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Preface

Breast cancer is the most frequent invasive cancer among women worldwide,
impacting more than two million women each year. It is also the number one cause
of cancer-related deaths among women. The incidence of breast cancer varies
greatly around the world. While breast cancer rates are higher among women

in more developed regions, rates are increasing in nearly every region globally.
Researchers and clinicians around the world are working to find better ways

to prevent, detect, and treat breast cancer, and to improve the quality of life of
patients and survivors.

In recent years, there has been substantial development in breast cancer research
and its clinical applications, for example, breast cancer biology and genomics;
epidemiology and prevention; early detection and screening; as well as diagnosis
and treatment. In addition, the advent of various emerging technologies, such as
stem cell technology, genome editing technology, and bionanotechnology, as well as
tissue engineering and regenerative medicine, have enhanced our understanding of
breast cancer and produced novel insights that could lead to the development and
deployment of newer clinical and/or therapeutic interventions.

Against this backdrop, this book examines recent advances in breast cancer
biology and therapeutics. Chapters cover a broad spectrum of interrelated topics,
presenting information in a comprehensible way to a greater scientific and clinical
audience as well as patients, caregivers, and drug and device manufacturers to
support breast cancer product development.

Written by leading experts in basic science and clinical care, this book consists of
nine chapters over six sections. The first section introduces the pathobiology of breast
cancer, emphasizing the current challenges and future perspectives of multifocal,
multicentric, and bilateral synchronous aspects of breast cancer. The second section
deals with selected biomarkers of breast cancer, such as non-coding RNAs, and
highlights the potential significance of diagnostic and prognostic biomarkers as well
as novel therapeutic targets. A chapter in this section examines the potential role

of various molecular prognostic and predictive markers, such as p53, EGFR, Fas,
miRNA, PD-1, androgen receptors, and more, in the case of triple-negative breast
cancer.

The third section discusses in vitro breast tumor models focusing on their
biomimetic capabilities, advantages, disadvantages, and specific applications. The
fourth section explores recent developments in pharmacotherapy of breast cancer,
particularly plant-based natural compounds that can be potentially harnessed as
novel anticancer drugs. A chapter in this section delves into the structural insights
of the anticancer properties of doxazosin, a selective alpha-1 adrenergic receptor
antagonist, on overexpressing EGFR/HER?2 cell lines.

The fifth section reflects on advances in breast cancer screening and management,
for example, the pathophysiology of persistent pain after breast cancer surgery,



including a review of pertinent risk factors, clinical features, and various treatment
options. A chapter in this section synthesizes the knowledge and current perspectives
of breast cancer screening. The final section of the book explores various aspects of
diagnostic imaging, centering around microwave imaging for breast cancer detection.

This book is a valuable resource not only for medical and allied health students

but also for researchers and clinicians in cancer biology, pathology, oncology, stem
cell biology, tissue engineering, regenerative medicine, and precision medicine.
This quick reference will benefit anyone desiring a thorough knowledge pertaining
to recent advances in breast cancer and current and evolving diagnostic and
therapeutic challenges.

I would like to thank the team at IntechOpen, including Commissioning Editors
Sandra Bakic and Iva Simcic, and Author Service Manager Mia Vulovic, for
excellent support throughout the preparation of this book; they were remarkably
patient and persistent. Finally, I dedicate this to my beloved niece and nephew,
Vidhya and Vignesh, the future.

Mani T. Valarmathi, MD, Ph.D.

Clinical Molecular Diagnostic Laboratory,
Religen Inc. | A Life Science Company,
Plymouth Meeting, Pennsylvania, USA

XIvV
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Chapter1

Multifocality, Multicentricity, and
Bilaterality of Breast Cancer

Ivan Ili¢

Abstract

Multifocal, multicentric, and bilateral breast tumours are either benign,
precursor lesions or malignant neoplasms.A multidisciplinary review of these
entities can offer clinicians a practical guidance for diagnostic and treatment
procedures. Multiple synchronous (multifocal or multicentric) ipsilateral breast
cancers (MSIBC) with heterogeneous histopathology require particular atten-
tion, since MSIBC tends toward more aggressive biology and higher rates of nodal
positivity. Being independent of laterality, domination of the invasive carcinoma
was observed in the bilateral and multifocal disease type. The TNM staging system
for breast cancer does not include multifocality and multiplicity. Only the tumour
with the largest diameter is considered for the pT category, neglecting the second-
ary foci which can make the treatment decision more difficult. MSIBC has a similar
prognosis to unifocal cancers, but sometimes they might be negative prognostic
parameters. Likewise, in comparison with unifocal breast cancer, MSIBC presents
a different genetic pathway.

Keywords: Multiple synchronous tumour, multifocal, multicentric, bilateral,
breast cancer

1. Introduction

The multifocal, multicentric, and bilateral aspects of breast cancer (BC) are
the eternal dilemma in the scientific literature. Breast cancer is the most com-
mon tumour disease and the second leading cause of death in American women,
with 268,600 new cases and 41,760 deaths in 2019 [1]. The second most com-
mon malignancy in patients with breast cancer is contralateral breast cancer [2].
Presence of another focus of breast cancer, far away from the dominant mass, was
described as early as 1920 by Cheatle [3]. The appearance of such non-dominant
lesions in multiple ducts of a single quadrant (multifocal), or in two or more
quadrants (multicentric) was further elaborated in 1957 by Qualheim and Gall [4].
Multifocal/multicentric (MF/MC) breast cancer is occurring frequently, however,
its genesis is not fully understood [5].

Previous studies evaluated histological and immunohistochemical character-
istics [6, 7], revealing that most multicentric breast cancers share similar features
in terms of histology and immunohistochemistry, suggesting that early-stage
synchronous tumours develop from one breast cancer [6]. The heterogeneity of
the focus of multiple cancers [8] is understudied in the literature, with a number of
studies which have evaluated histological and immunohistochemical characteristics
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of tumour foci in multiple cancers arriving at contradictory results and different
conclusions [7, 9].

Multiple synchronous ipsilateral breast cancer (MSIBC) with heterogeneous
histopathology is a controversial condition in a clinical context, which has been
discussed and studied extensively in the literature, but lacking international con-
sensus on itsdefinition and clinical treatment options. Current incidence of MSIBC
is unknown, but, owing to improved sensitivity of medical imaging methods
and the use of magnetic resonance imaging (MRI) for BC screening and staging,
is showing increased occurrence. This heterogeneous disease requires special
attention during treatment, given the fact that MSIBC is a much more aggressive
condition which produces metastases in lymph nodes more frequently [10].

Based on current therapies for breast cancer, the treatment of this heterogeneous
disease calls for joint decision making in a multidisciplinary team and in collabora-
tion with an oncology council, where the pathologist, working with the other mem-
bers of the team, influences the new concept of individual approach to treatment of
MC/MF breast cancer patients with their data and explanations obtained through
testing. A new rigorous view on genetic patterns of heterogeneity in each individual
focus would present a more specific approach to treating MSIBC [11].

2. Terminology and classification of multifocal, multicentric, and
bilateral breast cancers

Multiple synchronous tumour foci in one breast are referred to as multifocal
and multicentric, but without a consensus on terminology [12]. MF/MC cancer
may occur due to intramammary proliferation of a single primary BC or multiple
synchronous, independent primary breast cancers [5, 13]. Recently, the definition
of multifocal cancer was changed. Previous definition of multiple synchronous
lesions of breast cancer stated that these could be either MF or MC, depending on
where the lesion was located (in the same or different quadrants). The use of breast
quadrants to define and classify cancers is now considered inappropriate, since
quadrants are not part of convention which correspond to the breast anatomy [14].
Pathologists define multiple simultaneous primary lesions when there are two or
more tumour foci without malignant tissue between them [15].

Multifocality is usually determined microscopically, when a greater number
of morphological cancer development centres are present, which is the same
micromorphological unit or lobe in the breast. Radiologists do not have a more
precise definition, but tumours are usually considered multifocal when the distance
between the tumour masses is less than or equal to 5 cm, and multicentric when this
distance is greater than 5 cm (Figure 1) [16, 17]. Given that a standardised defini-
tion is not established, multifocal and multicentric breast cancers are often grouped
together as multifocal/multicentric breast cancers [18]. In histological terms, BC is
defined as multiple cancer when it consists of more than one clearly distinguish-
able tumour foci which are separated by normal and benign breast tissue or ductal
carcinoma in situ (DCIS) [19].

Various time intervals are used to define bilateral synchronous breast cancer
(BSBC). In 1921, Kilgore defined BSBC as breast cancer where both tumours are
diagnosed simultaneously [20]. Since 1921, various time intervals were introduced,
ranging from one to five years [21]. A broadly accepted definition of BSBC is the
one given by Hartman and co-authors in 2007 as a tumour diagnosed within 90 days
after the initial mass has occurred. Although the reported time intervals vary,
bilateral BCs are considered to be synchronous when contralateral BC is diagnosed
within a period of three months, and as metachronous bilateral cancers (BMBC)
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Figure 1.

Images from mammograms of ILC from three different patients: (A) stellate tumour shadow of unifocal ILC
from the 58 years old patient; (B) multicentric (bicentric) ILC from the 53 years old patient; (C) bilateral
synchronous ILC from the 32 years old patient. In reference [16] (the figure was taken from article; permission
obtained from the copyright owner).

when diagnosed more than three months after the first diagnosis [22]. Limit values
used in the literature to differentiate between BSBC and BMBC range from 1 to

12 months [23]. Before a bilateral breast cancer diagnosis is confirmed, metastatic
contralateral breast cancer has to be ruled out [24].

The definitions of multifocality, multicentricity, and bilaterality refer primar-
ily to the two most common types of breast cancer (ductal and lobular), but can
also refer to certain lesions which occur less frequently in the breast. In terms of
multifocality, between 10 and 20% of tubular carcinomas may present as multifo-
cal [25, 26], and the identical frequency of multifocality is observed in cribriform
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cancers [27, 28]. A thorough sampling of large areas with high DCIS grade should
be performed in order not to miss the foci of the carcinoma microinvasions (or
invasions). Some reports suggested that when a microinvasive carcinoma occurs,
it is likely to be multifocal [29].

Certain benign lesions, such as papilloma, are rarely multiple in nature
(Figure 2). Breast lesions which often present as bilateral are DCIS [30], Paget’s
disease of the nipple, radial scars and complex sclerosinglesions, gynecomastia,
Burkitt lymphoma [31], while bilateral breast cancer also frequently occurs in
patients with Cowden syndrome and heterozygous ATM mutation carriers (ataxia
telangiectasia), as a result of submitting patients suffering from Louis-Bar syndrome
to radiotherapy [31-33]. Other types of potentially bilateral-onset breast lesions
are atypical ductal hyperplasia [31], phyllodes tumour [32, 34], myofibroblastoma
[33], desmoidfibromatosis [35], male breast cancer [36], angiosarcoma [37, 38],
liposarcoma [31], lymphoma (about 10% of the cases), pseudoangiomatous stromal

Figure 2.
Multiple breast papillomas in multilocular cyst of the 52 years old patient. (A) Macroscopic appearance;
(B) microscopic appearance of breast papilloma (HE x 100) (image was taken from authors own lab).
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hyperplasia [39], ductal adenoma in patients with Carney syndrome [40]. There
are also lesions with unidentified bilaterality, some of which are ALK-negative
anaplastic large cell lymphoma [31], mucosa associated lymphoid tissue lym-
phoma [41] and granular cell tumour [42]. Most patients with diffuse large B-cell
lymphoma develop a unilateral condition, but there is a risk of relapse in the
contralateral breast [43].

3. Epidemiology and risk factors

Based on data from the literature, there is no consensus on the factors relating
to the development of multicentric carcinomas [44]. MF/MC BC incidence ranges
from 6 to 77% [14]. Bilateral breast cancers are responsible for 2 to 6% of all breast
carcinomas [22]. Earlier studies have shown that one of the most important risk
factors for MCBC is if the first occurrence is an invasive lobular carcinoma (ILC)
[45]. Low-grade invasive ductal carcinomas (IDC) are not linked with the number
of tumour masses in the contralateral breast. All of these observations contradict
the fact that ILC is more common among patients with bilateral and multifocal BC
solely due to slower growth rates [46].

There are no differences when it comes to patient age, tumour stage, or the
presence of multifocal, multicentric, and bilateral ILCs [47]. Contralateral tumour
incidence, in particular synchronous ILCs, is in the 5 to 19% range, which is more
than invasive ductal carcinoma of no special type [45, 48, 49]. BSBC is a rare entity
with an incidence between 1 and 3%. Surprisingly, there has not been an increase in
the BSBC incidence since 1980. A lower incidence of metachronous bilateral breast
cancer was observed, likely due to the introduction of systemic adjuvant therapy.
In the study on incidence of bilateral breast cancers in Sweden, conducted by
Hartman and co-authors reported that the incidence of BSBC was approximately
100 times greater than what can be explained as coincidence or a cumulative effect
of exogenous carcinogens [22],

Women with MF/MC breast cancers are often of younger age at the time of
diagnosis and with positive oestrogen (ER) receptors expression than women with
a unifocal condition [50]. Patients with MF/MC tumours are prevalently premeno-
pausal and with a lower body mass index [51]. Women already suffering from BC
are at two to six times greater risk of developing contralateral BC compared to the
risk of other women developing their first primary BC, with the risk being inversely
proportional to their age at the time of initial diagnosis [45, 52]. Average time
between the diagnosis of the first BC and metachronous contralateral breast cancer
varies from 3.9 to 7.7 years [22, 52].

Histological subtype of invasive carcinoma did not prove to be a predictive
multicentricity factor, particularly in ILC subtypes [16, 47]. Earlier studies suggest
that ILCs are much more prone to multicentric growth; but when lobular carcinoma
in situ (LCIS) is excluded, multicentricity is not that common [44, 53]. When
compared to IDCs, ILCs are ER and progesterone (PR) positive to a larger extent,
but show lower HER? positivity with the exception of pleomorphic lobular carci-
noma [31]. Women diagnosed with MF/MC BC proportionally more frequently
have positive ER receptors and lower prevalence of triple-negative tumour masses.
Numerous studies documented significantly higher positivity levels of ER receptors
among the BRCA2 mutation carriers in comparison to BRCA1 mutation carriers.
Therefore, it is highly unlikely that ER signalisation leads to MF/MC disease [54].
An extensive meta-analysis found no connection between the ER status and spo-
radic MF/MC breast cancers, suggesting that the ER status does not play a part in
the specific development of MF/MC disease [55]. The risk of other contralateral
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primary breast cancers varies depending on the status of hormone receptors of the
first tumour, age, race, and/or ethnic origin [56].

A certain number of earlier studies discovered a strong correlation with the
lobular histology in the first primary breast carcinoma and the occurrence of
bilateral breast cancer [57]. Women with primary breast cancer who have posi-
tive hormone receptors show twice the risk of developing contralateral BC, while
women who have cancers with negative hormone receptors are at almost four times
higher risk as compared to general population with regard to age and race. Women
with primary tumours who have negative hormone receptors more frequently
develop secondary tumours which have negative hormone receptors, especially if
the initial diagnosis is confirmed before the age of thirty [56].

Women who have next of kin with BC are at 50% higher relative risk of devel-
oping bilateral breast cancer than women without family history of this condition
[22]. When compared to non-carriers, women with BRCA1 mutations are at 4.5
times greater risk and with BRCA2 mutations at 3.4 times greater risk of bilateral
breast cancer [58]. On the other hand, carriers of similar ATM gene variants
have a lower risk of developing contralateral breast cancer [59]. Family history
of breast carcinoma, younger age at the time of initial diagnosis, or mutation of
BRCA1 and BRCA2 genes are linked to a higher risk of developing contralateral
tumours, placing them in the higher risk group [45]. Higher prevalence of mul-
tifocality/multicentricity than expected occurs in women diagnosed with cancer
who are BRCA2 mutation carriers [50].

4. Radiodiagnostics

Mammography and ultrasound are complementary methods for evaluating the
size, spread, and the presence of multifocality in BC (Figure 1) [16, 31]. However,
not all MF/MC cases will necessarily be found using these imaging modalities [60].
Radiologic BC characteristics can vary significantly. These differences often depend
on the tumour grade and histological subtype. Therefore, variations in the radio-
logic presentation can sometimes predict the differences in the morphology and
biology of the tumour. ILC often invades normal tissue without causing desmoplas-
tic stromal response which is usually found in IDC. For this reason, ILC density is
often similar to the surrounding normal fibrous and glandular tissue of the breast,
which makes it inconspicuous in mammographic screening [61, 62], particularly
since non-desmoplastic ILC produces metastases in axillary lymph nodes more
frequently [63].

Due to the limited use of mammography in diagnosing ILC and the risks of
obtaining false negative results, other methods such as sonography and MRI are
used to assess the tumour dissemination [64]. Magnetic resonance imaging is more
useful for diagnosing ILC, in particular multifocal lesions, although this imaging
procedure may produce false positive results or overestimate the tumour stage
[65, 66]. Recent literature on the role of imaging modalities in the BSBC diagnosis
suggests that family history of BC, multifocal BC, or the presence of an ILC should
serve as recommendations to perform an MRI with the purpose of eliminating
contralateral malignancy [67].

5. Pathology report

In recent decades, pathohistology has made a huge step forward from the
typical traditional documentation to the ability to modify the histochemical and
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immunohistochemical methods [68], which has shed new light on some patho-
histological parameters and consequently led to a new approach when it comes to
recognising the criteria for classifying and grading tumours. Tot et al. support that
there can be two different types of multifocal invasive carcinoma: one with multiple
individual invasive foci which develop from in-situ lesions in different parts of the
same lobe either at the same or at a different time, and one where individual foci

are in-transit metastases of the primary focus and are not connected to the in-situ
component [69].

When compared to unilateral BC, bilateral breast cancer is associated with
significantly lower rate of the ductal type, with a higher histologic grade, HER2
positivity and metastases in lymph nodes, without differences relating to age, race,
ER and PR status, or pathologic stage of the tumour disease (Figures 3 and 4).
Synchronous breast cancer is associated with a higher rate of consistency with
the ER, PR, and HER2 statuses (Figure 4) as compared to metachronous bilateral
breast cancer, but without any difference regarding the histologic type or grade
[70]. A high-grade malignancy and multifocal contralateral breast disease are
inversely proportional [46], which is why patients with BSBC often develop slow-
growing and low-grade carcinomas [71].

Greater size of the tumour masses and a larger number of the lymph nodes
affected are also linked with multifocal carcinoma, both in unilateral and bilateral

B 2
Figure 3.

Macroscopic appearance of BSBC from the 36 years old patient in stage IIIA and IIB: (A) mastectomies of both
breasts with associated axillary adipose tissue; (B) macroscopic examination of the tumour infiltration zone by
transverse serial sections; (C) foci of the lavgest tumour infiltration zones and their distance from the resection
margins. (image was taken from author’s own lab).




Breast Cancer - Evolving Challenges and Next Frontiers

Figure 4.

Microscopic appearance of BSBC from the 36 years old patient in stage IIIA and IIB. Strong membranous
expression of HER2 in invasive and “in situ” component of classical subtype of ILC (LSAB x 200). (image was
taken from author’s own lab).

breast cancers [46]. In unilateral BC patients with a multifocal disease, 40% present
with tumour foci that have different histopathology [5, 13, 72]. Studies analysing
clonal origin of the tumour focus in multifocal BC show that at least 50 to 70% of
cases with different foci are genetically related [73-75], arguing that most multifo-
cal breast carcinomas in patients with unilateral BC originated from the same
precursor cell, therefore being an intramammary spread of metastases or an in-situ
carcinoma with numerous invasive foci [14, 73].

Some studies revealed that multiple synchronous ipsilateral breast cancer
(MSIBC) correlates with the known risk factors, suggesting aggressive biology, such
as younger age of patients, higher grade, hormone receptor status, HER?2 status,
lymphovascular invasion and node involvement [76, 77]. Other factors can also
play a part, such as the loss of E-cadherins, causing a loss of cell-to-cell adhesion
and contributing to metastatic potential. A recent study demonstrated that MSIBC
had a significant downregulation of E-cadherine expression as opposed to unifocal
lesions [78].

While desmoplastic stromal response is not associated with higher frequency
of metastases in axillary lymph nodes [63], there is a positive correlation between
the presence of metastases in axillary lymph nodes and the number of tumour foci
[77]. In multiple carcinomas, between 3 and 7% of cases can present with differ-
ent histologic tumour types and/or histologic tumour grades (intratumor hetero-
geneity) [19, 77]. Using androgen receptor tests, it was discovered that some DCIS
and LCIS develop from different cell clones [79]. If we assume that pure DCIS
obtains its phenotypic diversity from different cell clones or from accumulated
genetic alterations of a single clone, followed by the progression of the dominant
clones to invasive carcinomas, it is possible that these represent different pheno-
types in multifocal/multicentric BC with a heterogeneous DCIS component [5].

If the multifocal/multicentricBC in question develops as a consequence of
lymphovascular invasion, a higher risk of further metastases is probable. Higher
frequencies of lymph node involvement and higher relapse rates in MF/MC BC
than in other unifocal BCs support the idea that they can occur as a result of
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lymphovascular invasion, although a high incidence of metastases in lymph
nodes in MF/MC breast carcinomas is also associated with larger tumours

[80, 81]. When the tumour (T) stage is determined with the diameter of the
largest lesion, multifocality and multicentricity can act as independent predictors
of axillary lymph node involvement.

6. Heterogeneity of tumour foci

Heterogeneity is a well-known trait of malignancies. It can be observed in
individual tumours or among primary BCs and synchronous metastases in lymph
nodes. This should be particularly emphasised in the case of MSIBC with different
biology and positive lymph nodes in the diagnosis. The status of axillary lymph
nodes is the most important individual prognostic factor for BC patients; an accu-
rate histological characterisation of nodal metastases can help clinicians select the
most appropriate .treatment [11].

Studies suggest that the tumour foci in MF and MC carcinomas may manifest
clonal and behavioural heterogeneity [76], irrespective of the distance between
the lesions [7], that ipsilateral foci usually have identical clonality while bilateral
breast cancers vary [82], and that 25% of MC carcinomas is polyclonal [83]. The
studyof Nortonand co-authors focusing on multifocal ILCs, numerous genetic
copies between the foci are consistent to a high degree, suggesting clonal connec-
tion between the foci on the one side, while genetic heterogeneity was observed
between the foci in patients on the other side [84]. Phenotypic differences are more
common in foci (Figure 5) that are homogeneous in terms of tumour type and
grade [76]. Actually, all tumour foci are considered to have the same phenotype,
although genetic or phenotypic alterations may occur during the progression of the
tumour [5].

Figure .

Phenotypic differences in ER expression (positive nuclear staining on the right side and negative nuclear staining
on the left side of tumour focus) may indicate clonal and behavioural heterogeneity of LCIS (LSAB x 200).
(image was taken from author’s own lab).
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7. Molecular and genetic testing

It is not clear whether multifocal/multicentric BCs with different phenotypes
are of independent origin due to the fact that phenotypic changes may occur
during the tumour progression and dissemination [85]. A few studies, using
various molecular methods, showed that bilateral breast cancers are most likely
not genetically identical [86, 87]. While the presence of a different phenotype is a
clear indicator of separate synchronous primary tumours, over 70% of invasive BCs
classified as IDC have identical morphology, meaning that the tumours are clonally
related. Using targeted gene sequencing in patients with multiple invasive ductal
carcinomas of the same grade and hormone receptor status, it was determined that
one third of the cases shows identical mutation profile, one third shares mutations
with individual mutations in different foci suggesting identical clonal origin, and
one third exhibits no common mutations. Despite common mutations not being
present, common changes in copies among the lesions were found, which requires
more detailed examinations with methods such as sequencing the entire genome,
which would reveal common subclones with a clonal distinction in a larger number
of cases [73].

The 21 gene recurrence score assay is a commercially available prognostic and
predictive test that measures gene expression levels (16 cancer-related and 5 refer-
ence genes) using RT-PCR. The test generates a numeric RS on a scale of 0 to 100
to predict a ten-year risk of a distant metastasis as well as the benefit of chemo-
therapy in patients with an early-stage ER positive, HER2 negative breast cancer.
This RS divides the patients into three risk categories: low (RS < 18), medium
(RS 18 to 30), and high (RS > 31). Adjuvant chemotherapy is added to endocrine
therapy in patients with high RS; it is estimated that the benefit is low enough to
outweigh the consequences in low RS patients [88]. The importance of genome
testing for classification by risk category was recognised in the eighth edition of
the AJCC Cancer Staging Manual [89], which integrates RC into BC staging. This
study examines the consistency of RS in multiple synchronous ipsilateral BCs of
similar histology [90].

Tsuda and Hirohashi [91]. investigated the loss of heterozygosity at 16q chromo-
some in multiple breast cancers and have decided to define multicentric carcinomas
as those which are not related through the DCIS component and are not showing
satellite nodules and can appear independently. On the other hand, Teixera et al
[82], using cytogenetic analyses, concluded that the dominant origin of multiple
BCs is intramammary spread from a single primary tumour, despite the fact that
some cases develop as unrelated pathogenetic processes. Recently, Brommesson and
co-authors compared genome similarities between synchronous multiple invasive
breast cancers by means of a comparative microarray-based genome hybridisation
and discovered that 5 out of 10 unilateral tumour pairs showed similar genome
profiles, suggesting that some synchronous unilateral multiple tumours may have a
common origin, while other develop independently [74].

8. Staging of multifocal/MulticentricTumours

Tumour classification as unifocal, MF, or MC is determined in accordance
with the pathology reports. The size of the tumour is obtained from the pathol-
ogy reports. In patients with MF/MC tumours, T stage is determined using two
methods: diameter of the largest tumour focus (Tp,x) and by adding up the largest
diameters of all tumour foci that are present in the pathological sample (Tg,) [51].
AJCC TNM classification defines tumour size as a measure of the largest individual
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focus of MSIBC [92]. BSBC should be classified independently to permit separation
of cases by histological type. (Figures 3 and 4). Some authors support the hypoth-
esis that MSIBCs can be best described as summarised dimensions which reclassify
tumours to higher stages [93].

According to the College of American Pathologists’ recommendations, when
multiple synchronous ipsilateral invasive cancers of the same histology are present,
the largest invasive carcinoma is used for classification and receptor evaluation
[94]. The largest tumour focus is ranked as index or first-rank tumour, and other
foci as second to n-rank of additional foci by descending diameter size. The number
of lymph nodes affected with macrometastases (larger than 2 mm) or micrometas-
tases (with a diameter between 2 and 0.2 mm) is also reported, as well as the total
number of lymph nodes analysed [8]. When the T stage is determined based on the
diameter of the largest lesion, multifocality and multicentricity are an independent
predictor of axillary lymph node involvement. However, redetermining the T stage
based on the sum of diameters of all foci compensates for their difference, leaving
the proportion of lymph node metastases between the MC/MF and UF tumours
equal [93]. These findings suggest that the increase in the lymph node involvement
(or any other relation with unfavourable outcomes) is not a consequence of the
common nature of the MC and MF tumours, but rather the result of underestimat-
ing the spread of the disease using current staging systems [95].

Some investigationssuggest that the sum of the largest diameters is actually
greater than the overall size of the tumour mass and that a better criterion for
assessing the tendency of metastasis formation is the total volume and surface area
of the tumour [81]. After reclassifying the tumours according to this model, MF/
MC tumours still show increased level of lymph node involvement, suggesting
that the difference is not the result of the lower stage, but rather the basically more
aggressive tumour biology [95].

9. Therapeutic modalities and prognosis

Breast-conserving therapy is now an established alternative to radical mastec-
tomy. When it comes to tumours with more than one lesion, suggested treatments
are changing at the moment. Many authors continue to support breast-conserving
surgery for MC/MF tumours [96]. Furthermore, when breast-conserving surgery is
proposed as a treatment option for patients who carry BRCA2 mutations and have
ER positive receptor status, the surgeons should bear in mind the increased inci-
dence of multifocality and plan the surgical procedure accordingly, ensure that the
complete excision is performed in one procedure, as well as minimise the conse-
quences related to repeated surgery due to marginal involvement [50]. Oncoplastic
surgery enables a more precise resection of the tumour mass and free resection
margin as compared to standard quadrantectomy or lumpectomy [97].

Considering that the effect of partial breast radiation therapy is limited to the
index quadrant, it is of paramount importance that patients with low risk of occult
microscopic disease in the remaining breast tissue are selected, meaning that local
control is not less important than whole-breast radiation [11]. It has been proven
that whole-breast radiation after a breast-conserving surgery is more efficient
against microscopic foci of BC, which is demonstrated by the fact that leaving it out
increases local recurrence rate to 39.2% [98]. Patients under 45 who have BC and
were treated with post-lumpectomy tangential field radiotherapy are at higher risk
of developing contralateral breast cancer, in particular women with family history
of BC [52, 99]. Adjuvant chemotherapy is also associated with reduced incidence
(up to 20%) of contralateral breast cancer in women under 50, but not in female
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patients of and above this age [100]. Moreover, chemotherapy is also related with
a lower risk of contralateral breast cancer for a period of up to 10 years after the
initial BC diagnosis [101].

It was reported that adjuvant systemic hormone ER positive therapy reduces
the incidence of contralateral breast cancer by 39 to 55%, depending on the
menopausal status [100], which is why detecting limit values for the ER receptor
positivity is important [102]. The analysis of the study results revealed that adjuvant
chemotherapy is not effective in patients with RS < 25 and above fifty years of age.
However, women under 50 with BC who have RS in the medium range between 16
and 25 can still derive some benefit from chemotherapy [103].

Certain data supports the claim that multifocality/multicentricity is not an
independent prognostic factor for BC. Although it is suggested that MF/MC can
predict the outcome, it is a fact that the size of the tumour bears greater significance
in these patients, rather than the presence of multifocality/multicentricity itself
[50]. There is controversy in the literature relating to MF/MC prognosis. The rate
of locoregional recurrence has increased in some studies [104], while others found
no differences [95]. A 2.75 times higher risk of cancer-related death was reported
in patients with MF breast cancer, irrespective of the molecular subtype [19]. In an
extensive retrospective study, Weissenbacher et al. reported a lower median global
survival (OS) in MF/MC patients as compared to unifocal tumours [104]. One
earlier study showed that MC disease is related to higher local recurrence rates, but
not MF disease (37 and 17% respectively) [105].

Histologic grade is a well-known prognostic factor for BC, with numerous studies
demonstrating a strong connection with survival rates [31, 106]. The size of the
tumour has been identified long ago as an independent indicator of lower global
survival [107]. Two studies monitored the relation between different methods for T
staging and survival. It was discovered that MF and MC tumours larger than 2 cm
are accompanied by lower global survival when compared with unifocal carcinoma,
but this difference vanishes if the sum of the tumour diameters is used in staging
[93]. In patients with MF/MC disease, calculating the sum of diameters of multiple
foci does not add any prognostic information apart from the conventionally deter-
mined T stage on the basis of the largest diameter of the largest focus [108]. A more
intensive systemic chemotherapy could potentially mask an accurate prognosis
which is determined by measuring the size of the tumour. The prognosis for patients
with MF/MC tumours is similar to that for patients with unifocal tumours. In higher
stages, the presence of lymph node positivity and distant metastases provides more
significant prognostic information, while the T-stage effect on the prognosis is of
little importance [51]. Most studies found increased frequency of metastases in
multiple carcinomas when compared to unifocal carcinomas [77, 104], explaining
the unfavourable outcome in MSIBC patients [109].

It is difficult to assess the prognosis of bilateral breast cancer, because the
outcome may not be unevenly ascribed to either the first or the second carcinoma.
The survival of BSBC patients seems to depend on tumours with poorer histological
characteristics [110]. Women over the age of 50 with synchronous bilateral carci-
noma or women who develop contralateral breast cancer within 5 years are at two-
and four-times higher risk, respectively, of dying from cancer than women with
unilateral carcinoma. The prognosis for women with bilateral breast cancer that was
diagnosed after 10 years from the initial carcinoma is similar to that for women with
unilateral BC [22]. There is no significant difference in survival for patients with
bilateral BC compared to patients with unilateral tumours. However, synchronous
tumours are accompanied by lower survival compared to metachronous tumours
[111]. Conversely, global survival is not different in patients with bilateral BC and
those with unilateral BC [112, 113].
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There is a significantly higher risk of distant metastases being present in bilat-
eral BCs [114]. Bilateral BC is associated with lower grade of the disease, patients
show an absence of distant metastases prior to developing contralateral breast
cancer; more importantly, no difference in the disease-specific survival (DSS) was
noticed among patients with bilateral BC and unilateral BC. Bilateral BC is associ-
ated with shorter relapse-free survival (RFS), but similar DSS when compared to
unilateral BC. Furthermore, BSBC is associated with favourable RFS, but has similar
DSS when compared to BMBC with respect to other clinicopathologic parameters in
patients with bilateral BC [70].

10. Limitations and future guidelines

The incidence of MF/MC breast cancer varies between 6 and 7%, depending
on somewhat arbitrary definition of the MF/MC imaging method sensitivity and
biopsy performed by the pathologist. The TNM stage does not include multifocality
in the tumour classification [51]. As further progress is made in the pre-operative
diagnostics, the number of identified MF and MC tumour is increasing [115]. and
consequently better manuals are required for treating them [95], as well as stan-
dardised immunohistochemical procedures which would reduce the subjectivity
and intralaboratory variations in the interpretation [102].

The National Comprehensive Cancer Network and American Society of Clinical
Oncology recommended the use of RS as a manual for adjuvant systemic therapy in
patients with ER positive, HER2 negative, lymph node-negative invasive BCs that
are >0,5 cm in size [116, 117]. In some studies, the entity of focality was determined
using histological parameters, while others use clinical and radiographic data only.
Most authors do not differentiate between MF and MC tumours, and some almost
universally analyse these groups together [95]. Not all patients underwent the
same pre-operative radiologic assessment or surgical treatment, which may lead to
inaccurate classification of the patients as having unifocal carcinomas when they
actually had an unidentified MF or MC condition [76]. Oncological decisions in
the systemic adjuvant therapy for BC are based on the histological criterion and
immunohistochemical profile of the largest tumour focus, ignoring the smaller
synchronous cancers [118, 119].

Histological characteristics of the metastases (type and grade) of axillary lymph
nodes in multiple breast cancers correlate with the histological type with an unfa-
vourable prognosis and/or highest histological grade, which may not necessarily
correspond to the tumour focus of the largest diameter. For this reason, we accen-
tuate the need to individually report on and assess every single tumour focus in
multiple BCs [8]. A new classification may be required for bilateral BCs that would
include the size of the tumour in both breasts [120]. TNM staging does not take
the tumour biology (hormone receptor status, grade, Ki-67, genetic markers) into
account. Additional studies are required about the advantage of using biomarkers to
improve the accuracy of staging [51]. Despite the diameter of the largest focus being
smaller than the volume of the entire tumour, the sum of diameters of all foci will
be bigger than the actual tumour volume, since volume is proportional to one third
of the diameter. However, using tumour diameter to assess the size is convenient
in the sense of being easier to measure [81]. The use of Ty, in clinical practice may
improve the current staging process and change the approach, in particular for
patients with early stage of the disease [51].

There are certain limitations of the retrospective view of MF/MC breast cancer
and information on macroscopic appearance which is no longer available. The status
of ER/PR/HER? is also not available for individual tumour foci, since in most cases
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it is not evaluated for all tumour foci, meaning that the morphological nature of the
MF/MC condition in these patientscannot be reviewed. Tumour characteristics of
the second largest lesion are usually not tested, since most medical centres do not
routinely perform immunohistochemical staining of each focus. However, certain
findings indicate that the biology of the second tumour may affect the prognosis
[121], which is why it is recommended to assess tumour markers in each multiple
focus [9]. For instance, if the second lesion was hormone-positive or HER2-positive
and the main lesion was triple-negative, the chance to administer endocrine therapy
or molecular targeted therapy may be missed. That being said, there is considerable
controversy surrounding the assessment of Ki-67 in the literature and, despite the
efforts to standardise it, a certain degree of subjectivity still remains. Likewise, its
limit value is not generally accepted [8].

Future studies observing molecular profiles of separate tumour foci in the same
breast could shed light on this matter and provide clinically relevant information
for therapy manual-based decisions. Another limitation is the median monitoring
of under 5 years [95] and the bias of multicentric studies [120]. Failure to factor in
the heterogeneity of the focus of an additional tumour could prevent the patients
from taking advantage of appropriate therapies [31, 89, 122]. Most studies are
retrospective or incidental in nature, which neither compare breast-conserving
surgery with mastectomy nor analyse locoregional recurrence as a primary goal in
MSIBC [123].
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Abstract

Non-coding RNAs are a species of RNA that are not translated to proteins. These
include transfer RNAs and ribosomal RNAs, microRNAs, transfer RNA-derived
fragments, and long non-coding RNA. It is known that expression levels of some
non-coding RNAs included microRNAs are altered in cancer cells or tumor tissues.
Moreover, expression profiles of such non-coding RNAs correlate between tissues
and body fluids. Therefore, several non-coding RNAs are being used as diagnostic/
prognosis biomarkers or therapeutic targets in cancer. In this chapter, we review
about representative non-coding RNAs and introduce especially microRNA as
diagnosis/prognosis biomarkers and therapeutic targets.

Keywords: microRNA, isomiR, exosome, biomarker, therapeutics

1. Introduction

Non-coding RNAs (ncRNAs) are generic terms of RNA that are not translated
to protein. For example, ribosomal RNA (rRNA) and transfer RNA (tRNA) are
included in ncRNAs. In the body, ncRNA does not encode proteins but has impor-
tant functions.

MicroRNAs (miRNA), one of the ncRNAs, are small non-coding RNAs with an
average length of 22 nucleotides. miRNA is transcribed from genomic DNA, the
transcribed miRNA is called “primary microRNA (pri-miRNA),” which is long tran-
scripts having stem-loop structures. Pri-miRNA is processed by Drosha and DGCRS8
(DiGeorge syndrome critical region 8), one of the microprocessors, to “precursor
miRNA (pre-miRNA).” In the next step, there is pre-miRNA transition from nuclei
to the cytoplasm through Exportin-5. Cytoplasmic pre-miRNA is processed by
Dicer, one of RNaselll, to double-strand miRNA. The double-strand miRNA binds
to AGO (Argonaute) protein and forms RISC (RNA-induced silencing complex).
RISC binds 3’ UTR (3’ untranslated region) of target mRNAs, and downregulate
gene expression via mRNA cleavage, translational repression, or mRNA degrada-
tion (Figure 1) [1]. Recently, it is known that miRNA also binds to 5 UTR (5’
untranslated region) and CDS (coding sequence) of target mRNAs [2, 3]. miRNAs
may have over hundreds of target genes, regulating various biological phenomena.
In cancer patients, many miRNAs are aberrantly expressed, caused by chromosomal
aberration, epigenetic regulation, and genomic mutation [4-6]. Therefore, miRNAs
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The overview of miRNA biogenesis. miRNA is transcribed from genomic DNA to primary miRNA (pri-
miRNA), which is long transcripts having stem-loop structures. Pri-miRNA is processed by Drosha and
DGCRS (DiGeorge syndrome critical region 8), one of the microprocessors, to precursor miRNA (pre-miRNA).
After the transition of pre-miRNA from nuclei to the cytoplasm through Exportin-5, cytoplasmic pre-miRNA
is processed by TRBP (transactivation response RNA-binding protein) and dicer, one of RNaselll, to double-
strand miRNA. The double-strand miRNA binds to AGO (Argonaute) protein and forms RISC (RNA-induced
silencing complex). RISC binds 3’ UTR (3" untranslated region) of target mRNAs.

with altered expression under pathological conditions are valuable for biomarkers
and targets of therapeutics.

Interestingly, recent studies revealed that miRNA sequences have the variation
compared with the reference sequences. As miRNAs are called isomiRs, isomiRs
are the miRNA variants that have different sequences and/or lengths [7-10]. These
isomiRs are classified as 5" isomiR, 3’ isomiR, and polymorphic isomiR. isomiRs are
generated through the slice site variation by Drosha or Dicer, the nucleotide addi-
tion, RNA editing, etc. [11]. Some isomiRs are abnormally expressed in cancer cells
caused by chromosomal and/or miRNA processing aberration (Figure 2) [12, 13].
Thus, isomiR is also focused on as novel biomarker for cancer detection.

Long non-coding RNA (IncRNA) that is also one of ncRNAs consisting of over
200 nucleotides has multiple functions. LncRNA up- or downregulation has been
shown to regulate several biological processes, such as transcription, translation,
epigenetic modification, and miRNA expression [14]. It has been shown that
IncRNA expressions are altered in various diseases. Therefore, similar to miRNAs,
IncRNA has the potential of biomarkers and therapeutics. Moreover, recently it
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The classification and generation of isomiRs. The isomiRs have a different length or sequence with mature
miRNAs. These isomiRs are generated by a variation of Drosha or dicer variation. The aberrant processing
in 5" site generates 5" isomiR. On the other hand, 3" isomiR is generated by the aberrant processing in 3’ site.
Polymorphic isomiR is generated by RNA editing. Navy arrow shows the correct processing site. Magenta and
green arrows show the abervant processing sites for isomiRs, which have a longer length. Orange and blue
arrows show the aberrant processing sites for isomiRs, which have a shorter length. The ved bar indicates the
variati of sequence.
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The classification and various modes of generation of tRFs. tRNA-derived fragments (tRFs) are generated by
cleavage of transfer RNA (tRNA). 1-tRFs are cleaved from pre-tRNA. The cleavage of the D-loop generates
5’-tRE The cleavage of the T-loop generates 3'-tRF. 5’- and 3'-tRNA-derived stress-induced RNAs (tiRNAs) are
generated by cleavage of the anticodon loop.
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was uncovered that tRNA fragments are functional. Its non-coding RNA is called

at tRNA-derived RNA fragment (tRF), and classified as 1-tRF, which is generated
from the 3’-end of pre-tRNA, 5'-tRFs, which is generated by the cleavage of 5’

end in D-loop, 3’-tRFs, which is generated by the cleavage of 3" end in T-loop, and
tRNA-derived, stress-induced RNAs (tiRNAs), which is generated by specific cleav-
age in the anticodon loop. Some tRFs are identified as novel biomarkers for disease
diagnosis (Figure 3) [15].

2. Liquid biopsy

A biopsy is a method for disease diagnosis using a part of tissues or cells of the
lesion. The tissue specimens are sampled by surgery and the cells derived from the
lesion are sampled by fine-needle aspiration. The biopsy is useful for diagnosing
diseases and malignancies, because it is possible to observe tissues or cells directly.

Generally, to diagnose breast cancer, inspection, palpation, and mammography
are performed at first. Then, if the patients are suspected of tumors, the biopsies
using tissue or cells derived from the lesion are performed, resulting in diagnosing
breast cancer. However, conventional biopsy, surgery, needle biopsy, fine-needle
aspiration, etc., are high invasiveness and have the risk of needle tract seeding. As
with other problems, it is also concerned that young women are diagnosed as false
positive on mammography, caused by high breast density.

Recently, to solve a problem like this, some researchers focus on “liquid biopsy.”
Liquid biopsy is the method for disease diagnosis using body fluid. Body fluids
using in the liquid biopsy are mainly blood, but also saliva, urine, and spinal fluid
[16, 17]. Because using body fluid like blood, sampling the specimen is capable of
low invasiveness and repetitive. These are one of the features and usefulness of
liquid biopsy. In the field of cancer research, circulating tumor cells (CTCs) and
circulating cell-free DNAs (cfDNAs) are detected and evaluated, resulting in the
diagnosis of cancers. However, a recent study uncovered that circulating miRNA in
body fluid is reflected in pathology. Many researchers show that specific miRNAs
are aberrantly expressed in each disease. More interestingly, some miRNA expres-
sions are altered from an early stage of cancer. Therefore, investigating the altera-
tion of miRNA expression leads to the early diagnosis of cancer.

2.1 Circulating tumor cells (CTCs)

The cancer cells leak to the bloodstream from the primary tumor in the tumor
metastasis phase. In the detection of CTCs, cancer cells that are derived from meta-
static tumors are directly evaluated. However, detecting CTCs is not easy, because
the number of CTCs is too low. To detect and gather CTCs, cell surface markers are
recognized by the specific antibodies. Then, evaluating the shape and gene profile
of cancer cells results in the diagnosis of malignancy and specific mutation of each
tumor. However, the detection in the early stage of cancer is not useful, because the
CTCs are detected in the late stage of cancer.

2.2 Cell-free DNAs (cfDNAs)

In the bloodstream, DNA derived from various dead cells containing hematopoi-
etic cells or other cells derived from tissues are circulating. Additionally, it is known
that DNA fragments derived from cancer cells are circulating in the bloodstream
of cancer patients. These DNA fragments are generated by apoptosis or clearance
by immune cells. In the detection of cfDNAs, the tumor-specific somatic mutation
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is detected, resulting in the diagnosis of cancer. However, the detection of cfDNA
derived from cancer cells is not useful for the early diagnosis of cancer, because
cfDNAs were derived from the dead cells.

2.3 Non-coding RNAs (ncRNAs)

Recent studies have uncovered that the ncRNAs included miRNAs, tRFs, and
other ncRNAs circulate in different body fluids [15, 18]. Generally, circulating RNAs
are easily degraded by RNase present in plasma. However, ncRNAs secreted to body
fluids via extracellular vesicles like exosomes, or bound to proteins, are resistant to
RNase and therefore can be stable in circulation. Exosomes are a type of extracel-
lular vesicles, ranging in size from 50 to 150 nm. Exosomes that are secreted from
donor cells circulate in the body fluids and are transferred to target recipient cells.
The uptake of exosomes in recipient cells leads to various physiological functions.
These functions are caused by ncRNAs and/or proteins contained in exosomes. In
this regard, it is thought that exosomes are required for cell-to-cell communica-
tions. For example, it is reported that miRNA contained in exosomes secreted from
cancer cells, contributing to the metastasis of cancer [19]. Recently, it is thought
that exosomes derided from cancer cells educate metastasis site and help the cancer
metastasis via the transfer of ncRNA and protein as like this report [20]. Moreover,
recent studies uncovered that circulating ncRNA in body fluid is reflected in the
pathology. Many researchers show that specific miRNAs are aberrantly expressed in
each disease. More interestingly, some miRNA expressions are altered from an early
stage of cancer. Therefore, investigating the alteration of miRNA expression leads to
the early diagnosis of cancer. In this regard, many researchers focus on the ncRNAs
circulating in the body fluids. In particular, miRNAs circulating in the blood are
focused on.

3. The method of screening the ncRNAs in the liquid biopsy

In liquid biopsy, there are several methods of screening for the circulating
ncRNAs in the body fluids. In the case of using blood, commonly, it is necessary
to isolate plasma or serum from blood. Then, RNA purification is performed from
plasma or serum. Using purified RNA, the expression profiles of ncRNAs are
assessed by real-time PCR or microarray, resulting in the identification of a novel
biomarker. Examples are shown below:

3.1 Real-time PCR

In the method using real-time PCR, the specific ncRNA is detected with its
primer pair, and the alteration of the ncRNA expression is evaluated. The real-time
PCR method is not suited for screening and identification of a novel biomarker,
because of using the specific primer pair corresponding to each ncRNAs. On the
other hand, this method is available for detecting the already identified ncRNA or
the particular ncRNA, because the experimental procedure is easier and the detec-
tion sensitivity is more specific than other methods.

3.2 Microarray
In the method using microarray, the alteration of ncRNAs existing on microar-

ray chips is capable of a comprehensive evaluation, because the multiple ncRNAs
are detectable at the same time. In the microarray method, the ncRNA expression
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is detected by the binding between cDNAs synthesized from RNA and probes
anchored to the microarray chip. Therefore, the microarray method is not available
for unknown ncRNAs.

3.3 Next-generation sequencing (NGS)

In the NGS, the alteration of ncRNA expression is comprehensively evaluated by
direct reading the RNA sequence of whole ncRNAs. In this regard, it is possible to
identify and compare the expression pattern of ncRNAs like as microarray method.
Additionally, it is also possible to identify unknown ncRNAs because of the directly
determining ncRNA sequence. Moreover, isomiRs, that many researchers recently
focused on, are also detectable. However, experimental procedures and data analy-
ses are more difficult and complex than the other methods, and the experimental
cost is also high.

4. microRNA for breast cancer diagnosis

Some miRNAs are altered in the tumor tissue compared with normal tissue. For
example, the expression level of miR-21 is increased in various cancers included
breast cancer and associated with tumorigenesis. Additionally, some miRNAs have
a specific expression level in breast cancers. Recent studies also reported that the
expression of some miRNAs is altered by the difference of subtype or stage and
with/without the receptors. Furthermore, it is known that some of these miRNAs
are circulating in body fluids. Therefore, such miRNAs are available for the bio-
markers in liquid biopsy. Specific ncRNAs are described below, and recent reports
are summarized in Table 1.

4.1 Circulating miRNAs

Francesca Maria Orlandella and colleagues focused on miR-622 that known to
act as a tumor suppressor in several types of cancer. They reported that miR-622
was downregulated in the plasma and tissues of breast cancer patients. Moreover, it
was revealed that the expression level of miR-622 correlated with the breast cancer
subtypes and the advance of tumor stages. Additionally, miR-622 inhibited the
migration of breast cancer cells via targeting NUAK family kinase 1 (NUAK1). In
this regard, circulating miR-622 is useful for the biomarker of breast cancer [27].

To identify miRNAs that are useful for the early diagnosis of invasive breast
cancers, Mio Yoshikawa and colleagues screened exosomal miRNAs of the plasma by
microarray analysis. Using exosomal miRNAs of ductal carcinoma in situ (DCIS) and
invasive ductal carcinoma (IDC), five miRNAs, miR-223-3p, miR-130-3p, miR-
191-5p, miR-146a, and miR-221-3p, were upregulated in IDC compared with healthy
control and DCIS. In this study, they revealed that the expression level of miR-223-3p
was correlated between the tissue and plasma exosome. Furthermore, the expres-
sion level of miR-223-3p was upregulated according to the advance of tumor stages.
In these findings, it is suggested that the expression level of exosomal miR-223-3p
reflected the tissue pathogenesis, and the miR-223-3p has the potential as a biomarker
for early diagnosing of invasive lesions from DCIS patients in liquid biopsy [37].

4.2 isomiR

Yumiko Koi and colleagues investigated the comprehensive expression profile
of ncRNA using the NGS method and focused on the expression level of isomiR.
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NcRNAs Source Alteration Method Characters Reference
Let-7i Urine Down qRT-PCR Down in breast cancer [21]
miR-15a Serum Down qRT-PCR Down in TNBC [22]
miR-17 Serum Down qRT-PCR Down in TNBC [22]
miR-18a Serum Down qRT-PCR Down in TNBC [22]
Urine
miR-19b Serum Down qRT-PCR Down in TNBC [22]
miR-30b Serum Down qRT-PCR Down in TNBC [22]
Urine
miR-92a Serum Down qRT-PCR Down during tumor [23]
progression
miR-145 Plasma Down Microarray Down in breast cancer [24]
miR-194-5p Plasma Down NGS Down in brain metastasis [25]
miR-195 Plasma Down NGS Down in metastatic breast [26]
cancer
miR-222 Urine Down qRT-PCR Down in TNBC [22]
miR-320c Urine Down qRT-PCR Down in TNBC [22]
miR-423 Urine Down qRT-PCR Down in breast cancer [21]
miR-622 Plasma Down qRT-PCR Down in breast cancer [27]
miR-660 Urine Down qRT-PCR Down in breast cancer [21]
miR-802-5p Plasma Down NGS Down in brain metastasis [25]
Let-7a Serum Up qRT-PCR UpinTNBC [22]
Let-7e Serum Up qRT-PCR UpinTNBC [22]
miR-16 Plasma Up Microarray Up in breast cancer [24]
miR-21 Serum Up qRT-PCR Up during tumor progression ~ [22-24, 28]
Plasma Microarray UpinTNBC
miR-21-5p (3" Serum Up NGS Up in breast cancer [29]
isoRNA)
miR-23a-3p Serum Up NGS Up in breast cancer [29]
miR-29¢ Serum Up qRT-PCR Up in early breast cancer [30]
miR-99a-5p Plasma Up qRT-PCR Up in early breast cancer [31]
miR-142-5p Serum Up NGS Up in luminal A breast cancer ~ [32]
and TNBC
miR-150-5p Plasma  Up NGS Prognostic biomarker [32,33]
Serum NGS (recurrence)
Up in luminal A breast cancer
and TNBC
miR-155 Serum Up qRT-PCR Up in breast cancer [34, 35]
Microarray Prognostic biomarker (drug
resistance)
miR-199a Serum Up qRT-PCR Up in early breast cancer [30]
miR-210 Plasma  Up qRT-PCR Up in breast cancer [36]
miR-223-3p Plasma Up Microarray Up during tumor progression [37]
miR-331 Plasma  Up NGS Up in metastatic breast [26]
cancer
miR-424 Serum Up qRT-PCR Up in early breast cancer [21, 30]
Urine Up
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NcRNAs Source Alteration Method Characters Reference

miR-451 Plasma Up Microarray Up in breast cancer [24]

miR-488 Serum Up Microarray Prognostic biomarker [38]
(recurrence)

miR-576-3p Plasma Up NGS Prognostic biomarker [33]
(recurrence)

miR-1246 Serum Up Microarray Prognostic biomarker (drug [35]
resistance)

miR-1910-3p Serum Up qRT-PCR Up in breast cancer [39]

miR-4433b-5p  Serum Up NGS Up in luminal A breast cancer [32]
and TNBC

miR-4665-5p Plasma Up NGS Prognostic biomarker [33]
(recurrence)

“Up” indicates upregulation in breast cancer and “Down” indicates downregulation in breast cancer. qRT-PCR,
quantitative rveverse transcription-polymerase chain reaction; NGS, next-generation sequencing; TNBC, triple-
negative breast cancer.

Table 1.
The alteration of circulating miRNAs in breast cancer.

They used the exosomal RNA of serum derived from breast cancer patients. At
first, they revealed that 11 circulating small RNAs were upregulated in breast
cancer serum compared with healthy controls. Then, 3’-isomiR of miR-21-5p
was identified as one of the biomarkers for the diagnosis of breast cancer.
Additionally, miR-23a-3p and tRF-Lys-TTT were also identified as biomarkers for
the diagnosis of breast cancer. Interestingly, they proposed a discriminant model
using the expression levels of these small ncRNAs, and this model was more
significantly able to diagnose breast cancer than individual small ncRNA. It was
revealed that this model was able to diagnose the stage 0 breast cancer. Moreover,
the model also could diagnose the breast cancer irrespective of subtypes. In this
regard, the model that included the alteration of isomiR is available for the early
diagnosis of breast cancer [29].

4.3tRFs

As mentioned above, it is clear that tRFs are generated in cancers. Yue Huang
and colleagues investigated the expression profile of tRFs in normal breast epithe-
lial cell lines and non-triple negative breast cancer (non-TNBC) cells using RNA
sequencing. In further investis?Iation, they revealed that the expression level of
tDR-7816 (drives from tRNA“™ 761 +DR-5334 (derived from tRNASY-“C¢>T),
and tDR-4733 (derived from tRNAPP¢-6A24-2-1y js altered in the serum of non-TNBC
patients compared with healthy controls. It is suggested that these tRFs are useful
for the diagnosis of breast cancer [40].

In addition, Jingyi Wang and colleagues explored the expression profiles
of tRFs in plasma derived from breast cancer patients. As the result, six tRFs,
tRF-Glu-CTC-003, tRF-Gly-CCC-007, tRF-Gly-CCC-008, tRF-Leu-CAA-003,
tRF-Ser-TGA-001, and tRF-Ser-TGA-002, were altered in the early stage of breast
cancers compared with healthy controls. These six tRFs are also downregulated in
the plasma derived from DCIS. Moreover, they also revealed that these tRFs which
excluded tRF-Glu-CTC-003 in HER2+ type and tRF-Gly-CCC-008 in luminal type
are downregulated in each subtype. In this regard, it is suggested that these tRFs are
useful as a novel biomarker for the diagnosis of early-stage breast cancer [41].
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4.4 Urinary miRNAs

In the liquid biopsy, urine as the specimens has the advantage of easy and
non-invasive collection. Thalia Erbes and colleagues investigated whether miRNAs
in serum/plasma that are already identified as the candidates of biomarkers for
breast cancer are altered in also urine [42]. The expression level of miR-155 which
is known to be upregulated in serum from the breast cancer patients, and useful
for the diagnostic biomarker, was upregulated also in urine from the breast cancer
patients [42, 43]. Moreover, they revealed that the expression levels of urinary
miR-21, miR-125, and miR-451 were also downregulated in the breast cancer
patients like serum miRNAs [24, 42, 44, 45]. In the recent study, it is revealed that
the expression level of urinary miR-423, miR-424, miR-660, and let-7i was altered
in the breast cancer patients compared with healthy controls. Moreover, this study
reported that the combination of these miRNA’ alterations more significantly
diagnoses the breast cancer than the biomarker using individual miRNAS alteration
[21]. In this regard, urinary miRNAs are useful for the diagnostic and prognosis
biomarkers.

5. microRNA for breast cancer therapeutics

As mentioned above, the expression level of various miRNAs is dramatically
altered in the development and progression of diseases including the tumors. In
this regard, it is thought that the alteration of miRNA expression contributes to the
development and progression of several diseases. Moreover, the expression profiles
of miRNAs are different in each type of diseases. Then, such miRNAs are available
for the therapeutic target of the disease. In cancer research, miRNAs that are over-
expressed in tumors are called “oncogenic microRNA (OncomiR)”, and are associ-
ated with tumor development and malignancy. On the other hand, miRNAs that are
downregulated in tumors are called at “tumor suppressive microRNA (TS-miRNA)”
and are contributed to the suppression of tumor progression via targeting genes
that are associated with the cancer cell proliferation and survival. It is hoped that
miRNA mimics and miRNA inhibitors targeting TS-miRNA or OncomiR are devel-
oped as therapeutic drugs. Specific ncRNAs are described below, and recent reports
are summarized in Table 2.

5.1 miR-22

It is reported that a lot of miRNAs regulate tumor progression and malignancy.
Previously, we revealed that miR-22, which induce cellular senescence, sup-
pressed the proliferation of breast tumors. MiR-22 is upregulated during cellular
senescence induction. Such miRNAs are called “senescence-associated microRNA
(SA-miRNA).” We reported that miR-22 induces cellular senescence via targeting
CDK®6 and SIRT1. Moreover, it was suggested that miR-22 was the therapeutic target
of breast cancer, because miR-22 was downregulated in the breast cancer cells. In an
additional investigation, it is reported that the replacement of miR-22 expression
repressed the breast tumors through the experiment using the xenograft model
mouse model [56].

5.2 miR-155

Jiang and colleagues reported that the expression level of miR-155 was upregu-
lated in breast cancer. Then, they suggested that miR-155 functions as OncomiR,
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ncRNAs Types Targets Functions Reference
miR-429 Anti-sense VHL Inhibit the proliferation of HER2* [46]
oligonucleotide breast cancer

miR-302b inhibitor RUNX2 Inhibit the proliferation [47]

miR-532-5p inhibitor RERG Inhibit the proliferation and [48]
migration

miR-1910-3p inhibitor MTMR3 Inhibit proliferation and migration [39]

miR-99a mimic FGFR3 Inhibit the tumor proliferation and [49]
migration

miR-128-3p mimic NEK2 Inhibit tumorigenicity and tumor [50]
growth of breast cancer stem cells

miR-188-5p mimic RAP2C Induce apoptosis and inhibit the [51]
proliferation

miR-299-5p mimic STK39 Inhibit the migration and invasion [52]

miR-342 mimic CFL1 Inhibit the migration and invasion [53]

miR-424-5p mimic PD-L1 Induced apoptosis and cell cycle [54]
arrest

miR-590-3p mimic SLUG Inhibit the metastasis in TNBCs [55]

HER?2, human epidermal growth factor receptor 2; TNBCs, triple-negative breast cancers.

Table 2.
The miRNAs as therapeutic targets in breast cancer.

because its target gene is a suppressor of cytokine signaling 1 (SOCS1) known as
one of the tumor suppressor genes. This study revealed that the inhibition of the
miR-155 expression and function by the antisense oligonucleotide against miR-155
repressed the tumor progression in the investigation using both the breast cancer
cells and the xenograft mouse models. In this regard, the inhibition of OncomiR
functions is available for the therapeutic targets [57].

5.3 miR-424/503 cluster

It is reported that the miR-424/503 cluster that was coded on X-chromosome
was deficient in luminal B breast cancer. It is also clear that the deletion of this
locus significantly correlated with the poor prognosis. Therefore, it is suggested
that the miR-424/503 cluster functions as TS-miRNA. Moreover, the miR-424/503
cluster targets insulin-like growth factor 1 receptor (IGF1R) and B-cell lymphoma
2 (BCL-2) that contribute to anti-apoptosis. The deletion of this cluster leads to
upregulating these gene expressions, resulting in the acquisition of drug resis-
tance [58].

5.4 miR-539

A recent study reported that miR-539 was downregulated in tumor tissues,
and it is suggested that miR-539 has the tumor suppressive effects. In the investi-
gation using breast cancer cells, miR-539 mimics repressed the proliferation and
migration of cancer cells via targeting epithelial growth factor receptor (EGFR).
Additionally, miR-539 also repressed the tumor proliferation [59]. Moreover, it is
uncovered that miR-539 was downregulated in TNBC, and miR-539 suppressed
the proliferation, invasion, and migration via targeting Laminin subunit alpha 4
(LAMA4) [60].
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5.5miR-142

It is reported that miR-142 is also downregulated in breast tumor tissue com-
pared with normal tissue and suggested that miR-142 functions as TS-miRNA. It is
revealed that miR-142 inhibits the expression of the BTB domain and CNC homolog
1 (BACH1), which is associated with the metastasis of breast cancer, resulting in the
suppression of the proliferation, invasion, and migration. Moreover, Mansoori and
colleagues reported that miR-142 induced apoptosis via targeting estrogen recep-
tor 1 (ESR1) that coded estrogen receptor in the estrogen receptor-positive breast
cancer [61, 62].

5.6 miR-34a

miR-34a is the most famous TS-miRNAs that was reported to upregulate in
the p53-dependent manner and downregulate in the colorectal cancer patients
compared with healthy, and progressed in the development as the nucleic acid
drug against cancer. MiR-34a suppressed colorectal cancer progression through the
induction of cellular senescence via E2F pathway [63]. In further investigation, it is
uncovered that miR-34a downregulates the gene expression via targeting sirtuin 1
(SIRT1), cyclin D1, cyclin-dependent kinase 4/6 (CDK4/6), and MYC [64-66]. In
this regard, the clinical trial of MRX34, the liposomal miR-34a mimic, for vari-
ous solid tumors included breast cancer was performed in miRNA Therapeutics
Inc. Unfortunately, this clinical trial was dropped [67]. However, a recently study
reported that miR-34a targets programmed death ligand 1 (PD-L1) in acute myeloid
leukemia [68]. Moreover, it is reported that miR-34a expression level is downregu-
lated in TNBC and inversely correlated with PD-L1 expression [69]. Therefore, a
novel clinical trial of miR-34a is expected.

6. Conclusions

In this review, we summarized several ncRNAs that are available for the bio-
markers diagnosing breast cancer or predicting poor prognosis and the targets of
breast cancer therapeutics. The finding and studying of isomiRs or tRFs are leading
to the development of highly specific biomarkers, which could lead to early diag-
nosis of breast cancer. Moreover, it is useful for comparing the alteration of several
ncRNA expressions multidimensionally with the comprehensive analysis of the
expression profiles of ncRNAs using microarray or NGS method. These approaches
and results may lead to highly specific diagnostics of the disease and can correctly
predict several different types of breast cancers. In regard to cancer therapeutics,
the studies about isomiRs or tRFs may result in the development of novel therapeu-
tic targets for breast cancers. Further research on the ncRNAs will aid to improve
the diagnosis and therapeutics of breast cancers.
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Abstract

Triple-negative breast cancer (TNBC) is defined as a molecular subtype of
breast cancer that lacks expression of hormone receptors (oestrogen and progester-
one receptor) and HER2/neu/ErbB2 protein. It accounts for 15-20% of all invasive
breast cancers. The occurrence of TNBC is often associated with younger age at
the time of diagnosis and pre-menopausal status, early onset of menarche, higher
body mass index (BMI) in the pre-menopausal period, race and ethnicity (African,
Hispanic) and the presence of germline mutation in the BRCA1/2 genes or somatic
mutation in the TP53 or PTEN genes. TNBCs are specific in its aggressive biological
behaviour, shorter interval to disease progression and more frequent relapse within
five years (19 to 40 months). The most of TNBCs are represented by high-grade
invasive carcinomas of no special type (NST) with high proliferation index mea-
sured by Ki-67 nuclear expression, followed by metaplastic carcinomas, secretory
carcinomas, and adenoid cystic carcinomas. Genetical and morphological hetero-
geneity inside TNBC is responsible for the higher frequency of primary and second-
ary resistance to systemic therapy. The scope of this chapter is to summarise the
potential therapeutic agents involved in regulation of cell proliferation, migration,
angiogenesis, apoptosis, gene expression and DNA damage or immune response.
The insight into this issue is essential for the setting of the optimal chemotherapy
regimen and targeted therapeutic strategy.

Keywords: Triple-negative breast cancer, prognosis, prediction, molecular target

1. Introduction

Triple - negative breast cancer (TNBC) represents a morphologically and geneti-
cally heterogeneous molecular subtype of breast cancer lacking the expression of
hormone receptors (oestrogen and progesterone receptor) and HER2/neu/ErbB2
protein. It accounts for 15-20% of all cases [1]. The occurrence of TNBC is often
associated with younger age at the time of diagnosis and pre-menopausal status,
early onset of menarche, higher body mass index (BMI) in the pre-menopausal
period, race and ethnicity (African, Hispanic) and the presence of germline muta-
tion in the BRCA1/2 genes or somatic mutation in the TP53 or PTEN genes [2, 3]. In
addition, for BRCA1/2 mutant gene carriers, the risk of developing TNBC multiplies
after therapeutic exposure to ionising radiation. Other genetic alterations include
mutations in the RB1, NF1, ERBB3, ERBB4, ALK and EGFR genes, changes in the
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NOTCH1/2, MAST1/2 gene copy number or MAGI3 - AKT3 gene fusion. The gain
on chromosomes 1q, 8q, 10q and the loss on chromosomes 5q and 8p were also
demonstrated.

From a clinical point of view, TNBC is specific in its aggressive biological
behaviour, shorter interval to disease progression and more frequent relapse within
five years (19 to 40 months vs. 35 to 65 months) [4]. The median overall survival
(OS) for metastatic TNBC is reported to be 9 to 12 months [5]. Due to these tumour
characteristics, chemotherapy is often indicated already during the initial phase
of treatment. Heterogeneity inside TNBC is responsible for the higher frequency
of primary and secondary resistance to treatment [6]. The current research trends
therefore focus on finding the new potentially therapeutically manageable mole-
cules, which could significantly help to decrease the risk of metastasis development
and disease recurrence.

Compared to other molecular subtypes, TNBCs differ in their high degree of
gene instability. Based on the gene expression profiling, TNBC can be subclassified
into several distinct molecular subtypes. Lehmann et al. represent one of the first
research groups using this approach in practical diagnostics [7, 8]. Since then, a
couple of classification schemes have been introduced; see Table 1 [9-13].

The essential clue for effective breast cancer management is comprehensive
evaluation of number of prognostic and predictive molecular indicators. While
prognostic factors correlate with patient survival, predictive factors provide

Authors TNBC Basic molecular characteristics
subtype

Maet al. [9] BL Increased CK5/6, EGFR expression
LAR Increased AR expression
“Claudin CD44+/CD24- immunophenotype
~low” Decreased claudin 3, 4, 7 expression

Lehmann et al. [7] BL1 Increased Ki-67 expression
BL2 Increased CD10, p63 expression
LAR Increased AR expression

Aberrant FOXA1, KRT18, XBP1 gene activation

M Aberrant regulation of Wnt, ALK, TGF-f
MSL Aberrant regulation of Rho, ALK, TGF-B, Wnt/p-catenin, ERK1/2,
EGFR, PDGF, PI3K
M Aberrant regulation of NFKB, TNF, JAK/STAT
Burstein et al. [10] LAR Increased AR, MUC1 expression

Aberrant PIK3CA, AKT1, CDH1 gene activation

M Increased PDGF-A, c-Kit expression

BLIA Aberrant regulation of STAT

Presence of B /T/NK immune cells

BLIS Aberrant regulation of VTCN1
Jézéquel et al. [11] BL Immune cells -, TAM - like cells +
LAR Increased AR expression
Aberrant FOXA1, KRT18, XBP1 gene activation
“BL Immune cells +, TAM - like cells -
- enriched”
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Authors TNBC Basic molecular characteristics
subtype
Ahnetal. [12] BL Aberrant ATR, BRCA1/2, etc. gene activation
M PIK3CA gene mutation, PTEN gene inactivation

Aberrant regulation of PI3K / AKT

IM Aberrant regulation of NFKB, TNF, JAK/STAT, VTCNI, presence
of B/T/NK immune cells
LAR Increased AR expression
Aberrant FOXA1, KRT18, XBP1 gene activation
Zeng et al. [13] BL Increased CK5/6, EGFR expression
NBL Absence of CK5/6, EGFR expression

BL = basal — like; BL1/2 = basal — like 1/2; LAR = luminal androgen receptor; M = mesenchymal;
MSL = mesenchymal stem — like; IM = immunomodulatory; BLIA = basal-like immune-activated;
BLIS = basal-like immune-suppressed; NBL = normal breast - like.

Table 1.
History of proposed TNBC classification systems.

information on the response to a specific therapy. The all prognostic clinicopatho-
logical characteristics such as patient age at the time of diagnosis, clinical and
pathological tumour stage, tumour type with detailed tumour morphology analysis
including the intensity of tumour infiltrating lymphocytes (TILs), tumour grade,
occurrence and extent of in situ carcinoma and family history of breast cancer
should be taken into account.

The most of TNBCs are represented by high-grade invasive carcinomas of
no special type (NST) with high proliferation index measured by Ki-67 nuclear
expression, followed by metaplastic carcinomas, secretory carcinomas, and adenoid
cystic carcinomas [14]. The morphological pattern of invasive carcinomas NST
may involve medullary, lipid-rich, apocrine, pleomorphic or spindle cell areas.
Carcinomas with spindle tumour cell transformation are usually related to “claudin-
low” molecular subtype (CD44+/ D24—/low) and epithelial to mesenchymal transi-
tion (EMT) process [15-17]. Metaplastic breast cancers and secretory carcinomas
account for 0.2 to 5%, respectively 0.02% of all breast cancers [14]. Adenoid-cystic
carcinomas with typical fusion of the MYB - NFIB genes and mutations in the
EP300, NOTCH1, ER882 and FGFR1 genes are described in 0.1 to 3.5% of breast
tumours [14].

2. Molecular prognostic and predictive markers

Individual molecules involved in the process of TNBC carcinogenesis may be
divided into several groups. The groups of proteins include proteins participating in
mechanisms of repair of damaged DNA; proteins responsible for regulation of cell
proliferation, migration, angiogenesis, programmed — cell death (apoptosis) and
immune response (immune checkpoint proteins; and groups of proteins modifying
gene expression (see Table 2).

2.1Regulators in the DNA damage response
Genes and proteins involved in the repair of damaged DNA (poly (ADP-ribose)
polymerase, genes with tumour suppressor function PTEN, BRCA 1, BRCA2, TP53

a RB1) are key factors in maintaining genome integrity, ensuring that the cell cycle
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Regulators in the DNA damage response BRCA1, BRCA2, PARP, PTEN, pRb, p53
Regulators of cell migration and proliferation EGFR, VEGFR, FGFR
Regulators of apoptosis Fas, TRAIL, p53, Bcl-2
Regulators of gene expression microRNA, IncRNA, circRNA, siRNA
Steroid receptors Androgen receptor
Immune checkpoint proteins PD-1,PD-L1

Table 2.

Classification of molecular prognostic and predictive markers.

proceeds correctly. Deoxyribonucleic acid (DNA) may be damaged due to physical,
chemical, as well as biological processes. Repair of the damaged DNA is realised

by several mechanisms, including repair of mismatched bases (mismatch repair -
MMR), nucleotide and base excision repair (nucleotide excision repair“- NER;
»base excision repair“- BER) or repair of double-strand DNA breaks by homologous
recombination (HR) or by non-homologous end joining NHE]).

The enzyme family poly (ADP-ribose) polymerase is responsible for the trans-
fer of the subunit (ADP) — ribose from NAD+ to the acceptor protein creating long,
branched and negatively charged polymers of poly - ADP ribose (Figure 1) [18-22].
PARP-1 is the most abundant, an evolutionally highly conserved enzyme involved
in the repair of damaged DNA through BER. It is composed of an NH2-terminal
domain with three,, Zinc fingers®, which binds to the damaged DNA, automodi-
fication domains and C-terminal catalytic domains. The conformation change
arising from the binding of PARP to the site of damaged DNA enables catalysis
of the transfer of ADP-ribose from NAD+ to its own molecule and histone H1.

-~ ast=

PARP gene

-
~
-

— DAV

DNA damage

/

Base excision repair (BER) -
mediated inhibition of PARP

—

' r DNA double - strand break /

Figure 1.

Mfchanism of action of PARP inhibitors (Koleckova M, www.biovender.com). Efficient single-strand breaks
(SSB) repair provided by PARP is essential for the cell survival. The mechanism of action of PARP inhibitors
include the suppression of this base excision repair (BER) — mediated pathway, resulting in the pathologic
double-strand breaks (DSB) with homologous recombination (HR) — mediated repair and thus genome
stability and the cell death.
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Subsequently, degradation of the chromatin structure occurs and there is an influx
of additional damaged DNA repair proteins (for example DNA ligase 3, DNA poly-
merase p and protein XRCC1). In patients with TNBC with a confirmed mutation
in the gene BRCA1 or BRCA2, PARP takes over a backup function, it inactivates the
degradation of caspases and initiates apoptosis utilising so-called synthetic lethal-
ity. The direct inhibitory effect on the PI3K/AKT/mTOR and Wnt/f-catenin signal-
ling pathways has also been established, with corresponding changes in miRNA and
serine/threonine kinase ATM expression. PARP inhibitors may be administered in
monotherapy as well as in combination. They amplify the effect of the administered
chemotherapy and/or inhibitors of molecules of the signalling pathway PI3K/AKT/
mTOR, inhibitors of deacetylation of histones, CDK1, EGFR, AR, ATM or MYC.

In cases treated by olaparib versus the chemotherapy group (capecitabin, eribulin
or vinorelbin based on selection of the examining physician), the progression-free
survival (PFS) was prolonged from 4.2 months to 7 months. A higher rate of thera-
peutic response was also discovered (59.9%). A positive finding was also observed
with talazoparib in monotherapy, where PFS was prolonged from 5.6 months to

8.6 months, while increasing the rate of therapeutic response to 62.6%. Finally,
administration of veliparib in combination with paclitaxel and carboplatin seems to
be effective. Mechanisms leading to the development of resistance to PARP inhibi-
tors include secondary mutations in the BRCA1 and BRCA2 genes, in genes coding
the P-glycoprotein pump or the loss of protein 1 binding protein p53 (53BP1).

Tumour suppressor gene PTEN participates in the regulation of cell prolifera-
tion, migration and apoptosis under physiological conditions [23-26]. Phosphatase
and tensin homologue (PTEN) represent a protein belonging to the tyrosine-
phosphatase family with phosphatidyl-inositol-phosphatase activity. After binding
tensin, a focal adhesion complex is created, which affects cell integrity and the
transfer of intercellular as well as intracellular signals. The catalytic domain C2 is
responsible for PTEN binding to the cell’s phospholipid membrane and ensures
Ca2+ dependent membrane transport of signal proteins. The resulting action of
protein PTEN is the inhibition of proteins of the signalling pathway PI3K/Akt/
mTOR (Figure 2), whose aberrant activation via activation of genes PI3CA, AKT1
and MTOR would lead to induction of the process of cancerogenesis. Indirect acti-
vation of protein PTEN is realised by the fully functional gene TP53 (wild - type
p53 protein). Alteration in the expression of gene PTEN is a result of its deletion
or inactivating mutation. It occurs in up to 41% of cases of TNBC and correlates
with a shorter PFS and overall survival (OS). Therapeutic inhibition of aberrantly
activated PI3K/Akt/mTOR of the signalling pathway is possible by administering
paclitaxel in combination with ATK inhibitor ipatasertib. Compared with placebo,
ipatasertib led to a significant prolonging of PFS - from 4.9 months to 9 months,
as well as OS - from 18.4 months to 23.1 months). Similarly, effective, but with a
greater number of side effects, was the combination of paclitaxel with capivasertib
(PFS - 5.9 months; OS — 19.1 months).

Tumour suppressor genes BRCAI and BRCA?2 are involved in the regulatory
phases S and G2 of the cell cycle [27-29]. As transcription factors, they participate
in the repair mechanism of DNA single-strand breaks via HR. In cases of DNA
double-strand breaks, phosphorylation of protein BRCA1 by protein kinase ATM
takes place, with subsequent interaction with protein RAD51, transported with
the help of protein BRCA2, and leads to repair of the damaged DNA. In case there
is aloss of function of genes BRCA1 and BRCA2, the PARP genes take over their
role, inactivates caspase degradation and initiates apoptosis through mechanism of
synthetic lethality. Inactivating mutations in the BRCA1 gene were determined in
40% of cases of familial breast cancer. Autosomal dominant inheritance was found
in 5-10% of patients. Confirmation of a germline mutation in the BRCA1 gene is
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Figure 2.

Mechanism of action of PTEN protein (Koleckova M, www.biorender.com). PTEN protein (Phosphatase

and tensin homologue) is essential for the regulation of intracellular levels of phosphorylation, cell migration,
proliferation and survival. It plays a pivotal role in the phosphatidyl-inositol-3-kinase (PI3-K) pathway
involved in the inhibition of proteins of the signalling pathway PI3K/Akt/mTOR. Inactivation of the PTEN
tumour suppressor gene leads to the aberrant activation of PI3CA, Akt and mTORC1 genes associated with the
initiation of the process of cancerogenesis.

considered to be an unfavourable prognostic marker. However, in NBC it predicts
an increased therapeutic response to anthracyclines, taxanes, platinum derivatives,
and in advanced disease stages, PARP inhibitors.

Protein Rb (pRb), a product of tumour suppressor gene RBI, inhibits the
bound transcription factor E2F and thus is significant in regulating the cell cycle,
chromatin structure, proliferation and differentiation of tumour cells and cell death
[30, 31]. Lost expression of the gene RBI plays a role in the pathogenesis of tumour
development. This is due to inactivation of deletion alleles, point mutation or
hypermethylation of its promoter, increased expression and/or amplification of the
gene for cyclin D1, decreased expression of inhibitor pl6INK4A or binding protein
pRb by oncoprotein E7 HPV. In addition, the concurrent presence of the mutation
in genes RBI and TP53 induces the process of epithelial-mesenchymal transition
(EMT). In TNBC with confirmed inactivation of the RBI gene, this leads to induc-
tion of increased sensitivity to radiotherapy and cytotoxic drugs, such as doxorubi-
cin, methotrexate or inhibitor of mitochondrial translation of proteins, tigecyclin.
Inhibition of expression of glucose 1 transporter (GLUT1) by tumour cells with
confirmed mutation of the RBI gene presents a new promising therapeutic goal.

2.2 Regulators of cell proliferation, migration and angiogenesis

The loss of effective mechanisms to repair damaged DNA during the cell cycle
leads to uncontrolled cell division and their tumour transformation. Adequate
nutrition for the tumour cells is provided by the process of angiogenesis. To initi-
ate the metastatic cascade, there must be an increased expression of proteases by
tumour cells with subsequent degradation of the basal membrane. Cells of the
tumour stroma may amplify the aggressive potential of the tumour even further
and thus participate in the EMT process.
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Fibroblast growth factor receptor (FGFR) consists of an extracellular domain,
transmembrane domain and an intracellular domain with tyrosine kinase activity
[32-34]. The binding of fibroblast growth factor and its cofactor to the extracellular
portion of one of four evolutionally conserved receptors leads to the dimeriza-
tion of its polypeptide chain, autophosphorylation and subsequent activation of
signalling molecules, which influence cell proliferation and differentiation (MAPK,
PI3K-AKT), inflammatory reaction (MAPK - kinase p38, JNK), angiogenesis
(MAPK - kinase p38; PI3K-AKT - FOXO1, TSC2), apoptosis (MAPK - JNK; PI3K-
AKT - FOXO1, TSC2) and cell growth, metabolism and motility (PLCy — IP3 — DAG,
PKC). The therapeutic response to the administered FGFR inhibitors (for example
dovitinib, lucitanib) differs greatly. While in cases of confirmed fusion of the genes
FGFR3-TACC3 or amplification of the gene for FGFR1, an excellent therapeutic
response is observed, the mutation in specific genes is associated with a signifi-
cantly reduced to zero therapeutic response. In breast cancer, the aberrant activa-
tion of receptors FGFR1 and FGFR4 is associated with resistance to chemotherapy
(doxorubicin, cyclophosphamide), endocrine therapy (tamoxifen, fulvestrant) and
VEGF inhibitors (bevacizumab).

Epidermal growth factor receptor (EGFR) consists of a glycoprotein with
an extracellular domain for ligand binding (EGF and TNF-a), a transmembrane
domain and cytoplasmic domain with tyrosine kinase activity [35-37]. The EGFR/
ErbB1 receptor is significantly involved in the regulation of the cell cycle, cell
migration, proliferation, differentiation and survival, by way of activating its
secondary signalling pathways Ras/Raf/MEK/ERK, Ras/PI3K/AKT1/mTOR or Src/
STAT?3. After translocation to the nucleus, EGFR/ErbB1 regulates transcription and
repair of damaged DNA. Aberrant activation and increased expression of EGFR/
ErbBl is caused by amplification or mutation of its gene. Increased expression of
EGFR was proven in 13-76% of TNBC, whereas amplification of the gene in only
2-24% of cases and is more frequent in patients with mutation in the BRCA1 gene.
An increased number of copies of the EGFR gene was found in 8-27% TNBC. The
use of EGFR inhibitors in monotherapy or in combination with chemotherapy
is being considered especially in advanced and generalised forms of TNBC. The
combination of docetaxel with cetuximab seems to be effective. In patients treated
with a combination of cisplatin and cetuximab, a correlation between therapeutic
response and intensity of CD8+ lymphocyte infiltration (tumour infiltrating lym-
phocytes — TILs) has been reported. Combination therapy with PARP inhibitors or
immune checkpoint inhibitors (PD-1/PD-L1) has promising therapeutic potential.
The synergistic effect of anti —- EGFR therapy was also noted with radiation therapy.
A possible mechanism of resistance development to EGFR inhibitors is methyla-
tion of the extracellular domain of the EGFR/ErB1 receptor by protein PRMT1 or
increased expression of the Notch3 protein.

Vascular endothelial growth factor (VEGF) binds to its specific trans-
membrane receptors with tyrosine kinase activity (VEGFR-1 and VEGFR-2) by
activating matrix metalloproteinases (MMP) and stimulates cell migration and
endothelium proliferation with the creation of vascular lumen and fenestrations
[38, 39]. Unregulated angiogenesis may be induced by genetic changes (muta-
tions in tumour suppressor genes TP53 or VHL, activation of oncogenes), as well
as metabolic changes (hypoxia, effect of gonadal hormones, growth factors and
cytokines). Increased VEGF expression is often observed in patients with advanced
disease stages, resistant to therapy or with a mutation in the BRCA1/2 genes. In
TNBC, a synergic anti — angiogenic effect of the intravenously administered AAV2-
VEGF-Trap and paclitaxel has been detected. Coenzyme QO has a similar effect,
whereby its effect on signalling pathway PI3K/AKT/NFKB/MMP-9 and negative
regulation of MMP-2/-9, urokinase activator of plasminogen (uPA), receptors
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uPAR and VEGF lead to induction of apoptosis and inhibition of EMT. In advanced
and metastasizing forms of TNBC, the benefits of combination therapy of bevaci-
zumab and chemotherapy or mTOR inhibitors (temsirolimus, everolimus) or EGFR
(erlotinib) are also being considered.

2.3 Proteins regulating apoptosis

Cell death receptors Fas and TRAIL of the tumour necrotizing factor (TNF)
family are considered to be potential anti-tumour molecules. The Fas receptor
(CD95R) is a transmembrane protein, composed of an extracellular, transmem-
brane and intracellular domain [40]. Binding the soluble membrane ligand of
cytotoxic T-lymphocytes CD95 (CD95L, FasL) leads to the creation of complex
DISC and activates the extrinsic apoptosis pathway. Soluble ligand CD95L, labelled
cl-CD95L, is responsible for activating the immune response, EGFR and the
oncogenic signalling pathway c-yes/Ca2+/PI3K. Increased expression of CD95R was
found in almost 49% of TNBC. Decreased expression of the Fas receptor (CD95R)
is a marker of poor prognosis. Expression of CD95L by tumour blood vessels and
detection of serum levels of cl-CD95L predicts metastatic potential of the tumour
in patients with TNBC. Excessive expression of protein Lifeguard by TNBC tumour
cells inhibits the activity of CD95R receptor and thus presents a possible mecha-
nism of resistance to systemic therapy with cisplatin. The TRAIL receptor ligand
(Apo2L) activates the extrinsic apoptosis pathway in the mesenchymal subtype
of TNBC [41]. Agonists of the TRAIL (TNF - related apoptosis -inducing ligand)
receptor stimulate death receptors DR4 and/or DR5. In advanced and metastasizing
forms of TNBC, molecule MEDI3039 has shown a positive therapeutic effect.

Gene TP53 with tumour suppressor function plays the role of genome guard-
ian. Its product, protein p53, acts as a transcription factor following translocation
to the nucleus and has a fundamental influence on the regulation of checkpoints
of the cell cycle, cellular response to damaged DNA and telomeres, aerobic cell
metabolism, apoptosis, inhibition of angiogenesis and oncogene activation [42].
Protein p53 consists of an N — terminal domain activating transcription, DNA
binding domain, oligomerization domain and protease-sensitive domain, which
enables the binding of p53 to damaged DNA. Functional protein p53 exists in the
form of a tetramer, where loss of function of one subunit causes nonfunction of
the entire complex. Mutations in the TP53 gene were discovered in 60-88% of
TNBC. They are considered as a negative prognostic and predictive marker in terms
of disease-free survival (DFS), overall survival (OS) and therapeutic response to
chemotherapy. Manipulating genes involved in the regulation of protein p53 and
its isoforms (Cyclin G2, Sharp-1, PI3K/AKT/mTOR, Chk1, CDK, Hsp90, Mdm?2,
histone deacetylase) may lead to new therapeutic strategies for TNBC.

Anti-apoptotic protein Bcl-2 is reported to be an independent negative prog-
nostic marker of survival in patients with TNBC [43-45]. Expression of protein
Bcl-2 in TNBC positively correlates with the size of the tumour and the develop-
ment of metastases to regional axillary lymph nodes. It is also associated with a
lower sensitivity to neoadjuvant and adjuvant chemotherapy with anthracyclines
and resistance of the tumour to radiation therapy due to activation of the STAT3
gene. The use of Bcl-2 inhibitors may have a protective effect against resistance
development to chemotherapy and immunotherapy.

2.4 Regulation of gene expression

Detection of epigenetic changes taking place in breast cancer may aid in determin-
ing disease prognosis and in predicting the response to treatment. These primarily
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include changes in DNA methylation, modification of histones and altering miRNA
expression [46-53]. Recently, the regulatory role of IncRNA, circRNA and siRNA has
been described.

DNA methylation is among the most important modifications, ensured by
the action of DNA methyltranferases, regulated by genes DNMT1, DNMT3a and
especially DNMT3b. Also associated with the development and progression of
breast cancer is hypermethylation of CpG promoters of tumour suppressor genes
(RASSF1A, CDKN2A, CDKN1B, CCND2a), genes regulating repair of damaged
DNA (BRCA1, MLHI1, MGMT), cellular detoxification genes (GSTP1), adhesion,
invasion (TWIST1, CDH1, TIMP3), hormone receptors (ER, PR) and apoptosis
(HOXAS5, TMS1).

Post-translational modification of histones includes their phosphorylation,
ubiquitination, methylation and demythylation, acetylation and deacetylation.
Methylation of histone H3K27 by protein EZH2 is described in aggressive and
metastasizing forms of breast cancer. A therapeutic response may be reached using
histone deacetylase inhibitors (vorinostat, entinostat and panobinostat) in mono-
therapy or in combination with cytotoxic, hormonal or targeted anti - HER2 and
anti - VEGF therapy.

MiRNA represent endogenous short non-coding single strand RNA molecules
with a length of 18 to 25 nucleotides. The miRNA sequence is phylogenetically
conserved. They are partially or completely complementary to one or more media-
tor RNA (mRNA) and may also regulate other miRNAs. MiRNAs are significant
regulators of gene expression and participate in the regulation of more than 50%
of human genes. They are involved in angiogenesis, cell growth, proliferation,
differentiation, effectiveness of mechanisms of damaged DNA repair and apopto-
sis. Changes in miRNA expression are therefore responsible for the development
of many diseases, including dysfunctions of the immune system, tumours or
resistance to pharmacological or radiation therapy. Depending on their role in the
pathogenesis of tumour development, they can be divided into two types, miRNA
with oncogenic or with tumour suppressor function. The positive influence on
the EMT process also potentiates tumour metastasis. In the past years, miRNA has
received much attention in connection with changes in its serum concentrations and
its possible prognostic and predictive potential.

The miRNA biosynthesis is predominantly enabled by two major pathways -
canonical and non-canonical pathway. The first pathway is initiated by the genera-
tion of the pri-miRNA transcript which is cleaved by microprocessor complex
(Drosha and DGCRS) into precursor-miRNA (pre-miRNA). Pre-miRNA is trans-
ferred by the Exportin5/RanGTP to the cytoplasm and processed by the RNase III
endonuclease Dicer to produce the mature miRNA duplex. The load of 5p or 3p
strands of the mature miRNA duplex into the Argonaute (AGO) family of proteins
to form a miRNA-induced silencing complex (miRISC). The second pathway begins
by microprocessor complex — mediated cleavage of small hairpin RNA (shRNA)
with following its export to the cytoplasm via Exportin5/RanGTP. Nevertheless,
the further possible pathways were identified (e.g. Dicer-independent cleavage,
miirtrons and 7-methylguanine capped (m7G)-pre-miRNA formation).

Long non-coding RNA (IncRNA) are, contrarily, molecules with a length
of 200 and more nucleotides. Aberrantly increased IncRNA expression is able
to stimulate the oncogenic signalling pathway PI3K/AKT, as well as changes in
miRNA expression. They participate in the regulation of the biological behaviour of
tumours and may induce a therapeutic response to administered systemic therapy.
Newly described IncRNA includes DANCR (IncRNA - differentiation antagonis-
ing non-protein coding RNA), sONE, CCAT1 or GASS. So-called circular RNA
(circRNA) has a similar significance.
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Short interfering RNA molecules of siRNA are due to their ability to reduce the
expression of protein Bcl-2 and p-glycoprotein considered to be one of the possible
mechanisms for developing resistance to chemotherapy in TNBC. Formation of
conjugates with nanoparticles of silicon dioxide, or in combination with chemo-
therapy, may enhance therapeutic possibilities in the future.

2.5 Steroid androgen receptor

The androgen receptor (AR) is a nuclear steroid hormone receptor which is
expressed in 70-90% of all breast cancers [54-56]. It contains a transactivation
N-terminal domain, a DNA-binding domain and a C-terminal domain. The func-
tion of AR as a transcription factor is to modulate the activity of steroid-regulated
genes, or to alter post-transcription processes, which leads to changes in levels of
specific mRNA and proteins. Inactive form of AR is kept in the cytoplasm by a het-
erocomplex with heat-shock proteins and a chaperone complex (HSP-70, HSP-90).
There exist two mechanisms of AR activation — genomic modality and non-genomic
modality. Genomic modality is implemented by androgen binding to the C-terminal
domain of AR, its conformational change, dimerization and translocation into the
nucleus, leading to a promotion of a co-activator-mediated transcription of target
genes. Non - genomic modality activates AR through ERK dependent (interaction
with PI3K, Src proteins, Ras GTPase) or ERK independent signal transduction
(mTOR phosphorylation, FOXO1 inactivation, PKA activation)

In TNBC, increased expression of AR was observed in 10-50% of cases.
Although several studies concerning ER-related breast cancers confirm a positive
correlation between its increased expression and disease-free survival (DFS) as
well as overall survival (OS), others claim the opposite. Expression of AR in TNBC
is associated with lower grade, lower proliferation activity and lower disease stage.
The lack of AR expression is thus considered to be a factor associated with a higher
risk of disease recurrence and development of distant tumour metastases. Taking
into account the sensitivity of the tumour to systemic therapy, the use of AR
antagonists in clinical practice seems more than promising.

2.6 Immune checkpoint proteins

Physiologically, healthy tissue is protected from damage by its own immu-
nocompetent cells by inducing immune tolerance. It is mediated by cells of the
immune system (especially T — lymphocytes, B - lymphocytes, macrophages,
dendritic cells), which are able to effectively detect tumour antigens and activate
a cellular and humoral antitumour response. A more intense antitumour immune
response correlates with longer overall patient survival, period without develop-
ment of metastases, period without disease relapse and symptom-free interval.

Understanding the mechanism of how tumour cells escape from immune
supervision (theory of immunosurveillance) led to the identification of immune
checkpoint proteins as potential aims of immunotherapy. The signalling pathway
PD1/PD-L1 under normal conditions inhibits the PI3K/Akt and MAP-kinase
pathway (Ras/MEK/Er) and leads to the induction of apoptosis and termination of
the cell cycle. It also limits the effector function of CD8+ T-lymphocytes in favour
of regulatory CD4+ T-lymphocytes. Receptor protein PD-1 is encoded by the gene
PDCD1 on chromosome 2. Its role in the immune system is played by two ligands
with co-inhibitive function, protein PD-L1 (CD274) and PD-L2 (CD273). PD-L1 is
expressed on the surface of T - and B - lymphocytes, dendritic cells, macrophages,
mesenchymal stem cells and mastocytes; PD-L2 is only expressed on the surface of
antigen-presenting cells and mastocytes.
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Figure 3.

Immune response to cancer - mechanism of action of PD-1/PD-L1 (Koleckova M, www.biovender.com). The
mechanism of PD-1/PD-L1 axis action is based on the contvolling of the anti-tumour immune response by the
self-tolerance promotion. The activity of PD-1 and its ligand (PD-L1, PD-L2) is involved in the modulation of
immune system accompanied by T cell activation, proliferation, cytotoxic secvetion and apoptosis. Targeting the
PD1 and PDL1 immune checkpoint proteins represents the new eva of therapeutic strategy.

The testing of monoclonal antibodies with anti-PD-L1 inhibitory effect and their
introduction into clinical practice signified a breakthrough in the treatment of a
number of tumours [57-65]. Increased expression of PD-L1 in tumour cells is gener-
ally associated with poor disease prognosis. Contrarily, its increased expression by
immune system cells (TILs) prolongs overall patient survival. Increased expres-
sion was observed in 20% of TNBC cases. Expression of PD - L1 in the tumour
and its metastases in the lymph nodes is very heterogeneous and changes in time.
Administration of immune checkpoint inhibitors (anti - PD1 - pembrolizumab,
anti — PD-L1 - atezolizumab) with cytotoxic drugs is recommended in advanced
forms of TNBC. Atezolizumab in combination with nab - paclitaxel has been shown
to be effective; cases with increased expression of PD-L1 reported a prolongation of
progression-free survival (PFS) from 5 months to 7.5 months and overall survival
(OS) from 15.5 months to 25 months. Complete pathological response (pCR) was
reached in 51.9% of cases receiving atezolizumab with nab - paclitaxel and carbo-
platin, and in 64.8% of cases receiving pembrolizumab with nab - paclitaxel and
carboplatin (Figure 3).

3. Conclusions and future perspectives
The issue of TNBC is still a challenge for many investigators over the world.

The current scientific interest is mainly focused on the development of promis-
ing therapeutic targets. Due to poor prognosis associated with tumour aggressive
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biological behaviour, high rates of metastases and unpredictable response to the
primary systemic chemotherapy and radiotherapy, the detailed analysis of the
mechanisms of TNBC genesis is asked. Identification of new potential targets and
the development of specific targeted therapy is pivotal for improvement of the
existing clinical outcomes. The knowledge of the crucial participation of immune
system in carcinogenesis significantly extended the range of therapeutic options.
Ongoing clinical trials testing different types of molecules may pave the way for
effective pharmacological synergy and better treatment results.

Author details
Marketa Koleckova™, Katherine Vomackova® and Zdenek Kolar

1 Department of Clinical and Molecular Pathology, Faculty of Medicine and
Dentistry, Palacky University and University Hospital, Olomouc, Czech Republic

2 Department of Surgery I, Faculty of Medicine and Dentistry, Palacky University
and University Hospital, Olomouc, Czech Republic

*Address all correspondence to: m.koleckova@email.cz

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

58



Molecular Prognostic and Predictive Markers in Triple - Negative Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.97282

References

[1] Yin L, Duan JJ, Bian XW, et al.
Triple-negative breast cancer molecular
subtyping and treatment progress.
Breast Cancer Res. 2020; 22 (1): 61.

[2] Kumar P, Aggarwal R. An overview
of triple-negative breast cancer. Arch
Gynecol Obstet. 2016; 293 (2): 247-269.

[3] Morris GJ, Naidu S, Tophan AK, et al.
Differences in breast carcinoma
characteristics in newly diagnosed
African-American and Caucasian
patients: a single-institution compilation
compared with the National Cancer
Institute’s Surveillance, Epidemiology,
and End Results database. Cancer. 2007;
110 (4): 876-884.

[4] Lin NU, Claus E, Sohl J, et al. Sites of
distant recurrence and clinical outcomes
in patients with metastatic triple-
negative breast cancer: high incidence of

central nervous system metastases.
Cancer. 2008; 113 (10): 2638-2645.

[5] Belli C, Duso BA, Ferraro E, et al.
Homologous recombination deficiency
in triple negative breast cancer. Breast.
2019; 45:15-21.

[6] Gluz O, Liedtke C, Gottschalket N,
al. Triple-negative breast cancer--
current status and future directions.
Ann Oncol. 2009; 20 (12): 1913-1927.

[7] Lehmann BD, Bauer JA, Chen X, et al.
Identification of human triple-negative
breast cancer subtypes and preclinical
models for selection of targeted therapies.
J Clin Invest. 2011; 121(7): 2750-2767.

[8] Lehmann BD, Pietenpol JA.
Identification and use of biomarkers in
treatment strategies for triple-negative
breast cancer subtypes. ] Pathol. 2014;
232(2): 142-150.

[9] Ma CX, Luo J, Ellis MJ. Molecular
profiling of triple negative breast cancer.

Breast Dis. 2010; 32 (1-2): 73-84.

59

[10] Burstein MD, Tsimelzon A,

Poage GM, et al. Comprehensive
genomic analysis identifies novel
subtypes and targets of triple-negative b
reast cancer. Clin Cancer Res. 2015;
21(7): 1688-1698.

[11] Jézéquel P, Kerdraon O,
Hondermarck H, et al. Identification of
three subtypes of triple-negative breast
cancer with potential therapeutic
implications. Breast Cancer Res. 2019;
21(1): 65.

[12] Ahn SG, Kim SJ, Kim C, et al.
Molecular Classification of Triple-
Negative Breast Cancer. ] Breast Cancer.
20165 19(3): 223-230.

[13] Zeng Z, Hou CJ, Hu QH, et al.
Mammography and ultrasound effective
features in differentiating basal-like and
normal-like subtypes of triple negative
breast cancer. Oncotarget. 2017; 8 (45):
79670-79679.

[14] Lokuhetty D, White WA,
Watanabe R, et al. Breast Tumours.
WHO Classification of Tumours (5 th
ed). Lyon: IARC, 2019. ISBN:
978-92-832-4500-1.

[15] Chiang SK, Chang WC, Chen SE,

et al. DOCK1 Regulates Growth and
Motility through the RRP1B-Claudin-1
Pathway in Claudin-Low Breast Cancer
Cells. Cancers (Basel). 2019; 11(11): 1762.

[16] Sun L, Fang J. Epigenetic regulation
of epithelial-mesenchymal transition.
Cell Mol Life Sci. 2016; 73: 4493-4515.

[17] Zhang Y, Weinberg RA. Epithelial-
to-mesenchymal transition in cancer:
complexity and opportunities. Front
Med. 2018;12(4): 361-373.

[18] Geenen J]J], Linn SC, Beijnen JH,

et al. PARP Inhibitors in the Treatment
of Triple-Negative Breast Cancer. Clin
Pharmacokinet. 2018; 57(4): 427-437.



Breast Cancer - Evolving Challenges and Next Frontiers

[19] Lyons TG. Targeted Therapies for
Triple-Negative Breast Cancer. Curr
Treat Options Oncol. 2019; 20 (11): 82.

[20] Bergin ART, Loi S. Triple-negative
breast cancer: recent treatment
advances. F1000Res. 2019; 8: F1000

[21] Fasch Litton JK, Rugo HS, Ettl ],

et al. Talazoparib in patients with
advanced breast cancer with a germline
BRCA mutation. N Engl ] Med. 2018;
379(8):753-763

[22] Loibl S, O’Shaughnessy J, Untch M,
et al. Addition of the PARP inhibitor
veliparib plus carboplatin or carboplatin
alone to standard neoadjuvant
chemotherapy in triple-negative breast
cancer (BrighTNess): a randomised,
phase 3 trial. Lancet Oncol. 2018; 19:
497-500.

[23] Barroso-Sousa R, Keenan TE,
Pernas S, et al. Tumor Mutational
Burden and PTEN Alterations as
Molecular Correlates of Response to
PD-1/L1 Blockade in Metastatic Triple-
Negative Breast Cancer. Clin Cancer Res
2020; 26 (11): 2565-2572.

[24] Kim S-B, Dent R, Im S-A, et al.
Ipatasertib plus paclitaxel versus
placebo plus paclitaxel as first-line
therapy for metastatic triple-negative
breast cancer (LOTUS): a multicentre,
randomised, double-blind, placebo-
controlled, phase 2 trial. Lancet Oncol.
2017;18(10):1360-1372.

[25] Dent R, Im S-A, Espie M, et al.
Overall survival (OS) update of the
double-blind placebo (PBO)-controlled
randomized phase 2 LOTUS trial of
first-line ipatasertib (IPAT) + paclitaxel
(PAC) for locally advanced/metastatic
triple-negative breast cancer
(mTNBC). J Clin Oncol. 2018; 36
(15_suppl,1008).

[26] Khan F, Esnakula A, Ricks-Santi L],

et al. Loss of PTEN in high grade
advanced stage triple negative breast

60

ductal cancers in African American
women. Pathol Res Pract. 2018; 214(5):
673-678.

[27] Fasching PA, Loibl S, Hu C, et al.
BRCA1/2 Mutations and Bevacizumab
in the Neoadjuvant Treatment of Breast
Cancer: Response and Prognosis Results
in Patients With Triple-Negative Breast
Cancer From the Gepar Quinto Study. J
Clin Oncol. 2018; 36(22): 2281-2287.

[28] Jacot W, Theillet C, Guiu S, et al.
Targeting triple-negative breast cancer
and high-grade ovarian carcinoma:
refining BRCAness beyond BRCA1/2
mutations? Future Oncol. 2015; 11(4):
557-559.

[29] Jones RA, Robinson TJ, Liu JC, et al.
RB1 deficiency in triple-negative breast
cancer induces mitochondrial protein
translation. J Clin Invest. 2016; 126(10):
3739-3757.

[30] Jones RA, Robinson TJ, Liu JC, et al.
RB1 deficiency in triple-negative breast
cancer induces mitochondrial protein
translation. J Clin Invest. 2016; 126(10):
3739-3757.

[31] Wu Q, Ba-alawi W, Deblois G, et al.
GLUT1 inhibition blocks growth of
RB1-positive triple negative breast
cancer. Nat Commun 2020; 11: 4205.

[32] ZhouY, Wu C, Lu G, et al. FGF/
FGEFR signaling pathway involved
resistance in various cancer types. J
Cancer. 2020; 11(8): 2000-2007.

[33] Sharpe R, Pearson A,
Herrera-Abreu MT, et al. FGFR
signaling promotes the growth of
triple-negative and basal-like breast
cancer cell lines both in vitro and in
vivo. Clin Cancer Res. 2011; 17 (16):
5275-5286.

[34] Sporikova Z, Koudelakova V,
Trojanec R, et al. Genetic Markers in
Triple-Negative Breast Cancer. Clin
Breast Cancer. 2018; 18(5): e841-e850.



Molecular Prognostic and Predictive Markers in Triple - Negative Breast Cancer

DOI: http://dx.doi.org/10.5772/intechopen.97282

[35] Danzinger S, Tan YY, Rudas M, et al.
Differential Claudin 3 and EGFR
Expression Predicts BRCA1 Mutation in
Triple-Negative Breast Cancer. Cancer
Invest. 2018; 36(7): 378-388.

[36] Diluvio G, Del Gaudio F, Giuli MV,
et al. NOTCH3 inactivation increases
triple negative breast cancer sensitivity
to gefitinib by promoting EGFR tyrosine
dephosphorylation and its intracellular
arrest. Oncogenesis. 2018; 7(5): 42.

[37] Nakai K, Hung MC, Yamaguchi H. A
perspective on anti-EGFR therapies
targeting triple-negative breast cancer.
Am J Cancer Res. 2016; 6(8): 1609-1623.

[38] Nagini S. Breast Cancer: Current
Molecular Therapeutic Targets and New
Players. Anticancer Agents Med Chem.
2017;17(2):152-163.

[39] Ali AM, Ansari JAK, El-Aziz NMA,
Abozeed WN, Warith AMA, Alsaleh K,
Nabholtz JM. Triple Negative Breast
Cancer: A Tale of Two Decades.
Anticancer Agents Med Chem. 2017;
17(4): 491-499.

[40] Radin D, Lippa A, Patel P,
Leonardi D. Lifeguard inhibition of
Fas-mediated apoptosis: A possible
mechanism for explaining the cisplatin
resistance of triple-negative breast

cancer cells. Biomed Pharmacother.
2016; 77: 161-166.

[41] Song C, Choi S, Oh KB, Sim T.
Suppression of TRPM7 enhances
TRAIL-induced apoptosis in triple-
negative breast cancer cells. ] Cell
Physiol. 2020; 235(12): 10037-10050.

[42] Bykov V]N, Eriksson SE, Bianchi J,
et al. Targeting mutant p53 for efficient
cancer therapy. Nat Rev Cancer. 2018;
18(2): 89-102.

[43] Inao T, Iida Y, Moritani T, et al. Bcl-2
inhibition sensitizes triple-negative
human breast cancer cells to doxorubicin.
Oncotarget. 2018; 9(39): 25545-25556.

61

[44] LuL, DongJ, Wang L, et al.
Activation of STAT3 and Bcl-2 and
reduction of reactive oxygen species
(ROS) promote radioresistance in breast
cancer and overcome of radioresistance
with niclosamide. Oncogene. 2018;
37(39): 5292-5304.

[45] Bouchalova K, Svoboda M,
Kharaishvili G, et al. BCL2 is an
independent predictor of outcome in
basal-like triple-negative breast cancers
treated with adjuvant anthracycline-

based chemotherapy. Tumour Biol.
2015; 36(6): 4243-4252.

[46] Mathe A, Scott R], Avery-Kiejda KA.
MiRNAs and Other Epigenetic Changes
as Biomarkers in Triple Negative Breast
Cancer. Int ] Mol Sci. 2015; 16(12):
28347-28376.

[47] Sempere LF. Celebrating 25 Years of
MicroRNA Research: From Discovery to
Clinical Application. Int ] Mol Sci. 2019;
20(8): E1987.

(48] Adhikary ], Chakraborty S, Dalal S,
et al. Circular PVT1: an oncogenic
non-coding RNA with emerging clinical
importace. ] Clin Pathol 2019; 72:
513-519.

[49] Nabholtz J, Darvishi B,

Farahmand L, et al. Stimuli-Responsive
Mesoporous Silica NPs as Non-viral
Dual siRNA/Chemotherapy Carriers for
Triple Negative Breast Cancer. Mol Ther
Nucleic Acids. 2017; 7: 164-180.

[50] Wang Y, Wu S, Zhu X, et al.
LncRNA-encoded polypeptide ASRPS
inhibits triple-negative breast cancer
angiogenesis. ] Exp Med. 2020; 217(3):
jem.20190950.

[51] Koleckova M, Janikova M, Kolar Z.
MicroRNAs in triple-negative breast
cancer. Neoplasma. 2018; 65(1):1-13.

[52] Michlewski G, Caceres JF. Post-
transcriptional control of miRNA
biogenesis. RNA. 2019; 25(1):1-16.



Breast Cancer - Evolving Challenges and Next Frontiers

[531 Wu G, Zhou H, Li D, et al. LncRNA
DANCR upregulation induced by
TUFT1 promotes malignant progression
in triple negative breast cancer via
miR-874-3p-SOX2 axis. Exp Cell Res.
2020; 396(2): 112331.

[54] Rampurwala M, Wisinski KB,
O’Regan R. Role of the androgen
receptor in triple-negative breast cancer.
Clin Adv Hematol Oncol.
2016;14(3):186-193.

[55] Lehmann BD, Bauer JA, Schafer JM,
et al. PIK3CA mutations in androgen
receptor-positive triple negative breast
cancer confer sensitivity to the
combination of PI3K and androgen
receptor inhibitors. Breast Cancer Res.
2014; 16(4): 406.

[56] Gerratanaa L, Basilea D, Buonob G,
et al. Androgen receptor in triple
negative breast cancer: A potential
target for the targetless subtype. Cancer
Treatment Reviews 2018; 68: 102-110

[57] Adams S, Schmid P, Rugo HS, et al.
Phase 2 study of pembrolizumab
(pembro) monotherapy for previously
treated metastatic triple-negative breast
cancer (nTNBC): KEYNOTE-086
cohort a. J Clin Oncol.
2017;35(15_suppl):1008

[58] Pelekanou V, Carvajal-Hausdorf DE,
Altan M, et al. Effect of neoadjuvant
chemotherapy on tumor-infiltrating
lymphocytes and PD-L1 expression in
breast cancer and its clinical
significance. Breast Cancer Res. 2017;
19(1): 91.

[59] Denkert C, Wienert S, Poterie A,

et al. Standardized evaluation of
tumor-infiltrating lymphocytes in
breast cancer: results of the ring studies
of the international immuno-oncology
biomarker working group. Mod Pathol.
2016; 29(10): 1155-1164.

[60] Ganesan A, Ahmed M, Okoye I,
et al. Comprehensive in vitro

62

characterization of PD-L1 small
molecule inhibitors. Sci Rep. 2019;
9(1): 12392.

[61] WuY, Chen W, Xu ZP, et al. PD-L1
Distribution and Perspective for Cancer
Immunotherapy-Blockade, Knockdown,
or Inhibition. Front Immunol. 2019;

10: 2022.

[62] Garcia-Teijido P, Luque Cabal M,
Peldez Ferandéz I, et al. Tumor-
infiltrating lymhocytes in triple negative
breast cancer: The future of immune
targeting. Clinical Medicine Insights:
Oncology 2016; 10: 31-39

[63] Huang W, Ran R, Shao B, et al.
Prognostic and clinicopathological value
of PD-L1 expression in primary breast

cancer: a meta—analysis. Breast Cancer
Res Treat. 2019; 178(1): 17-33.

[64] Mittendorf EA, Philips AV,
Meric-Bernstam F, et al. PD-11
expression intriple-negative breast
cancer. Cancer Immunol Res. 2014; 2(4):
361-370.

[65]LiM, Li A, Zhou S, et al.
Heterogeneity of PD-L1 expression in
primary tumors and paired lymph node

metastases of triple negative breast
cancer. BMC Cancer. 2018; 18(1): 4.



Section 3

Breast Cancer In vitro Models

63






Chapter 4

In vitro Approaches to Model
Breast Tumor Complexity

Heizel Rosado-Galindo, Lyanne Suavez
and Maribella Domenech

Abstract

Cell culture technologies have provided biomedical researchers with fast and
accessible tools to probe the breast tumor microenvironment. Exponential progress
in fabrication methods combined with multiparametric approaches have enabled
the development of cell culture model systems with enhanced biological complexity
to identify key aspects that regulate breast cancer (BC) progression and therapeu-
tic response. Yet, the culture parameters and conditions employed influence the
behavior of tumor cells, thereby affecting its tissue biomimetic capabilities. In this
chapter we review the wide range of culture platforms employed for the generation
of breast tumor models and summarize their biomimetic capabilities, advantages,
disadvantages and specific applications.

Keywords: culture platforms, microfluidics, organoids, 3D bioprinting,
tumor microenvironment, co-culture

1. Introduction

Cell culture is an integral tool in biomedical research. It refers to the removal of
cells from tissues or organs, into an artificial iz vitro environment. The cells may be
directly removed from the tissue before culturing, or they may be derived from a
previously established cell line [1, 2]. Among their many applications, iz vitro cell
culture models allow for the evaluation of the physiology and biochemistry of cells;
the study of mutagenesis and carcinogenesis; and drug research and development
[1-3]. Furthermore, in vitro models provide a faster and more cost-effective alterna-
tive to in vivo animal models, while also allowing researchers to control and alter the
cellular microenvironment.

Breast tumors are complex systems, composed of different cell subpopulations
with distinct tumorigenic capabilities within the tumor. Iz vitro cell culture models
have been one of the basic techniques utilized in BC research. Despite the many
advances in the field, there is still a need for suitable tumor models that can accu-
rately mimic the disease. Two-dimensional (2D) culture models have been com-
monly used in BC studies over the years. These have provided valuable insight about
the molecular mechanisms involved in the pathology of the disease, yet 2D models
are not able to properly model BC complexities [4]. Similarly, animal models require
specialized animal facilities, are expensive, laborious, along with the consideration
of pharmaco-and toxicokinetic differences between animal and humans which
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can make results unreliable [5]. Hence, the development of tumor models that
can mimic to some extent the complexity present in the tumor microenvironment
(TME) is imperative.

The TME is heterogeneous and plays a significant role in tumor development,
progression and metastasis [6]. It is composed of multiple cell types such as fibro-
blasts, myoepithelial and endothelial cells, infiltrated immune cells (e.g., T cells,
macrophages), adipocytes and mesenchymal stem cells (MSC), along with the
extracellular matrix (ECM) and soluble factors [7, 8]. These cell types are important
for modeling the disease as it has been shown that tumor prognosis is not solely
based on the tumorigenic cells, but also on how those cells communicate with their
environment [9]. For example, cancer associated fibroblasts (CAFs) have been
demonstrated to promote cancer cell aggressiveness and survival by the secretion of
growth factors and cytokines and the creation of a “protective niche” against drugs
[8, 10, 11]. Similarly, immune cells promote angiogenesis [12], immunosuppression,
invasion and metastasis [13, 14]. Furthermore, adipocytes and MSCs have been
shown to be involved in the secretion of factors related to matrix remodeling, inva-
sion and survival of the tumor [15, 16]. Thereby, models that include multiple cell
types are likely to be more mimetic of the pathology and predictive of responses in
tissues. As such, custom microscale platforms have been developed to accommodate
multiple cell types in spatially defined patterns and locations to enable examination
of multi-cell type interactions. Such models include those related to angiogenesis
and metastatic processes [17-19], and due to the lack of spatial control it would have
been difficult to recreate such interactions in traditional culture platforms high-
lighting the applicability of custom platforms for multi-cell type interactions.

The identification of relevant parameters from the tumor microenvironment
is imperative for proper assessment and predictability of efficacy of experimental
therapies. For this reason, 3D cell culture systems have become more popular due
to its potential to better mimic the complexity of the TME and thereby increase the
physiological relevance of the study [20, 21]. This modality incorporates scaffolds
and 3D cell constructs that have been shown to impact cell proliferation, morphol-
ogy, signaling and drug resistance in a more physiologically relevant manner [22-25].

Mimicking BC complexity is challenging, however, progress in microfabrica-
tion techniques, tissue engineering and cancer biology have paved the way to more
sophisticated models with enhanced biomimetic capabilities that will help to eluci-
date the intricate nature of BC. In this chapter, we discuss the wide range of culture
platforms employed for the generation of breast tumor models and summarize their
biomimetic capabilities, advantages, disadvantages and specific applications.

2. Cell culture modalities
2.1 Two-dimensional and three-dimensional culture

The traditional cell culture methods for studying breast cancer employ
two-dimensional monolayer cultures, where cells grow flat on a surface. Two-
dimensional culture is still widely used, but with advances in microfabrication
now surfaces can be modified with nanostructure topographies and different
levels of stiffness to mimic to some extent the physical properties of the matrix
surface. These topographies (e.g., roughness, surface geometry) have the capa-
bility of providing biomimetic surfaces that have been shown to modify the
morphology, proliferation and signaling, among others, of cells [26]. Similarly,
changes in the mechanical properties of the ECM (e.g., stiffness) are related to
increasing malignant phenotype [27], cancer progression, signaling [28-30] and
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drug sensitivity [31]. Despite these technological advances in 2D cultures, multiple
studies have shown that cell cultures in 2D felt short to mimic cell phenotypes
associated with disease progress such as cell invasion, cell function and expression
of pathological markers [4, 23, 32]. In some cases, utilizing 2D culture systems has
resulted in the loss of essential cell signaling pathways, hence limiting the ability
to fully evaluate cell-cell and cell-ECM interactions [33]. Evidence has also shown
that there are inconsistencies when comparing cell morphology, receptor expres-
sion, and polarity between cells grown in 2D and the iz vivo setting [34].

In order to bridge this gap in biological complexity, multiple methods employing
3D cell culture systems have emerged and continue to be steadily improving, aiming
to produce the most in vivo-like structures. Essentially, 3D models can be divided
into two groups: cell aggregates (spheroids) and biomaterial constructs [35]. The
most basic 3D culture models use scaffolds of synthetic (e.g., polydimethylsiloxane-
PDMS, polylactic acid-PLA) and natural (e.g., collagen, Matrigel®, hydrogels) bio-
materials to investigate the effect of ECM properties on cancer behavior. Spheroids
have been used mostly for drug screening applications since it has been demon-
strated they more closely resemble the in vivo environment [36]. Growing BC cells
in 3D has also revealed a more realistic drug response [21, 37], cell proliferation and
morphology [38], and better representation of tumor heterotypic phenotype and
TME [39, 40]. For example, single-cell RNA sequencing of breast cancer spheroids
have uncovered cell clusters with specific functions (e.g., proliferation, invasion)
that provide evidence of the heterotypic nature and complexity of breast tumors
[41]. Figure 1 below depicts the main iz vitro 2D and 3D culture modalities along
with the most predominant co-culture models (discussed in the next subsection) to
study cell crosstalk.

2.2 Co-culture

Cancer is a heterogeneous disease and even though there have been various
advances in cell culture modalities, thorough comprehension of the crosstalk
between cancer and non-cancer cells is still not fully understood [42]. Co-culture
and multi-culture models have been long established as appropriate tools for

2D iD 3D-embedded Spheroid
B Co-culture
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Figure 1.

Ingvitro culture modalities. A) Cells can be cultured in vitro as 2D monolayers, over a 3D scaffold (synthetic
or natural material), embedded into a scaffold material or as spheroid constructs. B) Yet, co-culture and
multi-culture models are implemented in order to better understand tumor-stroma interactions and cross-talk.
The three main co-culture modalities used are compartmentalized, conditioned media and mixed, which
incorporate cells cultured in 2D monolayers, 3D scaffolds or spheroids. Created with BioRender.com
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evaluating breast cancer heterotypic interactions iz vitro [6]. Co-culture refers to
the culturing of two different cell lines, while multi-culture models involve three
or more different cells. Historically, co-culture models have been the predominant
approach in research. However, despite their ability to identify factors mediating
cancer and stromal interactions, co-culture models are deficient in incorporating
microenvironment structure, dimensionality, and functional response [42]. With
the hopes of bridging the gap between in vitro and in vivo studies, new research
has been moving away from the study of only two cell types, to studying multi-cell
type systems. This type of model permits researchers to control and evaluate the
influence of each cell culture component. It also allows the study of important
cell-cell heterotypic signals, which would be impossible to study with a 2-cell type
model [43].

There have been an increasing number of studies looking to compare tri-culture
models with the more traditional mono-culture or co-culture methods. With
the intention of better understanding the bone microenvironment, Pagani et al.
compared a tri-culture model of osteoblasts, osteoclasts, and endothelial cells; to
single and co-cultures. The results demonstrated that the behavior of the three cell
types cultured together was very different from the single or the co-culture model,
in terms of proliferation, activity, and viability. These results correlate with previ-
ously established data regarding their behavior in vivo [44]. Regier et al. evaluated
how increased model complexity would affect gene expression. The results demon-
strated that gene expression changes based on the type of model utilized; suggest-
ing how tumor and stromal cells would respond to microenvironments of increased
complexity in vivo [42]. Loy et al. investigated the effect a tri-culture model would
have on angiogenesis and compared it to simpler models. The results showed that
the tri-culture model promoted cell-matrix remodeling and early expression of
elastic fiber-related proteins. It also reiterated the significance of multi-culture
methods since culturing with fibroblasts, endothelial cells, and smooth muscle cells
was required to obtain tissues with appropriate physiological-like properties [45].
All three of these studies highlight the increasing need and importance of more
complex heterotypic cultures.

Co-culture models involve a cell growing arrangement, where two or more
different cells are cultured with some amount of contact between them [46]. The
communication between the cells may be bi-directional or multi-dimensional, and
it can happen at the macro-scale or at the micro-scale [47]. The method of choice
should be dependent on what is the focus of each individual study and can be
grouped in: compartmentalized, conditioned media and mixed culture.

2.2.1 Compartmentalized

The segregated or compartmentalized model consists of two or more physi-
cally separated cells, cultured in a shared environment [6]. This type of culture
is preferred when studying paracrine interactions of cells that are not located in
close proximity in tissues. Also, this method is useful to identify target cells based
on soluble factor signaling since the cells individual response can be examined,
facilitating the identification of factors that may play a role in tumor growth and
advancement. In compartmentalized co-cultures, one cell population is seeded
in the bottom of the standard well, and the other is seeded on a top insert or in an
adjacent compartment. By doing this, the cell types remain separated, while still
being able to exchange soluble signals in their shared environment [48]. Indirect
cell culture eliminates heterotypic interactions mediated by contact between the
cell types, which can be seen in direct cell culture. It also allows for cell type spe-
cific readouts, which are unachievable in direct cell culture [6]. Such method has
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provided evidence on genes involved behind stromal invasiveness and metastasis,
and the crucial role of fibroblasts in proliferation of estrogen-dependent human
breast carcinomas [6, 49, 50]. Gonzalez et al. utilized a 2D indirect co-culture
method with human BC cells and human umbilical vein endothelial cells to evaluate
the process behind angiogenesis; concluding that melatonin may be an alternative
for preventing tumor angiogenesis [51]. While Chiovaro et al. analyzed the role of
ECM proteins in bone metastasis, showing that tenascin-W promotes cancer cell
migration and proliferation [52].

If multiple cells need to be examined, co-culture platforms, such as transwells,
are not useful since they are limited to only two compartments. Hence, the use of
customizable culture systems such as microscale devices, is warranted [6]. Our
group developed compartmentalized microwell culture platforms, in which we
show the contribution of multiple cell types to the sensitivity to heat therapy in
tumor cells [43]. The data shown indicates that the presence of macrophages and
fibroblasts had a significant protective effect against heat stress in BC cells, thus,
perturbing the effectiveness of heat therapy. Others have employed multi-cell type
cultures to deconvolute cell communication of metastatic breast tumors. Regier
et al. developed a compartmentalized multi-culture method, utilizing BC epithelial
cells, bone marrow cells, and human monocytes. The platform allowed the creation
of a substantial dataset made up of cell specific gene expression patterns. This
was possible by collecting data from an individual cell type, while communicating
through paracrine interactions in a heterotypic culture. The study also compared
tri-culture to mono-culture and co-culture, which led to the demonstration of how
stromal and tumor cells respond differently based on the complexity of the micro-
environment [42]. This reiterates the importance of utilizing multi-cultures versus
the more traditional co-cultures. A drawback with this method is that physical
contact between cells cannot be completely prevented in the long term [47]. In addi-
tion, because cell-seeding sometimes requires more than one step, the process may
be considered somewhat complicated and time-consuming [6].

2.2.2 Conditioned media

Conditioned media transfer utilizes two separately cultured cell populations,
where one culture medium is utilized to nourish the other [48]. This type of method
is simple and allows one-way signaling from effector to responder [6]. The advan-
tage of utilizing this method is that conditioned media can be profiled for the iden-
tification of secreted soluble factor-related effects is possible [47]. Consequently,
the role of signaling molecules could be tested in a specific response [6]. Also, this
method is useful when the cells of interest cannot be cultured together such as stud-
ies involving tumor cells and microbes [53]. However, when employing multiple cell
types, the method becomes a bit more complex since identification of the secretor
and recipient cells can be complicated. Additionally, when this type of method is
utilized, there is no cross-communication within the cells and it is not possible to
study bi-directional signals [48]. For this reason, this type of method would not be
ideal if the goal is to study multi-cell type interactions that naturally occur in the in
vivo tumor environment.

2.2.3 Mixed co-culture
In mixed cell culture, different types of cells are cultured together. Just as with
conditioned media transfer, this type of method is accessible and simple. It can be

done in 2D or 3D using traditional well plates [6]. If the cells are cultured together
in a standard plate, the method is referred to as direct or mixed cell culture.
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However, if a transwell insert or adjacent compartments are utilized, the method

is denoted as indirect or compartmentalized cell culture. Unlike the conditioned
media method, mixed co-culture does allow for bi-directional paracrine and
juxtacrine signaling, which is of great importance when studying multi-cell type
interactions in breast cancer [6]. Because of the cellular arrangement, this method
is also ideal for studying how cell-cell contact affects cell behavior [54]. When
performing multi-cell type studies, the direct method simply requires the inclusion
of the additional cell lines mixed.

Mixed co-culture experiments shed light on distinct microenvironment features
based on cancer subtype; and potential mechanisms behind invasive phenotypes
[55, 56]. Camp et al. compared the interaction of fibroblasts with the basal-like
subtype versus the luminal subtype. The results were increased migration and
expression of interleukins in the basal-like BC cell lines, which reiterates the
important role of the TME in cancer progression [10]. Buess et al. also looked into
evaluating the role of aspects of the TME by studying tumor-endothelial interac-
tions and determining gene expression changes [56]. Multiple other studies have
been done utilizing these culture modalities and have provided insight into further
understanding the disease [6]. Yet, a disadvantage of this method is the lack of
control of the spatial location of cells which can be important when examining
and quantifying changes in some tumor cell behaviors such as cell migration and
invasion. Also, single cell studies will require multiple cell separation steps that will
make this method more time consuming and increase the number of cells needed
for analysis due to cell loss during sample handling.

3. Culture platforms for enhanced biomimetic capabilities

Despite the development and application of the aforementioned cell culture
methods, thorough understanding of cancer development and progression contin-
ues to be a challenge. As shown in Figure 2, in vitro cell models are mainly cat-
egorized in 2D and 3D (as discussed before) and thus, these models become more
complex as research continues to be centered on creating experimental models that
can mimic cell evolution on the bench with the goal of understanding the biology of
the disease and identifying key therapeutic targets. Despite the advances that came
with the implementation of 3D multi-culture systems, there still remains a scarcity
of models that can recreate the biological complexity of the tumor microenviron-
ment. Biomimetics can be defined as technology that utilizes or emulates tissue
function with the intention of improving human lives [57]. Effective biomimetic
models need to contribute a 3D environment permissive of cell phenotypic stages
while enabling multi-cell type interactions [58]. As cell culture methods continue
to evolve, innovative approaches are being created with the hopes of overcoming
the limitations of the more traditional methods. Table 1 summarizes the advan-
tages, disadvantages and applications of advanced biomimetic iz vitro 3D culture
technologies.

3.1 Microfluidics

Microfluidic platforms can be utilized to scale down the traditional culture
modalities, yet they enable to customize the culture environments to examine more
complex interactions [64]. This technology employs microsystems that allow the
manipulation of small fluid volumes and control over the spatial location of cell
clusters [70]. Its application to improve 3D cell culture models has been increasing
since 2012, particularly in BC research [71]. In comparison to macroscopic culture,
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Figure 2.

Culture platforms employed in breast cancer models. A) Simple 2D platforms consist of cells cultured in flat,
nano- or micro- structured substrates (left) that mimic to some extent tissue topography; or they can combine
co-culture and microfluidic devices (vight) to increase the complexity of the model and better resemble
tumor-stroma interactions. B) In three-dimensional models, cells are culture in scaffolds and constructs that
further imitate the architecture of the tumor (left). Co-culture and advanced 3D models such as microfluidics,
bioprinting and ovganoids are capable of duplicating the TME and provide physiologically relevant insights
about the disease (right). Created with BioRender.com

microfluidic cell culture models have several significant advantages that, when
employed, lead towards better biomimetic models. Firstly, cells may be cultured

in a spatially controlled environment by controlling fluid patterns and proximity
across culture compartments [72-77]. This technology permits the combination

of multiple cell types and to control cell patterning, to recapitulate to some extent
tissue observations. For example, microfluidic devices permit the study of angio-
genesis while also allowing the study of endothelial migration and evaluation of
cell response in co-culture [71, 78]. Also, microfluidics can implement continuous
perfusion conditions, and controlled gradients, which are both characteristics that
also resemble the cancerous iz vivo environment more closely. Gradients are found
in angiogenesis, invasion, and migration whereas perfusion is crucial in vasculature
and cell extravasation as well for nutrient replenishment. Finally, microfluidic sys-
tems enable high-throughput arrays and pose lower contamination risk and reagent
consumption which make them very appealing for studies with limited cell samples
such as those that employ patient-derived tissues [70, 71].

Recent studies in microfluidic systems have highlighted their capability to
recreate and profile some of the biological complexity of the tumor microenviron-
ment. Such studies have revealed important information regarding the processes
involved in metastasis and how the tumor microenvironment contributes. For
example, single cell RNA sequencing using microfluidic devices have revealed the
diversity of the breast epithelium, which sheds light about early tumorigenesis and
tumor progression [79, 80]. In addition, microfluidic devices pose as an advantage
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Model Advantages Disadvantages Application Ref.
3D Microfluidics Small size samples, Mechanical stress, Invasion, [20, 37,
spatial and temporal complicated set-ups, metastasis, 59, 60]
control, reduced material fabrication vasculature,
reagent volumes, modeling
controlled gradients, TME
high-throughput
Bioreactors Long term culture, Contamination risk, Metastasis, [61-63]
effective nutrient expensive, specialized drug
distribution, large equipment, low discovery
scale throughput, limited
spatial resolution, high
cell numbers needed
3D bioprinting Controlled spatial Lower cell viability, Migration, [64-66]
arrangement of material challenges, angiogenesis,
cells and matrix, lack of standardized drug
biomolecular methods, high cell discovery,
gradients, numbers needed modeling
high-throughput TME
Organoids Small size samples, Lack of standardized Drug [67-69]
retain parental methods, discovery,
tumor phenotype, heterogeneous invasion,
can be preserved as cell samples, high metastasis
biobanks, mimetic variability across
of tissue function replicates
Table 1.

Comparison of in vitro 3D BC models.

to personalized medicine by aiding in the selection of appropriate pharma-

cologic agents. In this regard, Lanz et al. developed a 3D microfluidic device,
OrganoPlate®, to be utilized for therapy selection. They showed that MDA-MB-231
(cell line isolated at MD Anderson from a pleural effusion of a 51-year old
Caucasian woman) cells embedded in Matrigel® became more sensitive to the drug,
thus confirming along with previous studies that drug response is tuned by the
ECM. The results were promising and even though further validation is warranted,
it appears to be a fine tool for pharmacologic selection and response prediction [37].
Similarly, Yildiz-Ozturk et al. studied the cytotoxicity of carnosic acid and doxoru-
bicin on MCF-7 and MDA-MB-231 BC cell lines and demonstrated the importance
of biomimicry in in vitro platforms [20]. A breast metastatic microfluidic model was
developed by Kong et al. to mimic the metastasis of circulating breast cancer cells
(CBCCs) to the lung and other organs. Their microfluidic device allowed the flow
of CBCCs over primary cell culture chambers, which would have been impossible
with static conditions. They demonstrated that the metastatic potential of these cell
lines was in concordance with animal models, providing a cost-effective and time-
saving alternative [81]. Bersini et al. also developed a microfluidic co-culture model
made up of metastatic BC cells, and collagen gel-embedded bone marrow-derived
stem cells (hBM-MSC) lined with endothelial cells to create an osteo-conditioned
microenvironment and access extravasation and micrometastases to bone tissue
[59]. They found that BC receptors CXCR2 and bone-secreted chemokine CXCL5
play major roles in the extravasation process. However, due to the complexity of the
design, their platform is not high throughput compatible, which adds many chal-
lenges, particularly to obtain multiple replicates in a short time. Also, in general it

is important to notice that most of the organ on chip microfluidic platforms focus
on the metastatic stage of the disease, leaving an evident need for research focusing
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on the early stages of breast cancer. Yet, some efforts are being done to overcome
this gap. As an example, Choi et al. developed a compartmentalized microfluidic
device that enabled co-culture of tumor spheroids and normal mammary epithelial
cells in close proximity to fibroblasts, with the goal of providing a model that allows
researchers to closely examine the mechanistic progression of early-stage breast
ductal carcinoma iz situ (DCIS) [82].

Even though microfluidic devices have given the opportunity to better repli-
cate the tumor environment, there are still some caveats to its use. Silicone-based
devices have been shown to sequester small hydrophobic molecules, which can
compromise the results of some studies [70], yet researchers have been addressing
this by modifying the material to make it more hydrophilic and reduce molecule
sequestration [60]. Also, microfluidic devices in some cases can induce mechani-
cal stress to the cells [83], which can modulate cell responses in an unpredictable
manner, and are often limited by complicated set-ups [70], which limits their broad
adoption by the scientific and clinical community. As such, simpler fabrication
methods and commercial availability of customizable microscale platforms is desir-
able to overcome such limitations.

3.2 Bioreactors

Despite the numerous advantages of the aforementioned 3D culture methods,
the duration of culture and nutrient availability can be a limitation in static cultures
particularly to enable observations that occur in cells over periods of several weeks.
In this case, perfusive systems, such as bioreactors, are more appropriate. A biore-
actor is a canister that allows the 3D culture of cell clusters for extended periods of
time. It is coupled to sensors and actuator components allowing for the controlled
delivery of oxygen, nutrients and other parameters [84]. Goliwas et al. developed
a perfused 3D BC surrogate model utilizing a bioreactor system that incorporated
breast carcinoma epithelial cells and stromal fibroblasts into an extracellular
matrix. The study demonstrated that using a bioreactor allowed for analysis of
longer growth periods and a greater degree of growth when compared to solid
models [85]. Bioreactors have also been utilized to study metastatic progression of
breast cancer, and as potential drug development platforms for cancer treatment.
Krishnan et al. utilized a compartmentalized bioreactor model, with osteoblasts
and metastatic BC cells, to study the colonization of osteoblastic tissue. In their
design, cultured osteoblasts were monitored over longer periods and exhibited
more in vivo-like characteristics, compared to 2D cell cultures [86]. Marshall et al.
developed a physiologically relevant bioreactor system that could be potentially
used for pharmacologic development. Their construct was capable of supporting
and perfusing larger volume, which poses as an advantage to lab-on-a-chip systems
[62]. Other studies have also used bioreactors to assess drug response of BC tis-
sue [63, 87]. Despite bioreactors being an ideal option for cultures that require
long-term analysis, there are some factors that might damper their use. Membrane
bioreactors may become contaminated and multilayer cell growth may cause
transfer limitations [88]. Also, its complex composition and dimensionality limits
their implementation in convectional labs and limits the number of experimental
replicates [89].

3.3 Three-dimensional (3D) bioprinting
Another technology that has emerged in recent years and that is being applied

to 3D culture technology is 3D bioprinting. Its development has been possible
thanks to advances in 3D printing technology, biomaterials and tissue engineering
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methods. Three-dimensional (3D) bioprinting consists of printing cells together
with ECM components, biomaterials and bioactive factors [90]. It has been shown
that bioprinting techniques can be used to generate 3D tumor models that can
better resemble the TME [90, 91]. This has been achieved as bioprinting provides
the ability of controlling the spatial arrangement of cells, creating biomolecular
gradients and well-organized vessel-like structures (vasculature) within a micron
scale resolution [92, 93]. Therefore, bioprinted tumor models are used for angio-
genesis, migration and drug development and screening studies as well as TME
models [65, 94]. Although 3D bioprinting is widely used in tumor research, very
few studies use bioprinted models for BC. Yet, most of these studies are focused on
BC metastasis and drug resistance. A study performed by Zhou et al. evaluated the
interaction between triple negative breast cancer cells (TNBC) and osteoblasts to
assess metastatic progression in bone. They found that osteoblasts increased VEGF
secretion and therefore, enhanced the proliferation of BC cells, while osteoblast
proliferation was inhibited [58]. Bioprinted BC models have also been used for

drug resistance studies. Swaminathan et al. bioprinted pre-formed MDA-MB-231
spheroids along with breast epithelial cells and vascular endothelial cells and evalu-
ated plaxitacel chemoresistance in mono and co-culture. They demonstrated that
bioprinted spheroids are more resistant to plaxitacel as it has been shown before in
other studies. Yet, this resistance was decreased in co-culture with vascular endo-
thelial cells highlighting the importance of replicating the TME complexities in vitro
[95]. Another study by Duan et al. examined drug resistance using 3D bioprinted
constructs of BC cells and adipose-derived mesenchymal stem cells (ADMSC).
They found increased chemoresistance in BC cells cultured with ADMSC in com-
parison to monoculture and, thus provided a model to better understand the role of
ADMSC in BC progression [66]. Likewise, Campbell et al. bioprinted MCF-7 cancer
cells and showed higher resistance to Tamoxifen compared to monolayer culture,
providing a more biological-like behavior [66, 96]. Despite the flexibility of 3D
bioprinting systems, there are some challenges that need to be overcome to ease its
application. Maintaining high viability and original phenotype is an issue in some
bioprinting techniques due to exposure of cells to shear stress. Therefore, close
control of bioink viscosities, extrusion rates, among other parameters, is imperative
[97]. Also, lack of process standardization and guidelines pose another challenge for
study comparison and reproducibility.

3.4 Organoids

The most recent 3D cell culture modality are organoids. These are 3D heterotypic
in vitro tissue constructs, derived either from primary tissue or stem cells, that have
the ability to mimic the iz vivo organ [98, 99]. Historically, established cancer cell
lines have been widely utilized as single cell models of the cancer disease. However,
their use has several drawbacks in terms of their capability to mimic the pathology
of the patient. Cell lines can undergo genetic changes, losing the genetic heterogene-
ity of the original tumor [100]. Organoids also possess substantial similarities to
cancer cell lines 3D models (spheroids) such as cell-cell and cell-matrix interactions,
gradients of nutrients, oxygen and metabolites, and can be replaced from frozen
supplies with ease. They are also relatively easy to handle and can be grown in infi-
nite quantities [101]. Yet, the main characteristic of organoids is their capability to
closely resemble and retain the pathology of the parental tumor over several rounds
of expansion in vitro [102, 103]. They also have shown therapeutic predictability
for some drugs and can be preserved as biobanks and expanded, which allows
extended incubation [98, 99]. Given the number of mutational processes involved
in cancer development and progression, being able to study tumorigenesis in depth

74



In vitro Approaches to Model Breast Tumor Complexity
DOI: http://dx.doi.org/10.5772/intechopen.96338

is crucial. Organoids allow for organ-specific mutations to be analyzed and their
whole genomes to be sequenced. Intratumor heterogeneity can also be analyzed by
growing organoids from separate sections of the same tumor [100]. Another area
where organoids can play a major role is drug development. Organoids appear to

be much better models for identifying and testing anticancer drugs yet in a patient
specific manner. For instance, studies on single cell transcriptomics of organoids
have detected differences in drug sensitivity, proving that organoids maintain tumor
heterogeneity, which is considered a critical aspect of tumor models [104].

Studies with BC organoids are limited, since this modality has just started to be
explored. However, they have gained more popularity in the last few years. Cheung
et al. used breast carcinoma organoids to understand tumor invasiveness and
metastasis. They found that the heterotypic interactions between epithelial sub-
groups are key to collective invasion [105]. Broutier ez al. was able to demonstrate
that liver cancer derived organoids could be utilized for drug screening testing and
identification of potential pharmacologic targets [68]. Sachs et al. demonstrated
the biomimetic nature of organoids by demonstrating the reflecting histopathology
of in vivo tumors, as well as HER2 and hormone receptor status. Moreover, drug
screening tests were consistent with patient response [69]. These promising find-
ings suggest that organoids will be an ideal alternative model for cancer research.
Nonetheless, successfully cultivating patient organoids from biopsy specimens
is still a challenge mainly due to low cell recovery and heterogeneity of collected
samples, and limited availability of standardized methods [103, 105].

4. Concluding remarks

Breast cancer is an evolutionary disease and cell culture modalities should con-
tinue to evolve concomitantly. Even though traditional 2D co-culture methods have
provided valuable insights on disease development and progression, there is a need
for more heterotypic biomimetic models that can replicate the tumor environment
more closely. Some of the consequences of limited biomimetic models has been the
large number of investigational drugs that never make it past clinical trials and the
lack of clear understanding on the foundations of breast cancer malignant trans-
formation. Aside from the need for more biomimetic models, most of the current
research has been focused on the metastatic stage of the disease. Even though under-
standing tumor progression and the role of its microenvironment is of utmost impor-
tance, understanding the early and localized stages of breast cancer is also imperative.
Not having an explicit grasp on the biological processes behind progression from
early stage to invasive to metastasis has hindered the ability to make a predictive
diagnosis in patients with early disease that have a greater probability of invasive
cancer progression. Hence, designing new targeted pharmacologic agents becomes a
challenge. Despite the continuous development of innovative cell culture modalities,
there are still many unanswered questions. However, the hope is that with the emer-
gence of the new methods (bioreactors, organoids, etc.), many of these questions can
be interrogated in a controlled and user friendly cell culture environment.
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Abstract

The importance of a new anticancer drug for breast cancer is well established.
Natural compounds that can prevent this disease or be used as an adjuvant treatment
associated with conventional drugs could be the solution for this. This chapter is an
overview of agents extracted from plants with outstand results in the last six years.
Green tea, berberine, thymoquinone and cannabidiol are compounds isolated from
medicinal plants. These agents showed action through induction of apoptosis, down
regulation of inflammation, epigenetics, hormonal modulation, among other. In
vitro effect against cancer cells, in vivo experiments mainly with murine model and
clinical trials reassured their efficacy against breast cancer. A protective effect against
recurrence cases and chemosensitization to standard drugs was also successful. The
use of nanotechnology provided a optimize delivery of these therapeutical molecules.
Taken together this information led us to acknowledgement that we do probably have
the natural agents for a future adjuvant treatment against breast cancer.

Keywords: plants, phytotherapy, breast cancer, green tea, berberine, thymoquinone,
cannabidiol, anticancer

1. Introduction

Breast cancer (BC) remains one of the leading causes of death [1] and one of the
most common types of malignancies among women worldwide [2]. The conven-
tional treatment includes chemotherapy, hormone therapy, radiotherapy and sur-
gery. Problems such as high recurrence and toxicity to medication are frequent [1].
Due to this, the combination of the conventional treatment with a new approach is
the key to a higher degree of success in the therapeutic of this disease.

Complementary therapies are already used among many women who have BC
to help dealing with adverse effects or against recurrence. Phytotherapy is one of
the most popular adjuvant therapies and a common target for a new BC drug [1].
Plant-derived anticancer therapeutics aim to reduce side effects and increase the
sensitivity to chemotherapy and the overall effectiveness of the treatment [3].
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Although there is a false believe in the harmlessness of plants, they can cause nega-
tive effects and even reduce the therapeutic effects of standard drugs. Therefore, is
crucial to understand their correct dosage and potential effects [1].

Over the past decades, many bioactive phytochemicals from medicinal plants
have being studied and some of them have remarkable results. Among all these
natural compounds, it is natural to ask ourselves: have we found the answer yet?
What is the role of plant derived compounds in reducing breast cancer cells and
promoting survival and less recurrence among breast cancer patients? This chapter
is an overview of agents extracted from plants with outstand results in the last six
years. Therefore, can be helpful in trying to answer these questions.

2. Green tea

Tea has become one of the most popular beverages all over the world. The con-
sumption of green tea gained popularity in the last years and is now associated with
a different lifestyle. Green tea, Camellia sinensis [4], has shown anticancer effect on
different types of cancer [5] and apparently possess many chemopreventive quali-
ties in primary breast cancer and recurrence [6].

In the search for different forms that green tea can act as an anticancer agent in
BC, hormonal modulation has been considered. Supplementation with decaffein-
ated green tea extract significantly increases circulating of estradiol in healthy post-
menopausal women. The consumption of green tea extract also reduces circulation
of cholesterol and LDL-cholesterol [7], and the regular consume seems to facilitate
lipid metabolisms in breast cancer survivors [8]. In a study among Chinese women
in Hong Kong, drinking green tea was not associated with overall breast cancer
risk, which may be masked by the differential effect in pre- and post-menopausal
women, due to modified hormone receptor expression [9].

A great potential as a chemo-preventive agent against breast cancer can be
attributed to green tea, especially for recurrence [6]. Drinking at least five cups of
green tea per week may be associated with decreased breast cancer risk [10].

Tamoxifen is an adjuvant treatment for hormone receptor-positive breast
cancer, but drug resistance related to genetic and epigenetic mechanisms is rising to
dangerously levels [11]. Tamoxifen has no pharmacokinetic interaction with green
tea [12] which can encourage this association.

Green tea high inhibited the proliferation of cell line derived from breast cancer
in mouse, named 4TI cells, with upregulation of Casp8, Casp9, Casp3, Casp6,
Casp8AP2, Aifm1, Aifm2 and Apoptl genes [13]. When associated with silicon
nanomaterials, this compound has action against breast cancer in vitro and in vivo
with inhibition of tumor growth [14].

Catechin, epicatechin, epigallocatechin and epigallocatechin-3-gallate (EGCG)
are the four major constituents of green tea [15]. EGCG has demonstrated potential
anticancer effects on several preclinical and clinical researches [16].

Epigenetics are non-mutational events that alter the expression of genes [17].
Catechins from green tea, especially EGCG, are be able to modulate epigenetic
processes by increasing transcription of tumor suppressor genes through attenuat-
ing the effect of DNA methyltransferase 1 (DNMT1) and consequently reversing
DNA methylation [18].

The most active anticancer component in green tea is EGCG [19]. EGCC might
act on breast cancer cells progression through inhibition of focal adhesion kinase
(FAK) signaling pathway [20], by interfering in proteins involved in cell death and
survival, DNA replication, recombination and repair [21]. It can also interfere on
the expression of genes such as PTEN, CASP3, CASP9 [22] and through inhibition

88



The Use of Plants’ Natural Products in Breast Cancer: Have We Already Found...
DOI: http://dx.doi.org/10.5772/intechopen.96404

of protein tyrosine phosphatase 1B (PTP1B) activity [23], a protein that plays a
crucial role in the development of breast cancer, with higher levels associated with
tumor size and lymph node metastasis in patients [24]. EGCG also decreases BC
cells with similar results as tamoxifen [22].

A protective effect of EGCG on BC was reaffirmed on several experimental
models and different conditions with promising clinical implications for breast
cancer prevention and therapy [25].

A lecithin formulation of a caffeine-free green tea catechin extract named
green select phytosome (GSP) increased the bioavailability of EGCG on early
breast cancer patients who received GSP in 300 mg dose, daily, for 4 weeks prior
to surgery [26].

Capsules of green tea with a high dose (843 mg) of EGCG provided during
12 months reduced the percent of mammographic density in younger women simi-
lar to tamoxifen. This indicates a possible chemo preventive effect on breast cancer
risk, although no effect was detected on older women [27]. The treatment with
EGCG can also act through epigenetic by reduction of the expression and activity of
DNA methyltransferase and decreasing of methylation of the domain-containing
epidermal growth factor-like 2 (2SCUBE2), a tumor suppressor that inhibits BC
cells migration and invasion [28].

EGCG and quercetin isolated from green tea and green tea alone had anticar-
cinogenic effect on estrogen receptor-positive and -negative breast cancer cells [29].
It also showed in vitro and in vivo effect, by inhibiting the growth of 4 T1 tumor
and increasing the proportions of CD4+ and CD8+ T cells at tumor sites in mice.
EGCG regulated the canonical and non-canonical pathways in myeloid-derived
suppressor cells (MDSCs) [30].

The action of polyphenols from green tea on BC cells was mediated by apoptosis
thought mitochondrial pathway with induction of DNA fragmentation and activa-
tion of caspase-3 and caspase-9 [31].
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Figure 1.

Green tea and breast cancer. Hormonal modulation. The consumption of green tea causes hormonal
modulation through depression of estradiol and cholesterol levels and increase of LDL-cholesterol levels.
Epigallocatechin-3-gallate. Epigallocatechin-3-gallate isolated from green tea causes effects in epigenetic by
decreasing methylation of tumor suppressors such as epidermal growth factor-like 2 (2SCUBE2); inhibits focal
adhesion kinase (FAK) signaling pathway; interferes in the expression of genes such as phosphatase and tensin
homolog (PTEN), caspase-3 (CASP3), caspase-9 (CASP9) and protein-tyrosine phosphatase 1B (PTP1B);
has protective effect against breast cancer and is effective in murine model by decreasing breast cancer cells

4 T1 and increasing the proportions of CD4+ and CD8+ T cells at tumor sites. Side effects. Hepatotoxicity
and gastrointestinal disovders are veported mainly when tea is consumed with an empty stomach. Chemo-
prevention. Green tea is a chemo-preventive in women causing less recurrence cases and also lower risk of
breast cancer when at least 5 cups of tea are consumed per week.
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Matcha green tea (MGT), a special type of green tea with higher concentrations
of catechins due to a different preparation [32] inhibits mTOR, stimulates an anti-
oxidant response and interferes in interleukin signaling in BC cells [33].

Some side effects have been associated with green tea such as hepatotoxicity and
gastrointestinal disorders, especially if consumed on an empty stomach (Figure 1).
Although green tea and its main components are not major teratogen, mutagen or car-
cinogen substances and have a selective cytotoxicity against cancer cells, some caution
needs to be taken in pregnant and breast-feeding women due to the lack of informa-
tion [4]. Between Japanese women, green tea was the most commonly consumed non-
alcoholic beverage, and it had no significant associations with breast cancer risk [34].

3. Berberine

Berberine(5,6-dihydro-9,10-dimethoxybenzo[g]-1,3-benzodioxolo[5,6-a]
quinolizinium) is an alkaloid with several properties, such as hepatoprotective,
immunomodulatory, cardioprotective and antioxidative. Plants containing this
compound have been traditionally used in different parts of the world for the treat-
ment of affections in the eyes, inflammatory diseases, dermatitis, wound healing,
digestive and respiratory diseases and treatment of neoplasia [35].

A wide variety of different plant species contains berberine (BBR), such as Coptis
chinensis [36], Rhizoma coptidis [37], Berberis vulgaris [38], Arcangelisia flava, Berberis
aquifolium and Berberis aristate. The genus Berberis contains nearly 550 species [39].

Due to the ability to seize the cell cycle and induce apoptosis of cancer cells,
berberine has received considerable research attention [40]. BBR can inhibit tumor
growth and metastasis of triple negative breast cancer cells (TNBC) by suppression
of transforming growth factor beta 1 (TGF-p1) expression, a multifunctional factor
associated with poor prognosis on BC. It also decreased lung metastasis and tumor
growth in MDA-MB-231, a cell line originated from an invasive ductal carcinoma, and
4 T1 breast cancer xenograft models [41]. Same effect was detected in tumor growth
in MDA-MB-231 nude mouse xenografts, with binding of vasodilator-stimulated
phosphoprotein (VASP), related to cell migration and overexpressed in high-motility
BC cells [42] and throught caspase-9 pathway [43]. Ata 50 mg/kg dose, BBR demon-
strated a preventive role in rats with mammary ductal and invasive carcinoma [40].

BBR suppresses breast cancer cells through inhibition of transforming growth
factor beta 1 (TGF-p1) expression [41], targeting ephrin-B2 [44], AMPK signal-
ing pathway [45], inhibition of specific activator protein-1 (AP-1) activity [46],
triggering to a caspase9-dependent apoptosis [43], affecting mRNA levels of
chemokine receptors genes such as C-X-C motif chemokine receptor 1 (CXCR1) and
C-X-C motif chemokine receptor 4 (CXCR4) [47] and by inducing nucleolar stress
and upregulation of p53, a tumor suppressor gene [48].

The anti-cancer ability of BBR against BC may be partially dependent on the
regulation of metadherin [49] and attenuation of inflammation through inhibition
of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) activation
[50] and reduction of secretion of proinflammatory cytokines such as interleukin-1a
(IL-1a), interleukin-1p (IL-1pB), interleukin-6 (IL-6) and tumor necrosis factor-o
(TNF-a) [51]. BBR also reduces interleukin-8 (IL-8) secretion, which is associated
with poor outcomes involving metastasis-free survival and relapse-free [52].

In animals, the inhibition of canine mammary gland carcinoma cells, highlights
its potential against the most frequent cause of cancer in female dogs [53].

Salt-inducible kinases 3 (SIK3) belong to the AMPK-related family of kinases,
and when highly expressed is associated with poor survival among BC patients.

This kinase was significantly inhibited by the combination of emodin and BBR [54].
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Another successful combination happened between lapatinib and BBR, and reversed
the resistance to lapatinib through downregulating of c-Myc, a gene often expressed
in cancer [55]. The association between BBR and doxorubicin increased chemosensi-
tivity to this agent [45] and reverted the resistance by inhibiting autophagy [56].

The combination of theophylline and berberine showed a synergistic anti-
proliferation effect on MDA-MB-231 cells, with a less necrotic effect and increased
apoptotic cell death [57]. A sensibilization of BC cells to the chemotherapeutic
drugs cisplatin, camptothecin and methyl methanesulfonate was provide by the
association with BBR by a deoxyribonucleic acid (DNA) repair pathway involving
XRCC1, a protein involved in the efficient repair of DNA [58].

Berberine and tamoxifen together induced cell growth inhibition more effectively
than tamoxifen alone [59] and BBR with evodiamine synergistically induced cell
cycle arrest and apoptosis of MCF-7 cells [60], an established breast cancer cell line
originated from a pleural effusion of a patient with invasive breast ductal carcinoma.

Synergetic effect between poly (lactic-co-glycolic acid) nanoparticles with
doxorubicin conjugate for encapsulation and BBR increased rat half-life and anti-
proliferative action against BC cells [61]. The encapsulation with citrate-capped
silver nanoparticles was also efficient [62].

The association of BBR and exercise, consider an immunotherapy treatment,
against BC showed a synergistic effect in vitro and in mice, throught the improve-
ment of the immune system, regulation of intestinal microbial metabolite and
activation of apoptosis [36].

Although there are many positive outcomes on the therapy with BBR, a low dose
of berberine caused attenuation on chemotherapeutic drugs fluorouracil (5-FU)
and camptothecin activities [37] (Figure 2). Therefore, some caution needs to be
taken in regards to its use.
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Figure 2.

Begrherine and breast cancer. Plants. Many plants can contain berberine, such as Coptis chinensis, Rhizoma
coptidis, Berberis vulgaris and Bevberis avistate. Mechanism of action. Berberine induces apoptosis of

cancer cells; reduces transforming growth factor beta 1 (TGF-p1) expression; regulates metadherin; attenuates
inflammation by inhibition of nuclear factor kappa B (NF-xB) activation and reduction of interleukins IL-1a,
IL-1B, IL-6, IL-8 and tumor necrosis factor-a secvetions. Synevgetic effect. Between berberine and emodin,
lapatinib, doxorubicin, theophylline, tamoxifen, evodiamin, and also with physical exercise. Negative effect.
Berberine causes attenuation on chemothevapeutic drugs fluovouracil (5-FU) and camptothecin activities.
Nanotechnology. Nanotechnology provides an increased half-life and reduced tumor cells in vats with induced
breast cancer.
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4. Thymoquinone

Black cumin seed from Nigella sativa, also known as cumin, is used for centuries
and it has unsurpassed traditional medicinal value and versatility to treat a wide
range of diseases [63]. N. sativa is the source of the monoterpene thymoquinone, a
compound that can cause anticancer effect in proliferation, migration and invasion
in different human cancers including breast cancer lineages [64].

Thymoquinone (TQ ) induces apoptosis through death receptors, inhibits
TNBC cell line and also can cause in vivo effects on mouse tumor model [65]. TQ
inhibits autophagic activity and expression of Beclin-1 and LC3 in TNBC cells
and suppresses pathways related to cell invasion and angiogenesis, including
integrin-p1, vascular endothelial growth fator (VEGF), matrix metalloprotein-
ase-2 (MMP-2) and MMP-9, suggesting that TQ may be used to control autophagic
activity and oncogenic signaling in TNBC [66]. In silico docking studies confirm
the action against TNBC, with thymoquinone down-regulating poly (ADP-ribose)
polymerase (PARP) gene expression, docking metastatic, apoptotic and cell
proliferation targets [67].

TQ-induced ceramide accumulation and endoplasmic reticulum stress,
decreased S1P, C1P and NF-xB, triggered apoptosis in BC cells [68] and also
changed the cell cycle progression [69].

The combination between different anticancer drugs can be helpful to reduce
dose causing less side effects and reducing multidrug resistance. Synergic effect was
detected with a combination of TQ with paclitaxel [65] and also with resveratrol,
causing a decrease in tumor size, enhanced apoptosis, decreased VEGF expression,
elevated levels of interferon-gama (IFN-y), angiogenesis inhibition with no toxic
effect on liver or kidney [70].

TQ and piperine, another bioactive compound of N. sativa, together caused an
anticancer action in vitro and in vivo in murine model by angiogenesis inhibition,
induction of high degrees of apoptosis and shifting the immune response towards
a T helperl response [71], a similar result to the combination with melatonin [72].
When associated with gemcitabine, TQ caused a better anti-cancer activity via
modulation of apoptotic and autophagic action [73].

A combined doxorubicin thymoquinone-loaded with aragonite calcium carbon-
ate nanoparticle showed higher efficacy against BC cells at lower dose of doxorubi-
cinand TQ [74]. In a clinical trial, combination between tamoxifen and TQ had a
better effect than each of these drugs alone on patients with BC [2].

TQ and black cumin seed oil anticancer effect in BC in female rats induced by
7,12-dimethylbenz[a]anthracene (DMBA), caused alteration on rates of tumor
markers such as malondialdehyde (MDA), lactate dehydrogenase (LDH), alkaline
phosphatase (ALP) and aspartate aminotransferase (AST) and decrease of the
expression of Brcal, Brca2, Id-1 and P53 mutations which highlights a protective
effective against BC [63]. In xenograft tumors in mice, TQ inhibited metastasis
through enhanced promotion of DNA methylation of the TWIST1 gene [75].

A reduced in drug resistance, anti-migratory potency and tumor size in ex-ovo
xenograft was possible with TQ associated with Emodin [76].

Using a metastasis breast cancer mouse model, TQ treatment suppressed mul-
tiple metastases in bone, brain, lungs. This effect was attributed to down-regulation
of NF-kB and chemokine receptor type 4 (CXCR4) expression, an indicator of poor
prognosis in patients (Figure 3) [77].

Agents than can make a compound more available and deliver a more efficient
effect are being searched. The encapsulation of TQ in nanoparticles improved the
bioavailability of this compound [78], and a nanostructured lipid carrier enhanced
the therapeutic qualities of TQ by increasing the survival rate of mice [79]. Same
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Figure 3.

Thymoquinone and breast cancer. Combination. The combination of thymoquinone (TQ ) and paclitaxel,
piperine, gemcitabine and melatonin have synergic effects including reduction of tumor size and angiogenesis,
increasing of cancer cells apoptosis and shifting of the immune response towards a T helper1 response. Effects.
The effects in breast cancer includes induction of apoptosis; antiproliferative effect in triple negative breast
cancer (TNBC) cells; anticancer effects in silico experiments by downregulation of poly (ADP-ribose)
polymerase (PARP) gene expression; suppression of metastases in bone, brain and lungs, down-regulation

of nuclear factor kappa B (NF-xB), chemokine receptor type 4 (CXCR4) and Brca1, Brcaz, id-1 and

P53 mutations expression. Bioavailability. The use of nanothenology increased the bioavailability of
thymoquinone. Beneficial effects. Overall action against proliferation, migration and invasion of breast
cancer cells was confirmed.

effects were obtained with low-molecular-weight chitosan-grafted lipid nano-
capsules to co-delivery docetaxel and TQ [80], cubosomal nanoparticles used to
encapsulate TQ [81] and cabazitaxel and TQ co-loaded lipospheres [82].

5. Cannabidiol

Cannabidiol (CBD) is the main non-psychoactive component of Cannabis
sativa [83]. Although researches related to cannabis derivates need to face a lot of
misunderstanding due to association with psychoactive effects and recreation [84],
cannabidiol has proven to stimulate apoptosis pathways and inhibit metastasis,
angiogenesis and proliferation of different cancer cells [85].

Cannabidiol can act in cancer cells in a receptor-independent way but also
thought CB-receptors such as CB1-R, with moderated expression in BC, and CB2-R
with high expression related to tumor aggressiveness. Breast cancer positive for
the protein human epidermal growth factor receptor 2 (HER2+), a protein that
promotes cancer cells growth, when associated with expression of a cannabinoid
receptor (CB2) is associated to poor patient prognosis, therefore can be used asa
biomarker with prognostic value [86].

Cannabidiol has an antiproliferative effect against aggressive subtype of
BC cells, and also inhibits tumor growth in murine model by interfering in the
recruitment of macrophages [83]. The anti-cancer effects of CBD on BC cells
are related to regulatory effects on the biogenesis of exosomes and microvesicles
released by cells and involved in intercellular communication [87] and by induc-
ing apoptosis with down-regulation of mammalian target of rapamycin (mTOR)
and cyclin D1 and up-regulation of peroxisome proliferator-activated receptor
gamma (PPARy) protein expression [88]. CBD also blocks and reverts the effect
of IL-1f involved in the change to a malignant phenotype through epithelial-
mesenchymal transition [89].
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Mice treated with a combination of CBD and doxorubicin had reduced tumor
weight and increased apoptosis than the animals treated with CBD or doxorubicin
alone [90]. The co-administration of CBD in solution and paclitaxel or doxorubicin
showed a synergistic effect, and cannabidiol-loaded microparticles extended release
of this compound, causing an optimized action [91]. The cannabinoid combina-
tion of tetrahydrocannabinol, cannabigerol, cannabinol and cannabidiol induced
apoptosis in BC cell line in a reduced dose with good selectivity, killing BC cells with
minimized harmful effects to normal cells [92].

In low dose of 40 mg/day, the treatment with CBD inhibited cytochrome P450
3A4 and P450 2D6, enzymes with important role in cancer treatment, and increased
endoxifen levels in a woman with a history of bilateral breast carcinoma in remis-
sion [93]. Typical cannabinoids and abnormal cannabidiol had antiproliferative
effects on paclitaxel-resistant BC cells and they both reduced tumor growth in
zebrafish xenograft model [94].

A botanical drug preparation was more potent than delta-9-tetrahydrocannab-
inol, a pure compound, as an anticancer agent in cell culture and animal model,
which highlights the potential of standardized cannabis drug preparations to
manage BC [95]. Synthetic cannabidiol was analyzed in 119 cancer patients over a
four-year period and it led to a reduced circulation of tumor cells or reduced tumor
size with no side-effects [96].

A precursor of cannabidiol, cannabidiol acid, downregulates the proto-
oncogene c-fos and the cyclooxygenase-2 (COX-2) signaling, an anti-inflammatory
response that can be linked to the anticancer activity [97].

An effective result in reducing symptoms associated with tumors such as
anorexia, nausea and neuropathic pain, and also to decelerate tumor progression in
earlier breast cancer cases was attributed to cannabidiol (Figure 4) [98].
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Figure 4.

Cannabidiol and breast cancer. Bilateral breast carcinoma. Treatment with cannabidiol inhibited cytochrome
P450 3A4 and P450 2D6 and increased endoxifen levels in a woman with a history of bilateral breast
carcinoma. Reduction of symptoms velated to tumors. Cannabidiol veduces symptoms associated with
tumors such as anorexia, nausea and neuropathic pain. Outcomes. Cannabidiol regulates intercellular
communication; induces apoptosis of breast cancer cells through down-regulation of mammalian target of
rapamycin (mTOR) and cyclin D1 and up-regulation of peroxisome proliferator-activated receptor gamma
(PPARYy) protein expression; blocks the effect of IL-1p; reduces tumor size and tumor progression; cannabinoid
receptor can be used as biomarker with prognostic value. Cannabidiol acid. Demonstrated anti-inflammatory
response by proto-oncogene c-fos and cyclooxygenase-2 (COX-2) signaling downregulation. Synergetic effects.
The combination between cannabidiol with doxorubicin or paclitaxel increased the anticancer action.
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6. Conclusions

The need for a more efficient therapeutic to treat breast cancer is imminent, due
to side effects and chemoresistance associated with the current treatment. In these
chapter we demonstrated the potential of natural compounds to be used as a new
anticancer drug against breast cancer.

A natural compound that can protect against one of the most lethal cancers can
save thousands of women lives, and green tea, berberine, thymoquinone and can-
nabidiol all showed this capability at different experiments.

In vitro action through multiple pathways involving apoptosis and epigenetics,
and in vivo experiments, mainly with mouse model, showed decrease of tumor size
and angiogenesis. A stimulation of an anti-inflammatory response with cannabidiol,
thymoquinone or berberine treatment reveled another link to an anticancer response.

These agents promoted chemo sensitization, making breast cancer cells more
sensible to the effect of drugs used in conventional treatment. A synergistic effect
with other natural products or standard drugs such as tamoxifen, paclitaxel,
doxorubicin and cisplatin were able to reaffirm the possibility of these combination
to reduce dose and side effects.

Antiproliferative action against triple-negative breast cancer cells emphasizes
the potential of these therapeutic molecules to treat aggressive and difficult cases of
breast cancer. Several clinical trials including a large period of time demonstrated a
protective and preventive role of these phytocompounds, with almost no side-effects.

Nanotechnology was often used to increase the bioavailability, create a target-
oriented delivery and also to provide an effective lower dose of phytomedicine
against breast cancer.

Taken together this information led us to acknowledgement that we do probably
have the natural agents for a future adjuvant treatment against breast cancer.
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Chapter 6

Structural Insight of the
Anticancer Properties of
Doxazosin on Overexpressing

EGFR/HER?2 Cell Lines

Martiniano Bello and Miguel Angel Vargas Mejia

Abstract

The selective al-adrenergic receptor antagonist doxazosin is used for the
treatment of hypertension. More recently, an experimental report demonstrated
that this compound exhibits antiproliferative activity in breast cancer cell lines
with similar inhibitory activity to gefitinib, a selective inhibitor of EGFR in the
active state (EGFRyc). This experimental study provided evidence that doxazosin
can be employed as an anticancer compound, however, the structural basis for its
inhibitory properties is poorly understood at the atomic level. To gain insight about
this molecule, molecular dynamics (MD) simulation with the molecular mechanics
generalized Born surface area (MMGBSA) approach was employed to explore the
structural and energetic features that guide the inhibitory properties of doxazosin
and gefitinib in overexpressing EGFR/HER? cell lines. Our result suggest that
doxazosin exerts its inhibitory properties in breast cancer cell lines by targeting
EGFR/HER?2 but mainly HER2 in the inactive state (HER2y), whereas gefitinib by
targeting mainly EGFRyc, in line with previous literature. Decomposition of the
binding affinity into individual contributions of HER2x.4oxazosin and EGFR ac _gefitinib
systems detected hot spot residues but also showed polar interactions of
Met801/Met793 with the quinazoline ring of both compounds. Principal compo-
nent (PC) analysis revealed that the molecular recognition of the HER2ix_doxazosin
system was linked to conformational changes but EGFRac_gefitinib Was not.

Keywords: HER2, EGFR, doxazosin, docking, MD simulations

1. Introduction

Human epidermal growth factor receptor 1 (EGFR) and 2 (HER2) form part of a
family of human epidermal grown factor receptors (EGFRs), and whose phosphory-
lation impacts cell proliferation, differentiation, and migration [1]. The cytoplasmic
tyrosine kinase domain (TKD) is considered one of the most studied receptors for
developing new anticancer drugs [2]. Activation of EGFR starts the molecular rec-
ognition of endogenous growth factors at the extracellular domain that, at the time,
promotes the formation of homo- and heterodimers among the different members
of EGFR, with HER? the preferred member of EGFRs to form heterodimers [3-5].
The transition from a monomeric to dimeric state in EGFR is coupled to a confor-
mational change in the TKD from an inactive to active state [6-8], whereas that for
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HER?2 transitions from inactive, intermediate, and inactive states [9-11]. Generally,
the signaling activity regulated by EGFR/HER? is under control, however, mutations
in TKD give place to constitutive activation of these receptors, which results in the
development of different types of cancer, such aslung [12] and breast cancer [13].
In addition, overexpression of EGFR/HER?2 also happens with radiotherapy and
chemotherapy resistance [14-16].

Based on the ability of tyrosine kinase inhibitors (TKIs) to inhibit EGFR, they
can be divided in two types, those targeting the active state, such as Iressa, and those
targeting the inactive state, such as erlotinib and lapatinib [17-20]. Lapatinib showed
dual activity on EGFR/HER?2 [21-26]. Despite the benefits of using these TKIs,
the employment of them has been linked to severe side effects and drug resistance
[27-30]. Therefore, it is necessary to identify new compounds, either through drug
design or drug repurposing, that target EGFR and/or HER2 receptors and are effective
for cancer therapy. In this context, the combination of docking and molecular dynam-
ics (MD) simulations has been widely exploited to generate new information about the
binding properties between natural or synthetic TKIs and EGFR/HER2 [10, 11, 19, 20,
31-36]. In a previous study, Hui et al. explored the inhibitory properties of doxazosin,
an a-1 antagonist used for the treatment of hypertension, in two human breast cancer
cell lines: BCC MDA-MB-231 and MCF-7 cells [37]. MDA-MB-231 and MCF-7 cells are
estrogen receptor (ER) positive and ER negative, respectively [38], and both cell lines
also expressed EGFR and HER?2; however, MDA-MB-231 expressed both receptors
in higher concentrations than MCF-7 [39]. Although EGFR and HER2 are important
regulators for normal cellular processes, their dysregulation has been associated to
protein overexpression that leads to the development of different types of cancer
[1, 5]. They demonstrated that doxazosin induces apoptosis in breast cancer cell lines
similar to Iressa (Gefitinib), reducing phosphorylated EGFR by a mechanism that does
not involve the al-adrenergic receptor, however, the structural and energetic basis
for its inhibitory properties is poorly understood. In addition, Sharkawi et al. identi-
fied similar experimental antiproliferative activity of doxazosin in an MCF-7 cell line
through the inhibition of EGFR [40]. Thus, more robust structural and energetic stud-
ies are required to provide structural insight into the affinity of doxazosin for EGFR/
HER?2 compared with gefitinib. Structural data, docking, and molecular dynamics
(MD) simulations combined with the MMGBSA approach were used to elucidate the
molecular mechanism through which doxazosin and gefitinib inhibit EGFR/HER2.

2. Methods
2.1 Structural modeling

The free forms of EGFR in the inactive (EGFRy) and active (EGFR ) states were
taken from the crystallographic structures of EGFRyy (PDB entry 1XKK) and EGFRxc
(PDB entry 1 M17) conformations. The free forms of HER2 in the inactive (HER2yy)
and active (HER2,c) states were taken from previous MD simulation studies; HER2jy
[10] and HER2¢ [11] conformations. Amino acid residues missing in the electron
density map of EGFR structures were built with MODELER Version 9.14 [41].

2.2 Docking studies
Docking calculations were carried out using AutoDock 4.2 and AutoDock
Tools 1.5.6 software [42]. The ligand structures were built and optimized with

the Gaussian package [43]. The initial geometries of ligands were optimized
at the AM1 level. Hydrogen atoms were added to ligands and receptors, and
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Kollman and Gasteiger partial charges were assigned for ligand and proteins,
respectively. The affinity grid maps were constructed on the receptor using a

grid size of 70 x 70 x 70 A and 0.370 A of spacing. Due to the stochastic nature of
the Lamarckian algorithm, 20 runs were performed for each compound, and 30
conformations of the ligand (binding poses) were observed between ligand and
protein. The best binding poses were selected using the criteria of having the lowest
energetic conformations at the receptor binding site.

2.3 Molecular dynamics simulations

The protein-ligand results obtained by docking were checked through MD simu-
lation studies. MD simulations were carried out using the AMBER16 package [44],
in conjunction with the ff14SB force field [45]. The systems simulated were put into
a space-filling dodecahedric box of 12 A, solvated with TIP3P water model [46],
and neutralized with sodium and chloride ions (0.10 M) to create a physiological
concentration. The parameterizations of the ligands were performed assigning
AM1-BCC atomic charges and matching the atoms with the general Amber force
field (GAFF) [47]. Once the systems were constructed, they were minimized using
steepest descent with position restraint of the ligands, followed by steepest descent
without position restraint and conjugate gradients. The minimized systems were
then submitted to 100 ns-long MD simulations using an NPT ensemble with the
velocity rescaling arrangement to simulate a constant temperature at 310 K. A con-
stant temperature and pressure (1 atm) were maintained using the weak-coupling
algorithm [48], with coupling constants tr and 7p of 1.0 and 0.2 ps, respectively.
The electrostatic term was described by the PME method [49], and a 10 A cut-off
was selected for the van der Waals interactions. The time step for the MD simula-
tions was set to 2.0 fs. The SHAKE algorithm [50] was employed to reset bonds to
their right lengths after an unconstrained update. The conformations obtained from
MD simulations at intervals of 20 picoseconds (ps) were analyzed using the cpptraj
tool in Amber16. Plots of variation of root mean squared deviation (RMSD) and
radius of gyration (Rg) were generated to evaluate convergence. Clustering analysis
using a cutoff of 2.5 A was performed to identify the most populated conformation
in the simulation. Principal components (PC) analysis along the most essential
eigenvectors was carried out to evaluate total flexibility. A map of interactions was
generated using Maestro Version 10.1, 2015-1 [51].

2.4 Affinity prediction and per-residue decomposition

The binding free energy (AGping) and per residue contribution were determined
using the MMGBSA method [52-55]. Analysis was carried out using a total of 500
protein-ligand conformers at intervals of 100 ps (over the last 50 ns of simulation),
considering a salt concentration of 0.10 M and implicit solvent models [56]. The bind-
ing free energy (AGping) and per-residue decomposition for each complex was calcu-
lated as previously described [11] and were the average result of triplicate experiments.

3. Results and discussion
3.1 Convergence and equilibrium
The stability of the evaluated systems was observed by measuring two geo-

metrical parameters. The root mean squared deviation (RMSD) and the radius of
gyration (RG) were determined to identify the time at which the systems reached
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convergence (Table 1). RMSD analysis showed that free and bound EGFR/HER2
systems reached stability between 20 to 50 ns with RMSD values, which oscil-
lated between 1.40 and 4.20 A. RG examination revealed that free and bound
EGFR/HER?2 systems exhibited stability from 20 to 50 ns with values oscillating
between 18.8 and 20.2 A. Based on this result, further analysis was carried out
discarding the first 50 ns.

System RMSD RG

EGFRxc 21+0.20 19.0 + 0.12
EGFRAc.doxazosin 17+0.10 191+ 0.10
EGFRAc gefitinib 22+0.20 192+ 0.10
EGFRy 1.8+ 0.20 18.8 + 0.10
EGFRN_doxazosin 22+0.20 19.0 + 0.10
EGFRN gefitinib 27021 19.0 + 0.10
HER2,¢ 36+0.17 20.0 + 0.10
HERZAC—doxazosin 1.7+ 0.20 20.0 £ 0.14
HER2Ac gefitinib 14+0.20 19.9 + 0.10
HER2y 39 +0.40 20.0 £ 0.01
HER2N_doxazosin 34+040 20.2+0.10
HER21 gefitinib 42+0.22 196 +0.13

Table 1.

Average geometrical values (A) over the last 50 ns of 100-ns-long MD simulations.

iR

Figure 1.

Map of interactions for the most populated conformation of EGFR/HER2—doxazosin systems. Binding
conformations and map of intevaction for EGFR ac_goxazosin (A) EGFRIN doxazosin (B) HER24C.doxazosin (C) and
HER2\.doxazosin (D). The map of interactions was performed with maestro Schrodinger version 10.1.
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3.2 Structural analysis of complexes between doxazosin and EGFRc/EGFRy

To explore the structural differences between doxazosin and gefitinib on
EGFR/HER?2, the most populated receptor-ligand conformations were retrieved
over the equilibrated simulation time (the last 50 ns) through clustering analysis.
Analysis of the complex between doxazosin and EGFR ¢ showed that the ligand
was stabilized through van der Waals interactions with Phe723, Val726, Leu792,
Met793, Pro794, Phe795, Cys797, Leu799, and Leu844, and polar interactions with
Gly719, Lys745, Gly796, Asp800, Asp837, Arg841, Asn842, and Asp855 (Figure1A).
In contrast, Val718 formed both van der Waals interactions and a hydrogen bond
with the quinazoline ring of doxazosin. In the complex with EGFRy, dozaxosin
was bound through van der Waals interactions with Phe723, Val718, Val726,

Ala743, Leu792, Phe795, Tyr801, and Leu844. The polar contact took place with
Lys745, GIn791, Gly796, Glu804, and His805. Met793 formed both van der Waals
interactions and one hydrogen bond with the benzodioxin moiety of doxazosin.
Pro794 established both van der Waals contacts and one hydrogen bond with the
quinazoline ring of doxazosin, whereas Glu804 formed hydrogen bonds with the
quinazoline ring of doxazosin (Figure 1B). Stabilization of doxazosin did not
establish interactions with Thr790 and Met766, two residues whose mutations have
been linked to EGFR drug resistance [57, 58]. In addition, the characteristic interac-
tions between Met793 and the quinazoline moiety were not observed, which has
previously been observed for other TKIs of EGFR [10].

3.3 Structural analysis of complexes between doxazosin and HER2,c/HER2y

Dozaxosin in complex with HER2 5c was bound through van der Waals interac-
tions with Leu726, Val734, Ala751, Phe864, Leu852, and Leu800 and polar interac-
tions with Gly727, Ser783, Thr798, GIn799, Arg849, Thr862, Asp863, and Lys921
(Figure 1C). For the complex between doxazosin and HER2yy, the ligand was
stabilized by Val754, Leu755, Met774, Leu785, Leu796, Pro802, Cys805, Leu852,
and Phe864 and polar contacts with Lys753, Arg756, GIn799, Thr862, and Asp863.
Tyr803 and Met801 formed van der Waals and hydrogen bonds with polar groups
of the quinazoline ring, whereas Ser783 and Thr798 formed polar contacts with
the linker between piperazine and the benzodioxin moiety (Figure 1D). Structural
comparison of the complexes of doxazosin with HER2,c/HER2;y showed that
doxazosin was better coordinated on HER2;y than HER2 ¢ through more well-
adjusted types of van der Waals and hydrogen bonds. In addition, the characteristic
hinge hydrogen bond between Met801 and the polar atoms of the quinazoline
moiety of several TKIs [31, 59] was present only in for the complex with doxazosin
and HERZIN

3.4 Structural analysis of complexes between gefitinib and EGFRc/EGFRy

Analysis of complexes between gefitinib and EGFRc illustrated that the
ligand was bound through van der Waals interactions with Leu718, Val726, Ala743,
Met766, Leu788, 11e789, Leu792, Pro794, Phe795, Cys797, Leu844, and Phe856.
The polar interactions were through contacts with Gly719, Ser720, Gly721, Lys745,
Glu762, Thr790, GIn791, Gly796, Arg803, Thr854, and Asp855. Met793 formed
van der Waals interactions and one polar interaction with the quinazoline ring of
gefitinib, whereas Asp800 formed a hydrogen bond with one of the substituents at
the quinazoline ring (Figure 2A). In complex with EGFRy, gefitinib was stabilized
by van der Waals contacts with Phe723, Val718, Val726, Ala743, Cys775, Leu792, and
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Figure 2.

Map of interactions for the most populated conformation of EGFR/HER2-gefitinib systems. Binding
conformations and map of interaction for EGFR ac._gefisiniv (A) EGFRN.gefitiniy (B) HER2 ac.gefiviniv (C) and
HER2\ gefiviniv (D). The map of intevactions was performed with maestro Schrodinger version 10.1.

Cys797. The polar contacts were through Gly719, Ser720, Gly721, Gly724, Thr790,
GIn791, Arg841, Asn842, Thr854, and Asp 855. Met793 established both van der
Waals interactions and one hydrogen bond with the quinazoline ring, whereas
Lys745 made a hydrogen bond with one of the substituents of the quinazoline ring
(Figure 2B). Comparison of the map of interactions of both complexes showed
that gefitinib was better coordinated on EGFRjy than EGFR4¢. In both complexes,
gefitinib established interactions with Thr790, a residue whose mutation is linked
to EGFR drug resistance [57, 58]. In addition, in both complexes, the characteristic
interactions between Met793 and the quinazoline moiety of ligand were observed,
which has been reported elsewhere [10].

3.5 Structural analysis of complexes between gefitinib and HER2,c/HER2y

Gefitinib in complex with HER2,¢ was bound through van der Waals
interactions by Leu726, Val734, Leu800, Cys805, Leu807, Val851, and Leu852
(Figure 2C). Polar interactions were stabilized by Gly727, Ser728, Gly729, Asp808,
Asp845, Arg849, Asn850, Thr862, and Gly865 residues, whereas Asp863 formed a
hydrogen bond with one of the substituents of the quinazoline ring (Figure 2C).
Gefitinib formed a complex with HER2y, coordinated by Leu726, Val734, Val731,
Cys805, Leu807, Leu866, Ala867, Leu869, Tyr923, Ala920, and Pro922 residues
through van der Waals interactions. Polar interactions took place by Gly727, Ser728,
Lys753, Arg811, Arg849, Asp863, and Lys921 residues, whereas Asp808 formed
a hydrogen bond with one of the quinazoline ring substituents (Figure 2D).
Structural comparison of both systems depicted that gefitinib was better stabilized
on HER2jy than HER2c. In addition, in both complexes, the characteristic polar
interaction between Met801 and polar atoms of the quinazoline moiety of ligand

was not observed [31, 59], as observed for the complex between doxasozin and
HER2y (Figure 1C).
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3.6 Binding free energy

Determination of the AGyyg values was performed using the MMGBSA method.
Table 2 shows that all systems exhibited thermodynamically favorable AGping
values. Nonpolar contributions formed by van der Waals energy (AEq4,) and
nonpolar desolvation (AGnyols01) guided the binding of the complexes. Comparative
analyses of the complexes between doxazosin or gefitinib on HER2,¢, HER2yy,
EGFR ¢, and EGFR;y showed that doxazosin reached more favorable AGyng values
on HER2y than on EGFRc, EGFRy, and HER2 ;. Gefitinib showed