.

The intricate relationship between aneuploidy,
chromosomal instability, and cancer also remains a topic
of ongoing investigation, offering a fertile ground for future
research. As we uncover more details about the mechanisms
and consequences of aneuploidy in cancer, we move closer
to the development of innovative and targeted therapies
that could improve the prognosis for a wide range of cancer
types.

In summary, the roles of chromosomal cohesion
and separation in the context of aneuploidy and cancer
are tightly intertwined. The precise regulation of these
processes is essential to maintain genomic stability, and their
dysregulation can lead to aneuploidy, a hallmark of cancer.
By targeting key players like Separase, we may pave the way
for innovative and effective cancer therapies that specifically
address the unique vulnerabilities of aneuploid cancer cells,
offering hope for improved cancer treatment outcomes.
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