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Abstract: As one of the first characteristics of cancer cells, chromosomal aberrations during cell division have been well documented.
Aneuploidy is a feature of most cancer cells accompanied by an elevated rate of mis-segregation of chromosomes, called chromosome
instability (CIN). Aneuploidy causes ongoing karyotypic changes that contribute to tumor heterogeneity, drug resistance, and treatment
failure, which are considered predictors of poor prognosis. Lung cancer (LC) is the leading cause of cancer-related deaths worldwide,
and its genome map shows extensive aneuploid changes. Elucidating the role of aneuploidy in the pathogenesis of LC will reveal
information about the key factors of tumor occurrence and development, help to predict the prognosis of cancer, clarify tumor
evolution, metastasis, and drug response, and may promote the development of precision oncology. In this review, we describe many
possible causes of aneuploidy and provide evidence of the role of aneuploidy in the evolution of LC, providing a basis for future
biological and clinical research.
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Introduction

As one of the most common malignancies globally, non-small cell lung cancer (NSCLC) has a higher morbidity and
a poorer prognosis. At present, the most common causes of death for lung cancer patients are recurrence and metastasis."
Therefore, it is important to explore the pathogenesis of NSCLC in order to find more effective treatment strategies.
There are a number of efficient and specific biomarkers that can be used to diagnose, prognosis, and monitor the
progression of NSCLC. In recent years, high-throughput sequencing of the whole genome of cancer patients correlate
aneuploidy with cancer development and chromosomal instability.? Cancers with an unequal number of chromosomes
(increase or loss of copy number), aneuploidy, have been observed for more than 100 years. Its functional effect is
usually thought to be achieved through inhibition of tumor suppressor genes and overexpression of oncogenes.’ In
approximately 90% of cancer patients, the genomic sequence has undergone considerable changes which are closely
related to clinical outcomes® Duesberg et al® put forward the “carcinogenicity theory of chromosome aneuploidy” 20
years ago, which indicated that aneuploidy was the key cause of genomic instability and tumorigenesis, and challenged
the mainstream gene mutation theory at that time. However, whether aneuploidy causes tumorigenesis or is the
consequence of it remains debated, aneuploidy has emerged as new regulators for cancer biology.

Aneuploids include whole chromosomes, chromosome arms, and local chromosomes (this article focuses on the
introduction of whole chromosomes), which are mainly caused by the misseparation of chromosomes in the cell cycle
caused by mitotic checkpoint defects. Aneuploidy can also be found in tissue cells of healthy people, and that
aneuploidy contributes to the development and selection of malignant clones and promotes the phenotypic development
of tumor progression (Figure 1).” About 60% of NSCLC patients are aneuploid, and aneuploid NSCLC is one of the most
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Figure | The figure illustrates defects in several processes involving chromosomes, spindle microtubules and centrosome targets, which, in addition to abnormal
cytokinesis, may also lead to uneven distribution of chromosomes during mitosis, leading to aneuploidy. Because aneuploidy represents the digital imbalance of
chromosomes, it can be reasonably expected that aneuploidy is caused by chromosome segregation errors in the process of cell division.

common tumors.® Sundaresan et al” observed the phenomenon of somatic chromosome deletions in lung squamous cell
precancerous lesions as early as 1992. Subsequent studies found that the incidence of aneuploidy in small cell lung
cancer was 77.8%, which was higher than that in any other histological type of lung cancer.'® Studying the involvement
of aneuploidy in cancer may provide new ideas for future research on cancer treatment. Tumorigenesis and aneuploidy
are known to be closely related, but their precise relationship remains unclear. In this paper, we review the results of
a large number of clinical studies on NSCLC published since 2000, which discuss the significance of aneuploidy in tumor
evolution and evaluate the use of aneuploid which may serve as prognostic biomarkers for NSCLC outcome. This paper
describes the potential strategies of chromosome aneuploidy targeted therapy in patients with NSCLC.

The Cause of Chromosome Aneuploidy
Mitotic Checkpoint Defect

The mitotic checkpoint or spindle assembly checkpoint (SAC) monitors centromere attachment to the mitotic spindle. As
long as the chromosome is not attached to the spindle microtubules, SAC blocks the mitotic process.'' SAC induces the
formation of a mitotic checkpoint complex (MCC) consisting of MAD2, BubR 1, Bub1, and Bub3.'> When MCC binds to
the late promoter complex/ring (APC/C), the WD-40 domain of the agonist CDC20 binds to the APC/C substrate shifts
and cannot recognize the substrate, thus inhibiting the initiation of anaphase and premature chromosome segregation.'*
When the SAC mechanism fails, MCC is decomposed, and CDC20 binds to APC/C to target the ubiquitination of
CyclinB and Securin, which are degraded by protease.14 The degradation of Securin and CyclinB leads to the separation
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of sister chromatids, which in turn promotes the end of mitosis.'> Cahill et al'® reported for the first time that Bubl
mutations produce a weakened checkpoint response in a subset of cancer cell lines of colon cancer patients, leading to
chromosome aneuploidy. Lee et al'” found acquired mutations in the Bubl and p53 genes and loss of SAC in BRCA2-
deficient animal tumors. They concluded that inactivation mutations of these checkpoint genes lacked synergy with
BRCAZ2, leading to hereditary breast cancer. An accurate SAC is important for cell survival. Once the checkpoint is
damaged and the mechanism is defective, it will lead to an increase in the chromosome error separation rate, leading to
an imbalance in chromosome number and the formation of aneuploid.'® However, it is controversial whether SAC
defects represent common drivers of chromosome aneuploidy because SAC gene mutations are rarely found in solid
tumors. According to the sequencing data of the next-generation cancer genome map (TCGA),'? only 9.6%, 7.4%, 6.2%,
6.4%, and 7.6% of patients with endometrial cancer (with MADI1L1, BUB1, BUBIB, CDC20, or BUB3 mutations) and
colon adenocarcinomas (5.5% with MADIL1 or BUBI mutations), respectively, were detected with mutations of more
than 5%. The effects of SAC mutations on lung cancer have also been reported. The relationship of MADIL1 and
MAD2L1 mutations and lung cancer was estimated by researchers between 1000 patients and 1000 healthy controls.?’ It
was also confirmed that aneuploidy caused by MADIL1 and MAD2L1 gene mutations increased the susceptibility to
lung cancer. This may be due to the decrease of SAC function caused by the decrease of MADIL1 and/or MAD2L1
function. Mis localization of Mad2, causing SAC defects and chromosomal instability. However, this instability will not
affect tumor regression caused by KRAS elimination®' Transient overexpression of MAD2 and chromosome instability
may be important stimulating factors for tumor occurrence and development, and the tumor recurrence rate in these
patients is significantly increased.”? Except for a few reported cases of decreased expression, SAC is generally
considered to be overexpressed in lung cancer, and high expression levels are associated with a high proliferation
index and metastatic potential. These results also suggest that abnormal gene expression caused by SAC deficiency is
likely to lead to aneuploidy and promote lung cancer development.

Abnormal Kinetochore-Microtubule Attachment

Microtubule are dynamic polymers of protein heterodimers that rotate continuously at the end of the spindle, and the
kinetochore is attached to the end of the microtubule.>* The Repeated binding and dissociation of single microtubules and
kinetochores results in the dynamic attachment of microtubules to microtubules, which is necessary to promote
microtubule stability and correct errors.”* Because of the randomness of microtubule-kinetochore attachment, the initial
attachment of kinetochores and spindle microtubules is an error-prone process. In the process of somatic cell mitosis, the
dynamic attachment of kinetochore microtubules slows down quickly and gradually stabilizes. Therefore, the early and
middle stages of division are the key stages of abnormal attachment.”>® Once abnormal attachment can lead to mitotic
errors and produce chromosome nondiploid. Aurora B kinase, which exists in the centromere, participates in and
regulates the kinetochore-microtubule dynamic attachment mechanism. Although the related mechanism is still unclear,
the emerging view is that Aurora B-mediated phosphorylation of the key substrate Hecl occurs in the early stage of
mitosis, which destroys the stability of abnormal attachment and decomposes incorrectly attached kinetochores from
microtubules. The physical tension generated by the correct attachment is sufficient to stabilize the attachment and drive
the biologically oriented kinetoplast out of the Aurora B area of influence.”’” The probability of chromosome mis
segregation caused by Aurora B kinase inhibition was significantly increased. Kinetochore-microtubule attachment
becomes too stable under the interference of these proteins, which in turn affects the efficiency of correcting abnormal
attachment, which leads to CIN.?® The study by Takeshita et al* also responded to this conclusion. They found that 87 of
the 157 patients (57%) with non-small cell lung cancer were aneuploid, and 56 of the 83 patients (67%) with over-
expression of Aurora B were aneuploid. Overexpression of Aurora B was significantly correlated with aneuploidy,
researchers have also conducted clinical studies on Aurora A. Among 94 tumors overexpressing Aurora A, 60 were
aneuploidy (63%), and the overexpression of Aurora A was significantly associated with aneuploidy. The overall survival
rate of aneuploid tumor patients was significantly lower than that of diploid tumor patients. In addition, overexpression of
the SAC protein MAD2,?° the depletion of adhesin subunit STAG2,*' and activation of the DNA damage response’” all
lead to abnormal kinetochore-microtubule adhesion. In contrast, the overexpression of Kinesin-13 microtubule depoly-
merase MCAK and Kif2b reduced the stability of kinetochore-microtubule attachment and restored the non-diploid
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chromosome segregation of cancer cells that originally showed CIN.** Therefore, the adhesion of microtubules and
kinetoplasts in cancer cells is more stable than that in normal diploid cells, which provides strong evidence of the non-
diploid nature of tumor cells. The effect of mutant genes on the dynamic attachment of kinetochore microtubules is rare.
At present, only APC deletion has been found to increase the stability of motile microtubules in colon cancer, induce
non-diploid chromosomes in other stable somatic cells, and finally induce tumorigenesis.>*

Centrosome and Mitotic Spindle Defects

The centrosome consists of a pair of vertically arranged organelles that form the spindle poles. These two centromeres
each contain nine groups of microtubules, which are surrounded by pericentriolar material (PCM) during mitosis and
regulate spindle assembly in an orderly manner.>>*® More than a century ago, Theodore Boffrey first proposed that an
additional centrosome would promote multipolar cell division, leading to genetic instability and malignant transforma-
tion, driving multipolar cell division aneuploidy, followed by tumorigenesis.’” A large number of studies have shown that
centrosome abnormalities exist in most solid and hematological malignancies, especially in lung cancer cells.*® This
abnormality, also known as centrosome amplification, is more frequently observed in cancer cells with a CIN phenotype
or aneuploidy.* It is not clear what mechanism somatic cells produce additional centrosome defects during mitosis. At
present, it is believed that there are many mechanisms that may lead to excessive centrosomes, including excessive
centrosome replication or additional centrosome assembly from scratch, mitotic sliding, intercellular fusion and cytokin-
esis failure.**** When too many extra centrosomes are produced, the following steps further make the cell susceptible to
CIN: (1) random attachment to the chromosome in the early stage of mitosis, creating a transient multipolar spindle; and
(2) decomposing this abnormal mitotic configuration into a bipolar spindle.** This transition from multipolar spindles to
bipolar spindles promotes the formation of incorrect kinetoplast-microtubule attachment, causing subsequent chromo-
some segregation errors in the late stage of division and forming aneuploid chromosomes during cytokinesis. The
mechanism of tetraploid production also leads to the emergence of additional centrosomes, and has long been considered
to be the pioneer of aneuploidy. Fujiwara et al** showed that tetraploid cells caused by failed cytokinesis showed CIN
and spontaneously produced tumors when injected into mice. This supports the argument that the long-term correlation
between the extra centrosome and CIN in tumor cells drives tumorigenesis. Clinical studies have found that when the
aggregation in vitro of the center is antagonized, cancer cells undergo multipolar division, leading to the death of
daughter cells. This pro-apoptotic pathway, known as late disaster, occurs when centrosome protein CP110, cyclin-
dependent protein 1 (CDK1), and CDK2 are deleted or inhibited, and aneuploid cancer cells are eliminated first. At the
same time, CP110 is inhibited by the KRAS oncoprotein, which makes CDK1/2 inhibitors sensitive to lung cancer driven
by the KRAS gene.*

Sister Chromosome Cohesion Defects

During the mitotic cycle of somatic cells, DNA replicates during the synthesis phase. Each chromosome produces two
identical copies, which are packaged into sister chromatids. At the late stage of development, sister chromatids begin to
be accurately separated and evenly distributed to the two daughter cells to ensure the uniform distribution of genetic
information and maintain the stability of the genome.*®*’ In fact, in order to prevent the symmetrical separation of sister
chromatids between the formed daughter cells, the physical connection between sister chromatid cohesion is maintained
from S phase to metaphase.*® This cohesion is opposite to the tension produced by the microtubules attached to the
kinetochore, so that the chromosomes on the mitotic spindle are located in two directions.*” Therefore, if there is a sister
chromatid cohesion defect, the daughter cells accept too many or too few chromosomes during mitosis, and the euploid
chromosomes become aneuploidy.”® A protein complex called adhesin (SCC1 (RAD21), SCC3 (STAGI, STAG2),
SMCI1A, and SMC3) dynamically binds to DNA during the S phase of DNA replication and mediates and maintains
sister chromatid cohesion. Its reduction and dysfunction can lead to chromosome dislocation and CIN.*' Recent studies
have shown that menthol NIPBL, as an adhesin loading factor, interacts with the adhesin complex and loads adhesin
onto chromosomes. The low expression and gene mutation of NIPBL may interfere with its interaction with adhesin
complex, and lead to genomic instability by interfering with the separation and concentration of sister chromatids,
resulting in aneuploidy in the process of carcinogenesis. Rare NIPBL mutations found in lung, breast, and colorectal
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tumors have been confirmed.”>> In the process of sister chromatid separation, the failure of two steps of adhesin
removal also induces aneuploidy and carcinogenic transformation: (1) at the end of metaphase, the adhesin on the
chromosome arm is dissociated by the phosphorylation of the adhesin SA subunit, which is noteworthy, compared with
other mitosis-related genes with few mutations. T mutations in the adhesin complex subunit STAG2 in tumor cell lines
and tumor samples accounted for 39% of STAG2 mutations reported in the cancer genome map (TCGA). (2) In the later
stage, protease suddenly starts to activate and cleaves the adhesin subunit SCC1 (RAD21) of the adhesin complex from
sister chromatids, which immediately becomes an inhibitor of CDK1 and promotes the movement of sister chromatids to
the poles of mitotic spindle.’®>” Premature and overexpression will destroy the normal regulation of the enzyme isolates.
Zhang et al’® conditionally induced the overexpression of dissociating enzymes in the epithelial cells of diploid mice,
resulting in premature chromatid separation and chromosome lag within 5 days, leading to aneuploidy and tumorigenesis.
Correspondingly, Shugoshinl (Sgol) and PP2A protect adhesin on the centromere from cleavage by isolating enzymes.
Interestingly, SGO1 on the centromere interacts with the chromosome passenger complex containing AURKB, and the
mis localization of SGO1 hinders error-correction repair and may lead to CIN by stabilizing kinetochore-microtubule
attachment defects.

The Contradictory Relationship Between Aneuploidy and Cancer

Cancer-Promoting Effect

According to the relevant tumor gene database, approximately 90% of solid tumors and 50% of blood tumors are
aneuploid.”® Some views have been supported by a large number of experimental and clinical evidence that aneuploidy
can not only induce tumorigenesis but also promote different stages of tumor progression, such as tumor initiation,
recurrence, drug resistance and metastasis.>®° This suggests that aneuploidy can promote tumorigenesis, even if it cannot
completely induce tumorigenesis. Studies in yeast and mice have shown that aneuploidy cells are randomly produced due
to accidental mitotic errors or induced by carcinogens, and the presence of additional chromosomes will lead to
a disorder in which the transcription of coding genes is proportional to the protein level.°' Lead to a chain reaction,
and eventually there will be cells with cancer-specific chromosome combinations and rearrangements. Therefore, it can
be said that the occurrence of cancer is the result of abnormal mutations in large doses of aneuploid genes, which damage
cell proliferation and metabolic changes. However, there is no clear answer to the specific mechanism of aneuploidy
promoting cancer. Benezra et al®® reported that when some chromosomes in tetraploid mouse embryonic fibroblasts
(MEF) were deliberately deleted, aneuploidy cells showed higher chromosomal instability and DNA damage, and formed
huge invasive tumors in immunocompromised mice. This is a mutant phenotype related to tumorigenesis in vivo,
indicating that the carcinogenic potential of chromosome loss is an early consequence of animal cell aneuploidy.

What are the advantages of aneuploidy? Although aneuploid cells have weak proliferative ability at first, they have
high genomic instability and mutation rate. This may enable them to acquire the characteristics of cancer. Baker et al®®
used the whole chromosome instability (W-CIN) mouse model to study the trend of division of each cell in the object to
produce daughter cells with random karyotype abnormalities, proving that aneuploidy can promote tumorigenesis by
losing the heterozygosity of tumor suppressor genes. SAC is one of the most critical components of mitosis. Genetic
changes that affect the function or stability of sac proteins show an increase in spontaneous or carcinogenic
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such as heterozygous mutations in BubR1, Mad1/2, Bub3, and other genes or subtypes. In addition,
the overexpression of MAD2, Hecl, or Bubl alleviates the regulation of SAC and promotes the occurrence of CIN and
tumors, while genetic variation of MADI1L1 and MAD2LI1 leads to decreased sac function and increased susceptibility to
cancer. TP53 mutations are also significantly associated with aneuploid tumors. Galc i an et al® analyzed TCGA data and
showed that it was the only gene significantly associated with CIN (2013A). Mice expressing TP53 mutants did not
induce apoptosis, but retained G1 phase blocking function to prevent tetraploid cell proliferation. Aneuploidy cells show
extensive karyotype heterogeneity and chromosome rearrangement, and can cause tumor formation in mice.® TP53
mutations are mainly clonal and significantly associated with genomic doubling tumors.®” In these cases, wild-type tumor
suppressor genes were lost, whereas mutated alleles were obtained to compensate for gene dose imbalance. Specific

mutations in oncogenes or tumor suppressor genes can increase cell proliferation and survival but may also affect
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chromosome integrity and segregation, leading to ancuploidy. Conversely, ancuploidy can actively increase genomic
instability and mutation rate and accelerate tumor progression by increasing or decreasing the number of copies of
oncogenes or tumor suppressor genes.’®

Aneuploidy imbalances the expression of many proteins that may be involved in DNA synthesis and repair, as well as
chromosome segregation.®” Subsequent aneuploid tolerance mutations lead to stronger proliferation of tumor cells.
CENP-E is a centromere-binding motility protein attached to SAC microtubules, which guides the aggregation of
initially dislocated chromosomes and controls the cell cycle. During mitosis, CENP-E accumulates in late G2 and
degrades at the end of mitosis. Normally, even a single kinetoplast is sufficient to maintain the activation of mitotic
checkpoints.”””! However, after the decrease in CENP-E, the mitotic checkpoints are weakened, and the percentage of
abnormal mitosis and the number of chromosomal aberrations per division increase, resulting in aneuploid tumors.
Experiments on animals with CENP-E levels half the normal level showed that the incidence rate of splenic lymphoma
and pulmonary adenoma increased, which was similar to the proportion of lung cancer among smokers 74, but the tumor
developed late and was not completely exposed (10%). Other proposed aneuploid cancer-promoting mechanisms include
the deletion of pro-apoptotic protein bcl9L and stress protein p38 o (also known as MAPKI14), although there are
relatively few mutations in the genes encoding these proteins in human tumors, suggesting that they may not be
a common mechanism of aneuploidy tolerance. Uncontrolled expression of genes involved in oxidative phosphorylation
and protection against oxidative stress also contributes to the effect of aneuploidy on tumours.”® Overall, these studies
clearly show that the evolution of cancer seems to be a transition from random chromosomal protein changes to early
selection of aneuploidy cloning to a large extent. The existence of additional chromosomes leads to the disorder of
transcription of coding genes in proportion to protein levels, thereby increasing tumor invasiveness, which may be due to
the effect of gene dose on proteins related to maintaining mitotic fidelity. While maintaining a highly aneuploid
karyotype, the reasons for the strong growth of cancer need further study.

Inhibition of Tumor

All mammals have a certain proportion of aneuploidy cells, and adult animals have a higher proportion of aneuploidy
cells, but they all have spontaneous tumors. Aneuploidy plays a role as a booster in promoting tumor development, but it
is clear that this is not a one-way effect because aneuploid cells show a decrease in cell adaptability. It effectively
participates in tumor growth inhibition.”* Weaver team’> found that the lack of the pl9/ARF tumor suppressor gene
caused an increase in the rate of single chromosome deletion in tumors, especially spontaneous liver cancer, and had
a significant and unexpected impact on survival rate. The increase of aneuploidy increased the average tumor-free
survival time of these animals by 93 days (P=0.0079) and the tumor incubation period of almost all animals was
significantly prolonged. It was also confirmed that aneuploidy from whole chromosome loss (or acquisition) can strongly
delay tumorigenesis in vivo after loss of the pl9/ARF tumor suppressor gene. These results provide evidence of

1”2 showed that the effect on tumors is

aneuploidy inhibition rather than the enhancement of tumorigenesis. Silk et a
determined by the chromosome mis selection rate rather than the accumulated aneuploid level. They found that the
decrease of CENP-E resulted in an increase in the percentage of abnormal mitosis and the number of chromosomes
misdivisions per division. When the increase in chromosome misselection rate exceeded a certain threshold, the
misaggregation of a few chromosomes per division was not enough to increase the level of cell death. It can inhibit
tumor by causing cell death. In other words, in the case of aneuploidy, a low proportion of chromosome missegregation
can promote tumorigenesis, while a high proportion of chromosome missegregation leads to cell death and tumor
inhibition. It has also been reported that a small amount of aneuploid MEF caused by Bubrl mutations does not cause
tumor growth defects,”® but Bubrl deletions lead to missegregation of a large number of chromosomes at a time, which
can accelerate cell death.”” These results suggest that the reason for cancer inhibition by aneuploidy is likely to be the
increase in the number of misseparated chromosomes during mitosis, resulting in unscheduled cell death.

Amon et al successively conducted two groundbreaking studies to overturn Boveri’s hypothesis that aneuploidy
causes cancer. In the first experiment,”® in the cultured mouse embryonic fibroblast (MEF) line, it was found that the
MEF carrying the spindle checkpoint module BubR1 subtype mutation often carried one or two extra chromosomes. In
addition to the unique characteristics of chromosomes, each MEF also contained different extra frontal chromosomes. It
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also exhibits the characteristics of delayed cell proliferation and metabolic changes. In the second,’® the cells with six
different chromosomes (mChrl, mchrl3, mchrl6, mchrl9, hchr3 and hchr5) were tested for carcinogenicity, and the
results showed that the carcinogenicity of euploid cells was lower than that of gene-matched euploid cells. In addition,
the activation of several carcinogenic pathways (HRAS, BRAF, PIK3CA, and MYC) and the functional removal of
tumor suppressors p53 and Rb were not sufficient to overcome the adaptive punishment caused by aneuploidy, and no
transformation of primary cells induced by aneuploidy or synergistic behavior with carcinogenic mutations was observed.
In a related supplementary experiment,*® additional chromosomes were injected into human colorectal cancer cells with
stable chromosomes, although the rates of proliferation of transduced trisomy and euploid cell lines were almost the
same. However, the tumor formation in the three systems in vivo was smaller, indicating that aneuploidy characterized by
chromosome acquisition can effectively inhibit tumor formation and growth. The above studies show that the aneuploidy
of a single chromosome is not sufficient to induce the malignant transformation of euploid cells, but is antitumorigenic.
Patients with Down syndrome characterized by extra chromosome 21 showed the same tumor pattern; that is, the
incidence of solid tumors (including lung, stomach, breast, and prostate cancer) was lower than that of normal people.®'
The study found that the apoptosis rate of trisomy 21 increased, which may indicate that cell death is a more common
response to decreased adaptation of aneuploid cells and a protective event to prevent malignant transformation of these
tissues, thereby inhibiting tumor formation. This reduces the risk of cancer.*” In addition, trisomy mouse cells designed
for specific chromosomes showed delayed proliferation, possibly when aneuploid cells were introduced into normal
diploid cancer cell lines, and aneuploid cells were defeated by diploid cells.*® Therefore, under normal circumstances,
aneuploidy may act as a barrier to tumorigenesis by reducing the growth of precancerous cells.

The Role of Aneuploidy in NSCLC
Different Pathological Type of NSCLC Aneuploidy the Similarities and Differences

Lung cancer can be roughly divided into small cell lung cancer (SCLC), accounting for about 15% of all diagnoses, and
non-small cell lung cancer (NSCLC), accounting for the majority, mainly including adenocarcinoma (AC), squamous cell
carcinoma (SqCC) and large cell carcinoma (LCC). The chromosome ploidy was also different among the main tissue
subsets of NSCLC. In the last century, Petersen et al® used genomic hybridization to evaluate the chromosomal
imbalance between 25 cases of lung adenocarcinoma and 25 cases of lung squamous cell carcinoma. A decrease in
the number of common DNA copies of the two lung cancer subtypes was observed on chromosome 1p, 3p, 4qQ, 5Q, 6Q,
8p, 9p, 13q, 18Q and 21q. Similarly, the DNA gains of chromosomes 5p, 8q, 11q, 13, 16p, 17q and 19q were observed.
Adenocarcinomas showed more frequent DNA overexpression of chromosome 1Q and loss of DNA on chromosomes
3Q, 9Q, 10p and 19Q, while squamous cell carcinoma was characterized by increased overexpression of chromosomes
3Q, 12p and deletion of 2Q. In particular, the overexpression of chromosome band 1g23 and the deletion of 9922 were
significantly associated with adenoid differentiation, while the loss of DNA of chromosome band 2q36-37 and the
overexpression of 3q21-22 and 3q24-qter were statistically significant markers of squamous cell types. This study for the
first time used statistical methods to strengthen the concept that different tumor subgroups of NSCLC have different
chromosome change patterns. Jemal et al®® also demonstrated the overall relationship between different pathological
subtypes of lung cancer (AC, n=1206, SqCC, n=467, LCC, n=37 and SCLC, n=88) and chromosome ploidy by DNA
flow cytometry analysis. The study found that compared with other histological groups, SCLC cases generally showed
more chromosome ploidy changes, while AC showed the least. In various histology, 4Q and 5Q loss (SCLC and SqCC),
10p loss (SCLC, LCC) and 7p increase (AC, LCC), these chromosome changes are relatively common. However, the
increase of chromosome 18 and 19 (SCLC), the loss of 22q and 10q (SCLC) and the increase of 22q (SqCC) seem to be
more frequent. Six gains on chromosome 3Q and seven losses on 3p, 4p, 4q and 5Q distinguish AC from SqCC. All of
these regions have higher frequency of change in SqCC. In addition, the gain on chromosome 1p, 2p, 3Q and 22q, and
the loss on chromosome 2p, 4p, 4Q, 5Q, 9p, 10Q, 13q and 22q were found to distinguish AC, sqCC and SCLC.
Interestingly, AC and SqCC cases showed the highest percentage of interstitial ploidy values close to 2N (that is, diploids
were the most common). In contrast, LCC cases showed a more mixed distribution of 2N and 3N, while SCLC cases
showed the most common triploid (3N). At the same time, studies have shown that chromosome instability has less effect
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on AC than other histological groups, but on the contrary, mutation-driven tumorigenesis may be more important in AC,
such as frequent EGFR, STK11, TP53 and KRAS mutations observed in this subtype.

Main Chromosome Changes

NSCLC is a heterogeneous disease, and its mutation rate is second only to that of melanoma, which indicates that lung
cancer has inherent genomic instability. Studies have shown that NSCLC is characterized by widespread acquisition and
loss of low and high levels of genetic material on different chromosomes.®® Approximately 70% of 80% of lung cancer
patients carry aneuploid karyotypes caused by the mis separation of chromosomes during mitosis.*” Chromosome
aneuploidy was detected in 46 lung cancer specimens according to Gao et al.® All samples showed aneuploidy and
showed the acquisition of chromosomes 7, 8, and 12 (67.4%, 60.9%, 28.3%) and the deletion of chromosome 9 (56.5%).
Liu et al®® detected FISH probes on chromosomes 2, 3, 6,7, 8,9, 11, 12, and 17 in 74 cases of non-small cell lung cancer,
and the aneuploidy rate was 62-93% in lung tumor tissues. Jemal et al** also found that the most frequent chromosome
arm changes were the increase of chromosomes 5p and 20 (excluding AC) and the loss of 3p, 13 Q (excluding SCLC)
and 17p. These results provide strong evidence for the adverse relationship between aneuploidy and lung cancer. High
levels of aneuploidy are related to several manifestations of NSCLC invasiveness, including poor prognosis and
metastasis. Here, we explored the biological interaction between the aneuploid environment and LC to understand the
role of aneuploidy in the progression of lung cancer.

Somatic epigenetic and genetic abnormalities caused by aneuploidy (including specific genome amplification or
deletion) play an important role in the occurrence and development of lung cancer.*” The most common chromosomal
changes in lung cancer include amplification of 1Q, 3Q, 5p, 8Q, 11q, 16p, and 17Q, and loss/deletion of 3p, 4Q, 5Q, 8p,
9p, 13Q, 17p, and 19p.90 Here, we focus on abnormalities in chromosomes 3, 7, and 8, which are most closely related to
lung cancer. Studies’' have shown that the aneuploidy rate of chromosomes and chromosome 3 is the highest in NSCLC,
which is 21.35%, and the aneuploidy rate of monomer and trisomy is more prominent (P < 0.05). From precancerous
lesions to invasive cancer, the changes on chromosome 3 run through the entire development and metastatic stage of
NSCLC, and the amplification of the 3Q distal part may be the main sign of tumor transformation. At the same time, the
researchers also pointed out that chromosome 3 may contain many genes that may play a role in carcinogenesis. In
Atasoy’s study,”’
Overexpression of the epidermal growth factor receptor (EGFR) on chromosome 7 occurs frequently in patients with

the aneuploidy rate of chromosome 7 was 9.06%, second only to that of chromosome 3.

non-small cell lung cancer and is associated with disease progression and poor survival.”” The expression level of EGFR
is not only related to its amplification. In NSCLC, the imbalance of chromosome 7 is a key genetic event that changes the
expression of the EGFR protein.”® In some cases, it is independent of EGFR gene amplification. It has been reported that
trisomy 7, the only abnormal malignant clone,”* is found in malignant cells of cultured non-small cell lung cancer. It is
well known that the frequently amplified proto-oncogene c-myc is related to the promotion of lymphatic metastasis in
NSCLC and is a significant prognostic factor in early lung adenocarcinoma. C-myc is located on chromosome.”
Kubokura et al’® performed FISH analysis on the amplification of the c-myc gene and the change in the copy number
of chromosome 8 (aneuploid) in patients with non-small cell lung cancer. It was found that an abnormal number of
chromosome 8 was significantly associated with poor prognosis. Yakut’s parallel correlation between c-myc amplifica-
tion, trisomy 8 metastasis, and survival time was also supported by statistical analysis (P < 0.05). They observed that
a patient with NSCLC with c-myc amplification relapsed 6 months after the operation, and trisomy 8 was detected in the
tumor tissue.

Aneuploidy Changes the Initial Tumor Microenvironment of Lung Cancer

Aneuploidy alters the initial tumor microenvironment of NSCLC and accelerates the progression of precancerous
lesions.”” At the end of the last century, Smith et al®® determined that aneuploidy is closely related to precancerous
lesions of NSCLC, and that there is widespread aneuploidy in the respiratory epithelium (including bronchioles,
bronchioles, and alveoli) in patients with NSCLC. The degree and incidence of cancer increase with the aggravation
of histopathological changes and occasionally appear in hyperplasia, usually in the stage of dysplasia and carcinoma
in situ, and then induce precancerous lesions to upgrade to invasive carcinoma in a variety of ways. Zojer et al®* also
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used centromere specific fluorescence in situ hybridization (FISH) to study the chromosome status of 7 cases of invasive
non-small cell lung cancer and its precancerous lesions. The percentage of aneuploid cells in invasive precancerous
lesions and invasive lung cancer tissues was 8.5% and 59%, respectively. Increasing evidence shows that aneuploidy is
involved in the early pathological changes in NSCLC and contributes to the further development of precancerous lesions
to invasive NSCLC. The initiation of lung cancer is inseparable from the construction of the microenvironment. In order

1°7 constructed

to better understand and describe the role of aneuploidy in the initial tumor environment, Alikhanyan et a
a mouse model of NSCLC. In this model, the aneuploid environment of epithelial cells adjacent to the lung tumor
increases the number of alveolar macrophages (AM), tumor-associated macrophages (TAM), neutrophils, and NK cells.
However, the levels of cytotoxic CD8+T cells and IFN-y in lung tissue decreased. Interestingly, although NK cells have
increased, NK cells no longer have the normal function of natural immune cells, which indicates that higher levels of
aneuploidy help to create an immunosuppressive microenvironment, thereby promoting the initiation and growth of
tumors. SU et al,’” it was found that the unfolded protein response (UPR) directly driven by aneuploidy polarized
macrophages and dendritic cells into tumor-promoting phenotypes, endowed them with immunosuppressive function,
and had a negative effect on T cell activation, thus reshaping the tumor immune microenvironment to evade immune
surveillance. Taken together, these findings suggest that aneuploidy plays a key role in shaping the immune pattern of
lung tumors, resulting in an immunosuppressive environment that awakens dormant cancer cells and initiates tumors,
leading to a higher tumor burden.

The Relationship Between Aneuploidy and Metastasis or Recurrence of Lung Cancer
In the case of chromosomal instability, high levels of aneuploidy significantly increase the recurrence rate of NSCLC,

which is a sign of poor prognosis. Sotillo et al'®

induced MAD?2 overexpression to form tumors in mice with lung
cancer, and a high level of aneuploidy was observed. After removing the induction, the recurrent tumor appeared in the
same anatomic position as the primary tumor, similar to the primary tumor, and was also highly aneuploid (39.4%). This
shows that a high level of aneuploidy in residual cancer cells can enable the survival of oncogenes after revocation, thus
promoting the recurrence of NSCLC and significantly increasing its recurrence rate. At present, the prognosis of patients
with lung cancer after surgical resection depends on two main prognostic variables: the stage of the disease and the state

of manifestation (including imaging findings). Choi et al'*!

analyzed the surgical specimens of 63 patients with lung
adenocarcinoma and found 32 cases of aneuploidy positivity (39.7%). The 5-year disease-free survival rates was 58.7%
and 46.9% for aneuploid-positive patients and 71.0% (95% confidence interval [CI] 1.04-5.26, P= 0.04) for aneuploid-
negative patients, respectively. In the multivariate analysis, after adjusting for pathological lymph node staging, tumor
staging, sex, age, and smoking history, the overall survival rate of positive patients was still significantly lower than that
of aneuploid-negative patients (95% CI, 1.66-43.42; p = 0.010). Choma et al'®* observed aneuploidy in 64% of patients
with non-small cell lung cancer through 4033 patients with lung cancer, and the proportion of aneuploid cells in cancer
cells gradually increased with the progression of the tumor stage. The percentage of aneuploid tumors in stages I, II, and
1T was 58%, 57%, and 70%, respectively. Patients with aneuploid-positive non-small cell lung cancer had a higher risk of
postoperative death, and their survival probability decreased by 11% within one year compared with other patients,
accounting for 21% of the patients who worsened 5 years after operation. The purpose of this study was to evaluate the
importance of aneuploidy in the prognosis of NSCLC and its application as an independent prognostic factor after
NSCLC surgery. Currently, the real-time progression of lung cancer is mostly tracked by imaging, and the complex
relationship between aneuploidy and lung cancer may provide information related to early cancer surveillance and
prevention.

Effect of Smoking on Chromosome Ploidy in Patients with Lung Cancer
It is well known that toxins in tobacco smoke increase the risk of lung cancer; it accounts for almost 90% of lung cancer
causes in men and 65% in women.'”> Whether chromosome ploidy changes play an important role in the evolution of

smoking-related lung cancer is still under discussion. Sanchez-Cespedes et al'®*

selected 18 lifelong non-smoking and 27
smoking lung adenocarcinoma patients and used microsatellite markers to test normal and tumor tissues to find

chromosome changes in each tumor. The results showed that alleles in the chromosome arm were lost or increased by
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3p (37 vs 6%), 6Q (46 vs 12%), 9p (65 vs 22%), 16p (28 vs 0%), 17p (45 vs 11%). The frequency of 19p (58 vs 16%) in
adenocarcinoma of smokers was significantly higher than that of non-smokers. Chromosome arms showing allelic
imbalance are rare in lung tumors in non-smokers, but are more common at 19q (22%), 12p (22%) and 9p (22%).
Smokers have higher levels of FAL (partial allele loss or gain) (48%) than non-smokers (11%). In the study of Sy et al'®’
comparative genomic hybridization (CGH) technique was used to find that smoking can cause a significant increase in
chromosome amplification in primary lung adenocarcinoma, including 13q, 17q, 19Q and 22q. At the same time, Yan
et al'% found that there was a significant increase in chromosome amplification in patients with smoking lung SCC. The
amplification rates of 3Q and 8q in smoking patients were significantly higher than those in non-smoking patients
(suggesting that there may be targets for smoking carcinogens in these chromosome regions) smoking carcinogens may
eventually lead to lung cancer by changing the amplification of these chromosomal regions (resulting in the activation of
oncogenes). There are also obvious commonalities in chromosome amplification and deletion between smoking and non-
smoking patients (such as higher S5p and 18p amplification rates and higher 3p, 4Q, 5Q deletion rates), indicating that
there is consistency in the changes of chromosome ploidy in lung SCC caused by different causes. Other studies have
shown that there is no significant difference in chromosome ploidy changes in lung cancer patients between smokers and
non-smokers. For example, Farkas et al'®’ found that smoking had no effect on chromosome aneuploidy in 2145
Hungarian subjects. However, it is agreed that quitting smoking may promote the reversibility of genotoxicity, and
because of the directness of tobacco, their cells may be more vulnerable to cytogenetic changes.

The Application Direction of Aneuploidy in Clinical Treatment of Lung

Cancer
At present, the incidence of NSCLC is relatively high, and aneuploidy in tumors provides fuel for the evolution and drug
resistance of NSCLC. The aneuploidy of chromosome aneuploidy (ANE) also has significance in predicting the efficacy

of radiotherapy in patients with NSCLC. Jia et al'*®

evaluated the predictive value of ANE in radiotherapy. For patients
who did not receive radiotherapy, the survival prognosis of different age groups was similar. After radiotherapy,
compared with different ANE patients, the survival rate of patients in the lower ANE group was significantly improved
(95% CI, 0.9202-3.2770; P=0.0450), which supported the ANE score as an adverse indicator of benefit from
radiotherapy.

A aneuploidy is usually quantified by measuring DNA content or chromosome structure and number in cells.
Therefore, an increasing number of techniques can be used to detect aneuploidy, including various molecular cytogenetic
methods, FISH or ICM, single nucleotide polymorphism array (SNP array), and genome-wide DNA and RNA (ribonu-
cleic acid) sequencing.'® However, an important question is whether aneuploidy can also provide treatment decisions for
targeted treatment of NSCLC, thus predicting the benefit of patients from treatment. Epidermal growth factor receptor
(EGFR) is the tumor-driving gene of lung cancer, which guides the occurrence and growth of tumors by activating the

EGFR signaling pathway.''" It has been reported that''!

EGFR amplification and overexpression are usually associated
with aneuploidy and tumor cell proliferation to support the strong correlation between aneuploidy and patient efficacy.
Wei et al''? demonstrated that patient with aneuploid NSCLC who received EGFR-TKIs did not gain more benefits in
terms of progression-free survival (PFS), objective effective rate (ORR), and disease control rate (DCR) than euploidy.
Analysis of aneuploidy may help determine which patients are most likely to respond to EGFR-TKI-based treatment.
As mentioned above, Aurora B is considered to be an oncogene that induces abnormal cell division and subsequent
aneuploidy, and is associated with a significant decrease in overall and disease-free survival in patients with NSCLC. Yu
et al''® found that aneuploidy caused by overexpression of Aurora B was observed in non-small cell lung cancer cells
with reduced response to cisplatin and paclitaxel, which was related to the poor prognosis of patients with non-small cell
lung cancer. Under normal circumstances, uncontrolled cell cycle processes trigger the activation of p53 and downstream
repair and apoptosis pathways to clear cells in a state of abnormal proliferation.''* However, in the background of
Aurora-B overexpression, most p53 is degraded by ubiquitin-mediated proteins, and the cell cycle is stagnated in the G1
and S phases and activates the apoptosis cascade reaction, which causes DNA-damaged and aneuploid cells to bypass the
cell cycle checkpoint, evade damage repair, and ultimately weaken the efficacy of drugs targeting tumor cell DNA and
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cell cycle, leading to drug resistance.''> Recently, several inhibitors of Aurora B have been developed (such as small
molecular inhibitors GSK650394 and LY3295668, etc.).''®"'” These inhibitors can effectively inhibit proliferation and
induce apoptosis of NSCLC cells by reducing the expression of Aurora B and inactivating Aurora B. For aneuploidy,
specific aneuploid drivers or passengers have been shown to be useful in selectively killing aneuploid cells. The use of
aneuploidy in treatment is likely to depend on the factors and mechanisms of aneuploidy formation in aneuploidy cells.
As a process of promoting aneuploidy in vivo, deregulation of mitotic checkpoint genes is a new treatment for
aneuploidy tumor inhibition. Taxane is a microtubule targeting agent, which can lead to wrong chromosome pairing,
thus strengthening chromosome disaggregation and increasing aneuploid cells. However, when combined with different
CDK2 inhibitors to treat lung cancer, it showed synergistic or additive anti-tumor effects.''®

There is evidence that aneuploidy is a new driving force of NSCLC and can be used as a new biomarker with
recognizable tumor-specific characteristics. As a predictor of drug response and potential therapeutic target, it may have
clinical relevance. In view of the increasing sensitivity of aneuploid analysis methods, it is necessary to promote research
designs aimed at more accurately tracking the actions of aneuploidy in tumors and the therapeutic benefits of aneuploid
cells.
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