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Abstract

Background: Breast cancer is the primary cause of cancer-associated mortality among women
worldwide. There have been many studies related to biomarkers in breast cancer.

Content: A Biomarker is a molecule in the body that is present in blood, other bodily fluids,
or tissue and serves as an indicator of an aberrant or normal process, a condition, or an illness
like cancer. Biomarkers in breast cancer that have been widely used in clinical settings include
estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor-
2 (HER2), Ki67, CEA, and Cal5-3. Circulating tumor cell (CTC) and genome sequencing are
currently being researched and expected to be useful in the management of breast cancer
patients.

Summary: Biomarkers are crucial for diagnosing, classifying, and determining the most
effective treatment strategies such as personalized and targeted therapies for individuals with
breast cancer. It also can be used as a prognostic tool to predict response toward therapeutic
intervention and to detect disease recurrence. Technologies of breast cancer biomarkers are

evolved and expected will produce a better patient outcome.
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Introduction

Cancer is a worldwide public health concern. Globally, breast cancer is the most prevalent
cancer to be diagnosed.[1] Many studies on breast cancer have been conducted in the Asian
region. The results demonstrated that breast cancer was the most prevalent cancer among
Chinese and Japanese women. Cases were also found to increase over time in China, India, and
Thailand, although the possible cause was an increase in early identification capabilities.[2]
The most common cancer-related death in women is still breast cancer. However, despite this,
the mortality rate for breast cancer is now starting to decline due to technological advances in

diagnosis and therapy.[3]

With a mortality rate of 21.5 per 100.000 and an incidence of 40.3 per 100.000, breast
cancer is Indonesia’s leading cause of death. Government programs related to screening
involve general practitioners and midwives in conducting clinical breast examinations. In
women, breast cancer is the most prevalent cancer as well as the leading cause of death,
followed by lung cancer.[2] Currently, there are many laboratory modalities for early breast
cancer detection, diagnosis, and monitoring. Updates of breast cancer biomarkers in clinical

practice are needed

Breast Cancer Classification

Breast cancer is a diverse disease that results in varying characteristics, aggressiveness,
response to therapy, and prognosis in each type.[3] Therefore, breast cancer is commonly
classified based on histologic type, immunophenotypic, and molecular genotypic

classification.[4]
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Based on histology type, breast cancer can be categorized into infiltrating duct
carcinoma no special type (IDC-NST) which is the most prevalent histology type among
invasive breast cancer, invasive lobular carcinoma (ILC), erbiform, mucinous, micropapillary,

papillary, tubular, apocrine, and medullary metaplastic types.[4], [5]

Classification based on immunophenotyping is generally based on the presence or
absence of ER, PR, and HER2 expression in breast cancer. Classification based on
immunophenotyping expression is a simple classification that is widely used as a guide in
determining therapy and prognosis. Based on this classification, breast cancer can be
distinguished into breast cancer that expresses ER, PR, and or HER2, as well as triple-negative

breast cancer (TNBC).[4], [6]

Improved technology has made it possible to investigate breast cancer from a molecular
perspective. Classification based on existing gene-expressing profiles differentiates breast
cancer into luminal type A, luminal B, HER2 overexpressing, basal-like breast cancer (BLBC),
and normal-like tumor.[4], [6] However, normal-like tumor is currently excluded from the
classification because it is considered as contamination of normal breast tissue.[6] Molecular-
based classification requires cost and more advanced technology that may hinder the scope of
its use. In clinical practice, molecular classification could be substituted by IHC analysis based

on ER, PR, HER?2, and Ki67.[4], [6]

Cancer biomarker

Any material, structure, or mechanism that can be measured in the body or its
byproducts and affects or forecasts the occurrence of an event or disease is referred to as a
biomarker. A biomarker is a molecule in the body that is present in blood, other bodily fluids,
or tissue and serves as an indicator of an aberrant or normal process, a condition, or an illness

like cancer, according to the National Cancer Institute.[7] Biomarkers are often protein
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markers, nucleic acids, peptides, or antibodies. Biomarkers can also represent changes in a
gene, such as gene expression or signatures of metabolomics and proteomics.[7], [8]
Biomarkers should be objective, quantifiable laboratory measures that characterize biological

processes. [9]

The evaluation of biomarkers in patients with breast cancer is essential not only for
early identification but also for diagnosis, therapy consideration, and monitoring and detection
of recurrences. Biomarkers in breast cancer that have been widely used in clinical settings
include estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor
receptor-2 (HER2), Ki67, CEA, and Cal5-3.[10]-[16] Circulating tumor cell (CTC) and
genome sequencing are currently being researched and expected to be useful in the
management of breast cancer patients.[17]-[19]

Estrogen Receptor

Estrogen receptor (ER) activity has a major impact on the development of breast cancer.
Estrogen hormone-induced ER activation is the primary factor influencing the majority of
breast cancer cases.[20] The estrogen receptor is the receptor predominantly in nuclear
locations, a nuclear steroid receptor that acts as a transcriptional regulator. Initially, two
different estrogen receptor forms, o and 3, are coded by two different genes, ESR 1 and ESR
2, respectively. ERa is a homodimer coded in human chromosome 6, while ERP is a
heterodimer coded in chromosome 14. The G-protein coupled estrogen receptor (GPER)-1 is a
novel class of estrogen-binding protein that has recently been identified in target cells. Unlike
Ero and Erf} which are nuclear estrogen receptors, the GPER1 is a membrane estrogen
receptor.[21] Estrogen stimulates the nuclear receptors ERa and ERB, which in turn encourages
the growth and survival of both healthy and malignant cells in breast tissue. This activation
will induce the transcription of genes favorable to survival as well as the triggering of cellular

signaling.[21], [22]
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The ERa mechanism as a transcription factor is already understood. ERa activation is
involved in cell cycles and proliferation. The dysregulation of ERa expression, action, or
deregulation of the target cell plays an important role in the development of breast cancer.
Activation of ERa to estrogen has oncogenic potential promoting the growth of cancer cells
and the likelihood of DNA damage. In contrast to ERa, activation of Erf3 generally inhibits
proliferation as well as trigger apoptosis, even though these effects are also dependent on the
coactivator, the tissue, the cell, and the coexpression of ERa.[22] The effects of Erf in breast
cancer have not been fully established since some studies showed Erf expression tends to

correlate with favorable prognosis whereas other studies don’t.[23]

The immunohistochemical stain is currently used to assess the presence of ER in breast
cancer tissue. These are considered as ER+ if the staining is located in the cell nucleus while
cytoplasmic staining is ignored.[24] Breast cancer tissue is classified as ER-negative (ER-) by
the American Society of Clinical Oncology/College of American Pathologists if less than 1%
or 0% of the tumor cell nuclei are immunoreactive. The percentage of 1-10% of
immunoreactive cell nuclei is considered as ER low positive.[25] ER status examination is
important in considering the administration of therapy and monitoring of metastatic
conditions.[10], [26] In almost all patients with ER-positive breast cancer, adjuvant endocrine
therapy is suggested to prevent metastasis, local or regional recurrence as well as contralateral
tumors.[10] The presence of ER conversion in patients who experience metastasis, from ER-
to ER+ corresponds with an increased overall survival rate compared to patients whose ER

status remains negative.[26]

Progesterone Receptor

Hormone progesterone, a 21-carbon steroid, binds to progesterone receptors (PR) to

promote the development of humans and other species, the female menstrual cycle, and
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pregnancy. PR belongs to the family of ligand-dependent transcription factors known as steroid
nuclear receptors.[27] Approximately 15-30% of luminal epithelial cells were positive for PR
and ER. Progesterone binds to progesterone receptors and induces cell proliferation and
differentiation through the activation of the receptor of the nuclear factor kB (NF-kB) ligand
(RANKL) path.[28] On the other hand, PR plays a role in modulating ER activity. PR acts as
a molecular rheostat that affects the chromatin binding and transcriptional activity of the ER.
Progesterone that interacts with the ER can change the location of ER binding on chromatin.
The presence of progesterone can inhibit estrogen-mediated growth in tumors in addition to

having anti-proliferative effects.[29]

PR expression is determined by IHC examination of tumor tissue. PR+ samples are
defined as having immunoreactivity between 1% and 100% of their tumor cell nuclei. Samples
are classified as PR- if less than 1% or none at all of the tumor cell nuclei exhibit
immunoreactivity.[25]Studies conducted on male breast cancer patients show that patients with
ER+/PR- tend to be found at a younger age, have a higher histology grade, larger tumor size,
and have a greater tendency to invade the lymph node and metastasis. ER+/PR- patients have
a lower overall survival rate than ER+/PR+ Dbreast cancer patients.[11] Evaluation of PR
especially in ER+ breast cancer patients is important to determine the prognosis of therapy.
Patients with PR+ have a good response to tamoxifen when compared to patients with no PR
expression.[12], [13] PR evaluation is important to follow up as is the ER receptor. The
presence of PR conversion is associated with a shortened overall survival rate compared to

patients who do not experience PR status conversion.[26]

HER-2

Human epidermal growth factor receptor-2 (HER2) belongs to the human epithelial

receptor group. HER family consists of 4 subtypes namely HER1. HER2, HER3 and HERA4.
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Activation of the receptor by its ligand can trigger homodimerization and heterodimerization
which further activates the tyrosine kinase signal cascade. The activated cascade will then

trigger cell proliferation, migration, invasion as well as cell survival.[30]

HER?2 is a type of HER that has no ligand but is a preferred partner for other HERs’s
dimerization. ERBB2 gene, formerly known as neu, encodes HER2.[30] HER overexpression
can be found in 20-30% of breast cancers.[31], [32] Breast cancers that are HER2 positive
typically exhibit higher levels of aggressiveness and metastasis.[33] HER2 expression can be
evaluated through immunohistochemical (IHC) examination of tumor tissue. HER2 gene
amplification can be performed on tumor cells using in situ hybridization techniques with
fluorescent, chromogenic, or silver markers.[34] HER2 is considered positive (+3) by IHC
when more than 10% of the cells exhibit complete membrane staining. It is also considered
positive by in situ hybridization (ISH) if there are six or more copies of the HER2 gene,
HER2/chromosome 17 (CEP17) ratio of two or and HER2 copies of four, or HER2/CEP17 <2

and HER?2 copies of six.[34], [35]

HER2 screening is not only important in considering targeted therapy for invasive
breast cancer patients but also provides sufficient information on the prognosis among breast
cancer patients.[36]-[38] Giving trastuzumab to breast cancer patients with an IHC score of +1
or +2 or patients with a FISH ratio <2, or HER2 gene copy <4 does not provide any benefit.[38]
In contrast, patients with advanced breast cancer HER2 positive will be recommended therapy

using HER2-targeted therapy such as trastuzumab and pertuzumab.[36]

Historically, an unfavorable prognosis has been linked to HER2 overexpression.[37]
The prognosis of patients can be better estimated by looking at HER?2 status along with other
factors. Breast cancer patients with low HER2 expression are associated with better

recurrence-free intervals in patients with HR+ and age less than 65 years.[39] Among HER2(+)
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breast cancer patients, prognosis was related to histologic subtype. Patients with invasive
lobular carcinoma subtype are associated with bone metastasis while patients with infiltration
duct and lobular carcinoma (IDC & ILC) histology subtypes are associated with lung
metastasis.[14] ER+/HER2+ patients tend to metastasize in the bone with better overall
survival compared to ER-/HER2+ patients who tend to metastasize in the liver brain and

lung.[40]

The extracellular domain of HER2 can be examined considering that part of HER2 can
be released into the blood circulation through the extracellular domain shedding mechanism.
Shedding-HER2 (sHER2) may increase especially in metastatic conditions. The examination
of SHER2 can be done using serum samples so that it is non-invasive. However, the results of
studies related to the correlation between HERZ in tissues and SHER?2 have not been consistent.
However, SHER2 can be an alternative examination where SsHER?2 can increase above 15ng/ml

in 16.7-23.5 cases of early-stage breast cancer.[41]

Ki67

Johanes Gerder made the initial discovery of Ki67 and discovered that it was linked to
an increasing histological grade of breast cancer. Nuclear antigen Ki67 is linked to cell
proliferation. Each phase of the cell cycle, except GO and G1, expresses the Ki67.[42] Further
studies found that Ki67 expression can be found in GO and G1, but is not detected in standard

IHC.[43]

Ki67 expression was discovered and could be considered as a predictive biomarker in
breast cancer.[44] The application of a cut-off value for Ki67 as a prognostic and predictive
marker in patients with stage | or stage Il breast cancer is the Ki67 expression of less than 5%

or more than 30%.[45] Another study on Ki67 in the general population with breast cancer



Review Article — Biomarkers of Breast Cancer

discovered that low disease-free survival and overall survival were linked to an expression cut-

off of 5-30%.[46], [47]

Ki67 has been assessed as a potential predictive biomarker for chemotherapy response
and has shown prognostic significance in early ER-positive disease.[48] A prior study
demonstrated that higher Ki67 expression following two weeks of endocrine therapy was
significantly correlated with decreased recurrence-free survival, as opposed to higher Ki67
expression at baseline.[49] However, the use of Ki67 as a treatment decision is still not
recommended due to analytical validity constraints that have not been standardized so it is still

not fully reliable.[45]

CEA dan Ca 15-3

CEA stands for carcinoembryonic antigen. CEA was first discovered in colorectal
carcinoma in 1965.[50] The human CEA gene family now has about 29 different genes. CEA
can be expressed in cancer tissues but can also be expressed in normal adult tissues.[51] CEA
levels from nipple aspirate fluid (NAF) samples in patients with breast cancer were found to

be higher when compared to benign breast tumor patients and normal controls.[52]

Ca 15-3 is the MUC-1 protein in soluble form. This marker has been widely used
especially in breast cancer. Under normal circumstances, the transmembrane protein MUC-1
is expressed at the apical portion of secretory epithelial cells' plasma membrane. In malignant
changes, MUC-1 can be overexpressed both on the surface of the membrane and the cytoplasm,
and MUC-1 will shed into circulation or soluble form. The increase of Ca 15-3 can be used as

a tumor marker.[53]

CEA and Ca 15-3 are widely used as biomarkers in tumors because of their non-

invasiveness, wide availability, and ease of performance.[54], [55] High levels of CEA and Ca
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15-3 were found to have an association with the molecular type of breast tumor. High CEA is
associated with HER2-positive and luminal B2 status. High Ca 15-3 was found in luminal B
as well as TNBC.[56] Another study showed high levels of CEA and Ca 15-3 were found in
patients with hormone receptor-positive. HER2-negative patients also had elevated CEA and
Ca 15-3 levels.[15] Ca 15-3 levels were also found to be independently associated with
molecular subtypes. Patients with HER2-positive luminal B had the highest Ca 15-3, followed

by patients with HER2 overexpression ad luminal B with HER2 negative.[16]

CEA and Cal5-3 can be regarded as tumor markers for the prompt detection of
metastasis from breast cancer. High CEA levels in breast cancer is correlated with the size of
the tumor and metastatic status. High CEA levels were also associated with large tumor size
and nodal metastasis.[56] Another study that indicated higher levels of CEA and CA15-3 in
patients with metastatic breast cancer compared to non-metastatic patients corresponded to this
finding.[15] The European Tumor Marker in Breast Cancer in their recommendations has
recommended CA15-3 more than 50 U/mL and or CEA more than 20 ng/ml as tumor markers
that can be used to screen for metastasis so that special attention can be given to patients of

breast cancer with high CA15-3 and or CEA.[18]

Preoperative CEA as well as Cal5-3 measurements can also be used to estimate the
prognosis of breast cancer patients. A cohort research conducted on more than 10,000 cases of
breast cancer in women showed that high levels of Cal5-3 and CEA were correlated with low
survival rates and disease-free survival. When compared with various molecular subtype
groups, patients with luminal subtype A with high Cal5-3 and CEA showed the most reduction

in survival rate and disease-free survival.[57]

A meta-analysis conducted by Shifu Tang found that CEA levels in breast cancer

secretion can be considered as a method for diagnosing breast cancer. Based on this study, the

10
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CEA test has a specificity of 87% with an area under curve result of 0.8570.[58] CEA and
Cal5-3 are biomarkers that can be considered in terms of monitoring therapy. Patients who
respond well to therapy will have decreased levels of CEA and Cal5-3. Conversely, patients
who experience worsening clinical conditions will show increased levels of CEA as well as

Cal5-3.[18]

CTC

Liquid biopsy has garnered significant attention as a potent tool in personalized
medicine since it allows for real-time cancer patient follow-up and monitoring of the cancer
progress. Circulating tumor cells (CTC) as part of liquid Biopsies already have a significant
influence on cancer patients' prognosis, minimal residual disease (MRD) detection, treatment
choices, and follow-up, and new research indicates that they may also be useful for early cancer
detection. CTC is part of liquid biopsy. These cancer cells are separated from the main tumor
and subsequently enter the bloodstream which may enable them to disperse to different body
areas and form new tumors. Detection of circulating tumor cells (CTCs) from clinical samples
can serve as a useful instrument for diagnosing cancer, treatment monitoring, and prognosis

through liquid biopsy.[59]

CTCs present in peripheral blood retain a wide range of variations despite their minimal
number. Effective techniques for identifying and catching CTCs are highly challenging and
complex. The gathered CTCs can serve as the principle and basis for the subsequent evaluation
and description. In order to accomplish this, several commercialized technologies for CTC
capture have been developed in over a decade, each has a unique feature for sensitive CTC
identification.[60] In this section, we typically categorize these methods as label-dependent or
independent based on the cell surface markers they use. Label-dependent technologies apply

the immunoaffinity principle for identifying and gathering CTC based on their surface marker.

11
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The most commonly used, label-dependent technologies are based on the principle of using
magnetic microbeads with antibodies attached. CTC is detectable by immunoreactive
recognition of markers associated with cancer that are non-expression in leukocytes, i.e.
EpCAM and CK, while CD45 is the opposite. The first and only system authorized by the US
Food and Drug Administration (FDA) for CTC assessment in metastatic malignancies is

CellSearch®. This method is widely regarded as the gold standard.[17], [61]

Label-independent technologies come from a consideration that CTC expression of
epithelial markers such as EpCAM and CKs to variable degrees in different types of cancer as
well as different stages, some isolation must be based on the other approach. To overcome this
possibility, CTCs were identified based on their size, density, and electrical characteristics.[60]
Based on their size, CTCs can be selected using membrane filters, microfluidic chips, and
hydrodynamics approaches. Bigger isolated cells from other cells will be gathered without

considering the surface marker.[61]

The potential use of CTC in breast cancer includes various aspects, i.e. in early
detection, diagnosis, treatment monitoring as well as helping diagnosis of breast cancer. The
CTC can be detected in blood samples before the tumor is visible on imaging tests. In the field
of monitoring treatment, CTC levels can indicate the effectiveness of the treatment as well as
detect disease recurrences. The CTC can also predict the prognosis of breast cancer patients as
high CTC levels are associated with poor outcomes. The CTC can provide information on
molecular characteristics of the tumor that can be considered to be used in treatment selection
and predict treatment response. The CTC can also be used in identify new treatment targets

and develop personalized treatment strategies.[17]

Genome sequencing

12
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The genome is a whole of genetic material in an organism. It is composed of DNA or
RNA in some viruses that contain genes and accompanying elements that regulate gene
activity. The human genome is the same in each individual, although some variations can cause
variations in the appearance and health tendencies of each person.[62] Genome sequencing is
a procedure to determine the sequence of bases in the genome of the cells in a single process.

Genome sequencing examination technology has developed rapidly.[63], [64]

Currently, genome sequencing technology has developed from the first generation to
the third generation.[63], [64] Radioactive labels were utilized by Sanger to identify nucleotide
sequences in the initial generation of genome sequencing.[65] The first generation has further
updated the label with non-radioactive, fluorescent labels.[66] The second generation of
genome sequencing is based on the principle of pyrosequencing.[63] Pyrosequencing
technology is a sequencing technique based on the release of pyrophosphate during DNA
synthesis. Through several enzymatic cascades, visible light will be generated in proportion to
the number of nucleotides.[67] Next-genome sequencing (NGS), which is distinguished by
high throughput and single-molecule DNA sequencing, started in second-generation genome
sequencing. Second-generation genome sequencing is a short-read sequencing technology that
has the principle of sequencing fragmented DNA that occurs individually simultaneously and
massively. Third-generation genome sequencing is distinguished from second-generation
based on its ability to perform the sequencing process on unfragmented DNA in real time,

minimizing genome-wide repeats and structural variant detection.[64]

The important role of genome sequencing in breast cancer management has been
studied in previous studies. Generally, genome sequencing could find the drivers of mutations
in breast cancer that can affect the development of the disease, the possibility of genomic
variations that cause variations in the results of therapy, and the choice of therapy that might

be given to patients with certain mutations.[19], [68] Among the crucial functions of genome

13
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sequencing in breast cancer is to advance the understanding of somatic mutations in breast
cancer patients. Types of mutation commonly found in driver mutations are substitution
mutations, copy number aberrant, insertion-deletion, and rearrangement. The mutation of
BRCA1 and BRCAZ2 is a signature mutation. The majority of BRCAL or BRCA2 mutations
are germline although some are somatic mutations. Several genes are thought to be recessive
which were not previously found including MED23, FOXP1, MLLT4, XBP1 and

ZFP36L1.[19]

A previous study also found that the common mutation in patients with metastatic breast
cancer is ESR1 mutation. This mutation is responsible for resistance to the main therapy of
aromatase inhibitors.[68] Another study conducted in a great enough population of advanced
breast cancer patients who had experienced metastasis also tried to determine the genomic
alteration in those patients. Patients with a history of resistance to hormonal therapy for breast
cancer showed the results of ESR1 mutations, disruption of the MAPK pathway, and disruption
of estrogen receptor transcriptional regulation, so that in clinical applications, breast cancer
patients with this picture will provide the possibility of unsatisfactory results against aromatase
inhibitor therapy.[69] To address this condition, other therapies like selective degraders and
modulators of the estrogen receptor are still being developed to overcome therapy in ESR1

mutation patients.[68]

A study of BRCAL1/2 in breast cancer patients found that BRCA1/2 mutation patients
had a good response to Olaparib. Therapy tailored to genomic alteration based on the European
Society of Medical Oncology (ESCO) scale for clinical actionability of molecular targets
(ESCAT) can improve the progression-free survival rate.[70] Previous research also showed
five percent of patients with metastatic breast cancer had hypermutation in their genome
sequencing results. Patients with hypermutation had a good response to pembrolizumab

therapy, a programmed death-1 (PD-1) inhibitor.[71]

14
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Genomic study in metastatic breast cancer tried to identify driver mutations based on
hormone receptor expression. Cases with hormone receptor expression (estrogen and/or
progesterone receptor) (HR+) but low HER2 (HER2-) levels were more likely to have nine
driver mutations, namely NCOR1, AKT1, NF1, RIC8A, RB1, TP53, ESR1, GATA3, KMT2C,
when compared to the early-stage breast cancer. An unfavorable prognosis is associated with
HR+/HER2-metastasized breast tumors that had several hallmark mutations coupled with

TP53, RB1, and NF1 alterations.[72]

Conclusion

Biomarkers are crucial for diagnosing breast cancer, classifying breast cancer types, and
determining the most effective treatment strategies such as personalized and targeted therapies
for individuals with breast cancer. It also can be used as a prognostic tool to predict response
toward therapeutic intervention and to detect disease recurrence. The examination of ER, PR,
HER2, and Ki-67 are prognostic and predictive factors as well as become considerations in
determining patient therapies. HER2 screening is important in considering targeted therapy for
invasive breast cancer patients. Shedding-HER2 (SHER?2) may increase especially in metastatic
conditions, despite previous studies that have not shown a consistent correlation between HER2
in tissues and sSHER?2 in circulation. Both CEA and Cal5-3 can be taken into consideration
when monitoring therapy and are used for the early detection of metastases from breast cancer.
CTC has an important role in early cancer diagnosis and detection of recurrences as it can be
detected before the tumor is visible on imaging tests. Genome sequencing could find the drivers
of mutations in breast cancer that can affect the development of the disease. The genomic
variations may affect consideration in the therapeutic regiment selection and the results of
therapy. Technologies of breast cancer biomarkers are evolved, however, comprehensive
genomic researches are expected to be conducted so that personalized therapy will produce a

better patient outcome.
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