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A B S T R A C T   

Cancer stands as one of the most common and lethal diseases, imposing a substantial burden on global mortality 
rates. Breast cancer is distinct from other forms of cancer in which it is the primary cause of death for women. 
Early detection of breast cancer can significantly lower the risk of mortality, improving the prognosis for those 
who are affected. The death rate of breast cancer has been steadily rising, according to epidemiological data, 
especially since the COVID-19 pandemic. This emphasizes the necessity of sensitive and precise technologies that 
can be utilized in early breast cancer diagnosis. In this process, biomarkers play a pivotal role by facilitating the 
early detection and diagnosis of breast cancer. Currently, a wide variety of cancer biomarkers have been iden
tified, improving the accuracy of cancer diagnosis. These biomarkers can be applied in liquid biopsies as well as 
on solid tissues. In the context of breast cancer, biomarkers are particularly valuable for determining who is 
predisposed to the disease, predicting prognosis at the time of diagnosis, and selecting the best course of therapy. 
This review comprehensively explores the recently developed gene-based biomarkers from biofluids that are used 
in the context of breast cancer, as well as the conventional and cutting-edge techniques that have been employed 
for breast cancer diagnosis.   

1. Introduction 

Breast cancer (BC) is the most prevalent malignant tumor worldwide; 
2.3 million new BC cases were estimated in 2020, according to the World 
Health Organization’s (WHO) statistics (Sung et al., 2021). Typically, a 
core needle biopsy or tissue biopsy is performed to validate pathological 
characteristics in order to identify BC (Zhang et al., 2022). However, up 
to 30% of women diagnosed with cancer at an early stage might develop 
metastases or exhibit resistance to chemotherapy (Bonotto et al., 2014). 
For locally advanced BC, the conventional treatment approaches include 
surgery or mastectomy, with optional radiation therapy or neoadjuvant 
chemotherapy. It is necessary to classify the pathological subtypes in 
order to treat BC patients appropriately. Several studies have under
scored the importance of delineating the molecular subtypes of BC, 
considering its heterogeneity in molecular characteristics and cellular 
composition (Salemme et al., 2023). These subtypes are essential for 
predicting the prognosis and therapeutic responses as well as treating 

the disease (Fragomeni et al., 2018). The expression of hormone re
ceptors, including human epidermal receptor 2 (HER2), progesterone 
receptors (PR), and estrogen receptors (ER), determines the molecular 
subtypes of BC in contemporary pathological diagnoses (Foulkes et al., 
2010; Fragomeni et al., 2018). 

The discovery of actionable biomarkers and the improvement of 
diagnostic tools have led to a constant evolution in the available alter
natives for BC diagnosis. Traditionally, biomarker assessment relies on 
analyses which are conducted on tissue samples obtained with invasive 
surgical procedures or biopsies (Tomar et al., 2023). However, these 
analyses face challenges related to tumor heterogeneity and sampling 
constraints. The revolutionary idea of liquid biopsy has provided an 
innovative approach to overcome the limitations of conventional tumor 
specimens, particularly in the context of detecting circulating tumor 
DNA (ctDNA) which are DNA fragments derived from tumor cells 
(Santini et al., 2023). Liquid biopsy is a rapidly developing procedure for 
patients with BC, which encompasses the analysis of various 
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components in biofluids, such as DNA, RNA, circulating tumor cells, and 
extracellular vesicles (Armakolas et al., 2023). In particular, ctDNA 
analysis provides valuable insights into genetic alterations and tumor 
dynamics, which is beneficial for managing various diseases. ctDNA 
testing demonstrates its usefulness in various aspects, including early 
detection of disease progression, monitoring treatment response, 
biomarker testing, and identification of resistance mechanisms (Keller 
et al., 2021). Besides ctDNA, a number of recent studies have high
lighted the great potential that microRNA (miRNA) classification from 
blood sera holds for the diagnosis of BC (Borsos et al., 2022; Davey et al., 
2021). Several miRNAs have been hitherto reported with altered 
expression in human BC. In general, they play a crucial role in con
trolling gene expression by influencing protein synthesis at the 
post-transcriptional levels. Numerous miRNAs with abnormal sera levels 
have been recently identified (Borsos et al., 2022). With some miRNAs 
being upregulated, indicating a role as putative oncogenes, while others 
being downregulated, suggesting potential tumor suppressor activity, 
this discovery hinted at their prospects in BC management (Iorio et al., 
2005). These studies emphasize both the diagnostic and therapeutic 
potential of miRNAs in BC patients. Furthermore, correlated miRNA 
expression profiles across different malignancies were demonstrated to 
be associated with long-term survival outcomes (Bouz Mkabaah et al., 
2023; Davey et al., 2022). 

2. Histopathological classification of breast cancer 

Precise pathological reports are essential for patient management in 
all malignant tumors, including appropriate oncological treatment and 
decisions about surgical interventions. In the conventional assessment of 
BC, prognostic and predictive parameters that can define harsh 

molecular subtypes are included in addition to the precise and thorough 
inspection of the specimen. The WHO still relies on precise morpho
logical criteria despite an inclination to appropriate molecular subtyp
ing based on routine histopathological examination (Allison et al., 
2019). 

According to the WHO, histological classification of breast invasive 
carcinomas can be divided into two main categories: no special and 
special types. In order to more precisely characterize the biological 
behavior, additional histological features are described even though the 
subgroup has a high prognostic value. These features include the asso
ciated in situ component, the Nottingham Prognostic Index (NPI), and 
the presence or absence of either peritumoral lymphovascular or 
vascular invasion. In addition to histological grade, NPI also includes 
certain clinical data, such as tumor size and stage (Allison et al., 2019). 

2.1. Histological subtypes of breast cancer 

2.1.1. Invasive breast carcinoma of no special type 
Among BC patients, invasive breast carcinoma of no special type 

represents a large heterogeneous group that cannot be categorized into 
any other group. Even within the same case, special morphological 
characteristics and various histological patterns can be observed that are 
not considered clinically distinct types. These patients had a slightly 
worse prognosis and a 10-year survival rate than those with BC overall 
(65–78% vs. 80%) despite the fact that some special morphological 
patterns may indicate distinct biological behaviors or affected age 
groups. The management of these patients relies on subgroups defined 
by ER and/or HER2 status using biomarkers (Fig. 1A and B) (Allison 
et al., 2019). 

Fig. 1. Breast cancer (BC) subgroups are categorized based on molecular and histological characteristics, with specific histological markers used to identify 
each subgroup. 
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2.1.2. Invasive lobular carcinoma 
Lobular breast carcinoma, accounting for 5–15% of cases, is the 

second most common subtype of invasive BC. This special type is 
characterized by discohesive tumor cells that are typically distributed 
across desmoplastic stroma or grouped in a single or Indian-file pattern. 
With a mean age of 60, this type is prevalent in elderly. Invasive lobular 
carcinoma frequently exhibits ER positivity with HER2 negativity, as 
well as aberrant expression of E-cadherin (cytoplasmic or lack of 
expression) which is indicative of a CDH1 mutation (Fig. 1A and B) 
(Allison et al., 2019). 

2.1.3. Invasive mucinous carcinoma 
The third most common type of BC is the mucinous type which ac

counts for 2% of instances of invasive BC. The morphological charac
teristics of this type include clusters of low- to middle-grade tumor cells 
suspended in an extracellular mucin pool. The majority of mucinous 
carcinomas are positive for ER and PR, while negative for HER2, 
although in certain cases, the proliferation of micropapillary epithelial 
cells is associated with HER2 positivity. 

The other special types, such as tubular, cribriform, apocrine, and 
metaplastic breast carcinoma, are uncommon tumors that are repre
sented in 1% or less of BC cases (Fig. 1A) (Allison et al., 2019). 

2.2. Molecular subtypes of breast cancer 

According to the standard predictive and prognostic biomarkers, 
including ER, PR, HER2, and Ki-67 proliferation fraction, as well as 
biological behavior based on survival statistics, BC can be classified into 
four molecular subtypes: luminal A, luminal B, HER2 positive, and basal- 
like tumors (Fig. 1B). 

ER-positive tumors are defined as those exhibiting expression pro
files comparable to those of normal luminal epithelial cells with an 
active ER pathway (Weigelt et al., 2010). It has been demonstrated that 
luminal A tumors exhibit poor proliferation and low grade while 
expressing high levels of ER-activated genes. Although the majority of 
these tumors have favorable outcomes, luminal B tumors have consid
erably worse outcomes because they are linked to higher proliferation 
fractions and grades as well as potential HER2 expression. Albeit the two 
types of luminal tumors can be separated into subgroups A and B, these 
cases actually form a spectrum rather than two clearly distinct types 
(Fig. 1B). 

ER-negative tumors are subdivided into HER2-amplified and basal- 
like groups. Both HER2-amplified and basal-like malignancies are 
high-grade tumors with a high proliferation rate, high grade, and worse 
prognosis. While ER and PR negativity and strong HER2 positivity are 
characteristics of HER2-amplified invasive carcinomas, triple negative 
(also known as basal-like) tumors represent the worst possible outcome 
(Fig. 1B) (Allison et al., 2019). 

3. Molecular diagnostics of breast cancer tissue 

The development of molecular techniques in the past decades has 
made a significant impact on the detection and management of BC. 
Translational studies applying advanced molecular techniques have 
revealed multiple tumor biomarkers that are useful for diagnosis, 
prognosis, therapeutic response, and monitoring minimally residual 
diseases. Some of these biomarkers have quickly become integrated into 
clinical practice. The prognosis and course of treatment of BC are now 
determined by their molecular classification, which takes into account 
the gene expression profile of the tumor tissue (Perou et al., 2000). 
Nonetheless, immunohistochemistry is employed in clinical practice as a 
cost-effective alternative for gene expression analyses (Cuzick et al., 
2011; Ordog et al., 2022; Turkevi-Nagy et al., 2021) (Table1). Classical 
molecular markers that primarily define the first-line therapy plan 
include Ki-67, ER, PR, HER2, and p53. These markers are routinely 
examined by immunohistochemistry (Cuzick et al., 2011). Additionally, 

testing for specific gene alterations also has predictive and prognostic 
potential and can be performed using Sanger sequencing or 
next-generation sequencing (NGS). NGS has the advantage of analyzing 
multiple genes simultaneously and can identify not only alterations in 
nucleotide sequences (e.g., point mutations, deletions, and insertions) 
but also other mutations and gene rearrangements such as trans
locations, fusions, and amplifications. Our understanding of the genes 
(and their mutations) linked to BC has expanded thanks to NGS of 
numerous genes, but the importance of most of them has yet to be 
clarified. In addition to the well-characterized oncogene mutations, 
there may be several additional variants of uncertain significance (also 
known as VUS) due to tumor heterogeneity in the tumor tissue. Since we 
are currently unable to associate these variants with any clinical data, 
their existence can be confounding. 

Although NGS assays are more sensitive (and expensive) than Sanger 
sequencing, they are also more susceptible to preanalytical parameters 
such as native tissue handling, preparation conditions of formalin-fixed 
paraffin-embedded samples, and DNA isolation methods. Technical pa
rameters, including sequencing depth, fraction of on-target reads, read 
quality, error rates, the quality of DNA samples, and the precise mea
surement of tumor cell content, are also crucial factors that affect the 
results. For multigene sequencing, there are currently only recommen
dations and guidelines; standardized validation techniques are still 
lacking (Mosele et al., 2020a). This method will become more frequently 
incorporated into daily clinical practice if NGS sequencing execution, 
data analysis, and interpretation are adequately regulated and 
standardized. 

3.1. ESMO guidelines 

Currently, the European Society for Medical Oncology (ESMO) 
guidelines for early BC recommend employing immunohistochemistry 
to assess classical molecular markers such as ER, PR, HER2, and Ki-67 
(both classical and other molecular markers discussed below) (Fig. 1B) 
(Cardoso et al., 2019; Gennari et al., 2021). Testing for the presence of 
germline Breast Cancer gene 1 (BRCA1) and Breast Cancer gene 2 (BRCA2) 
mutations (referred to as gBRCAm) is limited to patients with a family 
history, a personal history of ovarian cancer, BC that develops before the 
age of 50, triple-negative breast cancer (TNBC) that develops before the 
age of 60, or male patients (Gennari et al., 2021). Regarding traditional 
biomarkers, the guidelines for metastatic breast cancer (MBC) are un
changed. Patients with TNBC, or ER-positive and HER2-negative BC can 
undergo gBRCAm assessment; however, Phosphatidylinositol-4, 
5-Bisphosphate 3-Kinase Catalytic Subunit Alpha (PIK3CA) mutation 
testing is optional in either case. Assessments of ESR1 mutations (ER) 
and somatic BRCA mutations are also optional, but only if the findings 
have the potential to influence the treatment choice. Genomic profiling 
in further tumor tissues or ctDNA diagnostic tests is only suggested if the 
results allow for a modification of the treatment plan or if patients are 
eligible to be enrolled in appropriate clinical trials (Table 1) (Gennari 
et al., 2021). 

The following genes must have their mutation status examined for 
diagnostic purposes. Higher levels of the nuclear and nucleolar protein 
Ki-67, whose expression is related to cell proliferation, indicate the 
aggressiveness of the tumor in patients with BC. In clinical practice, 
immunohistochemistry is used to determine protein expression (Dowsett 
et al., 2011). The nuclear ER is a ligand-activated transcription factor 
(Hilton et al., 2018). ERα isoform regulates the expression of genes 
associated with cell survival and proliferation in BC. One of the primary 
biomarkers in the recently adopted molecular classification of BC is ER, 
a well-established prognostic marker employed in the disease, which is 
determined using immunohistochemistry. A positive ER status is asso
ciated with a favorable outcome and indicates the use of endocrine 
therapy (ER antagonists). However, mutations in Estrogen receptor 1 
(ESR1) gene can cause tumor cells to acquire resistance during endo
crine therapy (Fribbens et al., 2016). Similar to ER, PR is a nuclear 
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ligand-activated transcription factor that controls the expression of 
genes associated with cell differentiation and proliferation (Nicolini 
et al., 2018). In clinical practice, immunohistochemistry is used to 
measure PR simultaneously with ER. Better response to endocrine 
therapy is predicted if the patient also has PR positivity. Receptor tyrosine 
kinase 2 (ERBB2), encoding HER2 protein, amplification, and the sub
sequent HER2 overexpression occur in 13–15% of the cases and are 
indicative of a worse prognosis and high risk of metastasis (Marti
nez-Saez and Prat, 2021). Immunohistochemistry and/or in situ hy
bridization (ISH) are typically used for detection. HER2 positivity drives 
proliferation, promotes adhesion, ensures cell survival, and facilitates 
metastasis. Targeted therapies against HER2 primarily involve the use of 
anti-HER2 antibodies such as trastuzumab and pertuzumab, as well as 
tyrosine kinase inhibitors such as lapatinib, tucatinib, and neratinib. The 
p53 tumour suppressor protein is encoded by the gene TP53. It has 
versatile role, through binding to specific DNA elements p53 is capable 
to induce the expression of different genes which regulates cellular 
processes such as cell cycle arrest, differentiation, apoptosis, senescence, 
DNA repair, cell growth and metabolism. Its mutation or dysfunction is 
observable in many if not all cancer type, in BC pathogenic p53 function 
is present in 30–35% of all cases (Duffy et al., 2018). p53 mutation status 
is assessed by immunohistochemistry in daily practice, and although 
there is no approved drug at the moment for TP53 mutated BC, but there 
are ongoing clinical trials with compounds which restore the activity of 
the wild type p53 (Nishikawa and Iwakuma, 2023). 

3.2. Nucleic acid-based molecular diagnostics 

Furthermore, it is vital to take into account the number of important 
hereditary and non-hereditary cancer-linked genes whose mutations 
promote tumor progression in BC. These genes can be categorized based 
on the roles they perform in the cell cycle, proliferation, cell growth, and 
apoptosis. They also participate in maintaining genome integrity and 
contribute to metastasis development. Via the homologous recombina
tion DNA repair pathway, BRCA1 and BRCA2 play a fundamental role in 
double-strand DNA break repair. Because of the loss of genome integrity 
and elevated mutation rates that result in tumor growth, germline mu
tations in the BRCA1 and BRCA2 genes are associated with an increased 
risk of developing breast and ovarian cancer (Ben Ayed-Guerfali et al., 
2021). Tumors carrying BRCA mutations are more sensitive to 
DNA-damaging agents such as platinum, alkylating agents, topoisom
erase II inhibitors, or PARP inhibitors (e.g., olaparib or talazoparib). 
PTEN (phosphatase and tensin homolog) gene is frequently mutated in 
human cancer and plays a role in cell cycle progression, cell growth, and 
survival (Carbognin et al., 2019; De Talhouet et al., 2020). The predic
tive and prognostic significance of PTEN for clinical outcomes and 
response to various treatments in BC is still unclear. The ser
ine/threonine kinase CHK2 (Checkpoint Kinase 2), encoded by CHEK2 
gene, is involved in DNA damage repair and functions as a tumor sup
pressor, playing a role in apoptosis, cell cycle regulation, and prevention 
of cell proliferation. Germline mutations in this gene enhance the 

probability of BC. ATM (Ataxia-telangiectasia mutated) gene is involved 
in double-strand DNA repair and cell cycle regulation (Kleiblova et al., 
2019). Mutations in ATM increase the relative risk of BC development by 
2–5 times (Moslemi et al., 2021). Patients with ATM mutations tend to 
have high-grade disease, more aggressive tumors, and a worse prog
nosis. PALB2 (Partner and Localizer of BRCA2 protein) acts as a tumor 
suppressor and also aids in preserving genome integrity. Patients car
rying germline mutations in this gene are substantially more likely to 
develop BC and have a worse prognosis overall (Nepomuceno et al., 
2017). Finally, by interacting with damaged DNA and BRCA1 protein, 
BRIP1 (Breast cancer 1 interacting helicase 1), plays a crucial role in the 
process of DNA repair. It is a potential candidate gene for hereditary BC 
in conjunction with BRCA1–2 (Ouhtit et al., 2016). CDH1 (Cadherin 1 or 
E-cadherin) protein, encoded by the CDH1 gene, is vital for epithelial 
adhesion. The diminished function or abnormal expression of CDH1 
caused by mutations increases the metastatic potential of BC protein 
functions as a partner for BRCA1 in DNA damage repair (Corso et al., 
2020). In vitro and in vivo studies suggest that patients carrying germ
line mutations in this gene may benefit from therapy with PARP in
hibitors. PI3K (Phosphatidylinositol 3-kinase), encoded by PIK3CA (the 
Catalytic Subunit alpha of Phosphatidylinositol 3-kinase) gene, is a 
family of lipid kinases involved in various cellular processes, including 
cell growth, proliferation, and differentiation (Reinhardt et al., 2022; 
Thorpe et al., 2015). PI3K mutations are observed in several types of 
cancer, including BC, and are associated with chemoresistance and poor 
prognosis (Mosele et al., 2020b; Sobhani et al., 2018). Using the PI3K 
inhibitor alpelisib in combination with fulvestrant has demonstrated 
significant efficacy in patients with PIK3CA mutation(s), ER/PR-positive 
and HER2-negative BC (Table 1). 

In addition to determining gene expressions (by immunohisto
chemistry in clinical practice), BC tumor samples can be classified using 
multigene expression tests. These tests are used to predict not only the 
prognosis in BC but also the benefit of chemotherapy (Duffy et al., 
2017). The currently available primary gene expression assays include 
MammaPrint, Oncotype DX, Prosigna, Breast Cancer Index, and Endo
Predict. Depending on the particular assay that is employed, the 
expression of 7–80 genes can be examined. Beyond molecular classifi
cation, these assays provide additional information about the patient’s 
prognosis; these include the likelihood of a distant recurrence (at 5 and 
10 years), the benefit of chemotherapy, long-term prognosis, and 
response to systemic therapy. 

4. Serum diagnostics opportunities in breast cancer 

4.1. Circulating tumor DNA 

Tumors can release various DNA fragments present in different 
bodily fluids. These fragments originated from processes such as 
apoptosis, necrosis, or active excretion of tumor cells, are often enclosed 
within extracellular vesicles, or can be freely found in bodily fluids. The 
amount of ctDNAs in bodily fluids depends on the size and development 

Table 1 
Diagnostics methods have been employed for both hereditary and somatic BC, highlighting their advantages.  

Nucleic acid-based molecular diagnostics of the breast cancer   

Hereditary cancer-linked gene 
mutations 

Non-hereditary tumor genomic mutations Tumor gene-expression profile 

Method NGS sequencing NGS sequencing RNA expression assay 
Applicable samples Tissue (isolated DNA) 

Blood (isolated DNA from leukocytes) 
Tumor tissue (isolated DNA) 
Blood (isolated circulating tumor or cell-free DNA) 

Tumor tissue (isolated RNA) 

Genes or number of 
genes tested 

BRCA1, BRCA2, P53, PTEN, CDH1, 
PALB2, and other genes 

From 2 to over 400 Depends on assay 7–80 

Gained biological 
information 

Germline DNA mutations, deletions, 
amplifications, and fusions 

Mutations, deletions, amplifications, and fusions in tumor DNA Alterations of gene expression in tumor 
tissue 

Clinical relevance Identification of patients for targeted 
therapy 

Prognostic information, possible gene targets for targeted therapy 
and information about recurrence or resistance to treatment 

Prognostic information and prediction 
of benefit from chemotherapy  

G. Pankotai-Bodó et al.                                                                                                                                                                                                                        



Journal of Biotechnology 380 (2024) 20–28

24

rate of the tumor. ctDNAs have a half-life of approximately 2 hours; 
therefore, they are rapidly eliminated from the bloodstream (Kim and 
Park, 2023). They are present in blood plasma and are useful clinical 
indicators since they can reveal subclonal alterations and clonal di
versity in real time. Droplet digital PCR (ddPCR) and NGS provide 
precise molecular detection and a comprehensive picture of genetic 
modifications and alterations. While ctDNA assays are useful for 
selecting targeted treatments, they lack simultaneous information on 
protein expression and single-cell resolution for characterizing genomic 
diversity. It is well known that BC progression correlates with higher 
levels of ctDNA (Rohanizadegan, 2018). Consequently, the analysis of 
circulating tumor-derived material has emerged as an innovative 
approach for patient management regardless of BC stage. Additionally, it 
has been reported that the level of ctDNA contains both qualitative and 
quantitative information since elevated ctDNA levels suggest that the 
tumor is growing aggressively or that a recurrence is possible (Bittla 
et al., 2023). It has also been demonstrated that ctDNA levels, even in 
early-stage BC, can be used as a marker for early detection of the disease 
and also provide valuable information on treatment adaptation 
(Davidson et al., 2021). 

Numerous methods have been recently employed to identify and 
quantify ctDNA in BC patients. Plasma samples from patients obtained 
both before and after surgery can be used for ddPCR to identify PIK3CA 
mutations. ddPCR is a useful technique for assessing tumor mass and 
monitoring the development of resistant clones via the identification of 
the pathogenic mutation in blood (Gezer et al., 2022). Additionally, a 
correlation was also found between ctDNA and response to anti-HER2 
treatment; HER2-positive tumors without baseline ctDNA exhibited 
higher rates of pathological complete response (pCR), suggesting that 
ctDNA might be a useful biomarker for evaluating the response to 
neoadjuvant chemotherapy in HER2-positive BC (Ciriaco et al., 2022). 
Moreover, a large incidence of lymph node metastases was also associ
ated with the elevated ctDNA concentrations after surgery, suggesting 
the possibility of recurrence and distant metastasis, although with 
limited sensitivity (Cailleux et al., 2022). Accurate diagnostic assays are 
crucial in BC management. However, because of their low sensitivity as 
compared to conventional diagnostic techniques, they require a thera
peutic response biomarker that can discriminate between the tumorous 
and healthy tissues, ensuring that patients receive the best possible care. 
These findings underscore the potential of serial ctDNA measurements in 
characterizing patients who are at risk of recurrence and providing 

valuable insights for personalized treatment plans (Fig. 2). 
Advanced sequencing techniques have been employed as a backup 

method to detect ctDNA in bodily fluids. These techniques have greatly 
improved the analytical tools available for analyzing ctDNA in patients 
with BC. Among them, Tagged-Amplicon Deep Sequencing, exhibits 
impressive sensitivity and specificity of approximately 100% and a 
detection rate of over 2%, allowing for detailed analysis of the tran
scripts and genomes of various species (Cailleux et al., 2022). Another 
innovative approach, Cancer Personalized Profiling by Deep Sequencing 
(CAPP-Seq), utilizes NGS technology to analyze ctDNA. CAPP-Seq is 
capable of detecting low amounts of DNA in a cost-effective manner. 
Tumor heterogeneity can be evaluated by using this method to identify 
various mutations in patients with the same cancer type. CAPP-Seq has 
proven to be able to identify tumor burdens prior to medical imaging. 
This method can detect a variety of mutations, including single nucle
otide polymorphisms (also known as SNPs), and significant rearrange
ments involving insertions, deletions, and copy number variations 
(CNVs) (Newman et al., 2014, 2016). 

Besides the targeted panel sequencing, Whole Genome Bisulfite 
Sequencing (WGBS-Seq) is the gold-standard technique for obtaining a 
comprehensive base-pair resolution and quantitative information about 
methylated cytosines in the genome. By identifying individually meth
ylated cytosines throughout the genome, this method provides unbiased 
genome-wide DNA methylation profiling. Because it includes exonic 
alterations, WGBS-Seq may be less sensitive than some other methods, 
but it is still an affordable and high-yield approach for a thorough 
analysis of DNA methylation patterns (Olova et al., 2018). Additionally, 
Whole Genome Sequencing and Whole Exome Sequencing enable the 
detection of genome-wide rearrangements, somatic chromosomal ab
errations, and CNVs (Imperial et al., 2019). 

Several reports have demonstrated that this method plays a pivotal 
role in various aspects of BC management using NGS-based ctDNA 
detection. It has the potential to identify tumor heterogeneity, multiple 
druggable mutations in a tumor, to monitor response to a treatment, but 
it also has a limited screening capacity for detecting early-stage tumors 
(Sun et al., 2021). For instance, Priskin and colleagues demonstrated 
that therapeutic resistance can be identified months before image-based 
diagnostics reveal a certain metastasis by monitoring ctDNA (Priskin 
et al., 2021). Despite the absence of a standard baseline level of ctDNA 
for BC diagnosis, fluctuations in ctDNA levels over time are valuable 
indicators. These variations not only reflect the burden of the disease but 

Fig. 2. Biomarkers have been utilized in the routine diagnostics of BC, including future predictive biomarkers. The diagnostic platforms and types of biomarkers 
are indicated. 
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also contribute to determining the prognosis of tumorous patients and 
predicting their response to therapeutic interventions (Fig. 2). 

In a prospective study by Garcia-Murillas and colleagues, sequencing 
of 14 driver gene mutations in primary tumor biopsies revealed that 45 
out of 55 patients had at least one of these mutations which can be 
detected in ctDNA (Garcia-Murillas et al., 2019). Similarly, Olsson and 
co-researchers conducted a retrospective study involving 20 patients, 14 
of whom experienced relapse, and Coombes’ team performed a pro
spective study with 49 patients, 18 of whom relapsed (Coombes et al., 
2019; Olsson et al., 2015). Serial monitoring of ctDNA in these studies 
enabled the detection of metastatic progression on average 11 months 
earlier (range from 0.5 to 37 months) compared to detection using 
clinical signs, imaging, CA 15–3, or liver function tests (Olsson et al., 
2015). These ctDNA-based methods have a sensitivity that varies from 
86% to 93% and a specificity of 100%. These findings highlight the 
potential of ctDNA analysis as a powerful tool with improved sensitivity 
and specificity than traditional techniques for detecting early relapse. 

Analyzing the proportion of ctDNA is indispensable for understand
ing tumor dynamics, gauging treatment response, and assessing the risk 
of relapse. This metric is of particular importance in triple-negative BC 
patients, where the ctDNA percentage shows a correlation with 
progression-free survival (Stecklein et al., 2023). Moreover, it provides 
information on particular gene mutations crucial for metastatic BC 
management. Among the genes listed in Table 1, several genes, 
including TP53, PIK3CA, ESR1, GATA3, ARID1A, and PTEN, are 
frequently altered in metastatic BC (Kingston et al., 2021). These mu
tations can be categorized as either truncal which are present in all 
cancer cells of the patient, or subclonal which are randomly distributed 
throughout the genome. Notably, the ctDNA dynamics of subclonal 
mutations have limited potential in predicting clinical outcomes. Un
derstanding the interplay between these genetic alterations and ctDNA 
levels provides essential information on tailoring treatment strategies 
and predicting disease progression in BC patients. 

4.2. RNA 

Although mRNA-based diagnostics provide a more comprehensive 
snapshot, other types of markers may also be taken into consideration. In 
BC research, miRNAs have emerged as powerful tools for predicting 
various aspects of the disease. Initially, a set of particular miRNAs 
associated with hormone receptor status was discovered, which has a 
potential in molecular subtyping of BC (Arun et al., 2022; Lowery et al., 
2009). In this study, several miRNAs were found to predict ER, PR, and 
HER2 status (Lowery et al., 2009). Moreover, miRNAs are promising 
biomarkers, which is supported by a number of studies, demonstrating 
that patients with BC had higher levels of miRNA-21, miRNA-10b, and 
miRNA-155 than healthy controls. Interestingly, these miRNAs exhibi
ted significant declines after surgery, radiotherapy, and chemotherapy, 
indicating their role as response biomarkers (Borsos et al., 2022; Kha
lighfard et al., 2018). Moreover, miRNAs have proven to be valuable in 
predicting responses to neoadjuvant chemotherapy (Zhang et al., 2021). 
Studies revealed specific miRNA expression profiles associated with pCR 
in HER2-positive patients who received neoadjuvant chemotherapy and 
adjuvant trastuzumab (Fig. 2) (Xing et al., 2021). 

miRNAs, a class of small RNA molecules present in bodily fluids, 
have emerged as promising tools for disease diagnosis and surveillance 
due to their stability and broad distribution. They have the power to 
regulate approximately one-third of all protein-coding genes, influ
encing vital processes such as cell proliferation and apoptosis. BC is 
characterized by abnormal cell growth in breast ducts and glands; it can 
be classified into different subtypes, such as luminal A, luminal B, HER2, 
and basal-like. Several studies have revealed that patients with BC have 
distinct patterns of miRNA expression when compared to healthy in
dividuals, with significant alterations observed in particular miRNAs. 
Certain miRNAs have been identified as key players in BC development, 
either promoting or hindering cell proliferation due to their interactions 

with genes involved in cell cycle regulation (Yu et al., 2010). Notably, 
miRNA-10b was discovered to be upregulated in metastatic breast tu
mors, indicating their prognostic potential (Khalighfard et al., 2018). 
miRNAs act at the post-transcriptional level by regulating gene expres
sion. In BC development, miRNAs can function as either oncogenes or 
tumor suppressors, influencing vital pathways such as angiogenesis, 
proliferation, metastasis, and evading cell death. Due to their extreme 
stability and presence in bodily fluids, these small RNA molecules are 
promising tools for disease diagnosis and progression. Roughly one-third 
of all protein-coding genes are believed to be under the control of 
miRNAs, which play a significant role in processes including cell pro
liferation and apoptosis. 

Numerous miRNAs have been demonstrated to affect BC in several 
studies. miRNA-15a is downregulated in BC, indicating that it functions 
as a tumor suppressor by regulating Cyclin E1 expression and hampering 
cell migration (Luo et al., 2013). Another miRNA that has been linked to 
the growth of BC cells is miRNA-483–3p. When upregulated, 
miRNA-483–3p prevents cancer cells from entering the S phase of the 
cell cycle by targeting Cyclin E1. Additionally, miRNA-143 exhibits 
tumour-suppressive properties in BC because its overexpression reduces 
cell viability by targeting Extracellular signal regulated kinase 5 (ERK5) 
and Mitogen-activated protein kinase kinase kinase 7 (MAP3K7) (Huang 
and Lyu, 2018). Conversely, certain miRNAs demonstrate oncogenic 
characteristics in BC. For instance, miRNA-1207–5p promotes the 
growth of BC cells by downregulating cell cycle suppressors Cyclin 
Dependent Kinase Inhibitor 1A (CDKN1A) and Cyclin Dependent Kinase 
Inhibitor 1B (CDKN1B) via the Signal transducer and activator of tran
scription 6 (STAT6) gene (Yan et al., 2017). Similarly, miRNA-492 ex
hibits oncogenic behavior, and its overexpression leads to decreased 
levels of SRY-box transcription factor 7 (SOX7), a key component of the 
Wnt/B-catenin pathway (Shen et al., 2015). These findings underscore 
the complex regulatory roles of miRNAs in BC, with both suppressive 
and oncogenic effects on the onset and course of the disease. Indeed, 
miRNAs hold significant promise as biomarkers in BC diagnosis. In a 
study conducted by Borsos and colleagues, the researchers monitored 
the expressional changes of 15 pre-selected miRNAs. Their findings 
revealed a potential advancement in diagnostics by focusing on the 
expression levels of miR-15a, miR-16, and miR-221 in BC management. 
The miR-15a, miR-16, and miR-221 combination emerged as the most 
promising set of multiple miRNAs in their research, suggesting its po
tential utility for advancing diagnostic applications in breast cancer. 
Based on their findings, the clinical integration of miR-15a, miR-16, and 
miR-221 holds significant importance for improving the management 
and reducing the recurrence of breast cancer (Borsos et al., 2022). This 
research suggests that analyzing these specific miRNAs might enhance 
the accuracy and efficiency of BC diagnosis, marking a significant step 
forward in the field of cancer management (Fig. 2). 

Circular RNAs (circRNAs) have emerged as crucial regulators in BC, 
aiding in subtype classification and therapeutic decisions (Loganathan 
and Doss, 2023). They play a pivotal role in distinguishing between 
different BC subtypes, providing rapid insights into suitable therapy 
protocols, and contributing to improved patient outcomes. CircRNAs 
with prognostic significance hold therapeutic promise; silencing their 
expression or utilizing them as therapeutic targets could potentially 
enhance tumor prognosis (Dawoud et al., 2023). CircRNAs exert their 
influence through variable splicing which involves the preferential se
lection of alternative splice sites and the utilization of various splicing 
mechanisms and mRNA isomers, thereby directly impacting the tran
scription of linear isoforms. Additionally, circRNAs influence tran
scription by inducing DNA hypomethylation in the promoter region of 
the parental gene or regulating intronic enhancers. For instance, 
circTADA2A-E6 has been identified as a tumor suppressor, with Sup
pressor of cytokine signaling 3 (SOCS3) as its downstream target gene, 
indicating its potential therapeutic relevance. Another circRNA, 
circTADA-E5/E6, exhibited downregulation in BC (Xu and Zhang, 
2021). Circ_000911 also acted as a tumour suppressor in BC, as reported 
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in a study (Wang et al., 2018). CircEPSTI1, which is upregulated in BC, 
serves as a prognostic marker and mediator in triple-negative BC (TNBC) 
(Chen et al., 2018). CircANKS1B, which is upregulated in TNBC with 
lymph node metastases and progressive clinical stages, was found to 
inhibit cancer metastasis, highlighting its potential role in mitigating 
disease progression (Zeng et al., 2018). Our knowledge of circRNAs’s 
participation in the pathophysiology of BC has greatly increased as a 
result of their various functions in drug resistance as well as promoting, 
regulating, and inhibiting BC (He et al., 2021). These findings under
score the complexity of circRNA-mediated regulatory networks and 
highlight their potential as therapeutic targets in BC treatment 
strategies. 

5. Conclusions 

Recent advancements in molecular research have greatly expanded 
our understanding of tumor characteristics, leading to a broader 
knowledge of BC biomarkers and improved personalized patient thera
pies. This review provides a comprehensive overview of traditional, 
novel, and potential biomarkers, encompassing gene expression 
profiling of solid tumors as well as emerging diagnostic opportunities 
that use serum samples for ctDNA and miRNA profiling. The next gen
eration of liquid biopsy research will be pivotal in determining the 
clinical feasibility of blood-based genomic profiling, even if this field 
offers a plethora of opportunities. However, further research is essential 
before tracking ctDNA mutations, and miRNA profiling can become a 
standard procedure for patients with early-stage BC. It is indispensable 
to address challenges such as standardizing the blood collection pro
cedure to enhance sample stability, defining novel quantification 
methods, standardizing isolation techniques, and improving detection 
sensitivity. 
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G. Pankotai-Bodó et al.                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref62
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref62
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref62
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref63
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref63
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref63
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref64
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref64
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref64
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref64
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref65
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref65
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref65
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref65
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref66
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref66
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref66
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref66
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref67
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref67
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref68
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref68
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref68
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref69
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref69
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref69
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref70
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref70
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref70
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref71
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref71
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref72
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref72
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref72
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref73
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref73
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref74
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref74
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref74
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref75
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref75
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref76
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref76
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref77
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref77
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref77
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref77
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref78
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref78
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref78
http://refhub.elsevier.com/S0168-1656(23)00215-8/sbref78

	Routine molecular applications and recent advances in breast cancer diagnostics
	1 Introduction
	2 Histopathological classification of breast cancer
	2.1 Histological subtypes of breast cancer
	2.1.1 Invasive breast carcinoma of no special type
	2.1.2 Invasive lobular carcinoma
	2.1.3 Invasive mucinous carcinoma

	2.2 Molecular subtypes of breast cancer

	3 Molecular diagnostics of breast cancer tissue
	3.1 ESMO guidelines
	3.2 Nucleic acid-based molecular diagnostics

	4 Serum diagnostics opportunities in breast cancer
	4.1 Circulating tumor DNA
	4.2 RNA

	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


