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Abstract: Breast cancer is the second most frequent cancer in the world. It is a heterogeneous disease
and the leading cause of cancer mortality in women. Advances in molecular technologies allowed for
the identification of new and more specifics biomarkers for breast cancer diagnosis, prognosis, and
risk prediction, enabling personalized treatments, improving therapy, and preventing overtreatment,
undertreatment, and incorrect treatment. Several breast cancer biomarkers have been identified
and, along with traditional biomarkers, they can assist physicians throughout treatment plan and
increase therapy success. Despite the need of more data to improve specificity and determine the
real clinical utility of some biomarkers, others are already established and can be used as a guide
to make treatment decisions. In this review, we summarize the available traditional, novel, and
potential biomarkers while also including gene expression profiles, breast cancer single-cell and
polyploid giant cancer cells. We hope to help physicians understand tumor specific characteristics
and support decision-making in patient-personalized clinical management, consequently improving
treatment outcome.

Keywords: breast cancer; cancer genetics; biomarkers; personalized medicine

1. Introduction

Breast cancer (BC) is the main cause of cancer death affecting women worldwide and
the second most frequent cancer overall [1]. It is known to be a heterogeneous disease both
clinically [2] and molecularly [3].

In the era of personalized medicine, traditional prognostic markers, such as lymph
node metastasis, tumor size and histological tumor grade are no longer sufficient to guide
early-diagnosed BC patients [4]. Recent technology advances improved our understanding
of the molecular basis of tumor progression and treatment responses [5]. The identification
of molecular biomarkers that may be useful as prognostic and predictive markers has
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helped clinicians in therapeutical decisions, conducting treatment with a more individual-
ized approach and consequently optimizing therapy, as well as avoiding overtreatment,
undertreatment, and incorrect treatment [2]. Prognostic markers can help clinicians predict
tumor aggressiveness and invasiveness, allowing for better treatment decision [6,7].

This review summarizes traditional, novel, and potential prognostic biomarkers and
gene expression profiles applied to breast cancer. In addition, we discuss limitations and
future potentials biomarkers, such as single-cell and polyploid giant cancer cells (PGCCs),
and how they can help clinicians understand this heterogeneous disease and decide on
more personalized treatments.

2. Lymph Node Metastasis, Tumor Size, and Histological Tumor Grade

Lymph node metastasis (LNM), tumor size, and histological tumor grade are the
best-established traditional prognostic factors in BC [8]. The detection of LNM affects
disease management, staging, and treatment. Breast cancer LNM can be classified into the
following categories: N0 (no cancer cells in nearby lymph nodes); N1 (cancer has spread
to 1–3 underarm lymph nodes, or a few cells have been found in lymph nodes near the
breastbone during sentinel node biopsy); N2 (cancer has spread to 4–9 underarm lymph
nodes, or mammary lymph nodes are enlarged); and N3 (cancer has spread to 10 or more
axillary lymph nodes, and one site is larger than 2 mm; or cancer is found in lymph nodes
under the collarbone, and at least one site is larger than 2 mm). The absolute number
of lymph nodes involved is also of prognostic importance: patients with four or more
involved lymph nodes have a worse prognosis than those with fewer than four affected
lymph nodes [9].

Historically, lymph node involvement was primarily verified by a surgical procedure,
with secondary treatments based on pathological analysis. Although this sequence is still
used in many cases, in the past two decades, new adjuvant treatments are increasingly
being used as initial treatments [10]. Imaging tests before and after adjuvant treatments can
guide treatment next steps, suggesting new drugs or surgery [11]. Ultrasound (US)-guided
biopsies help define LNM extension. Adjuvant treatments can decrease tumor size and
lymph node involvement, decreasing the need for surgery and turning an inoperable tumor
into an operable one [10].

Axillary LNM is associated with local or distant metastatic recurrence [12], being an
important factor in determining BC stage and deciding postoperative treatment [13]. To
assess lymph node involvement, a sentinel lymph node biopsy (SLNB) is used as initial
procedure. However, new research shows that SLNB is recommended if there is a limited
nodal involvement [10]. In addition, SLNB was considered too invasive in patients with
small primary BC because LNM is unlikely [14]. In extensive nodal involvement, either
medical neoadjuvant systemic therapy (NST) or axillary lymph node dissection (ALND)
are recommended over SLNB [10]. After NST, imaging tests are performed to monitor
treatment response. In good responses (zero-two nodes), a target axillary dissection is
recommended, and in poor responses (≥three nodes), ALND is the standard option [15].
In both cases, treatment based on tumor biology, and residual disease is necessary.

To provide the most personal treatment for BC with LNM, a multidisciplinary ap-
proach is required. A combination of local and systemic treatments, such as radiation
therapy, chemotherapy, targeted therapy, surgery and endocrine therapy is used in a com-
plementary way [10]. In the same way, NST allied with surgery is the recommended
approach in lymph node involvement in order to improve patient survival and treatment
response [10].

In most BC types, the presence of LNM can be predicted by tumor size [16]. Despite
not being a direct correlation (the larger the tumor, the more lymph nodes involved) it is
suggested as a biological relationship [16]. Furthermore, tumor size prognostic impact is
worsened by lymph node involvement [12].

Accurate tumor sizing is determinant to guide treatment options. Imaging tools, such
as US, mammography and magnetic resonance imaging (MRI), are used to determine
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tumor size. Cuesta et al. [17] comparatively analyzed these three imaging methods in
order to verify which one is the most accurate for determining BC tumor size, determining
that MRI is the best tool [17,18]. Moreover, the histological BC subtype can influence
the size estimation in imaging exams, which must be considered when planning patient
treatment [17].

The largest size obtained by imaging exams is an important factor in deciding which type
of surgery is performed—mastectomy or breast conservation. Usually, MRI is recommended
in high-risk patients, in invasive lobular BC, and in dense breast tissue [19,20]. Haralds-
dottir et al. [21] showed that the US tends to underestimate invasive BC size in 10.3% of
patients by 10 mm or more, therefore the US interpretation using mammography can lower
underestimation risk [21]. In contrast, MRI may overestimate tumor extent [22]. Together,
mammography and MRI are more sensitive than other tests or combination of tests [22].

Usually, mastectomy is the chosen surgical procedure for advanced-stage breast can-
cer [23]. Gu et al. [23] suggests that breast conservation surgery is performed in small
primary breast cancer. Women who are concerned about BC recurrence often choose mas-
tectomy [23]. Both procedures are safe and routinely used [24]. Information such as tumor
size, lymph node involvement, cancer stage and personal beliefs should be considered
when choosing the surgical procedure to be performed.

The histological tumor grade represents the morphological assessment of tumor bi-
ology [8]. According to Nottingham Grading System three histological grades in BC are
known: well differentiated (grade I); moderately differentiated (grade II); and poorly dif-
ferentiated/most aggressive (grade III) [25]. The Nottingham Grading System is based on
three dimensions: degree of tubule or gland formation; nuclear pleomorphism; and mitotic
count. Each dimension is scored from 1 to 3, and tumors with higher grades are associated
with lower survival [26,27].

Usually, half of BC cases are grade I or III [27]. Grade III tumors are prescribed
adjuvant chemotherapy, while grade I tumor are normally estrogen-receptor-positive [8].
Grade II tumors are very heterogeneous and related to intermediary recurrence risk [28].
Wang et al. [27] proposed a method that divides grade II tumors into low- and high-risk,
which helps reduce under- and overtreatment [27]. In this way, genetic biomarkers studies
suggest a reclassification of grade II tumors in two subgroups, one more similar to grade I
and one more similar to grade III [29], which could help in clinical guidelines.

3. Molecular Predictive and Prognostic Markers
3.1. Classical Markers
3.1.1. Ki-67

Ki-67 is a nuclear and nucleolar nonhistone protein and, in humans, is encoded by
the MKI-67 gene mapped to chromosome 10q26.2 [30]. Ki-67 expression is related to cell
proliferation, and higher protein levels are related to biological aggressiveness in BC [30,31].
The prognostic value of Ki-67 staining can be a useful tool for predicting survival and
recurrence rates and, when associated with other markers, can also be used for primary
tumor classification and metastases [32]. In clinical practice, its use has attracted a lot of
attention, especially in hormone receptor (HR)-positive cases, as a discriminator between
luminal A and B types, with luminal B generally being more proliferative and having a
higher Ki-67 detection than luminal A [31,33].

In neoadjuvant endocrine therapy (NET), Ki-67 measurement after a short treatment
reveals a biological response to the therapy, which is the most used metric for evaluat-
ing results [31]. During the IMPACT trial, which aimed to compare the recurrence and
risk of death of HR-positive BC patients on three different NET regimens [34], changing
Ki-67 levels was used as one of the main endpoint biomarkers. In this study, after 2 and
12 weeks using anastrozole and tamoxifen, Ki-67 suppression was greater with anastrozole
(76% and 82%) than with tamoxifen (60% and 62%) and the combination of anastrozole and
tamoxifen (64% and 61%) [35]. Short-term Ki-67 changes can predict long-term benefits
and outcomes, allowing for the response evaluation of specific therapies [31,34,35].
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Owing to doubts about its analytical validity, Ki-67 is still not widely used in clinical
routines [34]. This is due to a lack of consensus about scoring methods and cutoff values
caused by the great variability of interlaboratory scoring approaches and reliability of
different antibodies [31,36]. Currently, guidelines are needed for the use of Ki-67 in clinical
practice in order to achieve scoring uniformity, standardization and subsequent clinical
validation [34].

3.1.2. ER

Estrogen receptor (ER) is a nuclear receptor that acts as a ligand-activated transcription
factor [37]. Two isoforms of ER are present in the nucleus: ERα and ERβ [38]. In BC, the
main form of ER is ERα, which functions as a transcription factor for genes associated with
cell survival and proliferation [39]. The role of ERβ has not yet been fully understood, with
divergent functions being related to this isoform [33]. In this review, ER is used in reference
to ERα/ESR1.

ER is the most well-established common predictive marker used in BC, mainly for its
classification and treatment option using endocrine therapy (ET) [31]. ER measurement
is mandatory and recommended in newly diagnosed BC cases [3,40]. ER expression is
recognized as a BC biomarker of favorable prognosis when compared to ER-negative
cases [31,33]. Response to ET depends on ER positivity and varies according to ER tumor
expression levels [31].

Estrogen suppression treatments use ER antagonists to kill ER-positive BC cells [41].
Several ETs are approved and routinely used for the adjuvant treatment of ER-positive
BC patients and have demonstrated an improvement in survival and time to disease
recurrence [38,41]. In luminal-type BC, which expresses both ER and progesterone receptor,
after surgery, adjuvant ET is standard and recommended for at least 5 years [3].

Among different types of ET, aromatase inhibitors (AIs), such as anastrozole, letrozole,
or exemestane, act by blocking estrogen biosynthesis, decreasing circulating estrogen levels
in postmenopausal patients [38,40,41]. On the other hand, selective estrogen receptor
modulators (SERMs), such as tamoxifen, are indicated for premenopausal patients act
by competing with estrogen for ER binding and may have antagonistic activity in breast
tissue [38,41]. Selective estrogen receptor degraders (SERDs), such as fulvestrant, have ER
degrading and antagonistic effects and, in the breast, have anti-estrogenic effects [42].

Nonetheless, ET resistance can influence therapy results. The most common case
of acquired resistance is due to estrogen-independent ER reactivation, due to specific
ESR1 gene mutations, rarely found in primary BC and more frequently found in recurrent
and metastatic cases, especially after long-term AI treatment [38,40–42]. Because they
do not act through the same mechanisms, acquired resistance to a specific drug can be
circumvented by using other classes of ET, which can be used sequentially to treat ER-
positive cases [40]. Currently, some ET treatments also target other molecules, such as
CDK4/6, PI3K or mTORC1 [43].

3.1.3. PR

The progesterone receptor (PR), like ER, is a member of the nuclear receptor family
that functions as ligand-activated transcription factors [33]. When active, PR binds to
DNA and regulates the expression of several cell cycle genes, cell differentiation, and
proliferation [44]. ER-positive BC shows positivity for PR in approximately 80–90% of
cases [31]. Generally, PR measurement is performed together with ER, being mandatory
and recommended in newly diagnosed cases and in recurrent and metastatic lesions [40].
Like ER, immunohistochemistry (IHC) is the recommended assay for PR evaluation [31].

Currently, the benefit of measuring PR is not yet fully understood and remains contro-
versial [44] because this receptor can be induced by estrogen [40]. This occurs because the
PGR gene is regulated by ER as an ER-dependent gene product, causing crosstalk between
these two receptors [31]. Thus, the presence of PR works as a biomarker that indicates
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a functional and intact ER pathway [40,44], which directly impacts a tumor’s ability to
respond to endocrine therapies (ETs).

In addition to being related to a functioning ER pathway, PR positivity also shows
a better response to ETs, and PR-positive tumor patients generally have better clinical
outcomes [45]. High PR expression may be related to a better tamoxifen response, lower
recurrence rate, and longer disease-free survival [44].

Semi-quantitative PR score, obtained by tests such as PAM50, helps discriminate BC
types, such as luminal A and B [46]. Thus, high PR expression is observed more commonly
in Luminal A subtypes, which show better prognosis than Luminal B [46].

Mohammed et al. [47] showed that PR, in the presence of an agonist ligand, can
associate with ERα, modulating its expression and directing its binding to chromatin. This
modulation of gene expression is associated with good prognosis [47]. Studies have shown
that ER and PR can oppose or cooperate with each other, and understanding this crosstalk
will aid in the development of better therapies [44].

Selective progesterone receptor modulators (SPRMs) are being studied in clinical
trials to modulate and induce agonist, antagonist, or mixed PR responses in a tissue-
specific manner [48]. Among these modulators are mifepristone, telapristone acetate and
onapristone [49]. Mifepristone and onapristone are antiprogestogens that have had positive
responses in patients who did not respond to other types of treatments [49]. Gaddy et al. [50]
demonstrated that mifepristone, alone or in combination with 4-hydroxytamoxifen (4-OHT),
promoted cell death and the growth arrest of ER/PR-positive MCF7 cells that were resistant
to antiestrogens [50].

3.1.4. HER2

HER2 (human epidermal growth factor receptor 2), encoded by the ERBB2 gene, is a
member of the human epidermal growth factor receptor family, along with HER1, HER3,
and HER4 [3,51]. In BC, ERBB2 amplification and consequent overexpression occurs in
13–15% of cases and is related to a worse prognosis due to the high metastatic potential
of HER2-positive tumors [3,31,52]. HER2 status is determined by immunohistochemistry
(IHC) and/or in situ hybridization (ISH) [31].

HER2 activation occurs through dimerization after ligand binding, although a specific
ligand for HER2 is not known [3]. HER2 signaling leads to tumor growth and proliferation,
adhesion, cell survival and metastasis, which are related to the activation of pathways
such as RAS and PI3K/AKT/MAPK [3,40]. HER2 overexpression leads to histological
characteristics of aggressiveness, being associated with a shorter survival time [31].

HER2 status measurement is mandatory in cases of invasive BC and recommended in
cases of recurrence and metastasis [3,40]. For HER2 assessment, IHC reveals a response
based on HER2 overexpression in a score ranging from 0 to 3+, where 0/1+ is considered
negative, 3+ is considered positive, and 2+ is considered ambiguous, requiring additional
evaluation using FISH [31]. Tumors with a score of 3+ exhibit increased cell proliferation
and invasion activity [52].

Anti-HER-2 targeting therapies have shown efficacy in BC cases marked by ERBB2 am-
plification or the overexpression of the HER protein [3]. These therapies currently involve
the use of drugs based on anti-HER2 monoclonal antibodies, such as trastuzumab, per-
tuzumab, and margetuximab; tyrosine kinase inhibitors (TKIS) such as lapatinib, tucatinib
and neratinib; and antibody-drug conjugates (ADCs), which bind a cytotoxic agent to
a monoclonal antibody, such as trastuzumab deruxtecan (T-DXd) and ado-trastuzumab
emtansine (T-DM1) [31,53]. Initial therapy for metastatic HER-2 tumors uses a combination
of two HER2 antibodies: pertuzumab and trastuzumab, associated with a taxane [54].

Intra- and intertumoral HER2 heterogeneity seems to negatively affect the response to
anti-HER2 therapy, leading to shorter recurrence time and patient survival, increased tumor
size, worse histology, and greater number of lymph node metastases [53]. In addition,
change in HER2 status after metastasis affects therapeutic strategies. In metastatic tumors,
the loss of HER2 occurs more frequently [3]. In brain metastases cases, tumor resistance is
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due to the difficulty in penetrating the blood–brain barrier, and generally, these patients
are excluded from anti-HER2 clinical trials [3,53]. Notably, TKIs have a smaller size and
greater penetration capacity, making lapatinib, tucatinib, and neratinib a better option for
patients with brain metastases [53].

3.1.5. p53

p53 is a tumor suppressor protein, encoded by the TP53 gene, which is involved in
transcriptional regulation related to cell cycle arrest, differentiation, senescence, apoptosis,
cell growth, and DNA repair [55,56]. As an important tumor suppressor, its degradation is
directly linked to tumor formation, progression, and metastasis [56].

In BC, the TP53 gene is the most frequently mutated, being present in about 30–35% of
primary invasive cases [57]. TP53 mutations vary according to BC subtypes, being mutated
in 80% of triple-negative breast cancers (TNBC) and 70% of HER2-positive cases [57].

Owing to the high incidence of TNBC, TP53 mutations constitute an important
biomarker in clinical practice and a potential therapeutic target [57]. TP53 mutation status
is determined by DNA sequencing and immunohistochemistry (IHC) [55].

For a long time, TP53-mutated tumors were unresponsive to drugs. However, recent
preclinical studies have introduced compounds capable of restoring wild p53 properties,
presenting new anticancer treatment options [55,57]. Among them are COTI-2, PRIMA-1,
APR-246, PK11007, and 3-quinuclidinone derivatives [57]. According to Synnott et al. [58],
COTI-2 proved capable of reactivating mutant p53, inducing a therapeutic apoptotic re-
sponse in TNBC cells [58]. Lee et al. [59] showed a relationship between PRIMA-1 and the
expression of apoptosis proteins in MDA-231 cells with mutated p53 protein [59].

Furthermore, TP53 has great potential as a cancer molecular risk signature, similar to
BRCA1. Both tumor suppressor genes are potential biomarkers for surveillance, early risk
assessment and predisposition to BC, being therapeutic targets for chemoprevention and
targeted therapies [60].

Breast cancer remains one of the main types of cancer investigated in clinical trials
due to tumor frequency, heterogeneity, and aggressiveness. Figure 1 shows the number of
clinical trials related to breast cancer worldwide.
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clinical trials, and United States correspond to 46.69%. Labels give the exact number of studies
located in different regions. Studies with no location are not included in the counts or on the
map, and studies with multiple locations are included in all corresponding regions. Adapted from:
https://clinicaltrials.gov.

3.2. Other Markers
3.2.1. Genes Alterations
BRCA1/BRCA2

BRCA1 and BRCA2 are tumor suppressor genes with a fundamental role in DNA
repair through the homologous recombination pathway [61]. Germline mutations in these
genes are associated with an increased risk of developing breast and ovarian cancer [62],
with the mean cumulative breast cancer risk at 80 years of age for BRCA1 and BRCA2 genes
being 72% and 69%, respectively [3].

Loss of function of these genes generates inefficient DNA repair, increasing mutation
rates, and contributing to tumor development [61]. Patients who have pathogenic or
likely pathogenic BRCA1 variants have a predisposition to TNBC, while the presence
of pathogenic or likely pathogenic variants in BRCA2 are associated with ER-positive
tumors [63]. Data on the predictive and prognostic value of BRCA mutations in patient
survival with non-metastatic BC are conflicting [64].

Women who carry BRCA mutations are more likely to develop secondary cancer and
bilateral mastectomy is recommended. Studies suggest that women who carry BRCA1/
BRCA2 mutations and undergo bilateral mastectomy are less likely to die from BC than
women who were treated with unilateral mastectomy [65].

Tumors that have deleterious BRCA1/BRCA2 mutations are more sensitive to DNA
damaging agents, such as interchain cross-linking agents (platinum or alkylating agents),
topoisomerase II inhibitors (anthracyclines), or PARP inhibitors [64]. Treatment with
PARP inhibitors (olaparib and talazoparib) was approved for metastatic BC with germline
pathogenic or probably pathogenic BRCA1 or BRCA2 variants, after evidence of longer
progression-free survival, less side effects, and better quality of life compared to standard
chemotherapies [63].

PTEN

Phosphatase and tensin homolog (PTEN) is a tumor suppressor gene considered one of
the most frequently altered genes in human cancer, including BC, and its role is intrinsically
related to cell cycle progression, cell growth, and survival [66].

Tumor cells with PTEN deletions or mutations have significantly increased migration
and invasion activity, promoting proliferation, invasion and metastasis. In metastatic BC
cells, PTEN levels are much lower than in localized cancer cells [67].

The loss of function of PTEN leads to excessive activation of the PI3K/Akt oncogenic
pathway, which stimulates cell growth and survival [68], and loss of PTEN activity, due
to protein, genetic, or epigenetic alterations, has been reported in almost half of all BC
cases [66]. PTEN inactivation occurs mainly due to somatic mutations [67].

Although most studies have not yet reported an association between PTEN loss
and prognosis in BC patients enrolled in clinical trials, emerging evidence suggests that
the downregulation of PTEN expression may be associated with worse outcomes in BC
HR+/HER2− or HER2+ [66].

PTEN loss negatively affects sensitivity to CDK4/6 inhibitors, initiating signaling
cascades that hyperactivate cyclins/CDKs, in addition to affecting the activity of BRAF,
EGFR and immunological “checkpoint” inhibitors, which can be a mechanism of resistance
to various treatments [69].

Some phase II and III clinical trials with translational analyses are exploring the
predictive role of PTEN in response to different antitumor agents in both HER2-positive
and -negative BC. However, the lack of consistency and reproducibility between clinical
studies makes it difficult to interpret the real meaning of PTEN loss due to the heterogeneity

https://clinicaltrials.gov
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of treatment regimens in patient cohorts [66]. Therefore, although there is some evidence of
an association between PTEN functional status, clinical outcome, and response to various
treatments, robust data are lacking to adequately establish its predictive/prognostic role in
BC [66].

CHEK2

Checkpoint Kinase 2 (CHEK2) gene encodes the protein serine/threonine CHK2 kinase,
which is involved in DNA damage repair [70,71]. It functions as an essential tumor
suppressor gene for cell cycle regulation, cell proliferation inhibition, DNA repair activation,
and apoptosis [72]. Abnormal CHEK2 expression can lead to cancer [73].

CHEK2 germline mutations are associated with susceptibility to several types of
cancer [70], with a mutation frequency of 1.08% in patients with BC [74]. CHEK2 pathogenic
variants lose protein kinase activity and confer a moderate relative risk increase (2–3) of
developing BC [72]. Most patients with pathogenic or probably pathogenic variants develop
BC subtypes luminal A or luminal B [74].

Several studies have found an association between CHEK2 variants and ER-positive
BC [75–77], thus the use of tamoxifen in patients with CHEK2-related BC is plausible [72].
CHK2 kinase domain mutations may affect cellular susceptibility to chemotherapy and
induce apoptosis [78]. Although some CHEK2 mutations have been associated with in-
creased risk of BC and response to chemotherapy, further studies are needed to provide
more accurate data [73].

ATM

Among the most common BC susceptibility genes is the ataxia-telangiectasia mutated
(ATM), a gene with pathogenic or probably pathogenic variants of moderate penetrance
associated with the DNA double-strand break repair mechanism and which has a mutation
frequency of 0.78% in patients with BC [74]. ATM gene expresses proteins that participate
in DNA repair and cell cycle regulation, which is critical in situations of cell stress and
DNA damage response [74,79,80].

ATM gene mutations have moderate penetrance, and heterozygous carriers have a
2–5 relative risk of developing BC, mostly hormone-receptor- or HER2-positive [79,80].
Many BC patients with ATM mutations develop an intermediate and high-grade disease,
with higher chance of lymph node metastasis, more aggressive tumors, and worse progno-
sis [81].

ATM is an effective target for BC treatment due to its role as one of the DNA damage
response junction points, which are involved in important signaling pathways, such as
PI3K-AKT, MEK-ERK [82]. Gilardini et al. [83] demonstrated that reducing ATM levels
in cancer cells is capable of increasing sensitivity to PARP inhibitors in BC cell lines [83].
Alterations in this gene can sensitize cancer cells to platinum-derived drugs. However,
ATM mutations increase second tumor risk after radiotherapy [81].

PALB2

PALB2 (partner and localizer of BRCA2) is a tumor suppressor that participates in
the maintenance of genome integrity. Pathogenic variants lead to a 2–30 relative risk of
developing BC [84]. The BC cumulative risk in patients with a germline PALB2 mutation
up to age of 70 reaches 35%, and the 10-year survival is lower when compared to patients
without PALB2 mutations [85].

PALB2 is one of eight genes frequently mutated in metastatic BC [86]. Analysis of
nearly 3000 BC patients in China showed that PALB2 pathogenic variants resulted in lower
overall survival [87]. Heikkinen et al. [88] reported that PALB2 BC patients were more likely
to exhibit the triple-negative phenotype, in addition to having a more advanced disease
stage, higher Ki67 levels, and lower survival [88].

Recent studies suggest that platinum-based therapeutic regimens associated with
PARP inhibitors have great potential in patients with PALB2 germline variants [89,90].
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BRIP1

BRIP1 gene (breast cancer 1 interacting helicase 1) is necessary for DNA cross-links
repair, which maintains genome stability. Mutated or overexpressed BRIP1 is associated
with BC onset and is a strong candidate for tumor progression [91,92]. BRIP1 is located
in the long arm of chromosome 17 and encodes a protein belonging to the RecQ DEAH
helicase family that helps repair damaged DNA by interacting with BRCA1 [91,93–95].
Therefore, if BRIP1 is incomplete or lost, it does not interact with BRCA1 and cannot
repair damaged DNA [91]. In this way, BRIP1 plays a vital role in preserving cell’s genetic
information and acts as a tumor suppressor [91,93,94].

BRIP1 may be the gene involved in the onset of BC in families that do not have
BRCA1/BRCA2 mutations [95]. A recent study showed its association with rare missense
BRIP1 alleles and also two SNPs, with BC, attributing prognostic value to this gene [92,96].

BRIP1 overexpression has been associated with breast tumor subtypes, promoter
methylation status, and the survival of BC patients. These findings suggest that BRIP1 may
not only be a predictive BC development and prognosis molecular biomarker but may also
function as a latent therapeutic target [91].

One of the therapeutic strategies being studied for BRIP1 mutated tumors is the use of
PARP1 inhibitors. Furthermore, BRIP1-deficient cells as well as BRCA-deficient cells are
more sensitive to cisplatin treatment [97].

CDH1

The CDH1 gene encodes the E-cadherin cell adhesion molecule, which suppresses the
spread of tumor cells (metastasis) [98]. The reduced function and expression of E-cadherin
is associated with cancer metastasis due to loss of cell adhesion, resulting in increased
cell motility that allows cancer cells to cross the basement membrane and invade nearby
tissues [94]. Patients with CDH1-promoter hypermethylation have a 5.83-fold increased
risk of BC [99].

CDH1 dysfunction can lead to worse prognosis and lower survival [100]. CDH1 hy-
permethylation is generally increased in HER2- and ER-negative BC, with no association
with PR status [99]. Shinozaki et al. [101] demonstrated that CDH1 was the most frequent
methylated gene (90%) in cases with sentinel lymph node metastasis, supporting the asso-
ciations of CDH1 hypermethylation and metastasis [101]. Sebova et al. [102] proposed that
CDH1 hypermethylation can be used as a biomarker for tumor metastatic potential [102].

CDH1 is a potential new drug target, and its hypermethylation can be reversed through
demethylation, with the use of DNA methylation inhibitors (DNMTs), for example 5-Aza-
CdR and 5-fluoro-2′-deoxycytidine which have been used in human lung cancer and BC
cells, and 5-fluoro-2′-deoxycytidine is currently in clinical trials for treatment of BC and
other solid tumors [99].

BARD1

BARD1 (BRCA1-associated ring domain 1) is a BRCA-binding partner protein essential
for DNA damage repair associated with BC susceptibility [103].

Interestingly, partial repression of Bard1 in mice using antisense RNAs resulted in
the development of early malignancy stages phenotype in murine mammary epithelial
cell lines, suggesting a role for BARD1 in tumorigenesis [104]. Zhu et al. [105] reported
that tamoxifen-resistant BC cells express significantly more BARD1 and BRCA1, leading
to resistance to chemotherapy (DNA-damaging chemotherapy), including cisplatin and
adriamycin, but not paclitaxel. Furthermore, higher expression of BARD1 and BRCA1 is
associated with worse prognosis for patients with early BC, especially those who received
radiotherapy, indicating a potential use of PI3K inhibitors to reverse chemoresistance and
radioresistance in ER-positive BC patients [105].

BARD1 may play an important role in BC pathogenesis and chemoresistance mecha-
nisms. Some studies suggest that the role of BARD1 in BC is mainly related to TNBC [106].
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In vitro and in vivo studies indicate a potential clinical benefit of PARP inhibitors in BARD1
mutation patients [103].

PIK3CA

Phosphatidylinositol-3-kinase (PI3K), gene symbol (PIK3CA) regulates proliferation
and apoptosis, and somatic mutations in PIK3CA can activate these processes [107]. PI3Ks
are involved in several cellular processes, such as protein synthesis, cell proliferation,
survival, glucose homeostasis, and DNA repair [108,109].

PIK3CA mutations represent one of the most common BC changes [110], and activat-
ing PIK3CA mutations are found in approximately 30–40% of cancer patients, inducing
hyperactivation of the α-PI3K isoform [111,112]. These mutations are associated with
chemoresistance and poor prognosis with reduced overall survival (19.6 months versus
23.5 months) [113,114]. Breast cancer PIK3CA gene mutations have been shown to be
oncogenic, showing a role in tumor pathogenesis and progression [110,115].

Alpelisib is an orally available α-selective PI3K inhibitor that is 50 times more potent
against α-PI3K than other isoforms [116]. Reinhardt et al. [107] demonstrated the resistance
of early BC with PIK3CA somatic mutation to adjuvant therapy with aromatase inhibitors,
suggesting tamoxifen as the preferred therapy in these patients [107].

Table 1 provide information on classical biomarkers and gene alterations discussed
so far.

Table 1. Reported biomarkers data sources.

Biomarker Information in Breast Cancer Reference

Ki-67 Protein expression is related to cell proliferation and higher
protein levels to biological aggressiveness. Menon et al. [30] and Rakha [31]

ER
Nuclear receptor that acts as a ligand-activated transcription
factor. The main isoform is ERα that is associated with cell

survival and proliferation.
Fuentes and Silveyra [37] and Mills et al. [39]

PR
Nuclear receptor that acts as a ligand-activated transcription
factor. It is associated with the expression of genes related to

the cell cycle, cell differentiation, and proliferation.
Hilton et al. [33] and Cenciarini and Proietti [44]

HER2 Receptor signaling leads to tumor growth and proliferation,
adhesion, cell survival, and metastasis. Harbeck et al. [3] and Nicolini et al. [40]

p53

Tumor suppressor protein involved in cell cycle arrest,
differentiation, senescence, apoptosis, cell growth, and DNA

repair. Its degradation is linked to tumor formation,
progression, and metastasis.

Shahbandi et al. [55] and Xu et al. [56]

BRCA1/
BRCA2

Tumor suppressor genes fundamental to DNA repair. Loss of
function generates inefficient DNA repair, increasing

mutation rates, and contributing to tumor development.
Ayed-Guerfali et al. [61]

PTEN
Tumor suppressor gene related to cell cycle progression, cell
growth, and survival. Deletions or mutations are related to

proliferation, invasion, and metastasis.
Carbognin et al. [66] and Chen et al. [67]

CHEK2

Tumor suppressor gene related to cell cycle regulation,
inhibition of cell proliferation, activation of DNA repair, and

apoptosis. It encodes the protein serine/threonine
CHK2 kinase, which is involved in DNA damage repair.

Kleiblova et al. [70], Boonen et al. [71], and
Greville-Heygate et al. [72]

ATM
Gene associated with the DNA double-strand break repair

mechanism. It encodes proteins that participate in DNA
repair and cell cycle regulation.

Toss et al. [74], Cunha et al. [79], and
Moslemi et al. [80]

PALB2 Tumor suppressor gene that encodes PALB2, responsible for
BRCA2 nuclear localization and DNA damage repair. Nepomuceno et al. [84]
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Table 1. Cont.

Biomarker Information in Breast Cancer Reference

BRIP1
Tumor suppressor gene that encodes a protein belonging to
the RecQ DEAH helicase family that helps repair damaged

DNA by interacting with BRCA1.
Khan et al. [91] and Moyer et al. [92]

CDH1
Tumor suppressor gene that encodes the E-cadherin cell–cell

adhesion protein, that prevents migration of tumor cells,
avoiding cancer progression and metastases.

Bücker and Lehmann [98]

BARD1
BRCA1-binding partner protein that is related to DNA
damage repair. Higher expression is associated with

worse prognosis.
Zheng et al. [103] and Zhu et al. [105]

PIK3CA

Gene involved in regulation of proliferation and apoptosis.
PI3K protein is involved in several cellular processes, such as

protein synthesis, cell proliferation, survival, glucose
homeostasis, and DNA repair.

Reinhardt et al. [107], Thorpe et al. [108], and
Venetis et al. [109]

ER: estrogen receptor; PR: progesterone receptor.

3.2.2. MicroRNAs

MicroRNAs (miRNAs) are formed by a single-stranded non-coding RNA with
19–24 nucleotides and can often act as tumor suppressors or promoters [117,118]. miRNAs
act in the regulation of cell–cell and cell–extracellular matrix adhesion molecules promoting
local infiltration and dissemination of tumor cells in the systemic circulation [119] and have
been suggested as possible cancer biomarkers.

According to Li et al. [120] high expression levels of miR 3662, miR-146a, and miR-
1290 in exosomal miRNAs were associated with lymph node metastasis and BC stage.
In patients with BC stages I, II, and III, miR-1290 expression was higher than in stage IV
patients, which is evidence of it being a potential biomarker for early BC detection [120].
Savan et al. [121] showed that miRNA-10b promotes metastatic cell invasion and migration.
This study shows that anti-miR10b can inhibit the miR-10b target without toxicity [121].
MiR-148a expression was associated with unfavorable clinical parameters and lower sur-
vival in BC patients and according to Li et al. (2020), MiR-148a plays an oncogenic or tumor
suppressor role in different cancer types [122].

Zhang et al. [123] revealed that increased expression of miR-1246 and miR-155 in BC
patients is predictive for trastuzumab therapy resistance, which is evidence of it being a
clinical prognostic marker [123]. Nair et al. [119] shows the importance of miRNAs for BC
diagnosis and prognosis, suggesting the use of a BC-specific miRNAs panel as a clinical
assessment of microRNAs levels [119].

3.2.3. uPA/PAI-1

Urokinase-type plasminogen activator (uPA) and plasminogen activator inhibitor-
1 (PAI-1) are involved in hemostasis and predict impaired-BC patient survival and are used
as biomarkers in cancer progression [124,125].

According to Melzer et al. [126], long-term direct coculture of human BC cells alters
uPA and PAI-1 expression, favoring the spread of cancer cells and increasing metasta-
sis [126]. Jevric et al. [127] points out that in patients with negative-lymph-node and
HER2-negative BC and, PAI-1 gene 4G/5G variants may have prognostic significance,
and the subgroup of patients with homozygous recessive genotype of PAI-1 (-675 4G/4G)
may have worse disease progression when compared to patients with dominant heterozy-
gous/homozygous genotypes (-675 4G/5G and -675 5G/5G) [127].

uPA/PAI-1 is used together with other biomarkers in routine clinical practice, guiding
the therapeutic choice, but, so far, uPA/PAI-1 is not considered sufficient to replace estab-
lished parameters in clinical practice [128]. Uhl et al. [125] showed that heteromerization of
uPA and PAI-1 attracts neutrophils to cancerous lesions, thereby supporting tumor growth
and metastasis. This study suggests that blocking uPA-PAI-1 heterodimerization by a new
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molecule inhibitor can prevent tumor progression in highly aggressive tumor patients with
elevated uPA-PAI-1 levels [125].

Stromal co-expression of uPA and PAI-1 in BC has been associated with malignant
behavior and consecutively poor outcomes in distant recurrence-free survival and overall
survival [129]. In this sense, uPA-PAI-1 can be useful for prognosis and therapy response
prediction [129].

3.2.4. PD-1/PD-L1

Programmed death ligand 1 (PD-L1) and programmed cell death protein 1 (PD-1)
receptors are related to immune control and interact by helping tumor cells escape the
immune system [130]. PD-1/PD-L1 pathway regulate immune tolerance to the tumor
microenvironment, being responsible for a declined immune response against tumor cells,
due to inhibition of T-cell activation, proliferation, survival, and cytotoxic [131].

Tu et al. [130] showed that intracellular PD-L1 regulates the DNA damage response,
acting as an RNA-binding protein and promoting the mRNA stability of NBS1, BRCA1, and
other genes, thereby being a potential therapeutic target. Furthermore, the PD-L1 antibody,
H1A, can induce PD-L1 degradation, aiding radiotherapy and cisplatin therapy [130].

Zhang et al. [132] showed that D-mannose can be an ally in the immune and radio-
therapy of patients with triple-negative immunomodulatory metastatic BC. This study
demonstrates that D-mannose reduces PD-L1 and promotes the activation of T cell and the
killing of tumor cells by T cells in vitro [132]. In addition, according to Song et al. [133], a
promising candidate for future clinical trials is albumin nanoparticles in combination with
α-PD1, which cause the long-term remission of metastatic BC in mice [133].

3.2.5. MSI

Microsatellites are DNA elements composed of short repeat sequences, and microsatel-
lite repeat instability (MSI) is a phenotype commonly associated with the inactivation
of DNA mismatch repair (MMR) genes, increasing frameshift mutations in some cancer-
related genes and leading to tumor development [134].

MSI molecular diagnosis can be obtained by PCR as shown by Long et al. [135] or by
DNA sequencing technologies, resulting in greater accuracy [135,136]. Klouch et al. [137]
developed multiplex drop-off droplet digital PCR (ddPCR) assays, targeting four BC
microsatellites and showing that MSI can be an actionable marker for immunotherapy [137].
BC diagnosis using predefined microsatellite panels is still a challenge, unlike most tumor
types that need a limited number of markers to provide accurate diagnosis [135].

3.3. Gene Expression Profiling

Early-stage BC treatment is based on adjuvant systemic therapy (chemotherapy),
endocrine therapy, agents against human epidermal growth factor receptor 2 (HER2) or
a combination of these drugs [138]. In general, chemotherapy decision is based on the
estimated risk of distant recurrence or metastasis [139]. However, a considerable number
of patients receive chemotherapy unnecessarily, resulting in exposure to adverse effects of
adjuvant therapy without a significant therapeutic gain [138].

In recent decades, advances in early detection, chemoprevention, targeted surgeries,
and more effective adjuvant treatment have led to higher survival rates and reduced
BC treatment morbidity [140,141]. New therapeutic approaches are currently available
derived from a better understanding of cellular, molecular, and genomic properties that
lead to oncogenesis [142,143]. Multigene expression assays, which are currently under
development, will soon have a role in clinical practice [144,145].

Gene expression profiling is an emerging strategy aimed at risk prediction and treat-
ment selection based on genomic information [146–148]. Gene expression profiling studies
have distinguished at least four distinct molecular tumor types: luminal A, luminal B,
HER2-enriched, and basal type [143,149,150]. Determining a tumor’s biological profile
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helps with treatment selection [151]. Genomic tests can predict clinical outcomes and
support decision-making in clinical management regarding therapeutic strategies [144,149].

Table 2 summarizes the main tumor genomic tests currently available: Mammaprint®,
Blueprint®, Oncotype DX®, Prosigna®, Endopredict®, and Breast Cancer Index®.

Table 2. Characteristics of Gene Expression Profile Tests for breast cancer.

Number of Genes Information Provided Indication

MammaPrint®

/BluePrint® 70/80

Risk of distant recurrence (5 and 10 years), with
or without benefit of chemotherapy

Pre- and post-menopausal
Early stage

Tumor up to ~5 cm
Identification of intrinsic molecular subtypes,
information about tumor behavior, long-term
prognosis and response to systemic therapy

ER+/ER−
HER2+/HER2−

LN− or LN+ (up to 3 LN+)

Oncotype DX® 21
Prediction of cancer recurrence in 10 years

assuming 5 years of endocrine therapy

Pre- and post-menopausal
Early stage

ER+
HER2−

LN− or LN+ (up to 3 LN+)

Prosigna® 50
Cancer subtype, risk stratification, prediction of

10 years distant recurrence-free survival
assuming 5 years of endocrine therapy

Post-menopausal
Early stage

ER+
HER2−

LN− or LN+ (up to 3 LN+)

Endopredict® 12

Risk of distant recurrence (10 years), probability
of distant recurrence (5–15 years) after diagnosis,
estimated absolute benefit of chemotherapy at

10 years

Pre- and post-menopausal
Early stage

ER+
HER2−

LN− or LN+ (up to 3 LN+)

Breast Cancer
Index® 7

Risk of general (0 to 10 years) and late (5 to 10
years) distant recurrence, predicts benefit of

extended endocrine therapy in early stage HR+
breast cancer

Post-menopausal
Early stage

ER+
HER2−

LN− or LN+ (up to 3 LN+)

ER: estrogen receptor; LN: lymph node; HR: hormone receptor.

3.3.1. MammaPrint® and BluePrint®

MammaPrint® (Agendia© Inc., Irvine, CA, USA), a 70-gene signature, provides a
binary classification of tumor prognosis (“high risk” or “low risk”) [152]. According to
the National Institute for Health and Care Excellence (NICE) Diagnostic Guidance Guide,
MammaPrint® was designed to assess distant recurrence risk within 5 and 10 years and
whether a person would benefit from chemotherapy [153]. MammaPrint® provides further
stratification into four risk subgroups: ultralow, low, high 1, and high 2, with specific
prognoses and predictive outcomes [154].

This test is aimed at pre- and post-menopausal women with stage 1 or 2 breast cancer,
a tumor of up to 5 cm, and lymph-node-negative (LN-) or lymph-node-positive (LN+)
disease (up to three positive lymph nodes) and may be used regardless of estrogen receptor
and human epidermal growth factor receptor 2 status. The NICE Diagnostic Guidance
Guide does not recommend MammaPrint® to guide adjuvant chemotherapy decisions for
people with ER+/HER2−/LN− early BC because of the test’s cost-effectiveness [153].

BluePrint® (Agendia© Inc., Irvine, CA, USA) investigates the expression of 80 genes
and defines breast cancer molecular subtypes (basal type, luminal type, or HER2 type),
determining tumor behavior, long-term prognosis, and response to systemic therapy [154].

An independent validation study by the TRANSBIG consortium, a network of ap-
proximately 40 partners associated with the Breast International Group in 21 countries,
showed that MammaPrint® is capable of distinguishing patients at low risk from those at
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significant risk of distant recurrence and death [155]. In turn, the MINDACT trial (Microar-
ray in Node negative Disease may Avoid ChemoTherapy), an international, prospective,
randomized, phase III study, with the aim of validating performance of this RNA-based
prognostic tool, provided level IA evidence for the clinical utility of MammaPrint® when
used in addition to the standard clinical–pathological criteria to select patients for adjuvant
chemotherapy [138].

The MINDACT trial particularly evaluated the outcomes of patients who did not
receive chemotherapy after been classified as “high risk” due to clinical tumor characteris-
tics, but “low risk” by MammaPrint®, revealing that patients with these conditions had
a 5-year distant metastasis-free survival rate of 95.1% despite being clinically classified
as high risk [156]. Such results support that low risk MammaPrint® patients can safely
forgo chemotherapy.

The prospective study IMPACt (Measuring the Impact of MammaPrint on Adjuvant
and Neoadjuvant Treatment in Breast Cancer Patients: A Prospective Registry) recruited
452 patients to measure the effect of MammaPrint® and BluePrint® results in chemother-
apy treatment decisions for all early-stage, ER+, and HER2− patients. According to
this study, 88.5% of the treatment plans coincided with MammaPrint® results, indicating
that physicians can make treatment decisions in clinical practice based on MammaPrint®.
Furthermore, in patients clinically classified as high-risk but identified as low-risk by
MammaPrint®, there was a 60.0% reduction in treatment chemotherapy recommenda-
tions [139].

3.3.2. Oncotype DX®

Oncotype DX® (Exact Sciences Corporation©, Madison, WI, USA) is the most common
tumor gene expression profile used in the United States [157] and its impact on treatment
decisions with adjuvant chemotherapy has been evaluated by several studies [145]. On-
cotype DX® evaluates expression of 21 genes, of which 16 genes are related to cancer and
distant recurrence-free survival, and 5 are reference genes (normalization) [153].

Oncotype DX® is intended for pre- and post-menopausal women with early-stage
ER+/HER2− BC and either LN− or LN+ (up to three positive lymph nodes) to predict
cancer recurrence after treatment [153,158–160]. The test offers a recurrence score (RS),
inferred by an algorithm based on the expression data of 21 genes, and guides chemoen-
docrine prescription for ER+/HER2− BC early treatment [144]. The RS ranges from 0 to
100 and is used to quantify recurrence risk at 10 years, assuming 5 years of endocrine
therapy [153]. The current cut-off points are <18 (low risk of distant recurrence), between
18 and 30 (intermediate risk), and ≥31 (high-risk) [153].

Clinical guidelines from the American Society of Clinical Oncology (ASCO) and the
National Comprehensive Cancer Network (NCCN) recommend the use of Oncotype DX®

in specific situations [157]. Its use has successfully reduced the prescription of systemic
chemotherapy for patients with low or intermediate RS values [158,159,161]. In a recent
meta-analysis study, Davey et al. [145] demonstrated that Oncotype DX® appears to be
effective in estimating the locoregional recurrence risk in early-stage ER+/HER2− BC [145].

The clinical use of Oncotype DX® in early-stage ER+/HER2− disease facilitates the
customization of combined chemoendocrine therapy for patients at higher risk of re-
currence [144], avoiding overtreatment for those who will not benefit from these thera-
pies [158,159].

3.3.3. Prosigna® (PAM50)

Prosigna® Breast Cancer Assay (PAM50) (Veracyte© Inc., South San Francisco, CA,
USA) defines the risk group (low, intermediate, or high), recurrence risk, and intrinsic
tumor subtype (luminal A, luminal B, HER2-enriched, or basal type). The test is designed to
provide information about BC subtype and predict 10-year distant recurrence-free survival.
It is indicated for post-menopausal patients with ER+/HER2− and lymph-node-negative
(LN−) early breast cancer or lymph-node-positive (LN+), limited to three LN+ [153].
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PAM50 measures the expression of fifty genes used for subtyping, eight internal genes
used for signal normalization, six for positive controls, and eight for negative controls [153].
With these data, Prosigna® ranks the risk of distant recurrence within 10 years, assuming
5 years of endocrine therapy, based on the PAM50 gene signature and clinicopathologic
features, such as tumor size, nodal status, and proliferation score. The proliferation score is
determined by evaluating multiple genes associated with the proliferation pathway [153].

PAM 50 gives a score between 0 and 100. Based on this score and nodal status, samples
are classified into risk categories: 1) LN-negative—low risk (0 to 40), intermediate risk (41 to
60), or high risk (61 to 100); and 2) LN-positive (up to three positive lymph nodes)—low
risk (0 to 15), intermediate risk (16 to 40), or high risk (41 to 100) [153].

According to the Clinical Practice Guidelines of the European Society for Medical
Oncology (ESMO), PAM-50 is recognized with an evidence level of 1B. ESMO guidelines
point out that gene expression panels, such as Breast Cancer Index®, EPclin, MammaPrint®,
Oncotype DX® and Prosigna® (PAM50), can be used to obtain additional prognostic and/or
predictive information to complement the pathology assessment and predict the benefit of
adjuvant chemotherapy [162].

3.3.4. EndoPredict

The Endopredict® Assay (Myriad Genetics© Inc., Salt Lake City, UT, USA) is a breast
cancer prognostic test designed for determination of the 10-year risk of distant recurrence
(metastatic disease), the probability of distant recurrence 5–15 years after diagnosis, and
the estimated absolute benefit of chemotherapy at 10 years [163]. This information can
guide therapeutic decisions by identifying which patients are at a sufficiently low risk of
distant recurrence and can safely forego chemotherapy, and which patients are at high
risk of distant recurrence and may need adjuvant chemotherapy in addition to endocrine
therapy [164–166].

Endopredict® is indicated for pre- and post-menopausal women with early breast
cancer that is ER+, HER2−, LN− or LN+ type (up to three positive lymph nodes) [153].
The test is intended for in vitro analysis performed on formalin-fixed, paraffin-embedded
(FFPE) tumor tissue and biopsy specimens of primary invasive tumors [163]. The analysis
is performed using real-time quantitative polymerase chain reaction (qRT-PCR) [167] and
investigates RNA expression of twelve genes: three genes associated with proliferation,
five genes associated with hormone receptor, three reference genes (normalization), and
one control gene [153].

Based on molecular data obtained by qRT-PCR, the Endopredict® Score (EP) is inferred.
An EP score of 0 to <5 indicates a low risk of distant disease recurrence in the next 10 years,
whereas an EP score of 5 to 15 indicates a high risk [153]. EP is combined with clinical
tumor characteristics (size and nodal status) to result in a comprehensive risk score, the
EPclin [167]. The EPclin score estimates the probability of developing metastases within
10 years, assuming 5 years of endocrine therapy. An EPclin score <3.3 indicates a low risk
of metastases (less than 10%), whereas scores >3.3 indicate a high risk of a less favorable
clinical outcome. The EPclin risk score is a more significant predictor of the 10-year risk of
distant recurrence than the molecular score alone [163].

Dubsky et al. [168] assessed the clinical relevance of EPclin by comparing its risk rating
with the rating assigned by three well-established guidelines or recommendations: NCCN
2007 Guidelines, German S3 Guidelines 2008, and St. Gallen Consensus Recommendations
2011 [168]. The authors demonstrated that 58–61% of women classified as high and inter-
mediate risk according to clinical guidelines were reclassified as low risk through EPclin,
and that there was a 5% rate of distant metastasis at 10 years among these patients. Data
suggest that Endopredict® may contribute to a reduction in chemotherapy indications for
ER+ tumors in post-menopausal women with a limited number of clinical risk factors [168].

The prediction potential for distant recurrence of EndoPredict® was validated in
prospective–retrospective studies in three different cohorts of phase III trials [164,168–171].
According to biomarker guidelines [172], Endopredict® received a level of evidence score of
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1B obtained from retrospective analyses of data from prospective studies on the prognostic
value of the test in ER+ breast cancer [167,173]. EndoPredict® was incorporated into ASCO®

Practice Guidelines [174] and into NCCN Clinical Practice Guidelines in Oncology [175].

3.3.5. Breast Cancer Index®

The Breast Cancer Index® (BCI) assay (Biotheranostics©, Inc., San Diego, CA, USA)
is an algorithmic signature based on gene expression and is composed of two panels of
independent functional biomarkers: the Molecular Grade Index (MGI) with five genes
(BUB1B, CENPA, NEK2, RACGAP1 and RRM2), which evaluates tumor proliferation, and
the expression ratio of HOXB13/IL17BR (H/I) genes, which evaluates estrogen signal-
ing [167,176,177].

The combination of MGI and H/I parameters provides a BCI prognostic score capable of
measuring general (0 to 10 years) and late (5 to 10 years) distance recurrence risk [178–180]. The
risk of relapse is a constant concern for patients with HR+ breast cancer, and approximately
half of disease recurrences occur after five years of adjuvant antiestrogen therapy [180]. The
H/I ratio is the predictive component of the BCI signature and has been shown to be effective
in predicting endocrine response in different therapeutic scenarios with consistent predictive
evidence in at least five studies [176,178–181].

Zhang et al. [180] examined the prognostic performance of BCI through retrospective
analyses of tumor samples from patients treated with tamoxifen from a prospective ran-
domized study (Stockholm TAM, n = 317) [182] and from an institutional multi-component
cohort (n = 358) [177,180,183]. The study revealed that for the Stockholm TAM cohort, BCI
stratified the majority (65%) of patients as low risk, with less than 3% distant recurrence
rates 0–5 years and 5–10 years. The multi-institutional cohort had major tumors, and the
BCI classified 55% of patients as being low risk, with less than 5% distant recurrence rate
for 0–5 years and 5–10 years. The data support the hypothesis that BCI has prognostic
sustainability to assess early and late distant recurrence risk [180].

Bartlett et al. [176] evaluated BCI for its ability to predict the benefit of extended en-
docrine therapy. The study was conducted in patients previously randomized to Adjuvant
Tamoxifen—To Offer More? (aTTom Trial), a multi-institutional, prospective–retrospective
study with tumor blocks available in FFPE. The study revealed that a high expression
of H/I in the BCI test was predictive of an endocrine response and identified a subset
of HR+/LN+ patients who would receive significant benefit from 10 versus 5 years of
tamoxifen therapy. The results obtained lead to an evidence level of 1B for the BCI test as
a predictive biomarker of benefit from extended endocrine therapy. BCI can be used in
clinical routine in post-menopausal patients with ER+/HER2-, and LN− or LN+ tumors
(up to three positive lymph nodes) who are on antiestrogen therapies, including tamoxifen
and aromatase inhibitors [160,176].

BCI is currently recognized by the NCCN and ASCO® as the only genomic test
capable of predicting the benefit of extended endocrine therapy in early-stage HR+ breast
cancer [175,184]. In other words, BCI has the potential to prevent overtreatment of patients
for whom endocrine therapy beyond 5 years is unlikely to result in benefit [185–188].
Therefore, predictive endocrine response biomarkers, such as BCI can significantly improve
patient selection for prolonged therapy [176].

4. Single-Cell Approach in Breast Cancer

Breast cancers are still classified based on tumor structure and cell morphology and
subcategorized according to hormone receptors, protein levels or specific genetic alter-
ations [189]. Single-cell-based genomic technologies and in situ spatial multiplexing meth-
ods provide a more integrated and highly enriching view regarding therapeutic personal-
ization and the discovery of more accurate and predictive potential biomarkers [190,191].

New initiatives in the area of single cells have been useful for elucidating cell het-
erogeneity, tissue architecture in a transcriptional atlas (robust cell taxonomy, cell spatial
map, and ecotype clusters), and cell landscape [191,192]. New insights into cell biology,
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disease etiology, drug response, molecular resolution, disease taxonomy, the identification
of heterotypic cell interactions, and the determination of cell differentiation events in breast
cancer are now achievable [190].

Fathi et al. [193] highlight the use of single-cell integrated profiling of extracellular
vesicle secretions and cell transcriptomes as sources of biomarkers for aggressive metastatic
breast cancer [193]. Cani et al. [194] add the importance of circulating tumor cells and tumor
DNA as information sources processed through single-cells, which is capable of providing
serial noninvasive monitoring of the evolving tumor genome and informing actionable
predictive biomarkers for precisely guided treatment in metastatic breast cancer [194].

Single-cell studies have provided an understanding of the tumor microenvironment
and its relationship with breast cancer evolution, discovering new signatures, such as
subpopulations of cancer-associated fibroblasts (CAFs) that are highly specific to tumor
stage [195], the epigenetic mechanisms of resistance [196,197], potential biomarkers, and
optimal combination strategies of immune therapy in a multi-omic view [198–202].

The integration of single-cell in basic research has led to improvements in personalized
therapy by identifying potential treatment targets for the development of new drugs
and revealing promising biomarkers to monitor treatment efficacy and guide therapeutic
decision-making [198,203,204].

5. New Potential Biomarkers in PGCCs: Future Perspectives

Polyploidy or whole-genome duplication (WGD) results in long-term actions in evo-
lution (organism) and ontogenesis (somatics), being a source of increased organismal
complexity and evolutionary plasticity to compensate for cell proliferation, stress, and
specific functional load [205]. Polyploidy increases stress adaptation [206]. Although, such
cells are subject to slower proliferation, genome instability, high energy cost, and mitotic
defects that result in some detrimental effects, this trait regulates numerous biological path-
ways, operating through genetic and epigenetic mechanisms, network adaptive responses,
self-organization, phylogenetic regression between multicellularity, and unicellularity and
aneuploidies [205–208].

Casotti et al. [209] provided an integrative literature review about the subject, show-
ing computational applications for understanding cancer polyploidy and how PGCCs
contribute to tumorigenesis [209]. Polyploid giant cancer cells (PGCCs) are capable of
dynamically restructuring the genome, epigenome (epigenetic rearrangements), and tumor
microenvironment [210–212].

Table 3 highlights the potential biomarkers for PGCCs in different tumors.

Table 3. Potential biomarkers for PGCCs.

References Potential Biomarkers Type of Tumor

Herbein [213], Song
et al. [214], and

Zhang et al. [215]

Myc, PI3K, Akt, p53, Rb, and IL-6—elevated Myc expression, activation of the PI3K/Akt pathway,
repression of p53 and Rb genes, and loss of Rb leading to increased IL-6 production, correlating

with the appearance of PGCCs.

Cancer
in general

CD44, CD133, OCT4, SOX2, and Nanog—high expression in PGCCs reveals the potential for
multidifferentiation and self-renewal capacity similar to embryonic stem cells, with such

expression pattern transmissible to the produced diploid descendant cells.
S100A4—expression is correlated with the invasive and metastatic ability of PGCCs and their

progeny cells.
ZEB1—increased expression in prostate cancer PGCCs.

Twist, Slug, and Snail—expression buildup in colon cancer PGCCs.
N-cadherin, vimentin, and cathepsin—increased expression in PGCCs of some cancer cell lines.

SPO11 and Mos-kinase—meiotic and telomere-related mechanisms may play a role in
PGCC neosis.

ASAH1—elevated expression in radiation-induced PGCC in prostate cancer and lung cancer.
AURK—correlated with induction of polyploid cells by regulating mitosis or the arrest of

cell division.
CSC, CD44, and CD133—expression of markers of stem cell properties in PGCCs.

GCM1/syncytin-1—highlight the presence of cell fusion during the formation of PGCCs.
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Table 3. Cont.

References Potential Biomarkers Type of Tumor

El Baba et al. [216]
and

Nehme et al. [217]

Ki67—a proliferative index marker, which is also strongly linked to tumor initiation, growth, and
metastasis, able to evaluate the proliferation of PGCCs that acquired embryonic-like stemness and

a hybrid epithelial–mesenchymal phenotype.
Breast cancerEZH2, SUZ12, and Myc—PGCCs show an overexpression of these proteins.

Ki67, Vimentin, CD49f, CD44, CD24, OCT4, NANOG, and E-cadherin—call attention to the high
expression when associated with PGCCs.

EpCAM—highlighted a downregulation in PGCCs.

Liu et al. [218] and
Liu et al. [219]

CDC25C—Regulation of its expression and subcellular localization correlates with the formation of
PGCCs by activating cyclin B1–CDK1. Breast and

ovarian cancerp38MAPK-ERK-JNK—Cell cycle progression and formation of PGCCs by regulation of CDC25C.

Tagal and Roth [220]
and Zhang et al. [221] Aurora A and B—Inhibition induces PGCC formation. Breast and

lung cancer

Bowers et al. [222],
Niu et al. [223],

Silva et al. [224], and
Yart et al. [225]

p21—marks a temporary arrest in the cell cycle of PGCCs similar to senescence.

Ovarian cancer

LCB-II and p62/SQSTM1—autophagy markers with increased levels, but a low autophagic flow
for PGCCs is highlighted, while their derived progeny has high rates of autophagy during neosis.
TNF-α, NF-κB, lipopolysaccharide (LPS), and IL-6—more regulated in PGCCs, while pathways

related to cell proliferation and division were inhibited. IL-6 facilitates PGCC formation and
embryonic stem acquisition via an autocrine loop. PGCCs can use IL-6 protein as a paracrine
mechanism to facilitate the transformation of fibroblasts into more tumor-promoting CAFs

for chemoresistance.
PAX 8, WT-1, Ki-67, ER, and p53—positive and aberrant expression (overexpression) correlated

with the presence of PGCCs.
GRP78—its overexpression is correlated with the UPR (unfolded protein response) activation

marker aspect. UPR induces ovarian cancer cell fusion and the formation of PGCCs.

Thura et al. [226] PRL3—induces the formation of PGCCs that express markers of embryonic stem cells, such as
SOX2 and OCT4.

Ovarian cancer,
melanoma and
stomach cancer

Fu et al. [227],
Li et al. [228],

Peerpen et al. [229],
and Zhao et al. [230]

PLK4—kinase overexpressed in PGCCs, and descendant cells showed strong migration and
invasion abilities. Its interaction with CDC25C is associated with the formation of PGCCs.

Colorectal cancer

GCM1, Syncytin-1, ASCT-2, OCT-4, NANOG, CD44, and CD133—correlated with the formation of
PGCCs via GCM1-mediated cell fusion, regulating syncytin-1 expression, and generating offspring

expressing embryonic stem cell markers, including and with increased expression of
epithelial-to-mesenchymal transition (EMT) markers.

ARID1A—its inhibition correlated with the increase in PGCCs and multicellular spheroids.
S100A10, CD44, and CD133—correlated with expression and nuclear localization, modified by

SUMOylation, with high proliferation and migration of PGCCs and their daughter cells (with stem
cell properties), and with differentiation, metastases, and recurrences by regulation of the

expression of ARHGEF18, PTPRN2, and DEFA3.

Liu et al. [231]
and You et al. [232]

Cyclin B1, CDC25C, CDK1, E-cadherin, and EIF-4A—demonstrated lower expression in PGCCs
when compared to normal cancer cells.

Head and
neck cancer

Vimentin and CD133—demonstrated increased expression in PGCCs.
RIPK1—its overexpression was induced through the AMPK-mTOR pathway, which promoted the
formation of PGCCs upon analysis of the transcriptional and epigenetic landscape of these cells.

Lu et al. [233]
and White-

Gilbertson et al. [234]

ASAH1—interferes with generation of PGCC offspring.
Melanoma and
prostate cancer

p53—inhibition promotes generation of PGCC.
INSIG1—has lower expression in PGCCs and acts by negatively regulating cholesterol metabolism.

SR-B1—is a type 1 class B scavenger receptor that presents high levels of expression in PGCCs.

Pustovalova et al. [235]

p53, OCT4 (low expression), NANOG (low expression), CD44 (present expression), CD133 (present
expression), and p21—ionizing radiation influences the expression and accumulation of these

proteins in a quiescent state (dormancy) and spontaneous formation of PGCCs with or without
slow cycling, followed by re-entry into the cell cycle and formation of therapy-resistant clones with

increased migratory and invasive activity.

Lung cancer

Voelkel-Johnson [236] YAP—associated with ASAH1 promotes the formation of PGCC progeny. Liver cancer

PGCCs: polyploid giant cancer cells; ER: estrogen receptor.

Figure 2 summarizes the biomarkers presented here, the characteristics of the breast
cancer subtypes, and the main tumor genomic tests currently available.
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