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Breast cancer is the most prevalent neoplasm in women. ER+ (Luminal subtype),
representing over 70% of breast tumors, is a genetically diverse group. Structural
and Numerical-Chromosomal instability initiates tumor development and is
recognized as the primary driver of genetic alteration in luminal breast
tumors. Genomic instability refers to the increased tendency of cancer cells
to accumulate genomic alterations during cell proliferation. The cell cycle check-
point response to constant and stable genomic alterations in tumor cells drives
this process. The impact of CNV patterns and aneuploidies in cell cycle and
proliferation perturbation has recently been highlighted by scientists in Luminal
breast tumors. The impact of chromosomal instability on cancer therapy and
prognosis is not a new concept. Still, the degree of emerging genomic instability
leads to prognosis alteration following cell cycle deregulation by chromosomal
instability could be predicted by CNVs-based reclassification of breast tumors. In
this review, we try to explain the effect of CIN in the cell cycle that ended with
genomic instability and altered prognosis and the impact of CIN in decision-
making for a therapy strategy for patients with luminal breast cancer.
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1 Introduction

Carcinomas, malignant neoplasms of epithelial origin, are characterized by
uncontrolled cell proliferation driven by the accumulation of genetic alterations (1, 2).
Breast cancer, the most frequently diagnosed cancer worldwide (3, 4), is classified into four
distinct subtypes based on immunohistochemical (IHC) and genetic profiling of estrogen
receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2
(HER2) status. These subtypes include: Luminal A (ER+ and/or PR+, HER2-), Luminal B
(ER+ and/or PR+, HER2+), HER2 positive (ER−, PR−, and HER2+), and triple-negative breast
cancer (ER−, PR−, and HER2-). These subtypes exhibit distinct prognoses and responses to
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therapy (5–8), guiding clinical management to appropriate
chemotherapy selection. To further refine IHC and fluorescence
in situ hybridization (FISH), and overcome their limitation issues
and cut-off challenges, the molecular signature of breast cancer
subtypes is assessed by mRNA-based kit. These kits incorporate
four novel proliferation markers (MKI67, PCNA, CCNA2, and
KIF23), in addition to the three established biomarkers,
providing a more comprehensive molecular profile for accurate
subtyping and prognostication (9, 10). Notably, luminal subtypes
constitute approximately 70% of breast cancers diagnosed in
women, with 85% exhibiting 5-year overall survival. However,
sub-classification for therapeutic purposes remains challenging
due to the molecular diversity of ER+ and/or PR+ tumors
(Table 1) (11–13).

Genomic instability (GI), the increased susceptibility of the
genome to accumulate further alterations driving tumor clonal
evolution and contributing to the heterogeneity observed in
solid tumors. Genome copy number variations (CNVs),
encompassing deletions, insertions, and duplications of
variable-sized DNA segments, are the primary drivers of

genomic instability in various cancers (14–16). The
maintenance of genomic integrity, crucial for cellular
function, is safeguarded by intricate mechanisms (Figure 1).
Disruptions in these mechanisms can lead to genomic
instability.

In breast cancer, several pathways crucial for maintaining
genomic integrity are frequently altered, including some that
have been successfully targeted for therapeutic intervention
(15). The study of CNVs has undergone significant
advancements since their initial discovery. Early research relied
on techniques like array comparative genomic hybridization and
SNP genotyping platforms, which enabled the identification of
numerous CNVs across the human genome. With the advent of
next-generation sequencing (NGS), the CNV research field has
witnessed a dramatic shift. NGS offers a more comprehensive and
high-throughput approach to identifying CNVs, enabling
researchers to delve deeper into their genomic architecture and
functional consequences (17). CNVs, a form of structural
alteration characterized by variable-sized deletions, insertions,
and duplications of DNA segments, represent some of the most
prevalent and significant genetic alterations. Structural
chromosomal instability (s-CIN), the underlying cause of CNVs
in cancer, links cell cycle checkpoints, genomic instability, and
mitogen-induced replication stress. Notably, CNVs in
combination pathway analysis revealed that identical DNA
gains encompass essential genes acting as tumorigenic drivers.
The challenge lies in translating these findings into clinically
relevant classifications. In breast tumors, integrative clustering
based on CNVs, transcriptomic data, and clinical characteristics
demonstrates the strongest correlation with survival and genomic
instability development (18, 19). This approach, known as
Integrative Clustering (IntClust 1-10), classifies breast cancer
samples based on their genomic driver events. While luminal A
and B subtypes may appear indistinguishable based on shared
genomic characteristics (20), luminal B tumors exhibit greater
heterogeneity in CNV patterns. This highlights the challenge of
subtype classification, as tumors display a continuous spectrum of
molecular formations associated with increasing levels of
genetic damage (21).

This review summarizes the impact of CNVs on cell cycle
behavior in the luminal subtype of breast cancer. We explore
how CNVs independently or in conjunction with other factors
alter the status of cell cycle checkpoints. Finally, we provide
novel insights into the implications of CNVs for clinical
therapeutic decision-making.

TABLE 1 Comparison of classification methods of breast cancer.

Comparison of classification methods of breast cancer

Methods Theranostic impact

Intrinsic subtyping (4 subtypes) The early method was based on immunohistochemistry (ER,
PR and HER2) (6)

• Low theranostic impact (119)
• Poor prediction of late relapses (120)

The new method is based on gene expression data

Integrative clustering subtyping
(10 subtypes)

This is based on copy number alteration (102) • High theranostic impact (119)
• Dynamics of late relapse provided (120)
• Improved decision-making of adjuvant and neo-adjuvant therapy for
ER+ subtypes (121, 122)

FIGURE 1
Themaintenance of genomic integrity is safeguarded by intricate
mechanisms.
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2 Literature review methodology

This review employed a comprehensive search strategy to
identify relevant literature from reputable scientific databases,
including Science Direct, Springer, RSC, ACS, NCBI, MDPI, Web
of Science, and Google Scholar. The inclusion criteria were as
follows: full-text articles published between 1994 and 2024,
articles published in the English language, articles with a title,
abstract, source, DOI, and year of publication.

Keywords such as “Genomic Instability in Cancer”, “Cell Cycle
Deregulation in Cancer”, “Breast Cancer Subtypes”, and “Luminal
Breast Cancer Genetic Variations” were used and combined with
search terms using Boolean operators to refine the search. Full-text
unavailable articles, non-English language, or summaries of
editorials, conferences, seminars, and events were excluded.

3 Copy number variation sources
and analysis

Principally, CNVs as a somatic alteration derive from several
genetic mechanisms, especially gene instability, chromosomal
instability (CIN), and aneuploidy, which contribute significantly
toward the development and prevalence of CNVs observed in
luminal breast cancers (22). The most impactful aspects of CNVs
in luminal breast cancer are oncogene amplification (epithelial
membrane protein 3) (23), prognostic value (phorbol-12-
myristate-13-acetate-induced protein 1) (24), molecular subtyping
(human epidermal growth factor receptor 2) (25), personalized
treatment (Myeloid differentiation primary response 88) (26),
biomarker (PGAP3, GRB7 genes) (27), and drug resistance
mechanisms (MYC gene regulation) (28).

Genomic instability results from defects in several mechanisms
during cell cycle progression and regulation. These mechanisms
include DNA damage from both endogenous and exogenous
sources, DNA damage repair, DNA replication and transcription,
mitotic chromosome segregation, centrosome amplification,
epigenetic modifications, and telomere maintenance. The GI can
either be perpetuated or limited through the induction of mutations
or aneuploidy, both of which can be enabling or catastrophic in their
effects. GI is closely linked to immune evasion, cancer progression,
and multidrug resistance. In hereditary cancers associated with
microsatellite or chromosomal instabilities, mutations in DNA
repair genes are primary drivers of GI. However, in sporadic
cancers, particularly in their early stages, GI does not typically
depend on mutations in DNA repair or mitotic checkpoint genes.
The mutation patterns observed in sporadic cancers suggest that
p53 mutations are driven by DNA damage, rather than through
activation of p14ARF. Oncogene-induced DNA damage may
represent a critical contributor to GI in sporadic cancers (14, 29–32).

Maintaining genomic stability necessitates the precise
replication of genetic material and the equal segregation of newly
duplicated chromosomes during mitosis. Disruptions in either of
these processes can lead to chromosomal instability (CIN),
characterized by an increased rate of chromosomal alterations
(33). These chromosomal alterations serve as unique fingerprints,
unveiling the intricate mechanisms by which genes become
dysregulated in cancer, leading to the destabilization of the cell’s

genetic integrity (34). CIN manifests as either numerical (n-CIN) or
structural (s-CIN) alterations (Figure 2). n-CIN involves gains or
losses of whole chromosomes, while s-CIN includes gains, losses, or
rearrangements of chromosome segments. n-CIN primarily results
from mitotic errors, whereas s-CIN arises from pre-mitotic events
affecting chromosome integrity (33).

CNVs refer to variations in the copy number of specific DNA
segments across different individuals’ genomes (35), approximately
200 CNVs have been identified breast cancer (36). CNVs contribute
significantly to genomic diversity, varying from small alterations to
complete chromosomal aneuploidies. While small CNVs are usually
benign, larger ones (over 250 kb) are linked to serious consequences
like developmental disorders and cancers (37). Analysis of the top
100-upregulated genes associated with various cancers reveals
distinct chromosomal locations. Table 2 summarizes the findings
of studies on CNVs in various types of cancer. Such validation could
pave the way for the development of more effective diagnostic,
prognostic, and therapeutic strategies, ultimately leading to a more
promising future in the fight against cancer (34). Various techniques
have been employed for CNV profiling, including SNP arrays and
next-generation sequencing (NGS) technologies. Ongoing efforts
are focused on developing more accurate and efficient methods for
CNV detection, as well as exploring the functional implications of
CNVs in biological processes and disease contexts (17). CNV holds
significant promise as a valuable biomarker for tumors, with
potential applications in tumor subtyping, drug response
prediction, and survival time prediction (38). Targeted NGS-
based CNV panels are widely used in clinical practice due to
their high reproducibility and focus on a limited gene set,
making them crucial for accurate clinical decision-making,
particularly in cancer treatment. Insights from genome-wide
CNV studies aid in designing these targeted panels. However,
normal cell contamination, tumor heterogeneity, and aneuploidy
hinder reliable CNV detection. Additionally, systematic errors from
structural variations can bias results, making it advisable to detect
these variations before conducting CNV analysis on tumor samples
(38). Single-cell sequencing presents challenges for CNV analysis
due to limited DNA content, making it difficult to differentiate
between PCR duplication. Accurate CNV measurements become
unreliable with restricted DNA quantities in single cells and
circulating tumor DNA, necessitating careful adjustments for
proper analysis. Additionally, integrating CNV data with other
multi-omics information is essential for a comprehensive
understanding of cancer development and progression (38).

Aneuploidy is an abnormal number of chromosomes in a cell,
deviating from the typical diploid number. For instance, a human
cell with 45 or 47 chromosomes instead of the usual 46 would be
considered aneuploidy (39). Aneuploidy manifests in two distinct
forms: stable and unstable. Stable aneuploidy exhibits consistent
numerical chromosome alterations across most cells, while unstable
aneuploidy is characterized by significant cell-to-cell variation in
chromosome number, leading to karyotypic heterogeneity. Unstable
aneuploidy notably promotes the development of diverse tumor
subpopulations, contributing to both inter and intra-tumoral
genomic heterogeneity. CIN is a major contributor to intra-
tumoral heterogeneity, which empowers cancer cells to adapt to
environmental pressures and evolve into more aggressive,
treatment-resistant populations. CIN and aneuploidy profoundly
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affect therapeutic response by disrupting gene regulation and
altering protein levels, ultimately influencing cellular responses to
drug treatments. This dynamic interplay suggests that individual
cancer cells with distinct chromosomal profiles may exhibit varying
drug sensitivities, potentially allowing a subset of the tumor
population to evade therapy and persist. A pilot study on ten
Luminal B patients suggests an association between stable
aneuploidy, intermediate CIN, and lympho-vascular invasion.
This association between clonal heterogeneity and CIN holds
potential prognostic value for breast cancer patients, particularly
those with HER2+ tumors. Dual-color FISH analysis of Luminal B
subtype breast cancer revealed that over 90% of patients exhibited

intermediate CIN (33%-49%), while only 10% showed high CIN
(52%) (40). Aneuploidy Score (AS), a measure of CIN, indicated that
75% of breast cancers had an AS above five. Luminal A tumors had
lower AS compared to Luminal B. While AS was not prognostic for
overall survival, progression-free survival was significantly worse in
Luminal B cancers with high AS. The most frequent chromosome
gains were observed in 1q, 8q, and 16p, while losses were commonly
seen in 16q, 17p, and 8p (41). Notably, centromere 17 copy
number, assessed by FISH and NGS-derived for CIN scores,
emerged as a key prognostic factor in breast cancer (40, 42).
Furthermore, Phosphatase and TENsin homolog (PTEN), a
tumor suppressor gene frequently altered in breast cancer,

FIGURE 2
Numerical and structural chromosomal instability (CIN) (15).

TABLE 2 Significant CNVs in various cancers.

Cancer type Chromosomal structural changes Genomic instability
rates

Ref.

Endometrial Cancer Mainly located in 8q and 1q. Includes CCNE1, ERBB2, KRAS, MYC, PIK3CA genes
Few aneuploidy changes in Type I cancers; a greater number in Type II (high grade) and advanced
FIGO stage

Low in Type I
High in Type II and advanced
stages

(123)

Non-small cell lung
cancer

Includes ACOT1, NAA60, GSDMD, SLC35B3, HLA-DPA1 genes Moderate (124)

Hepatocellular
carcinoma

Chromosomal changes across 1-22. Contains 13,839 CNVs with 138 CNV-driven genes
(93 duplicated, 45 deleted)
Highest duplication and deletion were observed on chromosomes 1, 5, and 4
NPM1 gene implicated

High (125)

Colorectal cancer Amplifications observed on 1q, 8q, and 5q involving cell cycle, DNA repair, and WNT signaling
pathways genes
Deletions found on 1p, 4q, 8p, 17p, 18q, and 22q

Low in stage II
Moderate in stage III
High in stage IV

(126)

Breast and Prostate
Cancer

Common SCNAs (Somatic Copy Number Alterations) identified, and associated with disease
recurrence and survival

Variable (127)

Breast Cancer CNV-related genes identified with prognostic significance Moderate (128)

Ovarian Cancer CNVs at known risk alleles associated with increased ovarian cancer risk High (129)

Multiple Cancers Various chromosomal structural changes
Includes 523 identified CNVs

Variable (130)

HCC, hepatocellular; Ch, chromosome; WNT, Wingless-related integration site; CRC, colorectal cancer; P, polyps; H.C., healthy controls.
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exhibits distinct clinical characteristics compared to other cancers.
Women with PTEN hamartoma tumor syndrome have an up to 85%
lifetime risk of breast cancer. This alteration was identified by
integrating somatic CNV and transcriptome data (43).
Consequently, traditionally approved methods for CNV calling
from tumor samples have demonstrated limited reliability for
these proposes. Validation of these traditional methods in
advance, MLPA or array-based approaches have better
resolution (44).

A recent article about the reliability of DNA copy number
variation linked machine learning approach CopyClust for
integrative cluster classification (IntClust) for breast cancer.
Particularly breast cancer subtyping is highly correlated to
genomic variations of tumor, and CNVs are highly mirrored
with cancer-driving genes additionally specific CNVs reflect
tumor behavior and development. So IntClust classification could
achieve 81% success on TCGA SNP data and 79% on WES data.
Another, valuable advantage of the CopyClust algorithm is the
ability to process CNV data alone when transcriptomic data is
useless or not accessible. CopyClust classification has maximum
clinical outcome prediction power with high accuracy (45). Table 3
comprises the traditional and updated methods in structural
chromosomal variation detection in tumor samples.

3.1 Comparison of traditional methods
versus updated methods in structural
chromosomal variation detection in
tumor samples

Traditionally approved methods for CNV calling from tumor
samples did not perform well to ensure the best reliability for this
purpose. Validation of these traditional methods in advance, MLPA
or array-based approaches have better resolution. For multiple
samples prevalent CNVs called is highly recommended (44). A
recent article about the reliability of DNA copy-number-variation

linked machine learning approach CopyClust for integrative cluster
classification (IntClust) for breast cancer.

Particularly breast cancer subtyping is highly correlated to
genomic variations of tumors, CNVs are highly mirrored with
cancer-driving genes additionally specific CNVs reflect tumor
behavior and development. So IntClust classification could
achieve 81% success on TCGA SNP data and 79% on WES data.
Another, valuable advantage of the CopyClust algorithm is the
ability to process CNV data alone when transcriptomic data is
useless or not accessible. CopyClust classification has maximum
clinical outcome prediction power with high accuracy (45).

3.2 Genomic changes and aneuploidy in
normal breast tissue

Recent studies indicate that Aneuploidy could be observed in
non-cancerous normal breast tissue. The link between normal breast
cells aneuploidy, certain breast cancer types, and age is notable.

A key study in the context of single-cell DNA sequencing from
normal breast tissue samples of 49 healthy women. With a middle
rate of 3.19% aneuploidy could be determined in the study
group. These cells had changes like gain of chromosome 1q and
incomplete loss of 10q, 16q, and 22q, which are characteristic
chromosomal structural variations in invasive breast cancers. In
particular, the prevalence of aneuploid cells elevated with age shows
the possibility of natural accumulation of chromosomal instability
over time (45). Non-cancerous events linked to aneuploidy in
luminal cancers include: Differentiation Maintenance: Aneuploid
cells control differentiation-correlated genes, like those in estrogen
receptor pathways, preserving the luminal type breast cancer (DOI:
10.1038/bc2009). Cell Cycle Checkpoints: p53 activation in response
to handling replication stress, may lead to more genomic stability
(46). Dormancy or Senescence: The entrances of aneuploid cells to
non-proliferative states, improve tumors genomic stability without
invasion (47).

TABLE 3 Comparison of Traditional Methods versus updated methods in structural chromosomal variation detection in tumor samples.

Method Resolution Genome-wide
coverage

Key applications Limitations References

Karyotyping Low (>5–10 Mb) No Large chromosomal
abnormalities

Limited resolution (131)

FISH High (targeted) No HER2 amplification, specific
loci

Not genome-wide DOI: 10.1126/science.
1586340

Standard CGH Low (>5 Mb) Yes Large CNVs Labor-intensive, low-resolution (132)

aCGH High (10–50 kb) Yes CNVs across the genome Expensive cast, low-resolution power in
rearrangement detection

DOI: 10.1073/pnas.89.24.
11538

qPCR High (targeted) No Targeted amplifications Not genome-wide, limited targets DOI: 10.1007/s00335-006-
0045-9

MLPA High (targeted) No Targeted CNV detection Limited to predefined loci (133)

SNP Arrays Moderate Yes SNP and CNV analysis May miss poorly covered regions DOI: 10.1101/gr.6021207

NGS
CopyClust

High Yes Any variations in the genome Expensive cast DOI: 10.1126/science.
1100226

FISH: fluorescence in situ hybridization, Standard CGH: array Comparative Genomic Hybridization, aCGH: array comparative genomic hybridization, qPCR: Quantitative PCR, MLPA:

multiplex ligation dependent probe amplification, SNP, Arrays: Single Nucleotide Polymorphism Arrays, NGS: Next-Generation Sequencing).
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The possible Mechanisms of Aneuploidy Maintenance In
normal tissues, without fostering tumorigenesis include
Chromosomal Instability Tolerance: Autophagy and proteasomal
degradation manage stress caused by aneuploidy (48), SAC1

Regulation: Fine-tuned SAC signaling stabilizes chromosomal
integrity (DOI: 10.1038/nrm.2011.10) and Epigenetic Regulation:
Histone modifications and DNA methylation help stabilize gene
expression profiles (49).

In summary, it is widely accepted that Aneuploidy in normal
breast tissue is an age-age-correlated event that is a normal
consequence of early genomic instability unset. While some
aneuploid cells harbor the same chromosomal alterations of
luminal subtypes of breast cancers, their insignificant
proliferation rate increases and non-tumorigenic mechanisms
suggest self-limiting phenomena, arise from positive selection in
tumor evolution. However, the influence of these cells on cancer
development is not fully understood.

4 Cell cycle

The cell cycle, a tightly regulated sequence of events
culminating in cell division, ensures the faithful transmission of
genetic material from parent to daughter cells. This intricate
machinery relies on the coordinated action of cyclins and
CDKs2 throughout distinct phases: G0, G1, S, G2, and mitosis.
Embedded within the cell cycle are five distinct checkpoint
switches, which, according to mathematical models, may
operate in a bistable manner. Activation of the G1/S restriction
checkpoint and the spindle assembly checkpoint (SAC) in the G2/
M transition elicits unique responses, whereas activation of the S
and G2 checkpoints triggers diverse molecular outcomes. Notably,
experimental validation has only confirmed the bistable switch
property of the restriction checkpoint (50, 51).

4.1 G0 and G1 phases

In contrast to the quiescent G0 phase, extensive mRNA and
protein synthesis, leading to cell growth and preparation for DNA
replication, characterize the G1 phase. Mitogenic signaling pathways
play a crucial role in G1 progression, particularly in epithelial cells
(52–54). Intracellular and extracellular mitogenic signals activate the
Cyclin D/CDK4/6 complex, resulting in the mono-phosphorylation
of the RB3 within the E2F1/RB complex. Subsequently, the Cyclin
E/CDK2 complex further phosphorylates RB, leading to the
complete release of the E2F transcription factor. Active
E2F1 drives the transcription of genes essential for DNA
replication in the S phase. The G1/S checkpoint, also known as
the restriction checkpoint, is the first critical control point in the cell
cycle. This checkpoint regulates cell cycle progression bymonitoring

critical conditions, including growth factor availability, nutrient
levels, and cell size. If these conditions are unfavorable, the cell
cycle arrests in G1, returning to the G0 state. The balance between
G1/S checkpoint activity and proliferation stimuli, along with the
presence of the cyclin-dependent kinase inhibitor 1A (P21),
determines the population of cells in G0 (55). Successful passage
through this checkpoint signifies the cell’s irreversible commitment
to division (51, 56).

Recent studies have highlighted the involvement of CDK2 in
apoptosis regulation, DNA and RNA metabolism, and interaction
with p53 in tumor development. Ectopic CDK2 expression has been
linked to ductal breast carcinoma pathogenesis, with high nuclear
CDK2 levels correlating with aggressive phenotypes, particularly
high tumor grade, and lymph vascular invasion (57). Additionally,
CDK4/6 plays a critical role in the luminal subtype of breast cancer.
Analysis of 320 elderly metastatic breast cancer patients with
luminal A and B subtypes revealed that CDK4/6 inhibitors
facilitate treatment (58).

4.2 Deregulated G1 phase and restriction
checkpoint in luminal breast cancer

CNV patterns exhibit a strong correlation with proliferation.
The interplay between the G1/S checkpoint and E2F activity is
modulated by mitogenic upstream signals, such as HER2 activation
and Cyclin D1 expression levels. Studies on luminal breast tumors
have demonstrated that CNVs impact the functional status of E2F as
a transcription factor (59). CNVs regulate the phosphorylation-
dependent release of E2F from the RB-E2F complex, leading to three
distinct phenotypes in response to oncogene activity: G1 arrest,
G1 acceleration, and G0 quiescence (60). Table 4 contains the
specific genes with altered copy numbers that regulate the
phosphorylation-dependent release of E2F from the RB-
E2F complex.

Structural chromosomal aberrations, such as CNV patterns,
emerge early in tumor evolution and drive tumor progression.
CNVs affect large chromosomal segments, some of which harbor
known oncogenes. Depending on the proliferation potential and
expression dosage, CNVs can alter the G1 phase function.
Additionally, tissue-dependent expression of G1 phase inhibitors
plays a role (61). Interestingly, a cancerous cell with identical
oncogene expression can exhibit two distinct G1 phenotypes,
depending on the E2F bistable switch status (55). Biological
bistable switches are ultrasensitive biochemical systems that
exhibit two distinct activation states: low and high. These
switches arise in systems with multiple inhibitors and activators
that create negative and positive feedback loops. A well-known
example is E2F activation, which can exist in high or low levels
despite steadily increasing mitogen signals. This allows the switch to
be either ON or OFF (62–65).

In the E2F: OFF position, the G1 phase arrests cells based on
P21 and E2F functional levels in an identical clonal population,
containing variable G0 cells. Tumor masses often contain a
significant population of G1-arrested and G0-phase cells, which
dramatically limits the proliferation rate. This allows cells in the S
phase to focus protein synthesis on DNA damage repair and
replication stress defense (Figure 3) (55, 66).

1 Spindle Assembly Checkpoint.

2 Cyclin-Dependent Kinases.

3 Retinoblastoma Protein.
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TABLE 4 The specific genes with altered copy numbers regulate breast cancer luminal subtypes associated with the phosphorylation-dependent release of E2F from the RB-E2F complex.

Chromosomal
region

Gene(s) Alteration
type

Frequency in
luminal A

Frequency in
luminal B

Associated function Genomic
instability

Impact on CDK4/6 inhibitor
response

Ref.

1q21-q44 MCL1, BCL9 Amplification 25%–40% 50%–65% Promotes cell survival and proliferation;
linked to poor prognosis.

Enhance chromosomal
instability and resistance to
apoptosis

Potential resistance is due to promoting
survival pathways

(134)

8q24 MYC Amplification 20%–30% 40%–50% Oncogene amplification; drives cell
proliferation and metabolic
reprogramming.

Elevated replication stress
and mutational burden

May cause resistance through increased
proliferation

(135)

11q13 CCND1
(Cyclin D1)

Amplification 40%–50% 60%–75% Control cell cycle progression; highly
amplified in Luminal B subtype

Enhance chromosomal
instability and cell cycle
deregulation

Amplification linked to resistance
Over-expression may lead cell cycle
developing independent of CDK4/
6 inhibition

(136)

17q12 ERBB2
(HER2)

Amplification <5% 15%–20% HER2 amplification is more frequent in
Luminal B than Luminal A, causing
invasive tumor behavior

Enhanced genomic
instability due to aberrant
proliferation signaling

HER2 amplification may lead to resistance;
mix therapies targeting both pathways are
under study.

(137)

16q22.1 CDH1 Deletion 20%–30% 40%–50% Loss of E-cadherin, damage cell
adhesion and encourage metastasis

Enhance chromosomal
repositioning and
metastatic power

The effect on CDK4/6 inhibitor response is
under investigation

(138)

13q14 RB1 Deletion or
Mutation

10%–15% 30%–40% Tumor suppressor loss; stimulates cell
cycle deregulation and genomic
instability

Deregulate cell cycle
checkpoints, increased
mutational burden

Loss-of-function (LOF) mutations link to
resistance; RB1 is pivotal for CDK4/
6 inhibitor efficacy

(139)

8p21-p23 LZTS1, DLC1 Deletion 10%–20% 25%–35% Loss of tumor suppressor genes; link
with enhanced metastatic potential.

Decrease genome
perfection and enhanced
metastasis

The connection on the CDK4/6 inhibitor
answer is under study

(140)

20q13.2 ZNF217 Amplification 15%–25% 30%–40% Lead to tumor progression and
resistance to apoptosis

Elevate genomic instability,
and stimulate tumor
evolution

Potential resistance unset due to stimulating
survival pathways

(141)

17p13.1 TP53 Deletion or
Mutation

10%–15% 30%–50% Loss of the TP53 tumor suppressor is
frequently detected in aggressive
Luminal B

Massive genomic instability
due to damaged DNA
repair

TP53 mutations may lead to resistance
Update studies are ongoing

(142)

7q21.2 CDK6 Amplification Variable Variable CDK6 amplification can promote
resistance to CDK4/6 inhibitors by scape
CDK4 inhibition

Increased cell cycle
progression and potential
resistance

Amplification related to resistance;
CDK6 overexpression can decrease
sensitivity to CDK4/6 inhibitors

(143)

12p13.33 CCNE1
(Cyclin E1)

Amplification Variable Variable Cyclin E1 stimulates cell cycle passage
from the G1 to S phase

intensify genomic
instability due to
uncontrolled cell cycle
entry

Amplification associated to resistance;
overexpression may force cell cycle
progression-free of CDK4/6 inhibition.

(144)
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In the E2F: ON position, G1-accelerated tumor cells exhibit a short
G1 phase due to increased expression of direct and indirectmitogens (e.g.,
Myc andHER2) or direct E2F activators (e.g., cyclin D1 and cyclin E2) as
G1 kinase complexes. Accelerated G1 leads to elevated proliferation rates,
resulting in two undesirable consequences:

1. Linear tumor evolution: A single or limited number of clones can
become dominant within a tumor mass due to their rapid
proliferation, gaining an evolutionary advantage. This selected
clone provides a suitable environment for accumulating
mutations that enhance the fitness of cells to the tumor
microenvironment.

2. Genomic instability: The shortened G1 phase compromises the
S-phase response mechanisms, leading to genomic instability and
hyper-mutation, which fuel tumor progression. This instability
occurs due to elevated E2F levels, which increase cyclin

E2 production while reducing the synthesis of ATR/ATM
response machinery. ATM/ATR is crucial for ongoing DNA
damage repair and replication stress defense, processes limited
by the short G1 phase (18, 66, 67). E2F1 regulates some genes
in the ATR/ATM pathway but does not fulfill all the requirements
for the S-phase checkpointmachinery. Consequently, an accelerated
G1 phase cannot adequately support the S-phase response to
replication stress. However, as long as the G1 phase remains
active, the luminal tumor can still generate sufficient factors for
an appropriate S-phase response.

4.3 S phase

During the S phase, the cell duplicates its genetic material and
prepares for division into two daughter cells. Activation of the CycA/

FIGURE 3
(A, B) In ER + breast tumors, oncogene overexpression due to identical CNVs leads to an increased proliferation rate by aberrant E2F release and
accelerated G1 phase. An E2FON status eradicates complete protein transcription in the G1 phase, which is necessary for replication stress defense in the
S phase and limits response capacity to DNA damage. In turn, improper S phase checkpoint activation leads to a limited release of P21 as soon as
G2 transcription activity initiation. A decreased concentration of P21 restricts its inhibitory effect onCDKs. In next G1, the lack of P21 leads to aberrant
activation of CDK4 and CDK2 that in complex with specific cyclin proteins cause massive E2F activation. In the immediate M phase induction, CDK1 in
CDK1/CycB complex leads to activation of APC/C-CDC20 independent of SAC inhibition. This series of molecular events initiated with identical CNVs
results in a high proliferation rate and progression genomic instability due to the limited capability of DNA repair mechanisms. Additionally, SAC
checkpoint’s improper function leads to sustain aneuploidy during tumor progression and is terminated with genomic instability. (C, D) In conditions
where oncogene content does not reach E2F bistable capacity, the S phase displays the optimal response to DNA damage leading to P21 increased levels
of transcription during G2 by activation of ATR/ATM/P53 pathway. P21 inhibitory effect on CDKs plays a critical role in the development of G0 or G1 arrest
in the next cell cycle by inhibiting CDK4 andCDK2. On the other hand, upregulation of P21 in theMphase inhibits CDK1/CycB by blocking CDK1 leading to
the dependency of APC/C-CDC20 function on MCC in the SAC checkpoint. Result resistance to progression aneuploidy in tumor cells. This chain of
molecular events results in a low proliferation rate, low genomic instability, and insignificant aneuploidy progression.
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CDK2 kinase in the early S phase triggers the removal of CDC6 from
the ORC4, initiating DNA replication (50, 51). The S phase
checkpoint is a complex system involving ATM5, ATR6, and
DNA-PKcs7 kinases. These kinases act as evolutionary sensors for
DNA damage, which can lead to structural malformations like
DSBs8 or SSBs9 during replication.

Following DNA damage, ATR/ATM activates distinct pathways.
In response to replication stress-induced single-stranded tails, the
resection of DSB ends activates ATR/CHK110. Notably, ATR, not
ATM, plays a crucial role in responding to replication stress arising
from DNA breakage or TRCs11, which generate RNA: DNA hybrids
(33, 56). While the G1/S checkpoint converges to a single response
based on E2F activation status in response to diverse oncogenic
stimuli, the S-phase checkpoint activation relies on a limited number
of sensor molecules but generates divergent responses with varying
intensities. These S checkpoint-dependent compensatory responses,
which tend to spread across different cell cycle phases, ultimately
lead to perturbations throughout the entire cell cycle (Figure 3) (68).

4.4 G2 phase

During the G2 phase, cellular DNA content reaches 4N, and
protein synthesis resumes. Newly synthesized proteins, including
those regulated by the FOXM112 transcription factor, play a crucial
role in the subsequent phases of the cell cycle. G2 phase progression
is driven by the CycA/CDK1 and CycB/CDK1 kinase complexes,
which activate BORA13. Bora, in turn, activates Aurora-A, a key
regulator of M phase entry, marking the “commitment to mitosis”
(66). The G2/M transition checkpoint relies primarily on the CycA-
CDK1 and CycB-CDK1 complexes, working in tandem. This
checkpoint is sensitive to DNA damage, utilizing ATR/ATM
sensory molecules and their partners CHK1/214. However, the
“checkpoint nature” of the G2/M checkpoint is debatable due to
its relatively fixed duration, even in response to ATR/ATM
activation (68, 69).

4.5 Deregulation of the S and G2 phase and
related checkpoints in luminal breast cancer

The S and G2 phases are crucial for ensuring the error-free
replication of a cell’s genetic material. These checkpoints rely on the
sensory machinery of ATR/ATM and DNA-PK molecules. While
each sensor has a distinct function and activates different molecular
targets, ATR/ATM activation plays a particularly influential role in
the entire interphase by triggering multiple pathways. DNA damage,
including DSBs and SSBs generated during DNA replication, is
detected by ATR and S checkpoint sensors. A multitude of
endogenous and exogenous factors can induce DNA damage in
cancer. In luminal-type breast cancer, the primary source of
genomic instability stems from the S phase checkpoint’s response
to persistent replication stress, which can arise from various
conditions, including stalled replication forks, fragile site
prevalence, and oncogene overexpression (56, 70). Replication
stress can arise from various conditions, including the prevalence
of fragile sites -chromosomal breakpoints- and oncogene
overexpression. These factors can lead to stalled replication forks.
Notably, the breakpoints of CFSs15 are often located in regions of
RNA: DNA hybrid zones. This change in DNA topology induces
replication-transcription conflicts, which are the primary cause of
single-stranded DNA fragment formation (71). The S phase
checkpoint primarily relies on ATR/CHK1 rather than ATM/
CHK2 to resolve replication stress (72, 73). In the context of
altered DNA integrity caused by high E2F levels, the cell’s DNA
damage repair capacity may exceed the threshold of ATR/CHK1,
which plays a central role in this process. Consequently, the cells
become unable to effectively repair DNA damage using mechanisms
like HR16 (33, 56).

Studies have shown a correlation between the frequency of
chromosomal breakpoints and poor prognosis in luminal B
breast cancer. Additionally, a subset of luminal A tumors with
oncogene overexpression that rapidly exit G1 exhibit high
genomic instability. This suggests that an arrested G1 phase may
facilitate proper S checkpoint activation, highlighting the
importance of sufficient time for repair to ensure genomic
stability (71). The convergent nature of the ATR/CHK1, ATM/
CHK2, and p5317 cascades allow for a coordinated response to
replication stress in the S phase, leading to G1 and G2 arrest through
the co-activation of distinct compensatory and repair pathways. For
instance, p53 induces P21 expression in early G2, impacting the
subsequent G1 phase by extensively inhibiting CDKs (Figure 3)
(55, 74).

4.6 Mitosis

The mitotic phase, the microscopically visible portion of the cell
cycle, is divided into five distinct stages. While there are no clear

4 Origin Recognition Complex.

5 Ataxia Telangiectasia Mutated.

6 Ataxia Telangiectasia and Rad3-Related Protein.

7 DNA-Dependent Protein Kinase Catalytic Subunit.

8 Double-Strand Breaks.

9 Single-Strand Breaks.

10 Checkpoint Kinase 1.

11 Transcription-Replication Conflicts.

12 Forkhead Box M1.

13 BORA Aurora Kinase A Activator.

14 Checkpoint Kinase 1&2.

15 Common Fragile Sites.

16 Homologous Recombination.

17 Tumor Protein p53.
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molecular markers for the transition from G2 to M phase, the
reduction of Bora protein levels may indicate the initiation of spindle
assembly. The progression of M phase is tightly regulated by two
checkpoints: the SAC and the mitotic exit checkpoint (68). The SAC
ensures the proper attachment of spindle fibers to chromosome
centromeres during anaphase. Its function relies heavily on the
regulation of the APC/C18 by CycB/CDK1. Active APC/C-CDC2019

triggers the conversion of separase (75).

4.6.1 M phase dysregulation
The SAC ensures the proper attachment of spindle fibers to

chromosome centromeres before anaphase, preventing the
segregation of replicated chromosomes until each one is correctly
connected. Deregulation of the SAC leads to aneuploidy, a frequent
genomic alteration in solid tumors, including luminal breast cancer
(33). Aneuploidy, also known as n-CIN20, correlates with genomic
instability, chromosomal breakpoint frequency, and patient
prognosis in luminal-type breast cancer (76). Aneuploid
modifications are particularly pronounced in low-grade, early-
stage tumors and remain remarkably stable throughout tumor
development.

However, CINs and aneuploidy are distinct events, and the
frequency of diploid/CIN− and aneuploid/CIN+ status differs
between luminal A and luminal B subtypes. Notably, 81% of
Luminal B (HER2+) tumors are aneuploid/CIN+, while only 27%
of Luminal A tumors exhibit this phenotype. This variation may be
attributed to differences in proliferation capacity, which is highly
correlated with the onset of aneuploidy (77). Aneuploidy (n-CIS) is
frequently observed in luminal B and a subset of luminal A tumors
with high oncogene expression (66, 78).

The SAC checkpoint relies on distinct sensors and activators to
ensure accurate chromosome segregation. Its M phase restriction is
highly dependent on the phosphorylation of APC/C-CDC20 by the
MCC complex under normal growth conditions. The SAC
checkpoint’s bistable character arises from a double-negative
feedback loop involving CycB/CDK1 and the MCC complex. In
the OFF state, following complete chromosome alignment on
kinetochores, the MCC complex is degraded, leading to the
formation of APC/C-Cdc20, which is activated by CycB/CDK1.
This activation triggers the degradation of securin and Cyclin B,
enabling successful chromosome separation. Conversely, when the
SAC is in the ON state, unattached kinetochores provide a signal to
block APC/C using the MCC complex (56, 75, 79–81). Recent
studies have provided a deeper understanding of the SAC
machinery and highlighted the regulatory role of CycB/CDK1.
While CDK1 levels remain relatively stable throughout the cell
cycle, Cyclin B expression increases during the metaphase-
anaphase transition due to the activity of FOXM1-MuvB
transcription factors. CycB/CDK1 initiates the activation of APC/
C-CDC20, followed by its rapid degradation by active APC/
C-CDC20. Interestingly, CycB/CDK1 also regulates its

transcription factor, FOXM1-MuvB (68, 82). Previous studies
have demonstrated the significant inhibitory effect of P21 on
CDK4, CDK2, and CDK1 in the G1, G2, and M phases (83).
P21 is regulated by P53, the effector molecule downstream of the
ATR/ATM response to DNA damage-induced stress, including
(CIN). Therefore, the ATR/ATM/P53 pathway can influence cell
cycle transitions through P21’s function. Recent studies indicate that
P21’s inhibitory effect on multiple cell cycle kinases, particularly
those crucial for G1 and M phase checkpoints, exhibits a bistable
switch property (66, 83). The balance between the SAC: OFF and
SAC: ON states depends on oncogene activity and/or the frequency
of n-CINs in tumors, influencing SAC checkpoint dynamics and
tolerance versus stable aneuploidy. This balance could be targeted by
anti-SAC agents (75, 84). These findings suggest that ER+ breast
tumors exhibit a range of molecular diversity. The presence of
identical CNVs and consistent cell cycle performance suggests
potential therapeutic opportunities. This is based on the default
aneuploidy that arises early in luminal tumor development and
remains remarkably stable throughout tumor evolution.

5 Genetic alterations responsible for
cell cycle checkpoint dysregulation in
luminal-type breast cancers

Cancer classification based on driver genetic alterations reveals
two major classes: “mutation driver” and “copy number variant
driver.” Breast cancer is a prime example of the CNV-enriched class
(85). In breast cancer, the primary driver of genomic alterations is
consistent structural chromosomal and numerical aberrations.
These CNVs frequently coincide with genes identified as
neoplasm drivers, highlighting their functional significance.
Notably, over 85% of genetic alterations shared by luminal
subtypes are stable CNVs, occurring early in tumor progression
and remaining remarkably stable throughout tumor evolution (86,
87). Their stability implies they are selected during the tumor’s
evolution due to their role in providing growth advantages.

In the luminal A subtype, certain genetic changes tend to occur
consistently. These include: Stable amplification (increased copies of
genes): 1q region: for example, PIK3C2B and MCL1 genes, 8q
region: such as the MYC gene, 16p region: including the FUS
and DOK2 genes. Stable deletions (loss of genetic material): 16q
region: for example, the loss of CDH1, which is associated with the
loss of E-cadherin (a protein important for cell adhesion), 11q
region: including the loss of ATM or CENPF genes.

Some specific stable CNVs that transpire in the luminal B
subtype are amplification and deletion alteration. The main
amplification of stable copy number variations is 17q (e.g.,
ERBB2, GRB7), 11q13 (e.g., CCND1, involved in cell cycle
regulation), and 8q24 (e.g., MYC). Moreover, important deletions
of stable copy number variations in luminal B are 13q (e.g., RB1 loss,
contributing to increased proliferation) and 11q23 (ATM loss,
impacting DNA repair) (27, 88).

In ER+ luminal tumors, overexpression of these genes correlates
with altered prognosis and genomic instability. Annotation analysis
further reveals a strong association between CNV patterns and cell
proliferation rates in early-stage tumors (21, 89, 90). This link is
further supported by the overlap between cell cycle gene sets and

18 Anaphase-Promoting Complex/Cyclosome.

19 Cyclosome-Cell Division Cycle 20.

20 Numerical Chromosome Instability.
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proliferation signatures in tumor samples (91). Notably, the
expression of cell cycle effectors and regulators increases in
concert with tumor cell proliferation rates. These genes,
periodically expressed during the cell cycle, play critical roles in
DNA replication, chromosome segregation, and spindle assembly
(59, 92).

Recent evidence suggests that CCAs21, unlike NCCAs22, are the
primary drivers of genomic instability and karyotype changes in
early-stage tumors (93). Single-cell sequencing studies reveal that
mammary epithelial cells in pre-cancerous lesions undergo
numerous structural chromosomal aberrations, most of which are
transient. Only a limited number of these alterations confer a
selective advantage and are subjected to clonal selection (94, 95).
The selection of initial clones with stable CNVs during tumor
progression, even in the absence of proliferation gene
modifications, can be explained by the immortalization model
(86, 96).

The initial genomic variations in breast cancer, primarily
consisting of stable CNVs, occur early in tumor progression and
remain prevalent. In luminal subtype tumors, clonal evolution
follows a punctuated pattern, with sub-branches emerging during
tumor development, mainly through mutations and rarely through
additional CNVs. In luminal B and a small subset of luminal A
tumors, these new clones harbor oncogenes, altering the pattern of
tumor evolution. This linear evolution leads to the accumulation of
tumorigenic mutations in a single or limited number of sub-clones
with proliferation support. In non-proliferative luminal A tumors,
neutral evolution may occur, resulting in numerous sub-clones with
no proliferation advantage (97, 98). However, when the initial clone
lacks sufficient growth stimuli and selection occurs via a hallmark
other than proliferation, such as immortalization, proliferation
deficiency does not guarantee that mutated cancer cells in the
clone will reach a significant population (96). Consequently,
these tumors, with a low tumor mutation burden, consist of a
large, slowly growing single clone that forms the bulk of the
tumor mass, accompanied by numerous sub-clones with minimal
abundance (98).

CNVs exert their phenotypic effects on tumors by encompassing
long chromosome segments harboring multiple genes susceptible to
amplifications and deletions. One crucial phenotypic property
influenced by CNVs is proliferation, which directly impacts
prognosis and therapeutic strategies, particularly in luminal
breast tumors (99). However, neither Ki67 detection (a
proliferation marker) nor histological findings provide reliable
indicators of tumor proliferation propensity. The chromosomal
instability index, exhibiting a strong correlation with CNV
profiles in luminal breast tumors, offers a more accurate measure
for predicting tumor progression compared to other markers (100).

(86, 93–96) Array-CGH23 results offer a promising approach for
separating luminal subtypes based on their distinct chromosomal
structural and numerical instability profiles. High-resolution CNV

assays have revealed that specific CNVs are independently
associated with low proliferation rates, low genomic instability,
and favorable prognosis (101). These CNVs include gains of 1q
and 16p and a loss of 16q, typically observed in luminal A tumors
according to IHC24 criteria. Conversely, another group characterized
by 8q loss and gains of 11q, 20q, and 17q is associated with high
proliferation, intermediate-to-high genomic instability, and poor
patient prognosis (86).

The Integrative Clustering (IntClust) approach, based on
transcriptome data and prognosis, categorizes breast cancer
tumors into 10 distinct groups (Table 5). Each IntClust exhibits a
specific CNV pattern, intermediate/high genomic instability, and
intermediate/poor 10-year prognosis. IntClust-1 and IntClust-5
largely correspond to conventional luminal B tumors and are
closely related to the HER2 subtype due to 17q gain, which
encompasses the ERBB2 (HER2) gene. IntClust-6 and IntClust-9
exhibit intermediate prognosis with variable IHC results. IntClust-6
is characterized by FGFR1 (Fibroblast Growth Factor Receptor 1)
oncogene amplification on 8p, while IntClust-9 is defined by gains of
8q and 20q, leading to Myc and BHLH Transcription Factor
overexpression, respectively. IntClust-2, associated with CCND1
(Cyclin D1) gene amplification on chromosome 11q, displays
high genomic instability and a poor 10-year survival rate.
IntClusts 3, 4, 7, and 8 primarily correspond to luminal A
tumors with low to intermediate genomic instability and
favorable 10-year survival. IntClust 3 and 4 exhibit minimal
CNVs, while IntClust 7 and 8 subtypes display gains of 1q and
16p and a loss of 16q. Notably, 8q amplification, encompassing the
Myc gene, is prevalent in IntClust7 but does not affect
genomic instability, likely due to expression dosage insufficiency
(7, 20, 59, 102, 103). Recent studies have confirmed that each CNV
has a unique phenotypic impact. Chromosome 8q amplification,
encompassing the Myc oncogene, is prevalent in ER+ breast tumors
but has minimal effects on proliferation in many cases. This may be
attributed to interactions between distant copy number variants and
gene dosage dependencies (18, 61, 99). Table 5 provides an example
of an integrated classification of breast cancer.

Immunostaining of 145 paraffin-embedded luminal breast
cancer samples further supports the association between cell cycle
activity and patient prognosis. Antibodies against MCM2 (Mini-
chromosome Maintenance Complex Component 2), GMNN
(Geminin DNA Replication Inhibitor, also known as “geminin”),
AURKA (Aurora Kinase A), and Plk1 (Polo-like kinase 1) – all
markers of cell cycle progression–were used for staining. Notably,
21% of non-stained ER+ samples were confirmed to be quiescent
(G0 phase), 30% exhibited MCM2 staining alone indicating a
prolonged G1 phase and 49% were stained by all antibodies,
suggesting active progression through S, G2, and M phases.
These findings demonstrate that approximately half of luminal
breast cancer cells exhibit altered cell cycle activity, while the
remaining half of mammary epithelial cells retain intrinsic
sensitivity to mitogenic signaling. Consequently, tumors with an
activated cell cycle may benefit from the use of phase-specific
chemotherapeutic agents (Figure 3) (104, 105).

21 Clonal Chromosomal Aberrations.

22 Non-Clonal Aberrations.

23 Array Comparative Genomic Hybridization. 24 Immunohistochemistry.
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TABLE 5 Integrative Clustering (IntClust) of Breast tumors Variants.

IntClust Frequency
(%)

Profile of METABRIC
integrative cluster

Chromosomal
region and
alteration type

HER2 status PAM50
(%)

Clinical
features

Prognosis Genomic
Instability

First-Line
therapeutic
decision

Ref.

1 67 (7.7%) 17q12 amp
20q13.2 amp
1q21-q44 amp
8p21-p23 amp
GATA3 mut. (25%)

HER2+þ: 12.5%
HER2-þ: 87.5%

LumA: 7.8%
LumB: 75%

High grade Intermediate
(LPP)

High CHT + HT (45, 121, 145)

2 35 (2%) 11q13 amp
PIK3CA mut. (37.1%)

HER2+þ: 2.9%
HER2-þ: 97,1%

LumA: 7.8%
LumB: 75%

No distinct
clinical features

Poor (LPP) High CHT + HT

3 124 (14.9%) CNV devoid
PIK3CA mut. (70.2%)

HER2+þ: 0%
HER2-þ: 100%

LumA:
12.9%
LumB: 71%

Low grade Good (LGP) Low HT

4 109 (13.1%) CNV devoid
PIK3CA mut. (42.2%)

HER2+þ: 1.8%
HER2-þ: 98.2%

LumA:
42.2%
LumB:
13.8%

Low grade Good (LGP) Low HT

5 44 (5.3%) 17q12 amp
17p13.1 amp

HER2+þ: 97.7%
HER2-þ: 2.3%

LumA:
20.5%
LumB: 50%

Younger age at
diagnosis, High
grade
High LNþ+

Poor high CHT + HT

6 41 (4.9%) 8p21-p23 del
TP53 mut. (43.9%)

HER2+þ: 4.9%
HER2-þ: 95.1%

LumA:
31.7%
LumB:
46.3%

No distinct
clinical features

Intermediate
(LPP)

High CHT + HT

7 107 (12.8%) 16q22.1 del
PIK3CA mut. (51%)

HER2+þ: 0%
HER2-þ: 100%

LumA:
67.3%
LumB:
18.7%

Older age at
diagnosis
Low grade

Good (LGP) Intermediate HT

(Continued on following page)
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6 Discussion

Tumors with high CDK2 transcripts were more likely to have
higher expressions of genes involved in the cell cycle,
homologous recombination, and p53 signaling. Genes/
pathways involved in BC cell survival and proliferation were
associated with worse outcomes, as opposed to most immune-
related genes/signatures, especially in the CDK4/6i arm.
CD24 was the only gene significantly associated with worse
PFS in both arms. Tertiary lymphoid structures and higher
tumor-infiltrating lymphocytes also showed favorable survival
trends in the CDK4/6i arm (106).

The cell cycle, characterized by its invariant phase durations and
independence between phases, normally proceeds through a tightly
regulated sequence of molecular interactions, culminating in the
error-free duplication of a mother cell into two daughter cells. The
timing and impact of each molecular reaction are intricately linked
to the cell’s genomic structure and epigenetic factors. Checkpoints
within each phase play a critical role in ensuring the fidelity of cell
cycle progression (99, 107, 108).

Luminal-type breast tumors are classified into Luminal A (ER+

and/or PR+ and HER2-) and Luminal B (ER+ and/or PR+ and
HER2+) subtypes based on immunohistochemical staining.
Tumor cells exhibit varying degrees of genomic alterations, which
can perturb cell cycle progression. Disruption of checkpoint
regulation in response to replication stress and DNA damage can
lead to genomic instability (33, 56). This instability increases the
propensity for cells to acquire new mutations and alter tumor
evolution patterns, potentially affecting prognosis and
treatment success.

Proper checkpoint activation triggers cell cycle arrest and
activates DNA repair mechanisms to maintain genomic integrity
and ensure the inheritance of a complete genome by daughter cells.
If cellular compensatory mechanisms fail to repair the damage,
prolonged arrest can initiate apoptosis (109). In cancer, the normally
uncoupled nature of cell cycle phases becomes disrupted (110). This
disruption can be driven by enhanced cross-talk signaling or the
activity of transcription factors like E2F. Identifying these molecular
players is crucial for selecting optimal therapies for each cancer
type (111).

In the treatment of luminal breast cancer, the efficacy of CDK
inhibitors in Luminal A and Topoisomerase II (Top II) inhibitors in
Luminal B subtypes remains under investigation in clinical trials.
Accurately predicting cell cycle alterations is crucial for selecting
patient groups who will benefit from these therapies. This goal is
achievable through the detection of copy number variations in early-
stage tumors, leveraging the distinct genetic profiles of Luminal A
and B subtypes (110). This approach holds promise for personalized
treatment strategies, tailoring therapy to the specific genomic
landscape of each patient’s tumor.

The recent FDA approval of CDK inhibitors, such as Palbociclib,
has revolutionized the treatment landscape for HR+ metastatic
breast cancer. These treatments have proven to be highly
effective in improving patient outcomes when used in
combination with tamoxifen, aromatase inhibitors, or Fulvestrant.
This therapeutic regimen has also shown promise in hormone-
receptor-positive, HER2-negative early-stage breast cancer,
highlighting its potential for broader application (112).T
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Tailoring personalized medicine for breast cancer types Luminal
A and Luminal B use their unique traits, particularly how they
control the G1/S cell cycle step. Luminal A cancers are ER-positive
(ER+), PR-positive (PR+), and HER2-negative (HER2-), with slow
growth rates. Luminal B cancers, which are also ER+, tend to have
lower PR levels, grow faster and may show HER2.

The G1/S checkpoint plays a key role in cell cycle control.
Estrogen receptor signals boost cyclin D levels, which activates the
CDK4/6-cyclin D complex. The activated complex adds phosphate
to the Rb protein. Phosphorylation frees E2F transcription factors,
allowing the cell cycle to move forward.

In Luminal A tumors, cell cycle regulatory systems like active
p16INK4a and balanced CDK4/6 activity keep the G1/S step in
arrest, leading to a slower growth phenomenon. Luminal B tumors,
in contrast, often have issues displaying excessive CDK4/6 levels or
cyclin D overexpression, loss of Rb, or p53 gene mutations, which
cause fast uncontrolled proliferation.

Focusing on the CDK4/6-cyclin D is a possible efficient strategy.
Palbociclib, a CDK4/6 inhibitor, stops the cell cycle in G1 by
blocking Rb phosphorylated activation, sequestering E2F, and
stopping growth. Studies like PALOMA-2 showed great gains in
progression-free survival when Palbociclib was applied with
letrozole for ER + breast cancers (113). For Luminal A, CDK4/
6 inhibitors enhance hormone therapy efficiency, reducing
recurrence/relapse events while displaying low toxicity. In
Luminal B, these medications reduce the proliferation rate and
synergize with other treatments like anti-HER2 drugs. This
personalized guide, supported by molecular profiling data,
optimizes treatment efficacy and significantly advances breast
cancer medication management (102) DOI: 10.1016/j.molonc.
2010.12.005).

The prognostic value of intrinsic subtypes in metastatic breast
cancer suggests that tailoring chemotherapy regimens based on
these subtypes may lead to improved outcomes (114, 115). While
early-stage genetic profiles are generally considered invariant during
metastasis, recent evidence suggests that tumor cells can acquire an
E2F: OFF state through CDK4/6 inhibition (56). Notably, primary
luminal A tumors with overexpression of mitogenic genes and
CCND1, but not CCNE2, exhibit particular sensitivity to
Palbociclib (56). This sensitivity is attributed to an indirect
increase in P21 levels induced by Palbociclib, leading to cell cycle
arrest in the G1 phase and accumulation of the G0 population within
the tumor mass (116).

Recent studies suggest that the combination of limited oncogene
activity and an intact spindle assembly checkpoint (SAC) function
leads to genomic stability and a favorable prognosis. Conversely,
perturbations in the cell cycle caused by overexpressed oncogenes
and stable aneuploidy, coupled with a defective SAC function,
induce genomic instability and a poor prognosis. The prevalence
of stable aneuploidy and intact SAC machinery guides the
therapeutic efficacy of paclitaxel and anthracyclines, a group of
chemotherapeutic agents (110).

The prevalence of aneuploidy in Luminal B and a subset of
Luminal A tumors suggests that these subtypes should be further
categorized into two subgroups: diploid/CIN− and aneuploid/CIN+,
based on copy number variation patterns (77). While recent studies
have indicated that SAC function may not be a significant factor in
tumor progression, its unique machinery makes it a potential target

for anti-cancer therapies. Microtubule-targeting agents (MTAs) like
paclitaxel, currently used in metastatic breast cancer, have limited
efficacy in Luminal B therapy due to the high aneuploidy and
proliferation rate of these tumors (75).

Prolonged SAC inactivation forces cells to choose between two
fates: initiating an SAC-originated apoptotic signal or progressing
through the cell cycle with significant chromosome aneuploidy,
exceeding the cellular tolerance for CINs (84). However, the impact
of CNV patterns in cancer clinic utilization and the relationship
between CNVs and the degree of genomic instability is not as
straightforward in context. Recent studies indicate that in luminal
breast tumors, the status of G1/S could control the proliferation rate
of tumors due to the predictable E2F function in the presence of
oncogenes overexpression, leading to a low genomic instability and a
good prognosis. An identical CNV type leads to the E2F status
change that acts as a critical transcription factor in G1 transition and
S phase initiation. On the other hand, the status of the M phase
checkpoint is highly dependent on CDK1/CycB function in APC/
C-CDC20 activation. Cyclin B transcription is regulated by multiple
transcription factors that only FoxM1 induced by CDK1/CycB
among them, and others activated by various pathways.
FoxM1 transcription factor that is activated by CDK1/CycB is
one of the multiple transcription factors that lead to Cyclin B
transcription. These findings suggest a linkage between the
maintenance of aneuploidy/CIN and non-tumorigenic events in
primary luminal breast tumors. These are cases where genomic
instability results are biased from those predicted by CNV results
(83, 117, 118).

However, the clinical implications of CNV patterns and their
relationship to genomic instability remain complex. Recent studies
in luminal breast tumors suggest that G1/S status may control tumor
proliferation due to the predictable E2F function in the presence of
oncogene overexpression, leading to low genomic instability and a
favorable prognosis. Notably, an identical CNV type can induce
changes in E2F status, which acts as a critical transcription factor in
G1 transition and S phase initiation.

On the other hand, the M phase checkpoint status is tightly
linked to CDK1/CycB function, which is essential for APC/
C-CDC20 activation. A complex network of transcription factors,
including FoxM1, which is specifically induced by CDK1/CycB,
regulates cyclin B transcription. These findings suggest a potential
link between the maintenance of aneuploidy/CIN and non-
tumorigenic events in primary luminal breast tumors, where
genomic instability results may deviate from those predicted by
CNV analysis (83, 118).

6.1 Challenges

The copy of cell cycle genes can be changed directly by CNVs,
which leads to their under-expression or overexpression. However,
the exact mechanism that CNVs are involved in cell cycle control is
unknown. To create specific treatments, it is important to
distinguish between those CNVs that drive cell cycle progression
and those that do not. Driver CNVs can be identified through
functional studies and inter-tumor analyses. Luminal tumors display
major differences in CNV profiles of different sub-clones. Single-cell
sequencing is necessary to assess how CNVs affect cellular cycle
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dynamics and identify their clones’ evolution patterns. CNVs are
frequently observed together with other genetic alterations, and to
address treatment strategies for cell cycle malfunction, it is
important to comprehend their interaction. Different
technologies known as multi-omics are used to generate data that
show an overview of the molecular signature and influence on the
cell cycle’s regulation. Even though the CNVs bring hope to picking
patients responsive to cell cycle deregulation-targeted treatments,
the implementation of these discoveries in a medical environment is
still difficult. Knowledge of the links between CNVs and cell cycle
checkpoints can give a foundation for individualized medication
approaches. Enabling patient-specific therapeutic interventions with
specific CNV patterns and state of checkpoints would enhance
treatment efficiency and patient outcomes. It is necessary to
make sure that strong models predicting future events
simultaneously help in realizing biomarkers linked to CNV-
induced cell-cycle changes on an individualized basis. To
successfully face these challenges, it is necessary to use
collaborative methods of working and using genomics, cell
biology, and clinical oncology knowledge. Understanding how
CNVs interact with aberrations in cell cycle regulation is pivotal
to the development of better luminal-type breast cancer treatment
strategies, which are personalized as well.

7 Conclusion

The effect of CNVs on cell cycle dysregulation in luminal-type breast
cancer has been thoroughly discussed in this study. We have discussed
how CNVs can cause genomic instability and tumor growth by altering
cell cycle checkpoints when they occur alone or in conjunction with other
variables. Results point to a critical role for CNVs in the initiation and
spread of luminal-type breast cancer. By identifying how CNVs disrupt
cell cycle checkpoints, the findings offer a foundational framework for
developing targeted therapeutic strategies. These findings have given the
basic framework to develop targeted therapeutic strategies by pointing out
how CNVs disrupt cell cycle checkpoints. This may integrate CNV
profiling into clinical practice and allow patient stratification based on
genomic alterations to open the door to precision oncology interventions.
Because of the genes targeted byCNVs, there is indeed a prospect to build
very personal therapeutic regimens. Examples are CNV correction,
leveraging CRISPR-Cas9 technology against the aberrant copies
induced, or the application of inhibitors that may be developed for
dysregulated pathwayswithin the cell cycle.Newfindings point toward an
exceptional ability of biomarker-driven therapies in general, a successful
experience well noted in the HER2 and CDK4/6 pathway treatments.
Future studies should be focused on high-throughput genomic analyses
and integrative multi-omics approaches to identify actionable targets
affected by CNVs. Thus, the correlation of CNVs with therapeutic

responses will advance the development of novel treatment modalities
in concert with individual patient profiles and improve outcomes in this
aggressive subtype of breast cancer.
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