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Abstract

Breast cancer remains a significant health concern worldwide,
demanding continuous advancements in diagnostic methodologies
to enhance early detection and treatment outcomes. This paper
delves into the realm of molecular approaches for breast cancer
diagnosis, beginning with an introduction to the pressing need
for improved diagnostic techniques. It explores the spectrum of
molecular techniques employed in cancer diagnosis, highlighting
their pivotal role in unraveling the intricate molecular signatures
of breast cancer subtypes. The discussion progresses to elucidate
the diverse array of breast cancer biomarkers and their applications
in molecular diagnosis, underscoring their utility in personalized
treatment strategies and prognostic assessment.

Furthermore, this paper evaluates the advantages and disadvantages
inherent in current breast cancer diagnostic methods, shedding
light on the complexities and limitations that accompany molecular
diagnostic techniques. Through a comprehensive analysis, it
delineates the strengths and weaknesses of these methodologies,
emphasizing the imperative of refining existing approaches to
mitigate diagnostic challenges and enhance clinical outcomes.
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Introduction

Breast tissue, a complex mammary gland, is an anatomical
collection of ducts and lobules, fat and connective tissues supported
by the muscles with profuse infiltration and a comprehensive
network of blood and lymphatic vessels (Figure 1) [1,2]. Breast
cancer is characterized by the unbounded development and division
of abnormal cells within breast tissue, affecting millions of women
worldwide and is a leading cause of cancer-related deaths among
women in the United States [3]. It progresses by time to a complex
tumor mass with diverse molecular and genetic alterations. Breast
cancer can be categorized into two major groups; non-invasive and
invasive. Non-invasive types do not metastasize outside the breast
tissue, for example, Ductal Carcinoma /n Situ (DCIS) and Lobular
Carcinoma /n Situ (LCIS). When the cancer remains in the ducts or in
the lobules of the breast tissue, they are usually considered as a stage
“0” carcinoma. Most DCIS is highly progressive towards the invasive

stage, known as Invasive Ductal Carcinoma (IDC).
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Figure 1: Demonstration of lactiferous ducts and lobules in both
normal and cancerous forms. Note: Normal lactiferous duct has a
clear passage-way for the flow of the fluid, whereas, there will be
abnormal (cancerous) cells in Ductal Carcinoma /n Situ (DCIS) that
progresses towards the Invasive Ductal Carcinoma (IDC), blocking
the flow of the fluid (A). Lobule Carcinoma /n Situ (LCIS) is mostly
localized, however, it progresses to Invasive Lobule Carcinoma (ILC)
(B) with the demonstration of the breast tissue (C).

About 70%-80% of women suffer from IDC annually [4]. The
LCIS also progresses towards a certain invasiveness compared to
DCIS, known as Invasive Lobular Carcinoma (ILC) that comprises
10%-15% of all breast cancer cases. Invasive breast cancer is highly
metastasized. Four main subtypes of invasive breast cancer are
Luminal A, Luminal B, and HER2 enriched and Tipple-negative/
Basal-like Breast Cancers [5]. In diagnostic aspects, invasive breast
cancer is highly challenging for the detection compared to non-
invasive in terms of both clinical symptoms and diagnostics [6].
Failure in physical and screening tests of early state breast cancer, may
be because of its tiny-size especially in dense breast tissues without
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clinical symptoms, supports its progression from non-invasive to the
invasive cancer [7]. However, improved cancer screening methods
available help reduce the mortality rate, even from the population
with the history of breast cancer [8]. Precise and accurate molecular
diagnostic methods are essential for the confirmation of breast cancer
to minimize the challenges or errors that are encountered from
conventional methods [9].

Cancer screening

Many processing/screening methods are used in the early
diagnosis of breast cancer. A doctor's ability to review images
and spot the emergence of breast cancer at an early stage using
Artificial Intelligence (AI) and Image Processing (IP) dramatically
increase the screening sensitivity of cancer. Further, optimization in
X-ray diagnostic systems along with the application of innovative
technologies has facilitated the early identification of disease,
facilitating early initiation of treatment [8]. The binarization system
creates essential criteria for the study of mammographic pictures
through the development of digital image processing techniques
[10]. Additionally, it increases the precision in the detection of
cancers, anatomical alterations, and structural defects, providing
a clear diagnostic for choosing a patient's course of prevention or
treatment. Various instruments, including thermography, ultrasound,
and mammography, have used to screen the breast cancer. In this
regard computers make use of Al and IP to assist radiologists in
more accurately identifying chest anomalies [11]. These technologies
enable medical professionals to examine images and detect the

Extract blood from patient

Data analysis

disease's emergence at an early stage which fortunately enhances the
likelihood of a successful outcome [12].

Clinical Specimen Sources, Collection, Storage and
Processing Methods

Clinical specimen sources

Proposals to use clinical specimens, such as tissue microsection,
must be approved by laboratory directors as per the guidelines
of College of Pathologists (CAPs) or other accredited agencies.
Considering clinical samples very important and rare, their handling
and use must be carefully performed [13]. A diagnostic committee
should be established using predetermined policies or the guidelines
provided by CAPs or related agencies that help review the protocols
from the sample handing and the acceptance or the rejection of
samples to the result interpretation. Breast tissue biopsy, blood,
surgical samples, Fine Needle Aspiration Cytology (FNAC) and any
other possible cancer related specimen from different parts of the
body could be collected.

Collection

In case of blood sample, Core Group Banking (CGB) can
significantly speed up and standardize the collection of high-quality
samples across sites, reducing process variation, facilitating on-site
processing (e.g. such as splitting) and improve required collection
compliance by sending pre-assembled kits to sites (Figure 2) [14]. Group
banks should use pre-assembled collection kits whenever possible.
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Figure 2: Outline of the blood collection procedure, DNA isolation, sequencing and data analysis. Note: Generally peripheral blood is collected
for the DNA analysis and collected in the tube with anticoagulant, commonly EDTA. After DNA extraction and purification, DNA is sequenced

using DNA sequencer and data obtained will be analyses using software.
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When getting high-quality blood, plasma, or serum, the most
common question is whether the requesting facility can process the
sample quickly on site or whether the blood components can remain
stable during the transport to a laboratory or not [15]. Both positive
and negative outcomes can be found in the performance-based
problems that could significantly affect the final results. Sampling
processes and final products become more diverse if samples are
processed by multiple organizations without standardized protocols
[16]. For instance, changes in centrifugation speed, extraction time,
aliquot method, and frozen temperature can alter the final results.

The fresh or frozen tissue has a finite window for the acceptance
after collection. However, the general principle of quick collection,
transport, freezing, and seamless integration with conventional
pathologic assessment are applied [14]. Standardized and calibrated
methods are applied to establish the Quality Assurance (QA), and
they should show feasibility in a variety of diagnostic settings. And it
is made accessible to ensure quality check on every sample collection
sites to the sample processing labs, applying the pre and post-analytical
quality control protocols for sample collection and processing [14].
A fresh breast cancer sample, for example, a triple-negative tumor
core biopsy, is collected and processed through the approved method
and it is suitable for single-cell transcriptome analysis to identify
the cellular diversity in the tumor immune milieu, including a T cell
subpopulation that is prognostically meaningful. Freshly collected
biopsy sample may support for a high-yield system to produce a rich
tissue repository for a wide range of cross-disciplinary study [15].
Having the patient undergo a refraction x-ray is another method of
collecting breast cancer specimens. The x-ray used assists medical
professionals and researchers in deciding how to collect samples for
additional tests to find a cancer cure.

Specimen storage

The varied differences in the facilities, tools, and staffing levels
of the institutions submitting specimens make it very difficult
to follow standard procedures for collecting clinical samples.
Variability in specimen processing at submitting institutions may
lead to significant heterogeneity in specimen quality and likeness.
According to biospecimen policy review committees, the clinical
trial specimen bank inventory has been found to benefit greatly from
efforts to harmonize specimen processing, at the institutional level.
For specimens that will be placed into frozen storage, the storage
aspect should be able to withstand -80°C [17]. It is important to note
that specimens should either be stored in a biohazard container or bag
inside refrigerator for a short-term or inside deep fridge for a long-
term that help preserve the cancer specimen till processing.

Processing methods

It is important to identify and differentiate various samples
that need special techniques [18]. Trainings for sample handling,
transport, storage and processing are required to meet the standard
guidelines. For instance, isolation of Peripheral Blood Mononuclear
Cell (PBMC) requires very different techniques and much more
expertise than preparing buffer-coated WBC [8]. Most community
hospitals cannot perform PBMC in isolation, even though academic
institutions may be set up to do so. More demanding specifications for
PBMC sample submission will restrict collection unless these samples
can be sent to a central processing location [8]. Therefore, processing
methods should follow the standard guidelines provided in the lab.

Discussions
Molecular techniques applied in cancer diagnosis

There are many molecular methods used for the detection

and diagnosis of cancer. Each method distinguishes the genetic
mutations, alterations, and biomarkers unique to cancer cells. These
procedures have become a staple in diagnosis and research, enabling
to acquire key insights into the genetic connections, heterogeneity
and progression of cancer. These molecular techniques have enabled
doctors for diagnosis of cancer and personalized therapies, leading to
the improvement of overall patient care.

Immunohistochemistry (IHC)

IHC, the most recognized class of immunostaining, is a molecular
technique that uses antibodies to detect specific antigens in a tissue
sample. It serves as a vital tool in the effort to understand and
combat cancer [19]. It provides spatial information about protein
expression within tissue samples and is widely available in clinical
laboratories. This method is routinely used for tumor characterization
and diagnosis. The binding of specific antibodies to the protein of
interest, for example, a cancer biomarker, leads to the development
of a visible compound under microscopy through the fluorescent or
chromogenic dye that is tagged in specific antibodies, which bind
and localize specific biomarkers within tissue samples. It is highly
specific and can help easily distinguish cancer cells from healthy cells
by using specific markers, for example, HER2, ER and PR, thereby
identifying and characterizing the proteins of interest of the cancer.
Having the ability to distinguish the origin of these proteins, it allows
us to target the area of interest, determine the prognosis and create a
treatment plan for the patient [20,21].

These markers also show the precise location of where the
cancer is in the tissue sample. This is especially important when
investigating the characteristics of tumor cells [22]. This technique
can also provide insight into the prognosis. Specific markers are used
to predict disease outcomes, allowing for doctors to make informed
decisions on treatment options based on the expression of these
markers within the sample.

Disadvantage of using IHC is its limited array of antibodies
that can target certain proteins and use in cancer diagnosis. Another
drawback of IHC is its difficulty in the result decision, since data
can be visualized and subjective, meaning people can interpret the
results differently [23]. Sterile technique is key when performing IHC
to avoid false-positives or false-negatives that might be caused by
different factors, such as how the tissue was fixed, processed, where
the antibodies are derived from and if the staining worked correctly
[24].

IHC is mostly used with formalin fixed paraffin embedded
tissue [21]. Paraffin-embedded tissue has the benefit of being easily
stored. The consecutive step includes the retrieval of antigens [21].
This includes tissue being pre-treated to retrieve antigens masked by
fixation and makes them more attainable to the binding of antibodies.
Other methods of antigen retrieval exist and depend on the particular
target antigen and antibody. Antigen retrieval mostly includes protein
cross links being broken, which are caused by fixation by physical or
chemical methods.

Ultrasound-mediated physical treatment or enzymatic-treated
chemical methods with or without heating process are common in
practice. As of now, the most widely used method is heat induced
antigen retrieval by the use of microwaves, water baths, autoclaves
and pressure cookers. Antigen binds with specific primary antibody
that may be tagged with fluorescent or chemiluminescent dye (direct
test) or secondary antibody specific to primary antibody tagged with
fluorescent or chemiluminescent dye (indirect test). After subsequent
follow of the approved protocols, result interpretation will be
performed based on the fluorescent signal or dye retained in the tissue
sections after microscopy (Figure 3) [21].
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Figure 3: General overview of immunohistochemistry (IHC) protocol.

General overview of immunohistochemistry (IHC) protocol. 1)
IHC begins by collecting a tissue sample from a patient. 2) Once the
sample is collected it is placed into a well-plate. 3) Once in the well-
plate, the sample is washed and blocked with Bovine Serum Albumin
(BSA). This helps prevent non-specific binding of antibodies to the
tissue sample. 4) The primary antibody is added to the well containing
the sample. The primary antibody binds to the amino-acid sequence
of interest. 5) The well-plate containing the tissue sample covered
in the primary antibody is then placed into the 40 for 24 hours
(overnight). 6) The well-plate containing the sample is removed from
the 4o after 24 hours. 7) The sample is washed, and the secondary
antibody is added. The 20 antibody containing a fluorophore binds to
the locations where the primary antibody is also bound to, allowing
for the visualization of these target areas via immunofluorescence. 8)
The sample is washed with Phosphate Buffered Saline (PBS). 9) The
sample is then mounted to the slides. 10) The slide containing the
sample is then placed on or in a fluorescence microscope, where it can
be viewed and analyzed.

Polymerase Chain Reaction (PCR)

PCR is a reliable and sensitive method used in the diagnosis of
cancer. It extends the capability of antibody-based studies to recognize
tumor-associated markers with higher sensitivity and specificity,
enabling precise tumor detection (Figure 4) [25]. In addition, it also
offers a versatile and accessible method for identifying cancerous
cells with genetic alterations, enabling the detection of individual
cancer cell in a background of up to 100 million normal cells. PCR
can be adapted for various applications, including mutation analysis,
gene expression profiling, and epigenetic modifications [25]. The
challenge of using this method is that PCR primers need to be highly
specific to avoid amplification of non-target DNA, and designing
specific primers can be challenging, especially of the highly repeated
sequences or high CG contents on a target gene. It is therefore
limited to the availability of primers designed for known sequences,
compromising its use for detecting novel genetic alterations in
diagnosis. The disadvantages of PCR include that this technique can
yield false positives. RNA and DNA are both very sensitive, thus if
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samples are contaminated, this can lead to incorrect results. There
are different variations in PCR; Reverse Transcription PCR (RT-
PCR), Quantitative Real-Time PCR (qPCR), Methylation-Specific
PCR (MSP) and Digital PCR (dPCR) that are commonly used in the
diagnostic field. Each of these methods is tailored towards different
analytical purposes.
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Figure 4: Schematic representation of Polymerase Chain Reaction
(PCR). Note: 1) The solution-containing tubes are warmed to a high
temperature via a thermal cycler. The extreme heat causes the breakage
of hydrogen bonds in the DNA template, which separates the DNA
into single strands. This process is known as denaturation. 2) The
sample is then cooled, allowing for the DNA primers and polymerase
to bind to the individual strands of DNA which were separated in the
first step. This is known as primer annealing, or new strand synthesis.
3) New complementary strands of DNA are formed; this is termed
as the extension (elongation). Overall, this cycle repeats many times,
creating millions of copies once the process is completed.

RT-PCR is used for quantification and identification of RNA,
including mRNA and the transcriptional dynamics of cancer-related
genes and their expression patterns within biological samples. Real-
time qPCR provides quantitative data, aiding in the assessment of
gene expression levels and genomic alterations during the run time or
after through the melt-curve analysis. The use of qPCR is to amplify
and quantify DNA or RNA. Its data is shown through amplification
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curves that help determine, analyze, compare and quantify expression
levels of cancer associated genes or transcripts. This is useful
when monitoring disease progression and investigating treatment
effectiveness.

The MSP is a unique PCR that helps examine the DNA
methylation patterns on specific genes, even in CpG islands, in
identifying atypical epigenetic changes or mutations that play a key
role in cancer progression and development [26,27]. It is highly
sensitive and specific in detecting methylated DNA sequences. But
designing primers specific to methylated and unmethylated DNA can
be complex, and optimization is required for accurate results. The
cost and time involved in MSP can be higher compared to standard
PCR techniques.

The use of dPCR is to detect and quantify specific nucleic acids. It
relies on random distribution of genes in microwells, where each well
acts as a micro reactor for PCR amplification [28]. It allows precise
quantification of target sequences and has applications in detecting
genetic variations in breast cancer. It offers high sensitivity, enabling
the detection of low-abundance mutations or variants. However,
dPCR can be more expensive and technically challenging compared
to conventional PCR methods.

Similar to known antibody required to IHC, targets should be
known in PCR to specifically design the primers to amplify them in
cancer diagnosis. A mistake in primer design or experimental setup
can cause inaccurate results. Unlike IHC, PCR is not able so far to
amplify the target gene till this date within the cell of the tissue and
therefore, it is unable to determine the exact arrangement of these
cancerous cells within a tissue sample [24,29].

Fluorescence In Situ Hybridization (FISH)

FISH is a widely used method used to discern and determine a

precise location of a specific DNA sequence in the cell's nucleus.
Because of the use of fluorescent specific probes, it has a high level
of specificity and sensitivity, which can detect genetic abnormalities,
for example, chromosomal translocations, inversion, insertions,
deletions, and duplications associated with cancer and its subtypes
even in a very tiny clinical sample [30].

FISH allows for quantitative analysis of target sequences in
the cell and helps identify disease severity. Specific probe design,
fluorescent tagging, hybridization protocol and result analysis are
some of the important considerations for the success of the FISH
technique. FISH protocol usually involves analyzing formalin fixed
paraffin-embedded tumor tissue sections using an epifluorescence
microscope after subsequent deparaffinization, rehydration and
hybridization of the target with fluorescent tagged specific probes
(Figure 5) [31]. Compared to THC, it provides limited information
about the cancer biology, for example, protein expression and tissue
morphology [32].

Comparative Genomic Hybridization (CGH)

CGH is a molecular technique that is used to compare DNA
copy number variants between tumor DNA and its healthy
counterpart. It allows for comprehensive and genome-wide
assessment of chromosomal alterations in delineating segments of
DNA characterized by either amplification or deletion within cancer
genomes. With extremely high-resolution mapping system, it has
the ability to locate and precisely characterize genetic alterations,
offering critical insights into the genomic difficult to interpret results
without appropriate software and skilled staff, it has to be used along
with other molecular techniques (e.g. FISH) in order to accomplish
comprehensive genomic analyses. Comparatively, it is costly to run
the test (Figure 6) [33].
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Figure 5: Overview of Fluorescence /n Situ Hybridization (FISH). Note: 1) A tissue sample is collected from a patient. 2) Sample preparation.
The cells are fixed with Neutral Buffered Formalin (NBF). Once fixed, the cells are washed with Phosphate Buffered Saline (PBS) and
dehydrated (permeabilized) with ethanol. Denaturation then occurs via the incubation of these fixed cells at a high temperature and low pH. 3)
The sample is then hybridized, washed with buffer and stained with DAPI. 4) The mounted sample is then examined and analyzed by imaging.
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Figure 6: Overview of array comparative genomic hybridization technique. Note: 1) The patient DNA and control DNA are both labelled with
fluorescent dyes. 2) The samples are then mixed and applied to the microarray slide. Once applied, the patient and control DNA compete to
hybridize to the microarray. 3) The microarray scanner will measure the fluorescent signals. 4) Computer software will analyze the data and
generate a plot which determines duplications and deletions amongst the chromosomes.

Array Comparative Genomic Hybridization (aCGH), which has
a high-resolution Microarray (MA) system, is used to identify Copy
Number Variations (CNV’s) in a genome, permitting the concurrent
in-depth analysis of many regions of an entire genome or in a target
area of interest for the assessment of tumor heterogeneity in a single
assay. Because of its higher sensitivity and rapid analysis system,
there is a chance of false positives in a control sample, requiring
confirmation via other molecular techniques. Like other techniques,
they are limited to specific probes for the known targets that limit
the determination of the altered targets. Sample quality without
degradation or altered target is necessary to get accurate and precise
results [33].

Next-Generation Sequencing (NGS)

NGS enables to perform a thorough examination of a person’s
DNA or RNA, providing detailed insight into their genetic makeup.
NGS has proven to be an instrumental technique that is able to
provide a molecular portrait of diseases states, including the most
common cancer in women, breast cancer. It is a high-throughput
DNA sequencing technology that allows for the rapid and cost-
effective analysis of DNA, RNA and other biomolecules. NGS
processes millions of DNA fragments in parallel, producing a
highly efficient and accurate vast amount of data. NGS has many
applications including Whole Genome Sequencing (WGS), Whole
Exon Sequencing (WES), targeted sequencing, metagenomics and
transcriptome analysis. The technology has lowered the cost of DNA
sequencing, which in turn, has broadened the range of scientific
investigations and clinical applications. The technology has helped
to identify disease-related genetic variants, studying the microbiome,
and understanding gene expression patterns. NGS has allowed
medicine to become more personalized by enabling the identification
of individual genetic variations and facilitating the development of
tailored treatments. With the benefit of accuracy, speed and cost-
effectiveness, this technology has made its mark on genetic testing
(Figure 7) [34]. NGS allows for comprehensive and high-throughput
analysis for an entire genome, exome, transcriptome, or targeted
genomic regions, providing a detailed view of genetic alterations
involved in cancer. The detection of genetic alterations, including
point mutations, insertions, deletions, copy number variations, and
structural rearrangements, is made easy by NGS, thus facilitating the
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Step 1: Extraction of Genetic Material Step 2: Sequencing Prep
&) Template

— M I

—
Amplicons

==
Fragmented 1
DNA

—_——m a—————
e
Sequencing Library

Step 3: Sequencing Step 4: Analysis

[T

EEEEEE

Figure 7: Overview of Next-generation sequencing (NGS). Note:
NGS begins with DNA fragmentation. Fragments are then attached
to adapters and amplified through PCR. These fragments undergo
sequencing-by-synthesis, where bases are added step-by-step,
producing a readout of nucleotide sequences. This process is repeated
millions of times in parallel, generating vast amounts of sequence
data.

Samples for NGS can be peripheral blood, frozen tissue, and
degraded tissue samples found in formal fixed embedded samples of
breast cancer biopsies. NGS general sample preparation procedures
include fragmentation and end repair, addition of adaptors, PCR
amplification and data analysis. Protocols vary and choices are based
on the desired platform to be used. NGS is currently the preferred
method in oncology research and much of the preference is due to
three characteristic hallmarks: 1) Mass throughout, 2) High speed, and
3) Low cost. RNA sequencing (RNA-Seq) is a reliable method used
to analyze gene expression patterns and identify fusion transcripts.

WES is confined to the analysis of protein coding regions of which
comprise 1% of the genome, but interestingly exomes contain 85%
of disease-causing variants. Current studies have harnessed the power
of WES in identifying somatic mutations and potential passenger and
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driver gene contributors in breast cancer. In contrast to WES, WGS
offers coverage of an entire genome, including coding and non-
coding regions. This approach can capture and characterize large,
small, and novel variants of insertions, deletions, copy number
variants, structural variations, and repetitive DNA elements. Data
derived from WGS approaches are used to detect problems in
genetic repair pathways, homologous recombination repair and
mismatch repair systems implicated in the pathology of breast
cancer.

NGS requires special bioinformatic tools, connecting to a
powerful technology that determines the nucleic acid sequences and
recognizes variants in a sample, to manage massive data and for the
analysis and data interpretation [35].

It also provides insights into the breast cancer genome, identifying
alterations, deletions and rearrangements, offering a comprehensive
view of genetic changes associated with breast cancer [36]. Taking
comparatively more time for the sample processing and data analysis,
it might not be suitable when rapid test is demanded [37].

It provides a technology that is fast, high, and cost-effective,
similar to traditional Sanger sequencing (discussed below), for
accurately identifying mutations in genes and providing clinically
useful information.

Sanger sequencing

Sanger sequencing, developed in 1977, is a DNA sequencing
method that is based on the chain termination principle [38]. It helps
to detect mutations in genes like BRCAI and BRCA2, associated with
breast and ovarian tumors [39]. In the Sanger sequencing method,
amplified DNA/complementary DNA is annealed to a primer
and then is extended by the DNA polymerase enzyme [40]. This
polymerase enzyme contains a mixture of 4 deoxynucleotide
triphosphates or chain-terminating dideoxynucleoside
triphosphates (Figure 8) [40].

Microarray Analysis (MA)

MA is a high-throughput technique that aids in analyzing
multiple samples and identifying marker frequencies in tumors. This
technology enables a comprehensive study of genetic variations in
breast cancer. Complementary sequences bind to each other and the
DNA molecules that are unknown are cut into fragments by restriction
endonucleases [41]. Then, fluorescent markers are linked to these
DNA fragments. The target DNA fragments and the complementary
sequences then join to the DNA probes. Emission of the fluorescence
is recorded for the identification of DNA through analytic software
with the detail illustration in Figure 9 [41].
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Figure 8: General outline of sanger sequencing. Note: Sanger sequencing starts with DNA fragmentation and amplification using PCR.
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Liquid biopsies

A liquid biopsy is a non-invasive simple method, which can
detect cancer cells in the blood samples, allowing the identification
and tracking of circulating tumor DNA (ctDNA), Circulating Tumor
Cells (CTCs), and microRNAs for the cancer detection and for the
planning of appropriate treatment [6]. It can help to detect an early-stage
tiny cancer, which is unnoticed through imaging and clinical symptoms,
and to monitor the disease progression. The possibilities of false positive
and negative results along with the available of less identified targets in
bloodstream limit its use in the clinical diagnosis [42,43]. Circulating
Tumor DNA analysis is a crucial method for identifying mutations
in breast cancer genes, such as ESR/ and PIK3CA [44]. It holds the
potential for tailoring therapies, detecting resistant mutations, guiding
therapies and monitoring treatment response [44]. This method is
based on a simple two-step procedure [45]. The first step is the sample
centrifugation to remove plasma components while circulating tumor
cells are captured with the anti-epithelial cell adhesion molecule-
conjugated magnetic ferrofluids. The second step involves presumed
circulating tumor cells which are stained and recognized using anti-
cytokeratin antibodies, while white blood cells are identified by CD
45 staining [45].

Mass spectrometry

MS measures the mass-to-charge ratio in molecules in a sample. A
subtype of MS known as Liquid Chromatography-Mass Spectrometry
(LC-MS) separates, identifies and quantifies unknown and known
compounds to decipher the structure and chemical properties of
molecules. This technique is utilized when characterizing the levels of
protein expression in both tumor tissue and healthy tissue (or blood).
It is a highly sensitive technique that can detect even the smallest
concentrations of biomolecules involved in cancer formation (Figure
10). It can also analyze multiple analytes in a single experimental run,
allowing for the detection of many biomarkers or profiling of complex
biological processes that are relevant to cancer. This technique is also
used in biomarker discovery and validation, essential for developing
new diagnostic tests and specialized treatments. On the other hand,
MS is technically complex and requires special instruments and
expertise in sample preparation, data collection, and analysis. Sample
preparation is extensive and time-consuming for purification and
extraction steps. MS lack specificity for the certain biomolecules due
to similar mass-to-charge ratios and confirmation of those biomolecules
should be performed using other molecular techniques [46].

Sample Reading

lon Source Analyzer

Intensity

Figure 10: Mass Spectrometry (MS) overview from sample to
reading. Note: Mass spectrometry (MS) analyzes molecules based on
their mass-to-charge ratio. In proteomics, for instance, proteins are
fragmented into peptides and ionized. These ions are then separated
based on their mass-to-charge ratio and detected, producing a
spectrum. By comparing these spectra to databases, proteins can be
identified and quantified, providing insights into biological processes
and diseases.

Breast cancer and molecular diagnosis

Biomarkers are the groundwork upon which modern medicinal
research is built on, providing scientists and healthcare workers with

a quest to understand the mysteries of human health and disease.
One of the most intriguing parts of biomarkers is their diversity.
Genetic biomarkers, which include mutations and different variations
in DNA, offer an unaverred insight into a patient’s susceptibility to
a disease [47]. For reference, certain genetic markers can show an
increased risk of harmful conditions, like breast cancer or Alzheimer’s
disease. The knowledge biomarkers provide can help make informed
decisions about a patient’s health and the ability to seek preventative
measures [47].

Metabolic biomarkers, often found in urine or blood, highlight
the inner workings of metabolism [48]. Raised levels of specific
metabolites can show underlying metabolic disorders like diabetes
or metabolic syndrome. Through the targeted analysis of these
biomarkers, providers can make specific interventions to manage and
mitigate the conditions effectively [48].

Imaging biomarkers, like those derived by medicinal imaging
techniques like PET scans and MRI, provides visual evidence of
changes physiologically in the body [48]. In neurodegenerative
diseases like Alzheimer, amyloid pet scans show the accumulation
of amyloid plaques in the brain, which is a hallmark of the disease
[47]. These imaging biomarkers often facilitate diagnosis early on
and provide disease monitoring and enabling timely interventions.

As medical research advances, biomarkers continue to stretch
the boundaries of healthcare. In the world of neurodegenerative
disorders, they are becoming crucial tools. The identification of
biomarkers associated with conditions such as Alzheimer's or
Parkinson’s diseases is critical to decipher the signs of the disease.
Biomarkers provide valuable insight into the mechanisms of disease.
They open doors to new and innovative therapeutic strategies and
carly interventions that can slow the progression of the disease.

Breast cancer biomarkers

Breast cancer biomarkers have served critical in understanding
its nuances and creating treatments [47]. Estrogen Receptor (ER),
Progesterone Receptor (PR), and Human Epidermal Growth Factor
Receptor 2 (HER?2) are the foundation of breast cancer biomarkers.
ER-positive tumors are shown by cancer cells having estrogen
receptors. The status of these receptors guides patient treatment
decisions. These can include hormonal therapies like tamoxifen or
aromatase inhibitors, which are often effective in ER-positive breast
cancer [47]. Progesterone receptor affects treatment choices and can
provide insights into prognosis. HER2, which is a protein that aids
in cellular growth, is amplified or overexpressed in HER2-positive
breast cancers. Trastuzumab and Epratuzumab are targeted therapies
that have revolutionized treatment to this subtype of aggressive
cancer [47].

Ki-67, which is a cellular proliferation biomarker, holds a high
place in breast cancer research. High levels of Ki-67 suggest that a
tumor is more aggressive with a faster growth rate. Clinicians often
use this information to create treatment strategies, determining the
need for more aggressive therapies in the cases of high Ki-67 [47].

Biomarkers like BRCA1 and BRCA2 mutations often highlight the
interplay between breast cancer risk and genetics. These mutations
are not measured within the tumor tissues, but if found, they serve as
predictors of breast cancer hereditary risk. This calls for women with
BRCA mutations to have more frequent screening and consider risk-
reduction surgeries [47].

Breast cancer biomarkers strand as critical tools for fighting one
of the most prevalent and life-threatening diseases that affect men
and women worldwide. Molecular indicators, like estrogen receptor,
progesterone receptor and HER?2 provide invaluable insights into the
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biology of breast cancer that guides treatment decisions and improves
the patients' outcomes that are affected. This insight is provided by
the ever-evolving technologies for biomarker detection [47-54].

Biomarker detection methods

The world of biomarker detection technologies is almost as diverse
as the biomarkers themselves. The field has witnessed advancements
at the intersection of biology, chemistry and engineering. The fields
have expedited the ability from sensitive detection of proteins to
the sequencing of genetic biomarkers. The landscape of biomarker
detection has a diverse array of tools and technologies that empower
researchers and clinicians.

Enzyme-Linked Immunosorbent Assay (ELISA) is the stalwart
for biomarker detection, capitalizing on the specificity of antibodies.
The technique excels in quantifying protein biomarkers that have a
high sensitivity, making it a staple for diagnostics and research. The
multiple different types of ELISA, including competitive, sandwich,
indirect, and direct, offer a wide range of immunologic reaction
detection. However, it is a slow process, it is usable for detection of
multiple biomarkers at the same run [54]. Its capability is crucial in
personalized medicine and comprehensive disease profiling [49].

PCR is a molecular biology technique that has changed the way
scientists work with nucleic acids. It enables the precise amplification
and detection of DNA and RNA sequences, and aids in the precision
of genetic testing, cancer research, and infectious disease diagnostics.
The greatest strength of PCR lies in its ability to amplify specific
nucleic acid sequences within a complex mixture in a selective
manner. In genetic testing, the role it plays in identifying genetic
variations responsible for hereditary diseases was not seen before.
PCR has provided researchers with the ability to target and amplify
genes, which makes it possible to detect mutations that are associated
with various conditions, thereby enhancing early diagnosis and
personalized treatment [50].

MS is a technique that allows for the precise determination of
the mass-to-charge ratio of charged particles. It offers insights into
the composition and structure of molecules. In the field of molecular
diagnostics, the technique is crucial for identifying biomarkers,
like proteins, peptides and metabolites associated with specific
diseases. The technology offers researchers information about the
presence or absence of these biomarkers in samples, allowing early
disease detection, monitoring and personalized treatment strategies.
Additionally, MS is utilized in genomic research to analyze nucleic
acids and study DNA and RNA sequences. In genetic testing, the
instrument is capable of identification of genetic mutations associated
with heredity diseases and various disorders [51].

LC-MS and Gas Chromatography-Mass Spectrometry (GC-MS)
are analytical methods that augment MS by incorporating a separation
dimension. This additional dimension greatly improves the specificity
and sensitivity of biomarker detection. These two techniques excel
in deciphering metabolic pathways and identifying metabolic
dysregulation in diseases like cancer and diabetes. Being able to
separate complex mixtures LC-MS and GC-MS enables researchers

to pinpoint and quantify specific molecules, providing insights into
disease mechanisms and potential diagnostic biomarkers. Despite the
revolutionary capabilities the adoption of these technologies is still
very limited due to the high cost of the equipment and the analytical
complexities associated with the techniques [52].

Nuclear Magnetic Resonance Spectroscopy (NMR) is non-
destructive and non-invasive analytical technique used for detection of
biomarkers. It works by decoding the nuclear properties of molecules.
This shows the structure and concentration of biomarkers. It also
offers insights into protein interactions, providing information on the
composition, dynamics of metabolites, and conformation of proteins
and allowing scientists to further understand biochemical processes
and interactions. A limitation of this technique is its relatively lower
sensitivity compared to MS. This implies that NMR will require a
higher concentration of biomarkers for effective detection. This
sensitivity constraint can limit applications and scenarios when
biomarker concentrations are low [53].

MAs have enabled the simultaneous analysis of thousands of
proteins, genes, or other biomolecules within a single experiment.
Their applications extend to a multitude of domains, showing to be a
pivotal tool in unraveling the genetic underlying of various diseases.
It works by detecting and quantifying gene expression biomarkers.
MAs have significantly advanced genomic research by allowing
researchers to process large datasets rapidly. They have also been a
crucial technology in the development of personalized medicine by
enabling tailored treatments based on an individual’s genetic profile
[54]. They have become popular in glucose monitoring for diabetes
management and detection of infectious diseases. They also play a
significant role in the detection of cancer biomarkers. They detect
specific molecules associated with cancer, such as early detection
of proteins or genetic markers that aid in timely intervention. The
portability and rapid results offered make them very useful for point-
of-care cancer diagnostics and enhancing accessibility to critical
healthcare services [55].

These technologies are the current toolkit for modern biomarker
research and diagnostics, each providing its own strengths and
limitations. The choice of technology depends on factors like type
of biomarker, sensitivity and specificity required, sample complexity
and the intended application. As technology advances, the field of
biomarker detection is continuing to grow, the future techniques off a
transformative potential of the molecular signposts.

New technologies like Multi-Omics Integration (MOI) use data
from multiple osmic layers to uncover intricate biomarker networks.
Liquid biopsies, which analyze biomarkers in the blood or other
bodily fluids, is revolutionizing cancer diagnosis and monitoring
cancer prognosis. The non-invasive tests give a real-time a look at
tumor dynamics, empowering physicians to make time effective
treatment decisions and track treatment responses. Al further helps
drive algorithms for biomarker discovery and interpretation. The
algorithms sift through vast datasets to identify novel biomarker
candidates and predict the disease outcomes (Tables 1 and 2) [47].

Biomarkers Description Function Therapies Gene location References
Protein in the bod .
. Y . . Targeted therapies, Long arm of
acts as a regulation in | Mediates effects of
ER . . Hormone therapy, chromosome 6 [56]
various physiological | the hormone estrogen
Surgery (6925.1)
processes
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Targeted therapies
Regulat i
Protein that r:i‘; da (e::i v:nous Hormone Short arm of
uctiv
PR responds to hormone P . chromosome 11 [56]
processes in female | replacement therapy
progesterone . (11p15.1)
reproductive system
Genetic counseling
. Regulates cell Specific drugs
Protein found on th and divisi long arm of
rowth and division.
HER2 surface of same 5 . Hormone therapy chromosome 17 [57]
Also helps with cell
breast cancer cells ) (17q12)
growth and repair
Immunotherapy
Protein marker in Used in treatment to
tholoav fi In the cell cycle dentifs .
. cancer pathology for . . identify aggressive
Ki-67 p. . gy associated with Y gg NA [58]
cell proliferation and o faster growing
growth and division
growth cancers
Surveillance/
Human gene screening
. . Tumor suppressor
associated with ene that maintains Long arm of
BRCAI increased risk of & . . Reducing surgery chromosome 17 [59]
breast and ovarian genomic stability and chemoprevention (17921.31)
DNA repair '
cancer
Genetic counseling
Surveillance/
Human gene with Assists in repairing screening
increased risk of double-strand DNA Reduci Long arm of
BRCA2 breast and ovarian breaks, crucial for educing surgery chromosome 13 [60]
canc_er. Plays crucflal preveljntmg cancerous Chemoprevention (13q13.1)
role in DNA repair mutation
Genetic counseling
Table 1: Summarizing some important biomarkers used in molecular diagnostics.
Methods Purpose Advantages Others References
Used.to detf:ct a'nd quariltify Relatively easy to perfor.m Generally, a low cost compared
ELISA protein, antibodies, antigens and | compared to other techniques. .. . [49]
to other similar techniques
hormones Protocol and reagents can vary
Used to amplify DNA for other Considered easy to perform. Cost effective technique used
PCR tests. Fundamental for gene for routine application compared [50]
cloning? genotypir}g and gene Contamination risk is high. to more complex and expensive
expression analysis methods
Employed for identifying and More tec.hnically .ch.allenging More expensivle than other.
. and requires specialized common techniques. Requires
MS-LMS quantifying molecule based on . . [51]
experts. Sample preparation and | more powerful analytical
mass and charge . e
instrument are complex capabilities
Utilized for separating, identifying Moderately complex
Liquid and quantifying compounds Cost can vary depending on the
chromatography ina m1xtur§ Apphcz.itlons in Specialized knowledge is required system and detec.tlors used. Varies | [52]
pharmaceutlc.al, environmental for chromatography due to the versatility
and food testing
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NMR i histicated techni
Used to study molecular structure, 15 @ s0p 1svlca ed fee 1q1.16 The machines and maintenance
. . . that can be technically challenging . .
NMR dynamics and interactions of . . are expensive. However, running | [53]
and requires specialized . .
compounds . them is relatively cheap
knowledge and experience
Used to detect and visualize Cost can vary depending
specific proteins or antigens It can be technically challenging | on reagents, antibodies and
HC in tissue sections. Used in and may require expertise in equipment but generally more [19]
histopathology and cancer histology and immunology affordable than some other
diagnosis advanced techniques
. . . . Varies d di the platfa
This technique measures the Experiments are technically aries depending ofl the p 'a orm
. . . . and number of samples. High-
Microarrays expression levels of thousands of | complex and require expertise in e . [54]
. . . . throughput capabilities make it
genes or proteins statistical analysis and genomics .
suitable for large-scale
S . NGS is highl 1 . .
Specializes in rapid DNA 18 MRy CompTen Cost is expensive due to
. . . technology involving library .
NGS sequencing, transcriptomic and . . equipment, consumables and data | [34]
. preparation, sequencing, and .
epigenome data .. . . analysis
bioinformatics analysis
. Employed for rapid and sensitive | These are user-friendly and offer | Varying depending on the
Electrochemical . . . . . . .
biosensors detection of specific biological rapid results compared to other complexity of the device and the | [61]
molecules like proteins and DNA | analytical techniques specific application

Table 2: Summarizing some important techniques used in molecular diagnostics.

Advantages and disadvantages of the breast cancer
diagnostic methods

Molecular diagnostic methods play a critical role in understanding
the molecular and genetic alterations associated with breast cancer
and this aids early detection, prognosis, treatment decisions, and the
monitoring of breast cancer. Each molecular diagnostic method has
its own set of benefits and drawbacks.

One of the most significant benefits of molecular testing for
breast cancer is the possibility of providing personalized therapy
options. This is achieved by analyzing indicators such as hormone
receptor status. The identification of ER and PR in tumor tissue
enables targeted treatment with hormone therapy, which successfully
prevents tumor cells from obtaining the hormones they require for
growth. Since it tackles the individual characteristics of the tumor,
this personalized approach raises the likelihood of good treatment
outcomes.

Similarly, FISH can precisely identify genetic deviations
and specific abnormalities in tumor cells, such as translocations,
insertions, deletions, and amplifications [31]. It provides information
at the cellular level, allowing for the assessment of abnormalities
in individual cells. Using fluorescent probes enables visualization
of genetic alterations under a microscope. However, FISH requires
skilled technicians and significant labor, making it a time-consuming
and expensive technique. Interpretation of FISH results can be
subjective and dependent on the experience of the observer. It is also
limited to the specific markers targeted by the probes used, potentially
missing other important genetic alterations.

NGS is another type of diagnostic method used to diagnose
breast cancer. NGS allows for a comprehensive analysis of the
entire genome, providing insights into mutations, rearrangements,
and variations [62]. It can process many samples simultaneously,
improving efficiency and cost-effectiveness. Managing and analyzing

the vast amount of sequencing data generated by NGS can be
computationally intensive and requires specialized expertise. Also,
the initial set-up and running costs of NGS can be high, although
costs have been decreasing over time.

Sanger Sequencing is considered as gold standard for validation.
Sanger sequencing is often used as a validation tool due to its
accuracy and reliability in detecting specific mutations [63]. Sanger
sequencing is less suitable for high-throughput applications because
of'its limitations in processing many samples efficiently.

MA technique aids in analyzing samples. It offers high throughput.
MAs can analyze thousands of genes simultaneously, providing a
broad view of gene expression patterns and genomic alterations. They
aid in identifying potential biomarkers for breast cancer diagnosis,
prognosis, and treatment [47]. One of the drawbacks of using
hybridization-based techniques is these techniques can be sensitive
to variations in hybridization conditions, affecting the accuracy of
results. Circulating Tumor DNA (ctDNA) Analysis is a non-invasive
method that utilizes blood samples, offering a less invasive approach
to monitoring disease progression and treatment response. Sensitivity
and specificity can be challenging, particularly for detecting low
levels of ctDNA in early-better diagnosis, prognosis, and targeted
treatment strategies. The tests and results must be carefully chosen
to optimize treatment decisions for each patient and ensure the best
possible outcomes in the fight against breast cancer.

Conclusion

Molecular diagnostic methods play an important role in breast
cancer detection and diagnosis. Techniques like FISH, PCR, MSP,
dPCR, NGS, Sanger sequencing, IHC, MA, and circulating tumor
analysis. DNA analysis offer valuable insights into genetic alterations,
aiding in precise tumor detection, characterization, and treatment
planning.

In conclusion, this paper underscores the pivotal role of molecular
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approaches in revolutionizing breast cancer diagnosis, emphasizing
the transformative potential of personalized medicine in improving
patient care and prognosis. By elucidating the intricacies of molecular
diagnostics and delineating avenues for future research, it contributes
to the ongoing discourse aimed at advancing diagnostic strategies and
ultimately combating breast cancer more effectively.
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