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Preface

The term “breast cancer" refers to a malignant tumor that has developed from cells in the
breast. The types of cells that most commonly give rise to breast cancers are the milk-secret‐
ing cells and duct cells, which drain milk from the lobules to the nipple. The past 20 years
have seen a significant worldwide reduction in mortality from breast cancer, largely due to
improved early detection methods and development of more effective therapies, including
adjuvant therapies. However, to date, more than 50% of breast tumors do not respond to
these therapies and more than 70% of patients relapse after 5 years. Recently, studies in mo‐
lecular and cellular biology explored some novel mechanisms of breast cancer that can be
used in prognosis, diagnosis, treatment, as well as monitoring. With these useful supports
from molecular and cellular biology tools, breast cancer diagnosis and treatment will be‐
come more efficient in the near future.

Breast Cancer - From Biology to Medicine thoroughly examines breast cancer from basic defini‐
tions, to cellular and molecular biology, to diagnosis and treatment. This book also has some
additional focus on preclinical and clinical results in diagnosis and treatment of breast can‐
cer. The book begins with introduction on epidemiology and pathophysiology of breast can‐
cer in Section 1. In Section 2, the subsequent chapters introduce molecular and cellular
biology of breast cancer with some particular signaling pathways, the gene expression, as
well as the gene methylation and genomic imprinting, especially the existence of breast can‐
cer stem cells. In Section 3, some new diagnostic methods and updated therapies from sur‐
gery, chemotherapy, hormone therapy, immunotherapy, radiotherapy, and some
complementary therapies are discussed.

This book provides a succinct yet comprehensive overview of breast cancer for advanced
students, graduate students, and researchers as well as those working with breast cancer in
a clinical setting.

Many people have contributed to making our involvement in this project possible. We are
extremely thankful to all of the contributors to this book and to people having a hand in the
preparation of this book. We thank our readers, who have made our hours putting together
this book worth it.

Prof. Phuc Van Pham, PhD
Laboratory of Cancer Research

Laboratory of Stem Cell Research and Application
University of Science, Vietnam National University

Ho Chi Minh City, Vietnam
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Epidemiology, Pathology, Management and Open
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Abstract

Little is known about breast cancer in Sudan. According to the recent data published 
by the Khartoum Cancer Registry, breast cancer was the most common cancer among 
Sudanese women. Generally, breast cancer in native African women is characterized 
by young age at onset, occurrence in multiparous premenopausal patients, advanced 
stage at diagnosis, large tumor size, high‐grade and triple‐negative phenotype, with cor‐
respondingly poor prognosis. In Sudan, it was reported that about 70% of the women 
diagnosed with breast cancer were younger than 50 years old. We present here data from 
local and international publications as well as primary information from the National 
Cancer Institute in Wad Medani (one of the only two cancer hospitals of the country, 
both located in Central Sudan in Khartoum and Wad Medani). We provide an up‐to‐date 
situation analysis of breast cancer in Central Sudan as an example for an African reality 
and the various open challenges of breast cancer in a limited resource setting. A better 
understanding of breast cancer in black African women is of global relevance, as there is 
an alarming increase in breast cancer among young black women worldwide, and these 
patients have the lowest survival rates.

Keywords: breast cancer, epidemiology, pathology, management, Sudan, Africa, 
limited resource setting

© 2017 The Author(s). Licensee InTech. 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.



1. Introduction

Worldwide breast cancer is the most frequent cancer in women. Breast cancer is considered a 
biologically heterogeneous disease that is influenced by complex and still incompletely under‐
stood interactions between multiple genetic and environmental risk factors. These interactions 
could play an important role in the marked geographical variation of breast cancer incidence 
rates [1, 2]. Incidence rates are higher in the developed countries than in the developing coun‐
tries and in urban versus rural areas [1–3]. In sub‐Saharan Africa, low incidence of breast cancer 
has been documented [1–8]. This could be explained by the fact that high parity and prolonged 
breast‐feeding, which act as protective factors [9, 10], are prevalent [9]. However, the estimated 
mortality rates for breast cancer in Africa are not greatly inferior to those registered in Europe. 
Another interesting observation is that in Africa, breast cancer tends to affect younger women 
[1, 2, 8, 11, 12]. A woman's age is one of the strongest risk factors for breast cancer. Its incidence 
rates increase steadily between 25 and 50 years of age, after which continue to rise at slower rate. 
In women under 20 years of age, the risk of breast cancer is very low [2, 13]. In parts of the world 
including sub‐Saharan Africa, where life expectancy is shorter, the median age at diagnosis is 
10–15 years younger than in the developed world, that is, Europe and the USA [2, 4, 11, 12, 14].

In any case, breast cancer is the most commonly diagnosed cancer among African women [15]. 
It has been noted that breast cancer overtook cervical cancer as the most commonly diagnosed 
cancer in several countries in sub‐Saharan Africa, including Nigeria, Chad, Sudan, Cameroon, 
Central African Republic, Niger, Namibia, Congo, Kenya and Somalia [15, 16]. This was 
attributed to increase in the prevalence of breast cancer risk factors associated with urbaniza‐
tion and economic development, such as earlier menarche, later childbearing, having fewer 
children, obesity and increased awareness and detection [15].

Little is known about breast cancer in Sudan [17]. According to the recent data published by 
the Khartoum Cancer Registry, breast cancer was the most common cancer among Sudanese 
women [16]. During 2009–2010, the incidence rate of breast cancer was substantially higher 
than that of any other type of cancer in adults, males and females combined. The age‐stan‐
dardized rate (ASR) of breast cancer for women living in Khartoum was 66.8 per 100,000, 
which was higher than what was reported for women in East Africa and North Africa, but 
similar to those reported for Nigerian women living in Abuja or in Ibadan [16].

In the Sudan, breast cancer was the most frequent hospital‐treated malignancy, accounting 
for about 16% (4005/25,064) of all reported cancer cases between the years 1959 and 2007 [17]. 
As in many African countries, this probably represents a gross underestimation due to incom‐
plete case ascertainment and reporting [18]. In fact, accurate data are difficult to obtain in 
Africa because cancer registries cover only 11% of the population [19], and the quality of 
information about cancer types is poor [6, 20]. Mortality statistics for cancer are also inad‐
equate. Since 1995, only three African countries (Mauritius, Egypt and South Africa) have con‐
tributed to the cancer mortality database. However, even in South Africa, death registrations 
for cancer were estimated to be incomplete [6]. In Sudan, precise anagraphic and clinical data 
are lacking, rendering it difficult, if not impossible, to make clinicopathologic correlations 
and to compile databases and registries. The problematic referral system has been previously 
described by Dafaallah et al. in the Wad Medani area, Sudan [21].

Breast Cancer - From Biology to Medicine4
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2. Major clinicopathological features of breast cancer in Sudan

Generally, breast cancer in native African women is characterized by young age at onset, 
occurrence in multiparous premenopausal patients, advanced stage at diagnosis, large 
tumor size, high‐grade and triple‐negative phenotype, with correspondingly poor progno‐
sis. The median age at diagnosis among women with breast cancer in developed countries 
is 61 years [22, 23]. Interestingly, a recent overview of female breast cancer statistics in the 
United States showed that the median age at diagnosis was somewhat younger for black 
women (58 years) than for white women (62 years) [24]. In Sudan, it was reported that about 
70% of the women diagnosed with breast cancer were younger than 50 years (Figure 1) [25].

This could be related to the fact that Sudan has a young population structure, with 44% of 
the Sudanese population under 15 years of age, in addition to a relative, but significant, 
increase in life expectancy [26, 27]. Previous studies from other sub‐Saharan countries 
reported that the average age of diagnosis of breast cancer among African women tends 
to be low. This is may be partially due to the short‐life expectancy and young population 
structure of African women. However, the full spectrum of this phenomenon could reflect 
complex gene‐environment interactions associated with both traditional and new lifestyles 
in Africa [6, 17, 19, 28–32].

Young age at breast cancer presentation in Sudanese women (Figure 1) appears to be contrib‐
uted in minor part by genetic predisposition [13, 33, 34]. It is worth mentioning that breast 
cancer at a young age is generally associated with aggressive behavior, advanced stage at 
presentation and poorer prognosis [35].

The clinical stage of the disease at presentation is the most important factor for the outcome 
of the patient with breast cancer. In limited resource countries, breast cancer is typically char‐
acterized by a relatively advanced stage at presentation [33, 36–40].

Figure 1. Age distribution of breast cancer patients treated at the NCCI‐UG (Data from NCI‐UG cancer registry, 
2010–2011).
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Data from National Cancer Institute, University of Gezira (NCI‐UG) confirm that the patients 
with breast cancer present in small proportion with localized disease and in large proportion 
with regionally diffuse and metastatic disease, as shown in Table 1.

It has been reported that about 80% of the breast cancer cases in Sudanese patients were diag‐
nosed at locally advanced or metastatic stage [39]. Similar high proportions of advanced stage 
at diagnosis of breast cancer have been reported by several studies from other sub‐Saharan 
African countries [36–38]. The contrary was reported from high resource countries, where 
38% of the European and 30% of the US breast cancer cases have either locally advanced or 
metastatic disease at diagnosis [41]. Several factors may contribute to the delayed presenta‐
tion of patients with breast cancer. These include lack of education, poverty, limited access 
to medical care and the fear of being perceived as a burden to caregivers. Other likely factors 
are fear of mastectomy and misconceptions about the nature or curability of the disease, 
which can lead women to seek alternative care instead of standard treatment [31]. About 
60–75% of women in Central Sudan who develop breast cancer live in rural areas [39] and 
many of these women go untreated, mostly due to lack of access (financial and geographical) 
to health care (Figure 2).

Typically, in our setting, cases with breast lumps are referred by the attending physician to 
surgical facilities in governmental hospitals or private clinics for tissue biopsy. The average 
time to get the histopathology result is about 2–3 weeks [42, 43]. In Sudan, there are only two 
specialized treatment centers for cancer, both located in Central Sudan, that is, the Radiation 
and Isotopes Center, Khartoum (RICK) and the National Cancer Institute (NCI‐UG) of Gezira 
University in Wad Medani, Gezira State, Central Sudan. Given the size of the country, this 
situation by itself could lead to the above‐mentioned delayed presentation in which most 
of cancer patients come after traveling long distances from different parts of the country 
(Figure 2). Therefore, the financial aspects of investigations and treatment, alongside with the 
availability of boarding and lodging close to the oncology centers, represent a huge burden 
for the patients and their caregivers [17, 42].

Molecular profiling indicates that breast cancer is a constellation of partially diverse and clini‐
cally relevant tumor subtypes whose prevalence across populations could be influenced by 

Stage Number Percent

I 11 3

II 128 31

III 179 44

IV 93 23

Total 411 100

Source: NCI‐UG cancer registry 2010–2011.

Table 1. Distribution of breast cancer patient according to clinical stage at diagnosis at NCI‐UG.

Breast Cancer - From Biology to Medicine6
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time to get the histopathology result is about 2–3 weeks [42, 43]. In Sudan, there are only two 
specialized treatment centers for cancer, both located in Central Sudan, that is, the Radiation 
and Isotopes Center, Khartoum (RICK) and the National Cancer Institute (NCI‐UG) of Gezira 
University in Wad Medani, Gezira State, Central Sudan. Given the size of the country, this 
situation by itself could lead to the above‐mentioned delayed presentation in which most 
of cancer patients come after traveling long distances from different parts of the country 
(Figure 2). Therefore, the financial aspects of investigations and treatment, alongside with the 
availability of boarding and lodging close to the oncology centers, represent a huge burden 
for the patients and their caregivers [17, 42].

Molecular profiling indicates that breast cancer is a constellation of partially diverse and clini‐
cally relevant tumor subtypes whose prevalence across populations could be influenced by 

Stage Number Percent

I 11 3

II 128 31

III 179 44

IV 93 23

Total 411 100

Source: NCI‐UG cancer registry 2010–2011.

Table 1. Distribution of breast cancer patient according to clinical stage at diagnosis at NCI‐UG.
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ethnicity, a complex variable combining genetic, environmental and other discriminating fac‐
tors. Moreover, different breast cancer subtypes may progress along partially independent 
molecular pathways, which could reflect etiological and biological differences (i.e. luminal A, 
luminal B, Her‐2/neu overexpressing, basal like, etc.) [44–46]. However, little is known about 
the molecular subtypes of breast cancer associated with high multiparity and lactation in non‐
contracepting populations, such as African populations. The molecular portrait(s) of breast 
tumors in Africa might be different compared to those of breast cancer in Western women [47]. 
Studies conducted in the USA suggest that black ethnicity adversely influences breast cancer 
phenotype [48]. Indeed, African Americans have been reported to manifest a higher rate of 
the most aggressive breast cancer subtype, that is, the basal‐like subtype, associated with high 
grade, poor prognosis and younger age [48]. Data on the molecular subtypes of breast cancer 
among Sudanese patients are scarce. The basal cytokeratins, markers of the basal‐like breast 
cancer subtype, were expressed in a fraction of cases from Central Sudan comparable to those 
reported for East and West African case series [49]. Lack of associations with age and tumor 
size may represent a special feature of basal‐like breast cancer in Sudan [49].

Very few studies assessed the clinical and pathological characteristics of breast cancer in 
Sudan. One study investigated in parallel series of patients the possible differences between 
breast cancer in indigenous sub‐Saharan African (i.e., Sudanese) versus European (i.e., Italian) 
women. Compared with the Italian patients, the Sudanese patients were younger and their 
tumors were larger, more advanced in stage, higher in grade and more frequently positive for 
nodal metastases. Estrogen receptor (ER) expression varied between the two series, but no 
significant differences were found for PgR, combined hormone receptors, Her‐2/neu, CK5/6, 
CK17, combined basal CK status or breast cancer subtypes [33]. The study concluded that 
the differences between the Sudanese and the Italian breast cancer series reflected stage at 

Figure 2. A 25‐year‐old female with locally advanced breast cancer treated at NCI‐UG. This shocking presentation 
demonstrates how far our patients are in term of early detection. On the other hand, the biological features of such 
advanced primary tumors, since several decades exceedingly rare in developed countries, are almost unknown. Hence, 
treatment options do not rely on scientific evidence.
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diagnosis rather than intrinsic biological characteristics [33]. This was in accordance with 
data reported for a breast cancer series from Nigeria, where Adebamowo and collabora‐
tors reported a high frequency of hormone receptor‐positive cases, when the histopathology 
samples were collected under rigorous control for appropriate fixation [50]. On the contrary, 
studies that compared extensive series of African‐American and European‐American breast 
cancer patients found associations between aggressive estrogen receptor (ER)‐negative breast 
cancer and both younger age at diagnosis and black ethnicity [19, 40, 48]. This suggests the 
possible contribution of ethnic factors to a higher burden of aggressive ER‐negative breast 
cancer in African women. Huo et al. (2009) found that hormone receptor‐negative breast can‐
cer was predominant in a large series of 507 patients with invasive breast cancer from Nigeria 
and Senegal, in which only 25% of the studied cases were ER positive [40].

Similar findings were reported in studies comparing Nigerian and UK breast cancer patients. 
In this regards, the immunoprofile of 308 breast tumors from Nigeria, together with the patients’ 
outcomes, was compared with a tumor grade‐matched UK control group. The Nigerian women 
presenting with breast cancer were more frequently premenopausal, and their tumors were 
characterized by large primary tumor size, high tumor grade, advanced lymph node stage and 
higher rate of vascular invasion compared with the tumors in the UK women. In the grade‐
matched groups, the Nigerian breast cancers showed over representation of triple‐negative 
and basal phenotypes and BRCA1‐deficient breast cancer compared with the UK women, but 
no difference was found regarding Her‐2/neu expression between the two series. The Nigerian 
patients showed significantly poorer outcome compared with the UK patients [47].

Elgaili et al. evaluated the clinicopathological features of breast cancer in Central Sudan and 
reported that estrogen and progesterone receptors expression were performed on a limited 
number of samples and that the majority of the tested cases resulted negative [39]. This find‐
ing was in accordance with data from other African countries, such as Tanzania, Nigeria and 
Kenya, where the majority of the studied breast cancers were negative for estrogen and pro‐
gesterone receptors [51–54].

Huo et al. suggested that the reported high frequency of hormone receptor negativity should 
be interpreted with caution, as false‐negative results might be introduced by antigen deg‐
radation of archival materials, besides referral, which may generate a bias towards a lower 
proportion of ER‐positive tumors [40]. Suboptimal assays most likely contribute to the low 
positive estrogen and/or progesterone receptors status reported for breast cancer in Africa [55]. 
Moreover, the high fractions of receptors‐negative cases could reflect early age at breast cancer 
diagnosis, in Sudan as well as elsewhere in Africa, since young breast cancer patients are more 
likely to have tumors with negative estrogen and/or progesterone receptors status [56, 57].

Eng et al. conducted a meta‐analysis and a systematic review of the publications reporting on 
the frequency of breast cancer receptor‐defined subtypes in indigenous populations in North 
and Sub‐Saharan Africa and found that there was marked between‐study heterogeneity in the 
ER+ estimates in both regions, with the majority reporting proportions between 0.40 and 0.80 
in North Africa and between 0.20 and 0.70 in sub‐Saharan Africa. Similarly, large between‐
study heterogeneity was observed for PR+ and HER2+ estimates [58]. This meta‐analysis 
showed that the proportion of ER+ disease was lower for studies based on archived tumor 
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blocks compared to prospectively collected specimens and lower for series enriched in grade 
3 tumors. For prospectively collected samples, the pooled proportions for ER+ and triple neg‐
ative tumors were 0.59 (0.56–0.62) and 0.21 (0.17–0.25), respectively, regardless of region. This 
suggests that two‐thirds of the African women with breast cancer have a less aggressive dis‐
ease (ER+), for which targeted endocrine treatment could improve survival rates [58]. Thus, 
the data suggest the distribution of receptor‐defined subtypes in African patients may not 
dramatically differ from that found in non‐African patients, given the younger age structure 
and late presentation [58].

Nonetheless, the diversity of the African breast cancer patient population was not compre‐
hensively represented in the case series studied thus far [40]. As a result, the impact of breast 
cancer with hormone receptor negativity in sub‐Saharan Africa needs to be further verified, 
under stringent quality control, in larger and more specific studies involving different African 
populations [40, 58, 59].

The Ki‐67 labeling index, which has been linked to patient outcome in breast cancer, is not 
routinely performed in Sudan and very few published reports have examined Ki‐67 label‐
ing index in African breast cancer patients. In a pilot study, the association(s) between Ki‐67 
labeling index and individual, pathological, clinical and immunohistochemical characteris‐
tics were investigated in 62 patients diagnosed with primary invasive breast cancer at RICK, 
Sudan. The results suggested a correlation with tumor differentiation and not with tumor size 
or any other tested marker [60].

3. Male breast cancer in Sudan

Data from Central Sudan show that to 2.3% (34/1505) of all breast cancer patients regis‐
tered at NCI‐UG between 1999 and 2010 are males [61], which is over two‐fold higher than 
the proportion reported worldwide [62]. In this regard, the incidence of male breast cancer 
(MBC) is reportedly higher in sub‐Saharan Africa [63]. In Central Sudan, the mean age at 
diagnosis for MBC was 56 years [61], about a decade younger than the mean age seen in 
developed countries [63]. The mean period between complaint awareness and MBC diag‐
nosis was 25.3 ± 46 months. Most patients presented with a large lump (mean size, 6.8 ± 3.0 
cm) or with metastatic disease (stages III/IV; 21/34, 61.8%) [61]. Because MBC is a matter of 
stigma in Africa, this could be a reason for late presentation, together with the same issues 
that apply to breast cancer in females.

4. Breast cancer genetics in Sudan

As in industrialized countries, strong genetic factors contribute to a subset of breast cancer 
cases in the Sudan. The germline status of the two major breast cancer susceptibility genes, 
BRCA1 and BRCA2, was investigated in an NCI‐UG breast cancer series selected based on 
diagnosis within 40 years of age (34 cases) or male gender (1 case). A total of 60 sequence 
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variants, including 5 deleterious truncating mutations (2 in BRCA1, 3 in BRCA2) and 
55  variants (30 in BRCA1, 25 in BRCA2) presumed to be neutral or of little clinical signifi‐
cance were detected. The data suggest that in Sudan BRCA1/2 could represent an important 
etiological factor of breast cancer in males and young women less exposed to pregnancy 
and lactation [64]. Biunno et al. found 33 BRCA1 point mutations, one of which of patho‐
genetic relevance, in 59 Central Sudanese premenopausal breast cancer patients. The high 
fractions of mutations with both intercontinental and uniquely African distribution were 
in agreement with the high genetic diversity expected in an African population [65]. Thus, 
genetic variation and frequency of unique or rare mutations of uncertain clinical relevance 
pose significant challenges to BRCA1 testing in Sudan, as it might happen in other African 
contexts [34]. It is worth mentioning that a determination of BRCA1 and BRCA2 genetic 
mutational status will go a long way towards an effective advice on prophylaxis for breast 
cancer [66].

Masri et al. studied 20 unselected breast cancer patients in Sudan. They analyzed exon 11 of 
the BRCA2 gene and exons 5–9 of the p53 gene. They found only one somatic mutation and 
one polymorphism in BRCA2, without any further elaboration [67].

Hereditary breast cancer is more likely to manifest with synchronous or metachronous bilat‐
eral disease. A study from the Khartoum Teaching Hospital assessed the frequency and fea‐
tures of bilateral breast cancer among the patients treated during the 5‐year period from 1994 
to 1999. Of 521 patients treated for breast cancer, only seven (1.3%) were diagnosed with 
bilateral breast cancers [68].

Susceptibility to breast cancer could be predisposed by low penetrance gene polymor‐
phisms. A single nucleotide polymorphism in the estrogen receptor gene (ESR1), C325G, 
implicated in breast cancer susceptibility, was genotyped in breast cancer patients and 
in age‐ and sex‐matched Sudanese controls. Overall, there was a trend in the direction 
of an association between the CC genotype and breast cancer, which became significant 
in the subgroup within 50 years of age [69]. The association of the Her‐2/neu Ile655Val 
polymorphism with breast cancer in the Sudan was also investigated [70]. Val/Val and 
Ile/Ile genotype frequencies were similar in patients and controls; Ile/Val had a border‐
line‐significant association with breast cancer, not confirmed when the genotypic and 
allelic frequencies were stratified by age and menopausal status. Possible joint effects of 
Her‐2/neu Ile655Val and ESR1 C325G on breast cancer risk were also investigated. The 
frequency of the polymorphic variants varied with ethnic origin. A significantly higher 
risk of breast cancer was observed among carriers of homozygous ESR1 325 CC and het‐
erozygous Her‐2/neu 655 Ile/Val [70]. These results suggest that an interaction between 
the ESR1 325C and Her‐2/neu Ile655Val variants could contribute to breast cancer risk in 
Sudanese women [70].

Oncogenic viruses, such as Epstein‐Barr virus (EBV), could play a role in breast carcinogen‐
esis in Sudan. EBV genomic sequences were detected in a large fraction of tested Sudanese 
breast cancer specimens, suggesting an association between EBV and breast carcinoma in 
Sudanese patients [71].
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5. Current status of breast cancer screening in Sudan

International policies recommend screening mammography for women aged 50–69 
years [72]. Other imaging modalities, such as MRI and ultrasound, are not recommended 
for screening in the general population. According to an analysis from the 2003 World 
Health Survey, only 2.2% of women age 40–69 years in limited resource settings had 
received any breast cancer screening. Mammography screening programs have also been 
estimated to cost from US$16,000 to US$37,000 per life saved, which exceeds by a signifi‐
cant margin the per capita health care budgets in many limited resource settings [73, 74]. 
Therefore, International guidelines recommend clinical breast examination (CBE) as a pre‐
ferred approach to screening in settings in which mammography screening is not avail‐
able [75, 76].

In Sudan, the health care system is significantly weakened by limited resources and human 
capacity. Resources available for health care are predominantly spent on infectious disease 
care, such as malaria, diarrheal diseases and tuberculosis. In our setting, the challenges of 
establishing national cancer screening programs include limited financial resources,  shortage 
in trained health care professionals and social barriers that impede population enrollment 
into cancer screening program. In our setting, mammography machines are few. In addi‐
tion, the target population is mostly young women and the available traditional film mam‐
mography machines are not efficacious for breast cancer detection in young women with 
dense breast.

In 2000, medical students from the Faculty of Medicine, University of Gezira, performed 
a breast self‐examination (BSE) intervention project in “Um‐Alghora,” one of the poorest 
localities in Gezira State. During one academic semester, the students covered 200 families 
by training on competences of BSE. Four breast lumps were detected (two of which were 
fibroadenomas and two carcinomas). This project revealed that medical students, through 
relevant community based educational activities in preventive medicine, could have a signifi‐
cant effect on early detection of breast cancer by BSE [77, 78].

Given that breast cancer is the most commonly observed cancer in Sudan, an initiative for 
breast cancer awareness and early detection was launched in 2008, led by the National 
Cancer Institute, University of Gezira. Abuidris and colleagues conducted a pilot study in 
two localities in Gezira State, Sudan (Figure 3). Approximately 10,000 rural women aged 
18 years or older were screened for breast cancer by using trained volunteers (Figure 4). 
Seventeen of those screened had carcinoma in situ or breast cancer, including eight with 
carcinoma in situ and nine with early breast cancer. In control villages, only four women 
self‐referred for breast symptoms, three of whom had advanced‐stage breast cancer [79]. 
Therefore, in our setting, the implementation of a cancer awareness and breast exami‐
nation program that uses local volunteer women might be better used to raise aware‐
ness and encourage more women with palpable breast lumps to seek and receive early 
 medical care.
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Figure 3. Volunteers participants to the intensive training course of the breast cancer awareness and early detection 
initiative (March 1–5, 2009). This image shows Dr. Dafalla Abuidris, indicated by the yellow arrow, a clinical oncologist 
and the initiative leader. Blue arrows indicate some of the NCI‐UG team members involved the in the training activities. 
The other women are some of the volunteers who attended the course and conducted the screening.

Figure 4. This set of images shows the context and some of the activities of the breast cancer initiative. (A) One of the 
poor villages in the Keremet locality, El Managil District, Gezira State, where the breast cancer initiative was launched. 
(B) Educational lectures conducted for the training of the volunteers at NCI‐UG during March 1–5, 2009. (C) and (D) 
Awareness activities performed at the community level in 33 villages at the Keremet locality during 2009–2010 with the 
participation of the target women of the community.
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6. Breast cancer management in Central Sudan

The management of patients with breast cancer requires a multidisciplinary approach to treat‐
ment (MDT). The MDT team includes a surgeon, a clinical oncologist, a pathologist, a clinical 
radiologist, a social worker, a nurse and a counselor. These specialists are lacking in limited‐
resource countries, and where they exist they tend to work in isolation, rather than in team. 
Therefore, almost all patients with breast cancer are treated without been seen in an MDT 
context. Practice guidelines that outline the optimal approach to breast cancer management 
have been developed by several international organizations and scientific committees, such 
as National Comprehensive Cancer Network (NCCN) guidelines. However, these guidelines 
may be inappropriate in limited resource countries for many reasons, including the extreme 
limitation of resources for diagnosis and treatment and the extreme shortage in trained health 
care providers.

The NCI‐UG has a multidisciplinary breast clinic for management decisions. This clinic, 
established in 2002 (Table 2), is hosted by the Oncology Department of the NCI‐UG and is 
attended by surgeons, oncologists, pathologists, psychologists, social workers and oncology 
nurses. The Gezira guidelines for the management of breast cancer, developed in 2004 and 
updated in 2006, are oriented towards the limited financial resources of the Sudan [80]. These 
guidelines represent a milestone for the improvement of breast cancer medical care in Central 
Sudan and are the first application of the MDT concept to patient's management in Sudan. 
Thus, the activities related to Gezira guidelines for management of breast cancer are part of an 
overall progress of the local oncology services in Central Sudan (Table 2). Cancer treatment is 
free of charge for all citizens in Sudan. Furthermore, boarding and lodging facilities close to 
the oncology center (NCI‐UG) are available free of charge for cancer patients.

In the next sections of diagnosis and treatment, we present and discuss the currently adopted 
Gezira guidelines for management of breast cancer patients [80].

Year Achievement

1999 Establishment of NCI‐UG—formerly Institute of Nuclear Medicine & Oncology (INMO), the first center 
outside Khartoum (the capital city), offering radiotherapy and systemic therapy for cancer and nuclear 
medicine services for diagnosis

2002 Establishment of the Gezira multidisciplinary breast cancer clinic

2004 Installation of a mammography machine

2004 Development of the Gezira guidelines for management of breast cancer

2006 Update of the Gezira guidelines for management of breast cancer

2009 Establishment of hormone receptors testing using immunohistochemistry at the Department of 
Pathology, Faculty of Medicine, University of Gezira

2010 Development of the Sudan guidelines for management of breast cancer

Table 2. Timeline showing the overall progress of the oncology services at the NCI‐U, Central Sudan.
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6.1. Breast cancer diagnosis in Central Sudan

6.1.1. Clinical assessment

All referred breast cancer cases should undergo a thorough clinical assessment to provide 
guidance about the extent of the disease and the patient's fitness to tolerate cancer treatment.

6.1.2. Breast imaging

Breast ultrasound with diagnostic mammography should be part of triple assessment for all 
patients with breast lump. In Sudan, diagnostic breast ultrasound is often used to make a 
diagnosis of breast cancer, whereas diagnostic mammography is available only in few cen‐
ters in Khartoum and Wad Medani (capital of the Gezira state). Therefore, triple assessment 
 cannot be done in most parts of the country.

6.1.3. Histopathological investigations

Pathology practice in Sudan, like in other limited resource countries, has suffered from lack 
of funding, making it difficult for practicing pathologists to develop and apply recent techno‐
logic advances in their everyday practice [42, 43].

In Central Sudan, histopathology services are provided by the Department of Pathology, 
Faculty of Medicine, University of Gezira, located in Wad Medani (capital of the Gezira 
state), and serving the population of the Gezira state (about four million people living 
in an area of about 26,075 km2; 10% of the total Sudanese population). This laboratory 
was established in 1978 and was the first of its kind outside Khartoum (the capital city). 
The average annual load during the years 2005–2009 at the above‐mentioned laboratory 
was 5749 ± 476 and 1052 ± 128 specimens per year for histopathology and cytopathology, 
respectively; the overall annual load average was 6802 ± 494 [42]. There is a gross shortage 
of pathologists outside the capital, Khartoum. Currently, there are approximately eight 
anatomic pathologists serving the population of Central Sudan. Generally, there is a very 
poor logistic system for delivering the specimens to the laboratories. Surgical specimens 
are brought to the laboratory by the care givers of the patients. Buffered 10% formalin is 
rarely used, sometimes the specimens are received in normal saline and, rarely, in absolute 
ethanol [42]. Histopathologists mainly use hematoxylin‐eosin routine stains. Pathologists 
in Gezira State depend largely on their skills in morphology (with its limitations) to classify 
tumors on routine stains.

According to the Gezira guidelines for management of breast cancer, the standard pathology 
report must include information on tumor size, lymph node status, histologic type, tumor 
grade, lymphovascular invasion and margin status [80]. Immunohistochemistry stains for 
estrogen‐progesterone receptors, proliferative index (Ki67) and HER2‐neu expression sta‐
tuses are available, but the costs associated with testing for ER, PR and HER2 status are high, 
therefore these tests are not included in the primary report and are separately requested, 
added as extras paid by the patients. As a result, not all patients undergo hormonal receptor 
testing. Figure 5 shows that 78% of the patients referred to NCI‐UG in 2010–2011 had receptor 

Breast Cancer - From Biology to Medicine14



6.1. Breast cancer diagnosis in Central Sudan

6.1.1. Clinical assessment

All referred breast cancer cases should undergo a thorough clinical assessment to provide 
guidance about the extent of the disease and the patient's fitness to tolerate cancer treatment.

6.1.2. Breast imaging

Breast ultrasound with diagnostic mammography should be part of triple assessment for all 
patients with breast lump. In Sudan, diagnostic breast ultrasound is often used to make a 
diagnosis of breast cancer, whereas diagnostic mammography is available only in few cen‐
ters in Khartoum and Wad Medani (capital of the Gezira state). Therefore, triple assessment 
 cannot be done in most parts of the country.

6.1.3. Histopathological investigations

Pathology practice in Sudan, like in other limited resource countries, has suffered from lack 
of funding, making it difficult for practicing pathologists to develop and apply recent techno‐
logic advances in their everyday practice [42, 43].

In Central Sudan, histopathology services are provided by the Department of Pathology, 
Faculty of Medicine, University of Gezira, located in Wad Medani (capital of the Gezira 
state), and serving the population of the Gezira state (about four million people living 
in an area of about 26,075 km2; 10% of the total Sudanese population). This laboratory 
was established in 1978 and was the first of its kind outside Khartoum (the capital city). 
The average annual load during the years 2005–2009 at the above‐mentioned laboratory 
was 5749 ± 476 and 1052 ± 128 specimens per year for histopathology and cytopathology, 
respectively; the overall annual load average was 6802 ± 494 [42]. There is a gross shortage 
of pathologists outside the capital, Khartoum. Currently, there are approximately eight 
anatomic pathologists serving the population of Central Sudan. Generally, there is a very 
poor logistic system for delivering the specimens to the laboratories. Surgical specimens 
are brought to the laboratory by the care givers of the patients. Buffered 10% formalin is 
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report must include information on tumor size, lymph node status, histologic type, tumor 
grade, lymphovascular invasion and margin status [80]. Immunohistochemistry stains for 
estrogen‐progesterone receptors, proliferative index (Ki67) and HER2‐neu expression sta‐
tuses are available, but the costs associated with testing for ER, PR and HER2 status are high, 
therefore these tests are not included in the primary report and are separately requested, 
added as extras paid by the patients. As a result, not all patients undergo hormonal receptor 
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testing. Cost reduction using tissue microarray immunohistochemistry (TMA‐IHC), a known 
cost reduction technique relative to standard whole slide IHC, is problematic when dealing 
with large tumors in limited resource settings, where quality control in pathology processing 
may be less than optimal [81]. Frozen section, fluorescence in situ hybridization (FISH) and 
electron microscopy services are presently not available.

Because fine needle aspiration cytology (FNAC) is cheap, quick and repeatable, it was used 
extensively in the initial diagnosis of breast lumps. Fibroadenomas, cysts and abscesses 
(including antibiomas) are the most commonly diagnosed benign entities. Breast cancer initial 
diagnosis is usually done by FNAC, especially for late cases with ulcerations, since it is less 
invasive in such moribund patients with very poor general condition. In the last few years, 
ultrasound directed true‐cut biopsies are been increasingly used initially or more commonly 
following FNAC.

In short, in Gezira State the preoperative diagnosis of breast cancer is based on FNAC, clinical 
evidence and excisional or incisional biopsy.

6.1.4. Staging investigations

In Central Sudan, diagnostic staging modalities, such as chest and skeletal radiography and 
liver ultrasound, are available in most tertiary hospitals. Computed tomography (CT) scans 
are available in two governmental institutes and in two private centers but are generally 
cost‐prohibitive. The Department of Nuclear Medicine of the NCI‐UG is the only provider of 

Figure 5. Distribution of breast cancer patients according to hormonal receptor status at NCI‐UG (Source: NCI‐UG 
cancer registry 2010–2011).
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nuclear medicine services, such as bone scan, thyroid scan, multigated acquisition (MUGA) 
scan and renal scan for the population of the Gezira State. Complete blood count, renal func‐
tion tests and liver function tests are mandatory for newly diagnosed cases as part of staging 
investigation [80]. Selected blood tests (i.e. CBC, blood chemistry profile) are required for the 
safe administration of chemotherapy.

Despite the improved availability of pathology, radiology and nuclear medicine services, 
financial difficulties turn away many women with few financial resources who have breast 
complaints. Without adequate health insurance coverage, limited personal finances can be a 
significant barrier to care for many breast cancer patients regarding investigations related costs.

6.2. Treatment workup and challenges in Central Sudan

Treatment of breast cancer is dependent on the stage of the disease, age and medical state 
of the patient, tumor characteristics, patients’ preferences and available resources. Options 
range from breast‐conserving surgery (BCS), mastectomy, axillary clearance, chemotherapy, 
radiotherapy (RT), to palliative care. Treatment at an advanced stage has poor prognosis with 
lowest cure rates. Challenges frequently faced by oncologist treating breast cancer in Sudan 
are (1) most patients present with stage III or IV when they first seek medical treatment and 
(2) lack of adherence to treatment and inadequate follow‐up because patients may have to 
travel long distance to receive treatment or follow‐up.

6.2.1. Surgery

Breast surgery is often the initial treatment for patients who present with operable tumors. In 
Sudan, breast surgery is mostly performed by general surgeons. The ability to perform modi‐
fied radical mastectomy (MRM) and breast‐conserving surgery (BCS) is considered funda‐
mental for surgical residence training by the Sudan Medical Specialization Board. Therefore, 
general surgeons in Sudan are generally well trained and have high exposure to breast surgery.

In Sudan, due to the fact that the majority of breast cancer patients present with locally 
advanced stage, MRM, after or without neoadjuvant chemotherapy, is the predominant sur‐
gical procedure. MRM includes removal of breast tissue, axillary tail and clearance of level I 
and II axillary lymph nodes. The low rate of BCS in our patients reflects the high rate of late 
presentation. BCS requires (1) breast imaging (mammography and ultrasound) and pathol‐
ogy services to ensure tumor free margins of excision, (2) surgeons experienced in achieving 
a good cosmetic result with negative pathologic margins of excision and (3) radiotherapy 
facilities. These requirements are met in our setting. Therefore, BCS is currently used as an 
alternative option for young patients with early breast cancer, obviously a choice that is cos‐
metically desirable. BCS could be a choice for patients with large tumors who achieved good 
response to neoadjuvant chemotherapy. Randomized trials have shown that there are no sig‐
nificant differences in disease‐free or overall survival between patients treated by mastectomy 
and those treated by breast‐conserving surgery and whole‐breast radiotherapy [82–84]. Breast 
cancer peaks among Sudanese women in their 30s. Therefore, breast‐conserving therapy pre‐
serves the body image and may offer better quality of life.
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Reconstruction breast surgery is not an option in our setting, due to lack of plastic and recon‐
structive surgeons. Although sentinel lymph node (SLN) biopsy has become the preferable 
standard to axillary dissection in breast cancer surgery, this advanced technique is presently 
not available in Sudan.

6.2.2. Radiotherapy

Radiotherapy (RT) is an essential part of the multimodality treatment of breast cancer. In lim‐
ited resource countries, and particularly in Sudan, the need for radiotherapy is much greater 
due to late presentation and inoperability of the tumors. Access to radiotherapy, however, is 
severely limited. Africa has less than 2% of all radiotherapy centers globally and is home to 
approximately 15% of the world's population, demonstrating a dire need to improve the avail‐
ability of radiotherapy [85]. The NCI‐UG is a governmental facility with two Co60 machines, 
linear accelerator machine (Linac) and a treatment planning system (Figure 6 and Table 3) 
that treats 80–100 patients daily, about 20% of whom are breast cancer patients. Patients from 
different regions of Sudan are referred to NCI‐UG for RT. Radiotherapy is delivered with 
cobalt‐60 units (Co 60). The linear accelerator was installed in 2007 (VARIAN, manufactured 
in 2005). Energy levels of this machine are 6 and 16 MV‐photons and 6, 9, 12 and 15 MeV. The 
machine was stored for 2 years before installation as the bunker was not constructed in time, 
but never treated even a single patient because of licensing issues and economic sanctions 
imposed to Sudan.

Figure 6. Simulator planning image for a chest wall radiation field at the NCI‐UG.
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Although linear accelerator machines (Linac) are considered preferable, cobalt machines rep‐
resent a reasonable alternative in our setting because Co 60 radiotherapy machines are simpler 
to operate and much less expensive than Linac machines. Drawbacks of the Co 60 machines 
are the lower percentage depth dose and the decaying source that reduces the output, result‐
ing in increased treatment time, which in turn reduces the patients outputs. Furthermore, the 
radioactive components are difficult to procure, because of the current international concerns.

The most common schedule for irradiation is 50 Gy in 25 fractions to the whole breast, admin‐
istered daily, five times per week. In a large randomized trial, however, a shorter fractionation 
schedule (42.5 Gy in 22 days or 40 Gy in 3 weeks), more convenient and less costly, proved to 
be just as safe and effective [86, 87]. Thus, due to the long waiting list, cost and demand for 
the machine time, we considered hypo‐fraction radiotherapy (treatment over 3 weeks) that 
simplifies the radiotherapy planning process, permitting more efficient use of our limited 
resources, and thus allowing the treatment of more patients with the existing equipment and 
personnel.

According to the Gezira guidelines for management of breast cancer, post‐mastectomy irra‐
diation is considered for patients with a tumor larger than 5 cm, or a tumor involving the 
chest wall or skin. It is also considered for patients with more than three positive axillary 
lymph nodes. Adjuvant radiotherapy is indicated for all patients who underwent BCS. 
Supraclavicular fossa irradiation is recommended for patients with more than three positive 
axillary lymph nodes. For patients with locally advanced breast cancer in which mastectomy 
is still not possible after initial systemic therapy, breast and regional irradiation is given, fol‐
lowed whenever possible by mastectomy. For patients with distant metastases, irradiation 
may provide relief of symptoms such as pain, bleeding, ulceration and lymphedema.

6.2.3. Chemotherapy

Systemic therapy for cancer treatment represents one of the great challenges in cancer con‐
trol efforts in limited resource countries. The well‐established cytotoxic chemotherapy drugs 

Recourse Counts

Clinical oncologists 4

Radiographers 10

Medical physicists 3

Engineering technicians 3

Co 60 radiotherapy machines 2

Linear acceleratora 1

Simulatorb 1

a Non‐functioning since installation in 2007.
b Simulator machine includes fluoroscopy and radiography option.

Table 3. Human (Staff) and physical resources (machines) at the NCI‐UG.
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and endocrine therapies available for breast cancer patients in Sudan are shown in Table 4. 
At NCI‐UG, a wide variety of chemotherapy regimens is in use. Anthracycline‐based com‐
bination is the appropriate first‐line chemotherapy for most breast cancer patients, based on 
significant survival benefits of the anthracycline based regimens, that is, 5‐flurouracil (5FU), 
cyclophosphamide, doxorubicine (FAC) or 5‐flurouracil (5FU), cyclophosphamide, epiru‐
bicine (FEC), when compared with 5‐flurouracil (5FU) methotrexate, cyclophosphamide 
combinations (CMF). The anthracycline‐based regimens are associated with a high risk of 
cardiotoxicity. Thus, CMF is still used for elderly patients with comorbidities. Taxanes‐based 
regimens, such as cyclophosphamide, doxorubicine and taxane, are reserved for patients with 
extensive axillary lymphadenopathy. Systemic therapies are dispensed by a pharmacist and 
administered by trained nurses under supervision of a clinical oncologist. Tamoxifen is the 
most widely used endocrine therapy for breast cancer patients and a large proportion of post‐
menopausal patients are treated with aromatase inhibitors either alone or sequential with 
Tamoxifen. Furthermore, Tamoxifen is prescribed empirically for breast cancer patients with 
unknown hormone receptors.

The choice of chemotherapy and hormonal therapy for breast cancer depends on the indica‐
tion in the Gezira guidelines for management of breast cancer.

Drug Dose

Doxorubicin 60 mg/m2

Epirubicin 100 mg/m2

Cyclophosphamide 600 mg/m2

5FU 600 mg/m2

Methotrexate 40 mg/m2

Docetaxel 100 mg/m2

Paclitaxel 175 mg/m2

Carboplatin AUC 6

Cisplatin 50 mg/m2

Capecitabine 1250 mg/m2

Gemicitabine 1000 mg/m2

Novalbine 25 mg/m2

Tamoxifen 20 mg P.O

Anastrazole 1 mg P.O

Letrozole 2.5 mg P.O

G‐CSF 5 mcg/kg

aThese drugs were included in the 2014 WHO model list for essential medicine.

Table 4. List of available cancer drugs for breast cancer patients at the NCI‐UGa.
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6.2.4. Targeted therapy agents

In our setting, Trastuzumab is the only available targeted therapy. However, the costs to the patients 
and issues related to insurance coverage limit patient access to this drug. Therefore, Trastuzumab 
is not included in the WHO model list for essential medicines, and HER2 targeted therapy is not 
considered as a priority in our limited resource setting by health care policy makers and insurance 
companies. Another limitation is that HER2 borderline cases (IHC score 2+) cannot be reassessed 
due to the unavailability of the fluorescence in situ hybridization (FISH) technique [88].

6.2.5. Palliative care services

The NCI‐UG palliative care service was established in 1999 for pain control, stoma care and 
wound care. The available pain medications are paracetamol, nonsteroidal anti‐inflammatory 
drugs, tramadol and morphine (both intravenous and oral). These medications are provided 
free of charge. However, these services remain grossly inadequate and represent a further 
area of priority, which led to the establishment of the Gezira palliative care program in 2015, 
to provide palliative care at home for terminal‐stage cancer patients.

7. Conclusions, future perspectives and open challenges

Sudan and many other sub‐Saharan African countries need to face alarming increases in can‐
cer incidence [19, 28–30, 32, 89]. This situation impacts on the above‐mentioned African health 
care crisis. At the same time, there is a very scarce and often incorrect perception of cancer 
as a disease in many African communities [13, 19, 28–30, 32, 37, 90–92]. In Sudan, breast can‐
cer, particularly in premenopausal women, is increasingly recognized as an emerging health 
problem. Overall, the features of breast cancer in the Sudan may reflect population structure 
and reproductive factors resulting in low postmenopausal breast cancer incidence. On the 
other hand, the available data indicate that the Sudanese breast cancer series are enriched 
with cases of male breast cancer and early onset female breast cancer, particularly in parous 
women, suggesting specific risk factors [17, 64]. Information on breast cancer incidence in 
our limited resource setting is lacking due to lack of population cancer registry. In Sudan, as 
suggested by hospital‐based case series the burden of disease is clearly increasing and breast 
cancer may account for large proportion of cancer load. Population‐based studies, however, 
are needed to determine the true incidence of the disease, which, in present contest, is difficult 
to evaluate. It is probable that the breast cancer cases arising in Sudanese women derive from 
poorly understood interactions between strong genetic and environmental factors, which 
may include factors promoted by pregnancy and lactation. Moreover, an understanding of 
the above‐mentioned complex situation is primarily important in view of the need of devel‐
oping ad hoc designed preventive and therapeutic strategies. This requires local political will, 
painstaking development of infrastructures, trained personnel and focused international sup‐
port [33, 43, 93]. Finally, but not lastly, a better understanding of breast cancer in black African 
women is of global crucial relevance, as there is an alarming increase in breast cancer among 
young black women worldwide and these patients have the lowest survival rates.
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Abstract

Breast cancer patients were divided into separate groups, which were the estrogen
receptor (ER)+/progesterone receptor (PR)+ HER2−, the ER or PR+ HER2−, the ER+/
PR+ HER2+, the ER or PR+ HER2+, the ER−/PR−  HER2−,  and the ER−/PR− HER2+
groups. Patients with the ER/PR(+)/HER2− subtype breast cancers show better clinical
prognosis  compared  to  the  hormone-negative,  triple-negative  (TN),  and  HER2+
subtypes.  TN,  HER2+  tumors  in  postmenopausal  women  were  of  higher  grade,
showing lymph node and lymphovascular invasion with poor prognosis in all case
series.  However, the ER+/PR−/HER2+ subgroup had the lowest survival rates in 2-
and 5-year follow-ups. Comparison between the ER+PR+HER2+ and ER+PR−HER2−
subgroups showed that HER2− status is an indicator of improved prognosis in long-
term follow-up. Single hormone receptor (HR)(+) status, particularly HER2(−) cases,
was in between the favorable and poor survival subgroups. The ER−, PR−, and HER2+
properties  were  found to  be  risk  factors  for  frequent  recurrences.  In  this  chapter,
breast cancer subtypes are compared with each other. Results from different studies
highlight  the  importance  of  ER/PR/HER2  receptor  variations  in  the  choice  of
treatment and prognosis of breast cancer.

Keywords: breast cancer subtype, estrogen/progesterone receptor, survival, treatment

1. Introduction

Breast cancer is common among women between the ages of 50 and 60 years and is one of the
leading causes of disease-related deaths [1]. There is no single marker that determines the clinical
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properties and treatment of breast cancer. The main factors affecting the choice of treatment,
prognosis of the disease, and the predictability of the tumor include size, invasion into the lymph
nodes, lymphovascular invasion (LVI), grade, age at diagnosis, menopausal status, surgical
margins, estrogen and progesterone receptors (ER/PR), and HER2 oncogene [2–7].

About 70% of all breast cancers are hormone receptor (HR)-positive [4]. PR is the gene which
regulates estrogen, and single hormone receptor positivity increases aggressiveness compared
to ER+PR+ tumors, and is an indicator of poor prognosis [4]. Receptor positivity is often
inversely related to the presence of HER2 oncogene [6]. ER/PR-negative HER2+ tumors, high
grade, large tumor volume, and invasion into the lymph nodes indicate the need for an
aggressive course of treatment [6]. Hormone receptor positivity is responsive to hormonal
treatment, while HER2 positivity is responsive to trastuzumab treatment, and this helps guide
clinicians in the optimal choice of treatment. Recently developed diagnostic methods, the
definition of subtypes, goal-directed therapy, intensive chemotherapy, and hormonal therapies
have increased the survival rates in breast cancers.

The biological properties of breast cancers tend to vary depending on ER, PR, and HER2
expression [5]. Breast cancers are divided into four subgroups based on ER and PR gene
heterogeneity: luminal A (ER or PR+, HER2-negative), luminal B (ER- or PR-positive, HER2-
positive), ER-PR-HER2-positive, and triple-negative (ER-PR-HER2−) types [8].

Adjuvant endocrine therapy and/or chemotherapy are given in luminal A (HR+/HER2−)
cancers depending on tumor volume, lymph node status, and 21-gene recurrence score [9]. On
the other hand, luminal B (HR+/HER2+) tumors are more aggressive, and anthracycline- and
trastuzumab-based multichemotherapeutic agents are preferred in their treatment [9]. In
luminal cancers, short-term prognosis and response to hormonal therapy are better compared
to the other subgroups [9].

Luminal A tumors show the best progression, while TN tumors have the worst [10]. Luminal
B type exhibits poor ER expression compared to luminal A tumors. The possibility of early
relapse is also higher than with luminal A tumor [8]. With luminal B tumors, insensitivity to
endocrine treatment is also higher than with HR+/HER2−, while chemotherapy resistance is
more frequent than with TN and HER2+ tumors [8]. Invasion into the lymph nodes is also more
common in luminal B tumors compared to that in luminal A [11, 12].

Triple negative and HER2 (+) breast cancers also exhibit poor clinical features and prognosis
[13]. Recurrence and metastasis rates in TN breast cancers are particularly higher than in other
subgroups due to their high grade and proliferative properties [13].

The aim of this section is to divide breast cancers into subgroups based on their receptor status,
to compare ER (+) breast cancers with other subgroups (ER-PR+/− HER2+/−, ER-PR− HER2−,
and ER-PR-HER2+), to determine the risk factors affecting the prognosis of the disease, and to
compare the overall survival (OS) periods. Aside from the aforementioned risk factors, the
study also aimed to evaluate the effects of the ER and PR status on tumor characteristics, as
well as their impact on prognosis during long-term follow-up. Furthermore, the study
emphasized that multiple chemotherapy combined with hormonal treatment cannot ensure
the expected survival rates in the HR+ patients.
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more frequent than with TN and HER2+ tumors [8]. Invasion into the lymph nodes is also more
common in luminal B tumors compared to that in luminal A [11, 12].

Triple negative and HER2 (+) breast cancers also exhibit poor clinical features and prognosis
[13]. Recurrence and metastasis rates in TN breast cancers are particularly higher than in other
subgroups due to their high grade and proliferative properties [13].

The aim of this section is to divide breast cancers into subgroups based on their receptor status,
to compare ER (+) breast cancers with other subgroups (ER-PR+/− HER2+/−, ER-PR− HER2−,
and ER-PR-HER2+), to determine the risk factors affecting the prognosis of the disease, and to
compare the overall survival (OS) periods. Aside from the aforementioned risk factors, the
study also aimed to evaluate the effects of the ER and PR status on tumor characteristics, as
well as their impact on prognosis during long-term follow-up. Furthermore, the study
emphasized that multiple chemotherapy combined with hormonal treatment cannot ensure
the expected survival rates in the HR+ patients.
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2. Clinical features and differences of tumor subgroups

The clinical, histopathological, and genetic subtypes of patients with breast cancer are
important in the prognosis of the disease and in the choice of chemotherapy. Breast cancers
have a considerably heterogeneous structure, and they are divided into at least four subtypes.
Among these, luminal A cancers have the best prognosis, whereas TN and ER-PR-HER2+
subgroups possess the poorest prognosis. The prognosis of ER or PR (+) HER2 (+) luminal B
subtype falls somewhat in between these subgroups. ER+PR-HER2− tumors, in particular, are
associated with aggressive biology, hormonal treatment unresponsiveness resulting from PR
gene loss, and resistance to chemotherapy [8]. PR negativity is related to a high relapse rate
despite chemotherapy and endocrine treatment. However, in a meta-analysis performed by
Early Breast Cancer Trialists’ Collaborative Group (EGCTCG), hormonal treatment adminis-
tration in ER(+) tumors regardless of the PR status was shown to improve the disease-free
survival (DFS) [8].

ER positivity is a good predictive factor for the effectiveness of hormonal treatment, and 5-
year hormonal therapy decreases the mortality rate by 5.6% [7]. In a previous study, prognosis
in the first 3 years of ER(+) tumors was shown to be good, although survival in the longer term
was fairly poor. Gradually, endocrine therapy resistance is the main factor that blocks the
success of hormonal treatment [14].

Figure 1. Analysis of overall survival of breast cancer subtypes by log-rank test [15].

Chemotherapy in HR-negative patients is known to improve DFS and OS [7]. In one study
where HR+ patients with early-stage breast cancer received chemotherapy followed by
subsequent 5-year hormonal treatment, the best survival rates were observed in the ER+/PR
+HER2− and ER+/PR-HER2− subgroups (2-, 5-, and 10-year survival rates for these two groups
were 96%, 83%, 68% and 87%, 81%, 81%, respectively). The shortest survival was observed in
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the ER+PR− and HER2+ cases (2-, 5-, and 10-year survival: 66, 33, and 0%, respectively),
followed by TN (2-, 5-, and 10-year survival: 71, 64, and 64%, respectively) and HER2+ (2-, 5-,
and 10-year survival: 82, 71, and 0%, respectively) cases. ER+PR+HER2− cases exhibited the
longest survival (2-, 5-, and 10-year survival: 96, 83, and 68%, respectively). Meanwhile, single
HR+/HER2+ cases (2-, 5-, and 10-year survival: 90, 90, and 0%, respectively) and HER2− cases
(2-, 5-, and 10-year survival: 92, 92, and 46%, respectively) were found to have survival rates
in between those of other subgroups [15] (Figure 1 and Table 1). However, Bae et al. [4]
surprisingly demonstrated that PR(+) tumors have poor prognosis compared to PR(−) tumors.

ER+PR+ ER-PR+ ER+PR− ER+PR+ ER-PR+ ER+PR− ER-PR− ER-PR− p-Value
HER2− HER2− HER2− HER2+ HER2+ HER2+ HER2− HER2+
N = 1360
(47.7%)

N = 76
(2.7%)

N = 150
(5.3%)

N = 221
(7.8%)

N = 44
(1.5%)

N = 59
(2.1%)

N = 311
(10.9%)

N = 220
(7.7%)

Age

≤40 4.0% 0.3% 0.5% 1.1% 0.1% 0.2% 1.3% 0.8% 0.001

41-59 26.8% 1.7% 2.1% 4.8% 0.9% 1.0% 5.9% 3.7%

≥60 17% 0.7% 2.7% 1.9% 0.5% 0.8% 3.7% 3.2%

Menopause

Pre 23.9% 1.4% 1.4% 4.3% 0.7% 0.8% 5.4% 3.5% 0.001

Peri 2.9% 0.2% 0.3% 0.6% 0.1% 0.2% 0.7% 0.6%

Post 20.7% 1.0% 3.5% 2.8% 0.7% 1.1% 4.9% 3.7%

Stage

I 12% 0.4% 1.0% 1.2% 0.1% 0.3% 1.9% 0.9% 0.001

II 19.1% 1.1% 1.7% 2.8% 0.4% 0.7% 4.9% 2.1%

III 10% 0.6% 1.5% 2.4% 0.5% 0.8% 2.1% 2.7%

IV 7.1% 0.5% 1.2% 1.5% 0.5% 0.3% 2.2% 2.0%

Lymph node

N0 23.1% 1.2% 2.1% 3.1% 0.2% 0.8% 5.4% 2.2% 0.001

N1 14.4% 0.8% 1.9% 2.1% 0.6% 0.5% 3.3% 2.1%

N2 6.6% 0.6% 0.8% 1.3% 0.3% 0.4% 1.5% 1.5%

N3 4.4% 0.2% 0.6% 1.6% 0.4% 0.4% 1.2% 2.0%

Grade

I 8.8% 0.2% 0.6% 0.3% 0% 0.1% 0.2% 0.2% 0.001

II 27.5% 0.7% 2.9% 3.2% 0.4% 1.0% 2.4% 2.6%

III 17.3% 1.8% 2.1% 4.7% 1.2% 1.1% 8.8% 5.4%

Lymphovascular invasion (LVI)

Yes 30.4% 1.9% 3.4% 7.1% 1.3% 1.9% 7.1% 7.6% 0.001

No 17.7% 0.8% 2.4% 3.3% 0.9% 0.4% 4.2% 2.1%

Survival

2 y 96% 92% 87% 97% 90% 66% 71% 82% 0.001

5 y 83% 92% 81% 86% 90% 33% 64% 71%

10 y 68% 46% 81% 46% 0% 0% 64% 0%

Table 1. Subtype features and clinical course of breast cancer [15].
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In a previous study, it was determined that 1974 patients (69.3%), including those with lymph
node invasion or who underwent breast-protective surgery, were treated with radiotherapy
[15], while a total of 2797 patients received chemotherapy and/or hormonal therapy. Hormonal
therapy included tamoxifen and aromatase inhibitors or switch combinations. Patients
received chemotherapy regimens combined with endoxan, anthracycline, fluorouracil, taxane,
trastuzumab, platine, cyclophosphamide, and methotrexate [15]. In another study, it was
determined that, compared to the HR+ subtype, the HR− subtype is less commonly treatable
by surgery, and more often treated through radiotherapy [16]. Nowadays, the main treatment
for HR− tumors is surgery, radiotherapy, and chemotherapy [16]. The different treatment
options that are available, as well as racial reasons and tumor subgroups, help explain the
observed differences in survival rates [16].

2.1. Demographic and ethnic characteristics

Luminal A (ER-PR+)-type tumors are large volume and advanced stage tumors that are more
common among young women of nonhispanic, black, and hispanic races [9]. Luminal B (ER+/
PR+ or PR−) tumors, on the other hand, are high-incidence tumors that are observed among
young people of nonhispanic, Asian, and hispanic races [9]. When the ER+PR− and ER+PR+
subgroups are compared independently of the HER2 status, it can be seen that ER-PR+ tumors
are generally observed among women less than 50 years old, and that these tumors are
generally advanced stage upon diagnosis. However, these tumors also have a low incidence
among women of nonhispanic, white race. ER-PR+ subtype occurrence is higher among
nonhispanic black women. Compared with nonhispanic white women, ER-PR+ subtype
among nonhispanic black women also exhibits poorer prognosis [9]. Thus, the heterogeneity
in genes also affects prognosis.

The location of the tumor, as well as tumor stage, and the presence of axillary lymph node
involvement are all closely interrelated with breast cancer subtypes [17]. Luminal A tumors
show the highest axillaries lymph involvement [17]. Late identification of tumor hypothetically
explains the high mortality rate [17]. In one study, a relationship between the location and type
of tumor was identified, and luminal A tumors were found to frequently occur in the upper
outer quadrant of the breast [17]. Again, oral contraceptive use was found to be meaningfully
associated with breast cancer subtype. Oral contraceptive use was observed more frequently
in the luminal A group compared with the luminal B, basal, and HER2(+) groups [17]. While
ovarian hormones and reproductive pattern appear in many studies to play a significant role
in breast cancer growth, another study performed on 1326 Mexican women described that the
number of pregnancies, gestational age, and menopause status were not risk factors for breast
cancer [17].

Luminal A tumors are commonly observed among high-income, nonhispanic black race
women living in cities. Compared with the ER+PR+ subtype, the incidence of the ER-PR+ is
1.7 times higher among individuals under the age of 50 [9]. The clinic and demographic
characteristics of luminal A and B subtypes are different [9]. These differences are due to the
effects of estrogen and progesterone in tumor progression [9]. Estrogen suppresses progres-
sion, while progesterone causes tumors to progress aggressively. In ER(−) tumors, high
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progesterone levels cannot be balanced by the estrogen levels, and this leads to the progression
of the tumor [9].

A limited number of studies have researched the relationship between subtype of breast cancer
and the socioeconomic and health-care conditions of the patients [16]. The study determined
that good health care is closely associated with higher socioeconomic conditions, and that
living in larger cities it facilitates patients’ access to and compliance with treatment [16].

2.2. Prognosis, survival, and risk factors that affect them

In one study population, ER-PR+HER2 (+)/(−) patients showed poorer survival compared to
the ER+PR+HER2 (+)/(−) group [15]. Similarly, other studies showed PR-HER2+ tumors to have
high recurrence scores [18]. Recurrence risk (RR) in the ER-PR+ and ER+PR− tumors was
determined as 2.1 and 1.4%, respectively [19]. Single hormone receptor positivity results in a
poor prognosis and affects treatment response [20]. Additionally, lymph node invasion is seen
more frequently in luminal B tumors compared to luminal A tumors, and is associated with
poor prognosis [11]. A high Ki-67 index is characterized by lower patient age, larger tumor
volume, positive lymph nodes, ER/PR negativity, and HER2 positivity [11, 13, 20, 21].

In most studies, TN and HER2+ tumors showed the poorest survival rates [22, 23]. In a study
by You et al. [1], early-stage tumors without lymph node invasion and with improved
histological appearance resulted in better survivals in all molecular subtypes. High-stage
disease and HR negativity were associated with poor survival rates. As HR (−) subtypes
develop and advance more rapidly than HR (+) tumors, they are usually detected in advanced
stages [16]. Breast cancer mortality in HR (−) subtypes is two times more than HR (+) subtypes
(HR: 1.91; 95% confidence interval (CI): 1.88–1.94) [16]. TN cases have the lowest survival rates,
with 5- and 10-year survival being 63 and 44%, respectively [20].

In one study, both ER+PR-HER2+ and ER-PR-HER2+ subgroups received combined regimens
such as trastuzumab and anthracycline/or taxane, carboplatine chemotherapies. However, the
study found that ER+PR− leads to poorer prognosis with these treatment regimens. This result
may have been due to the following factors: choice of treatment not being specific enough for
the group, or not applied in sufficient or equal numbers, unresponsiveness to hormonal
maintenance treatment due to ER positivity, small number of patients, and response to
chemotherapy that varies according to the intrinsic profile of the tumor and HER2 positivity
[5, 12, 15, 24].

The longer survival rate of ER+PR+/HER2 (+)(−) tumors compared to HER2+ and TN− tumors
is due to their early-stage detection, absence of lymph node invasion, and the ability to
administer hormonal treatment for at least 5 years (aromatase inhibitor following 2- or 3-year
tamoxifen therapy) in addition to a combined chemotherapy regimen, no matter what the
intrinsic profile of the tumor is.

In some studies, HR+HER2− tumors were found to have shorter OS and DFS periods, while
their overall recurrence was more frequent than the single HR+HER2+ luminal B tumors [12].
Ki-67 indices of these tumors were high due to their high-grade property and lymph node
invasion. Although HER2 positivity is a criterion of poor prognosis, anti-HER2 treatments may
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decrease the negative effects of this factor. Thus, high Ki-67 index in ER+ tumors is an important
criterion which determines prognosis [12]. Additionally, 25–50% of ER+PR+ tumors are
resistant to hormonal treatment. Genetic and non-genetic interferences between the ER and
growth factors may lead to hormone resistance [14], but the exact mechanism that is implicated
has not yet been understood. Genetic testing is not commonly performed to determine tumor
subtypes or select treatment, and treatment alternatives are usually applied based on the
receptor and clinicopathological data. However, genetic variations and ethnic differences may
alter the prognosis of the disease [25]. Consequently, different response rates have been
observed in many of the studies. These findings suggest that oncogenes in different pathways
should be investigated to further improve treatment alternatives.

One study evaluated ER+, ER-PR+, TN, and HER2+ patients who were mostly premenopausal.
As such, 54.1% of the patients in the study were premenopausal, while 45.1% were postme-
nopausal. In other studies, triple-negative breast cancer (TNBC) or PR− subtypes were found
to be more frequent in postmenopausal women [2, 15, 26]. PR-negative breast cancers are
frequently observed during the postmenopausal period. Some studies have shown that, due
to the higher level of progesterone in premenopausal women, the incidence of ER-PR+
subtypes is considerably higher among individuals under the age of 50 [9]. The high levels of
progesterone increase the invasiveness of breast cancer cells, and hence the risk of metastasis
in premenopausal patients [9].

The initial metastatic site was bone in the HR+ (56.5%) patients, followed by liver, lung, and
multiple organ invasions. In TN (12.9%) and HER2+ patients (11.5%), the disease progressed
into multiple organ metastases. Recurrences were observed at the following rates in different
tumor subtypes: in 215 (44.9%) of the patients with luminal A tumors, in 56 (11.6%) of the
patients with luminal B tumors, in 61 (12.9%) of the patients with TN tumors, and in 54 (11.5%)
of the patients with HER2+ tumors [15]. When HR+/HER2(+)(−) patients were compared to ER-
PR-HER2− and ER-PR-HER2+ patients, the TN and HER2+ patients were found to be mostly
postmenopausal, N+, high-stage and high-grade (p = 0.001) (Table 2) [15]. Each increase of age
by a decade also raised the risk of recurrence (RR = 0.4, 95% CI, 0.3–0.6, p = 0.001) (Table 2).
High-stage, high-grade tumors with node positivity and LVI showed higher recurrence risk.
ER negativity led to a 1.5-fold increase in recurrence risk (RR = 1.5, 95% CI, 1.3–1.9, p = 0.001),
while PR negativity led to a 1.4 fold increase (RR = 1.4, 95% CI, 1.2–1.8, p = 0.001) (Table 2).
HER2 positivity (RR = 0.7, 95% CI, 0.6–0.9, p = 0.025) was also associated with a higher
recurrence risk.

However, the Carolina Breast Cancer Study Group did not identify any differences in meno-
pausal status between the molecular subtypes [2]. Devi et al. [26] reported high frequency of
TNBC among postmenopausal women, which may have been due to ethnic differences and
gene heterogeneity. Jenkins et al. [3] also reported increased luminal A and B tumors and
decreased basal-like tumors with increasing age. TN and the basal-like subtype are particularly
more common in the young population, whereas the HR+/HER2+ luminal B subtype is more
frequent in patients above 60 years of age [3].
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RR 95% CI p-Value
Age

41–59/<40 0.6 0.4–0.8 0.003

>60/<40 0.4 0.3–0.6 0.001

Stage (2,3,4)/1

3/1 2.1 0.3–15 0.027

2/1 0.4 0.2–0.9 0.040

Grade (III/II)/I

III/I 1.7 1.1–2.6 0.014

II/I 1.2 0.8–1.9 0.311

LVI (yes/no) 0.6 0.5–0.8 0.003

Node (3,2,1/0)

3/0 1.8 1.4 0.001

2/0 1.6 1.2–2.1 0.001

1/0 1.1 0.8–1.4 0.386

ER negative 1.5 1.3–1.9 0.001

PR negative 1.4 1.2–1.8 0.001

HER2 positive 0.7 0.6–0.9 0.025

Table 2. Univariate Cox-regression analysis of factors associated with recurrence in patients with subgroups [15].

Furthermore, PR negativity is not related with age and menopausal status; however, it is
associated with high grade and proliferation index [8]. Ki-67 index is described as being more
than 30% in ER+PR-HER2− tumors (p = 0.006) [8]. Epidermal growth factor (EGFR) expression
is higher in PR− tumors [4]. PR negativity in our patients resulted in different survival rates
depending on the HER2+/− status (2-, 5-, and 10-year survival being 66%, 33%, 0% and 87%,
81%, 81%, respectively) [15]. In addition, ER-PR+ tumors had poorer prognosis compared to
ER+PR+ tumors. ER-PR+ tumor incidence has been reported as 1.5–3.4% [4]. In addition, ER-
PR+ and ER+PR− tumor incidences were reported to be 4.2 and 7.4%, respectively. Altogether,
ER+PR+HER2− tumors were the most frequent in younger women below 40 years of age, and
in older women above 60 years of age (4.0 and 17.0%, respectively).

HR+ tumors have often lower grade compared to TN and HER2+ subgroups, showing a slow
progression in the long term [27]. Recurrence in these slowly enlarging tumors after a 10-year
follow-up appears to be associated with the 5–10-year hormonal treatments that continue after
chemotherapy. In ER+HER2− tumors, the mortality rate increases in the 10–15-year follow-ups
[27].

In one study, HER2 positivity was found to be 7.8% in ER+PR+ patients and 3.6% in patients
with single HR positivity. This ratio was found to vary from 10 to 20% in other studies [15, 21,
28]. In agreement with the findings of other studies, we observed similar survival rates in ER
+HER2+ and ER+HER2− groups, despite HER2 positivity [29]. When luminal A (mean survival:
5030 day) and luminal B (mean survival:4718 day) patients were compared, HER2+ (mean
survival:3149 day) patients were found to have lower survival rates (Figure 2 and Table 3).
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In one study, HER2 positivity was found to be 7.8% in ER+PR+ patients and 3.6% in patients
with single HR positivity. This ratio was found to vary from 10 to 20% in other studies [15, 21,
28]. In agreement with the findings of other studies, we observed similar survival rates in ER
+HER2+ and ER+HER2− groups, despite HER2 positivity [29]. When luminal A (mean survival:
5030 day) and luminal B (mean survival:4718 day) patients were compared, HER2+ (mean
survival:3149 day) patients were found to have lower survival rates (Figure 2 and Table 3).
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The California Breast Cancer Study Group also reported the highest mortality rates for ER-
HER2+ tumors in the 10-year or longer follow-up [29].

Figure 2. Analysis of overall survival of breast cancer subtypes by Kaplan-Meier. ER+ cases were determined to have
longer survival rates when compared to non-luminal HER2+, HR-HER2−, and luminal B tumors. HER2+, HR-HER2−,
and luminal B tumors [15].

Number of patients Number of case observed Percent of case observed Mean survival (day) P-value

ER+ 396 57 85.6 5030.747 0.010*

ER-PR+ 78 5 86.5 4718.160

HER2+ 37 9 87.0 3149.519

TN 69 16 79.5 4150.100

Total 580 87 85% 4940.640

* HER2+ patients were found to have lower survival rates than others p<0.05

Table 3. Survival analysis of tumor subgroups [15].

3. Conclusion

HR+ tumors are the most frequently observed breast cancer subtype. ER+PR− and ER-PR+
tumors have a particularly poorer prognosis compared to the ER+PR+ subtypes. In addition
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to the poor prognosis factor (i.e., due to HER2 positivity), being ER− or PR− may further reduce
the tumor’s treatment responsiveness and survival, while increasing the risk of recurrence. In
the clinical practice, the receptor status of the tumor should be determined to elucidate the
intrinsic gene profile of the tumor, as this will assist and provide guidance in choosing the
appropriate treatment.
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Abstract

The Epstein Barr Virus is among the very first oncogenic viruses to be identified as culprits 
of human malignancies. Its role as an etiologic agent of breast cancer however remains 
debated despite mounting molecular evidence. In this chapter we address the challenge 
of multiple molecular etiologies of breast cancer (BC) with emphasis on the Epstein Barr 
Virus (EBV) as a potential causative agent within a frame work of gene/environment inter-
action. We also hope to contribute to a critique of the a concept of universal single agent 
or gene in cancer etiology. In addition to reviewing further reasons of why EBV should 
be considered a tumor virus, coupling molecular targets at the initiation stage, we exam-
ine evidence for the culpability of EBV as oncogenic virus in relation to the genetic and 
epigenetic events that leads to carcinogenesis of cancer; and the subsequent downstream 
interaction including genetic and epigenetic modifiers of signaling and molecular function 
underlying the cancerous phenotype. The TNF family is taken as an example of how the 
epigenetic reprogramming process, impacts molecular targets and how these combined 
interplay of molecular events impinges on pathogenesis and malignancy of breast cancer 
in humans. 

Keywords: Epstein-Barr virus, breast cancer, genetics, epigenetics, microRNA, tumor 
necrosis factor

1. Introduction

1.1. Breast cancer etiology

Although the prevalence of breast cancer (BC) is relatively lower in sub-Saharan Africa com-
pared to that of the “western” countries, it is characterized by aggressive nature and target 
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more women at a younger age [1]. BC etiology is not yet entirely understood, but its incidence 
is thought to be partially explained by environmental factors including viruses such as EBV 
[2]. Recently, a growing pile of evidence has accumulated with regard to the association of 
cancers and viruses. Viruses are believed to cause from 15 to 25% of all malignancies and 
this percentage will increase by more than 50% in 2030 in developing countries [3, 4]. As 
transforming agents, viruses, seem ideal culprit in causing cell transformation. More recently, 
the virus was reported as a main culprit of breast cancer in Sudan [5]. A putative role for 
viruses was speculated based on the limited contribution of mutational events within tumor 
suppressors such as BRCA1, BRCA2, and p53 to breast cancer etiology [6]. Epigenetic silenc-
ing was also envisaged as an obvious candidate to entertain. The fact that methylation lies 
prominently at the interface of genes and the environment, and the known link between self-
ish DNA (viruses) and methylation makes it particularly important in understanding both 
short- and long-term evolutionary effects in oncology. Interestingly, in the same subset of BC 
tissues where fragments of the virus DNA were detected by in situ hybridization in nearly all 
samples, significant epigenetic silencing of tumor suppressers was observed in a limited but 
key set of genes such as BRCA1, BRCA2, and p14 [5].

1.2. Genetic and epigenetic modifiers in breast cancer

A transcriptome study for virus-host interaction identified few of the main partners of EBV 
in the host cell [7] as of oncogenic potential. This is essential for a framework we are propos-
ing in the current chapter. The framework (Figure 1) suggested by us and other authors [8, 
9] entails the involvement of both genetic and epigenetic modifiers to converge on a cancer 
phenotype. However, we propose, in addition, an earlier role for the EBV virus in initiating 
that sequel of events through interaction of viral proteins and nucleic acid with key cellular 
components in the target cell (stem cell). Prominent among these cellular partners are RNA-
binding proteins like ELAVL1/HuR, and editing genes like APOBEC/AID in the genomic side 
and DNMT, TET, and HDAC in the epigenetic side. One significant feature especially in the 
RNA-binding proteins is the plethora of potential targets and partners which could partly 
explain the wide spectrum of biological mechanisms involved and targeted by these events. 
Moreover, the virus molecular interaction could provide a plausible explanation to the fea-
tures of organization described in previous publications [10] and increasingly ascribed to 
DNA/RNA editing and RNA-binding proteins like ELAVL1/HuR in addition to miRNA regu-
lation. ELAVL1 has been reported to show marked centrality in a colorectal cancer family in 
which EBV infection is speculated to have a role [10]. The protein turned to display similar 
centrality among differentially methylated genes in breast cancer cases that had strong EBV 
positivity by in situ hybridization (Figure 2). This does not preclude a role for individual pro-
teins like C-Fos, an established EBV partner [7], which has also been identified as independent 
predictor of decreased survival in breast cancer.

We simply try to differentiate between major upstream effecter molecules and downstream 
by-products of interaction like c-Fos and several other molecules; and cancer as a system and 
polygenic complex phenomenon, versus the rarity of a cancers of Mendelian-like monogenic 
inheritance where one or few molecules are key in determining a tumor phenotype.
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Figure 1. The oncogenic potential of EBV is outlined in the figure, where the interaction of viral proteins and nucleic acid 
(LNP, LNP2, BZLF, etc.) with key cellular components (ELAVL1/Hur, miRNA29) in the target cell (stem cell) dictates 
the consequent pathogenesis and carcinogenesis processes impinged by downstream molecules (e.g., APOBEC3) and 
involving both genetic and epigenetic modifiers.

Figure 2. The centrality of ELAVL1/Hur is demonstrated through an interaction network of differentially methylated 
genes in breast cancer cases with strong EBV positivity using in situ hybridization from Sudan, using the program 
Cognosante.
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2. Breast cancer and EBV

2.1. EBV infection molecular interaction and latency

EBV has been used routinely in laboratories to create cell lines for decades [11]. Furthermore, 
it has been found in breast tissue and is frequently found in breast secretions including breast 
milk [12]. EBV can infect mammary epithelial cells and its DNA fragment (p31) is capable of 
inducing immortalization in these cells [13]. This cosmopolitan γ-herpes virus infects usually 
at younger age. Its main target are B lymphocytes but it has a potential to infect epithelial 
cells as well and thus is associated with various lymphoid and epithelial malignancies and is 
incriminated as a carcinogenic agent by the World Health Organization [14].

EBV is closely associated with endemic Burkitt’s lymphoma in sub-Saharan Africa [15] which 
earned the area the lymphoma belt due to such high frequency among children. The virus is 
associated with a horde of other malignancies in the tropics, such as nasopharyngeal carci-
noma (NPC), gastric cancer, and breast cancer, although most studies regarding the controver-
sial role of the virus as a cofactor in BC were done in countries outside of Africa. The variable 
prevalence of EBV in different regions is an indicator of the importance of the environmental 
and geographic cofactors in the development of such association and the diseases [16].

One key question to be entertained is why some oncogenic viruses like human papillomavirus 
(HPV) and EBV although common infections tend to develop cancer in some individuals whereas 
others remain asymptomatic? Should we speculate population-specific susceptibility factors that 
predispose to cancer in the human genome? Or whether some viral strains have more oncogenic 
potential as the case of HPV16, and 18 and EBV Type I, II and Type III? are there specific role 
and molecular basis of epigenetic silencing in inactivation of tumor suppressors, both of which 
environmental geographical cofactors play an important role in determining the strength of the 
association of malignancy with EBV [17] and hence variation in susceptibility may be influenced 
by factors such as geographical and immunological differences and ethnicity [18, 19].

The natural host of the virus is B-lymphocyte to which the virus gains entry through a type 
two complement receptor (CR2/CD21) [20]. Although breast cancer cells normally do not 
express the receptor CD21 [21], the range of viral tropism could be widened through the 
targeting of stem cells which are capable of expressing a wider range of receptor repertoires. 
EBV can infect primary mammary epithelial cells (MECs) that express CD21 and EBV infec-
tion leads to the expansion of early MEC progenitor cells with a stem cell phenotype, activates 
mesenchymal epithelial transition (MET) signaling and enforces a differentiation block. Hu et 
al. report that EBV can infect primary human mammary epithelial cells (MECs) but not tumor 
cells leading to phenotypic changes consistent with transformation [22]. Latent membrane 
protein-2A (LMP2A) may induce a stem cell state, evidenced by an enhanced self-renewal 
and transformational capacity, and also increases the number of tumor initiating cells in vivo, 
thus potentially rendering a B-lymphocyte into a cancer stem cell. This viral protein plays a 
key role not only in EBV latency and persistence but also in the progression of EBV-associated 
cancers such as NPC in which it was expressed in about half of the samples [23, 24]. It affects 
hedgehog signaling and induces stem cell behavior in epithelial cells [25].
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When MECs were implanted as xenografts, EBV infection cooperated with activated Ras and 
accelerated the formation of breast cancer [22]. A human gene expression signature for MECs 
infected with EBV, termed EBVness, was associated with high grade, estrogen-receptor-neg-
ative status, p53 mutation, and poor survival. In 11/33 EBVness-positive tumors, EBV-DNA 
was detected by fluorescent in situ hybridization for the viral LMP1 and BXLF2 genes [22].
The observations that CD21 was absent on all of the tumor cell lines, none of which became 
infected, and that analysis of the TCGA breast cancer RNAseq data revealed no active tran-
scription of EBV [26, 27] suggest that the EBV DNA detected in a subset of human breast 
cancers, is an inactive remnant of a previously active EBV infection that might have occurred 
in mammary epithelial cells years or even decades prior to cancer formation and which is 
no longer required once malignant transformation has occurred [22]. However, the strong 
EBV signals detected by the in situ hybridization in tumor tissues in the study by Yahia et 
al. [5] while being absent from the safety margin requires some explanation. The presence of 
EBV-DNA and an APOBEC mutational signature correlated with adverse clinicopathological 
features, however, the presence of the virus is not always a requirement for tumor growth, 
consistent with a “hit and-run” mechanism which would also explain why mining of the 
TCGA RNAseq data did not show active transcription of EBV [26, 27].

Following EBV infection, the host cell is affected through different mechanisms pertaining to 
the viral lytic and lysogenic survival strategies. The infection that usually occurs during child-
hood triggers the immune machinery which attempts to clear the virus, and this may probably 
be to its own advantage to control the development of another intruder, the tumor. The major-
ity of the asymptomatic carriers harbor up to 50 EBV genomes per million B cells [28]. A virus 
may trick the host cellular machinery and enter into latency phase. Histone acetylation plays 
an important role in the switch between the lytic and lysogeny phases by regulating BZLF 
promoter known as Z. It has been suggested that the balance between recruitment of histone 
acetyltransferases versus histone deacetylases by transacting factors promotes and decides 
the switch between latency and lytic reactivation [29]. Viral latency may eventuate in carci-
nogenesis provided the presence of conducive host (susceptibility factors) and viral (onco-
genic latency proteins) exists. During latency the virus successfully evade the host’s immune 
system and persists within the B cells by decreasing its contents to few latent genes [30], six 
nuclear antigens, three latent membrane proteins and two abundant untranslated RNAs and 
can persist without being recognized by the immune system and with little interference with 
the health of the host. Functionally, the oncogenic potential of the virus is associated with its 
latency molecules such as latent membrane protein-1 (LMP1) [31], but some studies however, 
reported that this form of the virus (latency) to be associated with good prognosis, while  on 
the other hand its lytic form to be a sign of worse outcome [32]. These, and the authors con-
clude that this might possibly occur through non-specific anti-tumoral immune response and 
they consider the virus as a ‘double faceted’ infectious agent at a time acting as a co-factor for 
the anti-tumoral immune response. However, this is contradicted by the fact that in patients 
with good prognosis high frequency of interferon (IFN)-γ and tumor necrosis factor (TNF)-α 
producing cells were observed, which indicates the existence of a Th1-type polarized immune 
response in the tumor [32]. Inflammation may also contribute to cancerous and precancer-
ous conditions, mainly through signaling of the highly central and pivotal protein NFkB. 
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The mechanism which disturbs this perfect host-virus equilibrium which is indicated by the 
majority asymptomatic carriers is not known yet. It could be inherent in the host or in the 
virus or in both? EBV usually infects immunosuppressed/immunocompromised individu-
als [33]. Most of the post-transplant lymphoproliferative disorders (PTLD) which are more 
common in immunosuppressed transplant patients are EBV-associated [34]. The association 
with PTLD has been observed particularly following allogenic stem cell transplantation (SCT) 
[35], which brings the element of the stem cell factor in EBV-associated cancer [36] and may 
account for receptor promiscuity.

2.2. EBV and APOBEC3 as a genomic modifier

Of the several molecules that confer the spectacularly wide genotypic and phenotypic changes, 
characteristic of the cancer cell is the APOBEC/AID family of enzymes. Editing by apolipopro-
tein B editing catalytic subunits proteins 3 (APOBEC3s) is a strong and well-conserved system 
of the innate immunity that mutates and inactivates viral genomes [37, 38]. These proteins are 
involved in the system of innate defense against exogenous viruses and endogenous retroele-
ments. EBV genomes in EBV-transformed oligoclonal B-cell lines can be edited by at least 
one APOBEC3 enzyme [39]. It is possible that APOBEC3 increases the chance of viral DNA 
integration in the host by inducing mutations and genome instability after viral infection [40].

In an analysis of the TCGA breast cancer data mentioned earlier, EBVness correlated with the 
presence of the APOBEC mutational signature. Recently, APOBEC3 proteins linked the viral 
infections to cancer development [41], and now recognized as key players in cancer-associated 
somatic mutation processes that seem to influence cancer development and progression [42, 43]. 
In breast cancer, APOBEC3B mRNA was found to be overexpressed in the normal breast epithe-
lial cells transfected with HPV [44], indicating a possible role of APOBEC-mediated mutagen-
esis in HPV-driven tumor development [45]. APOBEC3G was found to be highly expressed in 
colorectal tumors and hepatic metastasis, and it has been proposed to promote colorectal cancer 
hepatic metastasis through miR29 downregulation and consequent derepression of MMP2, a 
known metastasis activator [46]. Also, it has been involved in microRNA regulation [47].

Both molecules, APOBEC3 [10] and miRNA [Yousif submitted], have been implicated in 
Sudanese multicase colorectal family, with the striking finding of identify by state of tumor 
tissues between distant relatives, in contrast to a limited similarity between relatives (identity 
by decent).

2.3. EBV as a potential epigenome modifier

The relationship between EBV and the epigenetic machinery particularly methylation of CpG 
moieties is too obvious to oversee. It is embedded in the distant evolutionary relationship of 
viruses and DNA modification systems of selfish DNA. Several tumors are associated with 
arthrobacter luteus (Alu) elements in which tumor suppressor genes are more enriched [48] and 
other markers of selfish DNA including the recently recognized N6-methyladenosine (m6A), the 
most common internal messenger RNA modification found in eukaryotes and also in RNA of 
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nuclear-replicating viruses [49]. This modification is catalyzed by an evolutionarily conserved, 
nuclear, multicomponent enzyme. One of whose subunits, methyltransferase-like 3(METTL3), 
has been identified and a METTL3 knockout model resulted in an apoptosis phenotype [50]. 
The infected and EBV transformed cancer cell employs a bundle of these tools including the 
above, HDAC, methylating enzymes like DNMTA/B to its advantage and survival. Methylome 
analysis may provide further clues to the contribution of epigenetics to the tumorigenesis pro-
cess in dictating the function of key cancer genes and genomes.

DNA hypermethylation in cancer genomes usually occurs in the promoter regions of tumor 
suppressor genes, which can result in silencing of tumor suppressor [51]. In contrast, DNA 
hypomethylation often targets DNA repeats, which may induce genomic instability and muta-
tion events in cancer genomes [52]. There is evidence that promoter hypomethylation of some 
genes may be associated with the tumor progression and metastasis of some cancers [53] as 
well as the initiation of inflammation and immunomodulation [54].The role of DNMT3B in 
the altered methylation and inactivation of genes in human tumor cells as well as its role in 
the maintenance of the transformed phenotype is well established. It has significant site selec-
tivity that is distinct from DNMTA1, regulates aberrant gene silencing, and is essential for 
cancer cell survival [55]. DNMT3A and DNMT3B repress transcription independent of their 
methylating activities, and this repression is partially dependent upon histone deacetylase 
activity (HDAC) [56]. DNMT3B-mediated gene suppression may involve both methylation-
dependent and methylation-independent HDAC-dependent mechanisms. Histone acetyla-
tion, a component of an epigenetic mechanism has a role in the initiation and progression of 
human cancer as a result of post transcriptional modification [57]. Aberration in HDACs leads 
to transcriptional repression in genes involved in proliferation, differentiation, invasion, and 
metastasis [58]. HDAC9 an important factor in mammary carcinogenesis [59] overexpression 
was associated with higher rates of gene transcription and increased epigenetic marks on the 
HDAC9 promoter. Methylome of BC is a foundation for metastatic risk “CpG island meth-
ylator phenotype (CIMP)” in breast cancer is not yet clearly defined as is in colon cancer, in 
which it is defined by promoter hypermethylation of at least three of five specific methylation 
markers [60]. In one study, lobular breast carcinoma was revealed with the highest number 
of differentially methylated CpG sites indicating its epigenetic unstableness [61]. EBV pro-
tein, LMP2A, can cause activation of (DNMT1), which in turn hypermethylate a tumor sup-
pressor gene, PTEN in EBV-associated gastric cancer [62]. DNMT1 over expression mediated 
by EBV LMP1 and LMP2 and Oncogenic EBV gene, LMP1, can upregulate all of the DNA 
methyltransferases (DNMTs) [63]. DNMT3b overexpression contributes to a hypermethylator 
phenotype in human breast cancer cell lines [64], and LMP2a functions in the initiation and 
progression of cancer by inducing the cancer stem-like cells [24] as aforementioned.

Differential methylation analysis of whole methylome data of breast cancer cases from Sudan 
provided a possible link between these entities. The results reveal epigenetic dysregulation of 
major developmental pathways including hippo signaling pathway [Alsiddig, 2015, data online, 
pending submission], thus providing not only a clue to the stem cell dimension of the disease 
but also insights to subsequent pathognomonic features of cancer process. It also demonstrated 
the presence of significant enrichment of EBV-associated pathways with a significant score.
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3. TNFα gene methylation

An insightful example of the contribution of the methylation phenotype to breast cancer 
through modulation of key cancer-related genes is the TNFα. Genetic as well as epigenetic 
aberrations at the promoter of TNF-α has been reported; its promoter can be methylated with 
functional modification, and eight DNA variants or “SNPs” have been described within the 
TNF promoter as reviewed by Bayley et al. [65].

Methylated TNFα promoter and TNFα exon1 were associated with significant suppression 
of TNF in colorectal tumors [66], although, this has to be reconciled with a contrasting report 
of TNF-α shown to be highly expressed in breast carcinomas [67]. TNF-α is a multifunctional 
cytokine that plays important roles in diverse cellular events such as cell survival, proliferation, 
differentiation, and death. However, when chronically produced and inflammation persists in 
the tumor microenvironment it may have a critical role in the promotion and progression of 
cancers by DNA damage, enhancing proangiogenic functions, increasing the expression of 
matrix metalloproteinases (MMP) and endothelial adhesion molecules and inducing growth-
promoting hormones and chemokines that promote tumor development [68]. TNF-α can 
promote EMT of MCF-7 cells and activates cell migration [69]. This transition generates stem-
cellness [70]. Activation of regulatory T cells (Tregs) can cause immunosuppression and has 
resulted from prolonged exposure to TNF-α [71], which could have a cancer-promoting effect. 
TNF is hence believed to be a double-edged sword that could be either pro- or antitumorigenic, 
this double standard phenomenon is also seen in severe infectious diseases such as malaria 
in which fatal cerebral malaria is associated with high circulating levels of this cytokine [72]. 
Environmental factors such as malaria exerts selective pressure on the TNF loci and is reflected 
on common polymorphisms in the human genome like the TNF (–308G/A) in the TNF pro-
moter (–308G/A). This SNP which was found to be associated with protection from malaria [72] 
was found to be associated with susceptibilities to various types of cancer [73]. This influence 
on the susceptibility to cancer may be associated with altered TNF production or a neighboring 
gene in tight-linkage disequilibrium. These reports indirectly suggest that TNF has a tumor-
promoting role and that TNF promoter SNPs could be a predictor for cancer risk.

The CD40 ligand (CD40L), a glycoprotein involved in B cell proliferation, antigen presenting 
cell activation, and member of the TNF receptor ligand family, was reported to confer pro-
tection from severe malaria has also significant functional homology with EBV LMP1. In the 
malaria endemic area of eastern Sudan, elevated levels of CD40L expression were observed in 
comparison to naive healthy controls from nonmalaria areas.

In an analysis of the methylome of subset of human triple-negative breast cancer the analy-
sis identified significant enrichment in methylation phenotypes of the tumor necrosis factor 
(TNF) and TNF receptor family (Table 1). The attempts to dissect the functionality of the TNF 
promoter have all concentrated on the genetic aspects of TNF gene regulation, but now with 
the increasing interest in the epigenetic control of gene regulation and possible significance 
for disease, it is surprising that little attention has been paid to the possibility that aberrant 
methylation could play a role in TNF dysregulation.

TNF-α stimulates many signaling pathways by binding to two receptors, TNFR1 (p55) and 
TNFR2 (p75) [68, 74]. TNFR-1 is ubiquitously expressed, whereas TNFR-2 is mainly expressed 
in immune cells [75].
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4. Gene chromosome location and breast cancer

Another key class of molecules identified through this approach is the hypomethylated olfac-
tory receptor genes in Sudanese breast cancer samples. Significant enrichment of differentially 
hypomethylated olfactory receptor family members were mapped to chromosomes 1 specifi-
cally to chr1q44 (P-value, 6.867e-20) a cytoband known to be one of the viral integration sites 
[76]. Moreover, this location is also associated with autoimmune diseases [77] and chronic 
inflammatory responses induced by physical stimuli from the environment [78]. It seems that 
the virus selects this environmentally prone site.

Gene symbol Site of hypermethylation Site of hypomethylation

TNF TSS 1500, promoter –

TNFRSF1A Body –

TNFAIP3 Body –

TNFRSF1B Body –

TNFSF11 5’ UTR, promoter, exon 5’ UTR, promoter

TNFRSF10D Exon, body, promoter Body

TNFAIP8L1 TSS1500, promoter –

TNFRSF19 5’ UTR, exon, body, promoter, –

CIQTNF4 5’ UTR, body, promoter Exon

C1QTNF5 5’ UTR, body, 3’ UTR, promoter –

TNFRSF13C TSS1500, promoter –

C1QTNF9 TSS1500, promoter –

TNFRSF13B TSS1500, promoter –

TNFRSF11A TSS1500, promoter Body

TNFRSF8 Promoter –

C1QTNF7 Exon –

TNFAIP8L3 Body –

C1QTNF1 Body –

TNFSF12-TNFSF13 Body –

TNFSF8 – Body

TNF18 – Body

C1QTNF6 – Body

C1QTNF8 – 3’ UTR

Table 1. Differentially methylated TNF and TNF receptor family genes at various CpG sites from Sudanese breast cancer 
samples, indicating the significant enrichment in methylation phenotypes in this important family of genes and being a 
target of epigenetic modification in a directed tumorigenesis process.

Breast Cancer as an Epstein-Barr Virus (EBV)-Associated Malignancy
http://dx.doi.org/10.5772/66988

51



According to various studies, chromosome 1 aberration is associated with different cancers, 
such as neuroblastoma [79], cervical [80], and colorectal [81]. In breast cancer, gains at 1q are 
found in over 50% of breast tumors [82]. It is reported that the long arm of chromosome1 to be 
usually associated with karyotypic changes seen in breast cancer and is believed that the devel-
opment of breast cancer might be caused by inactivation of a gene (s) located on 1q23-32 [83].

5. miRNA as epigenetic actor in breast cancer

microRNA(miRNA) is naturally involved in the biological process across the carcinogenesis 
from initiation to metastasis and this occurs through the spectrum of genetic and epigenetic 
mechanisms of the cell. Several miRNA have been reported to be involved in the myriad 
of the biological processes, for example miR-22 (chromosome 17) can regulate breast cancer 
stemness and metastasis through a TET-dependent chromatin remodeling [84], and miR-373, 
miR-520 were found to promote migration and invasion of BC cells.

A differential analysis of the methylome dataset of a Sudanese breast cancer cases and controls 
identified hypomethylated sites for six different miRNAs, including miR-153-2, miR-2276, 
miR-30B, miR-1204, miR-141, and miR-300 [Alsiddig, 2015 data on line, pending submis-
sion]. Only miR-153-2, miR-2276, and miR30B had been previously associated with breast 
cancer [85–87]. miR153-2 was of particular interest, since numerous studies linked miR153 to 
a myriad of epithelial cancers. One study demonstrated that miR-153 upregulation promotes 
prostate cancer proliferation through downregulation of PTEN tumor suppressor gene [88].A 
test dataset The Cancer Genome Atlas (TCGA), contained methylation data for 90 samples 
of healthy individuals and 638 samples of primary tumor. The authors found miR153-2 pro-
moter to be significantly hypomethylated at the exact same CpG sites. Interestingly, another 
epigenetic regulators, TET2, and TET3 are among the listed targets of miR153-2 as predicted 
by TargetScan algorithm.

RNA-binding protein sometimes have the same target sequence as miRNA and a notable 
example is miRNA 29 which competes with ELAVL1 on the same regulatory sites.miRNA29b 
Stops protein production from other genes that play vital role in metastasis and its isoform are 
shown to regulate various aspects of the carcinogenesis process in different tumors. However, 
its target site homology with a key RNA-binding protein like ELAV1/Hur suggest that this 
micro RNA may play a critical role in the early phase of viral pathogenesis and in coupling of 
downstream key players like TNFα as shown in Figure 1.

6. Conclusion

In this chapter, we review some examples pertinent to questions as of why EBV should be 
considered a tumor virus, examine molecular evidence for the culpability of EBV as onco-
genic virus in relation to the established cases of EBV cancer oncogenesis; the cancer target 
cell and stem cell, which bring the element of development as an epigenetic reprogramming 
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process, linking the breast cancer methylome differential methylation to developmental and 
EBV, dwelling on EBV molecular targets, and how the combined interplay of molecular events 
in human impinges on pathogenesis and malignancy of breast cancer.
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Abstract

Breast cancer can be defined as a group of diseases with heterogeneous origins, molecu-
lar profiles and behaviors characterized by uncontrolled proliferation of cells within the 
mammary tissue. Around one in eight women in the US will develop breast cancer in 
their lifetime, making it the second most frequently diagnosed cancer behind skin cancer 
[1]. In 2015, an estimated 231,840 cases of invasive carcinoma were diagnosed, and over 
40,000 deaths were caused by breast cancer which accounts for almost 7% of all cancer 
mortality each year [1, 2]. In 2015, 60,290 cases of in situ breast cancer were diagnosed, rep-
resenting over 14% of all new cancer cases among women and men [1]. The steep increase 
in diagnosis of early‐stage breast cancer over the past 10 years is believed to be a result of 
more frequent mammography. However, since over half of these in situ lesions will not 
progress to invasive breast cancer, controversies have arisen about approaches to treat-
ment and prevention of progression of early‐stage in situ breast cancer. Understanding 
the mechanisms of transition of normal breast to in situ pre‐neoplastic lesions and inva-
sive breast cancer is currently a major focus of breast cancer research with implications 
for preventive and clinical management of breast cancer. In this review, we give an over-
view of current knowledge on the molecular and pathological changes that occur during 
early‐stage progression of breast cancer and describe some of the current models that are 
used to study this process.

Keywords: ductal carcinoma in situ, molecular and cellular drivers of invasive 
progression, early‐stage breast cancer models

1. Pathophysiology of breast cancer

1.1. Anatomy and histology of the normal mammary gland

Within each mammary gland, there are 15–20 lobes containing 20–40 smaller compart-
ments called lobules. Each lobule is composed of 10–100 grapelike clusters of milk‐secreting 
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glands termed acini, which are connected to lactiferous ducts [3]. The epithelium through-
out the acini and ducts consists of two layers: an inner layer of polarized and cuboidal 
luminal cells that encapsulate a central lumen, and a basal outer layer of myoepithelial cells 
with contractile properties conferring these cells an active role in the milk excretion dur-
ing lactation [3, 4]. Myoepithelial cells also ensure the maintenance of the adjacent luminal 
epithelial cell polarity and the synthesis of a laminin‐rich basement membrane (BM) that 
forms a structural barrier separating the glandular epithelium from the stroma [5]. In the 
normal mammary gland, luminal epithelial cells are characterized by the expression of the 
luminal cytokeratins CK7, CK8 and CK18, sialomucin, epithelial‐specific antigen, occludin 
and integrin β4 [5, 6]. On the other hand, myoepithelial cells express the basal cytokera-
tins CK5, CK14 and CK17 along with CD10/CALLA, alpha‐smooth actin and P63 [6, 7]. 
The stroma surrounding the mammary gland consists of an insoluble extracellular matrix 
(laminin, fibronectin, collagen, proteoglycans), mesenchymal cells (fibroblasts, adipocytes, 
endothelial cells and resident immune cells), and various growth factors and cytokines [8]. 
Aberrant interactions between mammary epithelial cells and the stroma may lead to struc-
tural and functional alterations of the mammary gland biology and ultimately promote 
breast malignancy [8].

1.2. Hyperplasia/atypical hyperplasia and “in situ” carcinoma histopathology

Many suspicious mammograms or palpable findings turn out to be benign lesions follow-
ing breast biopsy [9]. However, based on the histopathological report and family history, 
about 3–10% of these benign lesions are considered to be at high risk of later breast cancer 
and are referred to as atypical hyperplasia [10, 11]. Atypical hyperplasia is a premalignant 
lesion diagnosed based on the architectural pattern, cytology and the disease extent and 
is traditionally classified into two subtypes: atypical ductal hyperplasia (ADH) and atypi-
cal lobular hyperplasia (ALH) [12]. The absolute risk of developing breast cancer has been 
estimated at about 30% for women diagnosed with atypical hyperplasia after 25 years of 
follow‐up [13].

“In Situ” carcinoma, also known as stage 0 breast cancer, is defined by the clonal proliferation 
of neoplastic epithelial cells within the ducts (e.g., ductal carcinoma in situ) or the lobules 
(e.g., lobular carcinoma In Situ) of the mammary gland. “In Situ” means that cancer epithelial 
cells remain confined inside the mammary ducts or lobules with no evidence of cancer cell 
invasion into the surrounding stroma [1]. Ductal carcinoma in situ (DCIS) incidence has risen, 
and it accounts for 15–20% of the breast cancer currently diagnosed as a result of increased 
screening mammography in the past 30 years [14, 15].

Even if DCIS is not immediately life‐threatening, 14–53% of untreated DCIS lesions will prog-
ress to invasive ductal carcinoma (IDC) with considerable inconsistency in the timing and 
nature of this transition [16–20]. The most widely accepted model of breast carcinogenesis is 
the model of “linear” progression that hypothesizes that DCIS is an obligate precursor of IDC 
evolving through sequential stages, dependent upon early genetic and/or epigenetic changes 
[21–26].
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1.3. DCIS: treatment perspectives

Generally, surgery alone will reduce the risk of mortality following DCIS to less than 5% for 
lumpectomy and 1% for mastectomy [27]. Surgery followed by radiation and/or hormonal 
therapy may not alter overall survival dramatically but tends to reduce recurrence, and in the 
case of hormonal therapy, contralateral breast cancers [28–30]. Decisions regarding therapy 
are made on a case‐by‐case basis in function of the clinical presentation and patient choice. 
Though controversy remains surrounding treatment strategies, generally an argument with 
concerns of overtreatment voiced against fears of under‐treatment; it seems unlikely that cur-
rent paradigms will change without further research and understanding into the natural his-
tory of DCIS progression and identification of clinically actionable markers of risk.

1.4. Profiling of DCIS

Using molecular profiling, Perou et al. first described the subtypes of human breast cancer 
generating four intrinsic subtypes: luminal A, luminal B (that are frequently ER (estrogen 
receptor) and PR (progesterone receptor) positive); HER2+ (human epidermal growth fac-
tor receptor); and basal‐like (frequently HER2‐,ER‐, PR‐ also known as triple negative) [31]. 
These subtypes are utilized currently to subcategorize breast cancer and have demonstrated 
clinical applicability as individual subtypes display differences in biology and behavior that 
inform prognosis and course of treatment [31–33].

In 2008, Tamimi et al. performed tissue microarrays for demonstrably reliable [34–37] surro-
gates for the intrinsic subtypes identified by Perou et al. in 2000 in order to evaluate the preva-
lence of these phenotypes among DCIS cases. A large cohort of both DCIS and IDC samples 
were analyzed by immunohistochemistry for ER, PR, HER2, cytokeratin 5/6 and epidermal 
growth factor receptor (EGFR) and were classified based on expression of these markers. It 
was discovered that though all of the subtypes are represented in DCIS, the relative frequency 
differs significantly between DCIS and IDC. HER2 and luminal B subtypes were significantly 
enriched in the DCIS samples (13.2 and 13.6%, respectively) relative to invasive lesions (5.2 
and 5.7%, respectively). In contrast, it was observed that the luminal A subtype was signifi-
cantly more frequent in invasive carcinoma (73.4%) than in DCIS (62.5%). The triple negative/
basal‐like category was somewhat more prevalent in invasive carcinoma (10.9%) than in DCIS 
(7.7%). These discrepancies have been recapitulated by several other studies utilizing genetic 
means that corroborate this and other histological studies [38–42].

2. Drivers of malignant progression of early‐stage breast cancer

Two types of mechanisms drive the invasive progression of DCIS: genetic and/or epigen-
etic modifications occurring in tumor epithelial cells, or nongenetic aberrations as a result of 
the bidirectional interactions between cancer epithelial cells and their microenvironment. No 
molecular markers have been convincingly validated to predict which subsets of DCIS are 
expected to progress to IDC. Nevertheless, a plethora of studies have demonstrated that the 
most significant changes in gene expression profiles are observed during the transition from 
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normal tissue to DCIS [43] and revealed that the genetic patterns observed in IDC are already 
present in DCIS, suggesting a probable common origin [24, 44].

2.1. Genomic changes during progression

In addition to HER2, ER and PR status, similarities between DCIS and IDC begin broadly 
with chromosomal aberrations that are present in both invasive and in situ stages of disease 
[45–48]. Several studies have demonstrated that the majority of DCIS cases harbor large copy 
number alterations that appear to have origins in the transition from normal mammary epi-
thelium to ADH, indicative of a role in early tumorigenesis [40, 48, 49]. The general profile and 
distribution of DCIS copy number variation have proven to very nearly match that which was 
previously established for invasive breast cancer with 63% of the peak regions overlapping 
and 21% within 10 Mb of peak regions established in IDC [46, 48, 50, 51]. Many of the most 
frequently observed and well‐characterized alterations in invasive cancer, including gains on 
1q, 5p, 8q, 12q, 16p, 20q and Xq along with losses on 8p, 9p, 11q, 13q, 14q, 16q, 17p and Xp, 
were similar among ADH, DCIS and IDC [45, 52]. It has been demonstrated that, on average, 
83% (range 59–100%) of matched DCIS and IDC genome sample displays the exact same 
copy number status [48, 53]. A large body of work has failed to find significant, nonrandom 
discrepancies in the quantity or quality of DCIS copy number aberrations relative to invasive 
carcinoma [24, 25, 44, 52, 54–60]. These data support the notion of clonal disease origins and 
add evidence to the case that DCIS is a precursor lesion to invasive stages. Some studies 
have shown these genetic alterations to increase in frequency during progression from ADH 
through DCIS to IDC [24, 45, 49]. This suggests that at least some of the genomic alterations 
may be required for progression though they could be indicative of global genomic instabil-
ity resulting in the accumulation of chromosomal gains and losses over time. Some studies 
utilizing matched synchronous ipsilateral DCIS and IDC have identified potential copy num-
ber variations that may be related to progression including amplification of genes mediating 
proliferative, invasive and migratory function such as the growth factor receptor, fibroblast 
growth factor receptor 1 [61], V‐myc avian myelocytomatosis viral oncogene homolog (MYC) 
[62] and cyclin D1 [63] in invasive disease relative to in situ lesions. Despite these findings, it 
appears that these changes alone are not necessary or sufficient to drive the acquisition of an 
invasive phenotype and tend to be inconsistent across individual studies [45–47].

2.2. Transcriptomic and proteomic changes during progressions

In a 2015 study by Abba et al., the full exome, transcriptome and methylome of 30 pure 
high‐grade DCIS cases were examined. 100% of DCIS cases displayed numerous somatic 
mutations, 62% harboring mutations in known and potential cancer driver genes; though 
moderately lower than invasive disease, overall the mutational profile of DCIS is remarkably 
similar to later stages [40]. Not all DCIS cases with chromosomal copy number variation also 
exhibit mutations in driver genes, which could suggest that chromosomal alteration proceeds 
some mutation and is a very early event in the natural history of breast cancer [25, 40]. In fact, 
only 10% of cases in this study displayed unaltered chromosomal copy number and cancer 
driver genes. They report evidence of P53 pathway inactivation in every lesion analyzed; 
regardless of its mutation status or intrinsic subtype, a provocative finding as P53  inactivation 
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is not commonplace in all varieties of invasive disease [64, 65]. Other studies have found P53 
mutation in anywhere from 15 to 22% of cases [66–69]. A higher frequency was observed in 
high‐grade lesions, a trend that is reflected in invasive breast cancer [66, 67]. Overall, this 
study concluded that on a whole, the molecular profiles they identified in DCIS were indistin-
guishable from invasive cancer suggesting that the known major genomic anomalies present 
in later stages of disease are present in their in situ origins. The results of this study corrobo-
rate earlier studies comparing the molecular profiles of ADH, DCIS and IDC, all of which 
find that the stages of breast cancer progression are extremely similar to one another, provid-
ing evidence in support of the now widely held notion that the gene and protein expression 
changes present in IDC proceed the transition from in situ [39, 40, 43, 70–75].

A recent study by Lesurf et al. compared DCIS and IDC after stratifying by intrinsic sub-
type and was able to identify differential and highly specific gene sets that distinguish IDC 
from DCIS [38]. The gene sets are remarkably distinct with no single gene present in every 
subtype's “invasion signature.” It is thus possible that previous studies lack of stratification 
by subtype could have generated systematic errors in attempts to identify genetic predic-
tors of progression. Strengthening this case, when genetic analysis is performed without 
intrinsic subtype stratification, it generates relatively inconclusive differentially expressed 
gene lists with significant overlap relative to previous lists generated without stratification 
[39, 43, 70, 74, 76, 77]. These previously generated gene lists have not be overwhelmingly 
useful as predictive tools for progression of DCIS, making Lesurf's findings of invasive sig-
natures valuable. Further work needs to be done to validate these signatures before anyone 
can comfortably rely on them for consideration in therapy.

DCIS has also been analyzed at the proteomic level, and compared to normal ductal and lobu-
lar units, this has revealed that alterations in protein expression occur during carcinogenesis 
[72]. Proteins that have been identified to be significantly differentially expressed between 
normal structures and in situ carcinoma have functions ranging from control of cytoskel-
etal architecture, intracellular trafficking, apoptosis, chaperone functions to regulation of 
genomic stability [72]. Differential expression of actin‐binding proteins was considered to 
be an unusual finding as remodeling of the actin cytoskeleton tends to be related to lamellar 
protrusions utilized in invasion and motility, and DCIS is defined as a pre‐invasive lesion 
[72]. It seems that, in a manner similar to the genomic and transcriptomic variation observed 
in breast cancer progression, proteomic alterations are an early event in the natural history of 
tumor progression and do not display extensive changes in the transition from in situ.

2.3. Epigenomic changes during progression

Based on the overall lack of differences observed at both the global genomic and transcrip-
tomic levels, some have postulated that epigenetic alterations, inheritable changes that do not 
modify DNA sequences, may be involved in the transition from in situ to IDC. DNA methyla-
tion is a common mechanism of gene promoter silencing [78–80] and has been demonstrated 
to increase in breast tumorigenesis [81–83]. In comparing normal breast epithelium, ADH, 
DCIS and IDC, Park et al. noted an increase in methylation status of interrogated breast can-
cer‐specific CpG islands in the transition from normal to ADH and again when  comparing 
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DCIS to ADH though DCIS and IDC did not differ in methylation levels or frequencies. Even 
the earliest morphologically identifiable stages of breast disease, columnar cell lesions, dis-
play an increase in the number of methylated genes, with a similar profile to DCIS and IDC 
[84]. This suggests that changes in methylation frequency and patterning are an early event 
in the natural history of breast cancer and may not significantly contribute to the transition 
between disease stages.

Outside of methylation status, chromatin remodeling via modification of histone residues 
results in differential gene transcription and has been linked to carcinogenesis [85–87]. Hints 
at the importance of chromatin remodeling in DCIS formation and progression have been 
demonstrated with over expression of chromatin remodeling proteins associated with trans-
formation of premalignant lesions and poor prognosis in invasive disease [88, 89]. One study 
has even demonstrated that overexpression of the chromatin remodeling protein EZH2 is 
able to drive the acquisition of malignant phenotypes in immortalized mammary epithelial 
cells [88]. Chromatin remodeling also appears to be involved in the epithelial to mesenchymal 
transition, a process reported to be important in the DCIS transition to IDC [76, 90].

Another mechanism of epigenetic gene regulation is the expression of microRNAs (miRNAs) 
which are short noncoding sequences that are able to bind and repress translation of mes-
senger RNAs [91, 92]. When compared to normal breast epithelium, DCIS miRNA profiles do 
display differences such as increased miR‐21 and decreased miR‐98 and let‐7, though these 
changes are consistent between DCIS and IDC [93]. Some studies have identified potential 
miRNA invasive signatures highlighting differential expression of a subset of miRNAs in the 
transition from DCIS to IDC while others have found essentially no difference between the 
two [38, 40, 94]. Further studies will need to be done to validate the potential pro‐invasive 
effect of miRNAs that could be involved in the transition to invasive carcinoma.

A more recently recognized mechanism of epigenetic regulation is the alternative splicing of 
mRNA transcripts, allowing for the generation of multiple unique proteins from the same 
message, which may have differential and even opposing functions [95, 96]. For example, our 
lab has studied the role of the nuclear co‐activator and oncogene, amplified in breast cancer 1 
(AIB1), and we have identified an alternatively processed transcript of the mRNA which gen-
erates a shorter form of the protein named AIB1‐Δ4 [97]. We have demonstrated an upregula-
tion of this variant in breast cancer and have associated the alternative processing with loss of 
a regulatory domain, potentiating the oncogenic function of AIB1 [97]. Our lab has also shown 
that AIB1 is upregulated in the transition from normal breast to DCIS and maintained in the 
transition to invasive carcinoma [98]. It is possible that given the enhanced oncogenic activity 
of Δ4 and correlation of this variant with metastatic capability that alternative splicing of this 
oncogene could play a role in progression from DCIS to invasive disease. Future investigation 
into alternative splicing in the acquisition of invasive capacity could yield fruitful results in 
understanding, predicting and potentially preventing progression.

Overall the epigenetic changes interrogated as a potential drivers of tumor progression have 
returned similar results to genetic and proteomic investigations—differences between inva-
sive and in situ disease are minimal suggesting that epigenetic alterations seen in advanced 
disease are present from an early stage in the natural progression of breast cancer [81, 84, 99].
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2.4. Tumor microenvironment components driving invasive progression

Breast cancer cells are integrated within a complex microenvironment that has been increas-
ingly recognized to influence tumor initiation and invasiveness [100, 101]. The tumor microen-
vironment (TME) is composed of multiple stromal cells (e.g., myoepithelial cells, fibroblasts, 
immune cells and adipocytes), insoluble extracellular matrix (ECM), newly formed vascula-
ture, as well as growth factors and cytokines [101].

2.4.1. Myoepithelial cells

The disruption of the myoepithelial cell layer that separates in situ lesions from the sur-
rounding breast stroma is considered to be the initial step required for DCIS to progress to 
IDC [102–106]. Normal myoepithelial cells secrete proteinase inhibitors along with factors 
like thrombospondin, laminin and the oxytocin receptor that ensure the maintenance of BM 
integrity and suppress epithelial cell proliferation and invasion [104, 105]. By contrast, cancer‐
associated myoepithelial cells (CAMs) aid in BM destruction through proteinase production 
[5, 107]. Though they appear genomically normal, CAMs are significantly different from those 
associated with normal ductal structures in terms of gene expression and tumor‐suppressive 
function [73, 102, 106, 108] and engage in paracrine signaling with adjacent cancer cells [109, 
110]. One such signaling axis is the upregulation of the chemokine CXCL14 which has been 
demonstrated to positively influence proliferation, migration and invasion of cancer epithe-
lial cells [73]. Loss of tumor‐suppressive signaling and the loss of this physical cell barrier 
along with associated ECM signaling unleash progressive potential [5, 102, 106, 111, 112].

2.4.2. Immune cells

In response to impairment of the BM, tumor cells express chemokines (e.g., colony‐stimu-
lating factor 1 receptor) that attract macrophages within the TME [113, 114]. Tumor‐associ-
ated macrophages (TAMs), mainly of M2 phenotype, can constitute up to 50% of the breast 
tumor mass [115], and increased TAMs density has been shown to relate poor prognosis in 
most human tumors [114, 116]. M2‐type TAMs are critical modulators that potentiate the 
invasion of tumor cells through various mechanisms: secretion of chemotactic factors (e.g., 
EGF) [117], pro‐angiogenic molecules (e.g., vascular endothelial growth factor) [118] and anti‐
inflammatory cytokines (such as interleukin‐10) [119, 120], as well as remodeling of the ECM 
[121]. Tumor infiltrating lymphocytes (TILs) have also been identified as a prognostic factor 
in breast cancer, generally associated with improved survival, decreased distant recurrence 
and increased metastatic latency predicting a better response to therapeutic interventions 
and overall survival [122–126]. Though there have been many studies on the importance of 
immune presence and regulation in advanced breast cancers, the immune infiltrate in DCIS 
specifically is less well characterized and has only recently started to be evaluated. A novel 
2016 study by Thompson et al. investigated the immune microenvironment of 27 DCIS cases 
of known intrinsic subtype [127, 128]. CD3+ T cells were the predominate lymphocyte subtype 
across all DCIS cases with CD4+ T‐helper cells making up a slightly larger proportion com-
pared to CD8+ effector T cells. Also present, though at a lower frequency were CD20+ B cells 
and FoxP3+ T regulatory cells. Interestingly, it was noted that the DCIS cases included that 

Early-Stage Progression of Breast Cancer
http://dx.doi.org/10.5772/65633

67



had concurrent invasive disease tended to have more CD20+ B cell and CD8+ T cell infiltrate. 
Additionally, the DCIS cases known to recur later had greater CD8+ T cells than other subsets 
of DCIS cases and also displayed an increased relative presence of regulatory T cells than 
those that did not [127]. These findings suggest that an active adaptive immune response is 
mounted early in the natural history of breast cancer and that suppression of the host immune 
system constitutes another crucial step in the malignant progression through the inhibition of 
immune effector cells (e.g., myeloid‐derived suppressor cells) and the stimulation of immu-
nosuppressive cells (e.g., regulatory T cells) [129].

2.4.3. Fibroblasts

Cancer‐associated fibroblasts (CAFs) are predominant components of the TME that enhance 
tumor growth and invasiveness by conferring a mesenchymal‐like phenotype in premalig-
nant mammary epithelial cells [130]. CAFs create a pro‐tumorigenic environment through 
high deposition, cross‐linking and remodeling of the ECM [131], and by regulating the 
immune polarization [52]. In breast cancer carcinoma, transforming growth factor beta 
(TGF‐β), stromal cell‐derived factor‐1, platelet‐derived growth factor α/β and interleukin 
6 are the major tumor‐derived factors that have been described to induce CAFs activation 
[132–134]. Reciprocally, CAFs secrete tumor‐promoting factors, such as hepatocyte growth 
factor, that stimulate the invasive behavior of DCIS cells [135]. Co‐implantation of CAFs with 
DCIS cells has been shown to increase the invasive capacity of the in situ lesions [136, 137]. 
For instance, the presence of CAFs resulted in activation of cyclooxygenase‐2 (COX‐2) in the 
epithelial component, driving cancer progression [136]. It should be noted that COX‐2 expres-
sion was demonstrated to be one of three markers, along with P16 and Ki‐67 that were found 
to be associated with significantly increased risk of invasive recurrence within 8 years of ini-
tial diagnosis and treatment of DCIS [138].

2.4.4. Extracellular matrix

Factors that mediate ECM remodeling and degradation have been of interest in studying the 
transition of DCIS to invasive disease as destruction of the BM is a hallmark of progression. 
Several studies have shown matrix metalloproteinases (MMPs) such as MMP1, 2 11, 12 and 
13 as well as other proteases and protease inhibitors such as cathepsins, PLAU, SERPINS and 
metallopeptidase inhibitors to be regulated, up and down respectively, in both DCIS and 
invasive cancer‐associated stromal cells [73, 74, 139]. These expression changes are further 
linked to poor prognosis and likely related to the acquisition of invasive capacity [73, 74, 
139]. Lyons et al. suggested that mammary gland involution, which is a natural driving force 
of ECM remodeling following pregnancy [140–142], may recapitulate alterations that occur 
in the initiation of tumor progression [143]. They demonstrated in a mouse model of involu-
tion that xenografted MCF10DCIS.com cells grown in this environment formed larger more 
invasive lesions marked by increased fibrillar collagen deposition and COX‐2 expression and 
that anti‐inflammatory treatments with NSAIDs were able to at least partially prevent this 
progression [143].
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2.4.5. Neovasculature

In order to sustain their expanding neoplastic growth and eventually disseminate to distant 
sites, tumors are capable of stimulating the formation of new blood vessels, a process referred 
to as angiogenesis [144]. Strikingly, the tumor‐associated neovasculature is observed early dur-
ing carcinogenesis in both murine and human premalignant, noninvasive lesions [145, 146]. 
The transition from dormant nonvascularized hyperplasia to vascularized proliferative tumor 
requires the cooperation of various TME cell types (e.g., endothelial and pericytes) and is regu-
lated by counteracting molecules, of which the main pro‐ and anti‐angiogenic factors are vas-
cular endothelial growth factor‐A and thrombospondin‐1, respectively [147].

2.4.6. Adipocytes

Lastly, at earlier stages, the level of invasiveness of breast tumor ductal epithelial cells is 
increased as a result of the secretion and processing of ECM molecules by the mammary adi-
pocytes, especially type VI collagen [148, 149].

3. Experimental models of early‐stage breast cancer

Our understanding of the natural history of early‐stage breast cancer remains challenging 
due to the tumor heterogeneity and requires the implementation of experimental models that 
are capable of mimicking all aspects of the disease. Cell lines and mouse models are valuable 
tools routinely used to investigate the mechanisms underlying the initiation and progression 
of breast cancer and will be reviewed in this section.

3.1. In vitro models

3.1.1. Normal breast epithelial cell lines

Most in vitro studies aiming to model early‐stage breast cancer are based on the utilization of 
immortalized mammary epithelial cells

3.1.1.1. MCF10A cell line

MCF10A cell line is the most commonly used breast epithelial cell line to model normal breast 
epithelium. This immortal cell line was generated from the fibrocystic breast tissue of a 36‐
year‐old patient and emerged spontaneously as a result of continuous trypsin‐versene pas-
sages [150]. These cells are considered as “normal” breast epithelial cells based on various 
characteristics commonly found in the normal glandular epithelium, including lack of tumor-
igenicity, anchorage‐dependent growth, as well as hormonal and growth factor‐dependent 
proliferation in vitro. MCF10A cells are ER negative and express wild‐type P53 [151] along 
with markers of basal‐like cells, such as P63 [152, 153]. Although MCF10A cells are non‐trans-
formed and exhibit near diploidy, cytogenetic analyses revealed that these cells are karyotypi-
cally abnormal following immortalization. Their genetic abnormalities include amplification 
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of the oncogene MYC and the deletion of the chromosomal locus containing genes regulating 
the cellular senescence, especially P14ARF and P16 [150]. These latter molecular characteris-
tics render MCF10A cell line particularly adapted for oncogenic transformations. Cui et col-
leagues recently reported that MCF10A cells do not fully recapitulate in vitro the architectural 
features of normal human breast tissue most likely due to epigenetic derivations driven by the 
immortalization process and a continuous culture [154].

3.1.1.2. Primary mammary epithelial cell lines

In vitro systems using primary human mammary epithelial cells (HMEC) are believed to be 
a more reliable model of normal breast epithelial cells. Usually easily isolated from reduction 
mammoplasty tissues, the life span and propagation of HMEC in vitro remain challenging as 
they stop doubling and undergo cellular senescence after several passages [155]. In addition, 
these cells tend to lose their lineage commitment as well as their capacity to grow and nor-
mally differentiate when cultured ex vivo. To overcome the senescence block, primary human 
epithelial cells have been immortalized using exogenous expression of viral oncogenes [156] 
and the telomerase reverse transcriptase [157]. None of these strategies is capable of maintain-
ing these cells in culture without permanently altering their normal phenotype and genetic 
background. Schlegel and colleagues in collaboration with our laboratory recently established 
a novel method that can be used to indefinitely propagate a wide range of normal primary 
epithelial cells, including breast cells [158, 159]. This technique is based on the coculture of 
primary epithelial cells in presence of irradiated fibroblasts and requires the utilization of a 
specialized medium containing a Rho‐kinase inhibitor. The resultant cells, also referred to 
as conditionally reprogrammed cells (CRCs), although highly proliferative, remain karyo-
typically normal, non‐tumorigenic [158] and exhibit hallmarks of adult stem cells [159, 160]. 
Because human breast CRCs can be genetically modified in culture and implanted into mouse 
models as discussed below, the CRC system appears as an in vitro method of choice to study 
the phenotypic and molecular alterations underlying the benign to malignant transition in 
breast cancer.

3.1.2. Early‐stage breast cancer cell lines

To explore the mechanisms promoting the invasive progression of DCIS, the scientific com-
munity has at its disposal few cellular models, although no single cell line is capable of fully 
recapitulating the different subtypes of DCIS tumors.

3.1.2.1. MCF10DCIS.com cell line

The majority of research studies focused on early‐stage breast cancer utilized the premalig-
nant MCF10A series established by Miller and Colleagues [161, 162]. One of these variants, 
termed MCF10DCIS.com, was isolated upon successive passages in culture of lesions obtained 
from xenografted MCF10AT cells [162]. At the molecular level, MCF10DCIS.com is a ER‐nega-
tive basal‐like cell line that expresses high levels of signaling proteins well‐known to play a 
crucial role in malignant progression, including CD44v, HER2, COX‐2, Smad4, Stat3, Pak4 
and the phosphorylated forms of ERK and AKT [163]. Similarly, a gain of function  mutation 
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 conferring an increased oncogenic potential to the phosphatidylinositol 3‐kinase has also 
been found in MCF10DCIS.com cells [164]. Of note, although MCF10DCIS.com cells are con-
sidered as a model of early‐stage disease, these cells secrete a significant amount of the meta-
static galectin‐3‐binding protein [165], which suggests that they also contain precursors with 
metastatic capacities. The essential advantage of using MCF10DCIS.com cells relies on their 
ability to give rise to fast‐growing and comedo‐like DCIS tumors when injected into xenograft 
mouse model [162, 166]. The particular features of the tumors derived from MCF10DCIS.com 
xenograft will be described in the next section.

3.1.2.2. SUM cell lines

Eleven breast cancer cell lines, referred to as SUM, have been generated by Forozan et al. 
from different subtypes of primary breast tumors [167]. Two of them, called SUM‐102 and 
SUM‐225 cells, were immortalized from human DCIS tumors containing microinvasive 
lesions or from recurrent lesions formed in the chest wall of a patient with DCIS history that 
did not receive chemotherapy treatment, respectively. SUM‐102 cells express CK19 and are 
considered as basal B‐type breast cancer cells [167, 168]. These cells also overexpress Cyclin 
D1 while they possess mutations in PIK3CA, P16 [169] and checkpoint kinase 2 genes [170]. 
On the other hand, SUM‐225 cells are ER and PR negative, whereas they are amplified for 
HER2 and are thus classified as luminal epithelial cells [167, 171]. Of note, a P53 missense 
mutation frequently observed in breast cancer within the sequence encoding the DNA‐bind-
ing region has also been found in SUM‐225 cells [171]. Like MCF10DCIS.com cells, SUM‐225 
cells generate tumors resembling human DCIS lesions when injected into immuno‐compro-
mised mice [166].

3.1.2.3. 21T cell lines

Band and colleagues developed another series, named 21T, including four cell lines estab-
lished from the tumor tissues of a 36‐year‐old woman that was first diagnosed with stage 
3 intraductal carcinoma, then developed lung metastases 1 year later [172]. 21PT and 21NT 
cells were both isolated and immortalized from the primary breast tumor and were found to 
resemble ADH and DCIS, respectively. Phenotypically, 21PT cells are normal spindle epithe-
lial cells, whereas 21NT cells are polygonal‐shaped tumor cells of different sizes. At the molec-
ular level, these two cell lines are aneuploid, HER2‐amplified and are believed to not express 
ER and PR, reflecting the original patient biopsy. The most striking difference between 21PT 
and 21NT cells relies on their ability to form tumors when grown into immunodeficient mice, 
and this tumorigenic property was shown to be restricted to 21NT cells [172, 173].

3.1.2.4. Other immortalized cell lines

To date, two additional early‐stage breast cancer cell lines have been reported: h.DCIS.01 
cells established from columnar cell hyperplastic lesions [77] and FSK‐H7 cells isolated from 
human DCIS tumors positive for HER2 [166]. Similar to the previous cell lines, h.DCIS.01 and 
FSK‐H7 cells are capable of producing xenograft tumors in vivo as reviewed previously [77, 
166]. In addition to these established cell lines, various technologies have been developed to 
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generate primary breast cancer cell lines representing the full spectrum of human breast can-
cer subtypes, such as the mammary‐optimized EpiCult‐B technology and the CRC system 
(described above) [158, 159, 174]. The CRC system is particularly advantageous as it allows for 
isolation and rapid expansion of tumor cells from a core needle biopsy of human or murine 
breast cancer [158, 174]. Notably, primary murine CRCs are able to form tumors recapitulating 
the original carcinoma when implanted orthotopically into syngeneic mice [159].

As previously discussed in this chapter, signals from the breast microenvironment play a 
key role in the differentiation and maintenance of normal breast epithelial cells [8], as well as 
during breast cancer initiation and progression [101]. For these reasons, homotypic culture 
of breast cancer cell lines does not provide the optimal system for studying the multicellu-
lar complexity of breast carcinogenesis. This latter limitation emphasizes the importance of 
developing in vitro culture systems that allow investigations of the cross talk between breast 
cancer epithelial cells and the surrounding stroma.

3.2. In vitro models for tumor‐stromal interactions

Breast cancer cells cultured ex vivo in three‐dimensional and heterotypic systems represent 
advanced and effective tools for elucidating the morphological and molecular changes gov-
erning the epithelial‐stromal interactions during breast cancer invasive progression. Besides 
recapitulating the breast cellular complexity, organotypic 3D cultures are also practicable 
systems for experimental research and manipulations of cell lines.

3.2.1. Three‐dimensional culture systems

Morphogenesis and homeostasis of the normal breast epithelium depend on the balanced 
relationship between ductal epithelial cells and the ECM [175]. Conversely, the altered com-
munication between epithelial cells and ECM results in the loss of polarity together with the 
invasion of epithelial cells through the ECM and ultimately contributes to cancer initiation 
and progression. Breast epithelial cells grown in three‐dimensional (3D) systems can recapitu-
late the architectural and functional features of the glandular epithelium in vivo in response 
to molecular signals provided by the ECM substratum [176, 177]. The development of biologi-
cally relevant 3D models relies on matching specific matrices and culture media with specific 
cell types. Particularly, mammary epithelial cells are capable of forming differentiated and 
functional organoids that resemble normal mammary acini when grown within substrata rich 
in collagen I [178] or laminin [179], and under culture conditions allowing their survival and 
proliferation [180, 181]. The vast majority of the 3D cultures of breast epithelial cells imply the 
utilization of an ECM secreted by the Englebreth‐Holm‐Swarm mouse tumor cells and com-
mercially available as Matrigel™ [179]. Matrigel™ is composed of laminin, collagen IV, entactin 
and proteoglycans and is supposed to mimic the ductal BM. Monotypic and Matrigel™‐based 
3D culture assays recapitulating the breast epithelial signaling have been originally developed 
by Brugge, Bissell and colleagues in order to unravel the morphogenetic processes supporting 
the normal mammary gland development and its tumorigenesis [180–182]. Notably, Petersen 
et al. reported that normal breast cells seeded singly within Matrigel™ are capable of forming 
spherical, polarized and growth‐arrested acini‐like structures with a central hollow lumen 
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and deposition of BM rich in laminin V and collagen IV [176, 180]. By contrast, breast tumor 
cells failed to adopt acini‐like phenotypes and instead evolved into poorly differentiated, non-
polarized and highly disordered aggregates when grown in Matrigel™ [176].

3D culture systems offer the opportunity to investigate a large spectrum of phenotypic effects 
mediated by oncogenes and tumor suppressors on the architecture of breast epithelia by using 
two main strategies. The first strategy intends to reconstruct the tumorigenic phenotypes as a 
result of targeted genetic modifications in normal epithelial cells. For example, Muthuswamy 
et al. demonstrated that MCF10A cells genetically engineered to overexpress the oncogene 
HER2 can give rise to hyperproliferative multi‐acinar structures showing filled lumina and 
loss of the apicobasal polarization when cultured in homotypic 3D assays [183]. These dis-
organized structures are characterized by the absence of invasive properties and thus mir-
ror the histopathological hallmarks of precancerous epithelial cells, especially human DCIS. 
The second strategy aims to genetically manipulate breast cancer cells to possibly restore 
the organized and polarized phenotype observed in the normal breast duct. Recently, our 
laboratory followed this strategy to delineate the functional role of the oncogene AIB1 dur-
ing DCIS progression [98]. We demonstrated that small hairpin RNA (shRNA)‐mediated 
knockdown of AIB1 in MCF10DCIS.com cells generates more normal acini‐like spheroids 
with deposition of laminin V to the periphery when these knockdown cells are grown in 
Matrigel™, overall suggesting that AIB1 plays a key role in the maintenance of the DCIS‐like 
structure in 3D culture.

Besides alterations of the normal breast acinar architecture, the invasion of malignant epi-
thelial cells into the surrounding stroma relies on their migratory properties and implies the 
protease‐mediated disruption of the BM barrier [73]. 3D culture techniques can be applied to 
assess the migratory behavior of breast cancer cells through specific 3D matrices in response 
to particular cytokines [184]. As an illustration, Zaman and colleagues revealed that the co‐
overexpression of the oncogenes HER2 and 14‐3‐3ζ in MCF10A cells significantly induces 
their motility within 3D type I collagen matrices in a stiffness‐dependent manner [185].

Homotypic organoid models involving a single cell type grown within reconstituted BM 
matrices remain the most simplistic approach used to appreciate the epithelial‐stromal inter-
actions. Significant technological progresses had been made in the past decade to provide the 
cancer cell scientists with a variety of evolved 3D coculture systems reflecting more faithfully 
the breast cellular complexity in vivo.

3.2.2. Heterotypic 3D culture systems

Multiple organotypic coculture systems have been elaborated to selectively investigate the 
cross talk between preneoplastic breast epithelial cells and particular stromal cells, such as 
myoepithelial cells, fibroblasts and macrophages.

3.2.2.1. Myoepithelial cells

As previously discussed, myoepithelial cells play an essential role in preventing breast can-
cer dissemination by expressing genes specifically responsible of maintaining a polarized 
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bilayered acinar organization [186]. To decipher the molecular mechanisms underlying the 
tumor‐suppressive role of myoepithelial cells, Petersen and colleagues recently developed 
3D cocultures of human primary luminal and myoepithelial cells isolated from either nor-
mal breast reduction mammoplasty or breast tumor tissues [5]. They confirmed that lumi-
nal epithelial cells embedded in type I collagen matrices required the presence of normal 
myoepithelial cells to form polarized acini‐like structures. By contrast, 3D collagen cocultures 
of luminal epithelial cells with tumor‐derived myoepithelial cells fail to generate properly 
polarized organoids as a consequence of decreased synthesis of functional laminin I by tumor 
myoepithelial cells.

3.2.2.2. Fibroblasts

In addition to being the most abundant cancer‐associated stromal cells present in the TME, 
CAFs have been largely shown to modulate the invasive transition of breast cancer [130]. To 
better comprehend the influence of the cross talk fibroblasts‐epithelial cells during early‐stage 
breast cancer, Sadlonova et al. grew premalignant breast MCF10AT cells on top of Matrigel™ 
in the presence of primary fibroblasts [187]. Only fibroblasts purified from normal breast 
reduction mammoplasty were able to notably suppress MCF10AT cell growth in 3D culture, 
whereas breast cancer‐derived fibroblasts reduced the proliferation of these transformed 
cells to a lesser extent. Those results further indicate that upon their malignant conversion, 
breast cancer epithelial cells become insensitive to the tumor growth inhibitors synthesized 
by stromal fibroblasts, which underlines the importance of establishing new treatment para-
digms for early‐stage breast cancer based on recovering the tumor‐suppressive function of 
fibroblasts.

3.2.2.3. Macrophages

Similar heterotypic 3D coculture strategies have been applied to elucidate the molecular 
mechanisms by which macrophages modulate the behavior of tumor cells during breast car-
cinogenesis [188, 189]. As an example, Balkwill and colleagues plated MCF‐7 cells or human 
mammary epithelial cells genetically immortalized with hTERT, on top of Matrigel™ [188]. 
Then, they tested the invasive phenotype of these two breast cancer cells along with the level 
of expression of 22 inflammatory‐related genes in the presence of macrophages, previously 
isolated from human bone marrow and seeded into a modified Boyden chamber to avoid 
direct cell‐to‐cell contact. This method permitted them to prove that the cancer cell ability 
to invade through Matrigel™ is induced when cocultured with macrophages. This invasive 
phenotype was further correlated to increased activation of JNK and NF‐Kappa B pathways. 
Linde et al. investigated the macrophage‐mediated invasive properties of tumor cells using 
an approach that integrates macrophages into cocultures of tumor cells with fibroblasts [189]. 
They plated tumor cells on top of collagen I‐rich dermal equivalents containing macrophages 
derived from bone marrow alone or together with primary dermal fibroblasts. Using this 
tri‐culture model, they concluded that activation of macrophages toward M2 phenotype 
promotes cancer cell invasion through the proteolytic degradation of the BM likely due to 
increased levels of MMP‐2 and MMP‐9 [189]. Although this model was developed using 
tumor cells derived from squamous cell carcinoma, it was successfully generated in both a 
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murine and human background, and its applicability can presumably be extended to study 
the interactions between early‐stage breast tumor cells and TAMs.

The establishment of a wide collection of heterotypic 3D models and their interchangeable 
utilization have allowed the extensive study of the molecular roles of each cellular compo-
nent within the breast TME during carcinogenesis. In addition, these models are easily repro-
ducible and particularly handy for the development of targeted therapies. However, even if 
organotypic 3D cultures are preferred to in vitro models for the identification of new stromal 
targets for breast cancer progression, only in vivo models have yet been able to thoroughly 
recapitulate the complexity of the tumor‐stromal interactions that govern breast tumor initia-
tion and invasiveness.

3.3. Mouse models

3.3.1. Xenograft mouse models

Xenografts of human breast cancer cell lines or tissues implanted into immuno‐compromised 
recipient mice represent powerful tools for understanding the multiple aspects of the human 
disease within an in vivo context. Athymic nude, severe combined immune deficient (SCID), 
NOD/SCID IL2Rgammanull (NGS) and “humanized” NSG mice are the most commonly uti-
lized immunodeficient animals [190]. Two types of xenograft mouse models of breast cancer 
are usually established: through subcutaneous injection [162], or after orthotopic transplan-
tation of cancer cells or tissues into the mammary fat pad or the duct [166, 173, 191]. Breast 
cancer cell lines can be genetically manipulated prior to being grafted into mice, which allows 
to study the tumorigenic properties of specific factors on the tumor take, growth and dissemi-
nation in vivo [98]. On the other hand, the actual human cancer tissue can be used to rapidly 
generate xenograft tumors recapitulating the cellular and molecular heterogeneity inherent 
to a particular cancer [191]. As a result, xenograft mouse models are frequently employed 
to predict the tumor response to clinically relevant drugs as well as their possible adverse 
effects and thus have served as preclinical models for multiple clinical trials [190]. In order to 
identify the possible factors driving the invasive transition of DCIS, various xenograft mod-
els of human DCIS have also been developed based on the utilization of the DCIS cell lines 
reviewed above, especially MCF10ADCIS.com [162, 166, 192], 21NTci [173] and SUM‐225 
cells [166].

3.3.1.1. MCF10ADCIS.com xenograft models

As previously discussed, MCF10ADCIS.com cells are capable of engendering tumors con-
taining comedo‐like DCIS lesions that resemble human high‐grade DCIS and that spontane-
ously evolve to IDC in a time‐dependent manner when implanted into immunodeficient mice 
[162, 192]. Polyak and colleagues extensively studied this animal model and revealed that 
MCF10DCIS.com cells are unique bipotent progenitors capable of differentiating into both 
luminal and myoepithelial cells following subcutaneous injection into female nude mice [192]. 
MCF10ADCIS.com xenograft tumors displayed DCIS‐like lesions filled with luminal epithe-
lial cells expressing ESA, CD44, CK17, cadherin 1 and vimentin, surrounded by an outer 
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layer of myoepithelial cells positive for P63, CD10 and α‐smooth muscle actin, and by a BM 
rich in laminin V. In addition, they demonstrated that luminal and myoepithelial cells, puri-
fied from MCF10ADCIS.com tumors, differentially expressed factors that belong to signaling 
pathways known to modulate their functional phenotype, especially TGF‐β, hedgehog, cell 
adhesion and P63 signal transduction pathways. Interestingly, these gene expression patterns 
were similar to those observed in primary DCIS tissues. As mentioned above, the tumori-
genic properties of factors possibly involved in breast cancer progression can be investigated 
using xenograft animal models upon implantation of genetically engineered breast cancer 
cells. Our laboratory recently used this approach to elucidate the pro‐oncogenic function of 
AIB1 in early‐stage breast cancer using the MCF10ADCIS.com xenograft model [98]. Because 
high levels of AIB1 were found in MCF10ADCIS.com cell line, we transduced these cells with 
shRNAs directed against AIB1 prior to injection into nude mice. Decreased expression of 
AIB1 in MCF10ADCIS.com cells resulted in reduced tumor growth and development in vivo. 
Additionally, MCF10ADCIS.com xenograft tumors deficient in AIB1 exhibited smaller DCIS 
lesions containing fewer tumor‐initiating cells (TIC) and myoepithelial progenitor cells, and 
those cellular alterations were correlated with downregulation of NOTCH, HER2 and HER3 
signaling pathways. Overall, our data indicated for the first time that AIB1 is required for 
the initiation and preservation of DCIS lesions in part through maintenance of the TICs sub-
population, thus suggesting that AIB1 may serve as a novel therapeutic target for early‐stage 
breast cancer.

3.3.1.2. 21T xenograft model

As detailed previously, 21PT and NT cell lines are primary tumor‐derived cells believed to 
mimic early‐stage breast cancer when implanted into the mammary fat pad of female nude 
mice at 8–9 weeks of age [173]. Souter et al. reported that 21PT cells were not tumorigenic 
or metastatic in vivo and instead formed xenograft structures that shared features of ADH. 
Furthermore, atypical/neoplastic and normal/benign epithelial cells were shown to coexist 
within 21PT xenograft tissues. Conversely, 21NT cells were able to give rise to malignant 
lesions in about 20% of the mice, and the resultant tumors displayed intermediate to high‐
grade DCIS lesions, with no evidence of invasive progression. Interestingly, 21NT‐derived 
lesions exhibited phenotypic traits identical to the ones obtained in MCF10ADCIS.com xeno-
graft mouse model, although in contrast to 21NT tumors, MCF10ADCIS.com tumors ulti-
mately progress to IDC as a result of RAS‐induced transformation.

3.3.1.3. Mouse intraductal models

Most of the xenograft models are obtained upon subcutaneous injection of cancer cells and 
thus fail to replicate the early steps of breast carcinogenesis that occur inside the mammary 
duct. In order to better recreate the natural progression of DCIS within conditions mim-
icking the stromal microenvironment, Medina and colleagues developed a novel method 
based on the intraductal transplantation of human breast cancer cells into immunodeficient 
female mice [166]. To generate this unique mouse intraductal model, they injected the previ-
ously described DCIS cell lines, MCF10ADCIS.com, SUM‐225 and FSK‐H7 cells, through the 
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nipple directly into the mammary ducts of 6‐ to 10‐week‐old SCID‐beige mice. Following 
intraductal transplantation, all three cells lines were able to form DCIS‐like lesions that 
slowly evolved into IDC in 90% of the mice. Unlike subcutaneous injection, the intraductal 
transplantation of MCF10ADCIS.com cells into immuno‐compromised mice gave rise to 
cribriform DCIS, whereas SUM‐225 and FSK‐H7 cells displayed comedo and apocrine‐like 
DCIS lesions, respectively. Using immunostaining analyses, Behdoh et al. further reported 
that SUM‐225 and FSK‐H7 xenograft samples are characterized by the overexpression of 
HER2 along with moderate expression of CK8 and 19. MCF10ADCIS.com‐derived tumors 
were also positively stained for CK8 although they contained lesions classified as basal‐like 
as they express CK5. More recently, Behbod et colleagues extended the intraductal mouse 
model to primary human DCIS [191]. They successfully xenotransplanted DCIS cell lines, 
derived from eight different patient samples, within the mammary duct of 8‐ to 10‐week‐old 
virgin NSG mice. At 8 weeks, the tissues collected from the xenografted tumors exhibited 
noninvasive lesions that closely resemble human DCIS and that retain the histopathologi-
cal and molecular hallmarks of the patient's original biopsy. Strikingly, the engraftment of 
primary DCIS cells obtained from human tumors was only permitted using mice depleted 
in both mature T and B cells, suggesting that T and B cells both regulate the tumor growth 
of primary cells into in vivo models. Altogether, the mammary intraductal mouse model 
thus appears as the most suitable xenograft model of DCIS to deciphering the cellular and 
molecular processes that underline the epithelial‐stromal cell cross talk during the initiation 
and invasive transition of DCIS.

As the fundamental role exerted by the tumor microenvironment during early‐stage breast 
cancer is increasingly recognized, the subcutaneous implantation of cancer cells into mouse 
models deficient in T and B lymphocytes remains problematic and may result in decreased 
tumor take and abnormal cancer progression. To overcome this critical limitation, “human-
ized” mouse models have been generated based on the engraftment of human CD34+ hemato-
poietic stem cells onto irradiated NOD/SCID mice [193] and the orthotopic implantation into 
cleared mammary fat pads humanized using stromal cells of human origin [194]. Humanized 
mice represent very promising models for better defining the tumorigenic properties of 
tumor‐associated stromal cells during breast cancer development. This strategy can further 
be used to create a wide range of analogous models reflecting the various subtypes of DCIS.

3.3.2. Genetically engineered mouse models

Genetically engineered mouse models (GEMM) constitute invaluable resources for experimen-
tally examining the in vivo function of specific oncogenes or tumor suppressor genes within 
immunocompetent animals. The primary benefit of employing GEMM as model of human 
cancer is that this approach allows modulation of the expression of particular genes in a tis-
sue and time‐specific fashion. Many GEMM models of breast cancer are currently available 
and are of two kinds: transgenic models in which specific oncogenes are overexpressed, and 
knockout models created upon targeted deletion of tumor suppressors [195]. In the following 
section, we will focus on GEMM that were found to develop tumors containing early‐stage 
breast cancer lesions, especially DCIS.
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3.3.2.1. Transgenic mouse models

In transgenic mouse models, the transcription of particular oncogene is induced throughout 
the mammary luminal epithelium under the control of strong mammary‐specific epithelial 
promoters, of which the mouse mammary tumor virus (MMTV) and the whey acidic protein 
(WAP) are the most frequently utilized [195]. Transgenic mammary carcinoma models usu-
ally give rise to highly penetrant tumors after short latency. To date, few transgenic mouse 
models of human breast cancer have been shown to develop premalignant and DCIS‐like 
lesions. They are discussed below.

3.3.2.1.1. MMTV‐neu mouse model

Given the undeniable association of neu (e.g., HER2) amplification with DCIS [196], two 
mouse models expressing high levels of neu driven by the MMTV promoter have been cre-
ated. Jolicoeur and colleagues established a model by genetically modifying mice to strongly 
express the activated form of neu [197]. As expected, multifocal mammary adenocarcinomas 
were observed in 5‐ to 10‐month‐old transgenic females. The c‐neu overexpressing tumors dis-
played undifferentiated lesions resembling human comedo‐type DCIS mixed with cytologi-
cally normal epithelium. Interestingly, the majority of the primary tumors had the potential 
to metastasize to the lung. Muller and colleagues developed a transgenic model bearing the 
unactivated form of neu fused to MMTV promoter [198]. The latter transgenic animals gave 
rise to focal mammary tumors highly metastatic and histologically identical to those induced 
by the activated neu, although after a longer latency period. Using this model, our labora-
tory demonstrated that the development of early‐stage lesions and invasive mammary cancer 
depends upon the oncogene AIB1 [199].

3.3.2.1.2. MMTV‐PyV‐mT mouse model

MMTV‐PyV‐mT mouse model is another frequently used mouse model of premalignant mam-
mary cancer in which the MMTV promoter has been manipulated to target the expression 
of the polyomavirus middle T antigen (PyV‐mT) [198]. The resultant transgenic mice rap-
idly developed multifocal tumors in all mammary glands associated with secondary lung 
metastases. Maglione et al. characterized this transgenic model and reported that 5‐week‐old 
MMTV‐PyV‐mT mice carry tumors which contain high‐grade, poorly differentiated, ADH‐
like lesions [200]. Furthermore, those lesions were ER positive and exhibited aberrant vascu-
lature and myoepithelium.

3.3.2.1.3. WAP‐T mouse model

The WAP promoter sequence has also been employed to induce mammary intraepithelial 
neoplasia in mice. Tzen et al. initially applied this strategy to drive the murine mammary 
epithelial cell transformation through WAP‐mediated increased transcription of the SV40 
large T antigen (SV40 TAg) [201]. SV40 TAg possesses the unique properties to physi-
cally interact with both P53 [202] and the retinoblastoma protein [203] and abrogate their 
tumor‐suppressive function, leading to cellular hyperproliferation. Deppert and colleagues 
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recently expanded the histological analysis of the WAP‐T transgenic mouse model and 
reported that these animals carried multifocal DCIS‐like carcinomas progressing to IDC 
after a short latency period [204]. Notably, the resultant in situ carcinoma was composed 
of differentiated lesions showing tubular and papillary architecture comparable to those 
diagnosed in human DCIS.

3.3.2.1.4. C3(1)‐SV40 TAg mouse model

Because MMTV and WAP were shown to be regulated by hormones [205, 206], Dr. Green's 
laboratory engineered a novel transgenic model by transcriptionally overexpressing the SV40 
TAg in the mammary and prostate glands under the hormone‐independent control of the 
C3(1) component of the prostate steroid‐binding protein (PSBP) 5′ flanking sequence [207]. 
All C3(1)‐SV40 TAg female mice bore mammary tumors that were found to share similar his-
tologic and molecular hallmarks of human infiltrating ductal carcinoma in a predictable time‐
dependent manner. Eight‐week‐old transgenic mice, in fact, did exhibit ADH‐like lesions that 
evolve into DCIS at about 12 weeks, invasive carcinoma at 16 weeks of age and ultimately 
metastasized into the lung with a 15% incidence. In addition, well‐known chromosomal and 
molecular aberrations driving mammary carcinogenesis were also observed in C3(1)‐SV40 
TAg mice, thus suggesting that this transgenic model provides the unique opportunity to 
assess the antitumor potential of targeted therapies.

3.3.2.1.5. MMTV‐tTA/tetop‐SV40 TAg/tetop ERα mouse model

Increased levels of ERα in mammary epithelial cells are believed to be correlated to initiation 
and progression of premalignant breast cancer [208]. In order to corroborate this hypothesis, 
our collaborator Dr. Furth established a unique mouse model with dominant gain of ERα by 
breeding together three types of transgenic animals expressing: (i) the tetracycline‐responsive 
transactivator tTA under control of MMTV promoter (MMTV‐tTA); (ii) SV40 TAg under con-
trol of the tetracycline‐responsive promoter (tetop); (iii) FLAG‐tagged ERα under control of 
tetop [209, 210]. Strikingly, 4‐month‐old triple transgenic mice (MMTV‐tTA/tetop‐SV40 TAg/
tetop‐ERα) gave rise to ERα positive and estrogen‐sensitive mammary tumors that contained 
preneoplastic lesions identical to those found in human ADH and DCIS. Using the double 
transgenic mice MMTV‐tTA/tetop ERα, Frech et al. further reported that the rate of mammary 
epithelial cell proliferation was higher in ADH and DCIS lesions and was accompanied by 
increased expression of cyclin D1 in the nuclear compartment of these cells [210]. Altogether, 
this work reported for the first time that high ERα expression can promote the benign to 
cancerous transformation of mammary epithelial cells in vivo and provided unique mouse 
models to unravel the neoplastic events regulated by ERα signalings.

3.3.2.1.6. GEMM‐based syngeneic transplantation models

Due to the time‐consuming nature of using GEMM and their costs, various methods have 
recently emerged based on the establishment of stable mammary intraepithelial neoplasia 
outgrowth (MIN‐O) lines derived from tumors carried by GEMM, such as MMTV‐PyV‐mT 
[211], P53 knockout [212] and MMTV‐Neu mice [159]. The orthotopic serial transplantation 
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of these MIN‐O cell lines into immunocompetent syngeneic mice has been proven to faith-
fully mimic the human disease and offered the opportunity to well‐characterize the molecular 
mechanisms underlying breast cancer progression. As an illustration, Gregg and colleagues 
obtained MIN‐O lines from MMTV‐PyV‐mT premalignant lesions and serial transplanted 
these lines into the cleared mammary fat pads of FVB females [211]. Those PyV‐mT lines 
formed DCIS‐like lesions that were able to progress to IDC in a predictable manner and that 
were undistinguishable from the parental tumors with respect to their histology and molecu-
lar profiles. MIN‐O lines purified from mice depleted in the suppressor gene P53 [213] and 
implanted into the cleared fat pads of P53 wild‐type BALB/c mice developed DCIS‐like and 
invasive lesions [212]. Similarly to the PyV‐mT‐derived MIN‐O cells, the resultant ductal‐
like outgrowths were capable of recapitulating the different stages of DCIS progression from 
ADH to IDC. Our laboratory recently extended this approach to MIN‐O lines isolated from 
MMTV‐Neu tumors using the CRC technology described previously [159]. The main advan-
tage of this strategy is to allow the indefinite propagation of those lines ex vivo without the 
need for serial transplantation. Remarkably, MMTV‐Neu MIN‐O cells orthotopically trans-
planted into syngeneic females gave rise to lesions that retained the histopathological features 
of the original mammary tumors, underscoring the unique potential of using this approach to 
generate a wide range of GEMM‐based preclinical models.

4. Conclusion

In summary, the molecular and cellular profiling of early‐stage breast cancer using in vitro 
and in vivo models that reflect the heterogeneity of the disease have drastically allowed 
for improved understanding of the mechanisms underlying invasive progression of DCIS. 
As no individual model is capable of recapitulating the complexity of the human tumors, 
efforts should be made in the future to develop integrated strategies for better defining the 
drivers of early‐stage progression of breast cancer and thus open new avenues for targeted 
therapy.
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Abstract

Breast cancer is the most diagnosed cancer in women, and the second cause of cancer-
related deaths among women worldwide. It is expected that more than 240,000 new cases 
and 40,450 deaths related to the disease will occur in 2016. It is well known that inherited 
genetic variants are drivers for breast cancer development. There are many mechanisms 
through which germline genetic variation affects prognosis, such as BRCA1 and BRCA2 
genes, which account for approximately 20% of the increased hereditary risks. Therefore, 
it is evident that the genetic pathways that underlie cancer development are complex in 
which networks of multiple alleles confer disease susceptibility and risks. Global analy-
ses through genome-wide association studies (GWAS) have revealed several loci across 
the genome are associated with the breast cancer. This chapter compiles all breast GWAS 
released since 2007, year of the first article published in this area, and discuss the future 
directions of this field. Currently, hundreds of genetic markers are linked to breast can-
cer, and understanding the underlying mechanisms of these variants might lead to the 
discover of biomarkers and targets for therapy in patients.

Keywords: breast cancer, genome-wide association studies (GWAS), susceptibility, Loci, 
SNPs
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1. Introduction

One of the main goals of human genetics is to understand genetic pathways underlying traits. 
It has been highly successful the gene mapping of disorders with a Mendelian pattern of 
inheritance using the tendency of genes and other genetic markers to be inherited together. 
It is well known that genetic variants underlying these single-gene Mendelian disorders are 
rare in the population and tend to be highly penetrant, which means that a high percent-
age of carriers of the genotype will manifest the phenotype. On the other hand, mapping of 
non-Mendelian (or complex) traits, cases in which variants in multiple genes contribute to the 
phenotype, was only possible after sequencing and study of the human genome. Inherited 
variants underlying complex diseases, opposing the Mendelian disorders, have modest pen-
etrance but higher frequency in the population [1–4] (Figure 1). Thus, efforts have been made 
to identify genes and pathways that control human traits, and, in the future, predict illness 
and establish more appropriated methods of treatment.

Figure 1. Features of genetic variants and correlation with disease severity. The panel shows the correlation between the 
frequency of alleles and the severity of the disease (odds ratio). Accordingly, Mendelian diseases (top left circle) have high 
effect on the individual, but the frequency of such mutations in the population is very rare. On the other hand, very rare 
variants with small effect (bottom left circle) are also found in the population, these features restrain the establishment of 
a reliable correlation between phenotype and genotype. GWAS have focused on identifying a massive number of genetic 
variants, which can be separated as (i) common variants associated with high effect size (top right circle) and (ii) abundant 
common alleles with apparent very low impact on human health (bottom right circle). Adapted from Manolio et al. [95].
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A reflection of the urgency to unveil this research field is notable when looking through breast 
cancer numbers. Worldwide, the scenario is dramatic, with more than one million new cases 
of breast cancer diagnosed yearly (cancer genome atlas network 2012), and the fifth cause of 
death from cancer overall. In developing countries, breast cancer is the second cause of death 
from cancer and accounts for 15.4% of overall cancer-related deaths in women [5]. Moreover, 
it corresponds to the most common cancer-related death in women in the less developed 
regions (14.3%). In the United States, breast cancer is the second cause of cancer-related 
deaths among women, and it is estimated that one of eight American women will develop 
invasive breast cancer over the course of her lifetime. Accordingly, in the year of 2016, only 
in the United States, more than 240,000 new cases of the disease and 40,450 related deaths are 
expected [6].

Breast cancer comprises multiple diseases harbouring different genetic alterations; each 
 subtype responds differently to treatments, and this feature leads to distinct clinical  outcomes 
[7, 8]. Based on tumour histological biomarkers, breast cancer can be separated into three 
basic clinical types, such as HR positive (estrogen receptor and progesterone receptor), 
HER2+ (human epidermal growth factor receptor 2 positive), and triple-negative breast 
 cancer, which are an essential part of the diagnostic workup of all breast cancer patients [9]. 
Approximately, 85% of all breast cancers are HR positive, about 20% are HER2+ and nearly 
15% are triple-negative.

It is well understood that breast cancer is a complex and heterogeneous disease with a multi-
factorial etiology involving genetic, dietary, hormonal and reproductive factors. Among 
these, genetic is of particular importance. Epidemiological studies estimate that women with 
history of breast cancer in a first-degree relative show nearly twofold higher risk to develop 
breast cancer than women without a family history, indicating that the genetic factors are 
important determinants of disease risk [10]. At least 10–15% of all breast cancer cases may be 
due to the inheritance of a single gene mutation or multiple genetic variants [10, 11]. In the 
1990s, two major susceptibility genes for breast cancer, breast cancer 1 (BRCA1) and breast 
cancer 2 (BRCA2), were the first ones to be identified on the long arm of chromosome 17 and 
the short arm of chromosome 13, respectively [12–14]. These genes are responsible for 20–30% 
of hereditary breast cancer cases worldwide. BRCA1 and BRCA2 are important on the main-
tenance of genome stability by playing a critical role in the regulation of different cellular 
processes, such as transcription, cell cycle, DNA repair, cell proliferation and differentiation, 
in response to DNA damage [15]. Indeed, woman carrying such pathogenic variants have an 
increased risk of 60–80% of breast cancer [16, 17]. Moreover, inherited BRCA1/2 gene muta-
tions are associated with a 39–80% lifetime risk of female breast cancer [18–21]. It is also well 
established that BRCA1/2 carriers with breast cancer have a strong lifetime risk of developing 
contralateral breast cancer range from 10 to 40% and are 2–6 times higher than the risk for 
non-carriers [22–27].

The identification of mutations in BRCA, considered as a critical factor for the development 
of breast cancer in some women, has boosted the interest of scientists to discover more muta-
tions that drive tumour development. In this context, advances in DNA sequencing technolo-
gies empowered massive parallel sequencing, and, as a consequence, it has led to a fantastic 
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discovery and assignment of other hereditary pre-disposition genes to high (TP53, PALB2, 
PTEN), moderated (CHEK2, ATM, NF1, NBN) and elevated, but imprecise, breast cancer risk 
(CDH1, STK11) [28–34]. Altogether, high and moderate penetrance breast cancer susceptibil-
ity mutations in these genes account for just over 30% of familial breast cancer cases, because 
linkage studies are not amenable to the identification of common alleles with small effects.

However, the major advance over the several years has led by genome-wide association stud-
ies (GWAS). This approach is based on genome-wide genotyping for thousands to millions 
of single-nucleotide polymorphisms (SNPs) in a large number of individuals and contrast 
between the groups with and without a specific phenotype. Therefore, this approach has suc-
cessfully identified thousands of loci associated with hundreds of traits (National Human 
Genome Research Institute GWAS catalogue) [35]. Hence, this recent technology opens a new 
way to understand the underlying genetic causes of common diseases [1].

2. Genome‐wide association studies

In the past, studying polymorphisms were limited by the technologies that only permit-
ted analysis of one or a few loci at time, hence limiting the aims to particular genes or 
pathways. The selection for candidate genes or pathways to be studied were based on the 
potential relation with carcinogenesis, metabolism, cell cycle control and hormone syn-
thesis. Therefore, the initial studies focused on single nucleotide polymorphisms which 
were associated with a crucial role in the cell functionality. With the advancement of tech-
niques, sets of tagged SNPs included ‘known common variants’ across a gene. However, 
even though the number of candidates being analysed have increased, the number of well-
validated association in those studies did not increase as expected. Association studies, 
involving direct testing of genetic polymorphisms in large series of cases versus controls, 
provide a powerful approach to identify lower penetrance alleles that cannot be detected 
by genetic linkage studies [36, 37]. However, additional susceptibility genes in which rare 
coding variants are associated with a moderate cancer risk have emerged through candi-
date gene re-sequencing [38].

GWAS have emerged as a powerful new approach that has the capacity of analysing the 
whole human genome in order to identify common variations in the population possibly 
associated with genetic factors of a specific disease. In other words, the intent of GWAS is to 
predict who is at the risk and develop new strategies for prevention and treatments of genetic 
diseases [39]. One of the initial successes of GWAS was the identification of the complement 
factor H gene as a major risk factor for age-related macular degeneration [40–42].

The GWAS technology is based on genotyping platforms (chip-based microarray technology) 
that can evaluate hundreds to thousands of SNPs simultaneously. The two primary plat-
forms that have been used for most GWAS were developed by Illumina (San Diego, CA) and 
Affymetrix (Santa Clara, CA). These two competing technologies use different approaches to 
detect SNP variation. Accordingly, the Affymetrix platform prints short DNA sequences on a 
chip that recognizes a specific SNP allele. Alleles (i.e. nucleotides) are detected by a  differential 
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forms that have been used for most GWAS were developed by Illumina (San Diego, CA) and 
Affymetrix (Santa Clara, CA). These two competing technologies use different approaches to 
detect SNP variation. Accordingly, the Affymetrix platform prints short DNA sequences on a 
chip that recognizes a specific SNP allele. Alleles (i.e. nucleotides) are detected by a  differential 
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DNA hybridization between the samples. Illumina, on the other hand, uses a bead-based tech-
nology with slightly longer DNA sequences to detect alleles. The Illumina technology is more 
expensive, but provides better specificity. Hence, it is possible to conduct association studies 
using sets of SNPs that tag most known common variants in the genome, and therefore, scan 
for the associations without prior knowledge of function or position [39, 43].

GWAS arrays have identified SNPs that are associated with many complex diseases or traits 
[44]; although they do not contain all mapped SNPs, rather they contain only index SNPs 
that represent SNPs in the same linkage disequilibrium (LD) block. The SNPs identified by 
GWAS are significantly correlated with a disease (or case) and are called as risk-associated 
SNPs, and the genomic regions containing the SNPs are called as risk loci for that particular 
disease [45, 46]. One common trend of the SNPs associated with the trait is that they are not 
frequently found in coding regions of the genome. Instead, most of them are located in non-
coding regions of the genome and are equally distributed between intronic and intergenic 
compartments [47, 48]. This might initially reduce the potential of the index, SNPs being the 
causal, but it is important to keep in mind that all the SNPs in the same haplotype block with 
the index SNP could possibly play the role of a causal SNP. A commonly used approach to 
investigate SNPs other than the index SNPs present on the standard GWAS array has been to 
use an LD calculation [49–51] together with the 1000 Genomes Project reference panels from 
different populations [52, 53].

To move from the index SNP to a more refined list of putative causal SNPs located within 
the identified region, another approach called fine-mapping has also been used. Fine- mapping 
studies employ dense genotyping arrays that contain all common SNPs within the previously 
identified risk loci, which together with imputation [49–51] allow investigators to perform a 
more complete analysis of the risk regions. The most fine-mapping analyses have been done by 
international consortia with the shared interests for specific diseases or traits; examples include: 
the immunochip [54], the metabochip [55], the iCOGs array [56] and the Oncoarray [57].

3. GWAS in breast cancer

Over the past years, the results from GWAS have been published for breast cancer report-
ing well-validated novel associations. In total, these scans have identified approximately 100 
common genetic susceptibility loci for breast cancer risk, and as additional scans are ongoing 
at some point, the number of cancer susceptibility loci is likely to change rapidly over the 
next years. This is only possible because there are many worldwide consortium groups,  for 
example Asia Breast Cancer Consortium (ABCC) and Breast Cancer Association Consortium 
(BCAC), and it is through them that has been possible identifying the susceptibility of SNPs 
in large-scale and different populations.

The first GWAS for breast cancer was published in 2007 and identified novel susceptibility loci 
associated with this illness. Accordingly, as in reference [58], they studied 4398 breast cancer 
cases and 4316 controls, followed by a third stage in which 30 SNPs were tested for confirma-
tion in 21860 cases and 22578 controls from 22 studies. In total 227876 SNPs were analyzed, 
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which represented a coverage of approximately 77% of known common SNPs in Europeans 
at r2 > 0.5. As a result, they found five novel independent loci associated with the breast cancer 
(P < 10−7 using a stratified Cochran-Armitage trend test). The genes found around four loci are 
plausible causative genes (FGFR2, TNRC9, MP3K1 and LSP1). The most strongly associated 
SNP was in the intron 2 of the FGFR2 gene, a receptor tyrosine kinase that is amplified and 
overexpressed in 5–10% of breast tumours [59]. The 16q locus contains the candidate genes 
TNRC9 and LOC643714. The function of TNRC9 genes is currently unknown; however, the 
presence of the HMG box motif suggests that it possibly acts as a transcription factor [60]. 
MAP3K1, located at the 5q locus, is a gene involved in signal transduction and has not been 
previously reported to be involved with cancer. LSP1 is located at 11p locus and is an F-actin 
bundling cytoskeletal protein expressed in hematopoietic and endothelial cells. Other evi-
dence of association pointed to a SNP around the H19 gene, a maternally imprinted gene that 
encodes an untranslated mRNA closely involved in regulation of IGF2. The fifth locus is an 
interval of 110 kb lacking known genes and located in the genomic region 8q24. Despite the 
absence of genes in the segment of 110 kb, the region 8q24 contains loci associated with pros-
tate and colorectal cancers. The second stage of this study identified 1792 SNPs with P-value 
< 0.05, while the estimated by chance would be 1343. These observations have indicated that 
many additional common susceptibility alleles might be identifiable by this approach, but 
the detection of further susceptibility loci is associated with the increased coverage and use of 
larger number of cases and controls [58].

In the following years, nine articles using GWAS to identify genetic factors linked with breast 
cancer were published [61–69]. These works have not only increased the number of new 
markers associated with the illness, but also validated the genetic factors that were previ-
ously identified. Furthermore, the cancer genetic markers of susceptibility (CGEMS) group 
detected the association of FGFR2 in a second genome scan, genotyping 528,173 SNPs in 1145 
cases of invasive breast cancer among postmenopausal white women and 1142 controls they 
detected a set of four SNPs in intron 2 of FGFR2 [62]. All the variants are related with FGFR2 
expression in normal breast tissue, and interesting two of them are likely related to biological 
mechanism for interrupting active transcription factor-binding sites [70]. The deCODE group 
later on, using approximately 1000 unselected breast cancer cases and illumina 317k panel, 
found two additional loci at 2q and 5p [61, 63]. A further locus on 6q was identified by Gold 
et al. [64] studying 249 familial Ashkenazi Jewish breast cancer cases. This region contains 
two potential candidate genes, ECHDC1 and RNF146. The CGEMS group again added two 
novel loci with genome-wide significance: (i) one SNP, on the genomic region 1p11.2 neigh-
bouring NOTCH2 and FCGR1B, is predominantly associated with estrogen receptor-positive 
breast cancer; (ii) the second SNP is located on chromosome 14q24.1, localizes to RAD51L1, a 
prior candidate pathway for breast cancer susceptibility [67]. Additional loci associated with 
the breast cancer were found with a more refined analysis of the first GWAS. Accordingly, 
Ahmed et al. [66] tested over 800 promising associations in the two stages involving 37,012 
cases and 40,069 controls from 33 studies in the CGEMS and BCAC, finding strong evidence 
for additional susceptibility loci on 3p24 and 17q23.2; the causative genes include SLC4A7 and 
NEK10 on 3p and COX11 on 17q. Finally, Zheng et al. [65] conducted a GWAS among Chinese 
women and studied 607,728 SNPs in 1505 cases and 1522 controls; this analysis revealed 29 
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promising SNPs. The SNP at 6q25.1, located upstream of the estrogen receptor 1 gene (ESR1), 
exhibited consistent association with breast cancer across all the three stages performed, pro-
viding strong evidence of a susceptibility locus for breast cancer.

In 2010, a group conducted a new GWAS in which 582,886 SNPs were genotyped in 3659 cases 
with a family history of the disease and 4897 controls. They identified five new susceptibility 
loci on the chromosomes 9, 10 and 11, and found three SNPs in the 6q25.1, 8q24 and 11p15 
regions with a higher correlation risk to develop cancer than the ones reported previously 
[69]. In the same year, other group, based on the fact that the germline BRCA1 mutations 
predispose to breast cancer, aimed to identify genetic modifiers of this risk in 1193 individu-
als with BRCA1 mutations who were diagnosed with invasive breast cancer under the age 40. 
This group was contrasted with 1190 BRCA1 carriers without breast cancer diagnosis over 
age 35. The first stage of this study had led to the identification of 96 SNPs; after the further 
stages of analysis, five SNPs on 19p13 were highly associated with breast cancer risk and also 
associated with triple-negative breast cancer in a separate study of 2301 triple-negative cases 
and 3949 controls [68].

Three studies were published in 2011 revealing new loci associated with the breast cancer. 
Haiman et al. [71] searching for common risk alleles for ER-negative breast cancer, combined 
GWAS data from women of African ancestry (1004 ER-negative cases and 2745 controls) and 
European ancestry (1718 ER-negative cases and 3670 controls). This study was further rep-
licated with an additional 2292 ER-negative cases and 16,901 controls of European ances-
try. Their conclusion pinpointed a common risk variant for ER-negative breast cancer at the 
TERT-CLPT1L locus on chromosome 5p15 in multiple populations. Furthermore, the same 
variant was also significantly associated with the triple-negative breast cancer, particularly 
in younger women (<50 years old). Cai et al. [72] published a four-stage GWAS including 
17,153 cases and 16,943 controls among East-Asian women, after analysing 684,457 SNPs. The 
final result revealed one SNP at 10q21.2 (ZNF365) strongly implicated as a genetic risk vari-
ant for breast cancer among East-Asian women. Fletcher et al. [73] compared 296,114 tagging 
SNPs in 1694 cases of breast cancer and 2365 controls, with validation in three independent 
series totalling 11,880 cases and 12,487 controls, identifying a novel locus risk for breast can-
cer at 9q31.2 (the nearest genes around the SNP found are KLF4, RAD23B and ACTL7A), as 
well two variants mapping to 6q25.1, a locus previously reported. Although approximately 
25 common genetic susceptibility loci have been identified to be independently associated 
with breast cancer risk, the genetic risk variants reported only explain a small fraction of the 
heritability of breast cancer.

Long et al. [74] aimed to discover novel genetic susceptibility loci for breast cancer, therefore 
they conducted a four-stage GWAS in 19,091 cases and 20,606 controls of East-Asian descent 
(Chinese, Korean and Japanese women were included). It was analysed 690,947 SNPs, from 
this group the final stage showed an SNP in chromosome 6q25.1, near to TGF-β activated 
kinase (TAB2), with consistent association with breast cancer risk across all four stages, 
reaching a P-value of 3.8 × 10–12 when the analysis was done with all samples combined. 
In addition, they identified two possible susceptibility SNPs, one located in the intron 5 
of the ESR1 gene and the other at 11q24.3, with consistent association in each of the four 
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stages. Kim et al. [75] conducted a GWAS to evaluate previously identified loci in Korean 
woman and to identify additional novel breast cancer susceptibility variants. Accordingly, 
they conducted a three-stage GWAS that included 6322 cases and 5897 controls. The results 
revealed one SNP in the epidermal growth factor receptor (ERB4) gene, located at chro-
mosome 2q34, and showed that seven breast cancer susceptibility loci that were previously 
identified in European and/or Chinese population could be directly replicated in Korean 
women. Another GWAS study was conducted in Japanese patients with hormone receptor-
positive, invasive breast cancer receiving adjuvant tamoxifen therapy. This study detected 
significant associations with recurrence-free survival of15 SNPs on nine chromosomal loci 
1p31, 1q41, 5q33, 7p11, 10q22, 12q13, 13q22, 18q12 and 19p13. Among them, the one in the 
C10orf11 gene in 10q22 was significantly associated with recurrence-free survival in breast 
cancer patients treated with tamoxifen [76]. Besides these articles, two more were published 
in the same year. Ghoussaini et al. [77] reported a follow up of 72 promising associations 
from two independent GWAS using approximately 70,000 cases and 68,000 controls from 
41 case-control studies and nine breast cancer GWAS. Through this study, three new breast 
cancer risk loci on 12p11 (PTHLH gene), 12q24 and 21q21 (NRIP1 gene) were identified. An 
interesting fact was that two SNPs were associated only with ER-positive disease, whereas 
the SNP on 12p11 was associated with similar relative risks for both ER-negative and ER-
positive breast cancer. Because the GWAS of breast cancer separated by immunohistochemi-
cal have revealed loci contributing to the susceptibility of ER-negative subtypes. Siddiq et al. 
[78] conducted a large meta-analysis of ER-negative disease, comprising 4754 ER-negative 
cases and 31,663 controls from three GWAS, to identify additional genetic variants for ER-
negative breast cancer. They performed an in silico replication with 86 SNPs using a P-value 
≤ 10-5 in an additional population of 11,209 cases of breast cancer, where 946 were with ER-
negative disease, and 16,057 controls of Japanese, Latino and European ancestry. As result 
two novel loci were identified, one at 6q14 and other at 20q11. At the locus 6q14 the SNP was 
associated with breast cancer and both ER-positive and ER-negative disease. In contrast, the 
SNP at 20q11 was associated with ER-negative breast cancer, but showed weaker associa-
tion with overall breast cancer and no association with ER-positive disease. This work also 
confirmed three known loci associated with both ER-negative and ER-positive breast cancer. 
These findings highlight the relevance of large-scale collaborative studies to identify novel 
breast cancer risk loci.

In order to obtain a more comprehensive knowledge on the genetic factors controlling breast 
cancer development, the project collaborative oncological gene-environment study (COGS) 
was created through collaboration among four consortia [56]. The project consisted of a meta-
analysis of nine GWAS, involving 10,052 breast cancer cases and 12,575 controls of European 
ancestry. 29,807 SNPs were selected for further genotyping. The selected SNPs were geno-
typed in 41 studies in BCAC, using 45,290 cases and 41,880 controls in European ancestry 
population. Another important point of the study was the custom Illumina iSelect genotyping 
array (iCOGS) utilized that comprises more than 200,000 SNPs. The combined efforts identi-
fied SNPs at 41 new breast cancer susceptibility loci at genome-wide significance (P < 5 × 10−8). 
Two other studies were published in 2013. One aimed to identify further cancer risk-modifying 
loci using multi-stage GWAS of 11,705 BRCA1 carriers (5920 diagnosed with breast cancer and 
1839 diagnosed with ovarian cancer); further replication was done with an additional sample 
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of 2646 BRCA1 carriers. Looking specifically at breast cancer factors they identified a novel risk 
modifier locus at 1q32 for BRCA1 carriers [79]. The other study was focused on identification of 
susceptibility loci specific to ER-negative disease, using a meta-analysis of 3 GWAS with 4193 
ER-negative breast cancer cases and 35,194 controls with a series of 40 follow-up studies and 
also used the iCOGS to genotype. Their conclusion reported SNPs at four loci, 1q32.1 (MDM4 
and LGR6), 2p24.1 and 16q12.2 associated with ER-negative but not ER-positive breast cancer. 
Once again providing further evidence for distinct etiological pathways associated with inva-
sive ER-positive and ER-negative breast cancer [80].

GWAS have also been proven to be a powerful strategy to identify genetic factors associated 
with adverse reactions caused by drugs. The first GWAS for chemotherapy-induced alopecia 
was conducted in Japanese breast cancer patients, and identified SNPs significantly associ-
ated with drug-induced grade 2 alopecia. For instance, the rs3820706 (calcium channel volt-
age-dependent subunit beta) on 2q23 and its nearby SNP rs16830728 could be associated with 
significant molecular alterations in genes such as ion channel-related genes and genes related 
to the β-catenin signalling pathway [81].

The lack of concordance among some studies for breast cancer led a group to study 41 com-
mon non-synonymous SNP (nsSNP) for which evidence of association with breast cancer risk 
had been previously reported. This work combined 38 studies of white European women 
(46,450 cases and 42,600 controls), and showed strong association for one previously reported, 
7q21; one novel susceptibility locus, 3p21 and the third locus is located in an established breast 
cancer susceptibility region, 3p24 [82]. Another study with 22,780 cases and 24,181 controls 
provided additional insights into the genetics and biology of breast cancer in East Asian 
women. It was identified that three genetic loci located at 1q32.1, 5q14.3 and 15q26.1 were 
recently associated with breast cancer risk [83]. Purrington et al. [84], interested on identify 
loci that influence triple-negative breast cancer risk, conducted a two-stage GWAS of triple-
negative breast cancer with 1529 cases and 3399 controls in the first stage and 2148 cases and 
1309 controls in the second. Variants at 19p13.1 and PTHLH loci showed significant associa-
tion in both stages. Moreover, 25 SNPs already known as breast cancer susceptibility were 
associated with risk of triple-negative breast cancer (P < 0.05).

One particular article published in 2014 called attention for running a meta-analysis of GWAS 
of three mammographic density phenotype: dense area, non-dense and percent density in 
up to 7916 women in stage 1 and 10,379 women in the second stage. The results showed loci 
that reached genome-wide significance for all three phenotypes, for dense area (AREG, ESR1, 
ZNF365, LSP1, IGF1, TMEM184B and SGSM3), non-dense area (8p11.23) and percent density 
(PRDM6, 8p11.23 and TMEM184B). Interestingly, some regions are known as breast cancer 
susceptibility loci and the others regions were found, after a large meta-analysis, to be associ-
ated with breast cancer (P < 0.05). Based on the ability to identify known as well as putative 
novel breast cancer loci by studying mammographic density phenotypes, the authors dem-
onstrated the power of using quantitative intermediate phenotypes to discover new disease 
loci [85].

In 2015, there were more than 90 established breast cancer risk loci, with 57 new ones, revealed 
through GWAS during 2013 and 2014. Nevertheless, new studies were published identifying new 
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susceptibility loci. A group performed a meta-analysis restricted to women of European ancestry. 
They worked with 11 GWAS comprising of 15,748 breast cancer cases and 18,084 controls, and 
46,785 cases and 42,892 controls from 41 studies genotyped on iCOGS, and used imputation 
to estimate genotypes for more than 11 million SNPs, identifying 15 novel loci associated with 
breast cancer at P < 5x10−8 [85]. Palomba et al. [86], also following the assumption that analyses 
in genetically-homogeneous population could represent an additional approach to detect low 
penetrance alleles, conducted a GWAS study comparing 1431 Sardinian patients with non-famil-
ial, BRCA1/2-mutation-negative breast cancer to 2171 healthy Sardinian blood donors, where 
2,067,645 SNPs were analysed. The study concludes the role of TOX3 and FGRF2 as breast cancer 
susceptibility genes in BRCA1/2-wild-type breast cancer patients from Sardinian population.

In 2016, three GWAS were three GWAS were published describing novel genetic  susceptibility 
loci. It was a study including 14,224 cases and 14,829 controls of East Asian women, where 
two SNPs in two loci were found to be associated with breast cancer risk at the genome-wide 
significance level, one at 1p22.3 and other at 21q22.12 [87]. The identification of four previ-
ously unidentified loci including the ones at 13q22 (KLF5), 2p23.2 (WDR43) and 2q33 (PPIL3) 
with genome-wide significant association with ER-negative breast cancer, performing a meta-
analysis of 11 GWAS consisting of 4939 ER-negative cases and 14,352 controls, combined with 
7333 ER-negative cases and 42,468 controls and 15,252 BRCA1 mutation carriers genotyped 
on the iCOGS array [88]. GWAS also can be useful to identify SNPs associated with response 
to anthracycline-based neoadjuvant chemotherapy in breast cancer patients. A group iden-
tified two SNPs that were significantly associated with pathologic complete response after 
neoadjuvant chemotherapy. After the validation using 401 patients who received anthracy-
cline-based neoadjuvant regimens the authors found that only one SNP, located in the WT1 
gene, was associated with the pathologic complete response after anthracycline-based neoad-
juvant therapy, suggesting that WT1 may be a potential target of anthracycline-based neoad-
juvant therapy for breast cancer [89].

4. Conclusion

GWAS have been successful in identifying many genetic variants that are significantly asso-
ciated with human diseases. However, a gap has emerged between the ability to detect 
these associations and the ability to meaningfully interpret their biological significance [90]. 
Currently, the challenges facing GWAS include the translation of associated loci into suitable 
biological hypotheses, missing heritability [91], and the understanding of how multiple mod-
estly associated loci within genes interact to influence a phenotype [92]. Thus, the new trend 
for susceptibility loci identification has moved forward to describe precisely the functional 
weffects and target genes. The post-GWAS include detailed genetic and epidemiological dis-
section, bioinformatics prediction of functionality and in vitro and in vivo experimental veri-
fication of the molecular mechanisms for the causal variants and their target genes [93, 94]. 
Although identification of common risk variants is an emerging field, it will create a routine 
screening method for earlier diagnosis and direct breast cancer treatment strategies.
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GWAS have been successful in identifying many genetic variants that are significantly asso-
ciated with human diseases. However, a gap has emerged between the ability to detect 
these associations and the ability to meaningfully interpret their biological significance [90]. 
Currently, the challenges facing GWAS include the translation of associated loci into suitable 
biological hypotheses, missing heritability [91], and the understanding of how multiple mod-
estly associated loci within genes interact to influence a phenotype [92]. Thus, the new trend 
for susceptibility loci identification has moved forward to describe precisely the functional 
weffects and target genes. The post-GWAS include detailed genetic and epidemiological dis-
section, bioinformatics prediction of functionality and in vitro and in vivo experimental veri-
fication of the molecular mechanisms for the causal variants and their target genes [93, 94]. 
Although identification of common risk variants is an emerging field, it will create a routine 
screening method for earlier diagnosis and direct breast cancer treatment strategies.
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Abstract

Circulating tumor cells (CTCs) have emerged as a new generation of liquid biomarker that 
allows for noninvasive longitudinal disease monitoring. CTCs represent a rare cell popula-
tion in the blood, surrounded by billions of hematopoietic cells. Due to the rarity of CTCs in 
the blood, the isolation of pure CTCs’ populations has proven to be challenging. However, 
a number of new technologies have emerged using CTCs cytometric/immunological and 
physical characteristics. Currently, patients with greater than 5 CTCs have a shorter pro-
gression-free survival, as compared with those with less than 5 CTCs per 7.5 ml of whole 
blood. Although the CTC count itself is an independent prognostic marker, the field is shift-
ing toward understanding metastasis-relevant marker expression on CTCs for the improve-
ment of the prognostic significance of CTCs. This chapter first introduces the principles 
of CTC isolation and detection methods, then the clinical utility of CTCs for prediction of 
prognosis and therapy response. Lastly, the heterogeneity of CTCs will be discussed.

Keywords: circulating tumor cell (CTC), breast cancer, liquid biomarker, metastasis

1. Introduction

Breast cancer is the most commonly diagnosed malignancy as well as one of the leading causes 
of cancer deaths. Treatment strategies in early-stage breast cancer are directed toward radical 
cure and prevention of recurrence or the development of metastatic diseases. However, once 
metastatic disease has been detected, alleviation of symptoms or palliative care becomes the 
focus, with the aim of extending overall and disease-free survival (DFS). Current methods of 
disease monitoring are limited to radio-imaging of detectable metastatic lesions and/or eleva-

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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tion of tumor markers in the serum. Due to a lack of sensitive and specificity, accurate disease 
 monitoring remains a challenge. Recently, however, circulating tumor cells (CTCs) have received 
significant attention as a new class of “liquid biopsy” that would enable longitudinal and nonin-
vasive disease monitoring in order to capture an overall snapshot of individual disease.

The presence of cancer cells in the circulation was recognized as early as the nineteenth century, 
when the Australian physician Thomas Ashworth detected the presence of cells in the blood that 
were similar to those from the primary tumor of a woman with metastatic breast cancer (MBC) 
[1]. The early 1900s yielded few descriptions of the isolation of tumor cells from the blood [2, 3]. 
In 1960, Alexander and Spriggs undertook cytopathologic analysis for the presence of CTCs in 
the blood of 140 cancer patients of various sites [4]. Although CTCs were detected in only seven 
of these cases, each of those patients had a markedly short survival of only several months, rein-
forcing the rarity as well as the potential clinical significance of CTCs. In addition to these early 
clinical investigations, parallel efforts using animal models to elucidate the process of cancer cell 
dissemination have further highlighted the clinical relevance of CTCs [5, 6]. Despite growing 
awareness throughout the twentieth century of CTCs’ potential impact, their clinical implica-
tion was not robustly examined until the early 2000s. In 2002, Fehm et al. conducted cytogenetic 
analyses of cells obtained from the blood of cancer patients of several types, including breast, 
and compared chromosome profiles to those from their primary tumors, finding similar malig-
nant features and chromosomal abnormalities between the two. The first large, multi-institutional 
clinical study evaluating the prognostic value of CTCs in patients with MBC was conducted in 
2004 by Cristofanilli et al. Their study concluded that patients with 5 or more CTCs found in 7.5 
ml of pretreatment blood have shorter progression-free survival (PFS) compared to those with 
less than 5 CTCs [7]. Since then, multiple studies have followed investigating the clinical validity 
of CTCs in the prediction of prognosis and therapy response.

These initial findings not only revealed that cancer cells in the circulation originate from the 
solid primary tumor but also provided new insight into the hematogenous metastasis path-
way. Since the majority of breast cancer-related deaths are caused by distant organ metasta-
sis rather than primary tumor burden, understanding this pathway is of great consequence 
to clinicians and researchers working to reduce breast cancer mortality. The completion of 
metastasis requires a sequential multistep process, the first step of which is local invasion. 
Increased motility facilitates the entry of cancer cells from the primary tumor into the blood 
stream. Vascular circulation is the interface between the primary tumor and the target organ 
for metastasis, making cancer cells disseminated in the blood a critical driver of metastasis. 
Although the drastic environmental change from a static solid tumor to dynamic blood flow 
eliminates many of the intravasated tumor cells, those that survive and adhere firmly to the 
vessel surface of a distant organ complete the next step in the metastasis pathway. The firm 
adhesion of CTCs to the endothelium under dynamic blood flow triggers permeabilization of 
endothelial tight junctions, subsequently allowing transendothelial migration of CTCs and 
eventual growth at distant organs [8]. Each of these steps is rate-limiting, and failure of even 
one inhibits metastasis. Thus, only a small fraction of the cancer cells disseminated from the 
primary tumor into circulation eventually give rise to overt organ metastasis.

In this chapter, we discuss the different platforms used to isolate CTCs from the blood as 
well as their clinical relevance in predicting prognosis and treatment response. The cytologi-
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cal  features and heterogeneity among CTCs will also be examined. Finally, throughout the 
 chapter, we will explore new avenues of research on CTCs and their implications in establish-
ing CTCs as the new “liquid biopsy.”

2. Isolation and enumeration of CTCs

CTCs represent a rare cell population in the blood; therefore, they must be well distinguished from 
blood and other noncancerous cells (such as epithelial, fibroblast, and endothelial cells) present 
in the circulation [9–11]. Successful detection of CTCs is comprised of two consecutive steps: (1) 
enrichment, the separation of CTCs from blood cells and (2) confirmation, the identification of 
CTCs based on their unique biological characteristics. Currently, the main principles guiding 
CTC enrichment are based on the unique biological, morphological, and physiochemical charac-
teristics that distinguish CTCs from other cells in circulation [12, 13]. However, each method faces 
its own difficulties. For example, CTC collection based on biological properties using surface 
markers will automatically eliminate CTCs without the marker expression. By contrast, enrich-
ment by density, charge, or size collects any circulating cell with those prerequisite properties. 
A combinatorial approach may overcome current technology limitations. Additionally, a better 
understanding of the properties of CTCs may lead to the development of new enrichment crite-
ria. Since strategies for CTC enrichment and identification vary in their respective strengths and 
weaknesses, the method of enrichment should be determined by the end point of individual stud-
ies. This section introduces commonly used CTC enumeration and identification methodologies 
and further discusses the advantages and potential pitfalls of each enrichment principle.

2.1. Isolation based on biological characteristics of CTCs

Breast cancer originates from epithelial cells in the mammary duct; thus, CTCs with positive 
expression of epithelial surface markers (cytokeratins and/or EpCAM) have traditionally been 
the focus of enrichment methodologies. CTCs are enriched by their affinity to bind antibod-
ies against epithelial surface markers and excluded by the presence of the common leukocyte 
marker (CD45) as well as cytologic criteria [14]. This principle is the most widely adopted basis 
for enrichment techniques, and automated devices have been developed and commercialized 
for this application. While high reproducibility, specificity, and automation are major strengths, 
CTCs without epithelial marker expression likely escape inclusion by this method. Given the 
importance of epithelial mesenchymal transition (EMT) in invasion and metastasis, the potential 
exclusion of CTCs with weak or no epithelial marker expression should be considered [15, 16].

2.1.1. CellSearch® system (Veridex, LLC)

The CellSearch® system is a Food and Drug Administration (FDA)-approved CTC isolation device 
that is widely utilized for CTC enumeration in clinical studies. CellSearch’s  enrichment method 
relies on affinity binding of CTCs to magnetic ferrofluids attached to anti-EpCAM antibodies. 
EpCAM positive pools are then further used for enumeration by positive expression of cytokera-
tins 8+/18+ and/or 19+ that collocate with DAPI and the absence of CD45 [17]. Whole blood is pro-
cessed using an automated blood cell diluting apparatus (CellPrep and Immunicon) and then 
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immunomagnetically labeled EpCAM+ cells are concentrated using an external magnetic field. 
Finally, the immunomagnetically labeled cells are analyzed using either the CellSpotter Analyzer 
or the CellTracks Analyser II which examine cell morphology and staining patterns for CTC con-
firmation [17, 18]. The CTC criteria used in these methods are (1) an intact cell with a round to oval 
morphology and at least 4 μm in size; (2) positive for DAPI with a nucleus inside the cytoplasm 
(of at least >50%) and a nucleus area smaller than the cytoplasm, and (3) positive for cytokeratins 
and negative for CD45 [19]. One advantage of the CellSearch® System is that blood is collected in a 
CellSave tube which contains a mixed fixative. CTCs remain stable for 96 hours and can be trans-
ported at room temperature for later analysis. Since the CellSearch® system is semiautomated, the 
reproducibility of this study is high with minimal inter- or intrareader variability.

Using CellSearch®, Cristofanilli et al. were the first to report that circulating epithelial cells are 
rare in healthy women and those with benign tumors (0.1 ± 0.2 per 7.5 ml blood). Additionally, 
they found 5 CTCs per 7.5 ml blood to be a reliable cutoff for the prediction of patient survival 
among women with malignant breast tumors. A study of 517 breast cancer patients showed that 
patients at or above this cutoff had a shorter median PFS (2.7 months vs. 7.0 months; p < 0.001) 
and shorter overall survival (OS) (10.1 months vs. >18.0 months; p < 0.001) when compared to 
those with fewer than 5 CTCs. These data demonstrate that the number of CTCs prior to treat-
ment is an independent predictor of PFS and OS in patients with MBC [7].

2.1.2. Adnatest (AdnaGen AG)

Adnatest is an immunomolecular assay that combines immunomagnetic-based enrichment 
with multiplex reverse transcription polymerase chain reaction (RT-PCR). In the initial isola-
tion step, EpCAM+/MUC1+ CTCs are enriched using magnetized antibodies and further iden-
tified by tumor-associated gene expression [20–22]. Since phenotypic changes occur in cancer 
cells throughout the disease course and in response to therapies, cancer cells in the primary 
tumor as well as in the circulation are diverse in their gene expression. Considering the het-
erogeneity of cancer cells, the most prominent advantage of Adnatest is that it allows use of 
a variety of antibody-based selection markers, thereby minimizing false negative and false 
positive results. Bredemeier et al. enriched CTCs in 62 MBC patients using immunomagnetic 
beads that target EpCAM, epithelial growth factor receptor (EGFR), and HER2. The enriched 
CTCs were then characterized by their expression of tumor-related genes using a multiplex 
qPCR assay (AdnaTest EMT-2/StemCellDetect™). Using this approach, authors of the study 
established a panel of nine genes able to identify differential expression of each pheno-
type— epithelial (EpCAM), EMT (PIK3CA, AKT2), stem cell (ALDH1), drug resistant (ERCC1, 
AURKA), receptor positive (ERBB2, ERBB3, and EGFR), and leukocyte control (CD45) [23]. 
Adnatest is capable of detecting as few as 2 CTCs in 5 ml of blood [20, 22] and in a compara-
tive study showed greater sensitivity than the CellSearch® system in detecting CTCs (53 vs. 
47% CTC positive, respectively, in a sample of 55 MBC patients) [24].

2.1.3. CTC-Chip

A surface coating of anti-EpCAM antibody enables the microfluidic CTC-Chip to capture 
EpCAM+ cells in its channel while eliminating those that are negative under precisely  controlled 
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laminar flow conditions. Etched in silicon and no larger than a standard microscope slide [25], 
the CTC-Chip contains an array of microposts functionalized with anti-EpCAM antibodies and 
a pneumatic pump to establish flow, all enclosed by a manifold. Once a blood sample has been 
pumped through, the microchip is gradually flushed with PBS to remove any nonspecifically 
bound cells. To identify CTCs, the microchip is then stained with DAPI, pan-cytokeratins (1, 
4, 5, 6, 8, 10, 13, 18, and 19), and CD45 using immunocytochemistry. Cells meeting the mor-
phological characteristics of malignant tumor cells (such as cell size, shape, and nuclear size) 
and positive for cytokeratins are considered CTCs. Assessment of cell membrane integrity fol-
lowing this method showed substantial viability (98.5 ± 2.3%). Additionally, the CTC-Chip 
 captures cells with low EpCAM expression as efficiently as cells with high expression. The 
CTC-Chip successfully  identified CTCs in the peripheral blood of patients with metastatic dis-
ease in 115 of 116 (99%) samples, with a range of 5–1281 CTCs per ml [26].

2.1.4. MagSweeper

The MagSweeper is another EpCAM-based immunomagnetic cell separator. It uses a 
round-bottom, magnetic rod covered with an ultrathin (25 μm) nonadherent plastic sheath. 
This assembly is robotically swept through a well containing a blood sample labeled with 
anti-EpCAM functionalized paramagnetic beads (CELLection Epithelial Enrich Dynabeads: 
Invitrogen). The EpCAM+ cells captured on the covered magnetic rod (MagSweeper) are 
transferred to and washed in a well containing PBS, then released into another well of PBS 
by removing the magnetic rod from its sheath. Finally, EpCAM+ cells are further confirmed 
by morphology and gene expression profiles [27, 28]. The gene expression profiles of MCF7 
cells incubated with anti-EpCAM magnetic beads before and after MagSweeper isolation 
were analyzed using microarray analysis and compared with a similar number of MCF7 
cells grown in culture media. Statistical analysis indicated that the MagSweeper isolation 
process does not induce any significant perturbation in the gene expression profile of cells. 
Additionally, the use of 4.5-μm magnetic beads permits isolation of target EpCAM+ cells, 
even with single-bead attachment, making the procedure suitable for isolation of CTCs with 
moderate-to-low EpCAM expression. However, the attachment of large magnetic beads to 
the cell surface may interfere with certain applications. An additional drawback is that nor-
mal EpCAM+ cells present in the circulation are also potentially selected and need to be 
distinguished from CTCs at a microscopic level. MagSweeper technology succeeded in iso-
lating CTCs from all MBC patients (n = 47) at an average of 12 ± 23 CTCs per 9 ml of blood, 
while no CTCs were found in samples derived from healthy donors [28].

2.1.5. Vita-Assay™ (Vitatex Inc.)

The Vita-Assay™ is a functional assay-based CTC enrichment method that takes advantage of 
invasive CTCs preferential adhesion to the cell adhesion matrix (CAM). Viable, invasive CTCs are 
captured on a plate coated with CAM-mimic, then further identified based on their proclivity to 
degrade and ingest the extracellular matrix. CTCs adhered to the Vita-Assay™ plate are released 
by the addition of an enzyme that dissolves the CAM coating, and then concentrated by centrifu-
gation for cytologic analysis. This application’s criteria for CTCs include positive CAM uptake 
(CAM+) and negative hematopoietic lineage (HL) marker expression. Enumeration of CTCs by 
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flow cytometry may be further validated by microscopic comparison of CTC and immune cell 
morphology. The Vita-Assay™ CTC-enrichment platform is capable of enriching rare and inva-
sive CTCs and is not biased by surface markers, morphology, or size. Rather, since it focuses on 
the adhesive properties of CTCs, it offers a potentially robust capture method for invasive CTCs. 
Additionally, Vita-Assay™ allows for sensitive multiplex flow cytometric and microscopic detec-
tion of CTCs. Vita-Assay™ successfully detected CTCs in all blood samples from MBC patients 
(n = 10) with a range of 18–256 CTCs per ml. Moreover, CTCs were detected in blood samples of 
28 of 54 (52%) stage I–III breast cancer patients with a mean count of 61 CTCs per ml [29].

2.2. Isolation based on physicochemical properties of CTCs

Several isolation methods take advantage of differences between the physicochemical properties 
of CTCs and other circulating cells. Enrichment methods have been developed for properties 
including size, density, and surface charge [30]. For example, the well-documented fact that car-
cinoma cells have larger overall size and denser nuclei than normal epithelial and immune cells 
has been adopted for CTC isolation [31, 32]. Similarly, nuclear condensation of carcinoma cells 
has led to the development of density-based CTC enrichment [33]. Lastly, differential surface 
charges between carcinoma and normal epithelial or immune cells are also a strategy used for 
CTC enrichment [34]. Enrichment strategies based on physiochemical properties have emerged 
in order to minimize bias (i.e., exclusion of non-EpCAM+ cells); thus, the sensitivity of CTC iso-
lation using these methods is high. However, their specificity is not always high due to the dif-
ficulty of completely eliminating potential leukocyte contamination during the enrichment step. 
Most of these methods rely on manual cytopathologic identification of CTCs, a highly laborious 
process with varied reproducibility depending on the pathologist. Despite this, the potential for 
versatile applications as well as live CTC collection remains major strengths of this method class.

2.2.1. Size and density

Since CTCs are larger in size than immune or red blood cells, two commercially available 
methods have used this principle to enrich CTCs. Using negative pressure or gravity, cells with 
diameter greater than the 6.5–8.0-μm pores are captured on porous membranes. This results 
in the acquisition of multiple types of cells, including CTCs, leukocytes, fibroblasts, normal 
epithelial, and endothelial cells. CTCs are then distinguished from immune cells by immunos-
taining and morphology. Although, different types of staining methods have been explored for 
reproducibility, no standard staining method for CTCs has been established thus far.

2.2.1.1. RareCells® system (Rarecells)

The RareCells® system allows performance of the Isolation by Size of Epithelial Tumor Cells test 
(ISET® test). The ISET® test enriches CTCs according to their size and subsequently identifies 
them based on their cytopathologic features. The RareCells® system is a negative depression-
based filtration device. It consists of a 10-well filtration module that captures CTCs on a polycar-
bonate Track-Etch-type porous membrane [35–37]. Following red blood cell rupture and mild 
fixation, circulating cells smaller than 8 μm are filtered through the porous membrane, while 
those of a greater diameter are enriched on the membrane. The membranes may subsequently 
be stained for the detection of CTCs or stored for future analysis. The RareCells® system allows 
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for versatile applications, including both fixed and live CTC collection. Using ISET method, 
Hofman et al. conducted a blinded, multicenter study to assess the feasibility of CTC identifica-
tion using  cytopathologic criteria. CTCs were defined as circulating nonhematologic cells exhib-
iting at least 4 of the following criteria: irregular nuclei, anisonucleosis (ratio >0.5), high nuclear/
cytoplasmic ratio, nuclei larger than 24 μm, or the presence of tridimensional sheets. Based on 
these criteria, CTCs were only detected in the blood of patients with malignant disease and were 
absent in healthy subjects [38]. The RareCells® system has shown successful detection of CTCs 
in breast cancer, melanoma, and nonsmall cell lung cancer cases [37, 39–41]. In a comparison 
between the RareCells® system and CellSearch®, the RareCells® system displayed greater sen-
sitivity of detection (93% vs. 40%, respectively) and yielded higher median CTC counts [42].

2.2.1.2. OncoQuick® tube (Greiner Bio-One)

This separation device is composed of a centrifugation tube containing a liquid density separa-
tion medium and porous barrier membrane optimized for the enrichment of CTCs from blood. 
During the enrichment step, blood is layered on top of the gradient and then centrifuged. CTCs 
are enriched in the fluid above the porous barrier and collected in a tube by centrifugation. 
Following immunocytochemistry, CTCs are identified as cytokeratin-positive (7, 8, and 18) 
and CD45 negative with intact nuclei and an increased nuclear-cytoplasmic ratio [43, 44]. The 
purity and efficacy of CTC enrichment using OncoQuick® are higher than that with Ficoll, 
which traps up to 25 times more blood mononuclear cells [45]. However, detection sensitivity 
using OncoQuick® was found to be lower than CellSearch® (23% vs. 54%; p < 0.001) [43].

2.2.2. Electrical properties

CTCs have a unique surface charge that distinguishes them from other cells. Thus, a dielectro-
phoretic flow field can be used to fractionate CTCs from blood cells based on their differential 
electrical properties [34].

2.2.2.1. DEPArray™ technology (Silicon Biosystems)

Utilizing this principle, DEPArray™ is an automated instrument that can identify, quantify, 
and recover individual rare cells. It is used as a second purification step after initial EpCAM-
based CTC enrichment methods. The individually isolated CTCs using DEPArray™ are 
then identified based on their morphological and immunocytochemical features. The system 
includes the DEPArray™ cartridge and DEPArray™ analysis platform. The single-use, micro-
fluidic cartridge contains an array of individually controllable electrodes, each with embed-
ded sensors. This circuitry enables the creation of dielectrophoretic cages around cells. After 
imaging, individual CTCs are gently moved into the holding chamber for isolation and recov-
ery. The DEPArray™ analysis platform utilizes image-based selection to allow identification 
and isolation of CTCs on the DEPArray™ cartridge. The system uses a six-channel fluorescent 
microscope and a CCD camera to capture images and identify cells demonstrating the desired 
fluorescence labeling and morphological characteristics. The main advantage of DEPArray™ is 
its ability to eliminate mononuclear cell cross contamination from the preenriched CTC pool. 
Image-based selection enables the isolation of specific rare cells from other cell types. Moreover, 
the DEPArray™ system yields high-quality nucleic acids for molecular investigations, since the 
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Detection strategy Detection method Advantages Disadvantages

Biological EpCAM 
expression

CellSearch® System 
[17]

Semiautomated system Only epithelial CTCs 
are captured and 
mesenchymal cells are 
discarded

FDA approved

Quantification of CTCs

CTC-chip [25] Captured cells are suitable for 
molecular analyses

High detection rate

Quantification of CTCs

IsoFlux NSG applicable

Custom design for CTC 
isolation

Semiautomated system

Herringbone-Chip 
(HB-Chip) [98]

Enhanced platform for CTC 
isolation

Allows detection of 
microclusters of CTCs

MagSweeper  
[27, 28]

Automated immunomagnetic 
isolation

Allows for gene expression 
profiling analysis

EpCAM 
and MUC1 
expression

AdnaTest [20–22] High sensitivity CTCs cannot be 
morphologically 
characterizedMultiplex PCR assays

EpCAM 
expression and 
microfluidic

SIM-Chip [99] Single-cell isolation  
High purity and recovery 
without cell damage

Possible cell damage

Physicochemical Size RareCells® system 
[35–37]

Single CTC morphological, 
immunocytological, and 
genetic analyses

Cross contamination 
with other rare 
blood cells such as 
megakaryocytes and 
large monocytesHigh sensitivity and specificity

ScreenCell® [100] Isolation of live cells and allows 
for tissue culture experiments

Celsee PREP™ slide Highly efficient CTC detection 
with high sensitivity and 
specificity

Immunohistochemistry, DNA, 
and mRNA analyses

Single cell analyses

Automatic imaging system

Surface charge DEPArray™ [46] Single cell isolation

High quality nucleic acids 
for molecular investigations 
(elimination of blood cells cross 
contamination)
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cells receive minimal disturbance during capture or transport. Additionally, the DEPArray™ 
system allows for the isolation of single cells, making it a promising contributor to the under-
standing of CTC heterogeneity [46].

 A summary for the CTC methods discussed in this chapter along with other methods is 
described in Table 1.

3. Clinical utility of CTCs as a biomarker

Liquid biopsy is a clinically amenable method to enable real-time and longitudinal disease 
monitoring. Currently, available serum markers lack the specificity and sensitivity needed for 
clinical management of breast tumors. Since the detection of CTCs became feasible, a number 
of clinical studies have undertaken exploration of whether CTCs could provide a new mini-
mally invasive, longitudinal disease monitoring strategy in breast cancer [7, 47]. The ability 
of CTCs to predict disease progression in both early and MBC as well as in different tumor 
subtypes is currently under investigation. Moreover, several clinical trials have investigated 
the use of CTCs as an early therapy response marker. This section discusses the potential use 
of CTCs as a biomarker for prognosis and therapy response in breast cancer.

3.1. Prediction of prognosis of metastatic breast cancer by CTC

In a landmark study, Cristofanilli et al. conducted the first large, multi-institutional clinical 
study to evaluate the utility of CTCs as a predictive biomarker for disease progression in 
patients with MBC. Using the CellSearch® system, CTCs were enumerated from 177 patients 
with measurable MBC from 20 clinical centers across the United States. Of these, 49% had ≥5 
CTCs per 7.5 ml of blood at baseline prior to treatment. When compared to patients with fewer 
than 5 CTCs at baseline, these patients had shorter median PFS (2.7 months vs. 7.0 months; p 
< 0.001) and OS (10.1 months vs. >18 months; p < 0.001). After 4 months, 10 of the 177 patients 
had died, each showing an average of 3000 CTCs per 7.5 ml of blood at baseline [7]. This 
data clearly indicated that the presence of CTCs is strongly associated with poor outcomes in 
MBC patients. When another study, conducted by Nakamura et al., examined the correlation 
between CTC count and OS, increased risk was found for patients with higher pretreatment 

Detection strategy Detection method Advantages Disadvantages

Functional Secretion EPISPOT [101] Detects viable cells Detects only Epithelial 
CTCs

Matrix 
adhesion

Vita-Assay™ [29] Enriches viable CTCs from 
blood up to one-million fold

Limited only to 
invasive CTCs which 
are able to ingest cell 
matrix

Table 1. Summary of approaches used for CTC isolation and their relevant devices.
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counts Hazard Ratio (HR): 2.4 for patients with 5–10 CTCs; (95% CI, 0.72–8.24, p = 0.1481); 
HR: 13.95 for patients with 21–100 CTCs; (95% CI, 4.57–42.55, p < 0.0001). Furthermore, when 
the OS of patients with ≥5 CTCs was compared to those with <5 CTCs, the HR was 3.1 times 
higher (95% CI, 1.49–6.29, p = 0.002) [47]. This relationship has been further confirmed by both 
meta- and pooled analyses [48–50]. Comprehensive meta-analysis of 49 studies, including a 
total of 6825 patients (Early stage [M0, n = 2993], metastatic [M1, n = 3069], and pooled patients 
with I–IV stages [n = 763]) found that CTC count was significantly associated with shorter 
PFS and OS in both early stage and MBC patients (HR: 1.78; 95% CI, 1.52–2.09, p < 0.001 for 
PFS; HR: 2.33; 95% CI, 2.09–2.60, p < 0.001 for OS in MBC patients) [48]. Additionally, pooled 
analysis of 20 studies from 17 European breast cancer centers found similar trends. In this 
cohort of 1944 MBC patients, 46.9% had a CTC count of ≥5 CTCs per 7.5 ml at baseline, which 
was associated with both decreased PFS (HR: 1.92; 95% CI, 1.73–2.14, p < 0.0001) and OS (HR: 
2.78; 95%CI, 2.42–3.19, p < 0.0001) compared to those with <5 CTCs [49]. In another recent 
meta-analysis of 24 studies including 3701 MBC patients, in 1 and 2 years PFS and OS rates 
(respectively), higher CTC counts correlated with shorter PFS [50].

Since the studies included in these analyses varied in CTC detection method and time point 
of blood draw, Zhang et al. evaluated whether these differences affect the prognostic value of 
CTC counts. Using a subgroup analysis stratified by detection method and time point of blood 
sampling, their meta-analysis found that the prognostic value of CTCs in PFS was  significant 
in studies using RT-PCR (HR: 2.58; 95% CI, 1.99–3.35) or CellSearch® methodologies (HR: 1.85; 
95% CI, 1.53–2.25). This demonstrated that CTCs are a reliable prognostic marker from pre-
dose/preoperative blood in patients with MBC, regardless of other differences in study design 
[51]. Similarly, CTC counts have also been shown to be a prognostic marker in the postdose 
blood of MBC patients receiving their first cycle of first-line treatment [7, 52].

Together, these studies lay the foundation for CTCs as a valid and reliable prognostic indi-
cator both before and after breast cancer treatment. Given their promising clinical applica-
tion, the question of whether CTCs are superior to other prognostic factors has also been 
addressed. A multivariate, Cox proportional hazards regression analysis showed that CTC 
count at baseline was the most significant predictor of both PFS and OS, regardless of histol-
ogy grade, recurrence, de novo stage IV breast cancer, or hormone and HER2 receptor status. 
Moreover, in a retrospective analysis of MBC patients, comparison of the prognostic signifi-
cance of CTCs with tumor burden, therapy type, and receptor subtype showed that CTCs 
were an independent predictor of prognosis [7, 53].

3.2. Prediction of prognosis of nonmetastatic breast cancer by CTCs

As mediators of metastasis, CTCs’ presence and role in advanced breast cancer cases have 
received much attention. However, their implications in nonmetastatic cases have been a 
focus of investigation as well. Using mRNA expression of cytokeratin 19 (CK19) to identify 
CTCs, Stathopoulou et al. detected CTCs in the blood of 148 patients with operable breast 
cancer prior to initiation of adjuvant therapy. For stage I and II breast cancer, the presence of 
CK19+, CTCs was an independent prognostic factor associated with early relapse (p < 0.001) 
and disease-related death (p = 0.01) during a median follow-up of 28 months [54]. Using the 
same approach, Xenedis et al. analyzed 167 node-negative breast cancer patients before the 
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initiation of therapy and found 21.6% of the patients had CK19+ CTCs, which were associ-
ated with early relapse (p < 0.001) and disease-related death (p < 0.008). Multivariate analysis 
further confirmed the detection of CK19+ CTCs in the blood of node-negative patients is an 
independent prognostic factor [55].

The largest study on CTCs conducted in an adjuvant setting was the SUCCESS study, which 
included 2026 patients (median follow-up of 35 months) and collected CTCs after surgery and 
chemotherapy. The presence of even one CTC before adjuvant systemic treatment was associated 
with poor disease-free survival and OS. Additionally, node-positive patients were found to have 
CTCs more frequently than node-negative patients. In a subgroup analysis, the  presence of CTCs 
was not significantly associated with DFS in node-negative patients; however, in node-positive 
patients, CTC was proportionally associated with number of node involvement and poor prog-
nosis (positive node number of 1–3; p = 0.008), 4–9; p < 0.001; ≥10; p = 0.001). Patients who had 
CTCs present both before and after systemic chemotherapy had the worst 3 years DFS of any 
group in this study. Multivariate analysis further confirmed that detection of CTCs prior to che-
motherapy was an independent prognostic factor for DFS (HR: 2.11; 95% CI,1.49–2.99, p < 0.0001) 
and OS (HR: 2.18; 95% CI,1.32–3.59, p = 0.002) in early breast cancer patients [56]. Although the 
study provided valuable prognostic data, its clinical significance remains uncertain since it only 
provided a short follow-up time. Two separate studies have found the presence of one or more 
CTCs to be of prognostic significance in nonmetastatic, chemotherapy-naïve (HR: 4.62 for PFS; 
95% CI, 1.79–11.9, p = 0.005; HR: 4.04 for OS; 95% CI, 1.28–12.8, p = 0.011; [57]) and surgery-naïve 
patients (HR: 2.72 for relapse-free survival (RFS); 95% CI,1.57–4.72, p < 0.001; HR: 2.29 for OS; 95% 
CI, 1.12–4.67, p = 0.02;[58]). Moreover, a meta-analysis of 49 studies (n = 6825 of both early breast 
cancer and MBC patients) showed that in early breast cancer patients, CTC count correlated with 
both shorter DFS (HR: 2.86; 95% CI, 2.19–3.75, p < 0.001) and OS (HR: 2.78; 95% CI, 2.22–3.48, 
p < 0.001) [51]. Similar to MBC patients, posttherapy CTC count was shown to be an indepen-
dent prognostic factor in non-MBC patients. In a study of stage I–III node-negative breast cancer 
patients (n = 175) who had completed adjuvant chemotherapy, Ignatiadis et al. detected CTCs 
using a panel of three biomarkers (CK19, mammaglobin (MGB1), and HER2) using RT-PCR. The 
detection of all three markers was associated with shorter DFS (for CK19+; HR: 2.967; 95% CI, 
1.64–5.34, p < 0.001, for MGB1+; HR: 3.275; 95% CI, 1.58–6.76, p = 0.001, and for HER2+; HR: 2.869; 
95% CI,1.63–5.02, p < 0.001) in univariate analysis [59]. While these studies suggest the indepen-
dent prognostic significance of CTCs in non-MBC patients both before and after adjuvant chemo-
therapy, the data remains somewhat controversial.

Kuniyoshi et al. reported no correlation between PFS and the presence of CK19 or HER2 
CTCs in non-MBC patients (n = 167) at baseline or the first two subsequent follow-ups during 
chemotherapy [60]. This data was further supported by the recently published results from 
the SUCCESS-A trial, a randomized, multicenter trial (EudraCT2005000490-21) that evaluated 
the prognostic value of CTCs in 1221 early-stage (94% of patients were stages I and II) breast 
cancer patients prior to adjuvant chemotherapy. Using a density gradient followed by label-
ing with the anticytokeratin antibody, the SUCCESS-A trial detected CTCs in only 20.6% of 
all patients, and univariate analyses demonstrated that the presence of one or more CTCs had 
no significant impact on DFS or OS over a median follow-up of 64 months [61]. The incon-
sistent results regarding the prognostic utility of CTC counts in non-MBC patients may be 
partially attributable to the use of different CTC detection methods. While studies using the 
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CellSearch® system have consistently reported CTCs as a significant independent prognostic 
marker in non-MBC patients, those using other methods (such as mRNA or cytokeratin-pro-
tein expression) yielded data to the contrary. These conflicting reports underscore the need 
for standardization of CTC-detection methodologies.

3.3. Subtype-dependent prognostic significance of CTCs

Breast cancer is a heterogeneous disease, and large-scale gene expression analysis of primary 
tumors has made it possible to stratify clinical cases into four intrinsic subtypes based on recep-
tor expression—Luminal A, Luminal B, HER2+, and triple negative (TN). These subtypes are 
significantly associated with differences in clinical outcomes and define a patient’s course of 
therapy. In a large retrospective study using CellSearch®, Giordano et al. addressed subtype-
specific differences among CTCs in 517 MBC patients prior to first course of therapy. CTC 
counts were predictive of prognosis in Luminal and TN breast cancer subtypes but were less so 
in the HER2-positive subtype. In Luminal A patients, the median OS and PFS of those with ≥5 
CTCs (n = 292) were significantly shorter than those with <5 CTCs (OS, 18.8 vs. 48.7 months; p < 
0.001; and PFS, 5.9 vs. 7.1; p = 0.004). Within the TN subtype, patients with >5 CTCs (n = 124) had 
a median OS significantly shorter than patients with <5 CTCs (10.4 vs. 17.8 months respectively; 
p = 0.001); however, there was little difference in median PFS for these patients (PFS, 5.1 vs. 4.8, 
respectively; p = 0.274). By contrast, among HER2+ patients, there was no significant association 
between CTC count and OS or PFS (median OS, 27.2 vs. 21.4 months; p = 0.991; median PFS 
7.6 vs. 8.6; p = 0.458) [62]. Likewise, another retrospective study using CellSearch® found simi-
lar trends in the relationship between CTCs and subtype among MBC patients. Patients were 
stratified into groups based on their CTC count at baseline (0, 1–4, or ≥ 5 CTCs) and subtype. 
Similar to Giordano’s findings, CTCs were predominately found in patients with Luminal-A/
Luminal-B/HER2-negative subtypes. Moreover, patients of all subtypes, except HER2+, with 
no CTCs detected in the blood had a better prognosis compared with those with 1–4 or >5 
CTCs [63]. However, a large, multicenter study conducted in Germany found that CTC count 
at baseline was positively associated with shorter OS in all tumor subtypes, including HER2+ 
patients [64]. Additionally, two recent reports have investigated the prognostic role of CTCs, 
specifically in TN subtype. A meta-analyses including 10 studies with a total of 642 metastatic 
and nonmetastatic TN breast cancer patients found the presence of CTCs, predicted aggressive 
disease progression (HR: 2.18; 95% CI, 1.59–2.99, p = 0.010) and reduced OS (HR: 2.02; 95% CI, 
1.59–2.57, p = 0.169) [65]. Additionally, Karhade et al. evaluated CTCs at baseline in 113 stage 
I–III nonmetastatic TN patients and found that presence of ≥2 CTCs predicted shorter PFS (HR: 
8.30; 95% CI, 2.61–26.37, p < 0.001) and OS (HR: 7.19; 95% CI, 1.98–26.06, p < 0.0004) [66].

In summary, the prevalence and clinical relevance of CTCs vary by breast cancer subtype. 
Currently, data indicates that the prevalence of CTCs is high among metastatic Luminal A as 
well as both metastatic and nonmetastatic TN breast cancers. However, data regarding the 
prognostic significance in HER2+ tumors remains inconclusive.

3.4. Prediction of therapy response by CTCs

Neoadjuvant therapy is increasingly popular among patients (e.g., TN, HER2+, or large tumor 
burden, etc) who would qualify for adjuvant chemotherapy. Several studies have explored 
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the clinical validity of CTCs in this setting, specifically the REMAGUS02, GeparQuattro, and 
BEVERLY-2 trials. Each of these studies enumerated CTCs before and after neoadjuvant ther-
apy, yet produced contradictory findings. The REMAGUS02 trial found no correlation between 
the presence of CTCs and pathological complete response, tumor size, grade, or lymph node 
status. However, multivariate analysis revealed that patients without CTCs before and after 
neoadjuvant therapy had better distant metastasis-free survival (DMFS) (before; Relative Risk 
(RR): 2.4; 95% CI,0.9–6, p = 0.06), although no difference was noted in DMFS or OS after a 
median follow-up of 70 months [67]. On the other hand, the GeparQuattro trial failed to show 
any correlation between the presence of CTCs and, worse, DFS or OS [68]. The BEVERLY-2 
study, however, showed that the presence of CTCs at baseline was an independent prognos-
tic factor for poor DFS (HR: 4.75; 95% CI,1.56–14.50, p = 0.006) at 3 years of follow-up [69]. 
Another study compared CTC enumeration with CT scan results in MBC patients follow-
ing therapy. CTCs were measured at baseline and 4 weeks following therapy, and CT scans 
were obtained at 9–12-week intervals to assess response to therapy using RECIST criteria. 
CTC counts were reviewed by a local and central laboratory, while two central radiologists 
reviewed the CT scans. Superior interreader agreement for CTCs was observed at 0.7% vari-
ability, and radiological responses showed 15.2% variability. Patients with <5 CTCs following 
4 weeks of therapy who had stable or partial response on the CT scans demonstrated the best 
median OS of 26.9 months. After these results, however, it is still unclear whether the change 
in therapy course can be based on CTC detection following chemotherapy in MBC patients 
[70]. In 2014, the first interventional study based on postchemotherapy CTC detection was 
launched by the SWOG trial. The main goal of the S0500 SWOG study was to demonstrate an 
OS benefit in CTC-positive patients who were nonresponsive to therapy by switching them 
from first to second-line therapy. Patients who had >5 CTCs after 3 weeks of therapy were 
randomized to ARM 1 (continuation of same therapy) or to ARM 2 (switch to second-line 
therapy). Disappointingly, no difference in OS or DFS was observed in either arm. There are 
several ongoing interventional clinical trials that stratify patients based on CTC count for 
either aggressive chemotherapy or hormonal therapy [52]. Another trial is investigating the 
change of therapy based on CTC number at the third or subsequent lines of therapy for MBC 
[71]. In conclusion, the present data is insufficient to recommend the use of CTC enumeration 
for risk stratification and treatment response. Also, early changes in therapy based on CTC 
enumeration in MBC patients are not recommended at this time, although ongoing studies 
may yield more definitive results.

4. CTC heterogeneity

A number of studies have addressed the heterogeneous nature of CTCs with the ultimate goal 
of understanding what molecular signature is required for successful metastasis. The two 
main phenomena that orchestrate tumor heterogeneity and metastases are cancer stem cells 
(CSC) and EMT. CSCs are pluripotent, highly resistant to conventional chemotherapy [72–74] 
and contribute to the heterogeneous nature of the tumor as well as its ability for self-renewal 
and metastasis [75]. Notably, not all tumor cells are capable of distant organ metastasis; CSCs 
seem to have such metastatic potential [76]. Likewise, the process of EMT plays an essential 
role in invasion and metastasis. At the primary tumor site, a subpopulation of cells loses their 
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epithelial characteristics (such as cell polarity or adhesion to the matrix and other cells) and 
acquires mesenchymal features (including the ability to invade the basement membrane and 
surrounding tissues), which in turn supports eventual intravasation into the circulation, the 
first step in the metastatic cascade [77]. These two processes are interconnected, adding fur-
ther complexity to our understanding of metastasis. Recent studies have shown a direct link 
between EMT and CSCs in breast cancer, suggesting that EMT generates cancer cells with 
stem cell-like traits. Mani et al. showed that the induction of EMT in immortalized human 
mammary epithelial cells results in de novo expression of stem cell markers and the acquisi-
tion of functional stem cell properties, including the ability to form mammospheres [78–80]. 
Both CSC and EMT markers have been identified in CTCs, and while a CTC count itself is an 
independent prognostic marker, the addition of functional marker expression among CTCs 
will likely strengthen their prognostic value. This section specifically focuses on CTC hetero-
geneity of CSC and EMT nature.

4.1. Stem-like CTCs

CSCs are derived both intrinsically and extrinsically [72–74]; although the mechanism for 
extrinsic acquisition of CSC properties is not clearly understood, several lines of evidence 
suggest a close link to EMT [81–84]. CSCs are pluripotent and highly resistant to conven-
tional chemotherapy [72–74]. Currently, there is no therapeutics effective in eradicating CSCs 
[85]; therefore, CTCs with CSC properties are postulated to be an important subset. In 2010, 
Theodoropoulos et al. investigated whether bulk CTCs contain a subset of cells with CSC 
characteristics. The protein expression of CSC markers CD44, CD24, and ALDH1 was assessed 
in cytokeratin+ CTCs isolated from MBC patients using immunofluorescence microscopy. 
In approximately 1500 CTCs identified from 20 MBC patients, 35.2% had the stem-like phe-
notype (CD44+/CD24−/low), whereas 17.7% of the CTCs were ALDH1−high/CD24−/low [86]. This is 
in concordance with another study that found 19% of EpCAM+/Cytokeratin+ CTCs are also 
CD44+/CD24−/low cells [87]. Further support came from an experimental model that demon-
strated a stem-like CD44+ CTC subset isolated from MBC patient blood having metastatic 
potential. Interestingly, the six recipient NSG, immunocompromised mice in this study devel-
oped multiple bone, lung, and liver metastases within 6–12 months following injection of bulk 
CTCs into their bone marrow, confirming the existence of metastatic-initiating cells (MICs) 
among CTCs. To determine the phenotype of the MIC-CTC subpopulation, flow cytometry 
analyses showed that all analyzed CTCs expressed CD44 and CD47. CD47 has been impli-
cated in facilitating cancer cell evasion of the innate immune system through its inhibitory 
role in phagocytosis. Around 33% of CD44+/CD47+ CTCs express the hepatocyte growth factor 
(HGF) receptor MET, a tyrosine kinase involved in the activation of the migration and puta-
tive invasion program in several cancers. To functionally assess the presence of MICs in this 
cell population, CD44+/CD47+/MET+/– CTCs were isolated by FACS and directly transplanted 
into the femoral medullar cavity of an NSG recipient mouse. After 8 months, bone metasta-
sis developed in the mouse, demonstrating that CD44+CD47+MET+/- CTCs contain functional 
MICs. These markers were further examined in four patients before and after disease pro-
gression. An increased frequency of CTCs with CD44+/CD47+/MET+ was detected after dis-
ease progression (fold increase of 1.78; p = 0.019). Additionally, in a total of eight patients, 
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those with >12 CD44+/CD47+/MET+ (triple positive) CTCs per 7.5 ml of blood had significantly 
more metastasis sites than those with <12 triple positive CTCs (mean: 3.25 sites vs. 2.25 sites; p 
= 0.03), and the presence of CD44+/CD47+/MET+ CTCs was associated with shorter OS (HR: 7.4; 
p = 0.0246) [88]. The association of CSC-CTCs with advanced disease was further supported by 
the work of Papadaki et al. who found that MBC patients have a higher percentage of ALDH1+ 
CTCs than those with early breast cancer. ALDH1+ CTCs were observed in 38.7% of CTCs 
from early-breast cancer patients compared to 83.5% from MBC patients [89]. Together, these 
data suggest that CTCs with CSC characteristics have more  biological relevance for disease 
development, progression, and outcomes than bulk CTC data. However, the value of CSC-
like CTCs in prognosis and therapy-response prediction requires further confirmation in a 
large prospective clinical study.

4.2. Mesenchymal CTCs

EMT contributes to the acquisition of invasiveness in cancer cells, and therefore it is believed 
that CTCs with mesenchymal features may contribute to metastasis. However, this question 
has not been extensively addressed due to the use of affinity-based CTC enrichment methods 
that rely on EpCAM and/or Cytokeratin markers, lacking mesenchymal cell surface marker 
selection. EMT is a gradual process that yields epithelial cells which have not gone through 
EMT, intermediate mesenchymal (cells that have partially completed EMT), and exclusively 
mesenchymal cells (ones that have completed EMT). Yu et al. characterized the EMT status 
of CTCs captured on the microfluidic herringbone chip with an antibody cocktail directed 
against EpCAM, EGFR, and HER2. These researchers established a quantifiable, dual-col-
orimetric RNA-in situ hybridization (ISH) assay to examine tumor cells for expression of 
seven pooled epithelial transcripts (Cytokeratin 5, 7, 8, 18, and 19, EpCAM, and Cadherin 1) 
and three mesenchymal transcripts (Fibronectin 1, Cadherin 2, and Serpin peptidase inhibi-
tor/clade E [SERPINE1/PAI1]). Five categories of cells ranging from exclusively epithelial, 
intermediate (more epithelial, equal, and more mesenchymal), and exclusively mesenchymal 
were determined [90]. Similarly, a study by Polioudaki et al. used the ratio of Cytokeratin 
to Vimentin protein expression (measured by immunofluorescence) to study on a single cell 
basis the EMT status of 110 CTCs detected in 5 MBC patients. This study identified that 46% of 
CTCs were “epithelial,” 5.4% were “mesenchymal,” and 48.2% were “intermediate” [91]. The 
existence of CTCs across the EMT spectrum was further confirmed by another single cell level 
study. Using DEPArray to select viable CTCs from 56 MBC patients, Bulfoni et al. determined 
the EMT status of single CTCs by staining with an antibody cocktail that recognized both 
epithelial (EpCAM, E-Cad) and mesenchymal (CD44, CD146, and N-Cadherin) markers. This 
study also reported the presence of diverse CTC phenotypes based on their EMT statuses [92]. 
CTC heterogeneity was further investigated on a genetic level using single CTCs. Powell et al. 
were the first to perform microfluidic-based single cell transcriptional profiling of 87 cancer-
associated and reference genes in CTCs. Their study found that CTCs are heterogeneous and 
can be separated into two major subgroups based on 31 highly expressed genes including 
mesenchymal and metastatic associated genes (VIMENTIN, TGFß1, ZEB2, FOXC1, CXCR4, 
NPTN, S100A4, and S100A9) [93].

Circulating Tumor Cells in Breast Cancer: A Potential Liquid Biopsy
http://dx.doi.org/10.5772/66439

133



Several studies have investigated the clinical relevance of CTCs based on their EMT status. Yu 
et al. reported the CTCs isolated from ER+/PR+ breast cancer patients were predominantly epi-
thelial, whereas those from the TN and HER2+ subtypes were predominantly mesenchymal 
in a sample of 41 MBC patients [90]. Similarly, Polioudaki et al. retrospectively analyzed 1000 
CTCs isolated from 61 MBC patients at baseline using CellSearch® and investigated the cor-
relation between the level of cytokeratin expression and tumor subtype. Interestingly, CTCs 
from TN patients showed a lower average cytokeratin expression level compared to those 
from the remaining patients (122 vs. 175; p < 0.001) [91]. Moreover, Kallergi et al. found that 
the proportion of CTCs coexpressing cytokeratins 7, 8, or 18 together with the mesenchymal 
marker Twist (measured by Immunofluorescence) is lower in patients with non-MBC than in 
patients with MBC (53% vs. 97%, respectively; p < 0.001). Similarly, the proportion of CTCs 
coexpressing cytokeratins and Vimentin was lower in patients with non-MBC than in those 
with MBC (56% vs. 74%; p = 0.005) [94]. Likewise, Papadaki et al. found that nuclear Twist 
localization was detected in the CTCs of 70.3% of MBC patients, whereas it was detected in 
only 32.3% of CTCs from early breast cancer patients [89]. Moreover, Markiewicz et al. found 
that CTCs isolated from lymph node-positive breast cancer patients are more frequently 
Vimentin and Snail mRNA expression positive compared to those from lymph node-negative 
patients [95]. Polioudaki et al. reported that 1-year OS of patients with high cytokeratin+ CTCs 
was 73.3%, whereas 1-year OS declined by 46.2% in patients with low cytokeratin+ CTCs (p = 
0.038) [91].

4.3. CTC with CSC and EMT characteristics

Given the implications of both CSCs and EMT in metastasis, the existence of CTCs display-
ing both traits has been investigated. Aktas et al. tested the mRNA expression of three EMT 
markers (Twist1, Akt2, PI3Kα) and the CSC marker ALDH1 in CTCs from 39 MBC patients 
and found CTCs expressing at least one EMT marker, ALDH1, or both in 21 patients (81% 
of CTC-positive patients) [96]. The presence of CTCs coexpressing one of the EMT markers 
and ALDH1 was further confirmed by Raimondi et al. The mRNA expression of ALDH1 
in bulk CTCs is correlated with the mRNA expression of Vimentin and Fibronectin (p < 
0.001) [97]. Papadaki et al. further investigated the coexpression of ALDH1 and Twist in 
individual CTCs from both early and MBC patients and found that the prevalence of an 
ALDH1+/Twist+ subpopulation was significantly higher in MBC patients compared to those 
with early disease (76% vs. 15.4%, p = 0.001) [89]. Overall, these results indicate that the 
identification of a subpopulation of CTCs bearing mesenchymal properties, cancer stem 
cell characteristics, or both may help in discerning which patients are at higher risk for 
disease progression.

5. Summary

CTCs have received significant attention as a liquid biopsy to facilitate longitudinal disease 
monitoring. The current consensus based on large clinical studies is that CTC count is an inde-
pendent prognostic marker in MBC, yet it is still controversial whether CTC count is predictive 
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of prognosis in non-MBC or could be used for monitoring of therapy response. Several clini-
cal trials are currently ongoing to determine the utility of CTCs in making an early decision to 
change the course of therapy and spare toxicity. The isolation of CTCs has been a challenging 
task due to their rarity in the blood; however, a number of new isolation and detection strate-
gies have emerged in the past 10 years, making CTC detection in relatively small amounts of 
blood feasible. The current challenge in this era is tackling the heterogeneous nature of CTCs 
and understanding which subpopulations drive metastasis. The count of CTCs with mesenchy-
mal features was shown to be more sensitive in the prediction of prognosis than the number of 
bulk CTCs. Similarly, CTCs with both stem-like and mesenchymal features sensitively predicted 
prognosis. Currently, the detection of mesenchymal CTCs that have lost their epithelial mark-
ers requires laborious work necessitating either the detection of intracellular markers or mRNA 
expression. Therefore, discovery of a new CTC-specific functional surface marker that is relevant 
to metastasis would greatly advance the realistic clinical utility of CTCs. Additionally, in-depth 
understanding of CTC’s heterogeneity utilizing single cell level analysis will improve our knowl-
edge of hematogenous metastasis.
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DFS Disease-Free Survival
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EMT Epithelial Mesenchymal Transition

EpCAM Epithelial cell adhesion molecule
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ER Estrogen receptor

ERBB2 Receptor tyrosine-protein kinase erbB-2 (Gene)

ERBB3 Receptor tyrosine-protein kinase erbB-3 (Gene)

ERCC1 DNA excision repair protein ERCC-1

FDA Food and Drug Administration

FOXC1 Forkhead box protein C1

HB Heringbone

HER2 Receptor tyrosine-protein kinase erbB-2 (protein)

HGF Hepatocyte growth factor

HL Hematopoietic lineage

HR Hazard ratio

ISET Isolation by size of epithelial tumor cells test

ISH In situ hybridization

MBC Metastatic breast cancer

MET The hepatocyte growth factor receptor

MGB1 Mammaglobin

MICs Metastatic-initiating cells

mRNA Messenger ribonucleic acid

MUC1 Mucin-1

NPTN Neuroplastin

NSG NOD Scid Gamma

OS Overall Survival
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ERCC1 DNA excision repair protein ERCC-1

FDA Food and Drug Administration

FOXC1 Forkhead box protein C1

HB Heringbone

HER2 Receptor tyrosine-protein kinase erbB-2 (protein)

HGF Hepatocyte growth factor

HL Hematopoietic lineage

HR Hazard ratio

ISET Isolation by size of epithelial tumor cells test

ISH In situ hybridization

MBC Metastatic breast cancer

MET The hepatocyte growth factor receptor

MGB1 Mammaglobin

MICs Metastatic-initiating cells

mRNA Messenger ribonucleic acid

MUC1 Mucin-1

NPTN Neuroplastin

NSG NOD Scid Gamma

OS Overall Survival
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PBS Phosphate-Buffered Saline

PFS Progression-Free Survival

PIK3CA  Phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha 
isoform

PR Progesterone receptor

REMAGUS02  Phase II clinical study: Standard Neoadjuvant Chemotherapy Versus 
Genomic Driven Chemotherapy in Patients With Breast Cancer

RNA Ribonucleic acid

RR Relative risk

RT-PCR Reverse transcription polymerase chain reaction

S0500 SWOG  Treatment decision making based on blood levels of tumor cells in women 
with metastatic breast cancer receiving chemotherapy

S100A4 Gene encodes Protein S100-A4

S100A9 Gene encodes Protein S100-A9

SERPINE1/PAI1 Plasminogen activator inhibitor 1

SIM Single-cell isolation microfluidic

SUCCESS  Simultaneous Study of Gemcitabine-Docetaxel Combination adjuvant 
treatment

TGFβ1 Transforming growth factor beta-1

TN Triple negative

ZEB2 Zinc finger E-box-binding homeobox 2
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Abstract

Cancer development is a complex process with multiple steps. Many factors, including 
radiation, chemicals, viruses, genetic and epigenetic changes, lead to abnormal prolifer-
ation of a single cell, which results in the outgrowth of a population of clonal-derived 
tumour cells. It has established that DNA hypermethylation, an epigenetic mechanism that 
occurred by the addition of a methyl group at 5′ position of the pyrimidine ring of cytosine 
residues at CpG islands through the action of DNA methyltransferase enzymes, has been 
considered as the cause of human tumorigenesis, including breast cancer development. 
Moreover, DNA hypermethylation holds a promising application as a potential biomarker 
for the early detection, prognosis and prediction of drug sensitivity in cancer. Therefore, 
this chapter focuses on the description and exemplification of the DNA hypermethylation 
changes, particularly, highlight the DNA hypermethylation as a potential biomarker 
applied in predictive, diagnostic, prognostic and therapeutic monitoring of breast cancer.

Keywords: breast cancer, epigenetics, hypermethylation, tumour suppressor gene

1. Introduction

Epigenetics, which was first coined by Waddington in 1942, literally means as ‘outside conven-
tional genetics’, refers to the heritable, reversible changes in gene expression that occur without 
alteration DNA sequence [1]. Epigenetic modifications are natural processes and essential for 
mammalian development and cell proliferation. These epigenetic changes could also be affected 
by many random factors or environmental influences. Disruption of epigenetic modification 
resulting in regulating patterns of gene expression is the feature of a number of severe human 
diseases, including malignant cellular transformation [2–4]. Three main epigenetic modifica-
tion systems, including DNA methylation, histone covalent modification, and non-coding RNA 
modification, leading to associated-gene silencing, have been observed [5, 6]. This chapter aims 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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to introduce the reader to the concept of DNA methylation, especially DNA hypermethylation, 
with examples of its involvement in human breast cancer.

2. DNA hypermethylation: a kind of epigenetic modification that plays a 
key role in silencing tumour suppressor genes

DNA methylation is one of the epigenetic mechanisms that is closely associated with normal 
cell development and a number of key processes including imprinting, X-chromosome inactiva-
tion, repression of repetitive element transcription, chromatin organization, etc. [7–9]. Aberrant 
methylation patterns are known to be presented in the genomes of cancer cells. Two patterns 
of aberrant methylation have been observed, including global hypomethylation along the 
genome and hypermethylation at the specific sites, namely the CpG islands (CGIs) within the 
promoter regions, according to the decreased and increased the level of methyl group modifica-
tion, respectively [4, 8, 10–12]. Disordered DNA methylation contributes to a number of human 
diseases, including breast cancer. Increased level of genome-wide hypomethylation results in 
increased chromosomal instability and activation of regulatory DNA sequences, including tran-
scription of oncogenes, retrotransposons as well as genes encoding proteins involved in malig-
nant cell development. DNA methylation refers to a covalent modification of cytosine ring at 
the 5′ position of a CpG dinucleotide by adding a methyl group in the 5th carbon of the ring 
using S-adenosyl methionine as a methyl donor (Figure 1) [8, 12].

This methylation process is catalysed by DNA (cytosine-5) methyltransferases (DNMTs). 
In mammalian, DNMTs are a highly conversed family protein encompassing DNMT1, 
DNMT2, DNMT3A, DNMT3B and DNMT3L, which could be distinguished by their function 
[13–15] (Figure 2). DNMT1 was the first methyltransferase to be discovered [1], then DNMT3 
was discovered and characterized. Regarding to DNMTs function, DNMT3A and DNMT3B 
perform de novo methylation by adding the methyl groups to unmethylated CpG, which is 
responsible for the establishment of new methylation pattern in genomic DNA, whereas 
DNMT1, which has a high preference for hemi-methylated DNA, maintains the existence of 
methylation patterns following DNA replication on the newly synthesized strand [3, 4, 13, 
14, 16, 17]. DNMT3L (DNA (cytosine-5-)-methyltransferase 3-Like) has no catalytic activity, 
DNMT3L has been shown to act as a general stimulatory factor for de novo methylation and 
facilitate methylation of DNMT3A and DNMT3B [2, 18].

The term CpG refers to the base cytosine (C) linked by a phosphate bond to the base Guanine 
(G) in the DNA nucleotide sequence, which usually cluster together in ’CpG islands (CGIs)’ and 
typically locate at or near the promoters and transcription sites of genes. The molecular mecha-
nisms underlying CpG island hypermethylation in many human cancers, including breast can-
cer, have been explored. The hypermethylation of CGIs located at tumour suppressor genes can 
result in transcriptional silencing of genes through a number of mechanisms, including (i) DNA 
hypermethylation directly affects the RNA polymerase II and DNA interactions by inhibiting 
the binding of transcriptional factors on specific sequences, such as AP-2, c-Myc/Myn, E2F, 
NF-κB, etc. and (ii) hypermethylated DNA recruits methyl-CpG binding proteins (MeCP1 and 
MeCP2), and methyl-CpG binding domain protein (MBD1, MBD2, MBD3 and MBD4) [4].
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Figure 1. (A) The DNMTs catalyse the methyl cytosine modification. (B) The structure of SAM and SAH.

Figure 2. The roles of DNMTs.
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Tumour suppressor genes (TSGs) normally suppress or negatively regulate cell proliferation 
by encoding proteins that block the action of growth-promoting proteins. A hallmark of cancer 
involves the loss of function of TSGs through the silencing genetic information. The silencing 
of TSGs by the high levels of 5-methylcytosine in their CpG island promoter regions, consid-
ered as the ’first and second hit‘, is equivalent to mutations and translocations, in Knudson’s 
two-hit model of tumorigenesis [19, 20]. Here, the methyl groups become chemically bonded 
to the cytosine in CGIs, leading to disruption of the normally controlled cell proliferation and 
drive it to malignancy (Figure 3). Thus, the presence of m5CpG dinucleotide in tumour sup-
pressor gene promoters is recognized as an important event in many human tumour types.

3. DNA methylation in circulation as a cancer biomarker

The high presence of cell-free circulating tumour DNA (ctDNA), which is derived from pri-
mary tumour cells, can be found in blood and non-invasive samples of patients with cancer, 
such as urine, brochoalveolar lavage, mammary aspiration fluids, saliva, sputum, etc. makes 
an ideal candidate biomarker for prognosis and early diagnosis of breast cancer. ctDNA can 
be distinguished from circulating DNA derived from healthy cells by the presence of genomic 
aberrant modifications. For example, upon the tumour development, ctDNA carries tumour 
specific epigenetic modifications, i.e. DNA hypermethylation, is released due to the lysis of 
circulating cancer cells or micro-metastases. Therefore, the detection of genetic and epigen-
etic alterations in ctDNA offers a potential source of development of prognostic and pre-
dictive biomarkers for cancer. Quantitative evaluation of ctDNA can reflect tumour burden 
relevant to provide information on genetic and epigenetic profiles associated with human 
cancer development. The concentration of methylated ctDNA is presented in an even smaller 
portion of this amount, thus, presenting a challenging substrate to work with. Fortunately, 
even in the low concentration, ongoing technical developments and much of the progress in 

Figure 3. The typical CpG island of a tumour suppressor gene is represented in a normal and a tumour cell. White dots: 
unmethylated CpG; black dots: methylated CpG.
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molecular biological techniques have provided a chance that they can be directly applied in 
ctDNA collection and validation even smaller amounts of ctDNA [10, 21, 22].

4. Hypermethylation of TSGs in breast cancer: a prognostic and early 
diagnostic indicator

DNA aberrant methylation patterns, like hypermethylation of TSGs, global hypomethylation, 
etc. have been observed in human breast cancer. Silencing of TSGs expression by DNA hyper-
methylation provides a molecular mechanism by which DNA hypermethylation could trigger 
tumour development by interfering with the binding of transcription factors located at TSG 
gene’s promoter. Thus, numerous studies have been attempted to focus on the role of hyper-
methylation of the TSG genes’ promoter in breast cancer as well as the correlation between 
methylation of specific CGIs in TSGs and many breast cancer clinical states. Table 1 shows the 
most relevant hypermethylated genes involve in various functions in breast cancer reported 
so far. Methylation of these TSG promoters is associated with the complete loss of TSG protein 
products in cancer cells and development of malignant phenotype.

This DNA hypermethylation is a reversible signal, maybe due to the activity of Demethylase, 
which performs the reverse reaction to DNA methyltransferase and is an excellent candidate to 
be one of its important partners in shaping the methylation pattern of genomes [23, 24]. Thus, 
nowadays, many studies have been focused on an innovative approach in cancer treatments in 
which aimed to inhibit DNA hypermethylation and/or re-expression of silenced TSGs.

Therein, the hypermethylation of the CGIs promoter of BRCA1 gene is now recognized as 
one of the most common molecular abnormalities associated with breast cancer develop-
ment and is quoted as a significant example. BRCA1 (Breast cancer 1) gene (HGNC: 1100; 
Entrez Gene: 672; OMIM: 113705; UniProtKB: P38398), which locates at 17q12-21, also known 
by many other names such as IRIS, PSCP, BRCAI, BRCC1, RNF53, BROVCA1, etc. is a tumour 

TSGs Function Location

APC Inhibitor of β-catenin, cell proliferation, migration and adhesion 5q21

BRCA1 DNA damage repair 17q21

Cyclin D2 Regulators of CDK kinases 12p13

GSTP1 Conjugation to Glutathione, prevention of oxidative DNA damage 11q13

p16INK4α Cyclin-dependent kinase inhibitor 9p21

PTEN Negatively regulating AKT/PBK signalling pathway 10q23

RARβ Retinoic acid receptor 3p24

RASSF1A Ras effector homologue, cell cycle arrest 3p21

ZMYND10 Inhibitor of colony formation of cancer cells 3p21.3

Table 1. Examples of TSGs that undergo CpG island hypermethylation in breast cancer.
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suppressor gene that conferred genetic pre-disposition to early onset of human breast and 
ovarian cancer [25–27]. This gene encodes a nuclear phosphoprotein that plays a role in 
maintaining genomic stability. The encoded protein combines with many other tumour sup-
pressor, DNA damage sensors, and signal transducers to form a large multi-subunit protein 
complex that is called as BRCA1-associated genome surveillance complex (BASC). Therefore, 
the BRCA1 protein is involved in multifunction, such as repairing damaged DNA of double-
stranded break, transcriptional regulation, ubiquitinylation, recombination and controlling 
the cell cycle check points as well as other functions. The hypermethylation of the BRCA1 
promoter has been considered as an inactivating mechanism of BRCA1 expression, leading 
to breast tumourigenesis. In addition, some evidences have shown the significant association 
between the inactivation or low expression of BRCA1 protein expression and the aberrant 
methylation status of CGIs in the BRCA1 promoter in breast cancer tumorigenesis.

It is well known that breast cancer constitutes a heterogeneous complex of diseases charac-
terized by different distinct morphologies, biological behaviours and clinical outcomes. The 
classification and diagnosis of breast cancer have been based on the expression of different 
proteins, including estrogen receptor (ER), progesterone receptor (PR) and human epidermal 
growth factor receptor 2 (HER2) [28, 29]. An example of such a target molecular therapy is 
Trastuzumab (Herceptin®), which has been approved to directly against HER2-expressing 
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cancer (TNBC), which is clinically defined by the lack of expression of ER, PR and HER2, 
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Figure 4). Because of large heterogeneity (PH ≤ <0.0001, I2 = 73.82%), we continued to clarify the 
potential source of heterogeneity via stratified analysis based on sample materials, methods for 
identifying methylation and ethnicity; with the detailed results were summarized in Table 2.

As shown in Table 2, the pooled OR for BRCA1 promoter hypermethylation in breast cancer 
tissues was 4.312 (95% CI = 2.395–7.765, P < 0.001) compared with normal or benign tissues, and 
was higher than the pooled OR in peripheral blood of breast cancer patients (OR = 2.485, 95% CI = 
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nificant higher than other methods (OR = 2.506; 95% CI = 1.409–4.457, P = 0.002). Meanwhile, the 
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0.001) was higher than in Caucasians (OR = 2.291, 95% CI = 1.147– 4.576, P = 0.006). Furthermore, 
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correlated with the clinicopathological characteristics which included ages, meant that the prev-
alence of hypermethylation status was higher in the group of age under 55 (OR = 1.227, 95% CI 
= 1.604–1.414, P = 0.05) (Figure 5); histological grade, meant that the hypermethylated BRCA1 in 
the case of histological grade 3 and 4 was higher than in the histological grade 1 and 2 (OR = 1.858, 
95% CI = 1.499–2.301, P < 0.001) (Figure 6); disease stages, meant that the prevalence of the hyper-
methylation of BRCA1 gene in the case of late stages was higher than in early stages (OR = 1.339, 
95% CI = 1.023–1.752, P = 0.033) (Figure 7). Additionally, the hypermethylation status of BRCA1 
gene’s promoter was correlated with the ER(−) (OR= 2.02, 95% CI = 1.525–2.675, P < 0.001), PR(−) 
(OR = 1.823, 95% CI = 1.374–2.41, P < 0.001) and especially with triple-negative phenotype (OR = 
2.814, 95% CI = 1.811–4.371, P < 0.001) under fixed or random effect mode (Figure 8). Thus, those 
meta-analysis results confirmed that the BRCA1 promoter hypermethylation was significant cor-
related with the increased risk of breast cancer, associated with several specific clinicopatho-
logical characteristics of breast cancer, which indicated that BRCA1 promoter hypermethylation 
could be utilized as an effective biomarker in predictive and diagnostic breast cancer.

Up to now, a significant proportion of breast cancer patients who have poor prognosis will 
develop recurrence. This needs to find a more sensitive and specific biomarker, which can be 
a powerful prognostic indicator and help make therapeutic decisions to prolong the survival 
time of patients. Then, we included 10 articles provide disease-free survival (DFS) and/or 
overall survival (OS) to evaluate the role of the BRCA1 promoter hypermethylation in the 
prognosis of breast cancer. Overall survival (OS), which was defined as the length of time 
from either the date of diagnosis or the start of treatment for breast cancer, that patients 
diagnosed with the disease are still alive, and disease-free survival (DFS), which was defined 
that the length of time after primary treatment for a cancer ends that the patient survives 

Figure 4. Forest plot for evaluating the association between BRCA1 promoter methylation and breast cancer under fixed 
or random effect mode.
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without any signs or symptoms of that cancer. In detail, in the Asian population, the OS and 
DFS were 2.163 (95% CI = 1.212–3.858, P < 0.001) and 2.47 (95% CI = 1.331–4.584, P = 0.004), 
respectively, using single variable analysis. In the case of using multiple variables analysis, 
the OS and DFS were 1.611 (95% CI = 1.116–2.324, P = 0.011), and 2.872 (95% CI = 1.389–
5.937, P = 0.004), respectively. Those analytic results indicated that hypermethylated BRCA1 
gene’s promoter was significant associated with OS, DFS, meant that it was poor prognosis 
to breast cancer patients, in both single and multiple variables analysis. Hence, BRCA1 pro-
moter hypermethylation is suggested to be a potential biomarker for prognostic assessment.

Figure 5. Forest plot for evaluating the association between BRCA1 promoter methylation and ages under fixed or 
random effect mode.

Test of association Test of heterogeneity

Variables N OR (95% CI) Z P-value Model Variables N

Total 25 4.00 (2.336–6.878) 5.04 <0.001 R <0.0001 73.82%

Material

Tissue 22 4.312 (2.395–7.765) 4.87 <0.001 R 0.0003 58.32%

Blood 10 2.485 (1.433–4.310) 3.24 0.001 R 0.0045 60.78%

Methods

MSP 15 5.059 (2.214–11.561) 3.845 <0.001 R 0.0001 67.89%

Others 10 2.506 (1.409–4.457) 3.126 0.002 R 0.0049 61.97%

Ethnicity

Caucasian 10 2.291 (1.147–4.576) 2.349 0.006 R 0.0375 49.25%

Asian 14 4.006 (2.122–7560) 4.282 <0.001 R 0.0060 55.60%

Africa 1 18.5217 (6.917–49.59) 5.809 <0,001 NA NA NA

Note: N: the total number of eligible studies; Caucasians included: American and Europeans, Australians. PH: the P-value 
of Q test for heterogeneity among studies; F: fixed-effects model; R: random-effects model; NA: non-analysis.

Table 2. Overall and subgroups analyses of BRCA1 methylation and breast cancer risk in 25 cases control studies.
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Figure 6. Forest plot for evaluating the association between BRCA1 promoter methylation and histological tumour 
grades under fixed or random effect mode.

Figure 7. Forest plot for evaluating the association between BRCA1 promoter methylation and disease stages under fixed 
or random effect mode.

Figure 8. Forest plot for evaluating the association between BRCA1 promoter methylation and triple negative phenotype 
under fixed or random effect mode.
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5. DNA hypermethylation-targeted drug in cancer therapy

The process of DNA methylation is catalysed by DNMTs which typically occurs at CpG 
dinucleotides. As mentioned earlier, it is also a reversible process. Removal of a methyl group 
from DNA must involve a cleavage of a carbon-carbon bond, which is carried out by DNA 
demethylase (dMTase). In addition, the methylation reaction can be blocked by the inhibi-
tors of DNA methylation drugs, such as 5-azacytidine, 5-aza-2′-deoxycytidine, etc. which 
contains a nitrogen in the place of carbon at 5′ position of cytosine ring (Figure 9) [30]. This 
drug is cooperated into DNA, then, replaces the natural base cytosine and acts as a potent 
inhibitor of the DNMTs, inducing the DNA demethylation [31]. Since DNA methylation is 
reversible, an aberrant hypermethylation of tumour suppression genes can be reverted. This 
consequently supports DNA methyltransferases (DNMTs) as attractive therapeutic targets. 
Indeed, epigenetic drugs (epi-drug)—methylation inhibitors through DNMT inactivation, 
used alone or in combination with other biomarkers, including by dietary agents, for tar-
geted preventive and therapeutic interventions, have attracted attention recently.

DNMT inhibitors (DNMTi), such as 5-azacytidine (azacitidine) and 5-aza-2′-deoxycytidine 
(decitabine) (Figure 10), are epi-drugs which are first announced and currently marketed as 
hypomethylation therapeutics. They are nucleoside analogues, derivatives of cytidine that 
work by incorporating into the DNA sequence at cytosine positions during DNA replication 
to be active and then form a suicidal covalent complex with the DNMTs. These drugs have 
been approved by Food and Drug Administration (FDA) for clinical tests on the myelodys-
plastic syndrome, malignant mesothelioma, pre-leukemic disease, breast cancer, nasopharyn-
geal carcinoma and some other diseases.

Figure 9. Inhibition of DNMTs by 5-azacytidine.
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Zebularine is another cytidine analog that has a mechanism similar to 5-azacytidine, integrat-
ing into DNA and forming a covalent bond with DNMT1, resulting in inhibition of methyla-
tion reaction. Moreover, Zebularine is reported that it is a DNMT1 inhibitor with low toxicity 
and has a high sensitivity in selective cancer cells. Particularly, this drug showed the reacti-
vated functions on some important tumour suppressor genes that were disrupted in breast 
cancer cell lines, even at low concentrations. Although the drug is not yet FDA approved, a 
preclinical study on mouse models showed that Zebularine can inhibit DNA methylation and 
induce re-expression-silenced gene, even given orally.

Other trends related to DNA methylation including the inhibition of DNMTs through siRNA, 
ribozymes, antisense oligonucleotides have also been considered. Some drugs have proven 
effective impact on cell cultures, animal models and clinical trials as well such asMG98, a 20 
bp anti-sense oligonucleotide that directly prevents the translation of DNMT1 or RG108—a 
new small molecule that can act on active site of DNMT1. Unlike the nucleoside analogs, 
RG108 did not demonstrate cytotoxic or genotoxic effects on cells even at high concentrations.

The combination of the histone deacetylase inhibitors (HDACi), such as Trichostatin A (TSA) 
and phenylbutyrate, with DNMTi is a new trend giving promising efficacy in the treatment of 
cancer. In breast cancer, triple negative metastatic patients that do not express estrogen recep-
tor (ER), progesterone receptor (PR) and HER, do not respond to agents such as trastuzumab 
(Herceptin) and tamoxifen. Particularly, the loss of ER in some triple negative breast cancers 
is epigenetically silenced by abnormal methylation and histone modifications. Consequently, 
the patients express the resistance of anti-estrogen. Triple negative metastatic breast cancer 
patients were pre-treated with decitabine—a DNMTi and LBH 589—an HDACi, to restore 
the ER and then treated with tamoxifen. This combination can remove the epigenetic modi-
fications including DNA methylation and histone deacetylation and reactivate ER. Thus, this 
reactivated ER cells become sensitive to agents like tamoxifen. Similarly, the combination of 
azacitidine with TSA also induces the re-expression of ER function to increase the sensitiv-
ity of breast cancer cell lines that previously show negative expression with ER in tamoxifen 
therapy or the combination of HDACi and trastuzumab has taken to effectively suppression 
of the development and apoptosis induction into breast cancer cells lines.

In addition, the combination of epi-drugs with chemotherapeutic agents or natural dietary 
ingredients also increases the effectiveness of treatment. A pre-clinical study has shown 
that the combination of decitabine and docetaxel (an anti-mitotic drug) can increase treat-

Figure 10. The structure of 5-azacytidine and 5-aza-2′-deoxycytidine.
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ment outcomes against cancer cells in experiments conducted on breast cancer cell lines [32, 
33]. Decitabine in combination with another substance, amsacrine or idarubicin, also shows 
therapeutic effect. Green tea polyphenol, (-)-epigallocatechin-3-gallate (EGCG), may cause 
re-modelling of chromatin structure and the ERα promoter by histone acetylation and DNA 
methylation mechanisms, and consequently reactivating ERα. The combination of TSA and 
EGCG leads to reactivation of numerous tumour suppressor genes by inhibiting directly or 
indirectly DNMTs. Dietary sulforaphane—an inhibitor of histone acetylation also shows very 
effective activity in the inhibition of proliferation and survival of breast cancer cells without 
affecting normal cells.

Therefore, methylation combined therapy is very promising in the treatment of breast can-
cer. Clinical trials in the combination of trastuzumab with HDACi for the treatment of breast 
cancer, and a phase II trial in breast cancer—valproic acid combined with FEC100 (5-fluo-
rouracil, epirubicin and cyclophosphamide) also are being investigated. Up to date, sev-
eral other classes of epi-drug have been studied, developed with new drugs, which based 
on the DNMT inhibitors, HDAC inhibitors, HMT inhibitors, etc. in early preclinical trial 
development.

6. Conclusion

DNA hypermethylation has become established in recent years as being one of the important 
causes of breast tumorigenesis and potential biomarkers in clinical applications, prognosis 
and early diagnosis of breast cancer. As the release of tumour-associated DNA into body flu-
ids, thus the screening of plasma or serum DNA may provide information on epigenetic pro-
files which are tightly associated with breast cancer development, progression and response 
to therapies. This is the real advantage of an aberrant DNA methylation property as a great 
versatility, promising biomarker for the molecular monitoring of cancer patients, and applied 
in early detection, prognosis and predicting drug sensitivity in cancer.

Abbreviations

APC Adenomatous Polyposis Coli

BASC BRCA1-associated genome surveillance complex

BRCA1 Breast cancer 1

CGIs CpG islands

CI Confidence interval

ctDNA Cell-free circulating tumour DNA

DFS Disease free survival

DNMTi DNA methyltransferase inhibitors
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Abstract

Overexpression of ErbB2 is found in several types of human carcinomas. In breast 
tumors, ErbB2 overexpression is detected in up to 20% of patients. Breast cancers in with 
amplification of ErbB2 are characterized by rapid tumor growth, lower survival rate and 
increased disease progression. The molecular mechanisms underlying the oncogenic 
action of ErbB2 involve a complex signaling network that tightly regulates malignant 
cell migration and invasion and hence metastatic potential. Recent efforts have been 
made to identify gene expression signatures of ErbB2-positive invasive breast cancers 
that may represent important mediators of ErbB2-induced tumorigenesis and metastatic 
progression.
In this chapter, we will discuss the canonical ErbB2 signaling pathways responsible for 
tumor growth and dissemination along with newly identified mediators such as  adaptor 
protein p130Cas and miRNAs. From a therapeutic point of view, the treatment with 
 anti-ErbB2 monoclonal antibody trastuzumab has greatly improved the outcomes of 
patients with ErbB2 aggressive cancer. Nevertheless, de novo and acquired resistance to 
trastuzumab therapy still represent a major clinical problem. In the second part of the 
chapter, we will provide an overview of the mechanisms so far implicated in the onset of 
resistance to targeted therapy and of the new strategies to overcome resistance.
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1. Introduction

Breast cancer is the leading cause of cancer-related death in women worldwide [1]. Despite 
significant advances in breast cancer diagnosis and treatment, several major unresolved 
clinical and scientific problems still remain, such as the understanding of the causes of 
tumor progression and resistance and how to predict them.

ErbB2 is a well-known oncoprotein that belongs to the epidermal growth factor receptor 
epidermal growth factor receptor (EGFR) family. It is overexpressed approximately in 20% 
of invasive breast cancers [2]. In particular, overexpression of ErbB2 has been demonstrated 
to promote breast cancer invasion and metastasis and to correlate with poor patient sur-
vival [3–6]. ErbB2 is also overexpressed in noninvasive mammary ductal carcinomas in situ 
(DCIS) [7]. Indeed, ErbB2 amplification or overexpression seems to be crucial but not suffi-
cient for the transition from in situ to invasive cancer and additional hits are required for the 
progression of ErbB2-positive tumors. Although the molecular and genetic events under-
lying ErbB2-positive tumor invasion and metastasis are still not fully understood, intense 
investigation has led to the notion that molecules involved in cell adhesion and migration 
are critical in this process [8].

The identification of the deregulated ErbB2 pathway in breast cancer pathogenesis has led 
to the development of ErbB2-targeted therapies. Although ErbB2 overexpression identifies 
patients who are likely to respond to therapy with trastuzumab, not all patients benefit from 
treatment. To date, approximately 15% of patients relapse after therapy due to de novo or 
acquired resistance, thus it is of extreme importance to better understand the factors that con-
tribute to therapy resistance of ErbB2-positive breast cancer tumors in order to identify novel 
therapeutic strategies to overcome resistance [9–11].

2. Molecular mechanisms of ErbB2 activation

Downstream signaling pathways are activated upon ErbB2 receptor activation through either 
heterodimerization with ligand bound EGFR, ErbB3, or ErbB4 family receptors, or in presence 
of overexpression of ErbB2 due to gene amplification, by ligand independent homodimeriza-
tion [12]. The homo/heterodimerization promotes the receptor activation that in turn leads to 
tyrosine phosphorylation of the C-terminal residues. Numerous phosphorylation sites exist 
within the cytoplasmic domain of ErbB2, these sites are essential for protein-protein interac-
tions and induction of the signaling cascades downstream to ErbB2 receptor activation. To 
this regard, the activation of the phosphoinositide 3-kinase (PI3K) and Ras/RAF/MEK/ERK1/2 
pathways are hallmarks of ErbB2 activation.

Besides the canonical interaction with the member of the ErbB family, it has been recently dem-
onstrated that activation of ErbB2 can be induced through its interaction with additional trans-
membrane partners. Among them Mucin 1 that is overexpressed in breast cancer and has been 
shown to interact with EGFR and ErbB2 leading to activation of PI3K and MAPKs pathways 
[13]. In addition, it has been demonstrated that leptin receptor upon leptin binding can phos-
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phorylate and activate ErbB2 contributing to activation of mitogen-activated protein kinase 1 
(MAPK) activity [14]. It is worth noting that further amplification of the ErbB2 signaling may 
derive from its crosstalk with other signaling mediators. For instance, it has been demonstrated 
that ErbB2 can cross-talk with hormone receptors, insulin growth factor receptor (IGFR), protein 
phosphatases, transforming growth beta receptor (TGFR-beta) and ion channels resulting in a 
complex signaling network that contribute to tumor growth and progression [15].

2.1. Canonical ErbB2 signaling network

Several downstream signaling pathways are activated after ErbB2 receptor activation leading 
to the regulation of cell proliferation, growth and survival as well as invasion and angiogen-
esis [15]. Tyrosine residues phosphorylation resulting from receptor activation can recruit a 
variety of intracellular adaptor and scaffold proteins that in turn mediate the activation of 
downstream signaling pathways.

One of the most important pathways activated by ErbB2 signaling is the RAS-MAPK pathway 
[16]. The activation of the MAPK pathway controls cell proliferation, survival and migration 
and alteration of this pathway have been linked with many diseases including cancer.

Upon ErbB2 activation, the adaptor molecule growth factor receptor-bound protein 2 (GRB2) 
binds through its SH2 domain to the phosphorylated intracellular tail of ErbB2. GRB2 bound 
to the receptor recruits the adaptor protein son of sevenless (SOS) determining its activation. 
Active SOS can trigger the activation of RAS by inducing the transition the GDP-inactive to the 
GTP-active state. The activation of RAS promotes a cascade of downstream kinase activation 
that ultimately leads to the phosphorylation and activation of extracellular signal-regulated 
kinases 1 and 2 (ERK1, ERK2) [17, 18]. Activated ERK proteins phosphorylate a number of tran-
scription factors such as Elk-1, c-Fos and c-Jun among others, that regulate the expression of 
genes implicated in cell growth, differentiation, proliferation, survival and migration [15, 19].

The PI3K/AKT is the second canonic pathway activated by ErbB2 and due to its relevance in 
cell proliferation, survival, protein synthesis, invasion and drug resistance has received much 
attention to develop anticancer targeted therapy [17, 18, 20]. Upon receptor activation, the p85 
subunit of PI3K binds to tyrosine-phosphorylated residues of ErbB2. This recruitment deter-
mines the release of the 110 subunit of PI3K and allows the formation of PI3K heterodimers 
that can phosphorylate PIP2 substrate in PIP3 [21]. Ultimately PIP3 promotes the localization 
of AKT at cell membrane and its phosphorylation by PDK1 and mTOR complex 2. AKT repre-
sents the major effector of the PI3K/AKT signaling pathway leading to the regulation of many 
cell functions such as cell survival, cell growth and proliferation [21] (Figure 1).

2.2. ErbB2 signaling mediated by the adaptor proteins p130Cas

It is clear that activation of canonical ErbB2 signaling can be achieved through the recruitment 
of signaling proteins to the receptor. It is now emerging that p130Cas adaptor protein can 
mediate the activation of ErbB2 downstream signaling pathways. p130Cas/BCAR1 scaffold 
molecule is a signaling molecule involved in the linkage of actin cytoskeleton to the extracel-
lular matrix during cell migration, cell invasion and cell transformation [22, 23] and it has 
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been described as an essential transducer element in ErbB2 transformation and progression 
[24]. Due to its modular structure, p130Cas has been described to play a crucial role in signal-
ing originating from many amplified or mutated oncogenes, by undergoing hyperphosphory-
lation and association with multiple signaling partners required for transformation [22].

It was recently demonstrated that overexpression of p130Cas in ErbB2 breast cancers cor-
relates with poor survival and increased progression. In particular, p130Cas is required 
for ErbB2-dependent transformation and invasion both in vitro and in vivo models. Indeed, 
silencing of p130Cas is sufficient to inhibit ErbB2 orthotopic tumor growth in mice. The 
administration of p130Cas stabilized siRNAs by intranipple injection in the mammary glands 
of mice with spontaneous ErbB2 cancer lesions, significantly impaired lesions growth, indi-
cating that p130Cas might be a potential therapeutic target [24]. It has also been reported 
that p130Cas binds to ErbB2 and its overexpression is sufficient to transactivate the ErbB2 
receptor leading to the formation of a macromolecular signaling complex, in which Src and 

Figure 1. Canonical ErbB2 signaling network. ErbB2 activation leads to the activation of the phosphoinositide-3-kinase 
(PI3K)/AKT and the mitogen-activated protein kinase (RAS/RAF/MAPK) pathways that trigger cell proliferation, 
growth and survival.
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p125Fak kinases are present, that sustains ErbB2 downstream signaling pathways leading 
to activation of both MAPK and PI3K pathways regulating cell transformation, invasion 
and migration [24, 25]. Interestingly, concomitant p130Cas/ErbB2 overexpression accelerates 
the onset of mammary tumors, which are characterized at the molecular level by increased 
activation of c-Src and Akt [26]. Notably, a positive correlation between the expression of 
BCAR1/p130Cas and ErbB2 has been found in human breast cancers and the coexpression of 
these two genes is associated with shorter overall survival and a higher risk of developing 
distant metastasis [25, 26] (Figure 2).

2.3. MicroRNA in ErbB2-overexpressing cancer

The discovery of microRNAs (miRNAs) has provided new perspectives to study cancer at 
the molecular level. These noncoding regulatory RNA molecules of ~22 nucleotides have 
emerged as important cancer biomarkers, effectors and targets. Alteration of miRNAs expres-
sion has been correlated with a variety of human diseases, including breast cancer [27].

Figure 2. ErbB2 signaling mediated by the adaptor proteins p130Cas. In a 3D cell model, concomitant p130Cas 
overexpression and ErbB2 activation enhance PI3K/Akt and Erk1/2 MAPK signaling pathways, both signaling cascades 
are required for the invasive behavior of p130Cas overexpressing and ErbB2 activated acini. Erk1/2 MAPK and PI3K/
Akt signaling promote invasion through distinct downstream effectors involving mTOR/p70S6K and Rac1 activation, 
respectively.
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It was initially demonstrated that the overexpression of miR-125a and miR-125b in human 
breast cancer cell line SKBR3 overexpressing ErbB2 was sufficient to lower ErbB2 and ErbB3 
mRNA and protein levels, with consequent inhibition of anchorage-dependent growth, migra-
tion and invasion. Consistently, activation of canonical ErbB2 downstream signaling such as 
MAPK and PI3K/Akt pathways was severely impaired [28]. Two subsequent studies identified 
by using different methodologies two miRNA signatures of ErbB2 positive breast cancer. In 
particular, miR-520d, miR-181c, miR-302c, miR-376b, miR-30e were identified as miRNA asso-
ciated with HER2 status to be added to the previously found let-7f, let-7g, miR-107, mir-10b, 
miR-126, miR-154 and miR-195 as miRNA characterizing HER2 status [29, 30]

These data highlight the relevance of microRNA signatures as novel breast cancer biomark-
ers. The consequences of the association of ErbB2 and miRNAs are still under investigation 
but three possible scenarios can be identified. The first one envisages the regulation of miR-
NAs as a consequence of ErbB2 activation. The second possibility is that miRNAs contributes 
to the activation of ErbB2 and to its capacity to trigger downstream-signaling pathways. The 
last option is that miRNAs can interfere with the response to ErbB2 targeted-therapy thereby 
mediating the onset of resistance.

Further investigations are needed to identify which is the crucial miRNAs implicating in the 
different responses to ErbB2 activation and to develop new selective anticancer therapy.

3. Role of Erbb2 in breast cancer invasion and metastasis

From the physiological point of view, ErbB2 represents an important molecule implicated in the 
regulation of cell proliferation, differentiation, survival and migration during embryonic devel-
opment and in adults, during tissue maintenance. Importantly, during pathological conditions, 
ErbB2 aberrant expression and activation in breast cancer have been extensively linked to inva-
sive, aggressive phenotype and poor prognosis [31]. Acquirement of migratory properties allow 
cancer cell to invade the surrounding tissues and reach the blood vessels to generate metastasis. 
At the cellular level, the transition from noninvasive to invasive status is characterized by loss of 
the epithelial characteristics such as expression of cytokeratins and E-cadherin and gain of mes-
enchymal traits like vimentin, fibronectin and N-cadherin through a process that is known as 
epithelial to mesenchymal transition (EMT) [32]. EMT promotes cancer progression by allowing 
cancer cells to acquire invasive properties, to metastasize and also to acquire stem cell proper-
ties [33, 34]. Interestingly, these cells that have acquired stem cell properties are characterized 
by increased expression of EMT genes, such as FoxC2, Zeb and N-cadherin [35, 36]. Moreover, 
it has been demonstrated that ErbB2 overexpression in breast cancer cell lines can enhance the 
stem cell population which is responsible for breast cancer progression [37].

3.1. Erbb2 invasive signaling signature

For the past years, extensive investigations have been performed in order to understand the 
precise mechanisms implicated in the regulation of cell invasion and metastasis as the result 
of ErbB2 activation. Several in vitro studies have pointed out the requirement of additional 
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molecular hits in order to induce malignant transformation mediated by ErbB2 overexpres-
sion. For example, in nontransformed MCF10A breast epithelial three-dimensional cell cul-
tures, ErbB2-mediated cell transformation occurs upon the activation of the TGFβ signaling 
[38]. Additional studies in 3D MCF10A cultures have led to the identification of signaling pro-
teins already implicated in cytoskeletal organization and cancer cell invasion. In particular, 
these studies suggest that p21-activated protein kinase (PAK) family of serine/threonine kinases 
that function as effectors of Cdc42 and Rac, by activating the Raf/Mek/Erk and Akt pathways, 
cooperates with ErbB2 in transforming mammary epithelial cells [39]. More recently, using the 
same in vitro cell model, it was shown that the ErbB2-driven invasive phenotype requires both 
cathepsins B and L. Cathepsins B and L are lysosomal cysteine cathepsins that upon secretion 
to the extracellular space can cleave and activate urokinase plasminogen activator, heparanase 
and various matrix metalloproteases as well as E-cadherin and, thus, contribute to invasion and 
metastasis [40]. In MCF10A cells engineered to express a chimeric form of ErbB2 that can be 
induced to dimerize by treatment with a synthetic ligand [41], it was reported that the adaptor 
molecule p130Cas controls ErbB2-dependent invasion. Indeed, the overexpression of p130Cas 
in ERbB2-transformed mammary acini leads to activation of PI3K/Akt and Erk1/2 MAPK sig-
naling pathways and promote invasion of mammary acini. It was further demonstrated that 
Erk1/2 MAPK and PI3K/Akt-signaling triggers invasion through distinct downstream effec-
tors involving mTOR/p70S6K and Rac1 activation [25]. The relevance of p130Cas in ErbB2-
dependent invasion was further assessed by identifying the coding and noncoding genes that 
are differentially expressed in p130Cas overexpressing and ErbB2 transformed invasive acini 
compared to ErbB2 transformed noninvasive multiacinar structures [42].

The study of the consequences ErbB2/Neu activation in in vivo mouse models has shown that 
overexpression of ErbB2 seems to be enough for the induction of metastatic mammary cancer 

Figure 3. Erbb2 invasive signaling signature. ErbB2 activation impacts on EMT and cell invasion through the activation 
of a variety of downstream effectors.
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[43]. However, there are several data demonstrating that ErbB2 cooperation with additional 
signaling effectors is crucial for cell transformation and invasion [22]. More recently, in vivo 
studies combining ErbB2/Neu with overexpression or knockout of different genes have led 
to the identification of several molecular targets that contribute to ErbB2-induced metastasis. 
These include molecules such as protein tyrosine phosphatase 1B (PTP1B), tensing homo-
log (PTEN), vascular adapter protein (VEGF), Gab2, EphA2 receptor tyrosine kinase, Rho 
GTPase activating protein p190B, receptor activator of nuclear factor- KB (RANK), estrogen 
receptor α, semaphorin receptor plexin-B1 and Rac-specific guanidine nucleotide exchange 
factor DOCK1. Altogether these studies reflect the complexity of the molecular mechanisms 
implicated in the regulation of invasion and metastasis by ErbB2 [31] (Figure 3).

4. Mechanisms of Erbb2—breast cancer therapy resistance

The assessment that ErbB2 overexpression correlates with aggressive breast cancer and poor sur-
vival has led to the development of targeted therapies to inhibit the receptor. Among them, the 
monoclonal antibody is trastuzumab and pertuzumab and the tyrosine kinase inhibitor is lapa-
tinib [44]. Although ErbB2 overexpression identifies patients who are likely to respond to targeted 
therapy, not all of them benefit from the treatment. Indeed, many patients relapse after therapy 
due to the acquirement of primary or acquired resistance. Primary resistance might occur because 
of lack of target dependency or activation of compensatory pathways [45, 46]. Acquired resistance, 
which develops in most patients with advanced disease, may be due to the loss of the expression of 
the target because of continuous therapy, or to additional mutations that occur either in the target 
or on downstream signaling pathways that ultimately result in enhanced cell proliferation [47].

Many factors can contribute to resistance to ErbB2-targeted therapies. Among them, loss of 
ErbB2 amplification, compensatory mechanisms such as ErbB3 activation or the presence of 
p95ErbB2, a fragment of ErbB2 that cannot bind to trastuzumab as it lacks the extracellular 
part but can still activate the downstream pathways by retaining the ability to associate with 
ErbB2-signaling partners [44]. Additional factors that might be responsible for resistance to 
ErbB2-targeted therapies include aberrant activation of downstream signaling pathways due to 
mutations occurring during therapy, for example in the PI3K pathway [48, 49] or the activation 
of crosstalk with other receptor tyrosine kinases leading to compensatory mechanisms [50, 51].

In addition, poor internalization of ErbB2 resulting in a long half-life at the plasma mem-
brane has been described as an important mechanism implicated in ErbB2 therapy resistance. 
In this context, it has been shown that Hsp90 inhibition can induce ErbB2 ubiquitination 
followed by its downregulation [52], however the mechanisms underlying ErbB2 down-
regulation are still obscure. Recently it has been demonstrated that molecular association 
between p130Cas and ErbB2 protects the receptor from degradation through autophagy [53]. 
On this regard, increasing evidence points out that ubiquitination is an important mecha-
nism driving autophagic degradation. Interestingly, in breast cancer cells overexpressing 
ErbB2, p130Cas protects ErbB2 from autophagy-mediated degradation by interfering with 
its ubiquitination, thus suggesting that high levels of p130Cas expression might be crucial 
to promote resistance to trastuzumab treatment by protecting ErbB2 from degradation [53].
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In conclusion, the unraveling of the molecular mechanisms responsible for resistance would 
greatly contribute to improve prognosis and outcomes for patients with ErbB2 tumors allow-
ing a better selection of patients who are likely to respond to ErbB2-targeted therapies. 
Moreover, the dissection of the molecular pathways might reveal new insights for the devel-
opment of strategies to overcome resistance.

4.1. Overcoming resistance to targeted therapy

Two main strategies have been adopted to try to overcome resistance to trastuzumab ther-
apy. One strategy is still based on targeting ErbB2 either by maintaining trastuzumab ther-
apy beyond progression, since it has been demonstrated that some patients could benefit of 
trastuzumab therapy with progressive disease [54, 55], or by treatment with TKI inhibitor 
lapatinib in combination with chemotherapy [56]. Another option is to treat trastuzumab 
resistant patients with the T-DM1. T-DM1 consists of an antibody (trastuzumab) conjugated 
with a microtubule inhibitor (maytansine derivative) with cytotoxic activity (developed by 
Genentech, Inc.).

At present, many new drugs targeting ErbB2 are undergoing clinical investigation in patients 
with ErbB2-resistant breast cancer overexpression. Since resistance to ErbB2-targeted therapy 
might occur as a result of aberrant activation of signaling pathways downstream to the recep-
tor, the other strategy adopted to overcome resistance to trastuzumab is to target downstream 
signaling pathways known to be activated by ErbB2.

A major effort has been undertaken to inhibit the PI3K/Akt/mTOR pathway that, as 
mentioned before, is one of the most relevant downstream signaling activated by ErbB2. 
Indeed, alterations of PI3K/Akt pathway result in the upregulation of the mTOR pathway 
that in turn promotes translation and increased cellular proliferation [57, 58]. These signal-
ing events have been characterized in breast cancer models in which the PI3K/Akt/mTOR 
axis is constitutively activated and responsible for the acquirement of resistance to ErbB2-
targeted therapy [59]. It has been also described that the deregulation of this pathway 
accounts for gain of function mutations PIK3CA gene and/or mutations in AKT1, ampli-
fication of AKT2 and loss of PTEN [60]. The correlation between PTEN loss and trastu-
zumab and lapatinib resistance has also been reported [49, 61]. PIK3CA gene mutations 
acquired during disease progression are likely to reflect increased activation of the PI3K 
pathway and therefore suggest  possible implications in resistance [47]. Consistently with 
this hypothesis, in vitro data show that ErbB2 gene amplification and PI3KCA gene muta-
tions are associated with resistance to ErbB2-targeted agents [49, 62, 63] and PTEN loss 
or PIK3CA gene mutations have been linked to resistance to ErbB2 targeted therapy [48]. 
Since the serine/threonine kinase mTOR represents the final sensor of the ErbB2-dependent 
activation of the PI3K/AKT pathway and it is negatively regulated by PTEN, it is conceiv-
able that targeting mTOR might be more efficacious than targeting multiple pathways with 
different strategies [48, 64] to interfere with tumor progression and to prevent resistance 
to ErbB2-targeted therapy. Consequently, several inhibitors of mTOR have been devel-
oped and tested in in vitro and in vivo models of trastuzumab resistance showing that the 
combined therapy (trastuzumab + mTOR inhibitor) was efficacious in inhibiting tumor 
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growth [65]. The mTOR inhibitor everolimus is currently being tested in combination with 
trastuzumab and with different chemotherapeutic drugs in clinical studies to evaluate its 
potential in overcoming resistance to ErbB2-targeted therapy [66–68]. Besides inhibitors 
of the PI3K/Akt/mTOR pathways, additional inhibitors against other pathways or mol-
ecules known to play a role in ErbB2-resistance to targeted therapy have been developed. 
Among them IGFR, Hsp90, VEGF and telomerase inhibitors whose mechanisms of action 
and ongoing preclinical and clinical studies have been reviewed in [69].

Further ongoing characterization of the key effectors implicated in the resistance of ErbB2-
targeted therapy might provide new efficacious pharmaceutics to improve or to overcome 
trastuzumab resistance.

5. Conclusion

Many progresses have been made in the understanding of the molecular mechanisms lead-
ing to the activation of ErbB2 and its downstream signaling pathways. Further studies are 
needed for a better comprehension of the mechanisms that lead to resistance to ErbB2-
targeted treatment and especially to identify the crucial molecules deserving a therapeutic 
approach. New efforts have to be undertaken to see whether new modulators of ErbB2 
such as miRNAs and adaptor proteins like p130Cas can be used as new therapeutic targets.
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Abstract

Breast  cancer  is  a  complex  disease  comprising  molecularly  distinct  subtypes.  The
prognosis and treatment differ between subtypes; thus, it is important to distinguish
one subtype from another. In this chapter, we make use of high-throughput microarray
dataset to perform breast cancer subtyping of 10086 samples. Aside from the four major
subtypes, that is, Basal-like, HER2-enriched, luminal A, and luminal B, we defined a
normal-like subtype that has a gene expression profile similar to that found in normal
and adjacent normal breast samples. Also, a group of luminal B-like samples with better
prognosis was distinguished from the high-risk luminal B breast cancer. We additionally
identified 33  surface-protein  encoding genes  whose  gene  expression  profiles  were
associated with survival outcomes. We believe these genes are potential therapeutic
targets and diagnostic biomarkers for breast cancer.

Keywords: breast cancer, intrinsic subtypes, gene expression, microarray, survival
analysis

1. Introduction

In many countries, breast cancer remains the most common cancer among women and one of
the top leading causes of cancer death in women. Multiple efforts and studies have been
directed toward the understanding of the cause and mechanisms leading to breast cancer and
to improve the diagnosis and treatment of this disease. To aid its identification and treatment,
breast cancer is divided into four major molecular subtypes [luminal A (LumA), luminal B

© 2017 The Author(s). Licensee InTech. 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.

© 2017 The Author(s). Licensee InTech. 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.



(LumB), HER2-enriched (HER2E), and basal-like (BasalL)] according to hormone receptor
status assessed by immunohistochemistry (IHC) [1, 2].

The luminal types are estrogen receptor positive cancers, and their gene expression patterns
are similar to the luminal epithelial cells that line the breast ducts and glands. They can be
treated with endocrine therapy and chemotherapy. Luminal A is a low-grade cancer that has
the best prognosis, high survival rates and low recurrence rates compared to other subtypes
[3]. Patients with luminal B cancer tend to have poorer prognosis and lower survival rates than
those with luminal A cancer. In HER2-enriched cancer, the HER2 gene is often overexpressed
due to gene duplication. This type of breast cancer is high-grade and fast-growing. Before the
discovery of anti-HER2 drugs such as trastuzumab and lapatinib [4, 5], the treatment for patent
of this subtype is limited to chemotherapeutic approaches. The other major subtype is the
basal-like breast cancer. The gene expression pattern of basal-like breast cancer is similar to
cells in the basal layers of the breast ductal epithelium. Many cases of basal-like breast cancer
are also triple-negative breast cancer, which lack estrogen or progesterone receptors and
without elevated expression of HER2. The basal-like breast cancer is also high-grade and fast-
growing. Patients diagnosed with this subtype have poorer prognosis and are treated with
combination of surgery, radiotherapy and anthracycline/taxane-based chemotherapy [6].

After the launch of microarray in the early 2000s as an affordable solution to high-throughput
quantification of genome-wide gene expression, many research projects begin to use this
technology to study breast cancer [7–9]. Findings derived from microarray studies provide
useful biological, prognostic, and predictive information in basic science and clinical practice.
One of the applications resulting from microarray analysis is the reclassification of breast
cancer samples according to the gene expression patterns of multiple genes [10].

In this chapter, we present our method of analyzing large public breast cancer microarray
datasets and discuss our findings concerning breast cancer subtyping using gene expression
signatures. By thoroughly gathering of microarray datasets, we collected gene expression
results of 10086 normal breast and breast cancer samples from public depositories. We took
advantage of the large sample size to explore the similarities and differences among and within
breast cancer subtypes. Through the clustering of this large breast cancer dataset, our aim is
to update the subtype labels of these samples and re-define the intrinsic subtypes of breast
cancer, as well as to identify genes whose expression profiles are not subtype-specific but can
subclassify samples within a given subtype and with prognostic values. By analyzing the
functional subgroups of human genes through consensus clustering, we identified specific
genes that can subdivide breast cancer subtype and provided useful prognostic information
as well as possible genetic clues for breast carcinogenesis.

2. Processing of gene expression microarray datasets

We explored the two largest public repositories, NCBI GEO (https://www.ncbi.nlm.nih.gov/
geo) and EBI ArrayExpress (http://www.ebi.ac.uk/arrayexpress) for gene expression microar-
ray datasets relating to normal breast tissues and breast cancers. Different microarray
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platforms produce variations in the final interpretation of gene expression levels due to
differences in probe design and detection methods. We chose to obtain experiment conducted
using the Human Genome U133A (HG-U133A) and Human Genome U133 Plus 2.0 (HG-U133
Plus 2.0) arrays, as these are the most widely used platforms we found in the databases.
Overall, we identified 41 HG-U133A and 62 HG-U133 Plus 2.0 datasets relating to our topic
of interest. Redundant and irrelevant arrays were identified and removed. 4952 HG-U133A
and 5134 HG-U133 Plus 2.0 arrays, representing 165 normal breast, 193 adjacent disease-free,
5 proliferative breast lesions, and 9723 breast cancer samples, were selected for downstream
analysis. The clinicopathological data associated with the samples were also retrieved at the
same time if available. In Supplementary Table 1, we list the accession numbers associated
with the dataset we collect and used in this study.

Accession No. HG-U133A HG-U133 Plus 2.0

E-MEXP-882 0 24

E-MEXP-3688 0 8

E-MTAB-365 0 536

E-MTAB-566 0 36

E-MTAB-748 0 46

E-MTAB-1006 0 96

E-MTAB-1547 0 208

E-MTAB-2501 0 32

E-TABM-43 35 0

E-TABM-66 0 6

E-TABM-276 0 60

E-TABM-854 0 73

GSE1456 159 0

GSE1561 46 0

GSE2034 286 0

GSE2109 0 346

GSE2603 99 0

GSE3494 251 0

GSE3744 0 47

GSE4611 216 0

GSE4922 287 0
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Accession No. HG-U133A HG-U133 Plus 2.0

GSE5327 58 0

GSE5462 54 0

GSE5764 0 18

GSE5847 92 0

GSE6532 327 87

GSE6596 26 0

GSE6883 7 0

GSE7307 0 10

GSE7390 196 0

GSE7904 0 62

GSE8977 0 22

GSE9195 0 77

GSE9574 3 0

GSE10780 0 177

GSE11121 198 0

GSE12093 134 0

GSE12276 0 204

GSE12763 0 30

GSE16391 0 55

GSE16446 0 112

GSE16873 11 0

GSE17705 293 0

GSE17907 0 53

GSE18864 0 2

GSE19615 0 115

GSE20086 0 5

GSE20194 265 0

GSE20271 174 0

GSE20437 25 0

GSE20685 0 326

GSE20711 0 88
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Accession No. HG-U133A HG-U133 Plus 2.0

GSE21422 0 19

GSE21653 0 254

GSE21947 10 0

GSE22035 0 43

GSE22093 102 0

GSE22513 0 16

GSE22544 0 18

GSE23177 0 116

GSE23720 0 191

GSE23988 59 0

GSE24185 100 0

GSE25011 11 0

GSE25066 506 0

GSE26910 0 11

GSE26971 277 0

GSE28796 0 14

GSE28821 0 10

GSE29431 0 38

GSE31448 0 29

GSE31519 67 0

GSE32072 28 0

GSE36771 0 107

GSE36772 96 0

GSE36773 48 0

GSE37946 49 0

GSE38506 0 13

GSE42568 0 112

GSE43358 0 57

GSE43365 0 111

GSE43502 0 10

GSE45255 134 0

Analysis of 10086 Microarray Gene Expression Data Uncovers Genes that Subclassify Breast...
http://dx.doi.org/10.5772/66161

185



Accession No. HG-U133A HG-U133 Plus 2.0

GSE46184 74 0

GSE46222 0 46

GSE46928 50 0

GSE47389 0 47

GSE48390 0 80

GSE50567 0 40

GSE50948 0 5

GSE54002 0 418

GSE55594 0 10

GSE58812 0 107

GSE61304 0 61

GSE63626 0 6

GSE65194 0 162

GSE68892 99 0

GSE70233 0 22

Supplementary Table 1. Gene expression microarray datasets used.

Due to the different array design and number of probes of HG-U133A and HG-U133 Plus 2.0,
the raw data files (.CEL) of the two platforms were imported into the R environment separately.
The raw data were normalized using the justRMA function from the affy Bioconductor package
with the Robust Multiarray Averaging (RMA) normalization method [11]. The default hgu133a
and hgu133plus2 annotation were used to obtain probe-level expression intensities. The
intensity of a probe is used to represent the corresponding gene-level expression value. For
any given gene detected by more than one probe sets, the probe set with the highest Jetset score
is selected to represent its gene-level expression [12]. Then, inSilicoMerging package was used
to combine expression intensities from the two microarray platforms and remove batch effect
to obtain log2-normalized intensities [13].

3. Identification of differentially expressed genes among subsets of samples

Some of the samples were provided with relevant clinicopathological data. We used this
information to perform differential expression analysis using the limma Bioconductor package
in R [14]. Specifically, we used disease status (normal vs. cancer), receptor status assessed by
IHC, and the subtype classification to subset samples and performed differential expression
analysis. The aim was to identify a list of candidate genes from these comparisons to be used
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Some of the samples were provided with relevant clinicopathological data. We used this
information to perform differential expression analysis using the limma Bioconductor package
in R [14]. Specifically, we used disease status (normal vs. cancer), receptor status assessed by
IHC, and the subtype classification to subset samples and performed differential expression
analysis. The aim was to identify a list of candidate genes from these comparisons to be used
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in breast cancer subtyping. Seven categories of differentially expressed genes sets were
defined. They are:

a. Normal versus cancer: ABCA8, ADH1B, ASPM, AURKA, BUB1B, CCNB1, CCNB2, CDC20,
CDK1, CENPA, CEP55, CKS2, COL10A1, CXCL10, CXCL11, CXCL2, CXCL9, DLGAP5, DTL,
FABP4, FOSB, GABRP, ID4, KRT14, KRT15, KRT5, MELK, MMP1, NEK2, NUSAP1, OXTR,
PBK, PRC1, PTN, RRM2, S100P, SFRP1, SPP1, SYNM, TGFBR3, TOP2A, TPX2, UBE2C,
and WIF1.

b. Basal-like: AGR2, CA12, DHRS2, ELF5, EN1, ESR1, FABP7, FOXA1, GABRP, GATA3,
KRT6B, MLPH, NAT1, PIP, PROM1, ROPN1B, SCGB1D2, SCGB2A2, SCNN1A, TFF1, TFF3,
TOX3, and VGLL1.

c. HER2-enriched: CALML5, CEACAM6, CLCA2, CRISP3, ERBB2, ESR1, FGG, GRB7, KMO,
KYNU, NPY1R, PGAP3, PNMT, S100A8, S100A9, S100P, SCUBE2, STARD3, and TFAP2B.

d. Luminal A: ABAT, AGR2, AGTR1, BMPR1B, CA12, CPB1, DACH1, ERBB4, ESR1, FABP7,
GATA3, GFRA1, GREB1, IGF1R, MMP1, NAT1, NPY1R, PGR, PROM1, RARRES1, S100A8,
SCUBE2, SERPINA3, STC2, TBC1D9, TFF1, and TFF3.

e. Luminal B: AGR2, ARMT1, CA12, DHRS2, ESR1, FABP7, GABRP, GATA3, KRT6B, NAT1,
PROM1, SFRP1, SLPI, TFF1, and TFF3.

f. Luminal C: COL10A1, CXCL9, ESR1, FABP7, GABRP, GATA3, IFI44L, SCGB2A2, and TFF1.

g. Apocrine: CALML5, CLCA2, CPB1, CRISP3, ERBB4, ESR1, IGF1R, KYNU, MMP1, NPY1R,
S100A8, S100A9, SERPINA3, and TFF1.

Some of the genes were identified in more than one category, for example the estrogen receptor
1 (ESR1) was found in six of the seven categories. The redundant genes were removed, and
the remaining 100 unique genes were used to perform sample subtyping with consensus
clustering.

4. Consensus hierarchical clustering using subtype-specific genes

The ConsensusClusterPlus Bioconductor package was used to perform consensus hierarchical
clustering on the 10086 samples using the expression intensities of the 100 genes discovered
in the previous step [15]. The distance metric used in the clustering was calculated as one
minus the Pearson correlation coefficient. The parameters used were: maxK = 6, reps = 1000,
pItem = 0.8, pFeature = 1, whereby the clustering was performed 1000 times using the
expression of all the genes of randomly selected samples consisting of 80% of the total sample
size and with a maximum of six clusters. Figure 1 shows the cumulative distribution functions
(CDFs) of the consensus matrix for each number of clusters (i.e. k = 2 to k = 6) on the left and
relative change in area under the CDF curves on the right. Both plots were used to help
determine the appropriate number of clusters to be selected.
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Figure 1. Analysis of breast cancer gene expression cluster stability. The optimum partitioning of breast cancers is de-
termined with (left) consensus CDF and (right) Delta area plots for cluster between k = 2 and k = 6. The optimal choice
of cluster number is 6 whereby the CDF curve is reaching a plateau and has minimal relative change in area under
CDF curves.

Figure 2. Consensus clustering of 10086 samples using the expression profile of 100 genes. The color of each cell of the
matrix represents the gene expression intensity a sample (column) of a given genes (row). The red and blue colors
reflect high and low expression levels, respectively, as indicated in the color bar. Samples with similar gene expression
profiles are grouped together and distributed into six clusters (colored bars).
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We assigned the six clusters with names correspond to convention breast cancer subtypes. To
visualize the classification result, we used the ComplexHeatmap Bioconductor package to
produce heatmap representation of the clustering result [16]. The six clusters were represented
with different colors in the heatmap shown in Figure 2, and they are HER2-enriched (HER2E;
leftmost), basal-like (BasalL), normal-like (NormL), luminal A (LumA), luminal B (LumB), and
mixed luminal (LumMix; rightmost). The clinical features of the six clusters were presented in
Table 1. The mixed luminal cancer has the most number of samples, and the normal-like cancer
has the fewest samples. The patients of the basal-like cancer were significantly younger
(median age at diagnosis 49; t test P-value < 2.2e−16), and the mixed luminal patients were
significantly older (median age at diagnosis 56; t test P-value = 4.3e−15). These are consistent
with previous reports [17–19].

BasalL HER2E LumA LumB LumMix NormL
No. of samples 1727 1330 1251 1533 3735 510

Age range 24–84 26–90 27–88 24–93 24–91 21–86

Median age 49 55 54 53 56 51

ER status by IHC

No. of ER+ 106 157 710 831 2271 101

No. of ER− 1085 614 83 114 77 73

ER+:ER− 1:10.24 1:3.91 1:0.12 1:0.14 1:0.03 1:0.72

Missing ER data 536 (31.0%) 559 (42.0%) 458 (36.6%) 588 (38.4%) 1387 (37.1%) 336 (65.9%)

PR status by IHC

No. of PR+ 44 60 383 315 1061 56

No. of PR− 657 436 104 200 219 48

PR+:PR− 1:14.93 1:7.27 1:0.27 1:0.63 1:0.21 1:0.86

Missing PR data 1026 (59.4%) 834 (62.7%) 764 (61.1%) 1018 (66.4%) 2455 (65.7%) 406 (79.6%)

HER2 status by IHC

No. of HER2+ 49 302 35 174 100 14

No. of HER2− 861 222 285 391 1050 93

HER2+:HER2− 1:17.57 1:0.74 1:8.14 1:2.25 1:10.50 1:6.64

Missing HER2 data 817 (47.3%) 806 (60.6%) 931 (74.4%) 968 (63.1%) 2585 (69.2%) 403 (79.0%)

Table 1. Clinical features of the six clusters.

We compared the subtype assignment by ConsensusClusterPlus with the molecular subtyp-
ing by PAM50, SSP2006 and AIMS models using the genefu Bioconductor package (see
Tables 2–4) [20]. The comparisons showed the four major breast cancer subtypes were present
in our analysis. The concordances between different methods on the HER2-enriched and
basal-like subtype were higher than other subtypes. The classification of luminal subtypes
and normal-like samples were more inconsistent. Based on the heatmap and structure of the
dendrogram shown in Figure 2, the transcriptome profiles of HER2-enriched and basal-like
breast cancers were more distinctive compared to other subtypes. Hence, the clustering
results of these two subtypes were more consistent than other subtypes using different
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methods. The ConsensusClusterPlus assignment is most similar to that produced by the
PAM50 model, whereas SSP2006 and AIMS models have classified many samples as HER2-
enriched but were determined as luminal B subtype using our method. The major difference
between the ConsensusClusterPlus and PAM50 assignment is that our method identified a
large subgroup within the luminal subtypes, which we defined it as mixed luminal, that were
classified as either luminal A or luminal B by the PAM50 model. We think the increase in the
number of samples, as well as selection of different gene candidates, used in our study helped
to distinguish and define three luminal subtypes rather than two. The implication of this
distinction is rather profound. Although the mixed luminal breast cancers have similar gene
expression profile to the luminal B subtype as seen in Figure 2, we showed in the next section
that the two subgroups vary in their survival outcomes.

Subtype comparison PAM50
BasalL HER2E LumA LumB NormL

ConsensusClusterPlus HER2E 141 909 58 127 51

BasalL 1686 7 0 3 25

LumMix 3 22 1686 2004 15

LumB 6 175 81 1269 2

LumA 3 1 1187 12 41

NormL 7 0 73 0 134

Table 2. Comparison of molecular subtyping by ConsensusClusterPlus and PAM50.

Subtype comparison SSP2006
BasalL HER2E LumA LumB NormL

ConsensusClusterPlus HER2E 263 833 53 6 131

BasalL 1695 2 0 0 24

LumMix 10 109 2882 625 104

LumB 23 541 441 505 23

LumA 5 1 1036 0 202

NormL 0 0 40 0 174

Table 3. Comparison of molecular subtyping by ConsensusClusterPlus and SSP2006.

Subtype comparison AIMS
BasalL HER2E LumA LumB NormL

ConsensusClusterPlus HER2E 384 789 4 1 108

BasalL 1699 3 0 0 19

LumMix 9 400 1511 1489 321

LumB 27 936 30 526 14

LumA 5 10 275 5 949

NormL 1 0 0 0 213

Table 4. Comparison of molecular subtyping by ConsensusClusterPlus and AIMS.
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5. Survival analysis of breast cancer subtypes

We used the Kaplan-Meier method to estimate the survival curves of overall survival (OS),
relapse-free survival (RFS) and distant metastasis-free survival (DMFS). The gene expression
values were converted to expression status using a modified R script taken from the Kaplan
Meier-plotter website (http://kmplot.com/). The survival probabilities were calculated using
the survival package [21]. The log-rank test was used to assess the statistical significance of the
survival differences. The prognostic significance of our classification relating to breast cancer
survival was analyzed using the Cox proportional regression model. The Kaplan-Meier curves
were produced using a modified R script taken from http://biostat.mc.vanderbilt.edu/wiki/
Main/TatsukiRcode#kmplot.

We showed in Figure 3 the Kaplan-Meier plots of the OS, RFS, and DMFS of the six subtypes
that we determined using consensus clustering. In all three survival endpoints, the luminal A
patients had highest survival rates (5-year OS = 86.8%, 5-year RFS = 83.8%, 5-year DMFS =
87.4%), whereas the HER2-enriched had worse outcomes (5-year OS = 67.3%, 5-year RFS =
56.8%, 5-year DMFS = 62.2%). The luminal B breast cancers are widely recognized as high risk
[22–24], and our analysis showed equivalent results. Similar to basal-like and HER2-enriched
breast cancers that had poorer prognosis, the luminal B subtype had greater relative risk of
locoregional and distant breast cancer recurrence.

Figure 3. Kaplan-Meier plots showing the relation between subtypes determined with ConsensusClusterPlus and clini-
cal outcome in breast cancer patients. Overall survival (OS; left), relapse-free survival (RFS; middle), and distant meta-
stasis-free survival (DMFS; right) for samples in the six subtypes based on the consensus clustering with 100 genes.

6. Consensus hierarchical clustering using function-specific genes and
survival analysis

Besides classifying samples according to the expression of genes relating to breast cancer
subtypes, we also aimed to identify subsets of patients that might harbor specific expression
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profiles that could affect their survival outcome. To do this, we used the current knowledge
about protein functions and the participation of genes in biological pathways to select specific
functions and pathways that might have an effect or are affected by the development and
progression of breast cancer. We used databases such as Ingenuity Pathway Analysis (http://
www.ingenuity.com/products/ipa), KEGG (http://www.genome.jp/kegg/), and HGNC (http://
www.genenames.org/) to gather genes participates and/or of the following functions: cadher-
ins, zinc fingers, C2 domain-containing, ion channels, solute carriers, integrins, chemokine
receptors, chemokine ligands, receptor kinases, immunoglobulins, CD molecules, homeobox-
es, interferons, interferon receptors, interleukins, interleukin receptors, intermediate filaments,
histones, chromatin-modifying enzymes, ATPases, glycosyltransferases, phosphatases,
metallopeptidases, apoptosis, autophagy, unfolded protein response, oxidative stress re-
sponse, and epithelial-mesenchymal transition pathway. Consensus clustering was performed
as before using ConsensusClusterPlus with same parameters to determine at most six clusters
from each or collections of gene sets. Then, these clusters were analyzed for their associations
with survival.

Using a P-value cutoff of 0.01, we identified two collections of genes that were statistically
significantly associated with survivals: the CD molecules and the cytokines and cytokine
receptors. Figure 4 shows the Kaplan-Meier plots of OS, RFS, and DMFS for each of the six CD
molecules clusters. In both RFS and DMFS, Cluster 2 (lime green colored) had the best survival
outcome, and is made up of mixed luminal, luminal A, HER2-enriched, and normal-like breast
cancers as shown in Table 5. Cluster 3 (dark green colored), which are mainly HER2-enriched
and luminal B cancers, and Cluster 4 (magenta colored) consists of basal-like cancers had worse
outcomes. We looked into the CD molecules that showed greater expression differences
between Cluster 2 (best survival) and Clusters 3 and 4 (worse survival) by computing the
Cohen's d effect size statistics [25]. Of the 317 CD molecules analyzed, the 20 genes that had
large effect size (d > 1) are: ACKR1, BCAM, CD248, CD34, CD36, EPCAM, FUT3, HMMR, IGF1R,
IL6ST, JAM2, LAMP3, LEPR, LRP1, PDGFRA, PDGFRB, SLC7A5, TEK, TFRC, and TSPAN7.
Figure 5 showed their respective expression distributions in Clusters 2, 3, and 4.

Figure 4. Kaplan-Meier estimates of breast cancer survival of clusters determined using CD molecules. Overall survival
(OS; left), relapse-free survival (RFS; middle), and distant metastasis-free survival (DMFS; right) for samples in the six
subtypes based on the consensus clustering with 317 genes encoding for CD molecules.
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Comparison Subtypes
BasalL Her2E LumA LumB LumMix NormL

Clustering using expression profiles of CD molecules 1  4 9 69 248 1666 0
2 16 173 913 48 469 482
3 34 704 26 221 64 1
4 1132 49 3 14 6 5
5 539 325 57 524 447 16
6 2 70 183 478 1083 6

Table 5. Comparison of sample assignment between subtype-specific genes and CD molecules.

Figure 5. Box plots of the distribution of gene expression values of 20 CD molecules with large effect size between sam-
ples with best and worse outcomes. Cluster 2 (best outcome), 3 and 4 (worse outcomes) are chosen to demonstrate the
difference in gene expression levels between samples from these three clusters. The box plots of Clusters 2, 3 and 4 are
colored in light green, dark green, and magenta, respectively.

The second collection of genes consists of 113 cytokines and cytokine receptors. In Figure 6,
the Kaplan-Meier plots showed that Cluster 6 (orange colored) had the worst survival outcome.
It consists of Basal-like, HER2-enriched, and some luminal cancers (see Table 6). We again used
Cohen's d as a measure to assess whether the expression profiles of Cluster 6 and the two
clusters with better survival (Clusters 2 and 4) are significantly different in gene expression for
each gene in this collection. We identified 15 genes that had large effect size (d > 1). They are:
ACKR1, CCL19, CCL20, CCL7, CX3CR1, CXCL1, CXCL12, CXCL14, CXCL8, IL12RB2, IL13RA1,
IL1R1, IL1R2, IL6ST, and PITPNM3, and their respective expression distributions in Clusters
2, 4 and 6 are shown in Figure 7.
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Figure 6. Kaplan-Meier estimates of breast cancer survival of clusters determined using chemokine ligands, chemokine
receptors, interferons, interferon receptors, interleukins, and interleukin receptors. Overall survival (OS; left), relapse-
free survival (RFS; middle), and distant metastasis-free survival (DMFS; right) for samples in the six subtypes based on
the consensus clustering with 113 genes encoding for cytokines and cytokine receptors.

Comparison Subtypes
BasalL HER2E LumA LumB LumMix NormL

Clustering using expression profiles of
cytokines and cytokine receptors

1  68 102 77 341 1585 2
2 33 153 830 62 764 444
3 350 477 166 758 809 21
4 4 30 174 47 409 10
5 750 268 0 219 47 0
6 522 300 4 106 121 33

Table 6. Comparison of sample assignment between subtype-specific genes and cytokines and cytokine receptors.

Figure 7. Box plots of the distribution of gene expression values of 15 cytokines and cytokine receptors with large effect
size between samples of better and worst outcomes. Cluster 6 (worse outcome), 2 and 4 (best outcomes) are chosen to
demonstrate the difference in gene expression levels between samples from these three clusters. The box plots of Clus-
ters 2, 4, and 6 are colored in light green, magenta, and orange, respectively.
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7. Conclusion and perspectives

Breast cancer is a complex disease comprising different subtypes that may be characterized by
the change in expression patterns and/or mutations of few candidate genes. The ability to
distinguish breast cancer subtypes using these underlying differences has significant clinical
implications as it is one of the variables that affect prognosis and treatment of the disease. There
were many studies with goals to classify breast cancer based on the amount of literatures and
gene expression datasets available in public domain. However, there is a lack of recent meta-
analysis to utilize this collection of data generated by various research groups and institutes
over the past 15 years. In this chapter, we presented our effort to employ these high-throughput
microarray dataset to perform breast cancer subtyping of 10086 samples.

The breast cancer subtypes that we characterized using consensus clustering of 100 genes and
10086 samples not only confirmed the existence of the four major intrinsic subtypes, that is,
Basal-like, HER2-enriched, luminal A, and luminal B, but we also defined a normal-like
subtype that consists of cancer samples with similar gene expression profile as that found in
normal and adjacent normal breast samples. In addition, we distinguished a group of luminal
B–like samples with better prognosis (that we term mixed luminal) from the high-risk luminal
B breast cancer.

In addition, consensus clustering of the expression signatures of CD molecules and cytokines
and cytokine receptors were associated with survival outcomes. Thirty-three genes showed
significant differential gene expression between the classes with best and worse survival rates
were identified. The ACKR1 (Atypical Chemokine Receptor 1, CD234 Antigen) and IL6ST
(Interleukin 6 Signal Transducer, CD130 Antigen) were found in both gene sets. Kaplan-Meier
analysis showed patients with higher expression of either one gene had longer survival time.
Others includes CX3CR1 (C-X3-C motif chemokine receptor 1), CXCL12 (C-X-C motif chemo-
kine ligand 12), CXCL14 (C-X-C motif chemokine ligand 14), IGF1R (insulin-like growth factor
1 receptor), IL13RA1 (interleukin 13 receptor subunit alpha 1), IL6ST (interleukin 6 signal
transducer), JAM2 (junctional adhesion molecule 2), and LEPR (leptin receptor) are also genes
that had higher expression associating with better outcomes. On the other end of the spec-
trum are CCL7 (C-C motif chemokine ligand 7), CXCL1 (C-X-C motif chemokine ligand 1),
CXCL8 (C-X-C motif chemokine ligand 8), FUT3 (fucosyltransferase 3 (Lewis blood group)),
HMMR (hyaluronan mediated motility receptor), and SLC7A5 (solute carrier family 7 member
5) that were overexpressed in patients with lower survival rates. We believe these genes are
potential therapeutic targets and diagnostic biomarkers for breast cancer.

Acknowledgements

The authors acknowledge financial support from the Ministry of Science and Technology,
Taiwan (MOST 103-2811-B-010-020 and MOST 104-2811-B-010-007). We also thank the National
Center for High-performance Computing of National Applied Research Laboratories of
Taiwan and National Research Program for Biopharmaceuticals (MOST 104-2325-B-492-001)

Analysis of 10086 Microarray Gene Expression Data Uncovers Genes that Subclassify Breast...
http://dx.doi.org/10.5772/66161

195



for providing computational biology platform. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Author details

I-Hsuan Lin1,2 and Ming-Ta Hsu1*

*Address all correspondence to: mth@ym.edu.tw

1 Institute of Biochemistry and Molecular Biology, School of Life Science, National Yang-Ming
University, Taipei, Taiwan

2 The Center of Translational Medicine, Taipei Medical University, Taipei, Taiwan

References

[1] Hammond ME, Hayes DF, Dowsett M, Allred DC, Hagerty KL, et al. American Society
of Clinical Oncology/College Of American Pathologists guideline recommendations
for immunohistochemical testing of estrogen and progesterone receptors in breast
cancer. Journal of Clinical Oncology. 2010;28:2784-95. DOI: 10.1200/JCO.2009.25.6529

[2] Blows FM, Driver KE, Schmidt MK, Broeks A, van Leeuwen FE, et al. Subtyping of
breast cancer by immunohistochemistry to investigate a relationship between subtype
and short and long term survival: a collaborative analysis of data for 10,159 cases from
12 studies. PLoS Medicine. 2010;7:e1000279. DOI: 10.1371/journal.pmed.1000279

[3] Onitilo AA, Engel JM, Greenlee RT, Mukesh BN. Breast cancer subtypes based on
ER/PR and Her2 expression: comparison of clinicopathologic features and survival.
Clinical Medicine & Research. 2009;7:4-13. DOI: 10.3121/cmr.2009.825

[4] Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, et al. Use of chemotherapy plus
a monoclonal antibody against HER2 for metastatic breast cancer that overexpresses
HER2. The New England Journal of Medicine. 2001;344:783-92. DOI: 10.1056/
NEJM200103153441101

[5] Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG, et al. Lapatinib plus capecitabine
for HER2-positive advanced breast cancer. The New England Journal of Medicine.
2006;355:2733-43. DOI: 10.1056/NEJMoa064320

[6] Brewster AM, Chavez-MacGregor M, Brown P. Epidemiology, biology, and treatment
of triple-negative breast cancer in women of African ancestry. The Lancet Oncology.
2014;15:e625-34. DOI: 10.1016/S1470-2045(14)70364-X

Breast Cancer - From Biology to Medicine196



for providing computational biology platform. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Author details

I-Hsuan Lin1,2 and Ming-Ta Hsu1*

*Address all correspondence to: mth@ym.edu.tw

1 Institute of Biochemistry and Molecular Biology, School of Life Science, National Yang-Ming
University, Taipei, Taiwan

2 The Center of Translational Medicine, Taipei Medical University, Taipei, Taiwan

References

[1] Hammond ME, Hayes DF, Dowsett M, Allred DC, Hagerty KL, et al. American Society
of Clinical Oncology/College Of American Pathologists guideline recommendations
for immunohistochemical testing of estrogen and progesterone receptors in breast
cancer. Journal of Clinical Oncology. 2010;28:2784-95. DOI: 10.1200/JCO.2009.25.6529

[2] Blows FM, Driver KE, Schmidt MK, Broeks A, van Leeuwen FE, et al. Subtyping of
breast cancer by immunohistochemistry to investigate a relationship between subtype
and short and long term survival: a collaborative analysis of data for 10,159 cases from
12 studies. PLoS Medicine. 2010;7:e1000279. DOI: 10.1371/journal.pmed.1000279

[3] Onitilo AA, Engel JM, Greenlee RT, Mukesh BN. Breast cancer subtypes based on
ER/PR and Her2 expression: comparison of clinicopathologic features and survival.
Clinical Medicine & Research. 2009;7:4-13. DOI: 10.3121/cmr.2009.825

[4] Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, et al. Use of chemotherapy plus
a monoclonal antibody against HER2 for metastatic breast cancer that overexpresses
HER2. The New England Journal of Medicine. 2001;344:783-92. DOI: 10.1056/
NEJM200103153441101

[5] Geyer CE, Forster J, Lindquist D, Chan S, Romieu CG, et al. Lapatinib plus capecitabine
for HER2-positive advanced breast cancer. The New England Journal of Medicine.
2006;355:2733-43. DOI: 10.1056/NEJMoa064320

[6] Brewster AM, Chavez-MacGregor M, Brown P. Epidemiology, biology, and treatment
of triple-negative breast cancer in women of African ancestry. The Lancet Oncology.
2014;15:e625-34. DOI: 10.1016/S1470-2045(14)70364-X

Breast Cancer - From Biology to Medicine196

[7] Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, et al. Molecular portraits of
human breast tumours. Nature. 2000;406:747-52. DOI: 10.1038/35021093

[8] Sorlie T, Perou CM, Tibshirani R, Aas T, Geisler S, et al. Gene expression patterns of
breast carcinomas distinguish tumor subclasses with clinical implications. Proceedings
of the National Academy of Sciences of the United States of America. 2001;98:10869-74.
DOI: 10.1073/pnas.191367098

[9] Reis-Filho JS, Pusztai L. Gene expression profiling in breast cancer: classification,
prognostication, and prediction. Lancet. 2011;378:1812-23. DOI: 10.1016/
S0140-6736(11)61539-0

[10] Norum JH, Andersen K, Sorlie T. Lessons learned from the intrinsic subtypes of breast
cancer in the quest for precision therapy. The British Journal of Surgery. 2014;101:925-38.
DOI: 10.1002/bjs.9562

[11] Gautier L, Cope L, Bolstad BM, Irizarry RA. affy—analysis of AffymetrixGeneChip data
at the probe level. Bioinformatics. 2004;20:307-15. DOI: 10.1093/bioinformatics/btg405

[12] Li Q, Birkbak NJ, Gyorffy B, Szallasi Z, Eklund AC. Jetset: selecting the optimal
microarray probe set to represent a gene. BMC Bioinformatics. 2011;12:474. DOI:
10.1186/1471-2105-12-474

[13] Taminau J, Meganck S, Lazar C, Steenhoff D, Coletta A, et al. Unlocking the potential
of publicly available microarray data using inSilicoDb and inSilicoMerging R/Biocon-
ductor packages. BMC Bioinformatics. 2012;13:335. DOI: 10.1186/1471-2105-13-335

[14] Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, et al. limma powers differential expres-
sion analyses for RNA-sequencing and microarray studies. Nucleic Acids Research.
2015;43:e47. DOI: 10.1093/nar/gkv007

[15] Wilkerson MD, Hayes DN. ConsensusClusterPlus: a class discovery tool with confi-
dence assessments and item tracking. Bioinformatics. 2010;26:1572-3. DOI: 10.1093/
bioinformatics/btq170

[16] Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in
multidimensional genomic data. Bioinformatics. 2016. DOI: 10.1093/bioinformatics/
btw313

[17] Kwan ML, Kushi LH, Weltzien E, Maring B, Kutner SE, et al. Epidemiology of breast
cancer subtypes in two prospective cohort studies of breast cancer survivors. Breast
Cancer Research. 2009;11:R31. DOI: 10.1186/bcr2261

[18] Rakha EA, Ellis IO. Triple-negative/basal-like breast cancer: review. Pathology. 2009;
41:40-7. DOI: 10.1080/00313020802563510

[19] Jenkins EO, Deal AM, Anders CK, Prat A, Perou CM, et al. Age-specific changes in
intrinsic breast cancer subtypes: a focus on older women. The Oncologist.
2014;19:1076-83. DOI: 10.1634/theoncologist.2014-0184

Analysis of 10086 Microarray Gene Expression Data Uncovers Genes that Subclassify Breast...
http://dx.doi.org/10.5772/66161

197



[20] Gendoo DM, Ratanasirigulchai N, Schroder MS, Pare L, Parker JS, et al. Genefu: an R/
Bioconductor package for computation of gene expression-based signatures in breast
cancer. Bioinformatics. 2015. DOI: 10.1093/bioinformatics/btv693

[21] Therneau TM, Grambsch PM. Modeling Survival Data: Extending the Cox Model. 1st
ed. New York: Springer-Verlag; 2000. DOI: 10.1007/978-1-4757-3294-8

[22] Hu Z, Fan C, Oh DS, Marron JS, He X, et al. The molecular portraits of breast tumors
are conserved across microarray platforms. BMC Genomics. 2006;7:96. DOI:
10.1186/1471-2164-7-96

[23] Cheang MC, Chia SK, Voduc D, Gao D, Leung S, et al. Ki67 index, HER2 status, and
prognosis of patients with luminal B breast cancer. Journal of the National Cancer
Institute. 2009;101:736-50. DOI: 10.1093/jnci/djp082

[24] Tran B, Bedard PL. Luminal-B breast cancer and novel therapeutic targets. Breast
Cancer Research. 2011;13:221. DOI: 10.1186/bcr2904

[25] Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. Hillsdale, N.J.:
L. Erlbaum Associates; 1988.

Breast Cancer - From Biology to Medicine198



[20] Gendoo DM, Ratanasirigulchai N, Schroder MS, Pare L, Parker JS, et al. Genefu: an R/
Bioconductor package for computation of gene expression-based signatures in breast
cancer. Bioinformatics. 2015. DOI: 10.1093/bioinformatics/btv693

[21] Therneau TM, Grambsch PM. Modeling Survival Data: Extending the Cox Model. 1st
ed. New York: Springer-Verlag; 2000. DOI: 10.1007/978-1-4757-3294-8

[22] Hu Z, Fan C, Oh DS, Marron JS, He X, et al. The molecular portraits of breast tumors
are conserved across microarray platforms. BMC Genomics. 2006;7:96. DOI:
10.1186/1471-2164-7-96

[23] Cheang MC, Chia SK, Voduc D, Gao D, Leung S, et al. Ki67 index, HER2 status, and
prognosis of patients with luminal B breast cancer. Journal of the National Cancer
Institute. 2009;101:736-50. DOI: 10.1093/jnci/djp082

[24] Tran B, Bedard PL. Luminal-B breast cancer and novel therapeutic targets. Breast
Cancer Research. 2011;13:221. DOI: 10.1186/bcr2904

[25] Cohen J. Statistical power analysis for the behavioral sciences. 2nd ed. Hillsdale, N.J.:
L. Erlbaum Associates; 1988.

Breast Cancer - From Biology to Medicine198

Chapter 10

Jab1/Csn5 Signaling in Breast Cancer

Yunbao Pan and Francois X. Claret

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66174

Provisional chapter

Jab1/Csn5 Signaling in Breast Cancer

Yunbao Pan and Francois X. Claret

Additional information is available at the end of the chapter

Abstract

c-Jun activation domain-binding protein1 (Jab1), also known as a monomer or the fifth
component of the constitutive photomorphogenesis 9 signalosome (Csn5) complex,
regulates cell proliferation, cell-cycle progression, and apoptosis and affects a series of
pathways.  Jab1/Csn5 also promotes  cell  transformation and tumorigenesis,  and its
overexpression in many tumor types suggests it is involved in cancer progression and
closely associated with poor cancer prognosis. Jab1/Csn5 dysregulation contributes to
oncogenesis by deactivating several tumor suppressors. Increasing evidence of the role
of Jab1/Csn5 overexpression in breast and other cancers has spurred interest in Jab1/
Csn5  inhibitors  for  cancer  therapy.  In  this  chapter,  we  summarize  the  evidence
demonstrating the importance of Jab1/Csn5 expression in breast and other cancers and
review recent advances in dissecting the Jab1/Csn5 signaling pathway along with its
potential as a therapeutic target for cancer.

Keywords: breast cancer, Jab1/Csn5, biomarker, DNA damage, therapeutic approach

1. Introduction

c-Jun activation domain-binding protein 1 (Jab1), primarily identified as a c-Jun coactivator [1],
is the fifth member of the constitutive photomorphogenesis 9 signalosome (Csn5) complex.
Specifically,  Jab1/Csn5 is an evolutionarily conserved multifunctional protein involved in
developmental processes in eukaryotic organisms and primarily identified as an inhibitor of
light-dependent  growth and transcription  in  Arabidopsis  [2,  3].  Jab1/Csn5  participates  in
deneddylation of neural precursor cell expressed developmentally downregulated gene 8
(NEDD8), transcription factor specificity, and binding of several key molecules. Increasing
evidence indicates that dysregulation of Jab1/Csn5 activity contributes to tumorigenesis, which
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is functionally inactivating several tumor suppressors and key negative regulatory proteins,
including the cyclin-dependent kinase (CDK) inhibitor p27Kip1 (p27), p53, and SMAD4/7 [4].
Jab1/Csn5 is aberrantly expressed in different tumor types and lines of evidence support that it
is a proto-oncogene. In this chapter, we describe some mechanisms by which Jab1/Csn5 is
involved in cancer progression to provide perspective with the hope that these mechanisms will
lay the foundation for future therapeutic intervention.

2. Structural features of Jab1/Csn5

CSN is a conserved protein complex that typically comprises eight subunits 1/mCSN1–CSN81/m

in descending order according to molecular weight [5]. Six of these subunits contain a protea-
some, constitutive photomorphogenesis 9 signalosome, initiation factor 3 domain or PINT
domain, that serves as a structural scaffold for the assembly of the constitutive photomorpho-
genesis 9 signalosome, and the other two subunits contain an MPR1 and PAD1 N-terminal
(MPN) domain [5, 6]. Although both CSN5 and CSN6 have MPN domains; only the CSN5 MPN
domain contains an embedded Jab1/MPN domain metalloenzyme motif (also named as an MPN
+ motif), which is the catalytic center for CSN isopeptidase activity [5]. Jab1/Csn5 contains 334
amino acids and assembles a nuclear export signal (NES) domain near the p27-binding domain
at the end of the C-terminus [7]. This is a rich blend of leucine nuclear export signal sequences,
which are highly conserved among different species. Through interaction with the NES domain,
CRM1, which exports factors from the nucleus, combines with Jab1/Csn5 via an LMB-sensitive
method and then carries the p27 protein out of the nucleus. When the leucine residues of Jab1/
Csn5 are replaced by alanine residues, the NES can reduce Jab1 and CRM1 interaction, which
impacts LMB-dependent nuclear cytoplasmic output process as well as the degradation of p27
in cells.

The catalytic activity of the CSN complex resides in the deneddylation of the CRLs, that is, the
hydrolysis of the cullin-neural precursor cell expressed developmentally downregulated gene
8 (Nedd8) isopeptide bond. Although CSN-dependent Jab1/Csn5 has isopeptidase activity, it
is intrinsically inactive in other physiologically conditions. Although the Jab1/Csn5 active site
is catalytically competent and compatible with di-isopeptide binding, the Ins-1 segment
obstructs access to its substrate-binding site, and structural rearrangements are necessary for
the Nedd8-binding pocket formation. Detailed study of Jab1/Csn5 by molecular dynamics
discovered the flexibility and plasticity of the Ins-1 segment [8]. These studies resulted in the
identification of a molecular trigger implicated in the active/inactive switch that is sufficient
to impose on Jab1/Csn5 an active isopeptidase state. Additionally, a dynamic monomer-dimer
equilibrium exists both in vitro and in vivo and may be functionally relevant [8].

3. Jab1/Csn5 overexpression in breast cancer and other cancer types

Jab1/Csn5 regulates the transcriptional activity of activator protein 1 (AP-1) and also
modulates cell signal transduction, regulating genetic transcription and the stability of the
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protein [1]. Importantly, Jab1/Csn5, alongside with Myc, was found to act as a master
regulator of a wound gene expression signature in breast cancer cells. This study suggests
that Jab1/CSN5 plays an important role in translating the cell stress response to transcription
of response genes that are involved in proliferation and matrix invasiveness [9]. Aberrant
overexpression of Jab1/Csn5 is implicated to play a role in the pathogenesis of several
types of human malignancies and tends to correlate with poor cancer prognosis. Adler et
al.  [10] provided the first evidence that Jab1/Csn5 isopeptidase activity is essential for
human and murine mammary epithelial transformation and progression. In another study,
Jab1/Csn5 expression was low in or absent from normal breast tissue, but it was aberrantly
expressed in 57% (125 of 220) of node-negative breast tumors and 90% (9 of 10) of
metastatic lesions [11]. Importantly, breast cancer patients with Jab1/Csn5-negative tumors
had neither relapse nor disease progression at a median follow-up time of 70 months [12].
Additionally, Jab1/Csn5 was overexpressed in 33% (11 of 33) of benign ovarian tumors
and 68% (32 of 47) of malignant ovarian tumors and correlated with poor overall survival
of ovarian cancer [13]. Additionally, aberrant expression of Jab1/Csn5 has been positively
associated with hepatitis C virus infection and negatively correlated with hepatitis B virus
infection in hepatocellular carcinoma patients, indicating a possible mechanism that
promotes hepatocarcinogenesis [14]. In a study of non-small cell lung cancer patients,
those with elevated Jab1/Csn5 expression had a poorer overall survival rate (44%) after 5
years than did patients with lower Jab1 expression levels (63%) [15]. Jab1/Csn5 expression
also is closely linked with histological differentiation, clinical stage, and lymph node
metastasis in oral squamous cell carcinoma cases [16]. Patients with oral squamous cell
carcinoma, nasopharyngeal carcinoma, and laryngeal squamous cell carcinomas, as well
as those with thyroid carcinomas and Jab1/Csn5 overexpression, tend to have poor overall
survival, indicating a critical role in cancer progression [16–19]. Furthermore, Jab1/Csn5
plays a role in cancer therapy. In particular, depletion of Jab1/Csn5 enhanced the antitumor
effects of cisplatin and ionizing radiation in NPC cells [20, 21].

Researchers have made substantial  progress in deciphering the critical  role  of  Jab1/Csn5
in diverse cellular  and developmental  processes.  However,  little  is  known about the
underlying regulatory principles that  promote Jab1/CSN5 overexpression in cancer.  Jab1/
Csn5 overexpression may result  from Jab1/Csn5  gene amplification.  The Jab1/Csn5  locus
is located on 8q13.1,  which is always amplified in breast cancer and other cancer patients
[9,  22].  As we described above,  several  other signaling pathways may also contribute to
overexpression of  Jab1/Csn5,  such as  interleukin 6/signal  transducer and activator  of
transcription 3 (Stat  3),  human epidermal growth factor receptor 2 (EGFR) (HER–2)/AKT,
and Bcr/Abl.  For example,  the protein psoriasin (S100A7) enhances Jab1/Csn5 as well  as
activator  protein 1  activity and promotes tumorigenesis  [23].  Moreover,  expression of
Jab1/Csn5 is  related to degradation of  p57 protein [24]  and contributes  to  tumor
recurrence [19].  These findings provided a new opportunity to make Jab1/Csn5 a tumor
target.  Identifying the underlying mechanisms of Jab1/Csn5 in cancer still  requires further
exploration,  but  Jab1/Csn5 has proven to be a  useful  diagnostic  and prognostic  marker
for  cancer.
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4. Jab1/Csn5-associated signaling

A number of studies have demonstrated that Jab1 lies at the intersection of several important
signal transduction pathways that are believed to be important in the progression of breast
cancer (Figure 1). Elucidating the regulatory mechanism of Jab1/Csn5 expression in these
pathways will enhance our understanding of breast tumorigenesis.

Figure 1. Jab1/Csn5 regulatory network in breast cancer cases. Jab1/Csn5 plays an essential role in breast cancer pro-
gression. On the one hand, Jab1/Csn5 activity and expression can be regulated by several typical oncogenic signaling
pathways, such as MIF, phosphoinositide 3-kinase/AKT, interleukin-6/Stat3, HER-2/AKT, and EGFR. On the other
hand, Jab1/Csn5 regulates a myriad of proteins involved in cell proliferation, cell cycle, apoptosis, and DDR.

4.1. Jab1/p27 signaling

Increasingly, studies have demonstrated that Jab1/Csn5 overexpression is negatively associ-
ated with p27 expression and poor prognosis [25] for many human cancers. p27 is a member
of the cell-cycle inhibitor family of proteins, which is a primary driving force for cell-cycle
progression through ubiquitination of G1 cyclins and CDK inhibitors, such as cyclinE-CDK2
and cyclinD1-CDK4 [25]. Eventually, p27 causes cell-cycle arrest during G1 phase and inhibits
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cell proliferation. Jab1/Csn5 directly binds to p27 and mediates its shuttling from the nucleus
to cytoplasm in a CRM1-dependent manner via the NES sequence [7]. Furthermore, research-
ers have observed cytoplasmic translocalization of p27 in human cancers and that it correlates
with poor survival [26]. Many studies have demonstrated that Jab1/Csn5 expression increases
along with p27 nuclear translocation, thereby accelerating p27 degradation via the ubiquitin-
proteasome pathway [27]. Also, depletion of Jab1/Csn5 by small interfering RNA substantially
increases p27 expression, including that of the p27/cyclin E/Cdk2 complex, and nuclear
accumulation of p27 and inhibits the cell-cycle transition from G1 to S phase [27]. In addition,
Jab1/Csn5 may degrade p27 through a Skp2-independent mechanism [28]. Investigators found
that Skp2-mediated degradation of p27 mainly occurred in cells undergoing DNA replication
[29]. Interestingly, evidence suggests that elevated AKT (a protein kinase B) expression leads
to decreased p27 expression in the nucleus. AKT-mediated phosphorylation of p27 at Thr187
is known to inactivate p27 and restrain the translocation of p27 into the nucleus. Subsequently,
degradation of p27 by the ubiquitin-proteasome system is associated with dysregulation of
the cell cycle and promotes tumor formation [30]. Hsu et al. [31] provided the first evidence
that Jab1/Csn5 expression may be regulated by HER-2/neu via the AKT signaling pathway.
Whether Jab1 is directly related to AKT or the underlying mechanism of action between them
is currently unknown.

4.2. HER-2 and EGFR signaling

Jab1/Csn5 is linked with EGFR and HER-2/neu receptor signaling in breast tumorigenesis.
Jab1/Csn5 is a downstream target of HER-2/neu, and Jab1/Csn5 overexpression is correlated
with HER-2/neu in breast cancer [32]. HER-2/neu directly activates Jab1/Csn5 promoter
activity and upregulates Jab1/Csn5 mRNA expression via AKT/β-catenin signaling [31].
Suppression of HER-2/neu by treatment with trastuzumab (Herceptin) decreases Jab1/Csn5
expression in different types of cancer cells [33]. Furthermore, Jab1/Csn5 is a target of EGFR
signaling, and its expression correlates with EGFR expression in estrogen receptor-alpha-
negative breast cancer cell lines. EGFR activation increases the translocation of Jab1/Csn5 to
the nucleus and regulates p27 downstream from Jab1 [34]. These findings suggested that Jab1/
Csn5 is involved in the development and progression of breast cancer.

4.3. Migration inhibitory factor/phosphoinositide 3-kinase/AKT signaling

Jab1/Csn5 controls autocrine macrophage migration inhibitory factor (MIF)-mediated
activation of phosphoinositide 3-kinase/AKT signaling, a novel, indirect mechanism between
the Jab1/Csn5 and phosphoinositide 3-kinase/AKT pathways, by inhibiting MIF secretion and
its autocrine prosurvival activities [35]. In turn, MIF negatively regulates Jab1/Csn5, as MIF
can specifically interact with Jab1/Csn5 and inhibit Jab1/Csn5-enhanced activator protein 1
and c-Jun N-terminal kinase activity [36].

4.4. Interleukin-6/STAT3 signaling

Jab1/Csn5 interacts with protein to regulate unphosphorylated Stat3 DNA-binding activity.
Loss of Jab1/Csn5 expression markedly decreases unphosphorylated Stat3 DNA-binding
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activity as well as expression of Stat3 target genes but tends to increase nuclear Stat3 in
human colon cancer cells [37]. This interesting phenomenon must be studied further to
elucidate how Jab1/Csn5 determines the fate of transcription factors as its binding partners.
Does it do so by binding to target DNA or via protein degradation? In contrast, another study
demonstrated that Stat3 binds to the Jab1/Csn5 promoter, enhances its promoter activity, and
increases Jab1/Csn5 transcription in breast cancer cells. Depletion of Stat3 dramatically
decreases Jab1/Csn5 promoter activity and Jab1/Csn5 mRNA and protein expression [38].
Moreover, upstream activators of Stat3, such as interleukin-6 and Src, also contribute to
activation of Jab1/Csn5 transcription and expression via Stat3.

4.5. Jab1/Csn5 in DNA damage response

In recent years, owing to rapid advances in knowledge of DNA damage repair signal
mechanisms and the study of epigenetic molecular mechanisms, researchers have made
great progress in understanding the principle and mechanism of tumorigenesis after DNA
damage response (DDR). Inactivation of DDR genes increases the risk of accumulating
genetic mutations, which may greatly promote cancer development [4]. Increasing evidence
supports that Jab1/Csn5 affects both the activity and stability of DDR proteins [20]. Jab1/
Csn5 is essential for tumor survival and enhances tumor resistance to chemotherapy and
radiotherapy [20]. Importantly, Jab1/Csn5 can mediate the nuclear export and degradation
of several nuclear proteins, including those involved in DDR [4]. Study results have
demonstrated that Jab1/Csn5 deletion during meiosis can activate the DNA damage
checkpoint in Drosophila melanogaster [39]. CSNs regulate the ubiquitin ligase activity of the
damage DNA-binding protein 1 or DNA-binding protein 2 and Cockayne syndrome group
A complexes in response to exposure to DNA-damaging agents. The authors report that
Jab1/Csn5 deficiency decreased the repair vitality of DNA-binding protein 2 by 50% [40].
Additionally, Cdc10-dependent transcript 1, a licensing factor for the prereplication
complex, is regulated by Jab1/Csn5. Cdc10-dependent transcript 1 is degraded after DNA
damage, and Jab1/Csn5 deficiency may lead to accumulation of Cdc10-dependent transcript
1 [41]. Also, the Rad9/Rad1/Hus1 complex is a DNA damage sensor that transduces DNA
damage and plays an important role in initiation of cellular responses to DNA damage. This
complex promotes ATR-mediated phosphorylation and activation of Chk1, a protein kinase
that regulates progression to S phase, cell-cycle arrest at G2/M, and replication fork
stabilization [42]. Because Jab1/Csn5 is involved in regulating the stability and translocation
of the Rad9/Rad1/Hus1 complex in cells, it likely provides information about Jab1/Csn5 in
checkpoint and DDR [4].

In eukaryotes, Rad51, a key DNA-repair protein, plays a primary role in DNA damage re-
pair using emerging nucleoprotein filaments and mediation of strand conversion among
DNA duplexes [43]. Rad51 is vital for embryo survival in response to exogenous DNA-
damaging stimulation for the repair of spontaneous chromosome breaks during cell devel-
opment [44]. In accordance with these findings, Jab1/Csn5 has been discovered the function
with Rad51 in the homologous recombination repair pathway [43]. Furthermore, Jab1/Csn5
deficiency has not only decreased Rad51 expression but also affected its activity, and the
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Does it do so by binding to target DNA or via protein degradation? In contrast, another study
demonstrated that Stat3 binds to the Jab1/Csn5 promoter, enhances its promoter activity, and
increases Jab1/Csn5 transcription in breast cancer cells. Depletion of Stat3 dramatically
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4.5. Jab1/Csn5 in DNA damage response

In recent years, owing to rapid advances in knowledge of DNA damage repair signal
mechanisms and the study of epigenetic molecular mechanisms, researchers have made
great progress in understanding the principle and mechanism of tumorigenesis after DNA
damage response (DDR). Inactivation of DDR genes increases the risk of accumulating
genetic mutations, which may greatly promote cancer development [4]. Increasing evidence
supports that Jab1/Csn5 affects both the activity and stability of DDR proteins [20]. Jab1/
Csn5 is essential for tumor survival and enhances tumor resistance to chemotherapy and
radiotherapy [20]. Importantly, Jab1/Csn5 can mediate the nuclear export and degradation
of several nuclear proteins, including those involved in DDR [4]. Study results have
demonstrated that Jab1/Csn5 deletion during meiosis can activate the DNA damage
checkpoint in Drosophila melanogaster [39]. CSNs regulate the ubiquitin ligase activity of the
damage DNA-binding protein 1 or DNA-binding protein 2 and Cockayne syndrome group
A complexes in response to exposure to DNA-damaging agents. The authors report that
Jab1/Csn5 deficiency decreased the repair vitality of DNA-binding protein 2 by 50% [40].
Additionally, Cdc10-dependent transcript 1, a licensing factor for the prereplication
complex, is regulated by Jab1/Csn5. Cdc10-dependent transcript 1 is degraded after DNA
damage, and Jab1/Csn5 deficiency may lead to accumulation of Cdc10-dependent transcript
1 [41]. Also, the Rad9/Rad1/Hus1 complex is a DNA damage sensor that transduces DNA
damage and plays an important role in initiation of cellular responses to DNA damage. This
complex promotes ATR-mediated phosphorylation and activation of Chk1, a protein kinase
that regulates progression to S phase, cell-cycle arrest at G2/M, and replication fork
stabilization [42]. Because Jab1/Csn5 is involved in regulating the stability and translocation
of the Rad9/Rad1/Hus1 complex in cells, it likely provides information about Jab1/Csn5 in
checkpoint and DDR [4].

In eukaryotes, Rad51, a key DNA-repair protein, plays a primary role in DNA damage re-
pair using emerging nucleoprotein filaments and mediation of strand conversion among
DNA duplexes [43]. Rad51 is vital for embryo survival in response to exogenous DNA-
damaging stimulation for the repair of spontaneous chromosome breaks during cell devel-
opment [44]. In accordance with these findings, Jab1/Csn5 has been discovered the function
with Rad51 in the homologous recombination repair pathway [43]. Furthermore, Jab1/Csn5
deficiency has not only decreased Rad51 expression but also affected its activity, and the

Breast Cancer - From Biology to Medicine204

absence of Rad51 has caused a large number of chromosome breaks, leading to increased
apoptosis. Decreased Rad51 expression in Jab1/Csn5 knockdown cells is at least partly de-
pendent on p53 expression [20].

5. Predictive and therapeutic roles of Jab1 in cancer cases

Increasingly, studies have demonstrated that overexpressed Jab1/Csn5 is involved in cancer
pathogenesis and correlates with poor cancer prognosis [25]. The authors reported that Jab1+/
p27− patients had poor overall survival of many cancers [13, 25]. Lin Guo’s group recently
provided the first evidence that NCoR is a target of Jab1/Csn5 and mediates endocrine
resistance in breast cancer [45]. Jab1/Csn5 might involve in multiple stages of breast cancer
progression by regulating different protein targets. Further identification and elucidation of
the E3 ligase that connects Jab1/Csn5 and NCoR are of importance to understand the precise
mechanisms underlying endocrine resistance and identify additional druggable molecular
targets. Thus, Jab1/Csn5 is an attractive therapeutic target for cancer given its multiple
prominent functions in many stages of tumorigenesis.

Downregulation of Jab1/Csn5 expression has inhibited growth of and induced apoptosis in
breast cancer [31] and nasopharyngeal carcinoma cells [27]. Furthermore, researchers found
that Jab1/Csn5-deficient mice had an embryonically lethal phenotype, indicating that Jab1/
Csn5 is critical for fetal development and survival [46]. In that study, Jab1/Csn5-null embryos
were smaller than wild-type embryos and displayed delayed growth [46].

Also, the development of Jab1/Csn5-specific inhibitors has had major effects on cancer
treatment. For example, curcumin is a yellow plant pigment that directly inhibits the activity
of Jab1/Csn5-associated kinases, causing cell-cycle arrest in tumor cells during the mitotic
phase and making them more prone to apoptosis by inhibiting Jab1/Csn5 [47]. A recent study
demonstrated that PEGylated curcumin, a water-soluble compound, inhibited the growth of
pancreatic cancer cells and sensitized them to gemcitabine-induced apoptosis [48]. Another
study demonstrated that the curcumin analog T83 markedly induced cell-cycle arrest and
apoptosis in nasopharyngeal carcinoma cells. In addition, T83 effectively inhibited Jab1/Csn5
expression in these cells and sensitized them to radiotherapy [49].

Another potential Jab1/Csn5-targeted drug is troglitazone, a peroxisome proliferator-
activated receptor γ ligand that directly suppresses Jab1/Csn5 promoter activity by inhibit-
ing Sp1- and Tcf4-mediated transcription [32]. A number of in vitro and in vivo studies have
demonstrated that treatment with troglitazone effectively attenuated tumor growth and
upregulated p27 expression in tumor cells in a time- and dose-dependent manner [50].
Animal studies verified that intratumoral or intraperitoneal injection of troglitazone
attenuated hepatocellular carcinoma cell growth and reduced Jab1/Csn5 expression in
hepatocellular tumors [14].

Although increasing evidence demonstrates that Jab1/Csn5 can be used as a therapeutic target
for cancer, much work is still needed to develop a Jab1/Csn5-specific inhibitor for cancer
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treatment. The degree, duration, and cell specificity required for Jab1/Csn5 blockade to
attenuate tumor growth should be studied further.

6. Conclusion and perspective

Jab1/Csn5 is a master regulator of a myriad of protein interactions involved in signaling
pathways, cell survival, apoptosis, and DNA damage repair via ubiquitin-dependent
proteolysis (Figure 1). Although Jab1/Csn5 function has a different role in each tumor type,
overexpressed Jab1/Csn5 is associated with the whole process of carcinogenesis and cancer
progression, and further studies of Jab1/Csn5 as a therapeutic target will provide new insight
into cancer treatment. Considering the pivotal role of Jab1/Csn5 signaling, a reasonable
assumption is that Jab1/Csn5 is a promising diagnostic, prognostic, and therapeutic biomarker
for cancer.
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Abstract

Splicing is a critical step in gene expression, responsible for the excision of introns,
producing the mature form of mRNA. Also, the possible arrangements of exons enlarge
the proteome in 80%, enabling one gene to encode more than one protein isoform, thus
increasing proteome. Growing data show deregulation of splicing events in cancer,
being breast cancer the most studied. This aberrant pattern of splicing has an important
role in breast tumor progression. These alterations are mainly caused by misexpression
of some critical alternative splicing factors. The behavior of these splicing factors is
implicated with important clinical features, such as chemoresistance, aggressiveness,
and also metastases. In this chapter, the role of five splicing factors is discussed in the
light of relevant data about in vitro, in vivo, and ex vivo studies to construct a represen‐
tative scheme of their behavior in breast cancer progression. Although the presented
five splicing factors have important role in breast cancer, only three of them (ESRP1,
RBFOX2,  and  SRSF1)  have  a  more  prominent  role  in  tumorigenesis  and  tumor
progression. These concepts will elucidate their role in tumorigenesis and a prospective
use as biomarkers in breast cancer.

Keywords: breast cancer, aberrant splicing, tumor progression, splicing program,
splicing factors
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1. Introduction

1.1. Breast cancer: subtypes and epidemiology

Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer death
among women worldwide, with an estimated 1.7 million cases and 521,900 deaths in 2012 and
accounts for 25% of all cancer cases and 15% of all cancer deaths among women [1]. The USA
government expected 232,670 new cases of breast cancer in 2014, representing 29% of all cancers
in women. Also, breast cancer represents 15% of all women cancer deaths [2].

If diagnosed in the initial stage, breast cancer is curable. However, at advanced stage, it is
almost incurable. Actually, late diagnosis is one of the main factors that contribute to the poor
prognosis of breast cancer patients [2].

Clinically, this heterogeneous disease is divided in three basic therapeutic categories: hormonal
receptor‐positive (ER/PR‐positive; luminal A and luminal B), the most common and numerous,
with several prognostic tests for hormonal‐based therapy‐treated patients; HER2/neu+ or
ERBB2+, with poor prognostic, but with target therapy, there is an improve in survival; and the
triple‐negative breast cancers (ER‐negative, PR‐negative, and HER2/neu‐negative), with seven
subtypes, the majority is aggressive, its treatment is more limited principally with chemother‐
apy, and has an incidence associated with mutated BRCA1 lineage or African ascendancy [3].
Another category, recently classified, was denominated as claudin‐low, which is also triple‐
negative, but with low expression of proteins of cell‐to‐cell junctions, especially tight junctions,
making it a highly infiltrating tumor [4].

1.2. Spliceosome and splicing: molecular basis of a critical event

All eukaryotic genes contain intragenic regions (introns), that usually not encode expression
sequence to produce proteins, and expression regions (exons), that are the responsible for
encoding expression sequence to produce proteins. Therefore, when expressing a gene, it is
important to remove (excising) introns and the constitutive splicing is the event responsible
for this event. In addition, approximately 95% of human genes encodes more than one protein
isoform. This is achieved by differentially splicing the exons of the gene, called alternative
exons, by alternative splicing. Importantly, alternative splicing is responsible for about 80% of
gene variability [5].

Splicing is performed by the spliceosome, a core complex formed by five subcomplexes of
snRNPs (small nuclear ribonucleoproteins), called U1, U2, U4/5 (always present as a bi‐sub‐
complex), and U6 (U from uracil rich), and they participate in different steps during splic‐
ing. Several spliceosome‐associated proteins, named splicing factors, coordinate the
constitutive and alternative splicing. Alternative and constitutive splicing operate through a
combination of positive and negative signals, called silencers and enhancers (cis‐acting sig‐
nals), present in the pre‐mRNA (premature RNA) that are recognized by several splicing
factors (trans‐acting factors). In addition to cis‐acting signals and trans‐acting factors to
splicing be exerted, the integrity of DNA and epigenetic changes (e.g. histone post‐transla‐
tional modifications) are important for physiological splicing as they can alter, or dictate,
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transcription rate and interaction of a splicing core complex and splicing factors, with the
transcript and nucleosome [6, 7].

The most studied alternative splicing factors are the proteins of the SR (serine/arginine rich
proteins) family, and hnRNP (heterogeneous nuclear ribonucleoproteins). These two types of
proteins have RNA recognition motifs (RRM) and other domains that allow protein‐protein
and RNA‐protein interactions during splicing [5].

1.3. Understanding the splicing factor stoichiometric relationship

As mentioned above, splicing factors can interact with proteins and RNA. Each splicing factor
can recognize a different RNA sequence, therefore each splicing factor participates in the pre‐
mRNA excision (splicing) of a specific group of genes. Thus, the action spectra of each splicing
factor are limited [5].

Many splicing factors are involved in the alternative splicing of a same pre‐mRNA. For
example, FGFR2 (fibroblast growth factor receptor 2 gene) pre‐mRNA has a UGCAUG
sequence in the exon IIIc; this sequence is recognized by the splicing factor RBFOX2 in the exon
IIIc, but, upstream to exon IIIc exists another sequence (CUGGGA) the SRSF1 splicing factor.
The resulting interaction will dictate the resulting isoform: the IIIc (mesenchymal) or IIIb
(epithelial) transcript isoform of FGFR2. Notwithstanding, the splicing factor hnRNP H/F
recognizes the GGG sequence that is within the sequence (CUGGGGA) that SRSF1 recognizes,
and inhibits the alternative splicing (exon IIIc inclusion). In addition, RBFOX2 interacts with
hnRNP H/F. Thus, an interactive network is formed by these four splicing factors in a stoi‐
chiometric and competitive manner, depending on the expression levels of each splicing factor.
Also, these splicing factors that compete by the same RNA region (SRSF1, hnRNP F/H) bind
with different affinities [8].

Not only is the stoichiometric relationship important to dictate production of transcript iso‐
form production but the localization of the splicing factor network is critical to alternative
splicing. In the cited example (FGFR2 alternative splicing), when the RBFOX2‐hnRNP H/F
network associates downstream of the exon IIIc, the splicing factors act toward alternative
splicing, but they act as alternative splicing suppressors when associated upstream of the
exon [8].

In summary, the association site of splicing factors determines the transcript destiny (constit‐
utive, alternative or even aberrant, truncated, or degraded) [5]. However, how the splicing
pattern of a cell is governed? Some studies elucidated whether splicing program is specific for
each cell. The knowledge about this matter may help to understand why cancer cell presents
such an aberrant splicing pattern.

1.4. Regulating the expression and activity of splicing factors

The relationship between splicing factors is mainly stoichiometric, and the expression levels
of the splicing factors determine the expression of a dominant isoform of a transcript. Thus,
one important question is raised: how the expression and activity of the splicing factors
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determined? Like other proteins by specific stimuli. For example, the activation and activity
level of SR splicing factors are determined by their phosphorylation state (hypo‐ or hyper‐
phosphorylation) [14, 15], and the splicing activity depends on proper de novo phosphorylation
and dephosphorylation [16–18]. One well‐known stimulus is the activation of Ser/Arg‐rich
protein kinase 1 by AKT [19]. The AKT signaling pathway is activated by epidermal growth
factor signaling [20]. Another example is the phosphorylation of SAM68 by MAPK, which
regulates the CD44 alternative splicing [21]. Similar stimuli are important for regulating the
levels of splicing factors and for noncoding RNA, mainly miRNA [22–25]. Therefore, regula‐
tion of splicing factor expression and activity, according to their own properties, is similar to
other genes and proteins.

1.5. Understanding the splicing programs in physio(patho)logical contexts

The knowledge about the cellular splicing pattern (splicing program), that is, the production
of cell‐specific transcript isoform, consequently cell‐specific protein isoforms, help to under‐
stand cell programming and fate, and, by extension, tumor fate.

The splicing pattern of pluripotent cells differs from a differentiated cell. During differentia‐
tion, the transcripts are differentially spliced, generating different isoforms (splicing shift). In
addition, some splicing factors are differentially expressed. Nevertheless, induction of
pluripotent cells from adult cells reverts the splicing program features. Also, the ectopic
regulation of the splicing factors that govern the splicing shift results in an effectively splicing
program shift [9].

These characteristics, that is, the regulation of cellular differentiation‐specific splicing program
by specific splicing factors, also occur in tissue‐specific cells. It is now understood that the
major cell types (epithelial, endothelial, and mesenchymal cells) have a common splicing
program among these cell types of different organs, but a different splicing program among
these cell types, and at least one main splicing factor governs each splicing program (ESRP1,
PTBP1, and RBFOX2 for epithelial, endothelial, and mesenchymal cells, respectively). Not‐
withstanding, the cell type‐specific splicing programs observed in these cell types may be
controlled by a balanced expression of antagonist splicing factors, as well as antagonistic
interactions between these three main splicing factors (ESRPs, RBFOX2, and PTBP1) [10].

Another important characteristic in physiologic splicing program regulation is the splicing
shift and balance in cellular reprogramming, such as EMT (epithelial‐to‐mesenchymal
transition). When EMT is triggered in epithelial cells, which have a high epithelial splicing
program/low mesenchymal splicing program ratio, a balance is created by a splicing program
switch. These cells express higher levels of RBFOX2 and have several splicing features similar
to mesenchymal cells [11].

In carcinoma cells, a similar pattern is observed. These cells commonly have an epithelial
splicing program/mesenchymal splicing program ratio resembling their phenotype, that is, a
cell with lower epithelial features and high mesenchymal features has a lower epithelial
splicing program/mesenchymal splicing program ratio, that is, their splicing program prone
to a mesenchymal splicing program [11]. In addition, growing data point to a common splice
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program in cancer, considering its cellular type (epithelial, endothelial, or mesenchymal),
despite its origin, with the main governing splicing factors as in healthy cells [12]. Under‐
standing these common splicing program features shared among tumors allows us to predict
tumor behavior during tumor progression in breast cancer according to their differentiation
state.

1.6. Epithelial‐to‐mesenchymal transition (EMT)

Epithelial‐to‐mesenchymal transition (EMT) is the most important mechanisms that allow
epithelial malignant cell to migrate, leading to metastases. During EMT, epithelial cells that
are naturally attached to their tissue lose their epithelial markers and gain mesenchymal
characteristics, being able to move away from tissue and migrate to a distant site, where they
settle and return to an epithelial state by the reverse event mesenchymal‐to‐epithelial transition
(MET) [12–14]. Several transcription factors regulate EMT, and other, different, regulate MET.
As example, proteins of the Twist, Snail, and Zeb families, the well‐known transcription factors
of EMT, recognize specific DNA sequences (regulatory regions) near the promoters of genes,
repressing genes of epithelial markers. Also, these transcription factors are involved in the
expression of genes related to extracellular matrix degradation and migration [13, 14].

Important, misregulation of splicing factors has been observed during this event, and they are
involved with a switch to the production of mesenchymal isoforms of several genes [11, 15–17].

1.7. Aberrant splicing in breast cancer

In cancerous cells, it is possible to observe an aberrant, thus different, pattern of splicing of
several genes, even without DNA sequence change (mutations) or epigenetic changes [16, 18].
Actually, these alterations are due to the expression of misregulated splicing factors.

Several studies observed the misregulated expression of splicing factors in cancer, mainly
breast cancer, although suggesting that the aberrant splicing is caused by an unbalanced
stoichiometric relationship of splicing factors, compared to normal cells, leading to malig‐
nant features. Thus, many studies summarized the misregulated splicing factors observed in
cancer and/or the consequences of aberrant splicing, including breast cancer [18–20]. For ex‐
ample, upregulation of RBFOX2, SRSF1, SF3B1, hnRNP A1, hnRNP F, and hnRNP H and
downregulation of ESRPs are involved with tumor aggressiveness in breast cancer and oth‐
er cancers [9, 11, 17, 21–38].

The growing evidence of splicing misregulations in cancer prompted several studies to
understand the impact in splicing by these misregulations.

2. Misregulated splicing factors: directing the tumor fate

Aberrant splicing program in cancer cells is altered in comparison to healthy cells, but still is
governed by splicing factors. In breast cancer, aberrant splicing is intricate with alternative and
constitutive splicing factors. However, only the most relevant and most studied splicing factors
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in breast cancer are presented to understand the splicing behavior during breast cancer tumor
progression. These splicing factors are representative of main types: SF3B1, component of
spliceosomal core complex; SRSF1, a member of SR family; ESRP1 and ESRP2, alternative
splicing factors with main role in tissue‐specific (epithelial) splice program; and RBFOX2, the
main alternative splicing factor that governs tissue‐specific (mesenchymal) splice program.

Complementary data related to these splicing factors in other cancers will be presented for a
greater understand of the tumor progression process in breast cancer.

2.1. SF3B1

SF3B1 (also known as Sap155, Sf3b155), from the SF1 complex, is responsible for the spliceo‐
some core assembly in the pre‐mRNA [5]. It is a constitutive splicing factor and is critical to
the event. The SF3B1 protein complex is responsible for mis‐spliced mRNA retention, per‐
forming quality control, which is the inspection of the intron excision and exon junction [39].

Despite the fact that this splicing factor is mostly studied in hematologic malignances [40] and
its role in solid tumors is still being elucidated [41]. Some breast cancer patients showed a
mutation in SF3B1 that was associated with the alternative splicing of key genes in ER‐positive
breast cancer, such as genes involved with cell metabolism, cell cycle, cell motility, protein
degradation, apoptosis, and other cell events [42].

One extensive study showed upregulation of SF3B1 and SF3B3, associated with endocrine
resistance in breast cancer samples, as well as two important correlations: in ER‐positive breast
cancer, the aggressiveness was associated with higher expression of SF3B3, while the aggres‐
siveness of ER‐negative breast cancer was associated with lower expression of SF3B1. Thus,
researchers were able to correlate the levels, high or low, of SF3B3 and SF3B1, respectively,
with prognosis in breast cancer patients, according to their ER status [32].

Although some studies reported impairment in the expression levels of constitutive splicing
factors, such as SF3B1, other studies observed different behaviors. In one study, overexpression
of some core complex splicing factors was observed in MYC‐overexpressing breast cancer.
Inhibition, or knockdown, of SF3B1 or BUD31, another component of the splicing core
complex, but not of other core complex splicing factor, led to impaired tumor growth, reduced
metastases, and apoptosis resistance abolishment in MYC‐overexpressing breast cancer,
without the substantial effect in normal cells. Studies also found that the overexpression of
these splicing factors is related to the increased transcription rate caused by MYC‐overexpres‐
sion [33].

In brief, deregulation of SF3B1 as well as constitutive splicing factors is implicated with cell
transcription rate rather than an oncoprotein per se.

2.2. SRSF1

SRSF1 is involved, additionally to splicing, with mRNA transport (nuclear exporting) and
translation (in association with elF4E) [43]. It has one SR domain, in which the main regulatory
function occurs, and two RRM domains that interact with RNA and other splicing factors [44].
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The important role of SRSF1 was intensively analyzed in several studies. Overexpression of
SRSF1 in mammary epithelial cells conferred apoptosis resistance by alternative splicing of
apoptosis proteins BIM and BIN, high proliferative rate, invasion of skin and muscle, slight
necrosis, high angiogenesis, and well‐defined borders in vivo [30]. Upregulation of SRSF1 was
responsible for conferring cell motility in several human adenocarcinoma cell lines by
regulating alternative splicing of RON (a tyrosine kinase receptor), generating an alternative
isoform that confers motility properties [31]. Similar results were obtained by other research‐
ers [25]. Also, chemotherapy resistance was observed due to SRSF1 overexpression concomi‐
tant to EMT [45]. The role of SRSF1 upregulation in tumorigenesis was corroborated by other
studies. Knockdown of SRSF1, or one of its products, in SRSF1‐overexpressing cancer cells
reverted the tumor features to a normal phenotype [25, 46].

Regarding the activity of SRSF1, very important results have been obtained. In one study,
it was observed a differential expression of SRSF1 in cancer cell lines: it is highly ex‐
pressed in the mesenchymal‐like cells (low‐density culture) when compared to the epithe‐
lial‐like cells (high‐density culture). The difference in the expression levels is related to an
EMT alternative splicing profile: EMT cells produce a full‐length mRNA of SRSF1, while
epithelial cells produce an mRNA with a premature stop codon, leading to degradation of
SRSF1 mRNA. The main cause of that striking difference was analyzed: mesenchymal‐like
cells have highly phosphorylated ERK1/ERK2 pathway proteins compared to epithelial‐
like cells, and inhibition of the phosphorylation status in this pathway led to a hypophos‐
phorylated status of Sam68, another splicing factor that mediates the splicing of SRSF1
results in the production of an isoform with a premature stop codon, decreasing SRSF1
levels [47]. Thus, SRSF1 levels depend on signaling pathways in cancer cells too, and ex‐
tracellular signals that led to EMT are also responsible for SRSF1 upregulation. This is
corroborated by inhibition of proteins’ intricate in important pathways that led, or sustain,
EMT. For example, inhibition GSK3 kinase, as well as knockdown of AKT and GSK3beta
kinase, led to SRSF1 downregulation, with a loss of apoptosis resistance and colony for‐
mation impairment [48]. In addition, inhibition of SRK1, a kinase of several SR proteins,
led to reduced tumor growth in vivo through inhibition of angiogenesis [49]. Therefore,
the activation of SR splicing factors by phosphorylation is crucial in the tumor context.

SRSF1 upregulation was observed not only in in vitro and in vivo models, but also in ex vivo
samples. SRSF1 upregulation is observed in malignant tissue, but not in nonmalignant lesions
[49]. SRSF1 upregulation was observed in several tumors, if compared to normal surrounding
tissue, concomitant with antiapoptotic isoform of BIN1 and oncogenic isoform of transcript
targets of SRSF1 were observed in in vitro studies [25]. Moreover, SRSF1 upregulation was
found to be correlated with tumor invasiveness only in some malignant lesions [45]. The
tumorigenic role of SRSF1 is corroborated by the synergistic correlation between the oncogene
MYC. A high expression of SRSF1 occurs significantly more often in tumors that overexpress
MYC, and positively correlated with a high histological grade compared to low SRSF1 and/or
low MYC‐expressing breast tumors [30].

In summary, SRSF1 is an oncoprotein per se, as its overexpression causes tumor promo‐
tion, EMT, aggressive phenotypes, and chemoresistance. Nevertheless, signaling pathways
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directly regulate its activity and expression level. In addition, it is intricately related to the
cell transcription rate, as seen in the overexpression of MYC in breast cancer.

2.3. ESRP1 and ESRP2

Epithelial splicing regulatory proteins (ESRPs) 1 and 2 participate in the epithelial‐specific
splicing program, downregulated during EMT [50]. ESRP1 knockout is lethal in embryos, and
several developmental genes are regulated by these splicing factors [51].

As ESRPs are involved in the splice program in epithelial cells and play an important role in
EMT. EMT transcription factors downregulate ESRPs, impacting the production of several
protein isoforms coded by different genes, such as FGFR2 and CD44, as well as adhesion
molecules, surface receptors, and cytoskeleton [50, 52–56], independently of the stimuli that
trigger EMT [34, 36, 57], resulting in predominance of mesenchymal splice program, mainly
by ESRP1 downregulation [17, 34]. Otherwise, ESRP1 overexpression abrogates EMT [36, 54,
56, 58, 59], and the inverse phenomenon—the induction of MET—upregulates ESRP1 and
reverts EMT [60].

The intricate role and behavior of ESRP1 in EMT seem to be orchestrated by upstream
regulators, and indeed it is. ESRP1 expression is directly inhibited by some EMT transcription
factors that recognize specific sequences near ESRP1 promoter, repressing its expression
during EMT [54, 59].

Although all data appoint to ESRP1 downregulation in tumorigenesis and tumor progression,
ESRP1 overexpression can contribute to the tumoral process and metastasis too [61]. However,
ESRP1 downregulation is more expected in tumor progression than its upregulation. ESRP1
upregulation can be found within tumor lesion and can correlate with tumor progression, but
ESRP1 downregulation is observed in the invasive front, mainly in invasive tumors with EMT
features [34]. That phenomenon can be found concomitant with downstream products of
ESRP1, like FGFR2‐IIIc expression in function of ESRP1 downregulation, but not necessarily
with metastases [37]; also can be found in poorly differentiated cancer and correlate with poor
prognosis [36]. Also, ESRP1 downregulation is intricate with advent of cancer stem‐like cell
features in breast cancer [55].

In brief, upstream effectors that dictate cell phenotype and behavior, mainly EMT/MET‐TFs,
also regulate ESRP expression, the main alternative splicing factor that governs the epithelial
splice program. Other transcription factors, such as stem transcription factors, may also
regulate ESRPs, as ESRP upregulation was observed concomitantly with stemness. The low
expression level of ESRPs led to the production of alternative transcript isoforms of key genes
involved with cell metabolism, cell cycle, motility, invasiveness, and robustness.

2.4. RBFOX2

RBFOX2 (also known as Fox2 and Rbm9, and formerly known as the repressor of tamoxifen
transcriptional activity—RTA) is a tissue‐specific splicing factor [11]. It is directly associated
with the production of alternative protein isoforms and rarely to constitutive isoforms [62].
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The first study that described RBFOX2 as an RRM‐containing protein observed that it inhibits
the partial ERβ agonistic activity of tamoxifen through this domain. Moreover, this splicing
factor is intricately related to the repression of ERβ, PR (progesterone receptor), and GR
(glucocorticoid receptor) activities. With these data, it is inductive to think that RBFOX2 is a
repressor of activity in the steroid receptor family [63]

The role of RBFOX2 in EMT has been partially elucidated and has been intensively studied in
breast cancer. Different cancer cell lines have high expression of RBFOX2 [11]. This splicing
factor is associated with a mesenchymal identity, since depletion of RBFOX2 in breast cancer
with mesenchymal features induced MET, thus reverting EMT [11, 17]. Similar events occur
in mouse breast cancer cells. EMT causes Rbfox2 (mouse homolog of RBFOX2) overexpression,
and abolishment of EMT reestablishes the expression levels of Rbfox2. Also, Rbfox2 is
important to maintain invasive features [15].

RBFOX2 expression and splicing activity are regulated by some EMT transcription factors,
leading to a similar splicing pattern to that of breast cancer cells, which is associated with the
expression of distinct isoforms of several genes that govern EMT [17]. RBFOX2 expression is
altered in some cancer in comparison to their normal counterparts [64]. In addition, RBFOX2
has an important role in the overall splicing patter in breast cancer [65] and is more expressed
in claudin‐low and basal‐like cancers than in luminal A and B, leading to the aberrant inclusion
of alternative exons observed in cancer [35]. These aggressiveness of these breast cancer
subtypes (claudin‐low and basal‐like) could be partially explained by the resultant splicing
events of RBFOX2 upregulation [35].

In summary, RBFOX is the primary alternative splicing factor that governs the mesenchymal
splice program, mainly EMT/MET‐TFs. Other transcription factors, such as stem transcription
factors, may regulate RBFOX2. The expression level of RBFOX2 leads to the production of
alternative transcript isoforms of key genes involved with cell metabolism, cell cycle, motility,
invasiveness, and robustness.

3. Lessons from alternative splicing misregulation

Albeit few splicing factors were presented in the last section, though the most important
splicing factors, to date, in breast cancer, the understanding of their role in tumor promotion
and progression in breast cancer allows us to construct and predict the behavior of these
splicing factors, according to clinical features and molecular subtype. Several splicing markers
can discriminate ER+ from ER‐ breast cancer and correlate with a tumor grade, demonstrating
that the ER status impacts the splicing program [11, 35, 56, 66, 67]. Therefore, the splicing factors
play a role in a key and basic event (alternative splicing) that dictates several features and
phenotype of cells.

The main impact of splicing observed in cancer is due to alternative splicing factor misregu‐
lation rather than the constitutive splicing factor, as mentioned in the previous section. In
addition, not all alternative splicing factors have an expressive role in alternative splicing, but
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only few main splicing factors. ESRP1 and RBFOX2, splicing factors that govern splicing
programs, are responsible for general aggressive phenotypic features of breast cancer, and
SRSF1 plays a critical role in breast cancer tumorigenesis and malignancy. These findings allow
us to predict general features of breast cancer according to the behavior (expression) of these
splicing factors. Current data about these three splicing factors in breast cancer let the con‐
struction of a hypothetical scheme of well‐ and poor‐differentiated breast cancer, starting from
tumor promotion [30, 43], following tumor progression [15, 25, 30, 31, 43, 45–47, 52], metastasis,
and acquired resistance (clone selection) [11, 15, 31, 34, 38, 47, 50, 53, 54, 61], regarding the
behavior of these splicing factors (Figure 1). Summarizing these findings in one figure opens
a door to an important practical use of that knowledge: a potential power as diagnostic and
prognostic markers.

Figure 1. SRSF1, ESRP1, and RBFOX2 participation in tumor progression. Expression patterns of splicing factors ac‐
cording to the pathological status of tumors. Well‐differentiated tumor (upper side): according to the literature, well‐
differentiated tumors express higher levels of ESRP1 and SRSF1 and lower levels of RBFOX2 compared to normal
surrounding tissue, and these characteristics are most striking with tumor progression. However, the invasive front
has an inverse pattern that is similar to EMT cells. The majority of metastatic cells that originate from these tumors do
not have CSC features. Poorly differentiated tumor (lower side): according to the literature, poorly differentiated tu‐
mors express higher levels of RBFOX2 and SRSF1 and lower levels of ESRP1 compared to normal surrounding tissue,
and these characteristics are most striking with tumor progression. As these cells have EMT features (mesenchymal‐
like), the invasive front is derived from the tumor pool in the primary niche. The majority of metastatic cells that origi‐
nate from these tumors have CSC features. These two tumors have two fates in response to chemotherapy: cure and
resistance. Although well‐differentiated tumors are more sensitive to chemotherapy, with a higher cure index, resistant
clones in the primary tumor niche, mainly EMT cells, can be selected and expanded, originating a poorly differentiated
tumor; the metastatic cells and secondary tumor cells are cleared with chemotherapy, but CSCs, when present, are se‐
lected and expanded. Resistant cells (CSCs) express even higher levels of RBFOX2 and SRSF1 and even lower levels of
ESRP1 with an EMT phenotype.
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4. Concluding remarks

Although the prognostic and diagnostic value of splicing factors is not well understood, some
studies have shown that an expression pattern of some splicing factors is observable in breast
cancer. In addition, analysis of splicing factors related to splicing programs help to understand
other processes involved in tumor progression, like aggressiveness. Also, other splicing factors
are related to chemoresistance and hormonal status, mainly estrogen. Thus, the behavior of
splicing factors could be used, at least, as prognostic markers for breast cancer and could help
to choice, or direct, therapy in a near future.
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ESRP1 Epithelial splicing regulatory protein 1

RBFOX2 RNA binding protein fox‐1 homolog 2

SRSF1 Serine/arginine rich splicing factor 1

SF3B1 Splicing factor 3B subunit 1

PTBP1 Polypyrimidine tract binding protein 1

ER Estrogen receptor

PR Progesterone receptor

ERBB2 ERB‐b receptor tyrosine kinase 2

FGFR2 Fibroblast growth factor receptor 2

hnRNP Heterogeneous ribonucleoprotein particle

MAPK Mitogen activated protein kinase

EMT Epithelial mesenchymal transition

MET Mesenchymal epithelial transition

ERK Extracellular signal‐regulated kinases
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Abstract

A significant progress has been made in describing cellular hierarchy and the stem cell 
niche in the human mammary gland. Mammary stem and progenitor cells exist in two 
different states: epithelial-like and mesenchymal-like. Several features of the mammary 
stem cells predispose them to play a critical role in breast cancer initiation, progression 
and metastasis. Signaling pathways contributing to the self-renewal, such as Wnt, Notch, 
Hh and BMP, have been shown to be linked with breast cancer stem cells. Furthermore, 
biomarkers connected with stemness, such as CD44, CD24, EpCAM and ALDH1, have 
been identified and used to characterize these cells. Additionally, many different miRNA 
families and microenvironmental factors were shown to regulate a lot of cancer stem cells 
properties and maintain their stemness. All these findings have started a new era of breast 
cancer research. In present breast cancer, stem cells have become the targets of breast 
cancer therapy, although the tests are mainly on the basic stage level. Since the cancer 
stem cells are able to escape chemotherapy and are resistant to drugs, radiotherapy and 
apoptotic processes, the therapeutic targeting is mostly concentrated on the disruption 
of survival signaling pathways and the use of modern technology, like nanotechnology.

Keywords: cancer stem cells, breast cancer, MaSC, BCSCs, stem cell niche, 
miRNA, EMT

1. Introduction

As most epithelia, mammary epithelium continuously replaces dead or damaged cells during 
the whole life of an animal and this process called tissue homeostasis is critical for adult tis-
sues maintenance. Typically, epithelial tissue homeostasis is maintained through the presence 
of stem cells (SC). They are functionally defined in connection with their ability to self-renew 
and differentiate into cell lineages of their original tissue [1–3]. Mammary stem cells (MaSC) 
are capable of generating the complex bilayer system of the mammary epithelium composed 
of basal (myoepithelial) and luminal (secretory) epithelial cells. In addition, there are mesen-

© 2017 The Author(s). Licensee InTech. 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.



chymal stem cells (MSCs), representing the stromal (fat pad) part of this organ [1]. According 
to current knowledge, scientists had made the model of SC mitotic division, which can be 
symmetric or asymmetric. During symmetric division, stem cell gives two daughter stem cells 
and it allows for the expansion of stem cell population. When a stem cell undergoes asym-
metric division, one stem cell is obtained maintaining the self-renewal properties, whereas 
the another cell is called a progenitor cell. Progenitor cells have a more restricted potential 
in terms of their renewal and differentiation. Progenitor cells also have limited proliferation 
capacity and can undergo senescence [1, 2].

Several features of MaSC make them plausible sites for breast cancer (BC) initiation. Breast 
cancer is a potentially life-threatening malignant tumor that still causes high mortality among 
women. Decreasing mortality rates has been achieved, that is, by efficient screening strate-
gies [4]. Still, BC is ranked on the second place among cancer types regarding mortality [5]. It 
has been estimated that approximately 1.3 million females develop BC each year with around 
465,000 expected to succumb to the disease [6–8]. MaSC have been postulated to underlie the cel-
lular heterogeneity observed in human breast cancers due to their preserved replicative capacity 
and differentiation potential, resulting in prolonged life span and thus increased probability of 
harboring and accumulation of mutations [9, 10]. The cancer stem cell (CSC) fraction typically 
constitutes 1–5% of the tumor size [8, 11]. In the healthy human mammary gland, SC account for 
approximately 8% of the cells [12]. The concept of CSC has led to the development of new theo-
retical models explaining the cellular origin of cancer [13, 14]. One theory, called the stochastic 
theory, claims that every single cell can potentially become cancerous in the appropriate micro-
environment. However, differentiated cells are probably unable to accumulate a sufficient num-
ber of mutations in order to become neoplastic because of their shorter life span. Second theory, 
called the hierarchy (CSC) theory, suggests that CSC are more likely to initiate the tumor, as 
they have longer life span, increased migratory and proliferative potential and advanced DNA 
repair mechanisms. Since it is more probable that these two models coexist, a dynamic version 
of the CSC model has been developed, suggesting that within the tumor hierarchy, differenti-
ated tumor cells may undergo dedifferentiation as a result of microenvironmental influences. In 
addition to the generation of cells with stem-like properties, the tumor microenvironment is also 
involved in the preservation of the established CSC subpopulation [15, 16].

Increasing evidence demonstrates that CSC play a critical role not only in BC initiation, but 
also in progression and metastasis [13]. Accumulating evidence indicates that the local recur-
rent and/or distant metastatic tumors, which constitute the major causes of lethality in the 
clinic, are related to the aggressive phenotype of a small fraction of cancer stem cells, tumor-
initiating cells (TICs) or cancer metastasis-initiating cells (CMICs) [17].

Breast cancer stem cells (BCSCs) are able to escape chemotherapy due to elevated expression 
of ABC transporters that enable them to efflux some chemotherapeutic drugs [13]. They are 
resistant to apoptosis (they also express high levels of anti-apoptotic proteins, such as sur-
vivin and Bcl-2) and show drug resistance [11]. In addition, the activity of BCSCs can enhance 
and the ratio of side population can increase after radiation treatment. Furthermore, BC has 
capability to resist radiotherapy [17–19]. Therefore, it has been suggested that BCSCs might 
be responsible for tumor regrowth and the development of drug resistance [2, 13, 17].
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Identification of BCSCs represents a major step forward in elucidation of the BC tumor hier-
archy and has started a new era of breast cancer research. Still, in present, there is no uniform 
approach, which would allow for a quick and simple detection of BCSCs in solid tumors. 
Therefore, a lot of scientific studies are focused on targeting BCSCs in BC therapy in different 
ways, using the current knowledge about those cells. For example, BCSCs are characterized 
by the activation of stemness-related pathways, such as the Notch and Wnt pathways and by 
the expression of certain stem cell markers. Since CSC are highly resistant to chemotherapy, 
additional treatment of BC patients with BCSC-specific drugs and inhibitors, which target the 
Wnt or Notch pathway, respectively, will be required [2].

2. The concept of stem cell hierarchy in the mammary gland

The mammary epithelial tissue forms a highly organized branched bilayered ductal network 
consisting of basal myoepithelial cells and luminal (secretory) epithelial cells [1, 20]. Distinct 
markers characterize luminal and basal cells. Luminal cells express cytokeratins (CKs) 8/18 
and 19, as well as other molecular markers, such as MUC1, GATA3 and CD24. Basal myoepi-
thelial cells express CK14 (50 kDa), CK5 (58 kDa) and CK17 (46 kDa), as well as smooth muscle 
actin (SMA) and vimentin [21]. Numerous scientific reports have provided evidence of exis-
tence of a much more complex mammary epithelial hierarchy, which is responsible for tissue 
growth and maintenance during periods of development and homeostasis [20]. Mammary 
cell proliferation, turnover and tissue regeneration are functions of MaSC [21, 22]. To present 
the idea in a simplified model, progenitor cell lineages are derived strictly from bi-potent or 
multi-potent stem cells. Then, they divide and differentiate into the epithelium of adult mam-
mary gland composed of both matured luminal and basal cells [23] (Figure 1A). The scientists 
have identified different subpopulations of cells in human and mouse mammary gland, using 
cell sorting techniques [20]. Subsets of mammary epithelial cells (MEC) were characterized 
using different surface markers. Accordingly, CD24 and EpCAM are known to be the luminal 
cell markers and CD49f and CD29 are the basal cell markers. This diversification is invariably 
used in classifying of luminal and basal MEC populations.

The perspective of MaSC isolation, which then were be able to give rise to an entire mammary 
epithelial tree upon transplantation of a single stem cell [24, 25] and the phenotypic identifica-
tion of several mammary epithelial progenitor cell (MaPC) populations [26, 27], has enhanced 
our current understanding of the differentiation hierarchy [28]. Furthermore, in vivo genetic 
tracing experiments have shown that both cell types contribute to morphogenesis in puberty 
and pregnancy and ductal maintenance in the adult gland [28].

To characterize MaSC, a clear distinction between normal stem cells and tumor stem cells 
must be made. Emerging evidence suggests that normal breast cells, as well as breast cancer 
stem and progenitor cells, exist in two different states, epithelial-like and mesenchymal-like 
[27, 29, 30] (Figure 1B). Recent studies revealed that in the case of human BCSCs, epithelial-
like stem cells express aldehyde dehydrogenase (ALDH+), whereas mesenchymal-like stem 
cells are characterized by CD44⁺/CD24⁻ surface expression [29, 31–33].
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Figure 1. The simplistic draft of hierarchical model of human mammary gland stem cells (A) and correlation of stem 
cells with breast cancer (BC) subtypes (B). Bi-potent or multi-potent stem cells (with self-renewal ability) give rise to 
lineage-restricted bi-potent progenitor cells. These progenitors then divide and differentiate into the mature luminal 
(ductal and alveolar) and basal cells of the adult mammary epithelium. Cells are characterized with expression of 
different surface markers—which allow for phenotypic identifying of the subpopulations. Normal mammary stem 
cells (MSC) must be distinguished from tumor stem cells (BCSCs). Deregulation of MaSC self-renewal may contribute 
to preneoplasia of mammary gland. In particular, deregulation of conserved signaling pathways, such as Wnt, Notch 
and hedgehog, is linked with oncogenesis. Breast tumors are divided into hypothetical subtypes according to different 
profiles and different origins of cells. We can find following subtypes: normal-like/claudin low, luminal and basal-
like and overexpressing HER2. Luminal progenitors cells (A and B) are mostly associated with good prognosis, those 
with HER2 overexpressing, also with luminal features, but usually associated with poor survival. Basal-like (the most 
heterogeneous) origin from luminal progenitors cells and those tumors are the most aggressive and with tendency to 
exhibit triple-negative phenotype. Additionally, those tumors are highly associated with BRCA1 gene mutations.
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3. MaSC and BCSC markers

The approaches to BCSC isolation at present include the following: surface marker sorting, 
aldehyde dehydrogenase activity assay, flow cytometry sorting side population, etc. [8]. 
CD44, CD24 and ALDH1 are the most commonly used biomarkers to identify the BCSC frac-
tion [31]. Two proteins, CD44 and CD24, were found in 2003 to be useful markers to distin-
guish tumor-initiating cells (TICs) from non-tumorigenic cells in BC [2].

CD44 (hyaluronan-binding transmembrane protein) is expressed in different isoforms and 
can have different glycosylation patterns [34]. Its smallest form (CD44s) is expressed in 
many cells, whereas its variant forms (CD44v) are particularly found in cancer cells. CD44v 
is involved in EMT, cellular migration, transendothelial migration and extravasation and it 
supports many cellular activities required to initiate tumor growth and metastasis [2, 34]. 
CD24 (heavily glycosylated membrane protein) downregulation may be required to prevent 
its interference with CD44-dependent invasiveness [35], though the underlying mechanism 
is not clear since CD24 also has tumor-promoting effects [2, 36]. The gene expression profile 
associated with CD44+/CD24− cells was demonstrated to correlate with a worse prognosis in 
BC [33] and approximately one-third of all circulating BC cells in the blood of BC patients is 
CD44+/CD24− [37]. CD44+/CD24− phenotype of cell surface markers has an increased ability 
to form tumors in immunosuppressed mice than the bulk of the tumor cells [38]. Maycotte 
et al. had analyzed CD24 and CD44 expression in MCF7 and MDA-MB-468 cell lines using 
assay based on flow cytometry. Analysed cells showed different levels of autophagic flux 
(“autophagic flux” is defined as the activity of autophagic degradation, which comprises 
autophagosomes formation, transportation of substartes and lysosomic degradation) [39]. 
CD24 expression was decreased in cells with low autophagic flux in both cancer cell lines. 
Similar results were obtained in cells expressing shRNA for ATG7 or BECN1, as these cells also 
showed low expression of CD24, whereas the expression of CD44 remained stable. Presented 
results indicate that cells with decreased autophagic activity have declined CD24 expression. 
These results suggest that autophagy can selectively regulate CSC maintenance in autophagy-
dependent breast cancer cells. It has been widely predicted that a quality control mechanism, 
like autophagy, is important for maintaining normal and cancer stem cell homeostasis [7, 38].

Palmer et al. [40] proposed a stem gene pluripotentiality signature as an indicator of the 
tumor grade in a variety of solid tumors, including BC. In addition to tissue samples, BCSC 
subpopulations have also been identified ex vivo within individual cultured BC cell lines. In 
triple-negative BC cell lines, CD44+/CD24−/low BCSCs were further classified into two subcat-
egories: the CD44high/CD24− mesenchymal-like basal B and the CD44high/CD24low epithelioid 
basal A, which displayed stronger tumor-initiating properties [15].

Recent data suggest that CD44 and CD24 may not be sufficient to distinguish the cancer cell 
subpopulation with CSC/TIC activity, so other proteins, like ALDH1 (aldehyde dehydro-
genase 1) and EpCAM (epithelial cell adhesion molecule), may also be required for cancer 
cells to develop tumor-initiating potential [2]. Members of ALDH1 family ALDH1A1 and 
ALDH1A3 are thought to be the most important for stem cell activity in cancer cells [41]. 
Recently, ALDH1 expression has been linked to the expression of RhoC [15, 42], a GTPase 
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known to be involved in metastasis. ALDH1-positive breast cancer cells could be identified 
by the ALDEFLUOR assay and they showed stem-like and tumor-initiating activities [15]. 
In the abovementioned experiment of Palmer et al. [40], distinct ALDEFLUOR-positive sub-
groups with stem cell characteristics have been shown to exist in eight BC cell lines and a 413 
gene-specific molecular signature characterizing these BCSCs was determined by microarray 
analysis.

EpCAM, a transmembrane protein, was considered to be a cellular adhesion molecule until 
it was discovered that it is able to activate c-myc involved in maintenance of stemness [36]. 
The level of EpCAM expression may be critical for defining stem cells. Recent reports dem-
onstrated that BCSC activity is associated with low EpCAM expression, whereas luminal or 
basal cells showed either high or no expression of EpCAM, respectively [43].

The aforementioned epithelial-like and mesenchymal-like BCSCs have been shown to inter-
convert from one type to another, presumably depending on the tumor phase and require-
ments [31]. The use of CD49f as an additional marker for the detection of BC cells lacking 
CK8/18/19 expression has been shown to possibly enhance the detection of circulating tumor 
cells (CTCs) involved in EMT-associated processes, such as drug resistance and metastasis 
[44]. CD44+/CD24− cells express epithelial-mesenchymal transition (EMT) genes [17], display 
a quiescent phenotype and are localized in the tumor periphery, possibly promoting tumor 
spreading. The characteristic pattern of surface markers expression (CD44+/CD24−/low) was 
found mostly in molecular subtype of breast tumors presenting low expression of claudin. It 
is accompanied by EMT-associated genes, like N-cadherin, FoxC2 and Zeb [17]. In contrast, 
ALDH1+ cells are situated within the tumor. They are typical epithelial cells, expressing mes-
enchymal-epithelial transition (MET) genes and high rate of proliferation, which can influ-
ence tumor progression. All these subpopulations are similarly expressing a large number 
of genes, which were confirmed by high-throughput gene expression profiling (microarray 
analyses). BCSCs are suggested to have hallmarks of both types of normal MaSCs, epithe-
lial (EpCAM+/CD49f+) and mesenchymal (EpCAM−/CD49f+). According to research results, 
BCSCs with phenotype ALDH1+/CD44+/CD24- are more aggressive and exhibit big meta-
static potential. In the immunosuppressed mice, it was possible to induce tumor growth using 
just a few ALDH1+/CD44+/CD24- cells [31].

In human breast tumor cells, phenotype CD44+/CD24low is connected with basal-like tumors, in 
particular with inherited BRCA1 BC. Additionally, the cells are expressing the CD49f marker 
and their status is CK5/14high EGFRhigh and ERlow, PRlow, HER-2low. It is worth noting that basal-like 
tumors are often linked to poorer prognosis. The occurrence of the CD44+/CD24low phenotype 
was found to be lower in tumors of luminal type and particularly HER-2+ tumors, irrespective 
of ER status [11]. Results of a different study demonstrated the presence of BCSC subtypes in a 
CTCs population, in peripheral blood samples taken from 30 patients. In total number of 1439 
CTCs, 35% of the CTCs in 2/3 patients displayed the CD44+/CD24−/low phenotype, while 17.7% 
CTCs selected in seven patients revealed phenotype ADLH1high/CD24−/low [45].

β1-integrin subunit (CD29) has also been implicated in the phenotypic characterization 
of BCSCs. It has been shown that BRCA1 mutant cancer cell lines contain CD24+CD29+ or 
CD24+CD49f+ cells, with increased proliferation and colony-forming ability [15].
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In BCTCs epithelial markers expression is routinely detected and therefore, many isolation 
techniques are based on the use of specific antibodies, like EpCAM and MUC1. For exam-
ple, for EpCAM identification, the most popular tests are CellsearchTM system (Veridex LLC, 
Raritan, NJ, USA) approved by the US Food and Drug Administration, the herringbone chip, 
the AdnaTest breast cancer detection kit, fluorescence-activated cell sorting (FACS) analysis 
and the microfluidic technology. Apart from the peripheral blood, BCSCs have also been iso-
lated directly from the primary or metastatic tumors of breast cancer patients [31].

Other techniques used for stem cell isolation are 3D cultivation in cell cultures spheroids. 
Stem cells are detectable by light microscopy as small and light cells (SLC) and have the 
ability to maintain DNA staining (using BrdU) due to their low proliferative activity [46]. 
However, it was shown that only 15% of [3H] thymidine-positive cells are also positive for one 
of the two stem cell markers p21CIP1 or Musahi-1 (MSi-1) [47].

The next marker worth mentioning is CD133 (prominin-1). Hematopoietic progenitors and 
adult stem cells normally express this transmembrane glycoprotein. It is a well-established 
melanoma and brain CSC marker. In addition, the expression of CD133 has been also detected 
in BCSCs and has been associated with resistance to chemotherapy in BC biopsies [48]. 
Furthermore, distinct CD44+/CD24− and CD133+ subpopulations with CSC characteristics have 
been detected in BRCA1 breast tumors, while CD44posCD49fhiCD133/2hi cells were character-
ized by xenograft-initiating capacity in estrogen receptor–negative BC [15]. Co-expression 
of stem (ALDH1) and EMT (TWIST) markers has been demonstrated in CTCs from patients 
with early and metastatic BC. The majority of CTCs expressing the SC marker CD133 also 
co-expressed the EMT marker N-cadherin and vice versa. The expression of CD133 in CTCs 
of BC patients has been suggested to promote chemoresistance [15]. Basal-type breast tumors 
with elevated SLUG expression were shown to overexpress stem-like genes, including CD133 
[20]. Additional studies revealed that BC overexpressing SLUG display increased proportions 
of CD44+/CD24− CSCs, suggesting that transcriptional programs induced by SLUG promote 
stemness [49].

Activation of some genes is proposed to be associated with stem cell phenotypic character-
istics, for example, Sox2 gene (a transcription factor involved in the maintenance of pluri-
potency of undifferentiated embryonic stem cells) [15]. Activation of this gene is typical for 
early steps of BC development and characterizes tumors with basal-like phenotype. Increased 
expression of Sox2 is analyzed as prognostic predictor of BC. Also, mutations in p53 are repre-
sentative for BC with stem cell-like patterns. It is suggested that loss of p53 function promotes 
dedifferentiation and is positively selected during tumor progression [15, 50].

4. The role of microenvironment in BC progression: stem cell niche

Stem cell niche refers to a microenvironment in which stem cells reside. The anatomical niche 
for SC is composed of different compartments [51]. Signals from surrounding cells (stromal 
cells, a specific type of fibroblast which interacts with the stem/progenitor cells via surface 
receptors, gap junctions, cytokines, growth factors, hormones, etc.) and extracellular matrix 
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(ECM) seem to be involved in regulation of SC activity, regulation of SC renewal and sur-
vival [1]. Since mammary gland is an endocrine-responsive organ, many hormonal factors 
are analyzed also in connection with stem cells, for example, the biological influence of E2 
and P on the compartment of stem and progenitor cells is largely unknown. However, it is 
assumed that the stem cells are estrogen receptor (ER) negative, whereas the progenitor cells 
are ER positive [2]. The role of BRCA1 gene in human ER− stem/progenitor cell differentiation 
into ER + luminal epithelial cells has been revealed in the latest scientific findings [11]. ER− 
stem cell transition into ER+ progenitor cells is precluded by BRCA1 deletion. Studies dem-
onstrated that women with heterozygous mutations in the BRCA1 gene are more susceptible 
to breast and ovarian cancers and the tumors formed were mostly of basal-like phenotype, 
showing characteristic deficiency of ER, PR and HER-2 receptors.

As mentioned above, deregulation of the microenvironmental homeostasis of normal SC is 
suggested to contribute to their neoplastic transformation [52]. The activation of the EMT 
program has been associated with the acquisition of SC traits by normal and neoplastic cells 
[15]. Transcription factors involved in EMT (e.g. Snail, Twist and Zeb) have also been found 
to induce SC properties in human mammary carcinoma cells [15]. Environmental cues from 
signaling molecules, which induce EMT in BC such as IL-6, can promote pluripotency in 
breast cancer cells via a positive feedback loop including NF-kB, Lin28 and Let-7 miRNA [15].

5. miRNA and stem cells in breast cancer

MicroRNAs are negative regulators of genes, repressing expression at the posttranscriptional 
level [53]. They also regulate various properties of CSC, including self-renewal, differentia-
tion, proliferation and fate determination, by affecting several key signaling pathways at the 
molecular level. Many different miRNA families have already been connected with suppress-
ing/promoting cancer cells. For example, miR-125a is known tumor suppressor in bulk tumor 
cells of BC origin [53, 54]; however, it has been shown that miR-125a plays a different role 
in breast epithelial SC, which is cancer promotion [53]. MicroRNA profiling of BCCSs indi-
cated that miR-200c, miR-203 and miR-375 expression was significantly inhibited, whereas 
the expression of miR-125b, miR-100, miR-221 and miR-222 was most notably enhanced 
[55]. Expression analysis of miRNAs in both normal mouse and human mammary tissue has 
revealed three conserved clusters of miRNAs, miR-200C-141, miR-200b-200a-429 and miR-
183-96-182, that appear to be downregulated in MaSC and putative BCSCs [56, 57]. In humans, 
miR-93 level was significantly higher in luminal progenitor cells than in the MaSC-enriched 
population and overexpression of this miRNA biased these cells toward a luminal fate [58].

MiR-200 family serves as a key mediator of CSC due to its prominent role as an EMT regulator. 
These family members are downregulated in BCCSs due to epigenetic alternation, in compar-
ison with non-tumorgenic cancer cells [59]. Downregulation of miR-200 expression expands 
the SC compartment and promotes BC progression. The tumor suppressor p53, which can 
activate miR-200c by direct binding to miR-200c promoter sites, is reported to regulate both 
EMT and CSCs [60]. Similar results were obtained in the case of miR-22, a strong inhibi-
tor of miR-200 promoter demethylation, which is connected with tumor invasiveness and 
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metastatic properties [59]—therefore, miR-22 is a crucial epigenetic modifier and promoter 
of EMT and cancer stemness toward metastasis [61]. In addition to miR-200 family, miR-21 
and MiR-302/369 have also been proposed to regulate EMT and CSC. In BC, the depletion of 
miR-21 expression leads to reversal of EMT and decreased CSC numbers through inactivation 
of AKT/ERK pathway [60]. MiR-302/369 cluster members can directly target EMT genes, like 
TGF-beta receptors or the RhoC and the downregulation of miR-302/369 promotes the switch 
of fibroblasts into somatic stem cells [60].

miRNAs can also regulate the breast cancer cell interactions with other cells by affecting cer-
tain genes, for example, Tac1 gene, linked to BC, regulates breast cancer cell interaction with 
the mesenchymal stem cells. Three miRNAs—miR-130a, miR-206 and miR-302a—have been 
shown to regulate Tac1 expression and their action against Tac1 may affect quiescence of 
breast cancer cells in the marrow cavity [11].

6. Signaling pathways regulating MaSC and contributing 
to the etiology of breast cancer

Wnt (wingless), Hh (hedgehog), Notch and BMP/TGF-β (bone morphogenetic proteins/trans-
forming growth factor β) signaling pathways contribute to the self-renewal of stem and/or 
progenitor cells in a variety of organs. When deregulated, these pathways can contribute to 
oncogenesis [59].

The Notch pathway has been shown to play a particular role in MaSC expansion [62, 63] and 
promotes BC progression by supporting EMT [11, 64]. Overexpression of the Notch pathway 
components has been linked to decreased survival of BC patients [65]. In a large propor-
tion of BCs, epigenetic mechanisms that activate Notch signaling were related to the role 
of miR-146a, which targets NUMB, a negative regulator of Notch [59]. Inhibition of Notch1 
with specific antibodies significantly reduced the CD44+CD24−/low subpopulation (BCSCs) and 
diminished the incidence of brain metastases from BCC.

β-Catenin, a downstream target of Wnt signaling pathway, has been identified as a crucial sur-
vival signal for MaSC and a balance modulator between differentiation and stemness in adult 
stem cell niche in the mammary gland [59]. Overexpression of Wnt in mouse mammary glands 
can also lead to increased mammary tumor formation. Such tumors contain cells of both basal/
myoepithelial and luminal phenotypes, suggesting an origin from a common precursor [11, 59].

In the hedgehog pathway, Patched (PTCH) transmembrane protein is a receptor for the 
hedgehog family of signaling molecules (Sonic-Shh, Indian-Ihh and Desert-Dhh) [59] and 
has been connected to early embryonic tumorigenesis [11]. PTCH constitutively represses Hh 
pathway activity through its interaction with a transmembrane protein Smoothened (SMO) 
[59]. Overexpression of these pathway components, that is, Shh, Ptch1 and Gli1, has been 
found in majority of human BCs.

Furthermore, studies demonstrated that EMT stimulation by TGF-β co-occurs with BCSC 
formation [66]. BCSCs with CD44+/CD24−/low phenotype show increased expression of many 
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genes which are known to be TGF-β targets and they are typical for mesenchymal and migra-
tory cell type. In one of the experiments, when MDA-MB-231 cells (model of BC) were injected 
to athymic mice, the change in TGF-β actions was observed. The cancer-promoting actions 
(tumorgenic and metastatic) of TGF-β were counteracted by BMP7 or BMP2/7 heterodimer 
[59], which diminished Smad signaling pathway activity and increased cancer cell invasive-
ness. Additionally, the activity of pro-survival and anti-apoptotic pathways is often increased 
in CSCs. Typically, for example, JAK/STAT pathway is highly activated [59].

7. Ways of targeting cancer stem cells: pharmacological agents

Although targeting BCSCs brings hope for future treatment of BC and is widely tested on the 
basic research level, a disproportionally limited number of clinical trials evaluating the effect 
of treatment on the expression of BCSC biomarkers are in progress [31].

Among the tested treatment approaches are those regulating the activity of signaling path-
ways. The targeting of BCSCs involves the disruption of BCSC survival signaling pathways 
(i.e., Notch, HER2, hedgehog, Wnt, PI3K/Akt/mTOR, interleukin 8, TGF-beta) [31]. Targeting 
Notch signaling has become a promising field in the treatment of stem cells in breast cancer. 
By inhibiting the Notch pathway, the CSC population can be reduced along with improved 
responses to chemotherapy [67]. Several inhibitors of Wnt signaling molecules are under 
investigation with reference to several cancers [68]. For example, inhibition of the Notch sig-
naling pathway by γ-secretase inhibitors (GSI) has been shown to reduce the pool of BCSCs 
[15, 62]. GSI and other drugs that interfere with the Notch pathway are currently under con-
sideration as new options to treat BC [65]. Because there is a link between the Notch and Her2-
dependent pathways [69], blocking either of them was found to affect CSC survival. Hence, 
Her2 inhibitors, such as trastuzumab, may be potential additional drugs suitable for targeting 
CSC [70]. Several scientific groups have exploited cyclopamine (SMO signaling inhibitor), to 
inhibit the Hh cascade, thereby inhibiting the growth, invasion and metastasis of breast, pros-
tatic, pancreatic and brain malignancies both in vitro and in vivo [71]. PKF118-310, an inhibitor 
of Wnt signaling pathway, was recently reported to eliminate BCSCs in a HER2 overexpress-
ing mouse model. Vismodegib, GDC-0449, a hedgehog inhibitor, can block tumor growth 
in tamoxifen-resistant BC xenografts [31]. Everolimus (RAD001), an inhibitor of PI3K/Akt/
mTOR pathway, halted tumor growth of SC in primary breast cancer cells and cell lines and 
was particularly effective when administered in combination with docetaxel [72].

The resistance of BCSCs to chemotherapeutic drugs leads to the reconstitution of the ini-
tial tumor cell population and disease progression [15]. Conventional therapies targeting the 
tumor bulk have proven insufficient for the eradication of CSC. For example, conventional 
therapies based on mitotic interference of taxanes (paclitaxel and docetaxel) [73] do not tar-
get the subpopulation of quiescent CSC in a tumor. Bhola et al. [74] reported that paclitaxel 
increased IL-8 expression by autocrine TGF-β signaling and enriched CSC. Interestingly, 
Gupta et al. reported that SAL, a polyether antibiotic widely used in veterinary medicine, is a 
potent agent able to selectively target BCSCs and to inhibit mammary tumor growth in vivo 
[43]. Since autophagy promotes the maintenance of BCSCs [75], SAL can inhibit autophagy 
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and lysosomal proteolytic activity in both BCSCs and cancer cells [76]. It also acts as an inhibi-
tor of potassium ionophore in Wnt signaling.

Another therapeutic approach is blocking the ABC transporters expressed in most CSC [13]. 
For instance, tyrosine kinase inhibitors (TKIs) act by binding to ATP and preventing it from 
binding to the ATP-binding site of several oncogenic tyrosine kinases. It has been reported 
that some TKIs, such as nilotinib (Tasigna), can efficiently reduce the activity of ABCB1 and 
ABCG2 transporters. Apatinib (YN968D1) was tested on breast cancer cell lines and in xeno-
graft models of breast cancers overexpressing ABCG2 and/or ABCB1. In combination with 
paclitaxel, it significantly increased the activity of paclitaxel in the animal models. The thera-
peutic use of ABC transporters inhibitors has failed so far because of the toxicity issues [13].

One of the most recent innovative approaches in breast cancer therapy is the recruitment of 
normal stem cells for the eradication of tumor cells. It has been pointed that mesenchymal 
stem cells (MSCs) have “tumor tropism,” which means that they show the ability of migra-
tion not only toward the sites of inflammation or injury, but also importantly to the tumor 
microenvironment.

Other tested options include the following: targeting of CSC metabolic pathways, the use of 
miRNAs, the use of small inhibitors as salinomycin, cancer immunotherapy, drugs involved 
in the treatment of noncancer diseases and nanotechnology (nanodrugs can easily accumulate 
within tumor sites due to their enhanced vascular permeability) [31].

8. Conclusions

Scientific findings from breast cancer studies have revealed that the SC content in breast 
tumor correlates with its invasiveness and the outcome of the disease. The resistance of 
BCSCs to chemotherapeutic drugs and other conventional BC therapies has led scientists to 
move toward establishment of novel therapeutic approaches. Current knowledge about BCSC 
characteristics and regulators still allows only for evaluation of those therapies on an experi-
mental level of preclinical studies. The most efficient cancer treatment protocols remain to be 
established on the basis of simultaneous targeting of BCSCs and bulk tumor cells. Therefore, 
there is still a great need for profound studies, which would extend our knowledge about 
stem cells and the interplay between these cells and tumor microenvironment. Looking at the 
practical aspects of BCSC usage one of the biggest challenges that still need to be resolved is 
the isolation of their population from the patients’ blood.
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Abstract

Breast cancer consists of an assortment of illness and therapeutic failure is mostly due
to the complex and heterogeneous phenotype of  the disease.  Recently,  changes in
expression of several ion channels have been associated with malignancy including
breast cancers. This suggests that breast cancer cells might gain a selective advantage
by controlling ion channel expression/activity and that ion channels can contribute to
the hallmarks of cancer. Due to the growing body of research demonstrating that ion
channels are key factors in breast cancer biology. In this chapter, we discuss the role of
specific ion channels in contributing to hallmarks of breast and whether these ion
channels can be used as potential pharmacologic targets for breast cancer.

Keywords: breast cancer, ion channels, hallmarks of cancer, therapeutic targets

1. Introduction

Breast cancer is the most diagnosed cancer in women affecting more than 1.7 million women
worldwide.  Once metastasis  has been detected,  the average survival  is  2  years and it  is
estimated that in 2016 about 250,000 women will be diagnosed with invasive breast cancer in
the USA, and about 41,000 women under the age of 68 will die from the disease [1].

Molecular characterization of different breast cancer types offered the opportunity to separate
breast cancers into two large groups that include luminal type [express estrogen receptors (ER);
relatively good response to treatment] and the less common but more aggressive basal-like
subtype (do not express ER; poor response to treatment). Innovations in targeted therapy are
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being rapidly developed for the treatment of breast cancer, but the lack of suitable targets,
limited drug availability, side effects, and drug resistance have severely hindered efforts
toward improving outcomes in breast cancer patients [2].

Ion channels are pore-forming integral membrane proteins that create ionic concentration
gradients by allowing flow of ions such as K+, Ca2+, Cl− and Na+ down their electrochemical
gradients. There are at least 232 genes that encode for a variety of ion channel families that are
organized according to ion channels function (IUPHAR: e.g., Kv potassium (K+) voltage-gated)
or gene name (HUGO: KCNH; K+ voltage-gated channel subfamily H) [3, 4].

Variation in ionic gradients across cellular membranes plays a fundamental role in virtually
all cellular events including electrical conductance, transcriptional regulation, contraction,
secretion, motility, cell death, and proliferation [5, 6]. Activity of different families of ion
channels can be gated by a variety of stimuli that range from changes in voltage (voltage-gated)
and intracellular molecules to mechanical cues. In addition, ion channel activity can be
modulated by a variety of events that are independent of their protein synthesis such as
posttranslational modification (e.g., reversible phosphorylation) or epigenetically making ion
channels one of the most abundant and functionally versatile classes of proteins. Therefore,
ion channels are central in maintaining homeostasis and in pathological conditions.

Remarkably, recent research revealed that the expression level of several ion channels has been
found altered in different types of breast cancers but not in healthy surrounding tissues [7–
11]. Expression profiling of genes encoding for ion channels in breast cancers has provided
evidence that the presence of specific ion channels can predict clinical outcome [12]. These
studies indicate that changes in the activity of these proteins can potentially contribute to
several of the hallmark of cancer and, therefore, to malignant transformation of breast cells.

2. Ion channels in cell proliferation

Cell proliferation is a complex, well-synchronized event that is stringently regulated by a
number of ions, molecules, and proteins including K+, Ca++, ATP, cyclins, cyclin-dependent
kinases, and many other cell cycle regulators that are associated with the cell-cycle machinery
[13–19]. All cells present an intracellular negative electrical charge called transmembrane
potential (Vm) that arises from the combined activities of a variety of ion channels/transporters,
which create ionic gradients across the cell surface [20]. Transient decrease of this electrical
charge (depolarization) followed by transient increase (repolarization) corresponds to key cell
cycle checkpoints and it is critical for cell cycle progression of different cell types [21–27].
Several studies have established that in breast cancer cells, transient depolarization is a potent
signal to initiate DNA synthesis causing ectopic reentry in the cell cycle, which is pivotal for
malignant proliferation [22, 28]. In the MCF-7 breast cancer cell line, it has been observed that
the Vm during a cell cycle progression correlates with the transition in each phase, such that,
the pharmacological arrest of MCF-7 cells in G1/S or G2/M transition enriches cells with
hyperpolarized Vm while cells arrested in the G0/G1 and M phases were enriched with
depolarized Vm [10, 29].
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Preservation of the oscillatory nature of membrane potential is necessary for cell proliferation.
For example, chronic inhibition or chronic activation of a K+ channel such as Kv11.1 produces
persistent depolarization or hyperpolarization, which in either case can result in cell death or
inhibition of proliferation (Figure 1) [30].

Figure 1. Schematic representation of ion channel activities during the cell cycle. Opening of the voltage-gated K+ chan-
nels (e.g., Kv11.1) move positive charges from the intracellular to the extracellular space causing repolarization (red
line). This event is required to promote transition from the G0/G1 to the S-phase of the cell cycle. In contrast, mem-
brane potential during the S phase tends to depolarize due to opening of Na+, some Ca2+, and/or Na+ channels. Mitosis
is associated with more activity of Na+ and/or Ca2+ that again depolarize the cell until duplication and return to repola-
rization in the G0/G1. Chronic application of a K+ channel activator produces persistent repolarization. Conversely, K+

blocker produces persistent depolarization. Both stop the cell cycle. ↓ = inward ionic flux; ↑ = outward ionic flux; ↺ =
no ionic flux (Adapted from reference [10]).

3. Ion channels and the hallmark of breast cancer

Clinical differences of breast cancers are manifested by their histopathological characteristics,
outcomes, and response to therapeutics. Nevertheless, the heterogeneity of breast cancers
appears to be driven by the “classical” hallmarks of cancer identified by Hanahan and
Weinberg which include: sustaining proliferative signaling, enabling replicative immortality,
evading growth suppressors, resisting cell death, activating invasion and metastasis, evading
immunodestruction, inducing angiogenesis, and reprogramming of energy [31–33].

3.1. Ion channels and proliferation of breast cancer cells

A growing body of experimental and clinical data supports the notion that ion channels can
play a major role in contributing to these hallmarks in breast cancers [34].

It has been well established that a calcium ion is the universal signaling molecule in both
physiological and pathological conditions [35, 36]. The intracellular concentration of calcium
is kept at roughly 100 nM; however, cytoplasmic calcium can increase 100-fold upon specific
cellular events. Calcium gradients are finely controlled by a sophisticated set of calcium
permeant ions that are localized on the cell surface and intracellular membranes and can
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regulate ionic fluxes from two major calcium stores: the extracellular space and the endoplas-
mic reticulum. Although calcium signaling plays a role in diverse cellular processes such as
gene expression, cell growth, proliferation, apoptosis, migration, and among others, very little
is still known about the role and functions of calcium channel in cancer biology.

The transient receptor potential (TRP) channels are a group of nonselective surface membrane
cation channels that mediate a variety of sensations including taste, temperature, and taste [37,
38]. In addition, these channels can act as sensors for osmotic pressure, volume, stretch, or
pressure.

TRPC6 (canonical) is elevated in breast carcinoma tissue compared to normal breast tissue and
is functional, but it is not correlated with tumor grade, ER expression, or lymph node meta-
stasis [39]. TRPV6 channel (activated by vanilloids and capsaicin) in breast cancer cells has
been shown to provide cytoplasmic calcium necessary to promote downstream signaling for
cell proliferation [40]. Pharmacologic inhibition of TRPV6 has been shows to sensitize breast
cancer cells to apoptosis as well as decrease proliferation [41].

Furthermore, it has been found that activation of store-operated Ca entry (SOCE) in breast
cancer cells leads to augmented expression of cyclins and suppresses cyclin-dependent kinase
inhibitors, which ultimately leads to progression through the cell cycle.

Thus, abnormal expression of an ion channels family such as calcium channels in cancer cells
could be considered as an adaptive mechanism by which the cells increase the frequency with
which they proliferate [9].

K+ is the most abundant intracellular ion and increased or decreased variation in [K+] signifi-
cantly contributes to changes of Vm during the cell cycle [10, 42]. Opening of K+ channels
allows K+ to leave the cell resulting in depletion of positive charges from the cytoplasm, which
contributes to repolarization. Temporary increased expression and/or activity of a K+ channel
drive a faster repolarization. This event can result in shortening the G1 phase of the cell cycle
and increased proliferation [43].

Several voltage-gated K+ channels (VGKC) such as Kv10.1, Kv11.1, and Kv1.3, the G-protein-
coupled inwardly rectifying potassium channels (Kir3.1; GIRK1) or the two-pore potassium
channel KCNK9 have been found to be overexpressed in different types of breast tumors
suggesting that transcription of these K+ channel genes is upregulated independently of the
molecular characterization of breast cancers [12, 44, 45].

In contrast, other channels such as the potassium calcium-activated channel KCa3.1 have been
found overexpressed mostly in high-grade breast tumors while an isoform of KCa3.1, KCa1.1
(or BK for short) has been found to be mostly expressed in tumors with lower grade [12].
Furthermore, breast cancer cells that metastasized to brain present higher expression of the
BK channels compared to cells that metastasized in other body compartments [46, 47].

3.2. Control of ion channels activity in breast cancer

The expression level of potassium channels in breast cancers has been found to be controlled
by a variety of factors, for example, mitogen-activated biochemical signaling. Estrogen can
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control protein synthesis of several ion channels such as potassium channels [48], calcium
channels, and sodium channels (via the novel membrane-bound G-protein-estrogen receptor
(GPER) [49] or proteins that directly alter activity of ion channels such as the potassium channel
tetramerization domain containing 11 (e.g., KCTD11) [50]. Furthermore, the β-adrenoreceptor
(a G–protein-coupled receptor) can promote the growth of breast cancer cells by activating the
GIRK potassium channel [51]. This indicates that these channel proteins might play a key role
in sustaining proliferative signaling in luminal breast cancer cells.

The contribution of ion channel activity to proliferation can be finely controlled by a variety
of cellular events including translational, reversible posttranslational, and epigenetic mecha-
nisms. For example, it has been shown that the abundance of Kv11.1 mRNA encoded by the
human ether-a-go-go-related gene 1 (hERG1) oscillates during the cell cycle and reaches its
highest concentration in the G1 phase [52].

A timely increased expression of Kv11.1 translates into an increased exit of potassium ions
from the cell which produces a faster repolarization. This event results in shortening the G1
to S transitions during the cell cycle and initiates a carcinogenic event [43]. Furthermore, it has
been shown that hERG1 gene can undergo abnormal epigenetic regulation in breast cancer
tumors which results in a considerably decrease Kv11.1 mRNA by gene promoter methylation
[53]. Furthermore, mass spectrometry investigations revealed that Kv11.1 protein is among the
10 most phosphorylated proteins expressed in the breast tumors of MMTV-PyMT transgenic
mouse [54]. Although the specific effect of this posttranslational modification has been
characterized yet, it is well known that phosphorylation and dephosphorylation of Kv11.1 can
drive dramatic changes in its activity [55–57] and it has been proposed that phosphorylated
Kv11.1 channel might be the part of a not-yet-identified oncogenic signature [54].

Overall, these studies indicate that the contribution of ion channels to bypass the effect of
growth suppression factors could be a consequence of a fine regulation of their activity via a
reversible posttranslational and epigenetic mechanism.

4. Ion channels and apoptosis of breast cancer cells

Interestingly, ion channel activity has also been involved in suppressing proliferation by
mediating apoptotic events or by activating a cellular senescence program in breast cancer
cells.

Apoptosis is a cellular death mechanism controlled by a series of biochemical cascades that
are activated by intrinsic (cellular stress) or extrinsic (signaling molecules from other cells)
pathways. In both pathways, calcium is a necessary factor for the maintenance of the adequate
signaling required for the effective execution of cell death [58, 59].

For example, it has been shown that the transient receptor potential-melastatin-like 7 (TRPM7)
channels can be a target of caspase-8 and its cleavage mediates an inward calcium flux current
during apoptosis [60]. In addition, suppression of TRPV6 functions by gene silencing reduces
proliferation and activates apoptosis in breast cancer cells [41].
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Furthermore, overexpression of the voltage-gated calcium channel CaV3.1 suppressed cell
proliferation in luminal breast cancer cells while knockdown of the CACNA1G gene encoding
for Cav3.1 promoted the cell proliferation. In contrast, overexpression of another member of
the Cav3 family, CaV3.2, did not affect the cell proliferation [61, 62]. In their study, the authors
showed convincing evidence of a differential distribution of CaV3.1 and CaV3.2 channels at
plasma membranes of apoptotic and nonapoptotic cells, respectively.

In addition, the calcium-activated chloride channel CLCA2 has been found downregulated in
breast cancers and it is considered as a candidate tumor suppressor [63].

Cellular senescence is characterized by a permanent arrest of the cell cycle without activation
of cell death pathways. Senescence can arise as response to hyperactivity of oncogenes and it
is considered an important tumor-suppressor mechanism [64–66]. Increased expression of the
Kv1.1 potassium channel in human mammary epithelial cells appears to mediate oncogene-
induced senescence while reduction of Kv1.1 protein level associates with augmented cancer
aggressiveness [67]. Additionally, hyperactivity of the Kv11.1 channel produced cellular
senescence in different human breast cancer cell lines independently of their molecular
characterization [30, 68, 69]. Therefore, activation of Kv11.1 channel can reprogram breast
cancer cells from replicative to nonreplicative immortality.

5. Ion channels in breast cancer metastasis

Metastasis is a multistep process in which cancer cells detach from the primary tumor and
spread to other body compartments (secondary foci). The metastatic cascade can be summar-
ized in three main steps including: (1) loss of cell-cell contact, (2) invasion of surrounding
stroma and vasculature, and (3) extraversion into the tissue of the organ host. Activation of
each steps of the metastatic cascade is controlled by a numerous signaling molecules including
hormones such as epidermal growth factor (EGF) and transforming growth factor (TGFβ) [70].
Metastatic cells retain most of the hallmarks of cancer including proliferation, and they are
able to form new tumors in distant parts of the body. Changes in expression and activity of ion
channel proteins have been associated with each step of the metastatic phenotype.

5.1. Ion channels in loss of breast cancer cell-cell contact

It has been well established that cell-cell contact is guaranteed by a high expression level of
adhesive molecules such as E-cadherin (epithelial cadherin) and loss of E-cadherin and/or
increased vimentin expression promote the transitioning of cancer cells from an epithelial to
mesenchymal phenotype (epithelial to mesenchymal transition; EMT) in which cells present
an enhanced migratory behavior [70]. Changes in calcium dynamics play a major role in the
EMT process as intracellular calcium chelation can strongly affect transcription of several EMT
markers [71]. TRPM7 calcium channel mRNA is prognostic of disease recurrence and distant
metastasis in breast cancer. In addition, suppression of TRPM7 activity inhibits the expression
of EGF-dependent vimentin in metastatic breast cancer cells [71, 72], while TGFβ-dependent
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EMT is directly associated with enhanced activity of two major components of the store-
operated calcium entry channels, STIM1 and Orai1 [73].

In contrast, the activity of the chloride channel cystic fibrosis transmembrane conductance
regulator (CFTR) plays a role in suppressing EMT in breast adenocarcinoma and metastatic
cell lines. Suppression of CFTR is associated with reduction of E-cadherin protein level
producing a weakened cell-cell contact [74].

5.2. Ion channels in breast cancer cell invasion

Invasion of cancer cells into surrounding tissues relies on the ability of cells to move through
biological and physical barriers (e.g., extracellular matrix (ECM) and basement membranes).
This process occurs by formation of membrane protrusions (e.g., lamellipodia and/or invado-
podia/filopodia), which are driven by actin polymerization after cell polarization and forma-
tion of focal contact points between ECM and cytoskeleton. These processes are regulated by
biochemical pathways that include a set of important proteins such as the focal adhesion kinase
(Fak).

The increased expression level of TRPM7 in breast cancers correlates with metastatic pheno-
type [75, 76]. In ER-ductal adenocarcinomas, TRPM7 is increased in invasive cells and
knockdown of TRPM7 impairs MDA-MB-231 cell migration in vitro and metastasis in vivo [77].
Interestingly, the TRPM7 contains both a calcium channel and a kinase. Rapid, local calcium
permeability (calcium flickers) through TRPM7appears to play a role mostly at the leading
lamella of migrating cells while its kinase activity has been directly involved in changing focal
adhesion sites to generate the necessary driving force for movement [78].

Ectopic expression of the voltage-gated sodium channel Nav1.5 has been directly associated
with the ability of breast cancer cells to migrate and invade surrounding organs [79]. Sup-
pression of Nav1.5 activity by using blockers or siRNAs in breast cancers produced a strong
inhibition of outgrowth/extension processes, migration, and invasion without affecting
proliferation.

During the process of invadopodia formation, outgrowth is guaranteed by digestion of the
surrounding ECM by secretion of cathepsins-like enzymes and metalloproteases such as
MMP2 and MMP9. Activity of Nav1.5 has been correlated with increased cathepsin secretion
[80]. Upregulation of both MMP2 and MMP9 enzymatic activity requires calcium [81].
Interestingly, in metastatic breast cancer cell lines, suppression of voltage-gated calcium
channel activity inhibits MMP9 expression level [82] and stimulation of the purinoceptor
calcium channel P2X7 (ATP-gated calcium channel) increases secretion of cathepsins and
accelerates invasion [83].

Interestingly, analyses of the MMP23 enzyme (which is abundantly expressed in breast
cancer cells) protein structure revealed the presence of a particular domain (TxD) that in-
hibits the activity of several voltage-gated potassium channels (Kv1.6, Kv1.3, Kv1.1, Kv3.2,
and Kv1.4) by directly blocking ionic fluxes and inhibiting trafficking of these channels to
the surface membrane of T cells [84, 85]. Activity of these channels in T cells is fundamen-
tal for proliferation as well as production of cytokines. Therefore, it has been proposed
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that dual activity of MMP23 in breast cancer cells can favor invasion and suppress antitu-
mor immunity.

5.3. Ion channels in breast cancer extravasation

In malignant cancer metastasis, extravasation refers to the ability of cancer cells to exit the
capillaries and enter tissues. Typically, upregulation of the calcium channel transient receptor
potential cation channel subfamily V member 4 (TRPV4) has been found strongly correlated
with metastatic status of breast cancers [86]. Interestingly, increased activity of TRPV4
produced a softening of breast cancer cells and it has been associated with an extravasation
trait in a murine breast cancer model, while suppression of the trpv4 gene significantly reduced
lung metastasis.

6. Repurposing drugs targeting ion channels for breast cancer therapy

The body of research on the role of ion channels in breast cancer biology is growing and with
the large availability of pharmacologic agents targeting the vast majority of ion channels, there
is an interest in considering these proteins as potential novel therapeutic targets.

A study in which calcium channel blockers that have been already used in the clinic (e.g.,
antihypertensives such as verapamil) were tested for their effects on breast cancer biology
showed that these compounds could increase the risk of intraductal and intralobular breast
cancer. However, other studies showed no increased risk indicating that using these molecules
as antibreast cancer agents is still debated [87, 88].

The nonvoltage-operated calcium channel blocker carboxyamidotriazole that is at this time in
clinical trial shows antineoplastic potential [89] as it can produce decreased endothelial
proliferation and angiogenesis in breast cancer cell lines.

More recently, the focus has moved to looking for agents that will specifically target the
upregulated calcium channels seen in breast cancer cells. One such agent is lidocaine, a well-
known anesthetic that inhibits sodium channels was found to reduce calcium influx through
the TRPV6 channel and decrease the migration of breast cancer cells [90].

Several sodium channel blockers have revealed antitumor properties. Riluzole and carbama-
zepine, which are used for the treatment of neurodegenerative diseases, respectively, amyo-
trophic lateral sclerosis and epilepsy, have shown promising antitumor properties in metastatic
breast cancer cells [91, 92]. Although the biochemical mechanism linking riluzole to inhibition
of cell proliferation has been clarified yet, it has been established that inhibition of the sodium
channel by carbamazepine produces an enhancement of proteasome-mediated degradation of
ER alpha and human epidermal growth factor 2 (HER-2) [92, 93] indicating that these drugs
might offer a therapeutic opportunity for both luminal and basal breast cancers. Furthermore,
the anticonvulsant phenytoin can suppress migration and invasion of metastatic breast cancer
cells [94].
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Interestingly, some focus has moved from inhibiting the calcium channels to upregulating
them with the idea being that the cancer cells, which already have more channels, become
overwhelmed with the influx. Capsaicin was discovered to activate the TRPV1 channel in
cancer cells. Administration of capsaicin was found to induce cell death in cancer cells [95].

7. Concluding remarks and perspectives

As ion channels play a fundamental role in virtually every cellular event, uncovering the
contribution of these proteins in each of the hallmarks of breast cancer is important for
understanding potential treatment for this heterogeneous collection of diseases. Ion channels
are recognized as one the most important therapeutic targets and a large collection of molecules
that can “correct” ion channel behavior have been traditionally employed to treat a vast variety
of human diseases. Nevertheless, more research aiming to understand ion channel-dependent
biochemical pathways, improve drug selectivity, and assess side effects is needed to convert
promising discoveries on the use of molecules targeting ion channels as a therapeutic approach
against breast cancer is needed.

Author details

Dowd Jonathan, Hendin Josh, Daniela F. Fukushiro-Lopes, David Laczynski and
Saverio Gentile*

*Address all correspondence to: sagentile@luc.edu

Loyola University Chicago, Maywood, Illinois, USA

References

[1] Breast Cancer Facts & Figures 2016. Atlanta: American Cancer Society Inc.; 2016.

[2] Tinoco G, Warsch S, Gluck S, Avancha K, Montero AJ. Treating breast cancer in the 21st
century: emerging biological therapies. J Cancer. 2013;4(2):117–132.

[3] Hugo Gene Nomenclature Committee. Ion Channels. 2016 [updated 2016; cited 24
August 2016]. Available from: http://www.genenames.org/genefamilies/IC.

[4] Pharmacology IUoBaC. Ion Channels. 2016 [updated 2016; cited 24 August 2016].
Available from: http://www.guidetopharmacology.org/GRAC/ReceptorFamiliesFor-
ward?type=IC.

Ion Channels in Breast Cancer: From Signaling to Therapy
http://dx.doi.org/10.5772/66172

259



[5] Nature. Ion Channels: structure and function. Nature. 2016 [cited 24 August 2016].
Available from: http://www.nature.com/nature/focus/ionchannel/#resource.

[6] Aldrich RW. A new standard: a review of handjournal of ion channels. J Gen Physiol.
2015;146(2):119–121.

[7] Arcangeli A, Crociani O, Lastraioli E, Masi A, Pillozzi S, Becchetti A. Targeting ion
channels in cancer: a novel frontier in antineoplastic therapy. Curr Med Chem.
2009;16(1):66–93.

[8] Kunzelmann K. Ion channels and cancer. J Membr Biol. 2005;205(3):159–173.

[9] Prevarskaya N, Skryma R, Shuba Y. Ion channels and the hallmarks of cancer. Trends
Mol Med. 2010;16(3):107–121.

[10] Rao VR, Perez-Neut M, Kaja S, Gentile S. Voltage-gated ion channels in cancer cell
proliferation. Cancers (Basel). 2015;7(2):849–875.

[11] Roger S, Potier M, Vandier C, Besson P, Le Guennec JY. Voltage-gated sodium channels:
new targets in cancer therapy? Curr Pharm Des. 2006;12(28):3681–3695.

[12] Ko JH, Ko EA, Gu W, Lim I, Bang H, Zhou T. Expression profiling of ion channel genes
predicts clinical outcome in breast cancer. Mol Cancer. 2013;12(1):106.

[13] O’Grady SM, Lee SY. Molecular diversity and function of voltage-gated (Kv) potassium
channels in epithelial cells. Int J Biochem Cell Biol. 2005;37(8):1578–1594.

[14] Pardo LA. Voltage-gated potassium channels in cell proliferation. Physiology (Bethes-
da). 2004;19:285–292.

[15] Wang XT, Nagaba Y, Cross HS, Wrba F, Zhang L, Guggino SE. The mRNA of L-type
calcium channel elevated in colon cancer: protein distribution in normal and cancerous
colon. Am J Pathol. 2000;157(5):1549–1562.

[16] Gray LS, Perez-Reyes E, Gomora JC, Haverstick DM, Shattock M, McLatchie L, et al.
The role of voltage gated T-type Ca2+ channel isoforms in mediating "capacitative" Ca2+
entry in cancer cells. Cell Calcium. 2004;36(6):489–497.

[17] Munaron L, Antoniotti S, Lovisolo D. Intracellular calcium signals and control of cell
proliferation: how many mechanisms? J Cell Mol Med. 2004;8(2):161–168.

[18] Kapur N, Mignery GA, Banach K. Cell cycle-dependent calcium oscillations in mouse
embryonic stem cells. Am J Physiol Cell Physiol. 2007;292(4):C1510–8.

[19] DeCoursey TE, Chandy KG, Gupta S, Cahalan MD. Voltage-gated K+ channels in
human T lymphocytes: a role in mitogenesis? Nature. 1984;307(5950):465–468.

[20] Wright SH. Generation of resting membrane potential. Adv Physiol Educ. 2004;28(1–
4):139–142.

Breast Cancer - From Biology to Medicine260



[5] Nature. Ion Channels: structure and function. Nature. 2016 [cited 24 August 2016].
Available from: http://www.nature.com/nature/focus/ionchannel/#resource.

[6] Aldrich RW. A new standard: a review of handjournal of ion channels. J Gen Physiol.
2015;146(2):119–121.

[7] Arcangeli A, Crociani O, Lastraioli E, Masi A, Pillozzi S, Becchetti A. Targeting ion
channels in cancer: a novel frontier in antineoplastic therapy. Curr Med Chem.
2009;16(1):66–93.

[8] Kunzelmann K. Ion channels and cancer. J Membr Biol. 2005;205(3):159–173.

[9] Prevarskaya N, Skryma R, Shuba Y. Ion channels and the hallmarks of cancer. Trends
Mol Med. 2010;16(3):107–121.

[10] Rao VR, Perez-Neut M, Kaja S, Gentile S. Voltage-gated ion channels in cancer cell
proliferation. Cancers (Basel). 2015;7(2):849–875.

[11] Roger S, Potier M, Vandier C, Besson P, Le Guennec JY. Voltage-gated sodium channels:
new targets in cancer therapy? Curr Pharm Des. 2006;12(28):3681–3695.

[12] Ko JH, Ko EA, Gu W, Lim I, Bang H, Zhou T. Expression profiling of ion channel genes
predicts clinical outcome in breast cancer. Mol Cancer. 2013;12(1):106.

[13] O’Grady SM, Lee SY. Molecular diversity and function of voltage-gated (Kv) potassium
channels in epithelial cells. Int J Biochem Cell Biol. 2005;37(8):1578–1594.

[14] Pardo LA. Voltage-gated potassium channels in cell proliferation. Physiology (Bethes-
da). 2004;19:285–292.

[15] Wang XT, Nagaba Y, Cross HS, Wrba F, Zhang L, Guggino SE. The mRNA of L-type
calcium channel elevated in colon cancer: protein distribution in normal and cancerous
colon. Am J Pathol. 2000;157(5):1549–1562.

[16] Gray LS, Perez-Reyes E, Gomora JC, Haverstick DM, Shattock M, McLatchie L, et al.
The role of voltage gated T-type Ca2+ channel isoforms in mediating "capacitative" Ca2+
entry in cancer cells. Cell Calcium. 2004;36(6):489–497.

[17] Munaron L, Antoniotti S, Lovisolo D. Intracellular calcium signals and control of cell
proliferation: how many mechanisms? J Cell Mol Med. 2004;8(2):161–168.

[18] Kapur N, Mignery GA, Banach K. Cell cycle-dependent calcium oscillations in mouse
embryonic stem cells. Am J Physiol Cell Physiol. 2007;292(4):C1510–8.

[19] DeCoursey TE, Chandy KG, Gupta S, Cahalan MD. Voltage-gated K+ channels in
human T lymphocytes: a role in mitogenesis? Nature. 1984;307(5950):465–468.

[20] Wright SH. Generation of resting membrane potential. Adv Physiol Educ. 2004;28(1–
4):139–142.

Breast Cancer - From Biology to Medicine260

[21] Cone CD, Jr. Electroosmotic interactions accompanying mitosis initiation in sarcoma
cells in vitro. Trans N Y Acad Sci. 1969;31(4):404–427.

[22] Cone CD, Jr. Variation of the transmembrane potential level as a basic mechanism of
mitosis control. Oncology. 1970;24(6):438–470.

[23] Cone CD, Jr. Unified theory on the basic mechanism of normal mitotic control and
oncogenesis. J Theor Biol. 1971;30(1):151–181.

[24] Binggeli R, Weinstein RC. Membrane potentials and sodium channels: hypotheses for
growth regulation and cancer formation based on changes in sodium channels and gap
junctions. J Theor Biol. 1986;123(4):377–401.

[25] Tokuoka S, Morioka H. The membrane potential of the human cancer and related cells.
I. Gan. 1957;48(4):353–354.

[26] Johnstone BM. Micro-electrode penetration of ascites tumour cells. Nature.
1959;183(4658):411.

[27] Marino AA, Morris DM, Schwalke MA, Iliev IG, Rogers S. Electrical potential meas-
urements in human breast cancer and benign lesions. Tumour Biol. 1994;15(3):147–152.

[28] Lobikin M, Chernet B, Lobo D, Levin M. Resting potential, oncogene-induced tumori-
genesis, and metastasis: the bioelectric basis of cancer in vivo. Phys Biol. 2012;9(6):
065002.

[29] Klimatcheva E, Wonderlin WF. An ATP-sensitive K(+) current that regulates progres-
sion through early G1 phase of the cell cycle in MCF-7 human breast cancer cells. J
Membr Biol. 1999;171(1):35–46.

[30] Lansu K, Gentile S. Potassium channel activation inhibits proliferation of breast cancer
cells by activating a senescence program. Cell Death Dis. 2013;4:e652.

[31] Dai X, Xiang L, Li T, Bai Z. Cancer hallmarks, biomarkers and breast cancer molecular
subtypes. J Cancer. 2016;7(10):1281–1294.

[32] Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100(1):57–70.

[33] Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011;144(5):
646–674.

[34] Litan A, Langhans SA. Cancer as a channelopathy: ion channels and pumps in tumor
development and progression. Front Cell Neurosci. 2015;9:86.

[35] Clapham DE. Calcium signaling. Cell. 2007;131(6):1047–1058.

[36] Berridge MJ. Calcium signalling remodelling and disease. Biochem Soc Trans.
2012;40(2):297–309.

[37] Zheng J. Molecular mechanism of TRP channels. Compr Physiol. 2013;3(1):221–242.

Ion Channels in Breast Cancer: From Signaling to Therapy
http://dx.doi.org/10.5772/66172

261



[38] Billeter AT, Hellmann JL, Bhatnagar A, Polk HC, Jr. Transient receptor potential ion
channels: powerful regulators of cell function. Ann Surg. 2014;259(2):229–235.

[39] Guilbert A, Dhennin-Duthille I, Hiani YE, Haren N, Khorsi H, Sevestre H, et al.
Expression of TRPC6 channels in human epithelial breast cancer cells. BMC Cancer.
2008;8:125.

[40] Kim SY, Yang D, Myeong J, Ha K, Kim SH, Park EJ, et al. Regulation of calcium influx
and signaling pathway in cancer cells via TRPV6-Numb1 interaction. Cell Calcium.
2013;53(2):102–111.

[41] Bolanz KA, Hediger MA, Landowski CP. The role of TRPV6 in breast carcinogenesis.
Mol Cancer Ther. 2008;7(2):271–279.

[42] Accardi A. Cell signaling. Lipids link ion channels and cancer. Science. 2015;349(6250):
789–790.

[43] Lam D, Schlichter LC. Expression and contributions of the Kir2.1 inward-rectifier K(+)
channel to proliferation, migration and chemotaxis of microglia in unstimulated and
anti-inflammatory states. Front Cell Neurosci. 2015;9:185.

[44] Ouadid-Ahidouch H, Ahidouch A. K+ channel expression in human breast cancer cells:
involvement in cell cycle regulation and carcinogenesis. J Membr Biol. 2008;221(1):1–6.

[45] Stringer BK, Cooper AG, Shepard SB. Overexpression of the G-protein inwardly
rectifying potassium channel 1 (GIRK1) in primary breast carcinomas correlates with
axillary lymph node metastasis. Cancer Res. 2001;61(2):582–588.

[46] Khaitan D, Sankpal UT, Weksler B, Meister EA, Romero IA, Couraud PO, et al. Role of
KCNMA1 gene in breast cancer invasion and metastasis to brain. BMC Cancer.
2009;9:258.

[47] Oeggerli M, Tian Y, Ruiz C, Wijker B, Sauter G, Obermann E, et al. Role of KCNMA1
in breast cancer. PLoS One. 2010;7(8):e41664.

[48] Alvarez-Baron CP, Jonsson P, Thomas C, Dryer SE, Williams C. The two-pore domain
potassium channel KCNK5: induction by estrogen receptor alpha and role in prolifer-
ation of breast cancer cells. Mol Endocrinol. 2011;25(8):1326–1336.

[49] Fraser SP, Ozerlat-Gunduz I, Onkal R, Diss JK, Latchman DS, Djamgoz MB. Estrogen
and non-genomic upregulation of voltage-gated Na(+) channel activity in MDA-
MB-231 human breast cancer cells: role in adhesion. J Cell Physiol. 2010;224(2):527–539.

[50] Williams C, Edvardsson K, Lewandowski SA, Strom A, Gustafsson JA. A genome-wide
study of the repressive effects of estrogen receptor beta on estrogen receptor alpha
signaling in breast cancer cells. Oncogene. 2008;27(7):1019–1032.

[51] Plummer HK, 3rd, Yu Q, Cakir Y, Schuller HM. Expression of inwardly rectifying
potassium channels (GIRKs) and beta-adrenergic regulation of breast cancer cell lines.
BMC Cancer. 2004;4:93.

Breast Cancer - From Biology to Medicine262



[38] Billeter AT, Hellmann JL, Bhatnagar A, Polk HC, Jr. Transient receptor potential ion
channels: powerful regulators of cell function. Ann Surg. 2014;259(2):229–235.

[39] Guilbert A, Dhennin-Duthille I, Hiani YE, Haren N, Khorsi H, Sevestre H, et al.
Expression of TRPC6 channels in human epithelial breast cancer cells. BMC Cancer.
2008;8:125.

[40] Kim SY, Yang D, Myeong J, Ha K, Kim SH, Park EJ, et al. Regulation of calcium influx
and signaling pathway in cancer cells via TRPV6-Numb1 interaction. Cell Calcium.
2013;53(2):102–111.

[41] Bolanz KA, Hediger MA, Landowski CP. The role of TRPV6 in breast carcinogenesis.
Mol Cancer Ther. 2008;7(2):271–279.

[42] Accardi A. Cell signaling. Lipids link ion channels and cancer. Science. 2015;349(6250):
789–790.

[43] Lam D, Schlichter LC. Expression and contributions of the Kir2.1 inward-rectifier K(+)
channel to proliferation, migration and chemotaxis of microglia in unstimulated and
anti-inflammatory states. Front Cell Neurosci. 2015;9:185.

[44] Ouadid-Ahidouch H, Ahidouch A. K+ channel expression in human breast cancer cells:
involvement in cell cycle regulation and carcinogenesis. J Membr Biol. 2008;221(1):1–6.

[45] Stringer BK, Cooper AG, Shepard SB. Overexpression of the G-protein inwardly
rectifying potassium channel 1 (GIRK1) in primary breast carcinomas correlates with
axillary lymph node metastasis. Cancer Res. 2001;61(2):582–588.

[46] Khaitan D, Sankpal UT, Weksler B, Meister EA, Romero IA, Couraud PO, et al. Role of
KCNMA1 gene in breast cancer invasion and metastasis to brain. BMC Cancer.
2009;9:258.

[47] Oeggerli M, Tian Y, Ruiz C, Wijker B, Sauter G, Obermann E, et al. Role of KCNMA1
in breast cancer. PLoS One. 2010;7(8):e41664.

[48] Alvarez-Baron CP, Jonsson P, Thomas C, Dryer SE, Williams C. The two-pore domain
potassium channel KCNK5: induction by estrogen receptor alpha and role in prolifer-
ation of breast cancer cells. Mol Endocrinol. 2011;25(8):1326–1336.

[49] Fraser SP, Ozerlat-Gunduz I, Onkal R, Diss JK, Latchman DS, Djamgoz MB. Estrogen
and non-genomic upregulation of voltage-gated Na(+) channel activity in MDA-
MB-231 human breast cancer cells: role in adhesion. J Cell Physiol. 2010;224(2):527–539.

[50] Williams C, Edvardsson K, Lewandowski SA, Strom A, Gustafsson JA. A genome-wide
study of the repressive effects of estrogen receptor beta on estrogen receptor alpha
signaling in breast cancer cells. Oncogene. 2008;27(7):1019–1032.

[51] Plummer HK, 3rd, Yu Q, Cakir Y, Schuller HM. Expression of inwardly rectifying
potassium channels (GIRKs) and beta-adrenergic regulation of breast cancer cell lines.
BMC Cancer. 2004;4:93.

Breast Cancer - From Biology to Medicine262

[52] Crociani O, Guasti L, Balzi M, Becchetti A, Wanke E, Olivotto M, et al. Cell cycle-
dependent expression of HERG1 and HERG1B isoforms in tumor cells. J Biol Chem.
2003;278(5):2947–2955.

[53] Kuznetsova EB, Kekeeva TV, Larin SS, Zemliakova VV, Babenko OV, Nemtsova MV, et
al. Novel methylation and expression markers associated with breast cancer. Mol Biol
(Mosk). 2007;41(4):624–633.

[54] Ali NA, Wu J, Hochgrafe F, Chan H, Nair R, Ye S, et al. Profiling the tyrosine phospho-
proteome of different mouse mammary tumour models reveals distinct, model-specific
signalling networks and conserved oncogenic pathways. Breast Cancer Res. 2014;16(5):
437.

[55] Gentile S. Ion channel phosphorylopathy: a link between genomic variation and human
disease. ChemMedChem. 2012;7(10):1757–1761.

[56] Gentile S, Darden T, Erxleben C, Romeo C, Russo A, Martin N, et al. Rac GTPase
signaling through the PP5 protein phosphatase. Proc Natl Acad Sci U S A. 2006;103(13):
5202–5206.

[57] Gentile S, Martin N, Scappini E, Williams J, Erxleben C, Armstrong DL. The human
ERG1 channel polymorphism, K897T, creates a phosphorylation site that inhibits
channel activity. Proc Natl Acad Sci U S A. 2008;105(38):14704–14708.

[58] Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol. 2007;35(4):
495–516.

[59] Orrenius S, Zhivotovsky B, Nicotera P. Regulation of cell death: the calcium-apoptosis
link. Nat Rev Mol Cell Biol. 2003;4(7):552–565.

[60] Desai BN, Krapivinsky G, Navarro B, Krapivinsky L, Carter BC, Febvay S, et al.
Cleavage of TRPM7 releases the kinase domain from the ion channel and regulates its
participation in Fas-induced apoptosis. Dev Cell. 2012;22(6):1149–1162.

[61] Ohkubo T, Yamazaki J. T-type voltage-activated calcium channel Cav3.1, but not
Cav3.2, is involved in the inhibition of proliferation and apoptosis in MCF-7 human
breast cancer cells. Int J Oncol. 2012;41(1):267–275.

[62] Taylor JT, Huang L, Pottle JE, Liu K, Yang Y, Zeng X, et al. Selective blockade of T-type
Ca2+ channels suppresses human breast cancer cell proliferation. Cancer Lett.
2008;267(1):116–124.

[63] Bustin SA, Li SR, Dorudi S. Expression of the Ca2+-activated chloride channel genes
CLCA1 and CLCA2 is downregulated in human colorectal cancer. DNA Cell Biol.
2001;20(6):331–338.

[64] Munoz-Espin D, Serrano M. Cellular senescence: from physiology to pathology. Nat
Rev Mol Cell Biol. 2014;15(7):482–496.

Ion Channels in Breast Cancer: From Signaling to Therapy
http://dx.doi.org/10.5772/66172

263



[65] Campisi J. Cellular senescence as a tumor-suppressor mechanism. Trends Cell Biol.
2001;11(11):S27–S31.

[66] McCormick A, Campisi J. Cellular aging and senescence. Curr Opin Cell Biol. 1991;3(2):
230–234.

[67] Lallet-Daher H, Wiel C, Gitenay D, Navaratnam N, Augert A, Le Calve B, et al.
Potassium channel KCNA1 modulates oncogene-induced senescence and transforma-
tion. Cancer Res. 2013;73(16):5253–5265.

[68] Perez-Neut M, Rao VR, Gentile S. hERG1/Kv11.1 activation stimulates transcription of
p21waf/cip in breast cancer cells via a calcineurin-dependent mechanism. Oncotarget.
2015;7(37):58893–58902.

[69] Perez-Neut M, Shum A, Cuevas BD, Miller R, Gentile S. Stimulation of hERG1 channel
activity promotes a calcium-dependent degradation of cyclin E2, but not cyclin E1, in
breast cancer cells. Oncotarget. 2015;6(3):1631–1639.

[70] Valastyan S, Weinberg RA. Tumor metastasis: molecular insights and evolving para-
digms. Cell. 2011;147(2):275–292.

[71] Davis FM, Azimi I, Faville RA, Peters AA, Jalink K, Putney JW, Jr., et al. Induction of
epithelial-mesenchymal transition (EMT) in breast cancer cells is calcium signal
dependent. Oncogene. 2014;33(18):2307–2316.

[72] Davis FM, Peters AA, Grice DM, Cabot PJ, Parat MO, Roberts-Thomson SJ, et al. Non-
stimulated, agonist-stimulated and store-operated Ca2+ influx in MDA-MB-468 breast
cancer cells and the effect of EGF-induced EMT on calcium entry. PLoS One.
2012;7(5):e36923.

[73] Hu J, Qin K, Zhang Y, Gong J, Li N, Lv D, et al. Downregulation of transcription factor
Oct4 induces an epithelial-to-mesenchymal transition via enhancement of Ca2+ influx
in breast cancer cells. Biochem Biophys Res Commun. 2011;411(4):786–791.

[74] Zhang JT, Jiang XH, Xie C, Cheng H, Da Dong J, Wang Y, et al. Downregulation of CFTR
promotes epithelial-to-mesenchymal transition and is associated with poor prognosis
of breast cancer. Biochim Biophys Acta. 2013;1833(12):2961–2969.

[75] Guilbert A, Gautier M, Dhennin-Duthille I, Rybarczyk P, Sahni J, Sevestre H, et al.
Transient receptor potential melastatin 7 is involved in oestrogen receptor-negative
metastatic breast cancer cells migration through its kinase domain. Eur J Cancer.
2013;49(17):3694–3707.

[76] Meng X, Cai C, Wu J, Cai S, Ye C, Chen H, et al. TRPM7 mediates breast cancer cell
migration and invasion through the MAPK pathway. Cancer Lett. 2013;333(1):96–102.

[77] Middelbeek J, Kuipers AJ, Henneman L, Visser D, Eidhof I, van Horssen R, et al. TRPM7
is required for breast tumor cell metastasis. Cancer Res. 2012;72(16):4250–4261.

Breast Cancer - From Biology to Medicine264



[65] Campisi J. Cellular senescence as a tumor-suppressor mechanism. Trends Cell Biol.
2001;11(11):S27–S31.

[66] McCormick A, Campisi J. Cellular aging and senescence. Curr Opin Cell Biol. 1991;3(2):
230–234.

[67] Lallet-Daher H, Wiel C, Gitenay D, Navaratnam N, Augert A, Le Calve B, et al.
Potassium channel KCNA1 modulates oncogene-induced senescence and transforma-
tion. Cancer Res. 2013;73(16):5253–5265.

[68] Perez-Neut M, Rao VR, Gentile S. hERG1/Kv11.1 activation stimulates transcription of
p21waf/cip in breast cancer cells via a calcineurin-dependent mechanism. Oncotarget.
2015;7(37):58893–58902.

[69] Perez-Neut M, Shum A, Cuevas BD, Miller R, Gentile S. Stimulation of hERG1 channel
activity promotes a calcium-dependent degradation of cyclin E2, but not cyclin E1, in
breast cancer cells. Oncotarget. 2015;6(3):1631–1639.

[70] Valastyan S, Weinberg RA. Tumor metastasis: molecular insights and evolving para-
digms. Cell. 2011;147(2):275–292.

[71] Davis FM, Azimi I, Faville RA, Peters AA, Jalink K, Putney JW, Jr., et al. Induction of
epithelial-mesenchymal transition (EMT) in breast cancer cells is calcium signal
dependent. Oncogene. 2014;33(18):2307–2316.

[72] Davis FM, Peters AA, Grice DM, Cabot PJ, Parat MO, Roberts-Thomson SJ, et al. Non-
stimulated, agonist-stimulated and store-operated Ca2+ influx in MDA-MB-468 breast
cancer cells and the effect of EGF-induced EMT on calcium entry. PLoS One.
2012;7(5):e36923.

[73] Hu J, Qin K, Zhang Y, Gong J, Li N, Lv D, et al. Downregulation of transcription factor
Oct4 induces an epithelial-to-mesenchymal transition via enhancement of Ca2+ influx
in breast cancer cells. Biochem Biophys Res Commun. 2011;411(4):786–791.

[74] Zhang JT, Jiang XH, Xie C, Cheng H, Da Dong J, Wang Y, et al. Downregulation of CFTR
promotes epithelial-to-mesenchymal transition and is associated with poor prognosis
of breast cancer. Biochim Biophys Acta. 2013;1833(12):2961–2969.

[75] Guilbert A, Gautier M, Dhennin-Duthille I, Rybarczyk P, Sahni J, Sevestre H, et al.
Transient receptor potential melastatin 7 is involved in oestrogen receptor-negative
metastatic breast cancer cells migration through its kinase domain. Eur J Cancer.
2013;49(17):3694–3707.

[76] Meng X, Cai C, Wu J, Cai S, Ye C, Chen H, et al. TRPM7 mediates breast cancer cell
migration and invasion through the MAPK pathway. Cancer Lett. 2013;333(1):96–102.

[77] Middelbeek J, Kuipers AJ, Henneman L, Visser D, Eidhof I, van Horssen R, et al. TRPM7
is required for breast tumor cell metastasis. Cancer Res. 2012;72(16):4250–4261.

Breast Cancer - From Biology to Medicine264

[78] Wei C, Wang X, Chen M, Ouyang K, Song LS, Cheng H. Calcium flickers steer cell
migration. Nature. 2009;457(7231):901–905.

[79] Nelson M, Yang M, Millican-Slater R, Brackenbury WJ. Nav1.5 regulates breast tumor
growth and metastatic dissemination in vivo. Oncotarget. 2015;6(32):32914–32929.

[80] Brisson L, Driffort V, Benoist L, Poet M, Counillon L, Antelmi E, et al. NaV1.5 Na(+)

channels allosterically regulate the NHE-1 exchanger and promote the activity of breast
cancer cell invadopodia. J Cell Sci. 2013;126(Pt 21):4835–4842.

[81] Makowski GS, Ramsby ML. Autoactivation profiles of calcium-dependent matrix
metalloproteinase-2 and -9 in inflammatory synovial fluid: effect of pyrophosphate and
bisphosphonates. Clin Chim Acta. 2005;358(1–2):182–191.

[82] Kohn EC, Jacobs W, Kim YS, Alessandro R, Stetler-Stevenson WG, Liotta LA. Calcium
influx modulates expression of matrix metalloproteinase-2 (72-kDa type IV collage-
nase, gelatinase A). J Biol Chem. 1994;269(34):21505–21511.

[83] Xia J, Yu X, Tang L, Li G, He T. P2X7 receptor stimulates breast cancer cell invasion and
migration via the AKT pathway. Oncol Rep. 2015;34(1):103–110.

[84] Chhabra S, Chang SC, Nguyen HM, Huq R, Tanner MR, Londono LM, et al. Kv1.3
channel-blocking immunomodulatory peptides from parasitic worms: implications for
autoimmune diseases. FASEB J. 2014;28(9):3952–3964.

[85] Nguyen HM, Galea CA, Schmunk G, Smith BJ, Edwards RA, Norton RS, et al. Intra-
cellular trafficking of the KV1.3 potassium channel is regulated by the prodomain of a
matrix metalloprotease. J Biol Chem. 2013;288(9):6451–6464.

[86] Lee WH, Choong LY, Mon NN, Lu S, Lin Q, Pang B, et al. TRPV4 Regulates breast cancer
cell extravasation, stiffness and actin cortex. Sci Rep. 2015;6:27903.

[87] Azoulay L, Soldera S, Yin H, Bouganim N. Use of calcium channel blockers and risk of
breast cancer: a population-based cohort study. Epidemiology. 2016;27(4):594–601.

[88] Brandenburg NA, Backstrom JT, Hinkle RL. Calcium channel blockers and cancer: the
evidence against an association. Am J Hypertens. 1996;9(10 Pt 1):1049–1050, author
reply 51–53.

[89] Guo L, Li ZS, Wang HL, Ye CY, Zhang DC. Carboxyamido-triazole inhibits proliferation
of human breast cancer cells via G(2)/M cell cycle arrest and apoptosis. Eur J Pharmacol.
2006;538(1–3):15–22.

[90] Martin F, Ufodiama C, Watt I, Bland M, Brackenbury WJ. Therapeutic value of voltage-
gated sodium channel inhibitors in breast, colorectal, and prostate cancer: a systematic
review. Front Pharmacol. 2015;6:273.

[91] Speyer CL, Nassar MA, Hachem AH, Bukhsh MA, Jafry WS, Khansa RM, et al. Riluzole
mediates anti-tumor properties in breast cancer cells independent of metabotropic
glutamate receptor-1. Breast Cancer Res Treat. 2016;157(2):217–228.

Ion Channels in Breast Cancer: From Signaling to Therapy
http://dx.doi.org/10.5772/66172

265



[92] Meng QW, Zhao CH, Xi YH, Cai L, Sun LC, Sui GJ. Inhibitory effect of carbamazepine
on proliferation of estrogen-dependent breast cancer cells. Ai Zheng. 2006;25(8):967–
973.

[93] Meng Q, Chen X, Sun L, Zhao C, Sui G, Cai L. Carbamazepine promotes Her-2 protein
degradation in breast cancer cells by modulating HDAC6 activity and acetylation of
Hsp90. Mol Cell Biochem. 2011;348(1–2):165–171.

[94] Nelson M, Yang M, Dowle AA, Thomas JR, Brackenbury WJ. The sodium channel-
blocking antiepileptic drug phenytoin inhibits breast tumour growth and metastasis.
Mol Cancer. 2015;14:13.

[95] Azimi I, Roberts-Thomson SJ, Monteith GR. Calcium influx pathways in breast cancer:
opportunities for pharmacological intervention. Br J Pharmacol. 2014;171(4):945–960.

Breast Cancer - From Biology to Medicine266



[92] Meng QW, Zhao CH, Xi YH, Cai L, Sun LC, Sui GJ. Inhibitory effect of carbamazepine
on proliferation of estrogen-dependent breast cancer cells. Ai Zheng. 2006;25(8):967–
973.

[93] Meng Q, Chen X, Sun L, Zhao C, Sui G, Cai L. Carbamazepine promotes Her-2 protein
degradation in breast cancer cells by modulating HDAC6 activity and acetylation of
Hsp90. Mol Cell Biochem. 2011;348(1–2):165–171.

[94] Nelson M, Yang M, Dowle AA, Thomas JR, Brackenbury WJ. The sodium channel-
blocking antiepileptic drug phenytoin inhibits breast tumour growth and metastasis.
Mol Cancer. 2015;14:13.

[95] Azimi I, Roberts-Thomson SJ, Monteith GR. Calcium influx pathways in breast cancer:
opportunities for pharmacological intervention. Br J Pharmacol. 2014;171(4):945–960.

Breast Cancer - From Biology to Medicine266

Section 3

Diagnosis and Treatment of Breast Cancer





Chapter 14

Modern Radiotherapy Era in Breast Cancer

Yasemin Bolukbasi and Ugur Selek

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66906

Provisional chapter

© 2016 The Author(s). Licensee InTech. 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. 

Modern Radiotherapy Era in Breast Cancer

Yasemin Bolukbasi and Ugur Selek

Additional information is available at the end of the chapter

Abstract

Radiation therapy (RT) is one of the major treatment modalities that are used in breast 
cancer treatment, and depending on the chest-wall anatomy, RT fields have to be cus-
tomized. Techniques used in planning have been evolving since last two decades from 
two dimensional (2D) to three-dimensional (3D), while intensity modulated radiother-
apy (IMRT), volumetric modulated arc therapy (VMAT) and even proton therapy have 
been an option in daily approach. In addition, technological hardware and software 
advances in delivery and planning systems, total treatment duration of breast RT have 
been shortened in last decades along with recent hypofractionated radiotherapy schemes 
or emerging partial-breast irradiation protocols. The other attractive approach—acceler-
ated partial breast irradiation (APBI) could be a reasonable option for highly selected 
subpopulation of early-stage breast cancer patients out of a clinical trial. Long-term 
follow-up results have emerged heart and coronary sparing with maximum safety and 
efficacy. The most important advance could be named as cardiac sparing—deep breath-
hold approach—in all the modern technique improvement.  Although most advanced 
techniques in management of breast cancer have not been verified to increase survival, 
we suggest recommending resource stratified advanced in order to provide best technical 
and clinical care in this long-term survivor candidates.

Keywords: radiotherapy, IMRT, VMAT, breath hold

1. Introduction

Radiation therapy (RT) has become an essential component of breast cancer treatment, and 
depending on the anatomic structure of the region to be irradiated (breast, chest wall or regional 
lymphatics), RT can be technically challenging and varying from one patient to another.

Breast RT has evolved from two-dimensional (2D) to three-dimensional (3D), while intensity 
modulated radiotherapy (IMRT), volumetric modulated arc therapy (VMAT) and even proton 
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therapy have been options to discuss with our patients in daily practice. Besides technological 
hardware and software advances in delivery and planning systems, total treatment duration 
of breast RT has been changing dramatically in last decades along with recent hypofraction-
ated radiotherapy schemes or emerging partial-breast irradiation protocols. As modern RT 
allowed us a successive reduction in the treatment-related complications such as fibrosis and 
long-term cardiac toxicity in addition to improving the locoregional control rates, rationale of 
as low as possible is appealing to focus more on heart and coronary sparing with four-dimen-
sional (4D) breath-hold techniques. Modern radiotherapy techniques and fundamentals need 
to be implemented in routine clinical care with maximum safety and efficacy in order to maxi-
mize the benefit of locoregional treatment and to minimize the risks of late complications.

We aim to summarize the advances of modern radiotherapy in breast cancer through clinical 
approaches and routine treatment indications based on present knowledge and evidence-
based recommendations.

2. Simulation and immobilization techniques

2.1. Supine

Radiotherapy has been widely used as a part of breast cancer in partial or total mastectomy. 
Radiotherapy technique can be difficult and variable depending on the anatomy of the patient 
such as chest-wall concavity, depth of axilla. The first step of radiation treatment is to perform 
CT simulation to obtain a reproducible detailed anatomy for planning conformal or intensity-
modulated radiotherapy with using heart-sparing techniques such as breath hold or heart 
blocking, especially for left breast cancer patients. Adjuvant therapy for breast cancer starts 
early 4–6 weeks after surgery or after chemotherapy and was delivered with 6 or 18 MV pho-
tons using usually wedged tangent fields, or field and field, 3DCRT and IMRT at 1.8–2.67 cGy 
doses ranged from 40 to 60 Gy.

Treatment fields are a composite of adjacent whole breast or chest wall, mammaria interna, 
supraclavicular and axillary fields. The main purpose of the breast radiotherapy fields is to 
avoid hot and cold dose regions between contiguous fields while minimizing the dose of 
organs at risk such as lung and heart. RT fields have to be modified according to patient’s chest 
wall and breast anatomy due to its irregular surface, which can cause dose inhomogeneity. 
At the same time, setup has to be easily applicable and reproducible. Immobilization devices, 
specially designed for breast cancer treatments, are commercially widely available and are 
frequently used in daily practice. The best known devices are listed as follows: inclined plane, 
breast boards, Board-wing butterfly Board, Vac-fix bag-Vacuum Cradle Bed and alpha cradle. 
The most common, preferred and basic set-up has been performed by a breast board having 
an inclined plane with an arm support, in supine position. The head of the patient has been 
pointed to the opposite side, and arm has been abducted (90°–120°) and externally rotated. 
Skin folds in supraclavicular field and soft tissue of arm has to be modified if required. The 
patient is positioned on her back on a stable breast board, and board is angled to ensure the 
sternum—chest parallel to table. This angle can be adjusted according to clinical needs, but 
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larger angels can cause increased dose in lungs in patients requiring the supraclavicular field. 
The border between the chest wall and supraclavicular field is usually placed at the bottom 
of clavicular head. Radiopaque wires must be used to define incisions and breast borders [1].

Supine positioning has been used for breast cancer patient’s alignment for several decades 
over the world. It provides patient comfort and position reproducibility for the whole treat-
ment period, while ensures better axillary coverage in comparison to prone positioning. When 
setup errors in supine position were studied with three-dimensional cone-beam computed 
tomography (CBCT), the average magnitude of error was found to be generally less than 5 
mm across a number of studies [2]. Sethi et al. compared both prone and supine positioning 
for 3DCRT and IMRT plans; traditional three- or four-field planning has inadequate nodal 
coverage, especially performed in prone setup compared to supine (29 and 42% vs. 50 and 
59%), and this disadvantage has been altered by CT-based planning and coverage varied from 
92 to 97% depending on IMRT or 3DCRT independent from positioning [3].

2.2. Prone

Rarely, in case of a very large pendulous breast, lateral decubitus or prone position can help. 
Prone position has been proposed for especially large breasted patient as this volume can 
cause dose homogeneity due to hot spots and also overlapping breast tissue could create an 
auto bolus effect, which can abbreviate skin toxicity [4, 5]. While prone setup has also been 
proposed to increase the lung and heart tissue sparing, the literature has conflicting results in 
terms of normal tissue dose reduction [6, 7]. Wurschmidt et al. stated that the prone position 
increasing incidental dose of LAD coronary artery to a mean dose of 33.5 Gy in comparison 
with supine setup with a mean dose of 25.6 Gy in left whole breast irradiation, without any 
significant differences in the average mean dose to heart between two different setups [6]. In 
contrast, Kirby et al. also documented prone positioning to reduce cardiac doses in almost 
64% of 30 patients treated whole breast irradiation with a median reduction in LAD mean = 6.2 
Gy and 24% of the 30 cases treated with partial breast irradiation (median reduction in LAD 
max = 29.3 Gy) in addition to reducing ipsilateral-lung (mean) in all whole breast and 61 of 65 
partial irradiation cases, and chest wall V (50 Gy) in all whole breast irradiation cases. They 
concluded that prone positioning is likely to benefit left-breast-affected women of larger breast 
volume both for whole or partial breast irradiation, and right-breast-affected women regard-
less of breast volume [7]. Despite the improvement of dose homogeneity, prevention of hot 
spot regions and lower lung and heart doses, prone position for whole breast irradiation has 
not been applied in routine clinical practice. Prone setup has been considered to be more prob-
lematic to reproduce than supine position and to be less precise. In Varga et al.’s randomized 
study, the range of displacement was greater in prone position as well as the prone relocation 
precision presented an expansion over time without any correlation to any patient-related 
parameters [8]. Patient treatment-related comfort and inadequate target coverage of tumors 
especially extending down to chest wall were also mentioned as main concerns [9, 10].

Main concern about prone position as setup errors and reproducibility in comparison with 
the international standard supine position in women undergoing whole-breast radiotherapy 
was justified by Kirby et al., matching chest wall and clips on cone-beam CT (CBCT) images 
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acquired prior to the fractions 1, 4, 7, 8, 11 and 14. Setup errors were greater using prone tech-
nique than for supine technique as follows: systematic errors: 1.3–1.9 mm (supine) and 3.1–4.3 
mm (prone) (p = 0.02) and random errors: 2.6–3.2 mm (supine) and 3.8–5.4 mm (prone) (p = 
0.02). Even patient-comfort-scores and treatment times were similar, calculated CTV-PTV mar-
gins were calculated to be larger for prone (12–16 mm) than for supine treatment (10 mm) [11].

2.3. Lateral decubitus position

Lateral decubitus position is a side-lying setup especially generated for large-sized and pen-
dulous breasted patients. In experienced clinics, this setup has been used especially for only 
breast irradiated cases as lymphatic coverage could be problematic in this position. Campana 
et al. presented their isocentric lateral decubitus technique at the Institute Curie where almost 
500 patients were treated at 50 Gy whole beast radiotherapy [12]. Thin carbon fiber supports 
and special patient positioning devices have been developed especially for this technique. Their 
techniques have been proven to show good homogeneity of the dose in breast treatment volume, 
with extremely low dose to the underlying lung and heart [12]. Despite applicable single center 
results, this technique has not been spread out and accepted for the routine clinical work flow.

2.4. Thermoplastic bra

Use of thermoplastic bra has been investigated with the objective of minimizing organ at 
risk doses, as it moves the breast widely lateral. It has been found to provide shallower beam 
arrangement for left breast (medial: 288°–315° with bra vs. 302°–325° without bra) and to 
decrease lung doses by 30.6% without any dedicated selection criteria for daily clinical use 
[13]. The main concern on thermoplastic mask users related with the skin dose and possible 
associated clinical exacerbation of side effects turned out to be not significant.

3. Planning and delivery methods

3.1. 3DCRT

Conventional two dimensional wedge compensators have been used to shape the treatment 
fields for many decades. After integration of CT and more sophisticated planning programs 
in radiotherapy clinical routine, target location can be defined precisely and dose distribu-
tion can be obtained more homogenously. The target and critical structure volumes for three-
dimensional conformal radiotherapy (3DCRT) have been defined according to ICRU reports 50 
and 62 [14]. A major challenge to improve dose uniformity is the irregular shape and size of the 
breast while minimizing the risk of treatment-related complications. In recent years, conformal 
RT, particularly, forward or inverse intensity modulated RT (IMRT), which is a more advanced 
and sophisticated form of 3DCRT, is becoming popular for breast irradiation as it provides 
reduced inhomogeneity and/or better normal tissue sparing [15]. Additionally, lately accessible 
image-guided RT (IGRT) can significantly increase precision of conformal treatment delivery.

3DCRT is based on patient’s simulation CT with pertinent anatomical data for target defini-
tion as the first and most important step of this advanced planning system. Target delineation 
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and consistency of target volumes have been accepted as priority, RTOG and EORTC have 
published breast cancer-specific atlases easily reachable on websites for uniformity among 
interobservers [16, 17] (http://www.rtog.org/CoreLab/ContouringAtlases/BreastCancerAtlas.
aspx). In addition to atlas-based contouring publications, quantification of the multi-institu-
tional, multi-observer variability of target and organ-at-risk (OAR) delineation for breast can-
cer radiotherapy and its dosimetric impacts has been an attractive topic. Li et al. assembled 
nine radiation oncologists specializing in breast RT from eight institutions to individually 
delineate lumpectomy cavity, boost planning target volume, breast, supraclavicular, axillary 
and internal mammary nodes, chest wall and OARs (e.g., heart, lung) on the same CT images 
of three demonstrative patients with breast cancer [18]. The variability in contouring the tar-
gets and OARs was as low as 10% while the volume variations had standard deviations up to 
60%. These inter-observer differences can easily end up in significant changes in dosimetry 
in for breast radiotherapy planning. Further work is warranted to obtain a systematic con-
sensus, especially in the era of IMRT/IGRT, which could be used and easily adapted by the 
institutions. In similar standardization attempts to minimize the variation in substructure 
delineation for organs at risk, a detailed cardiac CT atlas have been developed by University 
of Michigan [19]. If patient has supraclavicular positive lymph node present, additional dose 
to supraclavicular region will bring into the question of brachial plexus dose. Brachial plexus 
contouring is mostly thought as a part of head and neck or lung IMRT, so breast radiation 
oncologists are encouraged to follow contouring guidelines for the brachial plexus (BP) using 
anatomically validated cadaver data set and head and neck case series [20, 21]. An average 
margin of 4.7 mm around the anatomically validated brachial plexus contour is instructed to 
cover and compensate all the anatomic variations of brachial plexus [20].

Many irradiation techniques such as single isocentric 3D conformal whole breast irradiation, 
prone position technique, four or five field irradiation technique for peripheral lymphatic were 
described and widely used all over the world and details will not be given as it is not in the 
scope of this chapter. For each CT data (2–5-mm slices), the dosimetric plans were created by 
appropriately adjusting the beam apertures such as beam angle, collimator angle, couch angle, 
wedges, energies, weights and multi-leaf collimators by virtual simulation through digitally 
reconstructed radiographs (DRR); therefore, the planning goals on coverage and OAR sparing 
can be achieved. Beam apertures were selected to fully cover the targets for each set of con-
tours. Photon beams of 6 and/or high energy 15–18 MV were used to irradiate breasts, chest 
wall and boost PTVs tangentially, supraclavicular and axillary nodes. Electron beams with or 
without a combination of 6 MV photons were used for internal mammary nodes.

As the treatment plan evaluation starts with all axial slices to be checked whether bearing hot 
or cold regions or not. Next step is the evaluation of dose volume histograms (DVH), which 
is a graphic expression of dose distribution volume in target or OAR. The planning goals 
are recommended to cover the breast or chest wall with ≥95% with maximal point dose but 
≤110%, while OAR doses are limited with contralateral breast ≤3.30 Gy, ≤20% of ipsilateral 
lung ≥20%, ≤5% of heart ≥20% for left-sided breast cancer and 0% of heart ≥25% for right-sided 
breast patients, and mean heart dose ≤5 Gy [22].

Transition from 2D to 3D has been promising under dosimetric studies revealing an improve-
ment. When conventional 2D and mono-isocentric 3D techniques were dosimetrically compared  
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in terms of coverage and normal tissue doses, Guillert et al. stated that homogeneity, regional 
lymphatic irradiation and heart and spinal cord protection were better with the mono-isocen-
tric 3D technique [23]. Leite et al. dosimetrically assessed incidental irradiation of the inter-
nal mammary lymph nodes (IMLNs) with using opposed tangential fields with 45–50.4 Gy 
conventional two-dimensional (2D) or 3DCRT techniques in their cohort of 80 breast cancer 
patients and documented the mean dose to the IMLNs as 7.93 Gy in the 2D cohort in compari-
son with 20.64 Gy in the 3D cohort [24]. Even all dosimetric parameters were higher in 3DCRT 
plans, still we need to improve coverage. These results from the studies analyzed above have 
proven that more attempts have to be taken to cover target volume without increasing dose 
to normal organs.

3.2. IMRT

Breast has been one of the complex radiation delivery areas due to the complex anatomi-
cal geometry and differences of depth of regional nodal areas. Two-dimensional and 3DCRT 
have been used safely and with high local control rates, but homogeneity and normal tis-
sue doses have been the two problematic topics until advanced radiation delivery techniques 
based on image guidance has been established. IMRT can be designed as a forward or inverse 
planning technique [25]. The forward planning is more common in clinical practice, uses simi-
lar beam angles without old school wedges, but manually created field in fields decreasing 
the hot high dose regions to optimize the dose distribution [26, 27]. Forward planning follows 
optimization algorithms to provide dose homogeneity and coverage [27].

The use of IMRT in breast cancer radiotherapy has been investigated in couple of fundamen-
tal prospective clinical studies [28, 29]. First was the Royal Marsden study comparing 2D 
wedge based, 3D and IMRT techniques in terms of acute and long-term side effects. The pri-
mary end point was objective change in breast appearance based on serial photographs of 306 
patients obtained before treatment, at 1-, 2- and 5-year follow-up. The conventional treatment 
arm patients were 1.7 times more likely to have a change in breast appearance compared to 
IMRT arm patients, suggesting that minimization of dose inhomogeneity in the breast reduces 
late adverse effects, whereas there were no significant differences on the patient reported 
breast discomfort and quality of life between 2SD and IMRT arms [28]. Second randomized 
trial by the Canadian group has supported the findings and concluded that 4–7 segmented 
IMRT decreased moist desquamation rates which was also related with the breast cup size 
[30]. Third prospective trial from Cambridge has focused selective forward IMRT planning 
on the patients if inhomogeneity exceeds 107% with standard planning and concluded that 
improved plan parameters with forward IMRT were obtained [29]. Dosimetrically reduction 
in surface doses using IMRT technique has been shown to be almost 20%, and this has been 
turned to be a reduction in skin acute side effects from 52 to 39% in clinical experience without 
compromising local regional control success [26]. All pertinent studies have supported the 
value of early breast cancer treatment with IMRT providing lesser acute skin toxicities, which 
would effect long-term cosmetics [31, 32].

The next question was whether more homogenous dose distribution will turn into survival 
advantage compared to conventional 2D or 3DCRT. Yang et al. retrospectively reviewed 234 
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patients treated for stage 0–III breast cancer (conventional:131 vs. IMRT: 103) and documented 
locoregional failure-free survival and disease-free survival at 8 years as 96.7 vs. 97.6% and 91.2 
vs. 93.1% for conventional RT and IMRT, respectively [33], while less frequent acute skin tox-
icity by IMRT did not translate into a significant decrease in late toxicity rates in follow-up.

IMRT can add benefit when hypofractionation is prescribed. Hardee et al. compared toxicity 
of patients treated according to the Canadian hypofractionation regimen (40 patients with 
3DCRT and 57 with IMRT) [34] and demonstrated IMRT reducing the maximum dose (Dmax 
median, 109.96% for 3DCRT vs. 107.28% for IMRT; p < 0.0001) and improving median dose 
homogeneity in comparison with 3D-CRT. Besides, grade 2 dermatitis decreased from 13% in 
the 3DCRT group to 2% in the IMRT group, and decreasing rates of acute pruritus and grade 
2–3 sub-acute hyperpigmentation were noted in IMRT group [34].

The use of more sophisticated treatment techniques will be more critical especially for organ 
at risk—lung and heart—doses in more complex treatment fields for locally advanced breast 
cancer patients. A dosimetric study by Lohr et al. evaluated the effect of IMRT on cardiac 
doses compared to 3DCRT at their CT data set of 14 patients [35]. Plans were generated by 
two conformal beam angles chosen to minimize heart and lung doses for 3DCRT and nine 
beams (0°–335°, 25° apart) over left hemi-thorax in a coplanar fashion for IMRT [35], where 
IMRT had provided superior dosimetric parameters for maximal dose to heart, V30 and V40 
of heart and left ventricle except mean and median dose of heart which increased from 6.8 to 
8.5 Gy and from 1.02 to 2.77 Gy, respectively. In the light of these results, Lohr et al. stated that 
mean risk of excess cardiac mortality significantly decreased from 6.03 to 0.25% according to 
their relative seriality model [35].

Conventional irradiation of regional nodal irradiation was known to deliver inadequate 
homogeneity and to be usually a challenge depending on the patients’ geometry, location 
close to the normal organs and patient-dependent variation of depth [3, 36]. In a dosimet-
ric study, three field, four field, CT-based 3D and forward IMRT treatment options were 
compared and superior nodal coverage has been achieved by both CT-based 3D and IMRT 
techniques, despite the fact that contralateral breast and ipsilateral lung V5 and V20 doses 
increased by 3–4 field IMRT [3]. The recent rotational form of IMRT, volumetric arc therapy, 
has also been studied dosimetrically for locally advanced breast cancer patients requiring 
regional lymph node irradiation with conflicting results [37, 38]. Ma et al. replanned left-
sided, locally advanced patients with 3DCRT-field in field, five field IMRT (2 tangents, 2 ante-
rior and 1 supraclavicular field) and two coplanar partial arc VMAT to a prescription dose 
of 50 Gy [37], the planning goals were defined as follows: PTV:[ D95 (95% of PTV receiv-
ing a prescription dose or higher) = 50 Gy, V47.5 Gy ≥95%, V53.5 Gy ≤5%]; heart: [Dmean 
≤10 Gy, V10Gy ≤20%,V20Gy ≤15%]; left lung: [Dmean ≤15 Gy, V10Gy ≤30%, V20Gy ≤20%, 
V30Gy ≤10%]; right breast:[Dmax ≤3 Gy]; spinal cord: [Dmax ≤45 Gy]; left humeral head: 
[Dmean ≤50 Gy]. Both 5F-IMRT and 2P-VMAT plans demonstrated comparable PTV cover-
age (V95%), hotspot areas (V110%) and conformity (all p > 0.05) which were significantly 
superior to 3DCRT-FinF, and 5F-IMRT plans provided significantly less heart and left lung 
dose than 2P-VMAT (all p < 0.05); therefore, Ma et al. specified that 5F-IMRT has dosimetrical 
advantages compared with the other two techniques in comprehensive breast irradiation for 

Modern Radiotherapy Era in Breast Cancer
http://dx.doi.org/10.5772/66906

275



left-sided breast cancer based on balance between PTV coverage and normal organ sparing 
[37]. Tyran et al. evaluated arc therapy and a forward-planned multi-segment technique with 
a mono-isocenter technique for left-sided breast treatment, involving lymph node irradia-
tion including the internal mammary chain [38]. VMAT improved PTV coverage and dose 
homogeneity but distributed low doses to a larger volume which blurred the clinical benefits. 
In another preclinic study revealed that VMAT achieved similar PTV coverage and sparing 
of organs at risk, with fewer monitor units and shorter delivery time than cIMRT with con-
ventional modified wide-tangent (MWT) techniques for locoregional radiotherapy of breast 
cancer [39]. Based on the conflicting dosimetric studies and without any published clinical 
study, no general recommendations for VMAT could be drawn for its use in daily clinical 
practice, leaving the decision to the institutional decision based on the planner’s experience, 
expectations and required quality assurance.

Especially forward IMRT, using tangential bream angels and creating multiple segment, can be 
accepted as standard approach in clinical practice taking into the considerations of acute toxic-
ity [40, 41]. The published literature of forward or inverse IMRT use in clinical practice of breast 
cancer, has mainly focusing on toxicities and have short follow-up time. In Canadian guidelines, 
based on the similar local control and overall survival results, IMRT has not been recommended 
over tangential radiotherapy field design [42]. Of course, the cost of using new technologies needs 
to considered as if they only reduce toxicity profile due to treatment. In USA, systematic analysis 
of Medicare reimbursement data during 2012–2015, for prostate, anal, gynecological and head-
neck cancers, declared that IMRT has been more costly than 3DCRT approximately 12.834$ per 
patients and this cost can go up to 19.113$ and breast IMRT has been named as the least expen-
sive IMRT depending on the less complex structure compared to a head and neck workload [43].

3.3. Tomotherapy

Lately, an innovative method of IMRT has been developed as a combination of helical IMRT 
with CT image guidance at the University of Wisconsin-Madison named as TomoTherapy® 
Hi•Art® [44]. A small megavoltage X-ray source was built in an analogous to that of a CT 
X-ray source, and the geometry provided the chance to deliver treatment applying the 360° 
rotation of the CT gantry and the couch moving the patient slowly through the center of the 
ring, with the mounted megavoltage linear accelerator around the gantry ring in a spiral fash-
ion to direct the beam at a slightly different plane at the each rotation of gantry. TomoTherapy 
Hi•Art can also accomplish a quick CT scan before each treatment starts for image guidance 
in the era of modern linear accelerators [45].

TomoTherapy has been used to treat other sites than breast such as prostate, brain, head and 
neck, lung, prostate, etc. [44], and when considered for breast cancer treatment, the format of 
helical tomotherapy sound unsuitable based on the use of all gantry angles delivering low 
doses to areas such as contralateral lung and breast in comparison with conventional standard 
tangents field design which would only deliver a scatter dose to these organs. Starting point 
of clinical experience of helical tomotherapy for breast cancer has been a treatment of com-
plicated case scenarios such as bilateral breast cancer to be irradiated for the bilateral breasts/
chest wall and regional nodes. Kaidar-Person et al. reviewed nine-cased treated for breast and 
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regional nodal irradiation with Helical tomotherapy in their institute in 5 years of period [46]. 
The average lung V20, lung V5 and heart mean dose was 29%, 66% and 20 G, respectively. 
Clinical significant acute toxicity was observed such as dysphagia (5/9), fatigue (4/9), nausea 
and weight loss (1/9) and skin desquamation (9/9) [46]. Goddu et al. also estimated the prac-
ticability of using helical tomotherapy for locally advanced left-sided breast cancer in a dosi-
metric planning study on 10 CT data sets comparing a multifield three-dimensional technique 
with the tomotherapy treatment planning for 50.4 Gy dose [47] and found tomotherapy to 
increase the minimal dose to the planning target volume and improve the dose homogeneity. 
While decreasing the mean percentage of the left lung volume receiving 20 Gy in the tomo-
therapy plans decreased from 32.6% to 17.6 ± 3.5%, while increasing lower dose levels as V5 
from 25 to46%. The same observation was present for heart such tomotherapy decreased V35 
Gy from 5.6 to 2.2% with an increase from 7.5 to 12.2 Gy for mean heart dose levels [47]. These 
dosimetric studies confirmed that tomotherapy plans provided better dose conformity and 
homogeneity than three-dimensional radiotherapy, while the disadvantage of tomotherapy 
seems to be low dose bath and higher lower dose parameters for the normal tissue bearing an 
unpredictable effect for the long-term effects. In a case presentation from Institue Curie, com-
parison of 3DCRT dorsal decubitus and 3DCRT lateral isocentric decubitus with tomotherapy 
plan for T2N0M0 breast cancer patient revealed that tomotherapy plan has been preferred as 
it could deliver optimal coverage to the planning target volumes while also providing toler-
able doses to the patient’s heart and lungs [48].

The use of the tomotherapy unit in fixed gantry positions with the beam intensity modu-
lated by the micro collimators as the patient is moved through a stationary gantry could 
be the best approach in breast cancer treatment. This design can limit the low dose bath 
effect and created an almost a tangential approach. This form of tomotherapy has been used 
by O’Donnell and they present their case solutions for bilateral disease, left breast irradia-
tion, pectus excavatum, prominent contralateral prosthesis and internal mammary chain 
 disease [49]. Their planning results with a more limited number and angle of beams than 
standard helical tomotherapy technique results reassured better conformity of treatment 
with improved coverage of the planning target volume, including regional nodes, without 
field junction problems [49].

The major two important concerns in tomotherapy similar to IMRT and VMAT are time-
consuming planning and quality assurance than standard breast irradiation and increasing 
low dose ‘bath’ as a major concern on late oncogenesis. Published comparative studies of 
conformal radiotherapy and IMRT have revealed generally better target volume coverage 
and organ-at-risk dose reductions and worse risk of secondary cancer induction based on 
increased out-of-field leakage radiation with higher number of fields and used monitor units 
in IMRT plans; the overall estimation of lifetime attributable risk of the radiation-induced can-
cer risk was lower with 3DCRT than with IMRT or VMAT [50, 51]. Comparison of five treat-
ment modalities including tomotherapy, 3D conformal radiotherapy, field in field, IMRT and 
VMAT in breast cancer patients, tomotherapy plans provided better dose homogeneity in the 
target volume, as IMRT and VMAT plans created better dose coverage and dose conformity; 
the V20Gy of the ipsilateral lung was the lowest in the single isocentric IMRT plan, followed 
by the 3–4 arc VMAT, 3D-CRT, TOMO, and Field in field plans, and the V10Gy was the highest 
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for the VMAT plan among the five modalities [52]. Keeping in mind that lifetime attributable 
risk of secondary cancers depends on organ's distance from the primary beam and the used 
modality, risk of secondary malignancies expected in the ipsilateral lung, thyroid, contralat-
eral lung and contralateral breast were found to be the highest for the VMAT plans, followed 
by the IMRT plans [34], and remarkably, the risk of the Tomotherapy was comparable to or 
lower than those of the 3DCRT and Field in field plans [52]. This study clarified one of the 
major concerns of tomotherapy and can reflect more common use of tomotherapy in breast 
cancer treatment.

3.4. Proton therapy

Proton radiation is a particle radiation which has a capability of depositing therapeutic radia-
tion at a fixed point with sparing of tissues beyond the target. Although proton therapy is 
prescribed in fractions similar to photons, its radiobiological effect rate is higher than (1.1) 
photons [53]. The use of protons in treatment has been evaluated primarily for tumors requir-
ing high doses or located in close proximity to critical structures such as prostate cancer, 
brain tumors and childhood cancer. Despite dosimetric advantages, extensive cost of equip-
ment and maintenance has been defined as an important barrier fact for protons to become 
widespread in clinical use. Nowadays, 61 centers are operating over the world, and in 2020, 
the estimated number of proportional proton radiotherapy centers will be 91 [54]. Clinically, 
proton has limited use in breast cancer, although it has an exclusive capability to archive 
full coverage of the breast or chest wall with a rapid fall-off of dose beyond the target which 
would be a great contribution for acute and late cardiopulmonary toxicities. Hence, greater 
data were present for accelerated partial breast irradiation (APBI) with longer follow-up.

Galland-Girodet et al. compared photon-based and proton-based APBI in phase 1 study and 
7 year ipsilateral breast recurrence rate 11 vs. 4%, respectively. The physician assessment 
of overall cosmesis was good or excellent for 62% of proton patients, compared with 94% 
for photon patients depending on more skin toxicities such as telangiectasia, pigmentation 
changes, fibrosis and patchy atrophy [55]. Loma Linda Medical center has the largest proton-
based APBI experience including 100 patients treated with 40 Gy (RBE) in 10 daily fractions, 
with patient and physician reported cosmesis, tumor recurrence and dermatitis rates of 90, 
3 and62% at 5 years, respectively [56]. Proton-based APBI, therefore, is accepted as a non-
inferior treatment option for early-stage breast cancer patients.

There are few single-center case series that presented the use of proton for treating peripheral 
lymphatics, especially for locally advanced breast cancer with short follow-up periods. In a 
dosimetric comparison of proton in combination with 3DCRT to 3DCRT (photon + electron) 
and IMRT, proton have improved coverage and has decreased dose exposure to normal tissue 
adjacent to target [57]. First clinical report from Massachusetts General Hospital consists for 
12 locally advanced breast cancer and they based their prospective trial on a dosimetric com-
parison of 11 patients plans with protons, partially wide tangent photon fields (PWTF) and 
photon/electron (P/E) fields. Proton therapy achieved superior coverage with a more homoge-
neous plan compared to PWTF and P/E fields, also considerable cardiac and pulmonary spar-
ing was achieved with proton therapy as compared to PWTF and P/E [58]. They afterwards 
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reported feasibility of proton delivery of post-mastectomy proton radiation to a dose of 50.4 Gy 
[relative biological effectiveness (RBE)] to the chest wall and 45–50.4 Gy (RBE) to the regional 
lymphatics with or without reconstruction. With maximum grade 2 skin toxicity (75%) and no 
radiation pneumonitis reported, proton RT for post-mastectomy RT was found to be feasible 
and well-tolerated. They noted that mean heart dose was as low as 0.44 Gy and this was the 
strongest argument for using protons for extensive chest-wall irradiation.

The second report by Memorial Sloan Kettering, including 30 patients, supported the positive 
results of early toxicity and normal tissue sparing shown by the previous literature [59]. They 
have used uniform scanning beams with anterior orientation for delivery. Supraclavicular 
field and chest-wall field were matched anteriorly, a set of beams with same orientation has 
been shifted 1-cm superior/inferiorly for feathering to minimize hot spots. Similar to previ-
ous report, mean heart dose was 1 Gy (RBE) and grade 2 skin toxicity rate was 71.4%, also 
29% of the patient experienced moist desquamation [59]. Uniform scanning proton therapy 
provides100% dose at the skin without using a bolus for post-mastectomy patients. This effect 
depends on the technique, selective skin sparing can be obtained by pencil beam scanning 
with proximal range modulation advantage.

University of Florida recently published a prospective pilot study including 18 women (stage 
IIA-IIIB, 10 patients with proton therapy, 8 patients with proton-photon combination) requir-
ing comprehensive breast radiation [60]. Proton therapy was shown to improve target cover-
age for the internal mammary nodes and level 2 axilla while median cardiac V5 was 0.6% with 
PT and 16.3% with conventional radiation (p < 0.0001). Within median 20-month follow-up, 
only grade 3 toxicity developed was dermatitis in four patients (22%) [60].

The most important advantage of proton treatment was almost none ‘low dose bath’ dose 
compared to IMRT techniques as high integral doses of heart, lung and coronary arteries 
could be associated with increased long-term complications and secondary cancers for espe-
cially young population. This philosophy behind using proton therapy in breast cancer treat-
ment has been an attractive research area.

Another repeatedly cited concern concerning about the use of proton radiation is cost. 
Although the dosimetry serves for advantage dose distribution and superior normal organ 
sparing compared to standard RT, clearly more long-term and superior clinical results are 
also warranted to rationalize the higher cost of proton therapy. Lundkvist et al., accomplished 
a cost analysis demonstrating that proton therapy could be cost-effective if main aim is pri-
marily heart sparing [61]. As a conclusion, proton radiotherapy dose distribution of radiation 
to chest wall/breast and regional lymphatics has been proven to provide excellent coverage 
with improved sparing of adjacent normal structures but until the cost of proton therapy 
decreases, we have to select eligible patients carefully.

3.5. Hypofractionation

Conventionally, radiation treatment after breast surgery has prescribed to the whole breast 
with total doses of 45–50 Gy delivered in 1.8- to 2-Gy daily fractions, and in many cases fol-
lowed by an additional 10- to 15-Gy boost dose to the tumor bed, for a total of 5–6 weeks of 
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daily treatment. The cost and travel distance to radiotherapy centers for multiple weeks are 
the most known barriers to the administration of radiotherapy. One of the solution was using 
increased daily fractions to lessen the total treatment time. Radiobiologic studies have pro-
posed that breast cancer cells have a alpha-beta ratio which is similar to late reacting normal 
irradiated tissues [62] and the Royal Marsden Hospital/Gloucestershine Oncology Center trial 
based on the alpha-beta ratio of almost 4 Gy aiming equivalent tumor control with shorter 
hypofractionated schedules to a lower total dose randomized 1410 women with invasive 
breast cancer to receive 50 Gy radiotherapy given in 25 fractions, 39 Gy given in 13 fractions, 
or 42.9 Gy given in 13 fractions, all given over 5 weeks [63, 64]. After a median follow-up of 9.7 
years, the risk of ipsilateral tumor relapse after 10 years was 12.1% in the 50 Gy group, 14.8% 
in the 39 Gy group, and 9.6% in the 42.9 Gy group [64]. Hypofractionation schemes were 
confirmed to be safe, effective and encouraged shorter course for early-stage breast cancer 
patients without compromising local recurrence or survival end points.

Hypofractionated regimens of irradiation to the whole breast have been studied by Canadian 
and English radiation oncology groups. Initially, Canadian trial enrolled 1234 women with 
invasive, lymph node-negative breast cancer treated by lumpectomy with negative pathologic 
margins and small to moderate breast size (breast separation ≤ 25 cm) to randomize to receive 
hypofractionated whole breast irradiation of 42.5 Gy in 16 fractions over 22 days versus stan-
dard whole breast irradiation of 50 Gy in 25 fractions over 35 days [65]. Acute toxicity was 
recorded similar between the arms, with only grade 2 or 3 radiation skin toxicity observed in 3% 
of patients in each arm. Additionally, long-term outcomes also were comparable between treat-
ment schemas, the 10-year risk of local recurrence was 6.2% in the hypofractionated arm and 
6.7% in the standard arm, as well as the rate of good or excellent cosmesis was 69.8% in the hypo-
fractionated arm and 71.3% in the standard arm [65]. The following supporting hypofraction-
ation randomized trial presented by START Trialists’ Group-START-A enrolled 1410 patients to 
either standard fractionated whole breast irradiation or hypofractionated schedules of 42.9 or 39 
Gy in 13 fractions over 5 weeks [66, 67]. Disease-free survival and overall survival were found 
to be similar in all arms except more moderate or marked skin toxicities were recorded at 39 Gy 
such as breast induration, telangiectasia and breast edema [66, 67]. The START B trial random-
ized 50 Gy in 25 fractions over 5 weeks versus 40 Gy in 15 fractions over 3 weeks in 2215 women 
(pT1-3a pN0-1 M0), and after a median follow-up of 6.0 years, reported lower local-regional 
tumor relapse (2.2 vs. 3.3%) and also lower rates of late adverse effects by photographic and 
patient assessments at 5 years in the accelerated hypofractionated arm [68]. Combining these 
START trials have suggested that use of 40 Gy in 15 fractions schema with fewer fractions of 
larger dose per fraction is at least as safe and effective as the historical standard regimen (50 Gy 
in 25 fractions) for women after primary surgery for early breast cancer [68].

An unplanned subgroup analysis of Ontario study proposed that the hypofractionated regi-
men was less effective in patients with high-grade tumors, having 10 years of cumulative 
recurrence incidence of 4.7% for standard RT and 15.6% for the hypofractionated RT with high-
grade tumors [65]. In contrast, START A and B studies did not demonstrate a significant out-
come measure respective to grade [67]. The proportion of patients with high grade tumors were 
19, 28% and 23% in the Canadian, START A and START B trials implying insufficient numbers 
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for appropriate conclusions as well as not calculated for a proper hypothesis. Therefore, the 
American Society for Radiation Oncology (ASTRO) task force could not reach a strict con-
clusion for comfortably advising use of HF-WBI for women with high-grade tumors until 
other studies clarified the outcome [69]. Bane et al. reexamined molecular and pathological 
features of 989 patients whose tumor blocks were present and checked thoroughly the associa-
tion between tumor classifications and local recurrence rates [70]. The 10-year cumulative inci-
dence was 4.5% for luminal A and basal-like, 7.9% for luminal B and 16.9% for HER-2 enriched 
tumors (p < 0.01); albeit tumor grade, molecular subtype or hypoxia did not predict any cor-
relation between local recurrence and hypofractionation. Accordingly, hypofractionated radio-
therapy is now considered appropriate regimens as a first treatment option for all grades and 
molecular subtypes of breast cancer; ASTRO published an evidence-based guideline for the use 
of hypofractionation and whom to prescribe in clinical practice [69]. Mainly, the routine suit-
able group for hypofractionation was defined as follows: age older than 50 years, stage T1–T2, 
no use of chemotherapy and central axis dose of 93–107%. The recommended schedules were 
42.5 Gy in 16 fractions (Canadian trail), 41.6 Gy in 16 fractions over 5 weeks (START A), 40 Gy 
in 15 fractions over 3 weeks (START B). As the clinical approach spread all over the radiation 
oncology world, the suitable group criteria’s expanded and nowadays this scheme is suitable 
for all ductal carcinoma in situ or T1–T2 invasive ductal carcinoma tumors with N0 status 
above 40-year old without any restriction. In case of regional lymph node irradiation, the lit-
erature has low toxicity rates in retrospective analysis regarding brachial plexopathy with the 
use of hypofractionation.

There is an increasing attention to more intensified hypofractionation in the treatment of breast 
cancer which has ground for randomized UK FAST Trial, published in 2001 with first results 
[71]. They have compared 50 Gy in 25 fractions, 30 Gy in 5 fractions or 28.5 Gy in 5 fractions, all 
over 5 weeks, and based on adverse effects in the breast with 3-year median follow-up, 28.5 Gy 
in 5 fractions was found to be comparable to 50 Gy in 25 fractions and was significantly better 
than ultra-short schema 30 Gy in 5 fractions [71]. Further studies are ongoing to build upon 
these findings including questions for assessing the values of concomitant boost with IMRT.

3.6. Accelerated partial breast radiotherapy

The role of partial breast irradiation (PBI) has been based on the knowledge that whole breast 
radiotherapy does not appear to prevent the development of new primary cancer in elsewhere 
localization in breast other than primary tumor quadrant being true recurrences. Pathological 
studies have examined specimens, and it revealed that residual tumor is detected in 15 mm 
or less in more than 90% of the cases [72]. PBI is the limited volume irradiation of breast tis-
sue covering just around the tumor bed with a margin. PBI delivers a larger fraction dose in 
shorter total treatment time to reduce RT waiting period. Today, this technique can be applied 
by either intracavitary brachytherapy or MammoSite, interstitial brachytherapy, intra-opera-
tive techniques using electrons or X-rays at 50 kVp or external beam radiotherapy.

In order to select proper patients for these modalities, three different groups have been 
described where only minor differences were present between the set criteria’s. American 
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Society of Therapeutic Radiation Oncology (ASTRO) recommendations are divided into 
three categories labeled as ‘suitable’ [≥60 years, tumor size ≤2 cm, pN0(i+/i−), no LVSI, inva-
sive ductal carcinoma (IDC), margin (−), unifocal], ‘cautionary’ [50–59 years old, tumor size 
2.1−3.0 cm, limited/focal LVSI, invasive lobular carcinoma (IlC), close margin (<2 mm), uni-
focal, DCIS ≤3 cm] ‘unsuitable’ [≤50 years, tumor size ≥3 cm, DCIS ≥3 cm, positive margin, 
multifocal, LVSI (+), ≥pN1] groups. American Society of Breast Surgeons (ASBS) has defined 
as age 45-year old or older for invasive cancer, age 50 years or older for DCIS, invasive carci-
noma or ductal carcinoma in situ, Total tumor size less than or equal to 3 cm in size, negative 
microscopic surgical margins, pN0 [73]. American Brachytherapy Society (ABS) APBI crite-
ria’s based on a review of clinical and pathologic factors by the clinician [age (≥50 years old), 
tumor size (≤3 cm), all invasive subtypes and ductal carcinoma in situ, surgical margins (neg-
ative), LVSI (not present) and nodal status (negative)] [74]. To clarify the patient selecting for 
APBI depending on the clinicopathological features, a nomogram detecting the locoregional 
recurrence in patients treated with accelerated partial-breast irradiation has been developed. 
The nomogram was established on the results of a total of 2000 breasts (1990 women) treated 
with APBI at William Beaumont Hospital (n = 551) and in the American Society of Breast 
Surgeons MammoSite Registry Trial (n = 1449). Almost all APBI types were prescribed (mul-
tiplanar interstitial catheters, 98; balloon-based brachytherapy, 1689; and three-dimensional 
conformal radiation therapy, 213). Univariate analysis found that age <50 years, pre-/peri-
menopausal status, close/positive margins, estrogen receptor negativity and high grade were 
associated with a higher frequency of LRR [75].

Interstitial brachytherapy is the first technique used to treat only a partial amount of breast 
tissue. At that time, electron beam therapy was not available, so boosts were delivered to tumor 
bed using low dose rate (LDR) interstitial brachytherapy. With the advent of high-energy lin-
ear accelerators, electron beam boosts for the most part replaced interstitial brachytherapy 
with better dose homogeneity and improved overall cosmesis parallel to the experience [76]. 
To date, numerous single-arm and some randomized studies have been published examining 
multi-catheter interstitial brachytherapy [77–80]. Commonly, these studies registered patients 
with early-stage low-risk invasive and in situ carcinoma of, T1 or T2, with some allowing up 
to three positive axillary lymph nodes (N1) with negative surgical margins. Interstitial cath-
eters were placed with a free-hand technique or a breast template with the placed surgical 
clips between 4 and 8 weeks after surgery. Earlier studies tend to use LDR or pulsed dose rate 
(PDR) sources, but the majority of the more recent series have been using 192Iridium (192Ir) 
high dose rate (HDR) brachytherapy. Generally, the target volume has been defined as the 
tumor bed plus 1–2 cm, 45–50 Gy with LDR and 30–36 Gy (using twice daily fractionation) 
with HDR. Local recurrence rates were ranged form0 to 8.9% [77, 79–81]. Usually, the rates of 
recurrence were low except the Guy’s Hospital experience which stated an ipsilateral breast 
tumor recurrence rate of 18% [82]. GEC-ESTRO published 5-year follow-up results of ran-
domized trial comparing interstisyel brachytherapy to whole breast radiotherapy for patients 
aged 40 years or more, small T1-2N0-miM0 (less than 3 cm) with negative margins and no 
lympho-vascular invasion (LVI) and excluded women with multifocal tumors. This trial has 
been conducted in 16 different centers in Europe. Planning and dose limits were as follows: 
The maximum skin dose less than 70% of the prescribed dose, the dose nonuniformity ratio 
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(V100/V150) below 0.35, 100% of the prescribed dose covered at least 90% of the target volume 
(coverage index ≥0.9). APBI was delivered a total dose of 32.0 Gy in eight fractions (8 × 4.0 Gy) 
or 30.3 Gy in seven fractions (7 × 4.3 Gy), with fractionation twice a day, was used for HDR 
brachytherapy. A total dose of 50 Gy with pulses of 0.60–60.80 Gy/h (one pulse per h, 24 h/day) 
was given by PDR brachytherapy. Analysis of 1184 patients with low-risk invasive and ductal 
carcinoma in situ treated with breast-conserving surgery has demonstrated that the cumula-
tive incidence of local recurrence was 1.44% with APBI and 0.92% with whole-breast irradia-
tion. The five-year risk of grade 2–3 late side-effects to the skin was 3.2% with APBI versus 5.7% 
with whole-breast irradiation, and grade 3 fibrosis at 5 years was noted as 0.2% with whole-
breast irradiation and 0% with APBI. Polgar et al., randomized 258 pT1N0-1miM0, grade 1 or 
2; T1N0-N1miM0, grade 1 or 2 patients with invasive breast cancer (unifocal tumors, tumor 
size less than 20 mm, clinically or pathologically N0, or single microscopic nodal metastasis) 
after wide local excision of tumor and negative pathological margins (greater than 2 mm and 
less than 2.0 mm) to receive either 50 Gy whole-breast irradiation (n = 130), APBI with multi-
catheter HDR brachytherapy (n = 88), or APBI with electron beam irradiation (n = 40). The local 
recurrence at 10 years was 5.9% after APBI and 5.1% with whole-breast irradiation (p = 0.767) 
after median follow-up of 10.2 years. Excellent-to-good cosmetic results were 81% with APBI 
and 63% with whole-breast irradiation (p < 0.01) [77]. The literature has confirming results 
showing that the overall cosmesis scores were good to excellent for the majority of the patients 
with low rates of late complications [77, 80, 83]. Recently, phase 2 study of NRG Oncology/
Radiation Therapy Oncology Group 9517 published 10-year rates of oncological outcome mea-
sures of accelerated partial breast irradiation using multi-catheter brachytherapy including 98 
stage I/II unifocal breast cancer patients (tumor size <3 cm, negative surgical margins and 0–3 
positive axillary nodes without extracapsular extension). High dose rate group received 34 
Gy in 10 twice-daily fractions over 5 days and low dose rate (LDR) brachytherapy had 45 Gy 
in 3.5–5 days. Only five regional recurrences were defined. The 10-year disease-free survival, 
overall survival and contralateral breast event rates were 69.8, 78.0 and 4.2%, respectively [84]. 
Despite the encouraging results of the literature and long years’ experience, interstitial brachy-
therapy stayed limited to selected institutes owing to the requirements of dedicated team, 
experience, skills and specific equipment.

External-beam XRT is the other option for APBI administration with an advantage of nonin-
vasive nature, widespread availability of required resources, and knowledge of final pathol-
ogy before the treatment planning. External APBI is most frequently administered in a 38.5-Gy 
regimen divided into 10 fractions given twice per day for 5 days. Rodríguez et al. reported on 
the 5-year outcomes of 102 patients with features of pT1-2pN0M0 invasive ductal carcinoma, 
tumor size 3 cm or less, negative margins and grade 1 or 2 histology randomized to receive 
whole breast irradiation (48 Gy/with or without boost) using three-dimensional conformal 
external beam radiation therapy (37.5 Gy in 3.75 Gy per fraction) or APBI [85]. Beam weights 
were manually optimized to cover the PTV by the 95% isodose line while maintaining a hot 
spot of <105%. For imaging, portal images of each beam and an orthogonal (anteroposterior) 
images were obtained for the first and second fractions. At a median 5 years of follow-up, 
aside from no local recurrences, APBI also reduced acute side effects and radiation doses to 
healthy tissues compared with WBI. Physician assessment showed that >75% of patients in 
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the APBI arm had excellent or good cosmesis similar to whole breast group, and these out-
comes has not changed at the follow-up [85].

An interim analysis of the RAPID (randomized trial of APBI) trial was important in terms 
of cosmetic results in which 1108 patients (invasive ductal carcinoma or ductal carcinoma in 
situ with tumors <3 cm, negative margins and no involved axillary nodes) were randomized 
to either 3D external beam APBI or WBRT. RAPID trial used 3DCRT in 38.5 Gy/10 fractions 
over 5–8 days (with a minimum 6 h gap between fractions given on the same day) and two 
fractionation schemas for WBRT: 50 Gy/25 fractions or 42.5 Gy/16 fractions. Baseline post-
treatment nurse assessment for adverse cosmesis was 19% in the APBI arm and 17% in the 
WBRT arm and at the third year evaluation, these rates were increased in APBI arm to 29% 
and remains stable −17% for WBRT [86]. The worsening cosmetic results have been shown 
previously reported by single institute reports of Michigan University and Tufts University. 
Despite the good cosmetic outcome results in the non-randomized, multicenter studies, exter-
nal beam-based APBI has been used with caution in practice [87–90]. The National Surgical 
Adjuvant Breast and Bowel Project (NSABP) B-39/Radiation Therapy Oncology Group 
(RTOG) 0413 trial that randomized 3000 patients to WBXRT or partial breast irradiation (PBI) 
finished patient recruiting but will be completed at April 2020. As most of the patients on the 
non-WBXRT arm have received 3D-CRT, the results will help to enlighten the cosmetic results 
and routine use of external beam as an option [91].

Catheter-based radiation therapy (brachytherapy) has been performed with MammoSite™ 
(Hologic, Marlborough, MA, USA) as the first balloon-based catheter and following with sin-
gle and multi-lumen catheters Contura®, and SAVI™, in historical order. These catheters can 
be found in different sizes and shapes. All placement for insertion shared the same protocols 
where placement can be performed at either at the time of lumpectomy or as a postponed 
procedure up to 2–6 weeks after operation. Ultrasound guidance is the key device to detect 
the seroma and guide the catheter insertion along the longest axis diameter of the cavity. The 
device can be inserted through the surgical scar or a separate incision pathway could be cho-
sen depending on Ultrasound guidance or the cavity evaluation CT of the patients that was 
obtained at radiation oncology clinic before placement. This cavity evaluation CT also serves 
for detecting proper size of the catheter. If the APBI decision was already given before surgery, 
a ‘placer’ can be put in the cavity and the balloon placer is then inflated with sterile saline to a 
diameter of 4.0–5.0 as it is described above and after evaluating the final pathology, it can be 
replaced by the selected size of the catheter. After insertion, a new CT scan is then obtained to 
assess the conformance of the balloon to the cavity and the presence of air or fluid gaps. A ratio 
of air or fluid in the cavity to balloon surface of less than 10% is usually acceptable, and also 
just for single lumen catheters a balloon-skin distance equal or greater than 5 mm is warranted. 
The lumpectomy cavity is then delineated and expanded by 1 cm to define the PTV. The most 
commonly prescribed dose is 3.4 Gy BID to a total of 34 Gy. Recommended dose constraints 
and contouring recommendations are given in Table 1. It is recommended that the placement 
and the position of the catheter has to be checked before each treatment.

MammoSite is the first developed balloon-based single-lumen device and major disadvan-
tage is the minimum distance of skin required from skin to cavity which is about 7 mm. After 
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new developments, MammoSite also changed its single lumen form and a multi-lumen cath-
eter released similar to Contura and SAVI.

Contura™ (SenoRx, Inc. Aliso Viejo, CA, USA) is a similar balloon catheter that has multiple 
catheters within the balloon and also comes in different sizes to fit the cavity. The multiple 
catheters offer optimization of the plan to that better normal tissue and skin sparing meaning 
that skin cavity distance has no more importance for patient selection, allow more precise 

Contouring

-Excision cavity Outlined based on either visualization on CT, or if placed, 
contouring around the surgical clips

Clinical target volume CTV) CTV = Excision cavity + 15 mm

CTV limited to 5 mm from the skin surface and by the 
posterior breast tissue (chest wall and pectoralis muscles are 
not to be included)

PTV PTV = CTV + 10 mm

PTV is used to generate the beam aperture with an 
additional margin for penumbra

PTV_EVAL PTV_EVAL = PTV—anything outside the ipsilateral breast, 
the first 5 mm of tissue under the skin (in order to remove 
most of the buildup region), and any PTV expansion 
beyond the posterior extent of breast tissue (chest wall, 
pectoralis muscle, and lung)

Normal tissue Skin

Thyroid
Ipsilateral lung
Contralateral lung
Heart

Dose volume histogram
Acceptable criteria’s:

-Dose volume histogram analysis of target coverage will 
confirm ≥90% of the prescribed dose covering ≥90% of the 
PTV_EVAL

-The actual volume of tissue receiving 150% (V150) and 
200% (V200) of the prescribed dose will be limited to ≤70 cc 
and ≤20 cc, respectively.

-Critical normal tissue DVHs within 5% specified value 
(uninvolved normal breast: ideally, <60% of the whole 
breast reference volume should receive ≥50% of the 
prescribed dose.)

-Dose delivered twice a day for a total of 10 treatments 
over a period of 5–10 days
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treatment planning. The other advantage of this catheter is the vacuum ports which helps to 
remove fluid and air if needed.

The SAVI™ (Cianna Medical, Inc., Aliso Viejo, CA, USA) device has also multi-catheter (6, 
8 or 10) body in an elliptic shape. The catheter body of the device does not have a balloon 
around the catheters and can be opened and closed like an umbrella which helps fit eas-
ily the fat tissue of the cavity. As it locked in the lumpectomy cavity, the rotation and the 
problems with the delivery will be ruled out. ClearPath™ (Renata Medical, Irvine, CA, USA) 
is a single entry multi-catheter device which allows both HDR- and LDR-based APBI treat-
ment. If the patient carries Ir125 seeds placed in ClearPath device, they have to wear a fully 

Unacceptable: -Dose volume analysis of the target volume confirms 
<90% of the prescribed dose and/or <90% coverage of the 
PTV_EVAL

-Critical normal structure DVH exceeds 5% of the specified 
value (uninvolved normal breast: ideally, <60% of the 
whole breast reference volume uninvolved normal breast: 
ideally, <60% of the whole breast reference volume should 
receive ≥50% of the prescribed dose and <35% of the whole 
breast reference volume should receive the prescribed 
dose)

Normal tissue • Contralateral breast: The contralateral breast reference 
volume, contoured using the same methods described 
for the ipsilateral breast reference volume, should 
receive <3% of the prescribed dose to any point

• Ipsilateral lung: <15% of the lung can receive 30% of 
the prescribed dose

• Contralateral lung: <15% of the lung can receive 5% of 
the prescribed dose

• Heart (right-sided lesions): <5% of the heart should 
receive 5% of the prescribed dose

• Heart (left-sided lesions): The volume of the heart 
receiving 5% of the prescribed dose (V5) should be less 
than the 40%

• Thyroid: maximum point dose of 3% of the prescribed 
dose. Should receive ≥50% of the prescribed dose.)

• The maximum skin dose at any point is ≤145% of 
prescription dose, assuring that the skin dose does 
not exceed acceptable limits the maximum allowable 
skin dose is kept below 100% of the prescription. If 
the balloon-skin distance is 5–7 mm, up to 145% of the 
prescribed dose is also acceptable

Table 1. Recommendations for APBI contouring and DVH evaluation based on RTOG NSABP PROTOCOL B-39 [91].
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shielded bra during the low dose rate APBI treatment. Axxent® (Sunnyvale, CA, USA) is 
a novel electronic brachytherapy system that is developed to simplify the brachytherapy 
technique. In its form, there is an iridium seed-based single catheter balloon, also it does not 
require a high dose rate afterloader unit or a shielded vault and can be turned on and off such 
that it can be used in the office setting [92]. The balloon is radiolucent to improve visibility 
on breast radiographs and CT images. In a dosimetric evaluation, electronic brachytherapy 
plans were stated as providing comparable target coverage, increased high-dose regions, and 
a significantly reduced dose to the ipsilateral breast and lungs as well as the heart compared 
with the iridium-192 treatment plans [93]. Also, the intersocietal Electronic Xoft Intersocietal 
Brachytherapy Trial (EXIBT) registry recruited 400 patients and at 1-year follow-up demon-
strated that breast infection occurred in two (2.9%) patients, and no tumor recurrences were 
reported. Cosmetic outcomes were excellent or good in 83.9–100% of evaluable patients at 1, 
6 months and 1 year [94].

The MammoSite Registry of the American Society of Breast Surgeons has the biggest num-
ber of patients with this device with a median follow of 63.1 months. The registry data had 
1449 patients with a five-year actuarial IBTR rate is 3.8% and axillary recurrence rate is 0.6%. 
Excellent/good cosmetic results at 60, 72 and 84 months were as follows: 91.3, 90.5 and 90.6%. 
The overall rates of fat necrosis, symptomatic seroma and infections remained low at 2.5, 13.4 
and 9.6% with few late toxicity events beyond 2 years. These results have been found to be 
comparable to the rates for whole breast irradiation and other forms of APBI. Mann et al. 
retrospectively examined the long-term results of 111 patients treated with MammoSite APBI 
and revealed that the incidence of ipsilateral breast tumor recurrence was 2.7%. The incidence 
of ipsilateral axilla nodal recurrence was low as well (1.8%). Excellent to good cosmesis rate 
was 98.1% of the patients. The cosmetic results were found to be paralleled to the mean value 
of maximum skin dose: excellent, good and fair cosmesis were 88.9, 92.7 and 109.5% of the 
prescription dose, respectively [95]. These results also confirmed by Northwest University 
prospective MammoSite study (n:33), which noted that local recurrence is 100%, and cosmetic 
results were good to excellent in 94% of the patients [96]. Gitt et al. used MammoSite brachy-
therapy as a boost (15 Gy in 2.5-Gy fractions) after whole breast radiotherapy for carefully 
selected early-stage pT1-2, pN0-1, M0 disease 107 patients were treated with breast-conserving 
therapy and adjuvant radiotherapy with MammoSite followed by WBI (median = 50.4 Gy). 
In a short follow-up period of 21 months, no ipsilateral breast-tumor recurrences have been 
observed with an acceptable toxicity profile of 28% asymptomatic and 10% symptomatic 
seroma in 90 days after treatment [97]. Another retrospective long-term single institute (N:157) 
results confirmed that rate of ipsilateral breast recurrence was low as 2.5% at a median follow-
up time of 5.5 years (range 0–10.0 years). Good to excellent cosmetic outcomes were achieved 
in 93.4% of patients and proved that skin dose >100% significantly projected the development 
of telangiectasia (50 vs. 14%, p < 0.0001) [98].

In Mayo clinic, a prospective protocol for completing all locoregional treatment (surgery 
and APBI) within 10 days with acceptable complication rates and cosmesis. Intraoperative 
multi-lumen strut-based device was placed for 123 women [age 50 years or older with clini-
cal T1 estrogen receptor positive (ER+) sentinel lymph node (SLN)-negative invasive ductal 
cancer or pure ductal carcinoma in situ]. Analyzing the procedure, 110 (90%) of these patient 
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underwent intraoperative catheter placement, whereas 13 did not due to intraoperative pathol-
ogy findings. Prescribed radiotherapy was completed within 5 days at 109 APBI patients (99%), 
for all patients, this duration was 9 days with 6% 30-day complication rate. The local recur-
rence rate was 1.8% (two patients), and excellent or good cosmesis was achieved in 88% of 
patients [99]. Evaluating early toxicity in a prospective manner in 132 patients treated with 
strut-adjusted volume implant (SAVI) for early-stage breast cancer, SAVI has been observed as 
a safe treatment option with one acute and three late skin infections (two were grade 3), besides 
grade 1 or 2 late toxicities of hyperpigmentation (44%), telangiectasia (0.8%), seroma (9%), fat 
necrosis (5%), and fibrosis (12%). Crude local recurrence rate was 4% at a median follow-up 
time of 20 months [100]. It has to be noted that the literature studying new catheters except 
MammoSite are mostly presenting early results for feasibility and toxicity profile. Wobb et al. 
recently documented late side effects of 1034 patients treated with brachytherapy-based APBI 
(interstitial 40%, applicator-based 60%) and whole breast irradiation using intensity modulated 
radiotherapy [101], and stated that though brachytherapy-based APBI was associated with 
higher rates of ≥grade 2 seroma formation (14.4 vs. 2.9%, p < 0.001), telangiectasia (12.3 vs. 
2.1%, p = 0.002) and symptomatic fat necrosis (10.2 vs. 3.6%, p < 0.001), there was no difference 
between rates of fair or poor cosmesis [101].

The use of partial irradiation in the treatment of ductal carcinoma in situ was tested in a prospec-
tive multicenter trial consisting 41 patients (42 breasts) with the eligibility criteria’s of a diagnosis 
of DCIS confirmed by core needle biopsy, unicentric disease _<3 cm in size by mammogram, and 
an estimated life expectancy of >5 years [102], where the mean tumor size was 0.82 cm with com-
edo necrosis in 21.4%, and estrogen receptor positivity was 52.4%. Abbott et al. documented four 
patients (9.8%) developing an IBTR (all DCIS) outside the treatment field with a 3.2 years mean 
time of recurrence, and the actuarial recurrence rate at 5 years of 11.3%. It has to be noted that all 
patients with recurrence had at least one normal mammogram after treatment and before recur-
rence. Even all the recurrences were DCIS and occurred outside of the treatment field, prospec-
tive randomized trials have to waited before recommending routine use of APBI for DCIS [102].

In a meta-analysis of nine randomized trials comparing APBI vs. whole breast radiotherapy, 
the overall mortality was 4.9% and as no difference was observed in the proportion of breast 
cancer-related deaths, both non-breast cancer mortality with a difference of 1.1% (p = 0.023) 
and total mortality with a difference of 1.3% (p = 0.05) were found to be significantly lower 
in PBI than WBI cohorts which encourages PBI in selected patients with a 25% reduction in 
five-year non-breast cancer and overall mortality in comparison with WBI [103]. The most 
criticized study in APBI practice was the population-based retrospective analyses by Smith et 
al. based on Medicare billing codes rather than actual clinical outcomes defining the rate of 
mastectomy after APBI or whole breast radiotherapy [104], which analyzed 6952 breast cancer 
patients treated with brachytherapy and 85,783 with whole breast radiotherapy over 67-year 
old. Mastectomy was required in more women treated with brachytherapy (3.95%) than WBI 
(2.18%), and though five-year overall survival was similar on both group 87.66% with brachy-
therapy vs. 87.04% WBI, brachytherapy was shown to be linked with more frequent infectious 
(16.20 vs. 10.33%) and noninfectious (16.25 vs. 9.00%) postoperative complications such as 
breast pain (14.55 vs. 11.92%), fat necrosis (8.26 vs. 4.05%) and rib fracture (4.53 vs. 3.62%; p ≤ 
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0.01 for all) [104]. These rates contradicted with the ones by Wobb et al. with mastectomy rates 
due to local recurrence (3.1% for WBI–IMRT and 1.2% for APBI, p = 0.06), or other reasons (0.8 
and 0.6%, p = 0.60) [101]. In another series by Mann et al., the salvage mastectomy rate was 
2.7% for patient treated with APBI which is not as high in Medicare data [95]. Although sin-
gle institute results favored APBI, Medicare-based data slowed down the use of APBI which 
nowadays is recommended mainly in prospective protocols.

Intraoperative radiotherapy is the delivery of a single fraction of radiotherapy at the time of 
surgery directed to only tumor cavity. This can help to reduce long treatment duration for 
patient; but in today’s practice, it is still expensive due to additional staffing, workload and 
specific equipment requirements. The available methods of delivering IORT are low-energy 
X-ray systems, electron beam radiation therapy and high dose rate afterloaders.

The Intrabeam® device (Carl Zeiss, Oberkochen, Germany) is a low-energy X-ray IORT device 
that has solid and rounded applicators in different sizes. After the lumpectomy is performed, 
Tungsten-impregnated sheets are used to shield the wound, and afterwards, applicator fixing 
in the tumor cavity is placed. A 20-Gy one-time dose is delivered at the surface of the applica-
tor decreasing to a dose of 5 Gy at a depth of 1 cm from the cavity. Treatment time varies from 
20 to 40 min. Shielding is essential to reduce radiation scatter, operation room walls will often 
provide sufficient shielding for the low-energy X-rays but measure environmental radiation 
dose rates around the theatre is essential.

There are three commercially available mobile linear accelerators, which can deliver elec-
tron beam radiation therapy the Novac7® (Hitesys S.p.A., Aprilia, Latina, Italy), the Liac® 
(Sordina, Padova, Italy) and the Mobetron® (IntraOP Medical Inc, Sunnyvale, CA USA). Both 
Novac7® and Liac® have been used in a phase-III trial, the ELIOT trial. The irradiation pro-
cedure is easily completed in 2 min, and the delivered dose is 21 Gy with the depth of 90% 
isodose ranging from 13 (3 MeV) to 24 mm (9 MeV). The breast tissue is mobilized over a lead/
aluminum shield placed posteriorly to protect the chest wall and viscera. By means of these 
systems are delivering electrons, non-shielded operating rooms can be used but the team has 
to leave the operation room while the radiation is delivered.

High dose rate (HDR) afterloader (Mick Radio-Nuclear Instruments, Inc., Mount Vernon, 
NY, USA) within a dedicated shielded operating facility (Brachytherapy Unit) was assessed 
by Memorial Sloan—Kettering Cancer Centre. Treatment is delivered with HDR to the 
tumor bed using an iridium 192 (192Ir) source connected to a quadrangular silastic template 
applicator named Harrison-Anderson-Mick (H.A.M.®). A dose of 18 Gy was used as a stan-
dard approach. At 5 years (median follow-up 68 months), local recurrence of 7% reported by 
this techniques but has a limited use due to the high cost and the need of special shielded 
operating room.

Several single institution studies have been present in the literature on the feasibility and 
effectiveness of IORT, but only two phase-III trials have been published, the targeted 
intraoperative radiotherapy-alone (TARGIT-A) trial and the electron intraoperative treat-
ment (ELIOT) trial with results at a medium follow-up of 2.4 and 5.8 years, respectively. 
TARGIT-A is an international cohort of 3451 patients who were randomized to either whole 

Modern Radiotherapy Era in Breast Cancer
http://dx.doi.org/10.5772/66906

289



breast radiotherapy (40 to 56 Gy ± 10 to 16 Gy boost) or Intrabeam®, with a single 20 Gy 
fraction prescribed to the surface of the applicator. All clinical T1–T2 ≤3.5 cm, N0–1 inva-
sive breast cancer patients were eligible if they were aged 45 years or older and suitable for 
wide local excision for invasive ductal carcinoma that was unifocal on conventional examina-
tion and imaging [105]. After the pathological evaluation, if the patients had adverse patho-
logic features including LCIS, lymphovascular space invasion, positive nodal status or other 
parameters defined at each center, postoperative WBI was added, and the APBI was counted 
as the boost. At a median follow-up of 2 years and 5 months, local recurrence rate was 3.3% 
in the APBI group and 1.3% in the WBI group (p = 0.04). Interestingly, even though cases 
were selected carefully, local recurrence in patients treated with TARGIT as a second invasive 
procedure by reopening the wound (n = 1143) was 5.4% and higher than with EBRT (1.7%). 
The difference was explained as a possibility of a delay in wound fluid suppression of tumor 
cells, a delay of radiation or a geometric miss when inserting the applicator postsurgery 
by authors [106], and “postpathology” TARGIT by reopening the wound was not recom-
mended. Furthermore, OS or distant metastases, the rates were similar with low skin toxicity 
profile. There was no difference in hematomas needing surgical aspiration, seromas needing 
greater than three aspirations, infections requiring intravenous antibiotics or surgical inter-
vention or skin breakdown or delayed healing rates between APBI and WBRT [105].

The ELIOT trial also uses intraoperative electrons as a single dose of 21 Gy prescribed to 
the 90% depth compared 50 Gy of external beam radiation therapy in which 1305 patients 
presented with tumors 2.5 cm or smaller and 48 years or older. After tumor excision, the 
breast tissue was mobilized and a lead/aluminum shield was placed to protect chest wall and 
underlying structures. The breast tissue as a target was rearranged over the shield. An appro-
priately sized collimator (4–8 cm) was inserted. At a median follow-up of 5.8 years, the 5-year 
recurrence rate was 4.4% for ELIOT versus 0.4% for the EBRT. For low risk women the 5-year 
IBTR was 1.7%. For patients with one or more high risk features (tumor size, receptor status, 
nodal positivity and grade), the 5-year IBTR was 11.8% for the 178 women (30.4%) with 1 or 
more risk factors versus 1.7% for the 407 ELIOT low risk women (69.6%) [107]. The rate of 
ELIOT patients who could be defined as ASTRO suitable subgroup was 23%, and ipsilateral 
breast recurrences ratio for them was 1.5% at 5 years and alike to whole breast group. ELIOT 
study results revealed low rates of skin and pulmonary damage [108]. There was no differ-
ence in terms of pain, retraction or fibrosis. Overall survival was the same between the two 
arms. The applicator sizes used in the ELIOT trial are not specified, but it has been advised 
that to guarantee uniform coverage of microscopic residual disease, the IOERT applicator 
dimension size has to be chosen at least 1.5 to 2 cm larger than the maximum tumor dimen-
sion [109]. Although the above IO-APBI trials show some promising early results, the follow-
up for ELIOT is short especially given that breast cancer can recur many years later.

Cochrane meta-analysis including all types of APBI has been published in 2016 consisting 
seven randomized trials studying 7586 women of the 8955 enrolled [110]. Local recurrence-
free survival decreased from HR-1.62 to HR-1.11 for women receiving PBI/APBI compared 
to WBRT, in addition to poorer physician-reported cosmesis with PBI/APBI. Oncological 
outcomes as cause-specific, distant metastasis-free, relapse-free survival or mastectomy rates 
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were not affected by this small local recurrence difference, besides no difference in overall 
survival with PBI/APBI. As acute toxicities seem to be reduced by partial irradiation, this 
effect did not lead into an advantage for late term subcutaneous fibrosis. ‘Elsewhere prima-
ries’ (new primaries in the ipsilateral breast) found to be more frequent with PBI/APBI. This 
meta-analysis cannot help to determine which technique increased the local recurrence or 
elsewhere primary detection. Ongoing trial will address the questions in future [110]. Despite 
small differences in local control, the advantages of the patients with APBI such as short treat-
ment duration or easy application during surgery can increase patient treatment compliance. 
IO-APBI could be a reasonable option for highly selected subpopulation of early-stage breast 
cancer patients out of a clinical trial.

3.7. Breath hold-cardiac sparing methods

Breast cancer radiotherapy reduces the risk of cancer recurrence and death demonstrated by 
randomized trials, but as radiation delivery requires tangential and selectively mammaria 
interna fields, meta-analyses also have found an increase in cardiac deaths following breast 
cancer radiotherapy associated with the volume of the heart receiving 5 Gy or more [111]. 
Decreased myocardial function or coronary artery diseases are the most common cardiotoxic-
ity besides less common toxicities of myocardial infarction, congestive heart failure, pericar-
ditis, arrhythmias, angina or valve dysfunction [112]. Darby et al. steered a population-based 
case-control study of major coronary events in 2168 women who underwent radiotherapy 
for breast cancer between 1958 and 2001 in Sweden and Denmark. The overall average of the 
mean doses to the whole heart was 4.9 Gy (range 0.03–27.72), and the rates of major coronary 
events were associated with a 7% increase in risk of ischemic events per gray increase in mean 
heart dose with no apparent threshold. This effect of radiation on heart was increasing within 
the first 5 years after radiotherapy and found to be unrelated to the presence of cardiac risk 
factors at the time of radiotherapy.

Due to the interplay between respiratory motion and MLC motion during IMRT delivery, the 
planned and expected doses could be different. Respiratory motion is a well-known factor 
during treatment planning for breast IMRT, dosimetric studies presented that PTV dose het-
erogeneity increases as respiratory motion grows. The lung and heart doses also change with 
respiratory motion. As a result, a larger margin is proposed from CTV to PTV margin [113]. The 
breath-hold technique could help to minimize the effect of potential negative dosimetric impact 
arising from interplay effect of multileaf collimator and breathing motion during delivery of 
IMRT [114, 115].

In clinical practice, there are two commercially available devices: active breathing coordina-
tor™ (ABC_DIBH) (Elekta, Crawley, UK) and Varian RPM system guiding patients to hold 
their breath while radiotherapy is delivered, which pushes the heart down and away from the 
radiotherapy field. Even the benefits of these systems were proved by dosimetric studies, they 
are not used more widespread as it was used in only 19% of EORTC centers in 2010 and just 
4% of UK centers [116, 117]. This could be due to additional cost, education of staff and time-
consuming procedure depending on patient’s capacity and therapist’s experience.
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In the early 2000s, the Real-time Position Management (RPM) system from Varian Medical 
System (Palo Alto, USA) consisting of two reflectors attached to an external marker-cube 
placed on the patient’s abdomen was released. The motion of the cube marker, reflecting the 
breathing pattern of the patient, is evaluated by software that controls the scanner, based on 
predefined criteria [118]. The advantage of this RPM system is the constant monitorization of 
patient respiration, and a beam-hold condition automatically occurs if the breath-hold level 
departs from the planned one [119]. The patient can easily track their performance on screen, 
also reproducibility is the other important advantage of this system.

The ABC method was established at William Beaumont Hospital and is currently commercial-
ized by Elekta, Inc. as the active breathing coordinator. Also the VMAX Spectra 20C (VIASYS 
Healthcare Inc, Yorba Linda, CA, USA) and the SpiroDyn’RX (Dyn’R, Muret, France) which are 
working in the similar principles [120]. The ABC apparatus can be used to suspend breathing at 
any predetermined position along the normal breathing cycle, or at active inspiration. A digital 
spirometer is used measure the respiratory cycle, which is connected to a balloon valve. In an ABC 
procedure, the patient breathes normally through the apparatus. When an operator “activates” the 
system, the lung volume and the phase (i.e., inhalation or exhalation) at which the balloon value 
will be closed are specified. The patient is then instructed to proceed to reach the specified lung 
volume, typically after taking two preparatory breaths. At this point, the valve is inflated with an 
air compressor for a predefine duration of time, thereby “holding” the patient’s breath [120].

There is solid evidence from retrospective and dosimetric planning studies, demonstrating 
reduction in dose to the heart and coronary arteries with deep inspiration breath-hold treat-
ment of left-sided breast cancers for both early and locally advanced breast cancer therapy with 
regional irradiation. In a dosimetric analysis, free and breath-hold technique were planned 
with both forward and inverse IMRT showing a significant reduction in radiation exposure to 
the contralateral breast, left and right ventricles, as well as proximal and especially distal LAD 
by breath hold with forward IMRT, as inverse IMRT provided no additional advantage [121]. 
For whole breast radiotherapy, Wang et al. reported a reduction in mean heart dose from 3.2 Gy 
forward-planned IMRT in free-breathing to 1.3 Gy for forward-planned IMRT in breath hold. 
Another confirming study, recruiting 319 breast cancer patients revealed that deep inspiration 
breath-hold plans expressed large reductions in dose to the heart compared with left-sided FB 
plans; V20Gy of the heart is reduced from 7.8 to 2.3%, V40Gy from 3.4 to 0.3% and mean dose 
from 5.2 to 2.7 Gy (−48%, p < 0.0001) while median target coverage is slightly improved [122].

In William Beaumont Hospital experience revealed that moderate deep inspiration breath 
hold achieved using an active breathing control (ABC) device, compared with free breath-
ing (FB) during treatment with deep tangents fields (DT) for locoregional (LR) irradiation of 
15 breast cancer patients, reduced the heart V30 for 6 of the 9 left breasted patients, entirely 
avoiding heart irradiation in 2 of these 6 patients and the mean percentage of both lungs 
receiving more than 20 Gy from 20.4 to 15.2% [123]. Twenty centers in order to compare 
clinical aspects of respiratory-gated conformal radiotherapy during breast cancer irradiation 
versus conventional conformal radiotherapy and reassured the feasibility and good repro-
ducibility of the respiratory gating systems with the reduction in the dose delivered to the 
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heart during irradiation of the left breast [119]. Even locoregional irradiation is considered, 
breath-hold technique still added benefit with breath-hold technique significantly by reduc-
ing Dmean Heart and Dmean LAD compared to free breathing for both the whole breast and 
chest wall and regional irradiation groups. When Dmean Heart of <4 Gy had been set as a 
criteria for planning, all the plans in whole breast radiotherapy has been met this apart from 
breathing pattern, but only five of nine patients (56%) in the comprehensive breast irradiation 
group were able to meet this constraint with free breathing, compared to all patients with 
deep breath hold was in compliance with the criteria of Dmean Heart <4 Gy [124]. Addition 
to the routine use of deep breath old techniques for left breast cancer patients, Essen et al. 
recommend it to use for right breast also. The gain for locoregional breast treatment without 
IMN, the average mean lung dose reduced from 6.5 to 5.4 Gy for the total lung and from 
11.2 to 9.7 Gy for the ipsilateral lung while if internal mammaria lymph node irradiation is 
added significant gain will continue for lung doses, which can translate into a lower risk of 
pneumonitis and secondary lung cancer rates in future [125]. As a summary of the published 
literature, deep breath hold reduced the mean heart dose by up to 3.4 Gy when compared 
to a free breathing approach. Also deep breath-hold technique was announced as stable and 
reproducible on a daily basis [126].

Breath-hold technique’s dosimetric benefits have been clearly in the literature, but these 
techniques are not yet in widespread use. The reasons for this could be explained by 
this technique needs commercially available solutions necessitate specialist equipment. 
Another breath-hold technique described as ‘voluntary breath-hold technique’ described. 
This breath-holding technique monitories breath-hold consistency using the distance 
moved by the anterior and lateral reference marks away from the treatment room lasers 
in breath hold to monitor constancy at CT-planning and treatment setup. Light fields are 
then visually checked breath-hold consistency before and during treatment. This technique 
is announced as simple and inexpensive, but still there is concerns about the reproducibil-
ity and consistency [127]. A randomized study conducted at the Royal Marsden Hospital 
(Sutton, UK), The UK HeartSpare Study, has confirmed that interfraction reproducibility 
with the voluntary breath-hold technique is analogous to the performed with the spirome-
try-based device. Addition to this, voluntary technique offers a time advantage at planning-
CT and treatment setup and is preferred by patients and radiographers alike compared 
to using the spirometry-based device [128]. In HeartSpare II study, the VBH technique is 
currently being ongoing at 10 UK radiotherapy centers to  confirm that the technique is 
applicable in a multicenter setting where presented preliminary data suggest multicenter 
application of VBH is found to be both actual and practicable at heart-sparing [129].

According to Royal Marsden Hospital protocol firstly patient’s asked to practice at home 
holding their breath, while lying down, initially for 5 s, and building up in 5 s intervals to 20 s. 
During the standard CT simulation procedure, position of crosses in free breathing and while 
taking a deep breath in marked on the patient. The duration of the breath hold has to be noted. 
All the details and a video related to this technique has been published by Barnett et al. [127]. 
Systematic and random error range for each beam and in each plane reported as 1.5–1.8 mm 
and 1.7–2.5 mm, respectively [127].
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As a conclusion, to date, there is only retrospective or dosimetric studies were presented and 
no data studying the clinical benefits and oncological outcomes for patients treated with this 
technique. Especially, the cardiac data will be presented in 15–20 years. Under these circum-
stances, the clinical application of deep breath-hold technique is important and advisable. In 
our clinic, we routinely train all our left breast cancer patients and use RPM system during the 
simulation and treatment to provide the consistency and reproducibility of breath-holding 
period. After forward IMRT planning, DVH are evaluated according to criteria’s as follows: 
Spinal cord Max <45 Gy or Max <36 Gy (if >2.5 Gy/Fx), heart V20 <4%, V10 <15%, total lung 
V20 <35%. Our aim is to reduce mean heart dose as low as possible. Average mean heart 
doses were usually under 4–5 Gy and 2.5 Gy for left-sided RT and right-sided RT including 
IM nodes. After adding segments, the 105% isodose line cloud should not been seen except in 
the corners due to lung transmission.

4. Conclusion

Modern radiotherapy techniques have been evolving in the last two decades. Supine posi-
tioning will be continued to be used for breast cancer simulation for several decades over 
the world as it provides patient comfort and position reproducibility for the whole treat-
ment period, while in rare indications such as a very large pendulous breast or depending on 
institution choice lateral decubitus or prone position can help. The reflection of modern tech-
niques such as three-dimensional (3D), intensity-modulated radiotherapy (IMRT), volumetric 
modulated arc therapy (VMAT) has been evolving in breast therapy. Even dosimetric studies 
has demonstrated more homogenous dose distribution and normal organ sparing, still sur-
vival data, and the long-term effects of normal tissue sparing on survival will be answered 
in future. Especially, forward IMRT, using tangential bream angels and creating multiple 
segment, can be used in clinical practice taking into the considerations of acute toxicity but 
using tangential radiotherapy field design is still acceptable. There is an increasing attention 
to hypofractionation in the treatment of breast cancer, while there are still unanswered ques-
tions in regional lymph node and expander irradiation. Another attractive approach—APBI 
could be a reasonable option for highly selected subpopulation of early-stage breast cancer 
patients out of a clinical trial. Results of ongoing trial comparing APBI techniques to external 
radiotherapy will address the future of APBI techniques as a routine clinical approach. The 
most important advance could be named as cardiac sparing-deep breath-hold approach in all 
the modern technique improvement. Retrospective or dosimetric studies were presented the 
benefit of using commercially available techniques or voluntary performance, while clinical 
outcomes could be presented in 15–20 years. Under these circumstances, the clinical applica-
tion of deep breath-hold technique is important and advisable.

Although most advanced techniques in management of breast cancer have not been proved 
to increase survival, we suggest recommending resource stratified advanced techniques to be 
decided institutionally in order to provide best technical and clinical care in this long-term 
survivor candidates.
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Abbreviations

RT Radiation therapy

2D Two-dimensional

3D Three-dimensional

IMRT Intensity-modulated radiotherapy

VMAT Volumetric modulated arc therapy

4D Four-dimensional

CT Computed tomography

CBCT Cone-beam computed tomography

3DCRT Three-dimensional conformal radiotherapy

ICRU International Commission on Radiation Units and Measurements

IGRT Image-guided RT

RTOG Radiation Therapy Oncology Group

EORTC European Organisation for Research and Treatment of Cancer

OAR Organ-at-risk

DVH Dose volume histograms

IMLNs Internal mammary lymph nodes

ASTRO American Society for Radiation Oncology

LDR Low dose rate

PDR Pulsed dose rate

HDR High dose rate

APBI Accelerated partial breast irradiation

DCIS Ductal carcinoma in situ

PBI Partial breast irradiation

Dmean Mean dose

Author details

Yasemin Bolukbasi¹,² and Ugur Selek¹,²*

*Address all correspondence to: uselek@mdanderson.org

1 Department of Radiation Oncology, School of Medicine, Koc University, Istanbul, Turkey

2 Department of Radiation Oncology, MD Anderson Cancer Center, The University of Texas, 
Houston, TX, USA

Modern Radiotherapy Era in Breast Cancer
http://dx.doi.org/10.5772/66906

295



References

[1] Buchholz TA, Haffty BG, Breast cancer: locally advanced and recurrent disease, post-
mastectomy radiation, systemic therapies. In: Halperin CE, Perez CA, Brady LW (eds) 
Principles and practice of radiation oncology. Philadelphia: Lippincott Willians & 
Wilkins. 2013. pp. 1140–1163.

[2] Batumalai V, Holloway L, Delaney GP, A review of setup error in supine breast radio-
therapy using cone-beam computed tomography. Med Dosim 2016 ;41(3):225-9.

[3] Sethi RA et al., Comparison of three-dimensional versus intensity-modulated radiother-
apy techniques to treat breast and axillary level III and supraclavicular nodes in a prone 
versus supine position. Radiother Oncol 2012;102(1):74–81.

[4] Griem KL et al., Three-dimensional photon dosimetry: a comparison of treatment 
of the intact breast in the supine and prone position. Int J Radiat Oncol Biol Phys 
2003;57(3):891–899.

[5] Cross MA, Elson HR, Aron BS, Breast conservation radiation therapy technique for 
women with large breasts. Int J Radiat Oncol Biol Phys 1989;17(1):199–203.

[6] Wurschmidt F et al., Incidental dose to coronary arteries is higher in prone than in 
supine whole breast irradiation. A dosimetric comparison in adjuvant radiotherapy of 
early stage breast cancer. Strahlenther Onkol 2014;190(6):563–568.

[7] Kirby AM et al., Prone versus supine positioning for whole and partial-breast 
radiotherapy: a comparison of non-target tissue dosimetry. Radiother Oncol 
2010;96(2):178–184.

[8] Varga Z et al., Individual positioning: a comparative study of adjuvant breast radiother-
apy in the prone versus supine position. Int J Radiat Oncol Biol Phys 2009;75(1):94–100.

[9] Mahe MA et al., Preliminary results for prone-position breast irradiation. Int J Radiat 
Oncol Biol Phys 2002;52(1):156–160.

[10] Algan O et al., Use of the prone position in radiation treatment for women with early 
stage breast cancer. Int J Radiat Oncol Biol Phys 1998;40(5):1137–1140.

[11] Kirby AM et al., A randomised trial of supine versus prone breast radiotherapy 
(SuPr study): comparing set-up errors and respiratory motion. Radiother Oncol 
2011;100(2):221–226.

[12] Campana F et al., Breast radiotherapy in the lateral decubitus position: a technique to 
prevent lung and heart irradiation. Int J Radiat Oncol Biol Phys 2005;61(5):1348–1354.

[13] Piroth MD et al., Usefulness of a thermoplastic breast bra for breast cancer radiotherapy:a 
prospective analysis. Strahlenther Onkol 2016; 192(9):609-16

[14] Purdy JA, Current ICRU definitions of volumes: limitations and future directions. Semin 
Radiat Oncol 2004;14(1):27–40.

Breast Cancer - From Biology to Medicine296



References

[1] Buchholz TA, Haffty BG, Breast cancer: locally advanced and recurrent disease, post-
mastectomy radiation, systemic therapies. In: Halperin CE, Perez CA, Brady LW (eds) 
Principles and practice of radiation oncology. Philadelphia: Lippincott Willians & 
Wilkins. 2013. pp. 1140–1163.

[2] Batumalai V, Holloway L, Delaney GP, A review of setup error in supine breast radio-
therapy using cone-beam computed tomography. Med Dosim 2016 ;41(3):225-9.

[3] Sethi RA et al., Comparison of three-dimensional versus intensity-modulated radiother-
apy techniques to treat breast and axillary level III and supraclavicular nodes in a prone 
versus supine position. Radiother Oncol 2012;102(1):74–81.

[4] Griem KL et al., Three-dimensional photon dosimetry: a comparison of treatment 
of the intact breast in the supine and prone position. Int J Radiat Oncol Biol Phys 
2003;57(3):891–899.

[5] Cross MA, Elson HR, Aron BS, Breast conservation radiation therapy technique for 
women with large breasts. Int J Radiat Oncol Biol Phys 1989;17(1):199–203.

[6] Wurschmidt F et al., Incidental dose to coronary arteries is higher in prone than in 
supine whole breast irradiation. A dosimetric comparison in adjuvant radiotherapy of 
early stage breast cancer. Strahlenther Onkol 2014;190(6):563–568.

[7] Kirby AM et al., Prone versus supine positioning for whole and partial-breast 
radiotherapy: a comparison of non-target tissue dosimetry. Radiother Oncol 
2010;96(2):178–184.

[8] Varga Z et al., Individual positioning: a comparative study of adjuvant breast radiother-
apy in the prone versus supine position. Int J Radiat Oncol Biol Phys 2009;75(1):94–100.

[9] Mahe MA et al., Preliminary results for prone-position breast irradiation. Int J Radiat 
Oncol Biol Phys 2002;52(1):156–160.

[10] Algan O et al., Use of the prone position in radiation treatment for women with early 
stage breast cancer. Int J Radiat Oncol Biol Phys 1998;40(5):1137–1140.

[11] Kirby AM et al., A randomised trial of supine versus prone breast radiotherapy 
(SuPr study): comparing set-up errors and respiratory motion. Radiother Oncol 
2011;100(2):221–226.

[12] Campana F et al., Breast radiotherapy in the lateral decubitus position: a technique to 
prevent lung and heart irradiation. Int J Radiat Oncol Biol Phys 2005;61(5):1348–1354.

[13] Piroth MD et al., Usefulness of a thermoplastic breast bra for breast cancer radiotherapy:a 
prospective analysis. Strahlenther Onkol 2016; 192(9):609-16

[14] Purdy JA, Current ICRU definitions of volumes: limitations and future directions. Semin 
Radiat Oncol 2004;14(1):27–40.

Breast Cancer - From Biology to Medicine296

[15] Cheung KY, Intensity modulated radiotherapy: advantages, limitations and future 
developments. Biomed Imaging Interv J 2006;2(1):e19.

[16] Offersen BV et al., ESTRO consensus guideline on target volume delineation for elective 
radiation therapy of early stage breast cancer. Radiother Oncol 2015;114(1):3–10.

[17] Gentile MS et al., Contouring guidelines for the axillary lymph nodes for the delivery 
of radiation therapy in breast cancer: evaluation of the RTOG breast cancer atlas. Int J 
Radiat Oncol Biol Phys 2015;93(2):257–265.

[18] Li XA et al., Variability of target and normal structure delineation for breast cancer 
radiotherapy: an RTOG Multi-Institutional and Multiobserver Study. Int J Radiat Oncol 
Biol Phys 2009;73(3):944–951.

[19] Feng M et al., Development and validation of a heart atlas to study cardiac expo-
sure to radiation following treatment for breast cancer. Int J Radiat Oncol Biol Phys 
2011;79(1):10–18.

[20] Van de Velde J et al., An anatomically validated brachial plexus contouring method 
for intensity modulated radiation therapy planning. Int J Radiat Oncol Biol Phys 
2013;87(4):802–808.

[21] Min M et al., External evaluation of the Radiation Therapy Oncology Group brachial 
plexus contouring protocol: several issues identified. J Med Imaging Radiat Oncol 
2014;58(3):360–368.

[22] Chen GP et al., A planning comparison of 7 irradiation options allowed in RTOG 1005 
for early-stage breast cancer. Med Dosim 2015;40(1):21–25.

[23] Guilbert P et al., Conventional 2D and monoisocentric 3D techniques in breast and lym-
phatic irradiation: a dosimetric comparison. Cancer Radiother 2012;16(5–6):473–478.

[24] Leite ET et al., Incidental irradiation of internal mammary lymph nodes in breast cancer: 
conventional two-dimensional radiotherapy versus conformal three-dimensional radio-
therapy. Radiol Bras 2016;49(3):170–175.

[25] Nakamura K et al., Recent advances in radiation oncology: intensity-modulated radio-
therapy, a clinical perspective. Int J Clin Oncol 2014;19(4):564–569.

[26] McDonald MW et al., Long-term outcomes of IMRT for breast cancer: a single-institu-
tion cohort analysis. Int J Radiat Oncol Biol Phys 2008;72(4):1031–1040.

[27] McCormick B, Hunt M, Intensity-modulated radiation therapy for breast: is it for every-
one? Semin Radiat Oncol 2011;21(1):51–54.

[28] Donovan E et al., Randomised trial of standard 2D radiotherapy (RT) versus intensity 
modulated radiotherapy (IMRT) in patients prescribed breast radiotherapy. Radiother 
Oncol 2007;82(3):254–264.

[29] Barnett GC et al., A randomised controlled trial of forward-planned radiotherapy 
(IMRT) for early breast cancer: baseline characteristics and dosimetry results. Radiother 
Oncol 2009;92(1):34–41.

Modern Radiotherapy Era in Breast Cancer
http://dx.doi.org/10.5772/66906

297



[30] Pignol JP et al., A multicenter randomized trial of breast intensity-modulated radiation 
therapy to reduce acute radiation dermatitis. J Clin Oncol 2008;26(13):2085–2092.

[31] Harsolia A et al., Intensity-modulated radiotherapy results in significant decrease in 
clinical toxicities compared with conventional wedge-based breast radiotherapy. Int J 
Radiat Oncol Biol Phys 2007;68(5):1375–1380.

[32] Keller LM et al., Five-year results of whole breast intensity modulated radiation therapy 
for the treatment of early stage breast cancer: the Fox Chase Cancer Center experience. 
Int J Radiat Oncol Biol Phys 2012;84(4):881–887.

[33] Yang JF et al., Long-term breast cancer patient outcomes after adjuvant radiotherapy 
using intensity-modulated radiotherapy or conventional tangential radiotherapy. 
Medicine (Baltimore) 2016;95(11):e3113.

[34] Hardee ME et al., Prone hypofractionated whole-breast radiotherapy without a boost 
to the tumor bed: comparable toxicity of IMRT versus a 3D conformal technique. Int J 
Radiat Oncol Biol Phys 2012;82(3):e415–e423.

[35] Lohr F et al., Potential effect of robust and simple IMRT approach for left-sided breast 
cancer on cardiac mortality. Int J Radiation Oncol Biol Phys 2009;74(1):73–80.

[36] Rabinovitch R et al., Evaluation of breast sentinel lymph node coverage by standard 
radiation therapy fields. Int J Radiation Oncol Biol Phys 2008;70(5):1468–1471.

[37] Ma C, Zhang W, Lu J, Wu L, Wu F, Huang B, Dosimetric comparison and evaluation 
of three radiotherapy techniques for use after modified radical mastectomy for locally 
advanced left-sided breast cancer. Sci Rep 2015:21(5):12274.

[38] Tyran M et al., Volumetric-modulated arc therapy for left-sided breast cancer and all 
regional nodes improves target volumes coverage and reduces treatment time and 
doses to the heart and left coronary artery, compared with a field-in-field technique. 
J Radiation Res 2015: 56(6):927-37.

[39] Popescu CC et al., Volumetric modulated arc therapy improves dosimetry and reduces 
treatment time compared to conventional intensity-modulated radiotherapy for locore-
gional radiotherapy of left-sided breast cancer and internal mammary nodes. Int J Radiat 
Oncol Biol Phys 2010;76(1):287–295.

[40] Marta G, Hanna S, Gadia R, Treatment with intensity-modulated radiation therapy 
(IMRT) for breast cancer. Rev Assoc Méd Brasil 2014;60:508–511.

[41] Rudat V et al., Tangential beam IMRT versus tangential beam 3D-CRT of the chest wall in 
postmastectomy breast cancer patients: a dosimetric comparison. Radiat Oncol 2011;6:26.

[42] Dayes I et al., Intensity-modulated radiotherapy in the treatment of breast cancer. Clin 
Oncol 2012;24(7):488–498.

[43] Yong JH et al., Estimating the costs of intensity-modulated and 3-dimensional conformal 
radiotherapy in Ontario. Curr Oncol 2016;23(3):e228–e238.

Breast Cancer - From Biology to Medicine298



[30] Pignol JP et al., A multicenter randomized trial of breast intensity-modulated radiation 
therapy to reduce acute radiation dermatitis. J Clin Oncol 2008;26(13):2085–2092.

[31] Harsolia A et al., Intensity-modulated radiotherapy results in significant decrease in 
clinical toxicities compared with conventional wedge-based breast radiotherapy. Int J 
Radiat Oncol Biol Phys 2007;68(5):1375–1380.

[32] Keller LM et al., Five-year results of whole breast intensity modulated radiation therapy 
for the treatment of early stage breast cancer: the Fox Chase Cancer Center experience. 
Int J Radiat Oncol Biol Phys 2012;84(4):881–887.

[33] Yang JF et al., Long-term breast cancer patient outcomes after adjuvant radiotherapy 
using intensity-modulated radiotherapy or conventional tangential radiotherapy. 
Medicine (Baltimore) 2016;95(11):e3113.

[34] Hardee ME et al., Prone hypofractionated whole-breast radiotherapy without a boost 
to the tumor bed: comparable toxicity of IMRT versus a 3D conformal technique. Int J 
Radiat Oncol Biol Phys 2012;82(3):e415–e423.

[35] Lohr F et al., Potential effect of robust and simple IMRT approach for left-sided breast 
cancer on cardiac mortality. Int J Radiation Oncol Biol Phys 2009;74(1):73–80.

[36] Rabinovitch R et al., Evaluation of breast sentinel lymph node coverage by standard 
radiation therapy fields. Int J Radiation Oncol Biol Phys 2008;70(5):1468–1471.

[37] Ma C, Zhang W, Lu J, Wu L, Wu F, Huang B, Dosimetric comparison and evaluation 
of three radiotherapy techniques for use after modified radical mastectomy for locally 
advanced left-sided breast cancer. Sci Rep 2015:21(5):12274.

[38] Tyran M et al., Volumetric-modulated arc therapy for left-sided breast cancer and all 
regional nodes improves target volumes coverage and reduces treatment time and 
doses to the heart and left coronary artery, compared with a field-in-field technique. 
J Radiation Res 2015: 56(6):927-37.

[39] Popescu CC et al., Volumetric modulated arc therapy improves dosimetry and reduces 
treatment time compared to conventional intensity-modulated radiotherapy for locore-
gional radiotherapy of left-sided breast cancer and internal mammary nodes. Int J Radiat 
Oncol Biol Phys 2010;76(1):287–295.

[40] Marta G, Hanna S, Gadia R, Treatment with intensity-modulated radiation therapy 
(IMRT) for breast cancer. Rev Assoc Méd Brasil 2014;60:508–511.

[41] Rudat V et al., Tangential beam IMRT versus tangential beam 3D-CRT of the chest wall in 
postmastectomy breast cancer patients: a dosimetric comparison. Radiat Oncol 2011;6:26.

[42] Dayes I et al., Intensity-modulated radiotherapy in the treatment of breast cancer. Clin 
Oncol 2012;24(7):488–498.

[43] Yong JH et al., Estimating the costs of intensity-modulated and 3-dimensional conformal 
radiotherapy in Ontario. Curr Oncol 2016;23(3):e228–e238.

Breast Cancer - From Biology to Medicine298

[44] Mackie TR, History of tomotherapy. Phys Med Biol 2006;51(13):R427–R453.

[45] Mackie TR et al., Tomotherapy: a new concept for the delivery of dynamic conformal 
radiotherapy. Med Phys 1993;20(6):1709–1719.

[46] Kaidar-Person O, Kostich M, Zagar TM, Jones E, Gupta G, Mavroidis P, Das SK, Marks 
LB, Helical tomotherapy for bilateral breast cancer: clinical experience. Breast 2016;28:4.

[47] Goddu SM et al., Helical tomotherapy planning for left-sided breast cancer patients 
with positive lymph nodes: comparison to conventional multiport breast technique. Int 
J Radiat Oncol Biol Phys 2009;73(4):1243–1251.

[48] Jacob J, Campana F, Chira C, Peurien D, Daveau C, Can helical tomotherapy be used 
as a safe treatment alternative for breast cancer patients? J Nucl Med Radiat Ther 
2012; S6:002.

[49] O’Donnell H et al., Early experience of tomotherapy-based intensity-modulated radio-
therapy for breast cancer treatment. Clin Oncol 2009;21(4):294–301.

[50] Boram L et al., Radiotherapy-induced secondary cancer risk for breast cancer: 3D confor-
mal therapy versus IMRT versus VMAT. J Radiol Prot 2014;34(2):325.

[51] Abo-Madyan Y et al., Second cancer risk after 3D-CRT, IMRT and VMAT for breast can-
cer. Radiother Oncol 2014;110(3):471–476.

[52] Han EY et al., Estimation of the risk of secondary malignancy arising from whole-
breast irradiation: comparison of five radiotherapy modalities, including TomoHDA. 
Oncotarget 2016;7(16):22960–22969.

[53] Verma V, Shah C, Mehta MP, Clinical outcomes and toxicity of proton radiotherapy for 
breast cancer. Clin Breast Cancer 2016;16(3):145–154.

[54] Group, P.T.C.-O. http://www.ptcog.ch/index.php/facilities-in-planning-stage. Accessed 
7/27/2016.

[55] Galland-Girodet S et al., Long-term cosmetic outcomes and toxicities of proton beam 
therapy compared with photon-based 3-dimensional conformal accelerated partial-
breast irradiation: a phase 1 trial. Int J Radiat Oncol Biol Phys 2014;90(3):493–500.

[56] Bush DA et al., Partial breast radiation therapy with proton beam: 5-year results with 
cosmetic outcomes. Int J Radiat Oncol Biol Phys 2014;90(3):501–505.

[57] Xu N et al., Can proton therapy improve the therapeutic ratio in breast cancer patients at 
risk for nodal disease? Am J Clin Oncol 2014;37(6):568–574.

[58] MacDonald SM et al., Proton radiotherapy for chest wall and regional lymphatic radia-
tion; dose comparisons and treatment delivery. Radiat Oncol 2013;8:71.

[59] Cuaron JJ et al., Early toxicity in patients treated with postoperative proton therapy for 
locally advanced breast cancer. Int J Radiat Oncol Biol Phys 2015;92(2):284–291.

Modern Radiotherapy Era in Breast Cancer
http://dx.doi.org/10.5772/66906

299



[60] Bradley JA et al., Initial report of a prospective dosimetric and clinical feasibility trial 
demonstrates the potential of protons to increase the therapeutic ratio in breast cancer 
compared with photons. Int J Radiat Oncol Biol Phys 2016;95(1):411–421.

[61] Lundkvist J et al., Economic evaluation of proton radiation therapy in the treatment of 
breast cancer. Radiother Oncol 2005;75(2):179–185.

[62] Bhattacharyya T et al., Hypofractionated radiotherapy in carcinoma breast: what we 
have achieved? J Cancer Res Ther 2015;11(2):259–263.

[63] Overgaard M et al., The value of the NSD formula in equation of acute and late radia-
tion complications in normal tissue following 2 and 5 fractions per week in breast cancer 
patients treated with postmastectomy irradiation. Radiother Oncol 1987;9(1):1–11.

[64] Owen JR et al., Effect of radiotherapy fraction size on tumour control in patients with 
early-stage breast cancer after local tumour excision: long-term results of a randomised 
trial. Lancet Oncol 2006;7(6):467–471.

[65] Whelan TJ et al., Long-term results of hypofractionated radiation therapy for breast can-
cer. N Engl J Med 2010;362(6):513–520.

[66] Bentzen SM et al., The UK Standardisation of Breast Radiotherapy (START) Trial A of 
radiotherapy hypofractionation for treatment of early breast cancer: a randomised trial. 
Lancet Oncol 2008;9(4):331–341.

[67] Haviland JS et al., The UK Standardisation of Breast Radiotherapy (START) trials of 
radiotherapy hypofractionation for treatment of early breast cancer: 10-year follow-up 
results of two randomised controlled trials. Lancet Oncol 2013;14(11):1086–1094.

[68] Bentzen SM et al., The UK Standardisation of Breast Radiotherapy (START) Trial B of 
radiotherapy hypofractionation for treatment of early breast cancer: a randomised trial. 
Lancet 2008;371(9618):1098–1107.

[69] Smith BD et al., Fractionation for whole breast irradiation: an American Society for 
Radiation Oncology (ASTRO) evidence-based guideline. Int J Radiat Oncol Biol Phys 
2011;81(1):59–68.

[70] Bane AL et al., Tumor factors predictive of response to hypofractionated radiotherapy in 
a randomized trial following breast conserving therapy. Ann Oncol 2014;25(5):992–998.

[71] Agrawal RK et al., First results of the randomised UK FAST Trial of radiotherapy hypo-
fractionation for treatment of early breast cancer (CRUKE/04/015). Radiother Oncol 
2011;100(1):93–100.

[72] Wallner P et al., Workshop on Partial Breast Irradiation: State of the Art and the Science, 
Bethesda, MD, December 8–10, 2002. J Natl Cancer Inst 2004;96(3):175–184.

[73] The American Society of Breast Surgeons. Consensus statement for accelerated partial breast 
irradiation, statements/PDF_Statements/APBI.pdf: https://www.breastsurgeons.org/.

Breast Cancer - From Biology to Medicine300



[60] Bradley JA et al., Initial report of a prospective dosimetric and clinical feasibility trial 
demonstrates the potential of protons to increase the therapeutic ratio in breast cancer 
compared with photons. Int J Radiat Oncol Biol Phys 2016;95(1):411–421.

[61] Lundkvist J et al., Economic evaluation of proton radiation therapy in the treatment of 
breast cancer. Radiother Oncol 2005;75(2):179–185.

[62] Bhattacharyya T et al., Hypofractionated radiotherapy in carcinoma breast: what we 
have achieved? J Cancer Res Ther 2015;11(2):259–263.

[63] Overgaard M et al., The value of the NSD formula in equation of acute and late radia-
tion complications in normal tissue following 2 and 5 fractions per week in breast cancer 
patients treated with postmastectomy irradiation. Radiother Oncol 1987;9(1):1–11.

[64] Owen JR et al., Effect of radiotherapy fraction size on tumour control in patients with 
early-stage breast cancer after local tumour excision: long-term results of a randomised 
trial. Lancet Oncol 2006;7(6):467–471.

[65] Whelan TJ et al., Long-term results of hypofractionated radiation therapy for breast can-
cer. N Engl J Med 2010;362(6):513–520.

[66] Bentzen SM et al., The UK Standardisation of Breast Radiotherapy (START) Trial A of 
radiotherapy hypofractionation for treatment of early breast cancer: a randomised trial. 
Lancet Oncol 2008;9(4):331–341.

[67] Haviland JS et al., The UK Standardisation of Breast Radiotherapy (START) trials of 
radiotherapy hypofractionation for treatment of early breast cancer: 10-year follow-up 
results of two randomised controlled trials. Lancet Oncol 2013;14(11):1086–1094.

[68] Bentzen SM et al., The UK Standardisation of Breast Radiotherapy (START) Trial B of 
radiotherapy hypofractionation for treatment of early breast cancer: a randomised trial. 
Lancet 2008;371(9618):1098–1107.

[69] Smith BD et al., Fractionation for whole breast irradiation: an American Society for 
Radiation Oncology (ASTRO) evidence-based guideline. Int J Radiat Oncol Biol Phys 
2011;81(1):59–68.

[70] Bane AL et al., Tumor factors predictive of response to hypofractionated radiotherapy in 
a randomized trial following breast conserving therapy. Ann Oncol 2014;25(5):992–998.

[71] Agrawal RK et al., First results of the randomised UK FAST Trial of radiotherapy hypo-
fractionation for treatment of early breast cancer (CRUKE/04/015). Radiother Oncol 
2011;100(1):93–100.

[72] Wallner P et al., Workshop on Partial Breast Irradiation: State of the Art and the Science, 
Bethesda, MD, December 8–10, 2002. J Natl Cancer Inst 2004;96(3):175–184.

[73] The American Society of Breast Surgeons. Consensus statement for accelerated partial breast 
irradiation, statements/PDF_Statements/APBI.pdf: https://www.breastsurgeons.org/.

Breast Cancer - From Biology to Medicine300

[74] Shah C et al., The American Brachytherapy Society consensus statement for accelerated 
partial breast irradiation. Brachytherapy 2013;12(4):267–277.

[75] Wobb JL et al., Nomogram for predicting the risk of locoregional recurrence in 
patients treated with accelerated partial-breast irradiation. Int J Radiat Oncol Biol Phys 
2015;91(2):312–318.

[76] Wazer DE, Kramer B, Schmid C, Ruthazer R, Ulin K, Schmidt-Ulrich R, Factors deter-
mining outcome in patients treated with interstitial implantation as a radiation boost for 
breast conservation therapy. Int J Radiat Oncol Biol Phys. 1997;39(2):12.

[77] Polgar C et al., Accelerated partial-breast irradiation using high-dose-rate intersti-
tial brachytherapy: 12-year update of a prospective clinical study. Radiother Oncol 
2010;94(3):274–279.

[78] Ott OJ et al., Accelerated partial breast irradiation with interstitial implants: risk 
factors associated with increased local recurrence. Int J Radiat Oncol Biol Phys 
2011;80(5):1458–1463.

[79] Strnad V et al., Accelerated partial breast irradiation: 5-year results of the German-
Austrian multicenter phase II trial using interstitial multicatheter brachytherapy alone 
after breast-conserving surgery. Int J Radiat Oncol Biol Phys 2011;80(1):17–24.

[80] Arthur DW et al., Partial breast brachytherapy after lumpectomy: low-dose-rate and 
high-dose-rate experience. Int J Radiat Oncol Biol Phys 2003;56(3):681–689.

[81] Wazer DE et al., Preliminary results of a phase I/II study of HDR brachytherapy alone for 
T1/T2 breast cancer. Int J Radiat Oncol Biol Phys 2002;53(4):889–897.

[82] Fentiman IS et al., Caesium(137) implant as sole radiation therapy for operable breast 
cancer: a phase II trial. Radiother Oncol 2004;71(3):281–285.

[83] Ott OJ et al., GEC-ESTRO multicenter phase 3-trial: accelerated partial breast irradiation 
with interstitial multicatheter brachytherapy versus external beam whole breast irradiation: 
early toxicity and patient compliance. Radiother Oncol 2016: 120(1):119-23.

[84] White J et al., Long-Term Cancer Outcomes From Study NRG Oncology/RTOG 9517: 
a Phase 2 study of accelerated partial breast irradiation with multicatheter brachy-
therapy after lumpectomy for early-stage breast cancer. Int J Radiat Oncol Biol Phys 
2016;95(5):1460–1465.

[85] Rodríguez N et al., Five-year outcomes, cosmesis, and toxicity with 3-dimensional con-
formal external beam radiation therapy to deliver accelerated partial breast irradiation. 
Int J Radiat Oncol Biol Phys 2013;87(5):1051–1057.

[86] Olivotto IA et al., Interim cosmetic and toxicity results from RAPID: a randomized trial 
of accelerated partial breast irradiation using three-dimensional conformal external 
beam radiation therapy. J Clin Oncol 2013;31(32):4038–4045.

Modern Radiotherapy Era in Breast Cancer
http://dx.doi.org/10.5772/66906

301



[87] Hepel JT, Tokita M, MacAusland SG, Evans SB, Hiatt JR, Price LL, Toxicity of three-
dimensional conformal radiotherapy for accelerated partial breast irradiation. Int J 
Radiat Oncol Biol Phys 2009;75(5):6.

[88] Jagsi R, Ben David M, Moran JM, Marsh RB, Griffith KA, Hayman JA, Unacceptable cos-
mesis in a protocol investigating intensity-modulated radiotherapy with active breathing 
control for accelerated partial-breast irradiation. Int J Radiat Oncol Biol Phys 2010;76(1):7.

[89] Vicini F, Winter K, Wong J, Pass H, Rabinovitch R, Chafe S, Initial efficacy results of RTOG 
0319: three-dimensional conformal radiation therapy (3D-CRT) confined to the region of the 
lumpectomy cavity for stage I/II breast carcinoma. Int J Radiat Oncol Biol Phys 2010;77(4):7.

[90] Lei RY, Lenoard C, Howell KT, Henkenberns PL, Johnson TK, Hobart TL, Four-year 
clinical update from a prospective trial of accelerated partial breast intensity-modu-
lated radiotherapy (APBIMRT). Breast Cancer Res Treat 2013;140(1):14.

[91] Group, R.T.O., NSABP Protocol B-39/RTOG Protocol 0413: a randomized phase III 
study of conventional whole breast irradiation (WBI) versus partial breast irradiation 
(PBI) for women with stage 0, I, or II breast cancer. Clin Adv Hematol Oncol 2004;4:3.

[92] Dickler A, Xoft Axxent electronic brachytherapy: a new device for delivering brachy-
therapy to the breast. Nat Clin Pract Oncol 2009;6(3):138–142.

[93] Dooley WC et al., Electronic brachytherapy as adjuvant therapy for early stage breast 
cancer: a retrospective analysis. Onco Targets Ther 2011;4:13–20.

[94] Beitsch PD et al., Post-surgical treatment of early-stage breast cancer with electronic 
brachytherapy: an intersociety, multicenter brachytherapy trial. Onco Targets Ther 
2010;3:211–218.

[95] Mann JM et al., Excellent long-term breast preservation rate after accelerated partial 
breast irradiation using a balloon device. Clin Breast Cancer 2016;16(3):217–222.

[96] Small W Jr. et al., Clinical outcomes with the MammoSite radiation therapy system: 
results of a prospective trial. J Radiat Oncol 2015;4(4):395–400.

[97] Gitt A et al., Treatment results of mammosite catheter in combination with whole-
breast irradiation. Anticancer Res 2016;36(1):355–360.

[98] Vargo JA et al., Extended (5-year) outcomes of accelerated partial breast irradiation 
using MammoSite balloon brachytherapy: patterns of failure, patient selection, and 
dosimetric correlates for late toxicity. Int J Radiat Oncol Biol Phys 2014;88(2):285–291.

[99] Hieken TJ et al., A novel treatment schedule for rapid completion of surgery and 
radiation in early-stage breast cancer. Ann Surg Oncol 2016 ;23(10):3297-303.

[100] Rehman S et al., Prospective analysis of toxicity in patients treated with strut-adjusted 
volume implant for early-stage breast cancer. Brachytherapy 2016;15(5):625-30.

[101] Wobb JL et al., Comparison of chronic toxicities between brachytherapy-based acceler-
ated partial breast irradiation and whole breast irradiation using intensity modulated 
radiotherapy. Breast 2015;24(6):739–744.

Breast Cancer - From Biology to Medicine302



[87] Hepel JT, Tokita M, MacAusland SG, Evans SB, Hiatt JR, Price LL, Toxicity of three-
dimensional conformal radiotherapy for accelerated partial breast irradiation. Int J 
Radiat Oncol Biol Phys 2009;75(5):6.

[88] Jagsi R, Ben David M, Moran JM, Marsh RB, Griffith KA, Hayman JA, Unacceptable cos-
mesis in a protocol investigating intensity-modulated radiotherapy with active breathing 
control for accelerated partial-breast irradiation. Int J Radiat Oncol Biol Phys 2010;76(1):7.

[89] Vicini F, Winter K, Wong J, Pass H, Rabinovitch R, Chafe S, Initial efficacy results of RTOG 
0319: three-dimensional conformal radiation therapy (3D-CRT) confined to the region of the 
lumpectomy cavity for stage I/II breast carcinoma. Int J Radiat Oncol Biol Phys 2010;77(4):7.

[90] Lei RY, Lenoard C, Howell KT, Henkenberns PL, Johnson TK, Hobart TL, Four-year 
clinical update from a prospective trial of accelerated partial breast intensity-modu-
lated radiotherapy (APBIMRT). Breast Cancer Res Treat 2013;140(1):14.

[91] Group, R.T.O., NSABP Protocol B-39/RTOG Protocol 0413: a randomized phase III 
study of conventional whole breast irradiation (WBI) versus partial breast irradiation 
(PBI) for women with stage 0, I, or II breast cancer. Clin Adv Hematol Oncol 2004;4:3.

[92] Dickler A, Xoft Axxent electronic brachytherapy: a new device for delivering brachy-
therapy to the breast. Nat Clin Pract Oncol 2009;6(3):138–142.

[93] Dooley WC et al., Electronic brachytherapy as adjuvant therapy for early stage breast 
cancer: a retrospective analysis. Onco Targets Ther 2011;4:13–20.

[94] Beitsch PD et al., Post-surgical treatment of early-stage breast cancer with electronic 
brachytherapy: an intersociety, multicenter brachytherapy trial. Onco Targets Ther 
2010;3:211–218.

[95] Mann JM et al., Excellent long-term breast preservation rate after accelerated partial 
breast irradiation using a balloon device. Clin Breast Cancer 2016;16(3):217–222.

[96] Small W Jr. et al., Clinical outcomes with the MammoSite radiation therapy system: 
results of a prospective trial. J Radiat Oncol 2015;4(4):395–400.

[97] Gitt A et al., Treatment results of mammosite catheter in combination with whole-
breast irradiation. Anticancer Res 2016;36(1):355–360.

[98] Vargo JA et al., Extended (5-year) outcomes of accelerated partial breast irradiation 
using MammoSite balloon brachytherapy: patterns of failure, patient selection, and 
dosimetric correlates for late toxicity. Int J Radiat Oncol Biol Phys 2014;88(2):285–291.

[99] Hieken TJ et al., A novel treatment schedule for rapid completion of surgery and 
radiation in early-stage breast cancer. Ann Surg Oncol 2016 ;23(10):3297-303.

[100] Rehman S et al., Prospective analysis of toxicity in patients treated with strut-adjusted 
volume implant for early-stage breast cancer. Brachytherapy 2016;15(5):625-30.

[101] Wobb JL et al., Comparison of chronic toxicities between brachytherapy-based acceler-
ated partial breast irradiation and whole breast irradiation using intensity modulated 
radiotherapy. Breast 2015;24(6):739–744.

Breast Cancer - From Biology to Medicine302

[102] Abbott AM et al., Prospective multicenter trial evaluating balloon-catheter par-
tial-breast irradiation for ductal carcinoma in situ. Int J Radiat Oncol Biol Phys 
2013;87(3):494–498.

[103] Vaidya JS et al., Reduced mortality with partial-breast irradiation for early breast cancer: 
a meta-analysis of randomized trials. Int J Radiat Oncol Biol Phys 2016;96(2):259-65.

[104] Smith GL et al., Association between treatment with brachytherapy vs whole-breast 
irradiation and subsequent mastectomy, complications, and survival among older 
women with invasive breast cancer. JAMA 2012;307(17):1827–1837.

[105] Vaidya JS et al., Risk-adapted targeted intraoperative radiotherapy versus whole-breast 
radiotherapy for breast cancer: 5-year results for local control and overall survival from 
the TARGIT—a randomised trial. Lancet 2014;383(9917):603–613.

[106] Silverstein MJ et al., Intraoperative radiation therapy: a critical analysis of the ELIOT 
and TARGIT Trials. Part 2—TARGIT. Ann Surg Oncol 2014;21(12):3793–3799.

[107] Veronesi U et al., Intraoperative radiotherapy versus external radiotherapy for early 
breast cancer (ELIOT): a randomised controlled equivalence trial. Lancet Oncol 
2013;14(13):1269–1277.

[108] Maluta S et al., Intraoperative electron radiotherapy (IOERT) as an alternative to 
standard whole breast irradiation: only for low-risk subgroups? Breast Care (Basel) 
2014;9(2):102–106.

[109] Leonardi MC et al., Accelerated partial breast irradiation with intraoperative electrons: 
using GEC-ESTRO recommendations as guidance for patient selection. Radiother 
Oncol 2013;106(1):21–27.

[110] Hickey BE, Lehman M, Francis DP, See AM, Partial breast irradiation for early breast 
cancer. Cochrane Database of Systematic Reviews 2016, 7:Cd007077.

[111] Clarke M et al., Effects of radiotherapy and of differences in the extent of surgery for 
early breast cancer on local recurrence and 15-year survival: an overview of the ran-
domised trials. Lancet 2005;366(9503):2087–2106.

[112] Gramatyka M, Cardiotoxicity as undesired side effect in the treatment of breast cancer. 
Postepy Hig Med Dosw (Online) 2014;68:483–497.

[113] George R et al., Quantifying the effect of intrafraction motion during breast IMRT plan-
ning and dose delivery. Med Phys 2003;30(4):552–562.

[114] Vedam S et al., Dosimetric impact of geometric errors due to respiratory motion predic-
tion on dynamic multileaf collimator-based four-dimensional radiation delivery. Med 
Phys 2005;32(6):1607–1620.

[115] Duan J et al., Dosimetric and radiobiological impact of dose fractionation on respi-
ratory motion induced IMRT delivery errors: a volumetric dose measurement study. 
Med Phys 2006;33(5):1380–1387.

Modern Radiotherapy Era in Breast Cancer
http://dx.doi.org/10.5772/66906

303



[116] van der Laan HP et al., Current technological clinical practice in breast radiother-
apy; results of a survey in EORTC-Radiation Oncology Group affiliated institutions. 
Radiother Oncol 2010;94(3):280–285.

[117] Bartlett FR et al., The UK HeartSpare Study (Stage IB): randomised comparison of a 
voluntary breath-hold technique and prone radiotherapy after breast conserving sur-
gery. Radiother Oncol 2015;114(1):66–72.

[118] Giraud P, Simon L, Saliou M, Respiratory gated radiotherapy: the 4D radiotherapy. 
Bulletin du Cancer 2005;92(1):6.

[119] Giraud P et al., Dosimetric and clinical benefits of respiratory-gated radiotherapy for 
lung and breast cancers: results of the STIC 2003. Cancer Radiother 2012;16(4):272–281.

[120] Keall PJ et al., The management of respiratory motion in radiation oncology report of 
AAPM Task Group 76. Med Phys 2006;33(10):3874–3900.

[121] Bolukbasi Y et al., Reproducible deep-inspiration breath-hold irradiation with forward 
intensity-modulated radiotherapy for left-sided breast cancer significantly reduces 
cardiac radiation exposure compared to inverse intensity-modulated radiotherapy. 
Tumori 2014;100(2):169–178.

[122] Nissen HD, Appelt AL, Improved heart, lung and target dose with deep inspiration breath 
hold in a large clinical series of breast cancer patients. Radiother Oncol 2013;106(1):28–32.

[123] Remouchamps VM et al., Significant reductions in heart and lung doses using deep 
inspiration breath hold with active breathing control and intensity-modulated radia-
tion therapy for patients treated with locoregional breast irradiation. Int J Radiat Oncol 
Biol Phys 2003;55(2):392–406.

[124] Yeung R et al., Cardiac dose reduction with deep inspiration breath hold for left-sided 
breast cancer radiotherapy patients with and without regional nodal irradiation. Radiat 
Oncol 2015;10:200.

[125] Essers M et al., Should breathing adapted radiotherapy also be applied for right-sided 
breast irradiation? Acta Oncol 2016;55(4):460–465.

[126] Smyth LM et al., The cardiac dose-sparing benefits of deep inspiration breath-hold in 
left breast irradiation: a systematic review. J Med Radiat Sci 2015;62(1):66–73.

[127] Bartlett FR et al., Voluntary breath-hold technique for reducing heart dose in left breast 
radiotherapy. Journal of visualized experiments : JoVE 2014(89).

[128] Bartlett FR et al., The UK HeartSpare Study: randomised evaluation of voluntary deep-
inspiratory breath-hold in women undergoing breast radiotherapy. Radiother Oncol 
2013;108(2):242–247.

[129] Bartlett FR et al., OC-0387: The UK HeartSpare Study (Stage II): multicentre evaluation 
of a voluntary breath-hold technique. Radiother Oncol 2015;115:S186.

Breast Cancer - From Biology to Medicine304



[116] van der Laan HP et al., Current technological clinical practice in breast radiother-
apy; results of a survey in EORTC-Radiation Oncology Group affiliated institutions. 
Radiother Oncol 2010;94(3):280–285.

[117] Bartlett FR et al., The UK HeartSpare Study (Stage IB): randomised comparison of a 
voluntary breath-hold technique and prone radiotherapy after breast conserving sur-
gery. Radiother Oncol 2015;114(1):66–72.

[118] Giraud P, Simon L, Saliou M, Respiratory gated radiotherapy: the 4D radiotherapy. 
Bulletin du Cancer 2005;92(1):6.

[119] Giraud P et al., Dosimetric and clinical benefits of respiratory-gated radiotherapy for 
lung and breast cancers: results of the STIC 2003. Cancer Radiother 2012;16(4):272–281.

[120] Keall PJ et al., The management of respiratory motion in radiation oncology report of 
AAPM Task Group 76. Med Phys 2006;33(10):3874–3900.

[121] Bolukbasi Y et al., Reproducible deep-inspiration breath-hold irradiation with forward 
intensity-modulated radiotherapy for left-sided breast cancer significantly reduces 
cardiac radiation exposure compared to inverse intensity-modulated radiotherapy. 
Tumori 2014;100(2):169–178.

[122] Nissen HD, Appelt AL, Improved heart, lung and target dose with deep inspiration breath 
hold in a large clinical series of breast cancer patients. Radiother Oncol 2013;106(1):28–32.

[123] Remouchamps VM et al., Significant reductions in heart and lung doses using deep 
inspiration breath hold with active breathing control and intensity-modulated radia-
tion therapy for patients treated with locoregional breast irradiation. Int J Radiat Oncol 
Biol Phys 2003;55(2):392–406.

[124] Yeung R et al., Cardiac dose reduction with deep inspiration breath hold for left-sided 
breast cancer radiotherapy patients with and without regional nodal irradiation. Radiat 
Oncol 2015;10:200.

[125] Essers M et al., Should breathing adapted radiotherapy also be applied for right-sided 
breast irradiation? Acta Oncol 2016;55(4):460–465.

[126] Smyth LM et al., The cardiac dose-sparing benefits of deep inspiration breath-hold in 
left breast irradiation: a systematic review. J Med Radiat Sci 2015;62(1):66–73.

[127] Bartlett FR et al., Voluntary breath-hold technique for reducing heart dose in left breast 
radiotherapy. Journal of visualized experiments : JoVE 2014(89).

[128] Bartlett FR et al., The UK HeartSpare Study: randomised evaluation of voluntary deep-
inspiratory breath-hold in women undergoing breast radiotherapy. Radiother Oncol 
2013;108(2):242–247.

[129] Bartlett FR et al., OC-0387: The UK HeartSpare Study (Stage II): multicentre evaluation 
of a voluntary breath-hold technique. Radiother Oncol 2015;115:S186.

Breast Cancer - From Biology to Medicine304

Chapter 15

Breast Cancer and Flavonoids as Treatment Strategy

Pinar Obakan-Yerlikaya, Elif Damla Arisan,

Ajda Coker-Gurkan and Narcin Palavan-Unsal

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66169

Provisional chapter

© 2016 The Author(s). Licensee InTech. 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. 

Breast Cancer and Flavonoids as Treatment Strategy

Pinar Obakan-Yerlikaya, Elif Damla 
Arisan, Ajda Coker-Gurkan and Narcin 
Palavan-Unsal

Additional information is available at the end of the chapter

Abstract

Breast cancer is the most prevalent cancer type among women. Despite recent progress 
in early detection and therapeutic strategies, the rate of mortality is increasing. Anti-
estrogens or aromatase inhibitors are preferred to treat the women diagnosed with estro-
gen-receptor (ER) positive tumors. However, breast tumors usually show intra-tumoral 
heterogeneity with ER-positive and -negative cells. The advanced breast cancer cells lose 
the estrogen responsiveness and become aggressive by developing new strategies for 
rapid proliferation such as mutations in cell cycle machinery. New promising drugs are 
still being investigating against these types of tumors especially to overcome acquired 
resistance against chemotherapeutic drugs; however, a successful treatment for meta-
static tumors is still unclear. Flavonoids, with various pharmacological activities, are 
plant or fungus secondary metabolites present in human diet. In plants, beside their role 
in pigmentation, they may also act as messengers, regulators and cell cycle inhibitors. 
Therefore, they are being tested in ovarian, cervical as well as breast cancer. Due to the 
positive correlation between flavonoids-rich diet and lower risk of cancer, flavonoids 
are referred as chemopreventive agents. The current chapter emphasizes the therapeutic 
potential of flavonoids and their synthetic analogues as anti-cancer agents in breast can-
cer providing new insights into the molecular mechanisms.

Keywords: breast cancer, chemoprevention, flavonoids

1. Introduction

The use of natural and dietary agents for cancer chemoprevention and therapy received 
attention for their health benefits. As consumption of fruits or vegetables has been associated 
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with a reduced risk of human cancers especially breast cancer [1], dietary flavonoids, found 
particularly in these alimentary groups with more than 5000 polyphenolic compounds, 
have been identified as potential cancer-preventive components [2, 3]. Polyphenols can be 
divided into ten different classes based on their chemical structure [4]. Flavonoids, phenolic 
acids, stilbenes, and lignans are the most abundant polyphenols in plants. Polyphenols, 
mainly flavonoids, possess a number of functions including pollination, pollen tube 
growth, resorption of minerals, and tolerance to abiotic stress [5]. Flavonoids represented 
greater attention with the decreased incidence of cancer and cardiovascular diseases in 
Mediterranean population, which was associated with vegetables, fruits, and red wine con-
sumption. Therefore, they have been under investigation for their therapeutic significance 
in the protection of human health for decades. Flavonoids are one of the common compo-
nents in the human diet and generally are present as O-glycosides with sugars bound at 
C3 position [6].

Breast cancer is the leading cause of cancer death among women worldwide. Despite the 
presence of new promising advances in therapeutics, the breast cancer mortality rate is still 
increasing. Recent reports suggest that breast cancer prognosis is lower in countries consum-
ing a healthy, plant-based diet [7]. The possible cause to this scenario has been suggested 
as flavonoids in fruits and vegetables. Epidemiologic investigations showed that flavonoids 
exhibit important effects on cancer chemoprevention and chemotherapy. They have been 
shown to interact with different genes and enzymes including those playing role in antipro-
liferation, cell cycle arrest, apoptosis, angiogenesis, and multidrug resistance. Therefore, this 
chapter focuses on the chemopreventive and chemotherapeutical roles of flavonoids in the 
treatment of breast cancer [6].

2. Structure, classification and metabolism in humans

The chemical structure of flavonoids is based on a C15 skeleton with a chromane ring bearing 
a second aromatic ring B in position 2, 3, or 4 (Figure 1).

 Figure 1. Basic flavonoid structure [8].
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Flavonoids are subdivided into different groups based on the nature of C3 element: flavones, 
flavonols, flavanones, flavanols, anthocyanins, and isoflavones (Figure 2).

Flavonoids participate light-dependent phase of photosynthesis [9], and they catalyze elec-
tron transport. They have been shown to be synthesized from phenylalanine and tyrosine, the 
aromatic amino acids, with acetates [10]. First, aromatic amino acids are converted to cinnamic 
acid and parahydroxycinnamic acid, respectively, by phenylalanine and tyrosine ammonia 
lyase enzymes [11]. Then, parahydroxycinnamic acid accumulates with acetate units to give 
rise to cinnamoyl, which is the derivative of caffeic acid and chlorogenic acid. Cinnamoyl, 
then, is converted to ortho-hydroxyacetophenone with a benzaldehyde derivative generat-
ing flavonones. If ortho-hydroxyacetophenone condenses with a benzoic acid derivative, 
flavones are formed. Anthocyanins are naturally occurring glycosides of flavylium (2-phenyl-
1-benzopyrylium) ions substituted by hydroxyl and methoxyl groups. Biotransformation of 
flavonoids occurs in the gut and various secondary metabolites are produced as well such as 
phenolic acids, lignins, lignans, and stilbenes [11].

Flavonoids, mainly flavanols and quercetin glucosides, are absorbed from the small intestine, 
while quercetin, quercetin galactoside, and many others are not [12]. Those absorbed by the 
intestine have been shown to be transported through membrane and use both ATP-dependent 
pumps and ATP-independent transporters [13]. Following absorption, they are metabolized 
via microbial catabolism and conjugated in the liver and enterocytes [14]. Depending on the 
subclass, only 5–10% of the amount consumed was shown to be absorbed in the intestine; 
the rest excreted through the colon where they are further metabolized. The absorbed part 
in the duodenum is found as methylated, sulfate-conjugated, glucuronide-conjugated, or 
glycine-conjugated forms [15]. Firstly, in 1992, Hertog et al. measured the content of flavo-
noids in different fruits, vegetables, and wine. Their findings indicated that mostly quercetin, 
kaempferol, myricetin, apigenin, and luteolin are found as flavonoid subclasses in the diet. 
They also suggested that the mean daily intake of flavonoids was higher than the antioxi-
dants β-carotene, vitamin E, and vitamin C [16]. However, the measurement of daily flavo-
noid intake is difficult to estimate since a standardized method is lacking [17]. Flavonoids, 
except catechins, exist in nature as glycosides. Following flavonoid intake, the glucosides are 

 Figure 2. Subclasses of flavonoids (PubChem).
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cleaved and glucuronated. Glucuronides can be metabolized, released, or stored as aglycones 
by glucuronidases in a tissue-specific manner [18]. Although the glycosylation of flavonoids 
has been suggested important for their absorption, the non-glycosylated form of catechin 
intake has been shown relatively efficient [19]. Flavonoids, especially flavanols, flavonols, and 
anthocyanins, are relatively abundant in human diet and are shown to play role in cancer, 
cardiovascular, and neurodegenerative disease disorder prevention [20].

3. Flavonoid-rich food and medicinal plants

The plant extracts have been used as folk remedies against various health problems, includ-
ing metabolic diseases, cancer, and neurodegenerative disorders. According to in vitro and in 
vivo studies, a number of plant species have antiproliferative and antitumoral role in breast 
cancer pathogenesis. In addition, plants which have higher amount of flavonoids are accepted 
as chemopreventive agents. According to the United States Department of Agriculture 
(USDA) database, the six subclasses of flavonoids are listed for 506 food items. According to 
the database, flavonols (quercetin, kaempferol, myricetin, isorhamnetin), flavones (luteolin, 
apigenin), flavanones (hesperetin, naringenin, eriodictyol), flavan-3-ols ((+)-catechin, (+)-gal-
locatechin (GC), (−)-epicatechin (EC), (−)-epigallocatechin (EGC), (−)-epicatechin 3-gallate, 
(−)-epigallocatechin 3-gallate, theaflavin, theaflavin 3-gallate, theaflavin 3′-gallate, theaflavin 
3,3′ digallate, thearubigins), anthocyanidins (cyanidin, delphinidin, malvidin, pelargonidin, 
peonidin, petunidin), and isoflavones (genistein, daidzein, glycitein) are listed.

Generally, these dietary compounds are known with their antioxidant, anti-inflammatory, 
and anticarcinogenic effects. According to the Seven Countries Study report, the average 
consumption of quercetin, kaempferol, myricetin, luteolin, and apigenin in composite food 
samples have ranged from 6 mg/day in Finland to 64 mg/day in Japan, with intermedi-
ate intakes in the United States (13 mg/day), Italy (27 mg/day), and the Netherlands (33 
mg/day). In a similar study report, average flavonoid intake in Hungarian population was 
lower compared to Dutch, Danish, and Finnish citizens. The intake of five flavonoids in 17 
different diets was estimated. When diet types were compared to each other according to 
flavonoid consumption ratio, it was shown that South African diet is the lowest flavonoid 
consumed diet type as 1–9 mg/day consumption. In contrary, Scandinavian diet in correla-
tion with population-based study outcomes was the higher flavonoid intake diet type (75–81 
mg/day).

In addition dietary origin of the flavonoids varied between countries. While tea is the main 
dietary source of flavanoids in Japan by 95% and the Netherlands by 64%, alcoholic bever-
ages such as famous resveratrol based popularity of red wine and beer in Italy by 46%. The 
vegetables and fruits are the most common dietary sources of Scandinavian countries such 
as Finland by 100%. Similar ratio was also observed in the United States by 80%. In Australia, 
tea is the major source of flavonoid, and flavan-3-ols are 75% of whole intake. Therefore, it is 
important to evaluate the chemopreventive and chemotherapeutic potential of flavonoids in 
breast cancer disease.
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In this section, it is aimed to discuss potential molecular mechanism of above-listed flava-
noids in breast cancer studies.

3.1. Flavanols

3.1.1. Quercetin

Quercetin is a natural dietary flavonoid which exerts antioxidant, anti-inflammatory and 
anticancer properties. Quercetin is found in barks of many plants, fruits, and vegetables. It is 
one of the well-established grape polyphenols like other members, resveratrol, naringenin, 
and catechin, can exert antitumoral, antioxidant, anti-angiogenic properties and modify 
selectively estrogen-receptor (ER). According to a recent study, it is found that quercetin at 
IC50 value (37 μM) modulated Twist and p38 MAPK signaling, which lead to apoptosis in 
MCF-7 and MDA-MB-231 breast cancer cells [21]. In addition it is well documented that quer-
cetin exerts its therapeutic effect through modulating different cellular targets. According 
to the previous study, it was shown that quercetin induced p21 CDK inhibitor with a con-
comitant decrease of phosphorylation of retinoblastoma (Rb), which inhibits the G1/S cell 
cycle progression by trapping E2F1. A low dose of quercetin induced mild DNA damage 
and Chk2 activation, which is the main regulator of p21 expression by quercetin. In addi-
tion, quercetin downregulated the cyclin B1 and CDK1, essential components of G2/M cell 
cycle progression. Inhibition of the recruitment of key transcription factor NF-Y to cyclin 
B1 gene promoter by quercetin led to transcriptional inhibition SKBR3, MDA-MB-453, and 
MDA-MB-231 cells [22, 23].

Similar to previous findings, MCF-7 breast cancer cells were exposed to the increasing con-
centrations of quercetin; consequently, cell viability ratios were decreased, and apoptosis was 
triggered. Following exposure of cells to moderate cytotoxic dose of quercetin for 48 h, cells 
undergo apoptosis due to activation of caspases. In addition, quercetin mediates the disrup-
tion of Bcl-2/Bax ratio in MCF-7 cells [24].

3.1.2. Kaempferol

A dietary flavonoid, kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-
4-one), is found in edible plants such as kale, beans, endive, tea, broccoli, cabbage, tomato, 
and grapes, is commonly used in traditional medicine (e.g., Ginkgo biloba, Tilia spp., Equisetum 
spp., Moringa oleifera, Sophora japonica, and propolis) has been reported as antimicrobial, 
anticancer, antioxidant, neuroprotective, cardioprotective, and antiallergic activity [25]. 
Kaempferol leads to anti-angiogenic effect via reducing vascular endothelial growth factor 
(VEGF) expression in ovarian cancer cells [26]. Moreover, it enhanced the effect of cisplatin in 
ovarian cancer and induced cell cycle arrest and apoptosis by modulating Bcl-2-Bax expres-
sion. In vitro studies about kaempferol on breast cancer cases, time-dependent exposure of 
cells to flavonoid (50 μM) induced G2/M arrest via inhibiting CDK1; cyclin A, and cyclin B and 
induced apoptosis by p53 phosphorylation in MDA-MB-453 breast cancer cell [27]. Although 
kaempferol treatment significantly induced cell viability loss in MCF-7 cells, no significant 
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effect has been reported in MDA-MB-231 breast cancer cells or HC-11 mammary epithelial 
cells. Kaempferol-induced ERK activated apoptotic cell death and reactive oxygen species 
(ROS) generation and N-acetyl cysteine (NAC) co-treatment prevented kaempferol-mediated 
poly (ADP-ribose) polymerase (PARP) cleavage in MCF-7 breast cancer cells [28]. Kaempferol 
could be extracted from Murraya koenigii leaf, which was reported to induce caspase-3-de-
pendent apoptotic cell death and inhibited endogenous 26S proteasomal enzyme activity in 
MDA-MB-231 breast cancer cells. Moreover, dose-dependent kaempferol treatment reduced 
the tumor growth through inhibiting the expression of angiogenic and antiapoptotic genes 
in breast cancer xenografts [29]. In vivo breast cancer xenograft mice models, kaempferol-
mediated anticancer effect reported via downregulation of IRS-1, pAkt, pMEK1/2, and ERK 
gene expression and decreased the tumor growth and volume. In addition, kaempferol treat-
ment prevents breast cancer invasion and metastasis in MDA-MB-231 breast cancer cells due 
to reduction in MMP-2 and MMP-9 expressions, suppression of transcription factor activa-
tor protein-1 (AP-1) and MAPK signaling [30]. Lymphangiogenesis, a new lymphatic vessels 
formation process, is a major step in spreading of tumor cells. Lymphangiogenesis inhibitors 
might be focused as an important drug target strategy in breast cancer cells. A VEGFR2/3 
kinase inhibitor, kaempferol, inhibited mammalian lymphangiogenesis in metastatic breast 
cancer xenograft models [31].

3.1.3. Myricetin

The use of plant derivatives, which exert biological functions, has gained importance in recent 
years. Myricetin (3,5,7,3′,4′,5′-hexahydroxyflavone cannabiscetin) is a natural flavonol, which 
has a unique hydrophobic chemical structure found in different varieties of fruits, vegetables, 
tea, berries, etc. [32]. The dietary intake of myricetin from our foods is about 0.98–1.1 mg 
per day, which is quite higher than some other flavonols [33]. Recent studies showed that 
myricetin is an antioxidant and it possesses cytoprotective, anticarcinogenic, antiviral, and 
antimicrobial effects [34].

3.1.4. Isorhamnetin

Isorhamnetin is one of the important flavanols found in G. biloba leaf extracts. Isorhamnetin is 
also found in parsley, and thereby it is a common dietary flavonoid as the metabolite of quer-
cetin. Generally, it is well known as antagonist of peroxisome proliferator-activated receptor 
γ (PPARγ), which inhibits adipocyte differentiation induced by the PPARγ agonist rosigli-
tazone [35]. Isorhamnetin is a naturally occurring compound in fruits and vegetables; recent 
study showed that isorhamnetin could significantly inhibit the invasion of MDA-MB-231 cells 
by downregulating matrix metalloproteinases (MMP-2 and MMP-9) through inhibiting p38 
MAPK and STAT3 [36]. Similar results were also obtained in another study, which showed 
that isorhamnetin inhibited cell proliferation and led to apoptosis. In addition, isorhamnetin 
was found effective on Akt/mTOR/MAPKs signaling axis. It was established that isorham-
netin-induced autophagy can be reversed by the co-treatment of 3-methyl-adenine in lung 
cancer cells. The results indicated that isorhamnetin exerts antitumor effect in breast cancer 
through targeting multiple molecular targets [37].
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3.1.5. Silymarin

In recent years, chemopreventive potential of fruits, vegetables, and medicinal herbs such as 
tea due to ingredients rich in phytochemicals that act as an antioxidant become an impor-
tant agent. One of the polyphenolic flavonoids silymarin that is isolated from milk thistle 
(Silybum marianum (L.) Gaertn) has been shown for its antioxidant action against liver toxicity 
[38]. Recently, studies reported the anticarcinogenic effect of silymarin in several mouse skin 
tumorigenic samples and cervical, prostate, liver, and breast cancers. The molecular machin-
ery of silymarin was more frequently shown in the treatment of human umbilical vein endo-
thelial cells (HUVECs), and downregulation of survivin, Akt, and nuclear factor (NF)-κB was 
observed [39]. Beside cell growth and proliferation inhibition, silymarin was demonstrated 
as an inhibitor of MMPs and in vitro angiogenesis. Silymarin induced liver cancer prevention 
due to membrane stabilizing antioxidant effect through acting on tumor necrosis factor alpha 
(TNF-α) expression in hepatocellular carcinoma cells [40]. Moreover, VEGF secretion sup-
pression instead of normal epithelial cells, in prostate and breast cancer epithelial cells, has 
also been reported in Ref. [41]. In MCF-7 breast cancer cells, silymarin treatment inhibited cell 
growth via upregulating ERB. However, ER alpha (ERα) downregulation is reported to be an 
important key player in drug-induced autophagy and apoptosis in MCF-7 breast cancer cells 
via Akt/mTOR/ERK signaling pathway [42].

3.2. Flavanes

3.2.1. Luteolin

Luteolin (3′,4′,5,7-tetrahydroxyflavone) which belongs to flavonoids is a heat-stable and non-
toxic compound. It is found in vegetables and fruits such as celery, parsley, broccoli, onion 
leaves, carrots, peppers, cabbages, apple skins, and mignonette and chrysanthemum flowers. 
As well as other flavanoids, cardiovascular protection, immune system stimulation, antioxi-
dant, anti-inflammatory, and anticarcinogenesis capacities of luteolin have been shown in pre-
vious studies [43]. Luteolin exerts its molecular effect via inducing different signaling routes 
in dose-dependent manner. According to previous studies, it is well documented that lutein 
is both pro- and antioxidant compound. The pro-oxidant activity of flavonoids may be related 
to their ability to undergo autoxidation catalyzed by transition metals to produce superoxide 
anions [44]. Due to structural differences including bioactive phenolic ring, prooxidant status 
of luteolin may increase the cytotoxicity in cells. Luteolin is important in ER-expressing cells. 
It was shown that luteolin at low concentrations is an antiestrogenic agent and reduces cell 
proliferation. In addition, luteolin may inhibit aromatase whose function is to catalyze the 
production of estrogens [44]. A recent study indicated that luteolin downregulates ER and 
thus caused the degeneration of ER protein. Because the etiology of breast cancer is strongly 
correlated with nuclear hormone receptor activity, the consumption of luteolin in diet may 
reduce risk through regulation of estrogen-induced cellular effects. In vitro and in vivo stud-
ies showed that luteolin prevented estrogen-induced cell proliferation. It was shown that 
luteolin impaired estrogen signaling pathway (ESP) in MCF-7 cells by microarray analysis 
[45]. Luteolin altered cell cycle regulation signaling targets, including CCNA2, PLK1, PCNA, 
and CDKN1A. This result was considered as the final consequence of ESP modulation, which 
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suppresses cell proliferation in breast cancer cells. A previous study showed that luteolin 
(5 μM) could be utilized as a chemosensitizing mechanism to target the expression level of 
cyclin E2 and to overcome tamoxifen resistance in breast cancer patients. In vivo studies also 
showed that luteolin may exert its effect via modulating miRNA expressions such as miR-34a 
and miR-181a which bidirectionally reduced notch and suppressed invasion mechanism [46].

3.2.2. Apigenin

Apigenin is known as the phytoestrogen, used in postmenapausal symptom treatment, and 
presented in various plant species. Although it is a nontoxic and non-mutagenic plant deriva-
tive, it exerts antitumoral activity in different types of cancers and induces oxidative stress 
in breast cancer cells [47]. However, there are contradictory reports showing that apigenin 
might stimulate cell proliferation in ERα-positive MCF-7 and T47D cells, but not effective in 
ERα-negative MDA-MB-435 breast cancer cells [48]. The molecular mechanism of apigenin- 
induced apoptotic cell death was caspase-dependent, mitochondria [49] and NF-κB, STAT 
signaling-mediated [50]. Moreover, apigenin inhibited cell growth, metastasis, and invasion 
in breast cancer cells via acting on PI3K/Akt signaling and beta 4 integrin in MDA-MB-231 
breast cancer cells [51].

3.3. Flavanones

It was shown that flavanone-rich diet mediated 0.1 –100 μM physiologically achievable 
concentration in the plasma. One of the mostly known flavanones is naringenin, which is 
especially abundant in the Mediterranean diet, rich for consumption of grapes, tomato, and 
citrus. Naringenin was shown with anticancerous effect in various cancer cells. According to 
in vitro studies, it was shown that naringenin modulated NF-κB to induce apoptosis in the 
cells. Naringenin was effective in MCF-7 ERα+/ERβ + cell line, but not in ER-independent 
SKBR-3 (ERα−/ERβ−) cell line [52–55]. Thymus vulgaris ethanol extraction originated in nar-
ingenin induced cell cycle arrest at S and G2/M phases, which led to apoptotic induction in 
HTB26 and HTB132 breast cancer cells [52]. The apoptotic efficiency of naringenin was found 
due to alteration of different cell cycles and apoptosis-related genes such as cyclin-dependent 
kinases and Bcl-2 family members. Naringenin may activate T cells to induce antitumoral 
activity in mice and lead to increased interferon (IFN)-γ and interleukin (IL)-2 expressing T 
cell population [54, 56]. Naringenin promotes the therapeutic effect of tamoxifen in breast 
cancer cells [57, 58]. Thus, naringenin might promote the potential therapy outcomes and 
good prognosis in breast cancer cases.

Similar to naringenin, eriodictyol has promising therapeutic effects in cancer cells. Eriodictyol, 
a flavanone, activated Nrf2 and induced phase II proteins to exert its antioxidant effects 
[59, 60]. However, there are less studies to evaluate the molecular mechanism of eriodictyol 
compared to naringenin.

Hesperetin is also a promising flavanone and induced cell cycle arrest at G1 phase. According 
to the previous study, hesperetin regulated CDK4 and p21 (Cip1) in MCF-7 cells and led to 
block of cell cycle. Hesperetin is also known with its apoptotic effect in breast cancer cells 
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without effecting normal mammary epithelial cells. It was shown that hesperetin induced 
apoptosis in dose- and time-dependent manner in MCF-7 cells through triggering ROS gen-
eration. Pretreatment of NAC prevented hesperetin-induced apoptosis, which is under con-
trol of ASK1/JNK pathway. In addition, hesperetin also induced apoptosis in triple-negative 
breast cancer MDA-MB-231 cells via intrinsic apoptotic pathway [53, 61–64]. In the light of 
previous findings, both naringenin and hesperetin are known as promising therapeutic can-
didates in breast cancer due to their sensitizing effect of HER2-positive breast cancer cells.

3.4. Flavan-3-ols

The most important member of flavan-3-ols (catechins) is abundantly present in green and 
black tea, red wine and chocolate. Catechins, which are generally found in green tea, com-
prise epigallocatechin gallate (EGCG), epicatechin (EC), gallocatechin (GC), epigallocatechin 
(EGC), catechin gallate (CG), epicatechin gallate (ECG), gallocatechin gallate (GCG), and cat-
echin (C). Although green tea is a favorable catechin source, it is required to design more 
bioavailable structures to treat various cancer types, including breast cancer. The detailed 
investigation for EGCG was established in different studies. According to xenograft model 
studies, EGCG with tamoxifen has potential in ER-negative breast cancer models. The MDA-
MB-231-mediated tumor volume was decreased following 25 mg/kg treatment of EGCG and/
or EGCG + tamoxifen in athymic nude female mice model [65–68]. The potentiation of green 
tea catechins is generally acted on mTOR and EGFR pathways. Similar to these findings, stud-
ies indicated that EGCG produces anticancer effect by modulating the activity of MAPKs, IGF/
IGF-1 receptor, Akt, NF-κB, and HIF-1α [69–73]. Although catechins have multiple molecular 
targets in the cells, it is required to improve their structural properties to achieve powerful 
treatment results.

3.5. Anthocyanins

Anthocyanins confer the bright red, blue, and purple colors to plants such as berries, grapes, 
and apples. Anthocyanidins lack the sugar component of the anthocyanin [74]. Six anthocy-
anidins occurred most commonly in nature are pelargonidin, cyanidin, peonidin, delphini-
din, petunidin, and malvidin. It has been suggested that the consumption of cyanidin lowers 
the risk of cardiovascular disease, diabetes, and cancer due to the antioxidant and anti-inflam-
matory activities [75]. The phenolic structure is responsible for the antioxidant activity such as 
the ability to scavenge superoxide (O2·−), singlet oxygen (‘O2), peroxide (ROO−), hydrogen per-
oxide (H2O2), and hydroxyl radical (OH·), members of ROS [76], in in vitro cell lines including 
colon, liver, and breast cancer cells [77].

3.5.1. Cyanidin

The anticancer effect of cyanidin-rich extracts of different plant has been shown in MCF-7 ERα 
(+), MDA-MB-231 ER α (−), and MDA-MB-453 ER α (−) breast cancer cell lines. Moreover, apop-
totic induction in MDA-MB-453 cells through the intrinsic pathway of apoptosis by activating 
caspase cascade, cleaving poly (ADP-ribose) polymerase (PARP), depolarizing  mitochondrial 
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membrane potential, and releasing cytochrome C has been shown [78]. In addition, in the 
same study, 100 mg/kg/day oral administration of cyanidin has been shown to reduce tumor 
growth and angiogenesis by affecting the expression of angiogenic factors MMP-9, MMP-
2, and cell/extracellular matrix (ECM) interaction in nude mice bearing MDA-MB-453 cell 
xenografts [78]. Furthermore, inhibition of proliferation and cell cycle arrest were induced in 
MCF-7 human breast cancer cells after the treatment of bilberry extract, which contains high 
amount of cyanidin [79]. The same study also compared the effect of cyanidin with a well-
known antioxidant Trolox, a vitamin E analog, and showed that cyaniding induced apoptosis 
and cell cycle arrest as much as Trolox [80]. In another study, pycnogenol, derived from pine 
bark, which contains high amounts of procyanidins, has been shown to induce cell death 
in breast cancer cells (derived from human fibrocystic mammary tissue) but not in normal 
human mammary MCF-10A cells [81].

Human epidermal growth factor receptor 2 (HER2) is overexpressed in 20% cases of breast 
cancer. Therefore, HER2-targeted therapies have been evaluated in recent years. In Liu et 
al.’s [82] study, cyanidin-3-glucoside, extracted from black rice, inhibited phospho-HER2 and 
phospho-AKT and induced apoptosis both in vitro and in vivo HER2-positive breast cancer 
cells and tissues. Another study also revealed that anthocyanidin-rich extracts from berries 
and grapes have been shown to exhibit proapoptotic effects in multiple cell types in vitro [83]. 
They induce apoptosis through both intrinsic (mitochondrial) and extrinsic (FAS) pathways.

3.5.2. Delphinidin

Delphinidin is a member of anthocyanins mainly found in pomegranate extract and found 
in many dietary supplements as complementary cancer medicine. A recent study showed 
that delphinidin treatment inhibited cell proliferation and induced apoptosis in ER-positive, 
triple-negative, and HER2-overexpressing breast cancer cell lines without any toxic effect in 
normal breast epithelial cells [84]. In addition, the same study also indicated that MAPK sig-
naling was inhibited in both triple-negative and ER-negative breast cancer cells but not in 
MCF-10A normal epithelial cells.

Breast cancer cells overexpressing p65, the unit of NF-κB responsible from cell survival and 
proliferation, underwent apoptosis following delphinidin treatment. The possible explana-
tion to this process was shown as the inhibition of phosphatidylinositol 3,4,5-trisphosphate 
(PI3K)-dependent phosphorylation of AKT in vitro and inhibition of the activation of NF-κB 
in vivo [85]. The same study also pointed out that miR-27a and miR-155 were able to inhibit 
PI3K and NF-κB and responsible from the anti-inflammatory and cytotoxic activity of delph-
inidin in MDA-MB-231 breast cancer cell line [86]. Delphinidin has been also shown to inhibit 
hepatocyte growth factor (HGF)-mediated tyrosyl phosphorylation of focal adhesion kinase 
(FAK), Src, paxillin, Gab-1, and GRB-2, which are inducers of cell proliferation upon phos-
phorylation by growth factor signaling. Delphinidin, in the same study, was found to repress 
Ras-ERK MAPKs and PI3K/AKT/mTOR/p70S6K pathways [16]. The compound also has anti-
angiogenic and anti-invasive properties by decreasing MMP-9 activity in ER+ MCF-7 cells. 
Im et al. showed that delphinidin inhibited MMP-9 transcription by blocking NF-κB through 
MAPK signaling pathways [87].
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3.5.3. Pelargonidin

Pelargonidin, a subclass of anthocyanin with estrogenic activity, was tested in MCF-7 breast 
cancer cells. The cytotoxic dose (5 μg/ml) of strawberry extract containing pelargonidin-3-O-
glucoside caused 50% decrease in cell proliferation [88]. A study performed in breast cancer 
tissue of rats showed that pelargonidin could inhibit the synthesis of cytochrome c p450 family 
1 subfamily A member 1 (CYP1A1) enzyme which converts estradiol into 2-hydroxy-estradiol 
that can cause DNA damage [89]. The inhibition of the estrogenic activity by 55% was also 
indicated following pelargonidin containing pomegranate seed oil in ER+ MCF-7 cells. On the 
other hand, pelargonidin treatment induced apoptosis in both MCF-7 and MDA-MB-231 (ER-). 
Seventy-five percent inhibition of invasion across a Matrigel was also observed in MCF-7 cells 
at 10 μg/ml pomegranate seed oil concentration. Studies suggest that further investigations on 
chemopreventive and therapeutic applications of pelargonidin should be performed against 
human breast cancer [90].

3.6. Isoflavonoids

3.6.1. Daidzein

Daidzein, is one of the isoflavonoid present in various plants and herbs such as soybeans, 
tofu, kwao krua (Pueraria mirifica), kudzu (Pueraria lobata), and also isolated from Maackia 
amurensis cultures [91]. Breast tumor growth inhibition by lower concentration of daidzein 
(10 μM) treatment in in vitro and in vivo has been reported. Daidzein prevented T47D breast 
cancer cell proliferation and acted as antiestrogenic agent [92]. Fifty micrometer daidzein 
concentration decreased the cell viability in MDA-MB-231 and MCF-7 breast cancer cells by 
50 and 42%, respectively, for 48 h. Moreover, daidzein inhibited cell migration and invasion 
in breast cancer cells by using MicroRaman techniques [93]. As a soybean extract, daidzein 
stabilized proto-oncogene BRF2 mRNA and decreases BRF2 promoter methylation in ERα 
and ERβ breast cancer cells and female breast cancer mice models [94]. Antiproliferative 
effect of daidzein on breast cancer cells was reported by acting on TNF-α expression, down-
regulating MMP-9 mRNA expression, and suppressing hedgehog signaling through pre-
venting the Gli1 nuclear translocation. In in vivo MCF-7 athymic nude mice breast cancer 
models, fed daidzein prevented tumor growth through suppressing ATP2A3 and BLNK 
expression and decreased MYC oncogene expression [95]. However, no significant associa-
tion between breast cancer risk and plasma equol and/or equol: daidzein concentrations 
have been reported in the Chinese population [96].

3.6.2. Genistein

Soybean is one of the dietary components, which contains phytoestrogens and genistein act-
ing as a chemopreventive agent against various cancer cells such as prostate and breast cancer. 
As a predominant isoflavone, genistein inhibits growth and proliferation of ER-positive and 
ER-negative breast cancer cells by inhibiting receptor-associated tyrosine kinase (RTK) signal-
ing [97]. Genistein inhibited cell proliferation, growth, invasion, and metastasis and acted as 
anticarcinogenic and anti-angiogenic compound on breast cancer in vitro and in vivo models 
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[98]. The molecular mechanism of anticarcinogenic effect of genistein on breast cancer cells 
is due to DNA topoisomerase, 5-reductase enzyme inhibition, suppressing the NF-κB, Akt 
and MAPK signaling pathways [99]. Genistein is one of the flavonoids that has been shown 
to effect on chronic diseases such as atherosclerosis and hereditary hemorrhagic telangiec-
tasia. The molecular target of genistein was reported to enhance the action of transforming 
growth factor-β (TGF-β) [77]. Like other plant secondary metabolites (tocopherols, curcumin), 
flavonoids reported to regulate VEGF in breast tumors in vivo and in vitro studies. The anti-
angiogenic, anticarcinogenic effect of genistein target VEGF receptor-2 (VEGFR-2) medi-
ated PI3K/Akt/mTOR signaling pathway [100]. Angiogenesis is the formation of new blood 
vessels and sprouting of circulation by activation of VEGF family member, VEGF-A, lead-
ing to endothelial cell proliferation, migration, and destruction of matrix metalloproteins. 
Although the anti-angiogenic effect of isoflavonoids has been reported in various studies, the 
exact molecular inhibition mechanism has not been clarified yet. One of the anti-angiogenic 
effects of genistein is the inhibition of VEGF and its receptor secretion. Ten to fifty microm-
eter genistein prevented basal VEFG expression both in breast cancer and human umbili-
cal vein endothelial cells (HUVECs) [101]. Moreover, under hypoxia conditions genistein 
has been shown to induce both VEGF downregulation and inhibition of hypoxia-inducible 
factor 1 (HIF-1) activation. The anti-angiogenic effect of genistein has been accelerated with 
curcumin-combined treatment in HUVEC cells by VEGFR-1 and VEGFR-2 downregulation 
[102]. According to in vivo experiments such as xenografts, chick chorioallantoic membrane 
or zebra fish experimental models showed the reduction of microvessel density due to genis-
tein treatment mediated by plasminogen activator inhibitor-1, endostatin, angiostatin, and 
thrombospondin-1 activation. Pretreatment with genistein leads to the reduction of MMP-2, 
MMP-3, MMP-13, and MMP-15 mRNA expression and VEGF-mediated plasminogen activa-
tor (PA) and PAI1 expression blockage. However, no significant effect has been determined on 
MMP-2 and MMP-9 activity. Antiproliferative and anti-angiogenic effect of genistein is also 
shown by inhibition of cadherin, integrin V, connexin 43 mRNA expression, and genistein 
(40 mmol/L), or daidzein (110 μm/L) treatment suppresses epidermal growth factor (EGF) 
and insulin-like growth factor (IGF-I) [103]. NF-κB signaling pathway plays an important role 
in not only angiogenesis but also cell growth apoptosis, inflammation, and invasion. Thus, 
genistein treatment inhibited MMP-9 by NF-κB nuclear translocation-induced NF-κB signal-
ing inactivation [104]. In addition, genistein induced cell proliferation suppression by acting 
on MAPKs such as ERK-1/2, c-Jun N-terminal kinases (JNK), and p38 dephosphorylation. 
In order to clarify the anti-angiogenic effect of flavonoids, genistein, one of the major cata-
lytic enzymes of prostaglandin production [cyclooxygenase-2 COX-2], associated VEGF pro-
duction was investigated [105]. COX isoenzyme catalyzes the production of prostaglandins, 
VEGF production, and angiogenesis induction. In MCF-7 breast cancer cells, genistein alone 
or combined treatment with capsaicin leads anti-angiogenic and anticarcinogenic effect via 
acting on reduced COX-2 expression. According to in vivo studies, in TPA-treated animals, 
genistein or daidzein suppresses NF-κB and COX-2 activity [77]. During cancer progression, 
various molecules have been involved in various steps such as cell proliferation, differen-
tiation, migration, and extracellular matrix formation. Moreover, some tumor microenvi-
ronment modulators such as immunosuppressive and/or angiogenic-inducing factors play 
essential roles. One of the key targets during these hypoxic breast tumors is galectin-3 that 
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is involved by overexpression in cancer niche. Soy compound isoflavonoid genistein chemo-
preventive effect has been reported due to potential action on galectin-3 expression inhibition 
in breast cancer. The phytoestrogen genistein, which induced G2/M arrest due to galentin-3 
downregulation, has been determined in human breast carcinoma cell lines [106]. As shown 
in Figure 3, analysis of transcriptomic profile of mammary epithelial cells of rat females fed a 
diet containing the soy isoflavone genistein or soy protein isolate showed that soy consump-
tion is associated with reduced breast cancer risk in women. Results provide insight into the 
molecular basis of the beneficial effect of soy-rich diets.

 Figure 3. GEO Dataset (GDS2616) demonstration for soy protein genistein protective effect against mammary epithelial 
cells in Rattus norvegicus.
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4. Conclusion

In summary, flavonoids can potentially contribute to breast cancer prevention and treatment 
either by antioxidant or apoptotic activity (Table 1). Previous studies highlighted that plant-
derived flavonoids are promising when their bioavailability is increased to provide better 
therapeutic approach in the treatment of disease. However, elucidation of their molecular tar-
gets in cell type-specific manner may increase their potential therapeutic effects. Noteworthy 
that consumption of dietary flavonoids in diet types might be advised to control disease and 
poor prognosis.
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The effect caused by flavonoid treatment in breast cancer models

Group of flavonoid Subgroup Apoptotic Anti-angiogenic Antioxidant

Flavanols Quercetin + +

Kaempferol + + +

Myricetin +

Isorhamnetin + +

Silymarin + +

Flavanes Luteolin + +

Apigenin + +

Flavanones Naringenin +

Eriodictyol +

Hesperetin +

Flavan-3-ols Cyanidin + + +

Delphinidin +

Pelargonidin +

Isoflavonoids Daidzein +

Genistein + +

Table 1. The summary of the effects of flavonoids in breast cancer.
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Abstract

Although significant progress has been made in the management of the hereditary
cancer  syndrome related  to  mutations  of  BRCA1,  two  fundamental  and  clinically
relevant questions regarding BRCA1-related cancer syndrome remain unresolved: (1)
What factors account for the tissue specificity of the BRCA1-related cancer risk? (2) How
does a mutation or loss of BRCA1 lead to the basal-like phenotype of breast cancer? This
review focuses  on recent  studies  in  BRCA1-related pathways  that  lead to  specific
characteristics of the hereditary cancer syndrome and discusses the current translational
evidence  for  exploiting  these  pathways  in  new  therapeutic  strategies.  Mounting
evidence suggests that estrogen signaling and metabolism, oxidative stress, specific
secondary mutations, and regulation of specific progenitor cells and transcriptional
programs are  critical  in  BRCA1-associated breast  cancer.  Strategies  geared toward
estrogen reduction may play a role in treatment and prevention. Therapies aimed at
mitigating oxidative stress  may be a strategy for  risk reduction,  while  cancer-cell-
specific sensitivity to oxidative stress may also be an opportunity for specific targeting.
BRCA1-related transcriptional regulation and signaling provide a number of therapeu-
tic targets, including the PI3-AKT and Notch pathways. Thus, significant opportunities
exist in translational and clinical research for developing the treatment strategies for the
management of BRCA1-related breast cancer.

Keywords: BRCA1, basal-like breast cancer, DNA repair, estrogen, reactive oxygen
species
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1. Introduction

In 1866, Pierre Paul Broca described the remarkable pedigree of his wife’s family in his treatise
Traité des Tumeurs: Of 19 women from five generations who lived to the age of 30 years, cancer
developed in 14 women, including nine cases of breast cancer [1]. The French physician and
surgeon observed: “This deadly predisposition, impossible to foretell, impossible to escape,
inaccessible to surgery, and until now even inaccessible to internal or medical treatment, is an
indication of a general state which precedes each local manifestation … in certain cases this
predisposition transmits itself by heredity through several generations” [1]. Progress was slow
for the next 100 years. Further identification of family pedigrees suggested the hereditary
passage of breast cancer, but this remained controversial [2]. With the second half of the
twentieth century came the recognition of a familial breast cancer syndrome that in some cases
could be associated with an autosomal dominant allele encoding a tumor suppressor gene [3].
In 1990, linkage analysis mapped the putative allele to chromosome 17q21, and the gene,
BRCA1, was finally cloned in 1994 [4, 5]. The identification of BRCA2 followed a similar
trajectory, with its localization to 13q12-13 in 1994 and cloning the following year [6, 7]. In
addition to BRCA1/2, a number of genes have been implicated in familial breast cancer with
varying degrees of conferred risk that are generally inversely related to population allele
frequency; BRCA1, for example, has rare mutations with high penetrance [8]. Since that time,
significant advances have been made in understanding the risks and mechanisms of BRCA1/2-
related carcinogenesis. For patients with BRCA1/2 mutations, estimates of lifetime cancer risk
widely vary due to different studies of cohorts and varying penetrance attributed to different
mutation-related phenotypes, family/genetic history, and environmental exposures. Cumula-
tive risk by 70 years of age for patients with germline BRCA1 mutations ranges between 46%
and 87% for breast cancer and between 27% and 63% for ovarian cancer, with the low-risk and
general population studies falling in the lower range of the estimate and high-risk families in
the upper range. For BRCA2 mutations, the risks are 31–56% and up to 11%, respectively [9].
Beyond female breast and ovarian cancer, BRCA1 mutations may also be associated with the
risk for melanoma, whereas BRCA2 is associated with male breast cancer, pancreatic cancer,
and prostate cancer [10].

A number of therapeutic strategies have been developed to manage hereditary breast cancer.
The National Comprehensive Cancer Network evidence-based guidelines provide an algo-
rithm for the management of hereditary breast cancer, including identification of high-risk
individuals and families, genetic testing, cancer screening, risk mitigation through prophy-
lactic salpingo-oophorectomy and possible mastectomy, locoregional and systemic treatment,
and ongoing surveillance [11]. Newer therapies and combination strategies are being designed
to target more specific features of the cancer genotype and phenotype. The use of PARP
inhibitors in the model of synthetic lethality to exploit deficiency in homologous repair in
BRCA1/2 deficient cells is one such example [12–15]. This targets one aspect of BRCA1/2
function, but the development of further strategies is desirable, especially as BRCA1-related
cancer and cancer risk have a more complicated etiology than defective homologous repair
alone. The BRCA1 cancer syndrome may be related to the myriad cellular processes in which
BRCA1 is involved, including recognition and repair of genomic damage, regulation of
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chromosome sorting and mitosis, control of cell-cycle checkpoints, protein ubiquitination, cell
signaling, and transcriptional regulation [16–20]. Further, abrogation of BRCA1 function can
be the result of a multitude of lesions and processes with variable penetrance and relative
hypomorphism, including mutations resulting in a premature stop codon with or without
mRNA transcription and expression of a truncated protein, mutations resulting in loss of the
function of particular functional domains, intronic mutations resulting in splice variants, large
rearrangements, variation in mRNA splicing, methylation and silencing of the gene, and
regulation by microRNA [21–23]. Although most BRCA1 mutant mRNAs have shortened half-
life, some BRCA1 mutant proteins are translated [24]. However, characterizing cellular
localization and function of these proteins is difficult. Staining for intracellular BRCA1 in
mutants is inconsistent, as patterns vary with different antibodies, fixation methods, and
methods of exposing epitopes, which may lead to a lack of correlation between BRCA1 staining
and qPCR levels [25, 26]. Despite nearly two decades of genetic testing, there remain a
significant number of variants of uncertain significance. Even when a mutation is established
as pathogenic, targeted therapies against DNA repair may not always be effective, as preclin-
ical data suggest in the case of at least one common pathogenic mutation, C61G [27].

Out of this complicated picture, two fundamental questions arise regarding specific charac-
teristics of the BRCA1-related cancer syndrome, both with the potential to guide cancer
prevention and therapy: (1) What accounts for the tissue specificity of the BRCA1-related
cancer risk? (2) How does mutation or loss of BRCA1 lead to the basal-like phenotype of breast
cancer, as opposed to the luminal phenotype of BRCA2 mutations? We searched PubMed for
English-language studies and reviews related to BRCA1 function, estrogen metabolism,
oxidative stress, basal-like breast cancer, and BRCA1-related therapy. Reference lists of selected
articles were searched to track the provenience of key ideas and findings.

2. BRCA1/2 and carcinogenesis

The best known and perhaps dominant roles for the BRCA proteins in tumor suppression lie
in the maintenance of chromosomal stability, a role played in nearly all tissues [28]. Both
BRCA1 and BRCA2 are essential for homologous repair, a high-fidelity repair mechanism for
double-stranded breaks and daughter strand gaps, lesions that can arise from DNA damage
and at stalled replication forks [29, 30]. Lack of BRCA proteins results in these lesions being
shunted into error-prone repair pathways resulting in chromosomal rearrangements and
deletions [30–32]. Both BRCA1/2 have additional roles in chromosomal stability: BRCA1
functions in the recognition of DNA damage and the recruitment and assembly of protein
complexes for repair of lesions, and BRCA2 stabilizes stalled replication forks to allow for
repair rather than degradation and prevents spontaneous hyperrecombination [28, 33, 34].
BRCA1 also heterodimerizes with BARD1 at the N-terminal ring domain, conferring E3
ubiquitin ligase activity and regulating mitotic spindle assembly; loss of this interaction also
results in loss of tumor suppressor activity [27, 35]. Dysregulation of the mitotic spindle
assembly as well as centrosome amplification, along with failure of the G2-M checkpoint, leads
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to defects in chromosome segregation, abnormal division, and aneuploidy [35, 36]. BRCA2
may also have a role in cell-cycle checkpoint control [37].

Maintenance of chromosomal stability alone cannot explain comprehensively the related
cancer syndrome beyond an increased risk of carcinogenesis. Other factors are needed to
account for the tissue tropism of BRCA1/2-related cancers as well as the particular phenotype
of BRCA1-related cancer: basal subtype cancer developing specifically in the epithelium of the
breast and papillary serous cancer developing most likely in the fimbria of the fallopian tube
—cancers that have similar mutational profiles and likely similar early driving events in
carcinogenesis [38]. Several explanations may account for the tissue specificity of the carcino-
genic potential. First, breast and fallopian tube cells are subject to a unique exposure resulting
in accumulating mutations and genomic damage, possibly related to the genotoxic effects of
estrogen metabolism and the generation of reactive oxygen species (ROS), or related to
abrogation of normal cell-cycle control in tissues periodically undergoing multiple cycles of
rapid proliferation. These tissues may provide an environment that is permissive for, or even
driving, cell survival and proliferation despite mounting genomic damage. Further, functions
of BRCA1 unrelated to genomic stability may contribute both to the tissue-specific risk as well
as the particular phenotype including transcription-related roles in the regulation of mammary
progenitor cells and moderation of the proliferative effects of estrogen signaling.

2.1. BRCA1 cancer tissue specificity: estrogen and oxidative stress

Maintenance of the genome alone cannot explain the tissue-specific nature of BRCA1-related
cancer risk. It is well documented that cumulative estradiol exposure is linked to lifetime risk
of the development of breast cancer [39]. Estrogen-linked carcinogenesis could be related to
the transcriptional program of estrogen signaling, which promotes cell proliferation, or to the
toxic side effects of estrogen metabolism. BRCA1 interacts with the classical estrogen signaling
pathway in combination with BARD1 by repressing ERα-related transcription through
ubiquitination, a function lost with deleterious mutations of the BRCA1 RING domain [40,
41]. However, estrogen signaling is not restricted to the nuclear receptors ERα and ERβ and
likely plays a role in estrogen receptor negative cancers. Recent studies have shown an
alternative mechanism of BRCA1 cell survival based on nonclassical binding of estrogen to
cytoplasmic and membrane-associated proteins with downstream effects preventing damage
from oxidative stress [42]. Gorrini et al. showed that both oxidative stress and estrogen induced
the expression of NRF2, a master regulator of antioxidant capacities, through the PI3K-AKT
pathway, and that NRF2 induced by estrogen was crucial for cell survival. They also showed
that apoptosis may be prevented in BRCA1 knockdown mammary epithelial cells with
exposure to estrogen [43, 44]. This is consistent with clinical observations that reduction in
estrogen load reduces risk of cancer in women carrying a BRCA mutation, even if BRCA1-
related cells are estrogen receptor negative [45].

BRCA1 mutants may be particularly sensitive to estrogen metabolites, and the early risk of
developing cancer reflects the rapid, uncorrected accumulation of genotoxic damage from
exposure to both estrogen metabolites and reactive oxygen species produced by oxidative
metabolism of estrogen through the catechol pathway, a topic reviewed by Yager and David-
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son [39]. Metabolism of estrogen by cytochrome P-450 enzymes, including some tissue-specific
enzymes, leads to the formation of estrogen-3,4-quinone, which can form stable DNA adducts
and depurinating DNA adducts resulting in mutagenesis. Reduction of oxidized estrogen
metabolites leads to reactive oxygen species, which may further damage DNA, proteins, and
lipids [39]. Recently, Santen et al. have shown in ER knockout mice the dose-dependent
accumulation of toxic estrogen metabolites and concordant rates of tumor formation along
with mitigation by estrogen reduction via oophorectomy or aromatase inhibitor treatment [46].
Further, Savage et al. showed that treatment with the estrogen metabolites, 2-hydroxyestradiol
and 4-hydroxyestradiol, resulted in double-strand breaks, produced primarily during S-phase,
and that BRCA1 deficiency, including both heterozygous and homozygous mutants, led to
increased double-strand breaks and loss of efficient repair [47]. Further, wild-type BRCA1
represses the expression of estrogen metabolizing genes, resulting in decreased damage to
DNA [47].

Reactive oxygen species (ROS) are produced during normal aerobic metabolism and multiple
other cellular processes. ROS and the redox state of a cell are also essential components in cell
signaling and homeostasis. Imbalance of pro- and antioxidant factors, whether from endoge-
nous sources or exogenous sources (e.g., UV radiation and tobacco), results in oxidative
damage to nucleic acids, amino acids, and fatty acids, and contributes to a number of disease
processes. Among the most common DNA lesions resulting from oxidative stress is 8-
oxoguanine, which results in a mutagenic template during DNA replication resulting in base
pair substitutions and stalling of RNA polymerase II at the site of the lesion with inhibition of
nucleotide excision repair [48, 49]. Bae et al. showed that BRCA1 has a role in the response to
oxidative stress by upregulating expression of antioxidant genes and enhancing the activity
of NRF2 [50]. Further, BRCA1 maintains balance of the cellular redox state, making cells more
resistant to exogenous oxidative stress. BRCA1 overexpression and deficiency result in
increased and decreased resistance to exogenous oxidative stress, respectively [50]. Besides
activating cellular defenses to oxidative stress, BRCA1/2 also mediate repair of DNA damage
resulting from oxidative stress. Le Page et al. showed that BRCA1- and BRCA2-deficient cells
are unable to repair 8-oxoG lesions and that reconstitution of wild-type BRCA proteins leads
to recovery of the transcription-coupled repair mechanism [49]. These studies suggest that
BRCA1 tumor suppression involves mitigating the damage of oxidative stress before it is
required to repair the resulting DNA lesions.

2.2. BRCA1 cancer phenotype: progenitor cells and transcriptional regulation

Tumors arising in the setting of a germline BRCA1 mutation share common features from the
level of genomic alterations, gene expression, histologic phenotype, clinical behavior and
prognosis, and response to therapy. Histologically, they are high grade with high mitotic index,
pushing tumor margins, central necrosis, and a lymphocytic infiltrate [51]. A subset of sporadic
tumors, often demonstrating a relative decrease in BRCA expression through mechanisms
other than germline loss, and arising in the same tissues as germline mutants, appears to share
this constellation of traits [52]. Turner et al. coined the term BRCAness to identify “the
phenotypes that some sporadic tumors share with familial-BRCA cancers” [52]. This is in
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contrast to BRCA2-related breast cancer, which has a significantly different gene expression
profile, and which is more typically lower grade, more differentiated, appearing later in life,
and of the luminal/ER-positive subtype [51, 53]. Interestingly, the relative risk profiles for
BRCA1 and BRCA2 mutations are also different, further suggesting different etiologic
mechanisms. Compared to the aged-matched general population, the relative risk for BRCA1
mutation carriers is greatest in the young population and approaches the population risk in
the later decades of life; the relative risk for BRCA2 remains constantly elevated over the
population risk throughout the patient’s lifetime [54].

BRCAness may be a feature related to the progenitor cell of origin from which these cancers
arise. Foulkes hypothesized that BRCA1 acting as a regulator of mammary stem cell function
may drive the phenotype of BRCA1-related cancers [55]. In this model, immortal mammary
stem cells absent a BRCA1 signal would maintain a relatively undifferentiated, proliferative
phenotype that would require very few additional genomic “hits” in order to become malig-
nant; genomic instability conferred by loss of BRCA1-mediated DNA repair functions would
account for the proclivity for malignant derangement and the early age of presentation. The
general model is appealing, although it appears more likely that BRCA1-associated cancer
arises from luminal epithelial progenitors, not mammary stem cells [56].

The mammary epithelium can be sorted into subgroups representing different stages of the
differentiation from multipotent mammary stem cell to mature luminal epithelium, which
requires BRCA1 for proper development [57]. Depletion of BRCA1 results in failure of
mammary cells to differentiate and form acini in culture, but increases cell proliferation [58].
Liu et al. showed that BRCA1 knockdown increases stem/progenitor cell population while
preventing mammosphere formation [59]. Furthermore, in human mammary tissue, BRCA1
heterozygotes showed lobules comprised of ALDH1 (stem cell marker) positive cells with
minimal ER expression and evidence of BRCA1 loss of heterozygosity. These lobules occurred
in normal tissue, showing that mammary progenitor cells can survive without BRCA1
expression and create atypical, nonmalignant lobules. This suggests that the tissue tropism of
BRCA1-related tumors is due to a permissive environment, possibly due to release of paracrine
factors from luminal epithelium, for the survival of BRCA1 negative cells [60].

Lim et al. [62] demonstrated that normal mammary cells sorted by basal and epithelial markers
showed varied potency and clonogenic activity in vivo corresponding to bipotent progenitor,
committed luminal progenitor, and mature luminal cells. These may represent the cells of
origin of the different subtypes of mammary epithelial tumors that can be segregated by gene
expression [53, 61]. Comparison of gene expression profiles between normal mammary
subpopulations of mammary stem cells, luminal progenitor cells, and mature luminal cells
showed significant associations with, respectively, claudin-low, basal, and luminal A and B
cancer cell populations [62]. Further analysis of these subtypes reveals few somatic mutations
common to all breast cancers, but within the well-defined subtypes, genetic and epigenetic
changes give rise to their common phenotypes [38]. These tumor subtypes can also be
segregated by clinical behavior, prognosis, and response to treatment [63].

Gene-expression profiles of BRCA1-associated tumors correlated most closely with luminal
progenitor cells and loss of BRCA1 in a mouse luminal breast cancer model leads to epithelial-
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mammary cells to differentiate and form acini in culture, but increases cell proliferation [58].
Liu et al. showed that BRCA1 knockdown increases stem/progenitor cell population while
preventing mammosphere formation [59]. Furthermore, in human mammary tissue, BRCA1
heterozygotes showed lobules comprised of ALDH1 (stem cell marker) positive cells with
minimal ER expression and evidence of BRCA1 loss of heterozygosity. These lobules occurred
in normal tissue, showing that mammary progenitor cells can survive without BRCA1
expression and create atypical, nonmalignant lobules. This suggests that the tissue tropism of
BRCA1-related tumors is due to a permissive environment, possibly due to release of paracrine
factors from luminal epithelium, for the survival of BRCA1 negative cells [60].

Lim et al. [62] demonstrated that normal mammary cells sorted by basal and epithelial markers
showed varied potency and clonogenic activity in vivo corresponding to bipotent progenitor,
committed luminal progenitor, and mature luminal cells. These may represent the cells of
origin of the different subtypes of mammary epithelial tumors that can be segregated by gene
expression [53, 61]. Comparison of gene expression profiles between normal mammary
subpopulations of mammary stem cells, luminal progenitor cells, and mature luminal cells
showed significant associations with, respectively, claudin-low, basal, and luminal A and B
cancer cell populations [62]. Further analysis of these subtypes reveals few somatic mutations
common to all breast cancers, but within the well-defined subtypes, genetic and epigenetic
changes give rise to their common phenotypes [38]. These tumor subtypes can also be
segregated by clinical behavior, prognosis, and response to treatment [63].

Gene-expression profiles of BRCA1-associated tumors correlated most closely with luminal
progenitor cells and loss of BRCA1 in a mouse luminal breast cancer model leads to epithelial-
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mesenchymal transition (EMT), dedifferentiation, and basal tumor development [62, 64, 65].
BRCA1 transcriptionally regulates a number of genes associated with basal-like breast cancer,
including Notch ligands and receptors, with loss of BRCA1 associated with decreased luminal
differentiation and ER-α signaling and also with increased basal-like and proliferation markers
[66]. Increased Notch signaling due to BRCA1 loss may contribute to the basal-like phenotype
as well as suppression of apoptosis [67]. Wild-type BRCA1 represses expression of a number
of genes associated with basal-like and BRCA1-related cancers, including FOXC1, p-Cadherin,
and CK5 and 17 [68, 69]. The luminal progenitor, as the cell of origin for BRCA1-related cancer,
is consistent with an important role for ROS as mammary stem cells and multipotent progen-
itor cells have lower concentrations of ROS than more mature progenitor cells [70].

Around 80–90% of BRCA1 tumors are basal, as opposed to 10–15% of all tumors, although
may also sort with the claudin-low subtype [38, 71, 72]. Conversely, around 20% of basal tumors
show germline or somatic BRCA1/2 mutation [38]. BRCA1-related cancers exhibit common
mutational profiles. A total of 81–89% of BRCA1 tumors, both ER+ and ER−, have a loss of
heterozygosity of the wild-type allele, which is correlated with higher grade and increased
proliferation [73]. For cells lacking functional BRCA1, cell survival is generally dependent on
secondary mutations. BRCA1 tumors commonly show mutations of PTEN and TP53 allowing
cell proliferation to continue in spite of mounting genomic irregularities. These mutations
appear to follow a general evolutionary pattern preceding the loss of the WT BRCA allele [74].
This is significantly different than tumorigenesis in luminal cancers, with rare PTEN mutations
and late loss of TP53. Even without loss of wild-type allele, heterozygotes display altered gene
expression, including in genes related to cell differentiation and proliferation [75].

3. Developments in targeted therapy

Therapy for BRCA1/2 related tumors involves surgery, radiation, and systemic chemotherapy
and endocrine therapy. Specific treatment for cancer developing in the setting of BRCA1/2 has
targeted deficient DNA repair. Platinum-based chemotherapy creates intra- and interstrand
DNA crosslinks resulting in double-stranded breaks. In the absence of homologous repair, the
accumulation of genomic damage results in cell death. Pegylated liposomal doxorubicin has
also been shown to have a survival advantage [76].

PARP inhibitors have been used to exploit the DNA repair defect [13]. PARP-1 binds to DNA
strand breaks and signals DNA damage by hydrolyzing NAD+ to form poly(ADP-ribosyl) tails
on histones and itself, resulting in the recruitment of the protein machinery for repair [77].
PARP inhibitors include a nicotinamide moiety that competes with NAD+, inhibiting the
enzymatic function of PARP, and trapping the PARP enzyme at the site of DNA damage,
preventing repair [78]. Loss of PARP-mediated regulation and repair of single strand breaks
leads to stalled replication forks, and double strand breaks develop, which leads to cell death
in a process referred to as synthetic lethality. Loss of BRCA1 prevents homologous repair from
occurring; loss of PARP function results in loss of regulation of nonhomologous end joining,
which leads to error-prone repair, genomic instability, and cell death [79]. A number of clinical
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trials assessing the efficacy of PARP inhibitors in BRCA-mutated breast cancer are currently
underway, in metastatic disease as well as in the adjuvant and neoadjuvant setting (http://
www.cancer.gov/about-cancer/treatment/clinical-trials).

However, not all BRCA1-related tumors are sensitive to DNA damaging agents and PARP
inhibitors. BRCA1 deleterious mutations in the RING finger domain lose tumor suppressor
function related to loss of interaction with PALB but retain some homologous repair activity,
rendering them less responsive to PARP inhibitors and platinum chemotherapy [27]. There is
also evidence that BRCA1/2-associated tumors gain resistance to platinum and PARP inhibitor
therapy through mutations resulting in reversion to the wild-type sequence or other restora-
tion of the open reading frame [80]. Lord and Ashworth also review preclinical data suggesting
that loss of 53BP1 or the related RAP1-interacting factor 1 (RIF1), proteins involved in nonho-
mologous end joining, leads to reduced genomic damage from PARPi-induced nonhomolo-
gous end joining and at least partial restoration of homologous repair and survival for BRCA1-
deficient cells. However, clinical data supporting this mechanism are lacking [80].

Further specific treatment for BRCA1 cancer risk includes targeting estrogen production and
signaling and prophylactic surgery to eliminate or reduce the number of potential tumorigenic
cells. Bilateral salpingo-oophorectomy has been shown to significantly reduce the risk of breast
cancer incidence by about 50% and breast cancer mortality by 90% [45, 81]. The use of tamox-
ifen, independent of estrogen receptor status, reduced the risk of contralateral breast cancer
in BRCA1 mutation carriers with HR 0.38 (95% CI, 0.27–0.55) in a pooled prospective/retro-
spective cohort [82]. Specific therapy to prevent formation of ROS or toxic estrogen metabolites
without endocrine ablation or blockade present a possible target that would modify cancer
risk without the possible side effects and complications of surgery and iatrogenic menopause,
including loss of fertility. Alternatively, strategies that exploit increased oxidative stress in
tumor cells may provide strategy for targeted therapy. In normal cells, ROS are produced at
low concentrations and can be effectively neutralized by the antioxidant system of the cells. In
contrast, cancer cells produce elevated levels of ROS due to increased metabolic activity,
resulting in a state of chronic oxidative stress. As noted above, BRCA1-mutant cells have a
dysregulated response and increased sensitivity to oxidative stress as well as a decreased
ability to repair DNA lesions resulting from ROS. As such, induction of ROS-mediated damage
in cancer cells by proper pharmacological agents that either promote ROS generation beyond
the cellular antioxidative capacity or disable the cellular antioxidant system have been
considered as a “radical” therapeutic strategy to preferentially kill cancer cells [83]. Elesclomol,
a small molecule that increases ROS production in mitochondria and induces apoptosis, has
shown in vitro potential for treating breast cancer cells with defective DNA repair [84, 85].

The PI3K-AKT pathway is another target for therapy. PI3K is involved in both oxidative
stress and escape mechanisms of DNA repair from PARP inhibitors. Combination treatment
with PI3K and PARP inhibitors showed significant efficacy in inhibiting tumor cell growth
in vitro and reducing tumor volume in mouse models [86]. PI3-AKT also functions down-
stream of Notch, a critical cancer stem cell regulator associated with basal-like breast cancer,
in suppression of apoptosis [87, 88]. Although targeting the Notch pathway alone is not suf-
ficient to reduce proliferation or cause cell death, combination with inhibition of the EGFR
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stream of Notch, a critical cancer stem cell regulator associated with basal-like breast cancer,
in suppression of apoptosis [87, 88]. Although targeting the Notch pathway alone is not suf-
ficient to reduce proliferation or cause cell death, combination with inhibition of the EGFR
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pathway or AKT pathway results in enhanced cell death [88]. These results suggest that
combination therapies targeting signaling pathways implicated in basal-like breast cancer or
BRCA1-regulated cell function would provide new avenues for combating BRCA1-related
breast cancer.

4. Conclusion

A great volume of knowledge regarding the molecular functions of BRCA1 and BRCA2 has
developed in the last 20 years since the cloning of the genes. Despite some challenging issues
in understanding BRCA1-mutant breast cancer development, there is great potential for
advances in tying elucidated molecular pathways in cell and animal models to the clinical and
epidemiological presentation of BRCA1/2-related breast cancer ( Table 1). Such translational
advances may be exploited not only to advance the treatment of breast cancer but also to
diminish the risk described by Pierre Paul Broca—inaccessible to treat, impossible to escape—
so long ago.

Challenges in BRCA1-associated breast cancer Opportunities in BRCA1-associated breast cancer

1. Mechanisms for the tissue specificity of the

BRCA1-related cancer risk

2. Mechanisms for the unique BRCA1-related breast

cancer phenotype

3. Differential effects of BRCA1 mutations in different

mammary epithelial cell and breast cancer cell populations

4. Individualized breast cancer risk prediction for BRCA1

mutation carriers

1. Development of targeted therapy based on

hyperactive signaling pathways in BRCA1-associated

breast cancer

2. Improvement of synthetic lethal approaches in the

treatment of BRCA1-associated breast cancer

3. Prevention strategies based on BRCA1-associated

breast cancer biology

Table 1. Challenges and opportunities in BRCA1-related breast cancer research and treatment.
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Abstract

Substantial progress has been made over the past three decades in understanding breast 
cancer (BC) molecular biology, genomics, and targeted therapy. The recent comprehen-
sive molecular and pathological diversity observed in BC patients indicates that BC is 
not a homogeneous disease; It may be appropriately defined as a myriad of diseases. The 
explosion of molecular information in the past 10 years has led to a better understanding 
of the biologic diversity of breast cancers (BCs), and clues to the different etiologic path-
ways to BC development. It will be useful to study the epigenetics of BC cells and define 
the mechanisms of both genetic and epigenetic driving alterations beside the mutations. 
Identifying the oncogenes and tumor suppressor genes is the purpose cancer diagnostics 
and therapeutics. Oncogenes as well as novel ones involved in the significantly altered 
regions would enable researchers to identify new causes and molecular pathways that 
may be targeted at BC treatment. Our main goal is to provide comprehensive understand-
ing of underlying molecular mechanisms and hallmarks of BC, focusing on the identifi-
cation of fingerprints and novel molecular targets that will greatly improve the cancer 
predictive, prognostic, and diagnostic biomarkers and, in addition, the possible targets 
for novel therapies.

Keywords: breast cancer, carcinogenesis, molecular markers, omics, personalized medicine

1. Introduction

Cancers, including breast cancer, are generally thought to develop from a single cell in which 
mutations and/or epigenetic events have modified the function of genes responsible for cellular  
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distribution, and reproduction in any medium, provided the original work is properly cited.



growth regulation. These events establish the malignant phenotype, and subsequent 
 molecular events may lead to the emergence of malignant subclones with enhanced growth 
and metastatic potential [1]. Cancer cells, replicating inappropriately, eventually interfere 
with normal tissue and organism functions, cause morbidity and may ultimately prove fatal 
in the absence of effective therapy. The rate of growth of tumours including, breast tumours, 
is determined by a balance between cell proliferation and cell death; if the rate of prolifera-
tion exceeds that of death, tumour growth will occur. Not surprisingly, many of the genes 
involved in neoplasia turn out to be concerned with control of cell death, as well as with 
control of cell proliferation [2].

The genes involved in neoplasia are usually classified as oncogenes or tumour suppressor 
genes, depending on whether the affected gene has gained or lost function in its mutated 
form. In keeping with this model, breast cancer is the result of imbalance in complex regula-
tory controls of cellular development and growth. Genetic abnormalities detected in breast 
carcinomas include mutation and amplification of oncogenes, mutation of tumour suppressor 
genes, and loss of heterozygosity at certain chromosomal loci. Sex hormones, growth factors, 
oncogenes, and tumour suppressor genes all regulate gene expression and thereby influence 
growth and function of breast epithelial cells. Influences favouring cell proliferation or inhib-
iting cell death may promote tumour progression [3].

Breast carcinoma is phenotypically complex: carcinoma in situ and invasive carcinoma may 
coexist, as mixed histological types of invasive carcinoma, and infiltrating ductal carcino-
mas often contain areas with different grades of disease. This morphological heterogeneity 
mirrors molecular heterogeneity, as well as morphologically similar tumours may differ in 
genetic and metabolic processes, and specific genetic abnormalities may influence clinical 
outcome [4, 5].

Prognosis and likely responses to therapy are clinically important in breast cancer and many 
variables have been evaluated. Classical morphological variables including histological type, 
tumour size, grade, lymph node status, and whether or not there is blood or lymphatic vascu-
lar invasion remain the strongest predictors of tumour behaviour. Attempts to evaluate breast 
tumour prognosis from individual or combined expression of variables such as oestrogen and 
progesterone receptor, cell proliferation index, S-phase fraction, DNA ploidy, growth factors 
and their receptors, oncogenes, tumour suppressor genes, proteases, components of the plas-
minogen system, and cell cycle regulators have yet to match the clinical utility of the classical 
morphological factors [6].

The chief forms of carcinoma of the breast are breast cancers that are classified into those 
that have not penetrated the limiting basement membrane (noninvasive) and those that have 
(invasive). The WHO current classification [7] is illustrated in Figure 1.

Breast cancer is the most commonly diagnosed cancer in women with an increased incidence 
of 14.1 million new cases in year 2012 and high mortality rate about 8.2 million deaths all over 
the world [8]. The incidence rate is expected to increase by year 2020 to reach about double 
the rate in 2012 [9]. Young women aged 20–59 years are expected to suffer from breast cancer 
with increased rate of death from cancer among their age group [10].
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2. Breast cancer risk factors

The transformation of the normal epithelium into carcinoma is a multistep process. Genetic 
background and environmental and dietary factors have a role in breast cancer development. 
In the normal breast tissue, there is a balance between negative and positive growth factors, so 
to develop, breast cancer requires loss or gain in some functions [5]. The following factors are 
thought to be related to breast cancer development:

2.1. Age

The increased incidence of breast cancer with age may reflect the accumulation of somatic 
mutation. Early menarche and late menopause prolong the exposure to ovarian hormones 
and are associated with a higher incidence of breast cancer. There is some evidence that breast 
cancer in younger women is more aggressive than in older women, consistent with a more 
rapidly evolving disease declaring itself sooner clinically [11].

2.2. Genetic factors

Complex acquired genetic alterations are considered to cause breast cancer, and genetic abnor-
malities in the premalignant and malignant breast epithelium are likely to have a causal role [12]. 

Figure 1. Classification of cancer breast.
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That most breast cancers are due to acquired mutations is implied by the fact that only 5% of 
breast cancer patients have a strong family history indicating inheritance of tumour-promoting 
mutations in the germ line. Inherited early-onset breast cancer is largely attributable to two genes, 
BRCA1 and BRCA2. Li-Fraumeni syndrome, ataxia telangiectasia, and Cowden’s disease are also 
associated with increased risk of breast cancer [13].

2.3. Hormonal status

Breast cancer risk appears to increase with exposure to mammotropic hormones, mainly oestro-
gen, progesterone, prolactin, and insulin-like growth factor 1 during adolescence and adult life. 
This may be explained by an increased epithelial cell population at risk during the preinitiation 
stage, affecting clonal expansion and modulating growth enhancement in subclinical tumours. 
Estrogen is a dominant influence on breast growth, but its role depends on oestrogen receptor 
(ER) expression in the target tissues. Recently, it has been suggested that overexpression of 
oestrogen receptors in the normal breast epithelium increases breast cancer risk in women [5].

2.4. Previous benign breast disease

Clear evidence exists that certain subtypes of benign breast disease are associated with breast 
cancer. In benign breast neoplasia, inactivation of tumour suppressor genes may occur and 
loss of heterozygosity is also reported. Ductal and lobular carcinomas in situ have a partly 
malignant morphological phenotype, lacking the ability to invade and metastasize, but are 
associated with elevated invasive cancer risk. Other lesions associated with abnormal cell 
proliferation are also associated with more modestly elevated cancer risk, notably the atypical 
hyperplasia (ductal and lobular) and florid hyperplasia of usual type (that is, without atypia). 
Frequent coexistence of premalignant lesions with invasive breast cancer is consistent with 
progression from these lesions to cancer, but there are many controversies in this area, and 
clonal relationships are not always clear [4].

3. Carcinogenesis and pathogenesis of breast cancer

The prognosis of breast cancer is variable and affected by the heterogeneity of breast cancer, 
different pattern of breast subtypes, and aggressive genetic behaviour. All these factors may 
be associated with worsen patient outcome if accumulated with effect of hormonal status, 
and bilateral oophorectomy may improve prognosis in breast cancer. Depending upon these 
data, reduced breast cancer mortality is achieved, but still breast cancer is the most prevalent 
cancer in young women [14]. Aggressive behaviour of breast cancer is due to collision of bio-
logically active tumour and genetic abnormalities, but targeted interventions may improve 
the survival rate and patient outcome [3].

Estrogen has a crucial role in many tumours including ovaries, endometrium, and mam-
mary gland cancers and also prostate cancer. Estrogen is linked to enhanced proliferation, 
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hyperplasia (ductal and lobular) and florid hyperplasia of usual type (that is, without atypia). 
Frequent coexistence of premalignant lesions with invasive breast cancer is consistent with 
progression from these lesions to cancer, but there are many controversies in this area, and 
clonal relationships are not always clear [4].

3. Carcinogenesis and pathogenesis of breast cancer

The prognosis of breast cancer is variable and affected by the heterogeneity of breast cancer, 
different pattern of breast subtypes, and aggressive genetic behaviour. All these factors may 
be associated with worsen patient outcome if accumulated with effect of hormonal status, 
and bilateral oophorectomy may improve prognosis in breast cancer. Depending upon these 
data, reduced breast cancer mortality is achieved, but still breast cancer is the most prevalent 
cancer in young women [14]. Aggressive behaviour of breast cancer is due to collision of bio-
logically active tumour and genetic abnormalities, but targeted interventions may improve 
the survival rate and patient outcome [3].

Estrogen has a crucial role in many tumours including ovaries, endometrium, and mam-
mary gland cancers and also prostate cancer. Estrogen is linked to enhanced proliferation, 
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decreased apoptosis, and DNA damage in breast cancer. Several experiments on animals have 
demonstrated that estradiol administration increased the risk of breast cancer, while antioes-
trogen agents had an opposite effect. Response of breast cancer to antioestrogen therapy after 
the confirmed presence of high percentage of hormonal receptors is defined as hormonal-
dependent breast cancer [15].

The presented framework of circulating tumour cell (CTC) biology and classification of CTC 
assays might help to structure this dynamic field of translational cancer research. Better 
insights into the biology of CTCs will further improve CTC assay development [1, 16]. Based 
on the theories proposed that tumour cells are heterogeneous and breast cancer is the most 
famous heterogeneous tumour. Therefore, CTC belonging to breast cancer requires special 
detection approach. Specific profile for CTCs could be targeted for successful detection of 
complex aggressive breast cancer [17].

Tumorigeneses are postulated by many research works due to multiple steps and may 
start as chronic disease and processed to cancer. Intervention and prevention of these steps 
before cancer emerge is a good chance for reducing breast cancer risk. Adjuvant therapies as 
tamoxifen are effective and safe in significantly reducing and preventing molecular changes 
that lead to cancer. Those targeted hormonal therapies are very important to stop invasion 
and metastasis of tumour cells. Blocking DNA mutation is also initiated by using micronu-
trients and gene therapy to target abnormal pathways that claimed to had a role in carcino-
genesis [5].

4. Gene expression profiling of breast cancer

Management of breast cancer depends on clinicopathologic parameters including age, stage, 
hormonal status, and Ki67 status. Alteration of molecular genetic character including altera-
tions at DNA, RNA, and the protein functional changes contributes to oncogenesis. However, 
epigenetic changes and regulatory or transcriptional molecules as snRNA, siRNA, and miRNA 
may be other significantly contributing molecules as well. Successful therapy depends on 
hormone receptor and human epidermal growth factor receptor 2 (Her2) pathway by analys-
ing their immunohistochemical expression. Failure to respond to the traditional treatment 
increases morbidity and mortality, and so further discovery of molecular variation in indi-
viduals could help in classifying breast cancer subtypes. Clonal analysis of different breast 
cancer types to understand molecular modifications and genetic expression help in producing 
full accurate histopathological diagnosis [18].

In the past decade, where breast cancer is clustered in families due to a common genetic fac-
tor BRCA1 or BRCA2 mutation, environmental factors shared between relatives may also be 
relevant. There has been progress in development of new therapeutic approaches that target 
these BRCA1 and BRCA2 cancer susceptibility genes, which led to loss of functional muta-
tions in either BRCA1 or BRCA2 [19].
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Recent delivery of nucleic acid mimics and therapeutic-based miRNA could be used for nano-
delivery of target therapy to specific site. In addition, miRNA were recently studied as biological 
biomarkers in breast cancer, specifically for diagnosis, predicting cancer behavior and outcome [20].

5. Hormone receptors

The breast epithelium undergoes hyperplasia or involution in response to hormone supple-
mentation or withdrawal, and oestrogen and progesterone receptors in the breast tissue medi-
ate proliferative effects. Certain genetic alterations (alteration to the DNA-binding domain) 
are associated with high overall tumour grade and lack of steroid hormone receptors; an 
inverse correlation between both receptor expression and nuclear anaplasia also indicates a 
relation with cellular differentiation. Steroid hormone receptor expression in breast neopla-
sia has prognostic value. Moreover, there is an independent correlation between oestrogen 
and progesterone receptor status in breast cancer and tumour progression [21, 22].

5.1. Oestrogen receptors (ER) and progesterone receptors (PR)

Estrogen and progesterone receptors are unique signature to define personalized therapy 
of breast cancer, and their genetic expression may contribute to breast cancer management 
through using antioestrogen-targeted therapy. If mutated DNA is spilled from dying cancerous 
cells into the blood stream, it will become habitant into lymphatic or blood channels and so-
called circulating tumor cells. Circulating tumour cells are capable of stimulating other tissues 
towards continuous proliferation and could be a tool to measure tumour power and ability to 
enhance metastases [18]. Further research is mandatory to identify those patients at high risk 
of breast cancer and to understand method of optimization of circulating tumour cell measure-
ment. In addition, there is progressive need for clinical evolution of new agents and targeted 
therapy, especially to whom with BRCA positive and triple-negative breast cancer patients [23].

5.2. HER2

The HER2/neu oncogene is located on chromosome 17 at band q 21. It is related to the cerbB-1 
(EGFR, HER1) gene which encodes the epidermal growth factor receptor. In addition to its 
function as a growth factor receptor, it is involved in the regulation of cellular differentiation, 
adhesion, and motility. When HER2/neu gene is amplified and as a result HER2/neu protein is 
substantially overexpressed, it is very likely that this plays a role in tumour development and 
progression [3]. HER2 amplification and overexpression may provide prognostic and therapeu-
tic information in breast cancer and predict resistance to adjuvant therapy. Amplification of this 
gene is associated with rapid proliferation, shorter disease-free survival, and poorer prognosis 
in both node-negative and node-positive ductal breast carcinomas and a risk factor for the devel-
opment of distant metastases. It has true independent prognostic significance but is associated 
with hormone-independent tumours. Progress of personalized medicine does well for patients 
to depend on Herceptin treatment. The ultimate goal is to understand cancer behaviour and 
improve patient survival rate and treatment outcome [6]. Some of the currently utilized cancer 
biomarkers for breast cancer and their clinical significance are illustrated in Table 1.
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6. Molecular targeting therapy and personalized  
medicine in breast cancer

Breast cancer is a heterogeneous disease that encompasses subtypes characterized by specific 
molecular biomarkers: oestrogen receptor (ER) positive, human epidermal growth factor 
receptor 2 (HER2) positive, and triple-negative (TNBC) which are ER, progesterone recep-
tor (PR), and HER2 negative breast cancers [5]. Perfect diagnosis and detection of molecular 
abnormalities help in improvement of personalized therapies to block these mutations by tar-
geted therapy. The best example is using HER2 expression by immunohistochemistry or gene 
amplification to develop accurate therapy with trastuzumab [24]. Trastuzumab is targeted 
against domain IV of HER2 [25], while pertuzumab (Perjeta) is targeted monoclonal antibody 
against the ligand domain II of HER2. Lapatinib is dual targeting therapy for both HER2 and 
epidermal growth factor receptor (EGFR 1), specifically against its intracellular domain; it 
acts as tyrosine kinase inhibitor (TKI) as well [26]. Patients on combined lapatinib and trastu-
zumab have better outcome and survival; such therapy could be assessed with HER2 expres-
sion [27]. In fact, combining the HER2 targeting therapies as a neoadjuvant or for metastatic 
late stage, as trastuzumab and lapatinib or pertuzumab, will significantly improve patient’s 
outcome in comparison with single anti-HER2 therapy [28–30]. Using combined and syner-
gistically acting therapy on the same target (HER2) would achieve better response because 
of the concomitant action on same receptor against two different epitopes, in addition to the 
likely deaddiction effect of target that may involve stimulation of the immune system [31].

Biomarker Clinical utility References

ER ER positivity indicates better prognosis in breast cancer patients who have better survival 
than ER-negative breast cancer patients

[55, 56]

Predict responsiveness to tamoxifen as when highly expressed, it predicts better response  
to tamoxifen therapy particularly in node-negative patients

[56]

PR Prognostic marker indicating better survival when positively expressed (PR +ve) [55]

High expression of PR predicts beneficial response to tamoxifen chemotherapy [57]

HER2/neu Prognostic marker for worse prognosis in patients with HER2/neu-positive  
tumours as they have more aggressive breast cancers

[58]

Predictor marker for the response to therapy with trastuzumab [59]

BRCA1 Prognostic marker for poor prognosis. High expression of BRCA1 indicates worse prognosis [60]

If highly expressed, BRCA1 can predict response to chemotherapy in breast cancer patients [61]

MammaPrint Prognosticator in a heterogeneous population for stratification of breast cancer patients  
into good or poor prognosis, it is a 70-gene assay

[38]

Oncotype DX A 21-gene multiplex prognostic assay used for determination of recurrence score. [62, 63]

Isoforms Akt 
kinase

Akt kinase isoforms and activity are predictive markers to suggest the most likely  
response to trastuzumab therapy in HER2-neu-positive patients of breast cancer

[64]

Table 1. Currently utilized cancer biomarkers for breast cancer and their clinical significance.

Molecular Fingerprints and Biomarkers of Breast Cancer
http://dx.doi.org/10.5772/66899

349



6.1. mechanistic target of rapamycin (mTOR)/PI3K/Akt-pathway inhibitors

Preclinical studies of the effects of AZD2014 in breast cancer are promising steps to confirm 
anti-proliferative role of mTOR signalling. Targeting mTOR pathway could suppress the 
development and progression of cancer, specifically gastrointestinal malignancies and breast 
cancer. The functions of mTOR pathway are mainly targeted for growth signaling, nutrient 
status, and metabolism with recent undiscovered impact in obesity development [23].

6.2. Therapeutic cancer vaccine

The monoclonal antibody drugs encourage T cells to detect and destroy cancer and increase 
the ability of the immune system to respond to tumours. Application of therapeutic can-
cer vaccine stimulates tumour antigen aiming at activation of tumour-specific T cells [32]. 
Therapeutic cancer vaccines require the selection of appropriate antigens that are not prone 
to central immunological tolerance induction in the thymus. Each type of cancer has its own 
particular immune-suppressive mechanisms guided by information of the immune memory. 
Selection of the best vaccine and its antigen delivery points should take place and be applied 
in treatment properly [33]. Breast cancer has the advantage of being based on huge antigen 
pool for an individual tumour, thus using tumor based-vaccines in breast cancer stimulate the 
activation of polyclonal immune responses. However, tolerance could occur to the immune 
system for expression of these antibodies. Co-stimulation and sensitization of the immune 
molecules will deliver all signals needed for activating T cells under the effect of antigen-spe-
cific immune response. Cytokines in breast cancer could be an ideal example of the immune 
costimulatory molecules [34].

7. “Omics” and promising biomarkers in breast cancer

Recently, with the merging of “omic” technologies such as genomics, proteomics, metabolo-
mics, transcriptomics, etc., a great advancement has been achieved in the field of cancer biol-
ogy with better understanding of carcinogenesis, cancer progression, metastasis, and target 
therapy [35]. Microarray, mass spectrometry, and sequencing techniques provide evolution-
ary era for promising cancer biomarkers [36]. Transcriptional profiling has been reported as a 
valuable tool for classification and determination of prognosis in patients of breast cancer [37, 
38]. Apart from diagnosis, prediction of response to therapy, and prediction of breast cancer 
patients’ outcomes, biomarkers may estimate risk assessment of getting cancer [39]. Genetic 
alterations in breast cancer or methylation of promoters of cancer-specific or associated genes 
will definitely linked to altered expression of certain proteins and may be used as emerging 
cancer biomarkers [40].

7.1. Genomic biomarkers: MammaPrint and Oncotype DX

MammaPrint is one of the emerging genomic assays that have been reported as prognostic 
biomarker, MammaPrint assay analyses 70 genes’ expression signatures, and it is used to strat-
ify patients into good or poor risk groups for recurrence [41]. Another example of promising 
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genomic markers is the 21-gene signature assessing test, Oncotype DX. It is a quantitative real-
time qRT-PCR-based assay, and both assays may provide physicians with very effective prog-
nostic information and consequently would help in selecting early-stage hormone responsive 
breast cancer patients who will have a likelihood of disease recurrence [38]. Signatures for 
both assays include genes as ER, HER2, PR-regulated transcripts and proliferation-linked 
genes that mainly have been utilized as a very effective tool for assessing the probability of 
recurrence as well as for classifying patients accordingly into high-, intermediate- or low-risk 
groups for recurrence. In addition, Oncotype DX assay may be used for assessing response to 
tamoxifen therapy [42].

7.2. Proteomics

Proteomic approach has been investigated through mass spectrometry, two-dimensional gel 
electrophoresis, and other strategies and successfully has identified promising markers for 
early diagnosis of ovarian cancer [43, 44]. In spite of being invalidated, their results have 
paved the path for applying the proteomic approach, via mass spectrometry, for identification 
of other biomarkers in serum in breast cancer [45] and nipple aspirate as well [46]. Moreover, 
a panel of proteins has also been identified by high-throughput antibody arrays’ technique, 
and their levels were significantly increasing in malignant breast tissue when compared to 
normal tissue. Such panel included p53, MAP kinase 7, and casein kinase Ie and annexin [47]. 
In fact, recent proteomics techniques such as nano-techniques are evolutionally emerging and 
promising to overcome few limitations of the conventional techniques for identification of 
potential biomarkers for early detection of cancer; thus, these techniques have to be applied 
on larger scale of cancer patients and, more importantly, with standardized protocols in order 
to validate the potentially valuable biomarkers [48].

7.3. DNA methylation

DNA methylation is an example of DNA modification that could be detected and linked with 
the unique identity of that gene; thus, DNA methylation patterns differ between normal and 
tumour tissues, and hence, targeting candidate genes could be used to identify and detect can-
cer cells in the blood or body fluid [49]. Identification of DNA methylation mapping and assays 
has been applied to nipple aspirate as well for detection of cancer cells at early stage of breast 
cancer [50]. DNA methylation assessment has been investigated as a prognostic marker for 
breast cancer in serum, and it was reported that methylation of adenomatous polyposis coli 
(APC) gene and Ras association domain family 1 isoform A was significantly linked and inde-
pendently associated with poor outcome in breast cancer patients [51].

7.4. Circulating tumour cells (CTCs)

Circulating tumour cells (CTCs) are detached or disseminated cells from solid tumours or their 
metastasis into circulation. It has been firstly detected in the bone marrow, called disseminated 
tumour cell (DTC) patients with early-stage breast cancer [52]. Once CTCs dislodged from 
cancerous tissues into circulation, they retain the proliferating capacity and ability to settle 
in other tissues. CTCs have the capability to proliferate and eventually forming  metastasis. 
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Hence, CTC could be a predictor marker for invasion and metastases [18]. Recently, CTCs were 
considered a dynamic prognostic marker whether in early- or late-metastasizing breast cancer 
cases [53]. Evaluation of CTCs might contribute for efficient therapy monitoring; in addition, 
expression profiles of CTCs may predict the likely responses to treatment. As well, assessment 
of the molecular features of them may be a pivotal step for the optimization of therapy [54].

8. Conclusion and prospective

Breast cancer with its heterogeneous nature and complex behaviour in great needs requires 
potential biomarkers to improve screening, diagnosis, classification, prognosis, and prediction 
to therapies. Understanding biology of breast tumour cell, host immune defences, and the 
tumour microenvironment may allow early detection and recurrence in breast cancer patients.

Breast cancer patients, clinician, pharmaceutical companies, and targeted therapy developer in 
great needs for flexible, simple, and inexpensive tests with sharp accurate comprehensive diag-
nosis. The identified molecular aberrations could be arrested and held up by the correspond-
ing targeted compounds, which are best exemplified by detection of HER2neu expression in 
breast cancer by immunohistochemistry and gene amplification tests for accurate treatment 
with trastuzumab. Molecular fingerprint for breast cancer generated to help medical practitio-
ner and healthcare providers to focus on patient’s prognosis and adopted the preferred best 
therapeutic option. Designation of distinctive incompatible genetic markers enhances shrink-
age of toxic side effect from overuse of therapies and exaggerated gains to patients.
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Abstract

The HER2-targeted therapy have profoundly changed the outcomes of women with 
HER2-positive breast cancers. Trastuzumab and pertuzumab, HER2-targeting monoclonal 
antibodies, lapatinib and Neratinib, small molecule inhibitors of HER2 and the epidermal 
growth factor receptor, and ado-trastuzumab emtansine, a HER2-positive directed anti-
body drug conjugate, are approved for the treatment of HER2-positive breast cancer.

Cardiac toxicity is a known adverse effects of trastuzumab, and other HER2-directed 
therapy. In most cases it manifests as mild and reversible left ventricle dysfunction. 
Nevertheless, symptomatic heart failure is not rare. The incidence and severity of cardiac 
dysfunction is greatest among women who received HER2-directed therapy in combina-
tion with anthracycline-based therapy. In addition, a borderline low normal left ventricle 
ejection fraction; prior treatment with antihypertensive medication; and older age are other 
risk factors for trastuzumab-related cardiac dysfunction. HER2 signaling plays an impor-
tant role in modulating myocardial response to treatment-related injury. Management of 
trastuzumab and the other HER2 targeted treatment-related cardiac dysfunction has two 
key components: withdrawal of HER2-directed therapy and treatment of underlying car-
diac dysfunction. A multidisciplinary approach is recommended for an optimal outcome. 
This chapter reviews cardiac toxicity of trastuzumab and other HER2-directed therapy 
including epidemiology and pathophysiology of cardiac dysfunction, cardiac monitoring, 
treatment and prevention.

Keywords: breast cancer, HER2-directed therapy, cardiac toxicity, trastuzumab, 
pertuzumab, lapatinib, T-DM1, Neratinib
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1. Introduction

Breast cancer is one of the most common cancers in women worldwide [1]. In 2012, nearly 
1.7 million women were diagnosed with breast cancer. This represents about 12% of all 
new cancer cases and 25% of all cancers in women [2]. Approximately 20–25% of all breast 
cancers overexpressed the human epidermal growth factor receptor-2 (HER2). This protein 
is a member of the HER family of transmembrane receptor tyrosine kinases and is located at 
the cell surface. HER2 is involved in cellular growth and differentiation, and its overexpres-
sion has been associated with adverse prognosis. Prior to the development of HER2-targeted 
therapy, women with HER2-positive breast cancer had poor outcomes. However, access to 
HER2-directed therapy including monoclonal antibodies, small molecule inhibitors, and 
antibody-drug conjugates in the management of early and advanced breast cancer has trans-
formed the natural history of HER2-positive breast cancer [3, 4]. HER2-targeted therapy alone 
or in combination with chemotherapy has been associated with improvements in response 
rate, disease control rates, and overall survival in HER2-positive metastatic breast cancer 
[3–5]. Combination of HER2-targeted agents including dual HER2 blockade and selected 
delivery of potent chemotherapeutic agent along with HER2 inhibition are new therapeutic 
approaches that in many women have transformed metastatic HER2-positive breast cancer 
into a chronic disease. More importantly, HER2 blockade in early-stage breast cancer has 
resulted in lower recurrence and mortality [3, 6].

As the outcomes of women with HER2-positive breast cancer have improved, increasingly 
attention has been directed toward minimizing both acute and chronic treatment-related 
toxicities. Cardiac toxicity is a known adverse effect of trastuzumab and other HER2-
directed therapy [7, 8]. In most cases, it manifests as mild and reversible left ventricle 
dysfunction. Nevertheless, overt heart failure is not unusual. Serial monitoring of cardiac 
function is recommended for women treated with HER2-directed therapy. In women with 
treatment-related cardiac dysfunction, trastuzumab and other HER2-directed therapy 
interruptions and treatment of cardiac dysfunction are recommended. This chapter pro-
vides a summary of efficacy of HER2-directed therapy in breast cancer and reviews the 
incidence, pathophysiology, risk factors, monitoring, and management and prevention of 
HER2-targeted treatment-related cardiac dysfunction.

2. Efficacy of HER2‐directed therapy

The current HER2-directed treatments for women with HER2-positive breast cancer include 
monoclonal antibodies, small molecule inhibitors, and antibody-drug conjugates (Table 1). 
Trastuzumab is the prototype humanized monoclonal antibody directed against the extracel-
lular domain of human epidermal growth factor receptor-2 [9]. It was first evaluated in women 
with HER2-positive metastatic breast cancer. The combination of trastuzumab and chemo-
therapy resulted in improvement in progression-free and overall survival compared with 
chemotherapy alone, in women with HER2-positive metastatic breast cancer [5]. A Cochrane 
review assessed efficacy and safety of trastuzumab in seven trials, involving 1497 women 
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with advanced breast cancer [10]. The combined hazard ratios (HRs) for overall survival and 
progression-free survival favored the trastuzumab-containing regimens (HR 0.82, 95% confi-
dence interval (CI) 0.71–0.94, p-value = 0.004; and HR 0.61, 95% CI 0.54–0.70, p-value < 0.00001, 
respectively).

Later trastuzumab was evaluated in women with early-stage breast cancer, in both adju-
vant and neoadjuvant settings, and demonstrated improvement in disease-free and overall 
survival. A Cochrane review evaluated efficacy and toxicity of trastuzumab in eight studies 
involving 11,991 women with early-stage breast cancer [11]. The combined HRs for overall 
survival and disease-free survival significantly favored the trastuzumab-containing regimens 
(HR 0.66; 95% CI 0.57–0.77, p-value < 0.00001; and HR 0.60; 95% CI 0.50–0.71, p-value < 0.00001, 
respectively). Based on results from five randomized adjuvant trials in women with node-
positive or high-risk node-negative breast cancer, 1 year of adjuvant trastuzumab has become 
the standard therapy for women with HER2-positive breast cancer [6, 12–14].

Lapatinib is a dual EGFR/HER2 reversible tyrosine kinase inhibitor that suppresses the down-
stream signaling involving MAPK/Erk1/2 and PI3K/Akt pathways by blocking both HER1 
and HER2 [15]. Lapatinib has demonstrated efficacy in HER2-positive advanced breast cancer 
[16]. In addition, it has been assessed in both adjuvant and neoadjuvant settings in women 
with early-stage breast cancer. However, overall the data suggest that lapatinib in early-stage 
breast cancer is inferior compared with trastuzumab [3, 17].

Class Comments

Monoclonal antibodies

Trastuzumab A humanized monoclonal antibody directed against the extracellular 
domain of the HER2 receptor that prevents ligand-independent HER2 
signaling. It has demonstrated efficacy in both early and advanced stage 
breast cancer

Pertuzumab A humanized monoclonal antibody that binds to the extracellular 
domain II of HER2 and inhibits ligand-dependent HER2-HER3 
dimerization. It has been evaluated in combination with trastuzumab in 
preoperative setting and advanced breast cancer

Antibody‐drug conjugates

Ado-trastuzumab emtansine An antibody-drug conjugate consisting of the cytotoxic agent DM1 
linked to trastuzumab. It has demonstrated efficacy in advanced breast 
cancer

Small molecules inhibitors

Lapatinib An oral dual EGFR/ErbB2 reversible tyrosine kinase inhibitor blocking 
both HER1 and HER2 that suppresses the downstream pathways. It has 
been evaluated in both early and advanced breast cancer.

Afatinib, Neratinib Irreversible tyrosine kinase inhibitor of EGFR/HER2/HER4

Table 1. List of current HER2-directed targeted drugs that are approved for the management of HER2-positive breast 
cancer.
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Pertuzumab is a humanized monoclonal antibody that binds to the extracellular domain II of 
HER2. It inhibits ligand-dependent HER2-HER3 dimerization and reduces signaling via intracel-
lular pathways such as PI3K/Akt [18]. Pertuzumab has limited antitumor clinical activity alone, 
but it is a very good synergistic drug when combined with trastuzumab and has demonstrated 
benefit in combination with trastuzumab in the treatment of both early (neoadjuvant setting) 
and advanced HER2-positive breast cancer [3, 19, 20]. In the neoadjuvant setting, the pooled 
pathological complete response rate in the dual anti-HER2 therapy group was 54.8% compared 
with 36% in the monotherapy group when used in combination with chemotherapy (relative 
risk [RR], 1.56; 95% CI 1.23–1.97; p-value < 0.001). In the metastatic setting, dual anti-HER2 
therapy demonstrated significant benefits in both progression-free survival (HR, 0.71; 95% CI 
0.62–0.81; p-value < 0.001) and overall survival (HR, 0.68; 95% CI 0.57–0.82; p-value < 0.001) [21].

Ado-trastuzumab emtansine (T-DM1) is an antibody-drug conjugate consisting of an anti-
microtubule cytotoxic agent DM1 linked to trastuzumab [22]. In women with HER2-positive 
advanced breast cancer, who were previously treated with trastuzumab and a taxane, it has 
shown significant improvement in progression-free and overall survival compared with lapa-
tinib plus capecitabine [23].

Neratinib is an irreversible binder of HER1, HER2, and HER3 receptors [22, 24] It has dem-
onstrated efficacy in HER2-positive breast cancer that progress on trastuzumab [3]. In addi-
tion, 1 year of neratinib following adjuvant chemotherapy and trastuzumab in women with 
HER2-positive breast cancer has been associated with modest improvement in disease-free 
survival [25].

In summary, over the past 15 years, HER2-directed therapy has revolutionized the man-
agement of HER2-positive breast cancer. In women with early-stage cancer, neoadjuvant 
and adjuvant HER2-directed therapies have substantially improved the disease-free and 
overall survival. Likewise, for many women, HER2-targeted therapy has transformed 
HER2-positive advanced breast cancer into a chronic disease. For example, median overall 
survival of women with HER2-positive advanced cancer has improved from 20.3 months 
reported by Slamon et al. in the first randomized trial using trastuzumab with chemo-
therapy to 48 months with the use of triple combination of pertuzumab, trastuzumab, and 
docetaxel [5, 26].

3. Cardiac safety of HER2‐directed therapy

3.1. Trastuzumab

Trastuzumab-related cardiac dysfunction incidence varies according to the underlying 
treated population and the definition of cardiac toxicity used in the clinical trials. In the piv-
otal clinical trial that evaluated trastuzumab in combination with chemotherapy (anthracy-
cline or taxane) in women with HER2-positive metastatic breast cancer, a high rate of cardiac 
dysfunction was noted, especially when trastuzumab was given in combination with an 
anthracycline-based chemotherapy [5]. In this trial, cardiac dysfunction was observed in 
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otal clinical trial that evaluated trastuzumab in combination with chemotherapy (anthracy-
cline or taxane) in women with HER2-positive metastatic breast cancer, a high rate of cardiac 
dysfunction was noted, especially when trastuzumab was given in combination with an 
anthracycline-based chemotherapy [5]. In this trial, cardiac dysfunction was observed in 

Breast Cancer - From Biology to Medicine360

27% of the women who received an anthracycline, cyclophosphamide, and trastuzumab; 
8% of the women who received an anthracycline and cyclophosphamide alone; 13% of 
the women who received paclitaxel and trastuzumab; and only 1% of the women who 
received paclitaxel alone. Among these women, the incidence of cardiac dysfunction of 
New York Heart Association class III or IV was 16% among women who were treated with 
an anthracycline, cyclophosphamide, and trastuzumab; 3% among women who received 
an anthracycline and cyclophosphamide alone; 2% among women who received paclitaxel 
and trastuzumab; and 1% among those who were treated with paclitaxel alone (Table 2). 
Given a high risk of symptomatic heart failure with the concomitant use of trastuzumab 
with anthracycline, in all adjuvant breast cancer trials, trastuzumab was only used after 
anthracyclines or with anthracycline-free chemotherapy. A Cochrane review assessed effi-
cacy and safety of trastuzumab in seven trials, involving 1497 women with advanced breast 
cancer [10]. Trastuzumab increased the risk of congestive heart failure (CHF) (RR 3.49, 90% 
CI 1.88–6.47, p-value = 0.0009) and left ventricular ejection fraction (LVEF) decline (RR 2.65, 
90% CI 1.48–4.74, p-value = 0.006).

In the major adjuvant trastuzumab clinical trials, the rates of symptomatic CHF varied 
from 0.6 to 4.1%, whereas the rates of symptomatic or minimally symptomatic reduction in 
LVEF ranged from 4 to 34% (Table 3). The Herceptin Adjuvant (HERA) trial compared 1 or 
2 years of trastuzumab given once every 3 weeks with observation in women with HER2-posi-
tive breast cancer. The incidence of trastuzumab discontinuation due to cardiac disorders was 
4.3% [8]. The incidence of cardiac end points was higher in the trastuzumab group compared 
with observation: severe CHF, 0.60% compared with 0.06%; symptomatic CHF, 2.15% com-
pared with 0.12%; and confirmed significant LVEF drops, 3.04% compared with 0.53%. Most 
women with cardiac dysfunction recovered in fewer than 6 months.

The National Surgical Adjuvant Breast and Bowel Project trial B-31 compared doxorubicin 
and cyclophosphamide (AC) followed by paclitaxel with AC followed by paclitaxel plus 
52 weeks of trastuzumab beginning concurrently with paclitaxel in women with node-
positive, HER2-positive breast cancer [27]. Among women with normal post-AC LVEF 

Class New York association functional classification Canadian Cardiovascular Society 
functional classification

I Patients with cardiac disease but without resulting limitations of 
physical activity

Ordinary physical activity, such as 
walking and climbing stairs, does not 
cause angina

II Patients with cardiac disease resulting in slight limitation of physical 
activity

Slight limitation of ordinary activity

III Patients with cardiac disease resulting in marked limitation of 
physical activity

Marked limitation of ordinary 
physical activity

IV Patients with cardiac disease resulting in inability to carry on any 
physical activity without discomfort

Inability to carry on any physical 
activity without discomfort

Table 2. New York association and Canadian Cardiovascular Society functional classifications.

Cardiac Toxicity of HER2-Directed Therapy in Women with Breast Cancer: Epidemiology, Etiology, Risk Factors, and...
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who began post-AC treatment, 5 of 814 (0.006%) women in the control group developed a 
cardiac event compared with 31 of 850 (0.036%) women treated with trastuzumab. The dif-
ference in cumulative incidence at 3 years was 3.3% (4.1% for trastuzumab-treated women 
minus 0.8% for control patients; 95% CI 1.7–4.9%). Twenty-seven of the 31 patients in 
the trastuzumab arm have been followed for ≥6 months after diagnosis of a CE; 26 were 
asymptomatic at last assessment; and 18 remained on cardiac medication. Fourteen per-
cent of patients discontinued trastuzumab because of asymptomatic decreases in LVEF; 
4% discontinued trastuzumab because of symptomatic cardiotoxicity.

In the North Central Cancer Treatment Group N9831 adjuvant breast cancer trial, women 
with HER2-positive operable breast cancer were randomly assigned to AC followed by either 
weekly paclitaxel (arm A); paclitaxel then trastuzumab (arm B); or paclitaxel plus trastu-
zumab then trastuzumab alone (arm C) [28]. There were 1944 women with satisfactory or 
no LVEF evaluation who proceeded to post-AC therapy. Cardiac events (CHF or cardiac 
death) were as followed: arm A, n = 3; arm B, n = 19; and arm C, n = 19 with 3-year cumula-
tive incidences of 0.3, 2.8, and 3.3%, respectively. Incidence of asymptomatic LVEF decreases 
requiring holding trastuzumab was 8–10%; LVEF recovered and trastuzumab were restarted 
in approximately 50%.

The Breast Cancer International Research Group randomly assigned 3222 women with 
HER2-positive early-stage breast cancer to receive doxorubicin and cyclophosphamide fol-
lowed by docetaxel every 3 weeks (AC-T), the same regimen plus 52 weeks of trastuzumab 
(AC-T plus trastuzumab), or docetaxel and carboplatin plus 52 weeks of trastuzumab 
(TCH) [6]. The incidence of congestive heart failure in the two trastuzumab-containing 
regimens was higher in the group receiving AC-T plus trastuzumab (2.0%) than in the AC-T 
group (0.7%) or the TCH group (0.4%); the incidence with AC-T plus trastuzumab as com-
pared with TCH was increased by a factor of five. In addition, a significant difference in 
sustained, subclinical loss of mean LVEF (defined as >10% relative loss), was observed in 
the group receiving AC-T plus trastuzumab, as compared with the TCH group (18.6 versus 
9.4%, p-value < 0.001), with a rate of 11.2% in the AC-T group. Of 194 of the 1042 patients 
(19%) who had a relative reduction in LVEF of more than 10% in the group receiving AC-T 
plus trastuzumab, the decrease persisted for at least 4 years after randomization in 33% of 
the women.

The FinHer investigators randomly assigned 1010 women to receive three cycles of docetaxel 
or vinorelbine, followed by three cycles of fluorouracil, epirubicin, and cyclophosphamide 
(FEC). The 232 women with HER2-positive cancer were further assigned to receive or not to 
receive nine weekly trastuzumab infusions [12]. The incidence of symptomatic heart failure 
among the HER2-positive women was 0.9% (one patient) with trastuzumab and 1.7% (two 
patients) without trastuzumab. The incidence of absolute declines in LVEF >20% points from 
baseline was 6.8% with trastuzumab and 10.5% without trastuzumab [12, 29].

The Cochrane review evaluated toxicity of trastuzumab in eight studies involving 11,991 
women with early-stage breast cancer [11]. Trastuzumab significantly increased the risk of 
CHF (RR 5.11; 90% CI 3.00–8.72, p-value < 0.00001) and LVEF (RR 1.83; 90% CI 1.36–2.47, 
p-value = 0.0008).
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3.2. Lapatinib and other HER2‐directed therapies

In the Adjuvant Lapatinib and/or Trastuzumab Treatment Optimization trial (ALTTO), 
8381 women with HER2-positive early breast cancer were randomly assigned to 1 year of 
adjuvant therapy with trastuzumab, lapatinib, their sequence (T → L), or their combination 
(L + T). Overall, incidence of primary or secondary cardiac end points was low in all treatment 
arms; primary cardiac end points occurred in 0.25–0.97% of women. Three fatal cardiac events 
occurred in the T → L arm and one in each of the other treatment arms [17].

A comprehensive analysis of 49 clinical trials involving 3689 women treated with lapatinib 
reported a low rated of cardiac events [30]. For example, asymptomatic cardiac events were 
reported in 53 women (1.4%), and symptomatic grade III and IV systolic dysfunction was 
observed only in 7 women (0.2%) treated with lapatinib. Cardiac safety of lapatinib in combi-
nation with trastuzumab is reviewed in the section of dual HER2-directed therapy.

Cardiotoxicity of pertuzumab was usually reported with the trastuzumab combination, 
and no additive cardiotoxicity was reported with addition of pertuzumab to trastuzumab. 
In phase I–III trials of pertuzumab, cardiac dysfunction was seen in 4.5–14.5% of women 
with pertuzumab treatment and cardiac dysfunction was usually grade I and II [30]. 
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T-DM1 had a better safety profile compared to trastuzumab, and no significant cardio-
toxicity was observed with T-DM1 in heavily pre-treated women. In the EMILIA study, 
only in 1.7% of women in the T-DM1 group experienced reduction in LVEF and grade III 
LVEF reduction developed only in one woman (0.2%) in the T-DM1 group compared to 
the lapatinib plus capacitabine group [23]. In phase I-II trials with neratinib, no cardio-
toxicity was reported, whereas cardiotoxicity was seen between 0 and 5.3% with afatinib 
treatment [30].

3.3. Dual HER2‐directed therapy

Several trials have evaluated dual HER2-directed therapy using trastuzumab in combination 
with lapatinib or pertuzumab in the neoadjuvant setting and metastatic breast cancer. These 
trials reported the risk of heart failure with dual HER2-directed therapy [20, 26, 31–34]. 
A meta-analysis of randomized clinical trials compared the risk of cardiac adverse events 
with dual HER2-directed therapy to HER2 monotherapy and reported a comparable cardiac 
toxicity between combination and mono-HER2-directed therapies [35]. Overall incidence 
results for CHF in dual HER2-directed and monotherapy were 0.88% (95% CI 0.47–1.64%) 
and 1.49% (95% CI 0.98–2.23%). The incidence of LVEF decline was 3.1% (95% CI 2.2–4.4%) 
and 2.9% (95% CI 2.1–4.1%), respectively. When stratified by each treatment combination, the 
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tion and 0.80% (95% CI 0.33–1.93%) for the trastuzumab plus pertuzumab combination, while 
the LVEF decline was 3.2% (95% CI 1.8–5.7%) and 3.1% (95% CI 1.9–4.8%), respectively. The 
odd ratio of CHF between dual and monotherapy was 0.58 (95% CI 0.26–1.27, p-value = 0.17), 
while the odd ratio of LVEF decline was 0.88 (95% CI 0.53–1.48, p-value = 0.64). Among the 
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two trials in the metastatic setting [19, 31], there was no association between dual anti-HER2 
therapy and either CHF (OR: 0.85, 95% CI 0.31–2.37, p-value = 0.76) or LVEF decline (OR: 
1.11, 95% CI 0.24–5.02, p-value = 0.90). Among the four trials in the neoadjuvant setting, there 
was also no evidence of an association between dual anti-HER2 therapy and CHF (OR: 0.74, 
95% CI 0.02–29.54, p-value = 0.87) or LVEF decline (OR: 1.52, 95% CI 0.44–5.32, p-value = 0.51) 
[20, 32–34]. For CHF, the pooled ORs for the comparison trastuzumab plus lapatinib versus 
trastuzumab and trastuzumab plus lapatinib versus lapatinib were 0.33 (95% CI 0.08–1.41, 
p-value = 0.13), and 0.64 (95% CI 0.22–1.88, p-value = 0.42), respectively. For LVEF decline, 
the pooled ORs for the trastuzumab plus lapatinib versus trastuzumab, trastuzumab plus 
lapatinib versus lapatinib, and trastuzumab plus pertuzumab versus trastuzumab were 0.53 
(95% CI 0.07–3.98, p-value = 0.54), 2.27 (95% CI 0.69–7.49, p-value = 0.18), and 0.66 (95% CI 
0.36–1.23, p-value = 0.19), respectively. Another systematic review and meta-analysis com-
pared treatment outcomes for women who received single or combined anti-HER2 therapies 
[21]. Overall, no statistically significant difference in the risk of heart failure between dual 
anti-HER2 therapy and monotherapy was noted (RR, 0.79; 95% CI 0.23–2.68; p-value = 0.71). 
Likewise, no statistically significant difference in risk of left ventricular ejection fraction 
decline was noted single versus dual HER2-directed therapy (RR, 1.12; 95% CI 0.51–2.44; 
p-value = 0.77).

Overall, cardiac toxicity is more often noted with the regimens employing sequential anthra-
cycline and taxanes. Nonetheless, the majority of women who received the therapy displayed 
neither acute nor delayed cardiac toxicity [29]. The rates of cardiac dysfunction with the 
novel HER2-targeted therapies are significantly lower than the trastuzumab. Furthermore, 
the combination of anti-HER2 treatment does not increase the cardiac toxicity compared to 
trastuzumab alone. Longer-term follow-up is required to determine the full effect of adverse 
cardiac events.

4. Pathophysiology of cardiac dysfunction

Cardiac dysfunction is a potential short- or long-term complication of several anticancer 
therapies. Although the underlying pathophysiology of trastuzumab and other novel HER2-
directed therapy-induced cardiac toxicity is not fully understood, it is different from that 
of anthracycline-related or type I cardiac dysfunction and has been classified as type II car-
diac dysfunction [36]. Whereas anthracycline-associated or type I cardiac dysfunction is dose 
dependent, cumulative, and potentially irreversible and has been associated with structural 
myocardial abnormalities, such as vacuolization, myofibrillar disarray and drop-out, and 
myocyte necrosis, trastuzumab-related or type II cardiac dysfunction is not dose related, 
does not appear to occur in all individuals, is expressed in a broad range of severity, is not 
related to identifiable structural changes, and, more importantly, appears to be reversible 
(Table 4) [36, 37].

Trastuzumab-induced cardiac dysfunction is considered to be the result of attenuated HER2-
mediated signaling in the heart, culminating in decreased functionality of cardiac myocytes. HER 
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signaling plays an important role in modulating myocardial response to chemotherapy-induced 
injury and inhibition of the HER-2/erbB2 receptor worsens anthracycline-associated cardiotoxicity 
[38]. HER or ErbB receptors are family of transmembrane tyrosine kinase receptors that bind extra-
cellular ligands and regulate cell growth, differentiation, and survival [39]. HER2 appears to func-
tion as a compensatory mechanism acting against cardiac stress, such as anthracycline-induced 
cardiotoxicity. Subsequent administration of trastuzumab may then lead to an inhibition of this 
compensation, resulting in heart failure [40]. Trastuzumab induces down-regulation of HER2 
receptors which leads to apoptosis by disrupting downstream cytoprotective signaling pathways 
and by decreasing expression of Bcl-2 anti-apoptotic protein [41]. Discontinuation or trastuzumab 
withdrawal allows recovery of signaling pathway and reversal of LVEF decline, in contrast to the 
permanent myocyte dysfunction and damage caused by anthracyclines.

Trastuzumab-induced cardiotoxicity is demonstrated by inhibiting ErbB2 signaling in rat car-
diac myocytes with a suitable antibody. This process promotes intrinsic (mitochondrial) apop-
totic pathway that involves an increase in Bcl-XS/Bcl-XL ratio [42, 43]. Some studies showed that 

Type I cardiac dysfunction  
(myocardial damage)

Type II cardiac dysfunction 
(myocardial dysfunction)

Prototype drug • Doxorubicin • Trastuzumab

Natural history • typically permanent and irreversible

• recurrence in months or years may 
be related to sequential cardiac stress

• reversible with high likeli-
hood of recovery to baseline 
heart function in 2–4 months

Dose relationship • dose-dependent

• cumulative

• dose independent

Pathophysiology • oxidative stress/damage

• free radical formation

• blockade of HER2 signaling 
in myocardium

Electron microscopic findings • vacuoles

• myofibrillar disarray and dropout

• necrosis

• changes resolve over time

• no characteristic structural 
abnormalities

Noninvasive cardiac testing Findings • decreased ejection fraction

• global decrease in wall motion

• decreasedejection fraction

• global decrease in wall motion

Effect of rechallenge • high risk of progressive recurrent 
dysfunction

• may result in intractable heart failure 
and death

• may be safe and appropriate 
for some individuals

Effect of late sequential stress • High likelihood of sequential stress-
related cardiac dysfunction

• Low likelihood of sequen-
tial stress-related cardiac 
dysfunction

Table 4. Cancer treatment-related cardiac dysfunction.
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trastuzumab down-regulates neuregulin-1 (NRG-1), which is released in endocardium and acti-
vates MAPK and the PI3K/AKT cell survival pathways as well as focal adhesion kinases (FAK) 
in cardiomyocytes which are all important for the function and structure of cardiomyocytes [44].

In general, women who develop cardiotoxicity while receiving trastuzumab therapy improve 
upon withdrawal of the drug. Evidence suggests that reintroducing trastuzumab may be 
appropriate for some individuals who previously have experienced trastuzumab-related car-
diac dysfunction.

5. Risk factors

The following are the risk factors for trastuzumab-associated cardiotoxicity identified in the 
adjuvant clinical trials: prior treatment with anthracycline-based chemotherapy; a borderline 
low normal left ventricle ejection fraction; prior treatment with antihypertensive medication; 
older age; and a body mass index >25 kg/m2 [7, 29]. In the HERA trial, the women who had 
a cardiac end point received a significantly higher dose of epirubicin and doxorubicin than 
the women without [8]. Furthermore, women with a screening LVEF of <60% had a signifi-
cantly higher incidence of cardiac end points than women with a higher screening LVEF ≥60% 
(6.90% versus 2.72%; 95% CI 1.33–7.02%). Women with a risk factor of hypertension, current 
smoker, diabetes, hypothyroidism, or age ≥60 showed a trend to a higher incidence of cardiac 
end points that was not significant.

In NSABP B-31 trial, CHFs were more frequent in older women and women with marginal 
post-AC LVEF [27]. LVEF, assessed either at baseline or after AC, was strongly associated with 
subsequent CHF (P < 0.0001), and age at entry was also predictive (P = 0.03). Hypertension was 
marginally significant (P = 0.07). In a multivariate analysis, age and post-AC LVEF remained 
statistically significant.

The NSABP B31 data about risk factors for a cardiac event are supported by NCCTG N9831 
trial [28, 29]. For example, women ≥60 years had a risk of 6.6%, women aged 50–59 years had 
a 2.8% risk, and women <50 years had a 2.1% risk (P = 0.003). Previous or current use of anti-
hypertensive agents increased the risk to 6.0% (P = 0.005). Baseline LVEF above the lower limit 
of normal but <55% increased the risk to 5.6% (P = 0.033). BMI (P = 0.161) and post-AC LVEF 
level (P = 0.134) were not significantly correlated with LV dysfunction.

6. Monitoring

Women treated with adjuvant trastuzumab and other HER2-directed treatment require 
appropriate monitoring of LV function. LVEF measurement, obtained by echocardiogram or 
radionuclide ventriculography (multiple-gated acquisition [MUGA] scans), is currently the 
generally accepted diagnostic tool to detect cardiotoxicity of antineoplastic agents. It is impor-
tant to note that the LVEF reflects the functional status of the left ventricle, and until func-
tional impairment occurs, myocardial injury will not be detected by LVEF measurement [40].
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With about a decade of follow-up involving women treated in the adjuvant setting with 
trastuzumab-containing regimens, the optimal surveillance for trastuzumab-related cardio-
toxicity is not known. The available evidence does not definitively support a specific schedule 
of screening or demonstrates improved outcomes for the screened patients [45]. In the adju-
vant setting, a baseline evaluation for cardiac function is performed with a repeat testing at 
3, 6, 9, and 12 months [46]. In metastatic disease, HER2-directed therapy is continued until 
disease progression. LVEF is typically monitored at baseline, during the first 3–12 months 
of therapy and then as clinically indicated such as the presence of symptoms suggestive of 
cardiac dysfunction.

The optimal cardiac monitoring of women who are receiving novel HER2-directed therapy 
is not known. The United States Food and Drug Administration (US FDA) prescribing infor-
mation recommends that all women who are treated with pertuzumab or lapatinib or TDM1 
have LVEF assessed at the treatment initiation and subsequently at regular intervals (i.e., 
every 3 months in the metastatic setting and every 6 weeks in the neoadjuvant setting) [47–49]. 
Given that cardiac dysfunction rates of novel HER2-targeted therapies are not high and the 
combination of anti-HER2 treatment does not increase the cardiac toxicity compared with 
trastuzumab, periodic monitoring of cardiac function in otherwise asymptomatic women 
with metastatic breast cancer may not be cost effective.

The early detection of injured myocardial cells is required more sensitive diagnostic tools than the 
use of conventional methods for LVEF measurement. For example, several small studies have eval-
uated tissue Doppler and strain rate imaging to detect early subclinical changes in cardiac function 
during and after cancer treatment that preceded a decrease in LVEF [50, 51]. Contrast ECG and 
real-time 3D ECG are under investigation that may allow improvement in the accuracy of calcu-
lating LVEF. In addition, early identification of women at high risk of cardiotoxicity by cardiac 
biomarkers, in particular, troponin can be more effective for targeted preventive strategies [50].

7. Treatment of cardiac dysfunction

A multidisciplinary approach for the management of treatment-related cardiotoxicity is 
important for optimal outcomes. Cardio-oncology is a new interdisciplinary field of growing 
interest focusing on management and prevention of therapy-related cardiac dysfunction in 
cancer patients [52].

Management of trastuzumab and other HER2-directed treatment-related cardiac dysfunction has 
two key components: withdrawal of trastuzumab and other HER2-directed therapy and treatment 
of underlying cardiac dysfunction. Although in the adjuvant clinical trials, various “stopping and 
restarting” criteria were used for asymptomatic declined in LVEF, the optimal withdrawal and 
continuation schedule for asymptomatic decline in LVEF in general population are not known.

The NSABP B-31 and the NCCTG N9831 trials used the following dosing guidelines.

• If there is 16% or greater decline in LVEF from the baseline value or 10–15% declined in 
ejection fraction to below the lower limit of normal of LVEF, trastuzumab is withheld for 
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4 weeks and reassessment of LVEF at week four. Discontinue trastuzumab if at 4 weeks 
LVEF remains below that levels.

• Discontinue trastuzumab if a person develop symptomatic heart failure during treatment 
with trastuzumb, it is discontinued.

Symptomatic heart failure is defined as the presence of:

• dyspnea, pedal edema, and orthopnea;

• the presence of sinus tachycardia, raised jugular venous pressure, tachypnea, crackles, and 
S3 heart sound;

• radiographic evidence of pulmonary congestion or edema.

One of the algorithms for monitoring of cardiac function for women on adjuvant trastuzumab 
is described in Figure 1.

Unlike early-stage breast cancer, the dosing criteria for women with metastatic breast cancer 
are not well defined. In clinical practice, left ventricle function monitoring is infrequently 
performed in otherwise asymptomatic women with metastatic breast cancer.

Angiotensin-converting enzyme (ACE) inhibitors and beta-blockers have been proven to delay 
or reverse LV dilation and improve ejection fraction [53–55]. All women with symptomatic heart 
failure should be treated with an ACE inhibitor in combination with a beta-blocker unless a spe-
cific contraindication exists. HER2-directed therapy should be permanently discontinued in such 
women. ACE inhibitors in combination with a beta-blocker should be used in all asymptomatic 

Figure 1. Algorithm for stop and restarting trastuzumab based on LVEF assessments.
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women with LV dysfunction and an ejection fraction below 40% unless a specific contraindica-
tion exists. Women with LVEF >40% may also get benefit from pharmacological intervention [56, 
57]. The optimal duration of therapy is not known and is determined by several factors such as 
the degree of lv dysfunction, recovery of LV function, patient symptoms, and preference.

7.1. Lapatinib

The US FDA prescribing information recommends discontinuation of lapatinib for a decline 
in the LVEF to <50%, for those whose LVEF drops below the institution's lower limit of normal 
and for any women who develop symptomatic heart failure during therapy [49]. Dose reduc-
tion is recommended if the LVEF recovers to normal after a minimum of 2 weeks in otherwise 
asymptomatic patients.

7.2. Pertuzumab

The US FDA prescribing information recommends to withhold both pertuzumab and trastu-
zumab if LVEF is <45% or is 45–49% with a ≥10% absolute decrease below the baseline value 
and suggests discontinuing both pertuzumab and trastuzumab if the LVEF has not improved 
or has declined further on repeat assessment in 3 weeks [47].

7.3. Ado‐trastuzumab emtansine (T‐DM1)

For women who are treated with T-DM1, at least temporary discontinuation of therapy is 
recommended if the LVEF falls to <40% or is 40–45% with a ≥10% absolute decrease below the 
pretreatment value [48].

8. Preventive strategies

The presence of underlying cardiovascular risk factors can increase the risk of treat-
ment-related cardiac dysfunction. Cardiovascular risk reduction with appropriate control 
of blood pressure, cholesterol, and blood glucose, as well as positive health-promoting 
behavior, including healthy diet, smoking cessation, regular exercise, and weight control, 
is recommended for women with breast cancer to reduce the risk of treatment-related car-
diotoxicity [50, 58, 59]. Several strategies have been developed to mitigate the risk of both 
symptomatic and asymptomatic cardiac dysfunction related to HER2-directed therapy. 
These interventions include periodic cardiac function monitoring, use of a non-anthra-
cycline-based chemotherapy, stopping and restarting HER2-directed therapy, and early 
detection of cadiotoxicity by biomarkers, followed by prophylactic intervention in selected 
high-risk patients.

HER2-directed therapy should be avoided in women with a significant cardiovascular his-
tory such as recent myocardial infarction, CHF, unstable angina, significant arrhythmias, 
uncontrolled hypertension, LV hypertrophy, or significant valvular heart disease. The cardiac 
toxicity data from the adjuvant trastuzmab trials suggest three approaches which have been 
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associated with a reduced risk of cardiac toxicity. The first approach employed by the HERA 
investigators, which is the sequential use of trastuzumab after completion of adjuvant chemo-
therapy. This approach resulted in very low rates of cardiac toxic effects, despite the fact that 
94% of women received an anthracycline-based regimen [29]. However, the direct compari-
son of concurrent versus sequential administration of trastuzumab in the N9831 trial suggests 
that even though the sequential approach is effective, concurrent administration provides 
greater benefit with minimal increased risk for cardiac toxicity [3, 29].

A second approach was employed in FinHer trial which used 9-week duration of adjuvant 
trastuzumab and showed a very low rate of cardiac dysfunction [29]. However, the non-infe-
riority of shorter duration of trastuzumab is not confirmed in a randomized clinical trial. 
In the Protocol for Herceptin as Adjuvant therapy with Reduced Exposure (PHARE) trial, 
3380 women were randomly assigned 6 versus 12 months of trastuzumab [60]. The overall 
incidences of CHF were 0.65 and 0.53% in the 12 and 6 months arms, respectively (p > 0.05). 
Cardiac dysfunction occurred in 5.9 and 3.4% of women in the 12 and 6 months arms, respec-
tively (p = 0.001) [61]. However, with a median follow-up of 42.5 months, treatment for 
6 months resulted in a shorter 2-year DFS rate compared with 12 months of therapy (91 ver-
sus 94%, respectively; HR 1.28, 95% CI 1.05–1.56). In addition, treatment for 6 months resulted 
inferior overall survival (93 versus 66 events; HR 1.46, 95% CI 1.06–2.01) and more frequent 
distant recurrences (HR 1.33, 95% CI 1.04–1.71). Hence, the approach of 6 months or shorter 
duration of adjuvant trastuzumab is not recommended.

The third approach is the use of a non-anthracycline-based chemotherapy regimen such 
as docetaxel and carboplatin plus 1 year of trastuzumab (TCH → H) that was employed in 
the BCIRG 006 trial. The rate of symptomatic congestive heart failure was only 0.4% with 
TCH → H compared with a rate of 2.0% with AC → TH → H [6]. A non-anthracycline-based 
regimen also eliminates the risk of cardiac dysfunction from anthracycline that may preclude 
the use of adjuvant trastuzumab. The risk for cardiotoxicity with an anthracycline-based regi-
men can be reduced by identifying women who are at increased risk for cardiac dysfunction 
and avoiding such regimen in these women.

The primary prevention using a beta-blocker or an ACE inhibitor has been employed as an 
approach to reduce cancer therapy-related cardiac toxicity [62–64]. The results of the PRADA 
(prevention of cardiac dysfunction during adjuvant breast cancer therapy) trial have shown 
that candesartan—but not metoprolol—concomitantly administrated with adjuvant che-
motherapy including epirubicin, with or without trastuzumab, can protect against early 
decline in LVEF, assessed with cardiac magnetic resonance [62]. MANTICORE 101-Breast 
(Multidisciplinary Approach to Novel Therapies in Cardiology-Oncology Research) is a 
randomized trial that evaluated if conventional heart failure pharmacotherapy can prevent 
trastuzumab-mediated left ventricular remodeling, measured with cardiac MRI. The study 
randomized 99 women with HER2-positve breast cancer in a 1:1:1 ratio to an ACE inhibitor 
(perindopril), beta-blocker (bisoprolol), or placebo [63, 64]. The study failed to achieve its pri-
mary end point and neither a beta-blocker nor an ACE inhibitor, used as prophylaxis against 
trastuzumab's adverse cardiac effects, and successfully prevented left ventricle remodeling. 
The post-treatment LVEF for placebo patients was significantly but not clinically worse than 
in either of the experimental arms—56% versus 59% for perindopril and 61% for bisoprolol 
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(down from 61, 62 and 62%, respectively). Although prophylactic beta-blocker or ACE inhibi-
tor is currently not recommended in women with normal baseline LVEF, it may consider in 
woman at high risk of cardiac dysfunction.

9. Conclusions

The HER2-directed therapy including monoclonal antibodies such as trastuzumab, small 
molecule inhibitors, and antibody-drug conjugates has revolutionized the management of 
women with early and advanced HER2-positive breast cancer. Left ventricle dysfunction is 
a known adverse effect of trastuzumab and other HER-2 directed therapy. In most cases, it 
is mild and reversible; however, symptomatic heart failure is not a rare complication. The 
optimal approach to reduce treatment-related LV dysfunction, the best method for its early 
detection, and the optimal regimen to prevent it remain unknown. Appropriate patient selec-
tion for HER2-directed therapy and cardiac monitoring is essential to prevent and manage 
potential cardiac adverse events. A monitoring schedule that assesses baseline and on-treat-
ment cardiac function but potentially reduces the overall number of assessments is suggested 
for women on HER2-directed therapy. Intervention strategies with cardiovascular medication 
such as treatment with ACE inhibitor and beta-blockers and cardiovascular risk reduction to 
improve cardiac status before, during and after treatment, are important to reduce incidence 
of heart failure. Simplified rules for starting, interrupting and discontinuing trastuzumab are 
important for the management of LVEF reduction in women on HER2-directed therapy. We 
recommend a multidisciplinary approach for the management and prevention of treatment-
related cardiac dysfunction for the optimal outcomes.
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Abstract

Seventy percent of patients with early breast cancer can be treated by breast-conserving 
surgery, while the remaining 30% are forced to receive mastectomy. Nearly 30% of these 
patients choose breast reconstruction. In the last decade, new alternative techniques and 
improved surgical devices have significantly improved techniques for breast reconstruc-
tion that especially include immediate or delayed breast reconstruction with silicone 
implants as an excellent option. In general, implant reconstruction may be single- or 
two-stage procedures. Single-stage reconstruction is the preferred technique for patients 
with small breasts and minimal ptosis, while large breasts with ptosis require reduction 
mastopexy either combined with dermoglandular flap or with titane net for covering the 
caudal pole of the implant. Thus, excellent cosmetic results can be achieved. Recent stud-
ies showed a significant survival benefit for postmastectomy irradiation in nodal-positive 
patients, so that many candidates for breast reconstruction are irradiated with a higher 
probability of wound-healing complications after breast reconstruction and increased 
rates of other complications like capsular fibrosis.

Keywords: immediate reconstruction, delayed reconstruction, mastectomy

1. Introduction

Breast cancer affects many women, but with advances in detection and treatment, survival 
rates have increased. The reconstruction of partial mastectomy defects during breast-conserv-
ing surgery and of the whole female breast after mastectomy is an integral part of the surgical 
treatment of breast cancer [1, 2]. If it is necessary for oncologic reasons and if there are con-
traindications for breast-conserving therapy, methods of breast reconstruction can contribute 
significantly to the restoration of physical integrity, including an improvement of life quality 
for the affected women. Besides an improvement or restoration of the physical image and of 
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the self-esteem, breast reconstruction leads to a processing of an oncologically necessary mas-
tectomy from a psychooncological and rehabilitative point of view [3].

Thus, it is important to understand that there are many reconstructive options available to help 
ease the psychological burden of mastectomy. Reconstructive options include tissue expander/
implants, biologics, and several autologous tissue options, including pedicled latissimus and 
Transverse Rectus Abdominis Muscle (TRAM) flaps, free TRAM flaps, and perforator flaps.

Breast reconstruction using prosthetic devices (alloplastic reconstruction) is the most com-
monly performed procedure in women following mastectomy [2]. The goal is to provide 
an outcome that is predictable and reproducible while minimizing complications and opti-
mizing esthetics. There are various strategies by which this can be achieved. It begins with 
proper patient selection because most adverse events occur in high-risk patients. This in turn 
is related to the timing of the reconstruction that can be performed immediately following 
the mastectomy (primary) or on a delayed basis (secondary). The radiated patient poses 
additional challenges and limitations that must be understood to achieve a desired outcome.

2. Development of expander and implant technology

The era of modern breast reconstruction started in the early 1960s of the last century with the 
introduction of silicone-filled implants. Implants of the old generation have a round shape 
and a smooth surface. Smooth implants tend to have an increased rate of intense capsular con-
tractions, dislocations, and therefore often a bad, asymmetric overall result with a frequent 
need of correcting surgery such as capsulotomy, capsulectomy, change of implant, explanta-
tion surgery, and autologous conversion. Furthermore, implants with a round shape are suit-
able only for a small breast up to 300 g without contralateral ptosis and little projection, a type 
of breast that is found most often in Asia [4, 5].

Implants of the new generation reflect the developments of implant technology during the last 
years and lead, provided that the medical indications are respected, to very good symmetric 
reconstructions with long-term stability of the results. By texturizing the surface of the implant, 
the rate of capsular contractions and the need for correcting surgery declined significantly.

It can actually not be finally judged whether surfacing the implant with polyurethane leads 
to the same long- term results. In conditions of thin soft tissue, combining polyurethane sur-
facing and surrounding tissue can cause surgical difficulties in case of a necessary change of 
implants, or it can be a contraindication for reimplanting [2, 6]. The filling of the implants with 
cohesive silicone gel in combination with an enforced coat of the implant leads to significantly 
higher safety of the implants. Because of their fluid consistency and instability of their form, 
implants with sodium chloride filling can only be recommended limitedly in regard of the 
esthetic overall result. The decisive progress in alloplastic breast reconstruction is based on 
the development and introduction of anatomically shaped implants. This shape of implants 
facilitates the reconstruction of a natural, symmetrical breast as it is found in Europe and 
America [2, 6, 7].
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In the 1970s, Radovan introduced the expander technology in breast reconstruction [8]. 
Various progresses in design and technology of expanders lead to more consistent and better 
results in expansion and therefore made alloplastic breast reconstruction more predictable 
and safer [9]. Texturizing of the surface of the expanders simplifies the process of expansion 
and leads to less capsular contractures (especially in combination with textured implants), 
dislocation, and deformation of the chest wall. The introduction of anatomically shaped 
expanders enables the expansion of the lower breast pole, which is preferred in most cases, in 
order to prepare a symmetric reconstruction. By integrating a valve directly into the expander, 
the placement of a distant port for filling is unnecessary and increases the comfort for patients 
and doctors during the expansion phase.

According to our experience, the best results of alloplastic breast reconstruction are achieved 
by the use of anatomically shaped, textured implants filled with cohesive gel and, in the case of 
need of tissue expansion, in combination with anatomically shaped, textured expanders [2, 10] 
(Figure 1).

Figure 1. Parameters of alloplastic reconstruction. The preoperative marking of the subpectoral expander-implant loge 
is performed on the chest wall and can be supported by so-called templates. The lower line of the loge should not be 
more than 1 cm below the inframammary crease. The submuscular in the caudolateral area subcutaneous loge should 
have the same extent as the chosen expander and should correspond to the basis and height of the contralateral breast.
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3. Basics of alloplastic breast reconstruction

In order to achieve optimal cosmetic results of alloplastic breast reconstruction, these  anatomic 
conditions need to be respected [11, 12]:

1. Conservation of the inframammary crease

2. Integrity of the pectoralis major muscle

3. Quality and tautness of the skin

The conservation of the inframammary crease during mastectomy is safe from an oncologic 
point of view, as only very rarely is there breast parenchyma to be found distal to the infra-
mammary crease. The inframammary crease is formed by fusion of the superficial and the 
mammary fascia. Its contour is defined by the distribution of fine fibrous retinacula, which 
connect the dermal as well as the musculofascial layers to a superficial fascia. The mammary 
fascia represents the natural cover of the mammary gland. The loss of this structural network 
at the time of mastectomy will lead to an inferior cosmetic result.

Small lesions of the pectoralis major muscle present no problem for an alloplastic breast recon-
struction. However, larger dehiscences within the muscle should be provided with absorb-
able sutures. Alloplastic breast reconstruction is planned geometrically according to three 
parameters: width of the breast (basis of the breast), height of the breast, and projection. The 
width and the height are defined by the measurements of the contralateral breast. They are 
then plotted on the side of the chest wall that has to be reconstructed precisely to where the 
planned localization of the expander is.

The projection of the breast can to some extent be predicted by the dimensions of the expander. 
Depending on the final volume, a permanent anatomically shaped implant with corresponding 
width, height, and projection can be chosen [13].

4. Indications for alloplastic breast reconstruction

Because of a higher overall complication rate in primary expander-implant reconstruction, 
secondary expander-implant reconstruction should be preferred if alloplastic reconstruction 
is indicated. For reconstruction of a smaller, non-ptotic breast after mastectomy without radia-
tion of the chest wall, secondary expander-implant reconstruction is suitable to achieve a good 
cosmetic result, provided that a subtle planning and surgical technique are considered [14–16].

Secondary, combined expander-implant reconstruction is the most commonly used method 
of reconstruction of the female breast after mastectomy in these days. If performed with the 
most modern expander and implant technologies, this method has various advantages [17]:

1. It is a relatively simple and safe surgical technique, which is easy to be taught, under-
stood, and standardized and thus also suitable for less highly specialized centers.

2. The only tissue of identical texture, color, and sensitivity is used for breast reconstruction.
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3. As compared to autologous reconstruction with distant tissue flaps, there is no morbidity 
in the area of flap mobilization and tissue harvest.

4. Only a small incision with consequently little scarring is necessary.

5. The operation time is significantly reduced as compared to autologous reconstruction. The 
time of postoperative reconvalescence is short.

Generally speaking, a small, not ptotic contralateral breast is suitable for alloplastic breast 
reconstruction after mastectomy. Patients need to be informed that, in order to adjust sym-
metry or shape, mastopexy or reduction mammoplasty might be necessary. The risk of a sec-
ondary, adapting reduction mammoplasty increases with size and ptosis of the contralateral 
breast [2, 9, 16].

Macromastia and extreme ptosis of the contralateral breast are relative contraindications 
for a reconstruction with expander implant. The most important relative contraindication, 
however, is radiotherapy of the chest wall [18–21]. Since the indication for radiation of the 
chest wall has been extended in the last years and primarily depends on histopathologic 
parameters (tumor size, lymphangiosis, lymph node metastases), the indication for primary 
reconstruction with implant or expander implant has to be very restricted and well consid-
ered. After radiation therapy, fibrosis and interactions with the blood circulation of the skin 
increase the rate of complications in alloplastic reconstructions such as capsular contractures, 
necrosis of the skin, or deficient esthetic results. The eschewal of expander reconstruction is 
very often possible in skin-sparing mastectomy (SSM). Especially in cases of extended ductal 
carcinoma in situ, SSM is an increasingly common surgical alternative to modified radical 
mastectomy [22].

It is very important to inform patients about general methods of breast reconstruction. It 
is necessary to inform about advantages and disadvantages of alloplastic reconstruction as 
compared to autologous reconstruction including microsurgical perforator flaps (e.g., deep infe-
rior epigastric perforator, DIEP flaps). When indicating alloplastic reconstruction, the wish of 
the patient to be intensely informed needs to be respected. Former surgery, age and comor-
bidity of the patients, previous or postoperative radiation therapy, size of the breast, shape 
of the breast, symmetry, the personal experience of the surgeon, and, last but not least, the 
wish of the patients are essential parameters when choosing the optimal method of breast 
reconstruction [2, 23].

5. Surgical procedure of alloplastic breast reconstruction

When planning the surgical procedure, the incision line and the amount of skin that 
needs to be removed have to be considered from an oncological as well as a plastic-
reconstructive point of view, already at the time of mastectomy. The dimension of the 
contralateral breast, especially the basis of the breast, defines the size of the expander. 
The preoperative marking of the subpectoral expander-implant loge is performed on 
the chest wall and can be supported by so-called templates. The lower line of the loge 
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should not be more than 1 cm below the  inframammary crease. The submuscular in the 
caudolateral area subcutaneous loge should have the same extent as the chosen expander 
and should correspond to the basis and height of the contralateral breast. During the 
preparation of the submuscular loge, a consistent dissection is performed visually in 
cranial, caudal, and medial direction. The caudal and medial insertions of the pectoralis 
major muscle are cut through visually, coming from the subpectoral direction (Figure 2). 
The expander loge in the caudolateral area of the chest wall lies subcutaneously. This is 
especially important for secondary expander-implant reconstruction. When implanted 
in the loge, the expander is filled to 50% with a sodium chloride solution. Afterwards, 
the wound is closed layer by layer. The closing of the major pectoral muscle is espe-
cially important in order to achieve a sufficient coverage of the expander with soft tissue 
(Figure 3).

Figure 2. Principle of reconstruction of the inframammary fold. During the preparation of the submuscular loge, a 
consistent dissection is performed visually in cranial, caudal, and medial direction. The caudal and medial insertions 
of the pectoralis major muscle are cut through visually, coming from the subpectoral direction. The expander loge in the 
caudolateral area of the chest wall lies subcutaneously. This is especially important for secondary expander-implant 
reconstruction. When implanted in the loge, the expander is filled to 50% with a sodium chloride solution. Afterward, 
the wound is closed layer by layer. The closing of the major pectoral muscle is especially important in order to achieve a 
sufficient coverage of the expander with soft tissue.
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The further expansion starts 1 week after implantation in intervals of 3 days, in steps of 50–100 
ml. Rapid expansion is necessary to avoid early development of a fibrous capsule.

The filling volume should be at least 70–80% of the possible expander volume. After another 
3–6 months, the expander can be replaced by a suitably planned and chosen implant. The 
form and size of the chosen implant determine the quality of the result of the reconstruction. 
The implant loge can be optimized by targeted capsulotomy. If the inframammary crease is 
too high, it can be lowered by caudal capsulotomy. If the inframammary crease is to low, it 
can be reshaped and relocated by caudal capsulotomy, ellipsoid capsulectomy, and adap-
tation of the anterior to the posterior capsula with non-resorbable sutures [24, 25]. After 
insertion of a drain, the final anatomic implant is put in and the wound is closed in multiple 
layers. The positioning of the implant over the first two postoperative weeks is ensured by 
a special tape bandage.

An example for the surgical planning of secondary expander-implant reconstruction and 
the cosmetic result after nipple-areola reconstruction is demonstrated (Figure 4).

Figure 3. Postoperative result of secondary two-stage reconstruction. This figure demonstrates the postoperative result 
of a secondary two-stage reconstruction with a very nice shape of the reconstructed breast.
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6. Complications

The incidence of local complications is lower in primary implant and secondary expander-
implant reconstruction than in autologous secondary reconstructions if the medical indica-
tions are respected [26, 27]. Early complications include hematoma, necrosis of the skin, 
infections, and pain. Adjuvant treatments including chemotherapy and radiation therapy 
can cause delayed wound healing. Delayed complications are infection, implant extru-
sion, and capsular contracture. Generally speaking, complications are more common after 
immediate reconstruction than after secondary reconstruction. This can be explained by the 
application of adjuvant therapies at the time of immediate reconstruction. Chemotherapy 
affects the immune system and therefore influences processes of regeneration and wound 
healing. Radiation therapy deteriorates the capacity of skin stretching and leads to exces-
sive fibrosis. Furthermore, it reduces oxygenation of the tissue, which leads to excessive 
capsular reactions. Persistent infections often lead to removal of the implants. In this case, 
further reconstructive procedures can only be performed after the final healing of the infec-
tions [28].

7. Conclusions

Alloplastic methods of breast reconstruction are the most common methods of reconstructing 
the female breast after mastectomy. In order to obtain optimal results for reconstruction, the 
use of textured, anatomically shaped expander-implant systems is recommended. If adjuvant 
therapy is necessary, especially in the case of radiation therapy, an implant or expander-implant 
reconstruction is relatively contraindicated because of an insufficiently high rate of complication. 

Figure 4. Secondary expander-implant reconstruction: surgical planning with markings and cosmetic result after 
nipple-areola reconstruction. The drawings show the measurements for the width, the height, and the projection and the 
markings of the inframammary fold.
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The patients need to be informed about the necessity of adapting mastopexy or reduction mam-
moplasty of the contralateral breast and about possible autologous methods for reconstruction. In 
our opinion, adjuvant postmastectomy radiation therapy is the most important relative contrain-
dication for alloplastic reconstruction because of an inacceptable complication rate, especially if 
compared to secondary  autologous reconstruction.
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Abstract

The conception of internal mammary sentinel lymph node biopsy (IM‐SLNB) has been
added to the 2009 American Joint Committee on Cancer breast cancer staging manual.
However, there has still been slight variation in the surgical treatment model owing to
the low visualization rate of internal mammary sentinel lymph nodes (IM‐SLN) with
the traditional radiotracer injection technique. According to the hypothesis of IM‐SLN,
a  modified  injection  technique  (periareolar  intraparenchymal,  high  volume,  and
ultrasound guidance) was established, which could significantly improve the IM‐SLN
visualization rate, and make the IM‐SLNB procedure possible in routine practice. IM‐
SLNB  could  provide  minimally  invasive  staging,  prognosis,  and  decision‐making
individually, especially for the patients with clinically positive axilla lymph nodes.
Moreover, radiotherapy targeting on internal mammary lymph nodes (IMLN) should
be tailored and balanced between the potential benefit and toxicity, and radiotherapy
guided by IM‐SLNB could achieve this goal. In the era of emphasizing the effective
adjuvant therapy, within the changing therapy approach—more systemic treatment,
less loco‐regional treatment—oncologist should reconsider the application of regional
IMLN therapy.

Keywords: breast cancer, internal mammary lymph node, internal mammary sentinel
lymph node biopsy, radiotherapy, lymphatic drainage

1. Introduction

Surgical management of the axilla, however, has undergone a paradigm change since the
concept of lymphatic mapping in breast was introduced at the John Wayne Cancer Institute in
1991, and sentinel lymph node biopsy (SLNB) has replaced axillary lymph node dissection
(ALND) for axillary staging in clinically node‐negative early breast cancer. There is a large
body of evidence showing that SLNB is an accurate staging procedure in expert hands, and it
is now the standard of care for staging clinically node‐negative invasive breast cancer.
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Furthermore, the results of the ACOSOG Z0011 trial indicated that the patients with a positive
axillary sentinel lymph node (ASLN) that may avoid ALND include those with clinical T1–2,
N0 breast cancer with one or two positive ASLN who plan to undergo lumpectomy with whole
breast radiation and systemic therapy. However, the internal mammary sentinel lymph node
biopsy (IM‐SLNB) is far behind that of the axilla for the low visualization rate of internal
mammary sentinel lymph node (IM‐SLN) with the traditional radiotracer injection technique.
Based on the hypothesis that the IM‐SLN receives the lymphatic drainage from not only the
primary tumor area, but also the entire breast organ. The Modified radiotracer injection
technique significantly improved the IM‐SLN visualization rate, making the routine IM‐SLNB
possible in daily practice, and further offer individual management for IMLN. In this article,
the technical matter, indication and clinical significance of IM‐SLNB were discussed, and we
would like to identify the breast cancer patients who may benefit from this minimally invasive
diagnostic technique.

2. The significant of internal mammary lymph node in breast cancer

In addition to the axillary lymph nodes (ALN), the internal mammary lymph nodes (IMLN)
drainage is another first‐echelon nodal drainage site in breast cancer [1]. The status of IMLN
also provides important regional staging and treatment choice information for breast cancer
patients [1, 2]. As reported in the previous studies of extended radical mastectomy, patients
with no ALN/IMLN metastases had a 10‐year overall survival (OS) rate of 82% compared with
54% for only ALN metastases patients, 38% for only IMLN metastases patients, and 17% for
patients with involvement of both nodal, suggesting that regional disease in either nodal chain
has the same prognostic relevance [3–5]. The National Comprehensive Cancer Network
(NCCN) Clinical Practice Guidelines recommend to strongly consider radiotherapy to IMLN
for patients with positive ALN or tumor >5 cm (category 2B), noting “radiotherapy should be
given to the IMLN that are clinically or pathologically positive; otherwise, the treatment to the
IMLN is at the discretion of the treating radiation oncologist” on this topic.

The nodal status of axillary has been well‐established with SLNB and/or ALND in breast cancer
patients. However, regional staging and treatment choice could not be achieved just with the
ALN status, which might cause under‐stage and under‐/over‐treatment. Handley and Thack‐
ray reported that 33% patients had IMLN involvement during survey biopsy, and a back‐up
IMLN dissection was frequently added to the radical mastectomy starting in the 1950s [6–9].
However, this radical surgical procedure was abandoned due to its extra complications, longer
operation time, and lack of survival benefit [10]. Imaging techniques, such as ultrasound, MRI,
and PET/CT, could usually detect metastases lesions larger than 5 mm, but due to the deep
anatomical location and small size of IMLN, the sensitivity of current imaging techniques
cannot satisfy the clinical practice. Therefore, a minimally invasive method is still lacked to
evaluate the status of IMLN, and individual IMLN radiotherapy could not be performed.
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3. Modified injection technique with high visualization rate

The IM‐SLNB provided a less invasive method for assessing IMLN than surgical dissection
(Figure 1) and may affect decision‐making for regional and systemic therapy [11, 12]. Although
the 2009 American Joint Committee on Cancer (AJCC) staging incorporated the IM‐SLNB
concept, there has been little change in surgical practice patterns due to the low visualization
rate of IM‐SLN with the traditional radiotracer injection technique [13, 14]. Several studies
have discovered that superficial injection (intradermal, subdermal, periareolar, and subareo‐
lar) of radiotracer was hard to identify IM‐SLN, while intraparenchymal injection (peritumor‐
al, intratumoral, or subtumoral) was more reliable [15–18]. These results suggest that the
dermal and subdermal lymphatic flow is rarely directed to the internal mammary region, while
some intraparenchymal lymphatic flow is directed to the internal mammary region. Unfortu‐
nately, with the traditional intraparenchymal injection technique, the internal mammary
hotspots were only seen in a small proportion of patients (average 13%, range 0–37%), which
has restricted the clinical studies and daily practice of IM‐SLNB to date (Table 4) [15–20].

Figure 1. Internal mammary sentinel lymph node biopsy. (A1 & A2 is mastectomy, B1 & B2 is lumpectomy.)

Qiu et al. tried injecting radiotracer with a modified technique (periareolar intraparenchymal,
high volume, and ultrasound guidance) and got a high lymphoscintigraphy visualization rate
of IM‐SLN (71.1%, 248/349) (Figure 2) [21, 22]. This might provide a technical feasibility of IM‐
SLNB, therefore, IM‐SLNB could be performed routinely in clinical studies and daily practice
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and might potentially impact treatment decision‐making. However, the basic problem in Qiu's
study is the same as all the previous research, because a back up IMLN dissection have not
been performed following the IM‐SLNB, the accuracy of this minimally invasive technique
have not been verified directly. During the IM‐SLNB studies, the IM‐SLN were concentrated
in the 2nd and 3rd intercostal space, which were consistent with the sites of IMLN metastasis
in the previous studies of IMLN dissection [6, 10]. These results indirectly confirmed accuracy
of IM‐SLNB. However, a backup lMLN dissection should be required to validate accuracy of
IM‐SLNB before its clinical application.

Figure 2. Schematic model of the modified injection techniques.

Additionally, the IM‐SLNB is more difficult than axillary SLNB, with success rates of 70–100%.
Pleural breach and internal mammary vessel bleeding are the most commonly reported
complications from IM‐SLNB, occurring in approximately 5% of patients, although pneumo‐
thorax and significant postoperative morbidity are rare. Several studies reported the change
in clinical management caused by the additional information provided by IM‐SLNB [23–28].
IM‐SLNB leads to more complete regional staging.

4. Validation study for the hypothesis of internal mammary sentinel
lymph node lymphatic drainage in breast cancer

It is generally known that the hypothesis of ASLN lymphatic drainage pattern was proved
with subsequent ALND in the breast cancer [29–31]. However, the hypothesis of IM‐SLN
lymphatic drainage has not been confirmed. As the extended radical mastectomy (included
complete internal mammary chain dissection) has been abandoned since 1960s [4, 32, 33], the
hypothesis of IM‐SLN lymphatic drainage pattern cannot be validated by this way. Now,
another method was used to validate the IM‐SLN lymphatic drainage hypothesis in our
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study. Two different tracers (fluorescence tracer [ICG] and radiotracer [99mTc‐labeled sulfur
colloid]) were injected in different sites of the intra‐parenchyma to observe whether they
could reach to the same IM‐SLN in the breast cancer patient. In the clinical practice, the ICG
fluorescence tracer is a safe and effective method for sentinel lymph node biopsy (SLNB) in
the breast cancer with acceptable sensitivity and specificity comparable to conventional
methods (blue dye and radioisotope) [34–36]. In our breast cancer center, it has been
compared with the combined method (blue dye with radiotracer [99mTc‐labeled sulfur
colloid]) in identifying ASLN. The results showed that all ASLN identified by the combined
method also were the ICG fluorescence positive and the non‐sentinel lymph nodes were the
ICG negative after ALND (n = 69, P < 0.05). The anatomy study of the lymphatics in the breast
found that IMLN commonly receive less than 25% of the total lymphatic drainage from the
breast [37]. Due to little volume of ICG tracer is difficult to detect by the fluorescence imaging
system, it is hard to find IM‐SLN by this tracer in the internal mammary lymph chain. But
IM‐SLN can be detected by radiotracer with the modified radiotracer injection technique and
can be performed biopsy in the internal mammary lymph chain guided by this technique.
In the validation study of the IM‐SLN lymphatic drainage hypothesis, the ICG fluorescence
tracer was injected intraparenchymally guided by breast ultrasound at the peritumoral, the
radiotracer was injected intraparenchymally with the modified radiotracer injection techni‐
que. This method is used to identify different tracers injected in different sites that could
reach to the same IM‐SLN. The radioactive IM‐SLNs were detected by preoperative lym‐
phoscintigraphy (Figure 3) 30 min before the surgery and gamma probe during the surgery.
IM‐SLNB was performed for patients with the radioactive IM‐SLNs. After IM‐SLN removed,
the status of IM‐SLN was identified by intraoperative gamma probe and fluorescence
imaging system (Figure 4). The correlations between the radiotracer and the fluorescence
tracer in the same IM‐SLN were calculated using the Spearman rank correlation coefficient.
The criteria for judging the size of the correlation coefficient were applied: correlations <0.30
are considered minor, correlations between 0.3 and 0.49 are considered medium, and ≥0.5
are considered strong. Cohen's kappa statistic was used to determine inter‐examiner
agreement. According to Altman's guidelines, it is poor when kappa scores ≤0.20, fair when
kappa between 0 and 0.40, moderate when kappa between 0.41 and 0.60, good when kappa
0.61–0.80, and very good when kappa ≥0.80. The results showed that 145 patients underwent
IM‐SLNB successfully and 127 cases of them identified the radiotracer and the fluorescence
tracer reached to the same IM‐SLN, 18 cases were detected only the radiotracer positive IM‐
SLN (Table 1). Accordingly, the radiotracer and the fluorescence tracer in the same IM‐SLN
showed a strong correlation coefficient at 0.836 (Case‐base, rs >0.5, P < 0.05). The degree of
agreement between the radiotracer and the fluorescence tracer was Kappa = 0.823 (very good),
showing high degree of agreement between the two tracers (Kappa > 0.8, P < 0.05). The results
showed that the lymphatic drainage from different location of the breast (the primary tumor,
the subareolar plexus) reached to the same IM‐SLN, which means that IM‐SLN receives
lymphatic drainage from not only the primary tumor area but also the entire breast paren‐
chyma. By this method, the hypothesis of IM‐SLN lymphatic drainage pattern was demon‐
strated [38].
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Figure 3. Preoperation lymphoscintigram with radiotracer. Hotspots are evidently shown in both the second intercos‐
tal space (A) and the fourth intercostal space (B) in patient with left‐sided breast cancer.

Figure 4. Intraoperative IM‐SLNB identified the location of IM‐SLN in the fourth intercostal space. The fluorescence
imaging system showed the IM‐SLN fluorescence tracer positive (B).

Tracers map Radiotracer+ Radiotracer- Total

Fluorescence tracer+ 127 0 127

Fluorescence tracer- 18 71 89

Total 145 71 216

Table 1. Different tracers identified in IM‐SLN.
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Furthermore, the radiotracer was not injected in peritumoral intra‐parenchyma but in
periareolar intra‐parenchyma with the modified technique based on the hypothesis. The
question arises as to whether all nodes detected by the modified technique should be
considered as “true” IM‐SLN or whether some of them are actually “second‐tier” IMLN. The
accuracy of the modified radiotracer injection technique has been confirmed by our team at
the previous study [39]. The results showed that IM‐SLN detected by the modified technique
could reflect the real lymphatic drainage of the whole breast parenchyma. In other words, the
modified technique can detect the “true” sentinel node in the internal mammary chain. Also,
the results of the metastases site and the number of IM‐SLNs were in accordance with the past
study of extended radical mastectomy, which could reflect the accuracy of IM‐SLNB indirectly
[2, 40, 41]. There were no serious adverse events or reactions after the radiotracer injected
guiding by the modified injection technique.

5. IM-SLNB should be performed in clinically ALN-positive patients

Several studies indicated that IM‐SLNB have little clinical relevance because tumor‐positive
IM‐SLN rarely influence adjuvant treatment strategy and did not affect overall survival [11,
13]. We agree with these results but it should be interpreted with caution for the limitation of
their study population. The study population in all current research relate to SLNB (both axilla
and internal mammary) was the patients with clinically negative ALN. Because the IMLN
involvement is mostly found concomitantly with ALN involvement [10], more attention
should be focused on the IM‐SLNB in clinically positive ALN patients. Huang et al. [42]
retrospectively analyzed 2269 Chinese patients who received extended radical mastectomy
and showed that the probability of IMLN metastases was 4.4% for patients with negative ALN,
18.8% for 1–3 positive ALN, 28.1% for 4–6 positive ALN and 41.5% for more than 6 positive
ALN. Veronesi et al. also indicated that the IMLN positive rate increased significantly from
9.1% in negative ALN to 29.1% in positive ALN patients [6]. Qiu reported that the IM‐SLN
positive rate was only 8.1% in clinically negative ALN patient, and adjuvant therapy was
altered in a small proportion. However, the IM‐SLN positive rate was 20.5% in clinically
positive ALN, and individual radiotherapy strategy could be tailored with this IM‐SLNB
result [22]. To summarize, previous IM‐SLNB research failed to assess the IMLN status who
really were in need, we could found the evidence from the above results that the patients with
clinically positive ALN could get more benefit from the IM‐SLNB. Therefore, Qiu et al.
suggested that the IM‐SLNB research should be encouraged in the clinically positive ALN
patients [43].

6. Internal mammary lymph node radiotherapy of breast cancer

For many patients, improvement of systemic therapy will decrease the risk of death due to
distant metastasis, after which the importance of optimized local therapy—which will already
be better after systemic treatment—will, relatively, contribute more to survival [44]. Radio‐
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therapy could reduce local recurrence and improve survival after mastectomy and breast
conserving surgery [45, 46].

The results of Early Breast Cancer Trialists’ Collaborative Group (EBCTCG) meta‐analysis
showed that one breast cancer death being avoided in the first 15 years after radiotherapy for
every four recurrences of any type (i.e., either loco‐regional or distant) avoided in the 10 years
after radiotherapy for patients with breast conserving surgery. And about one breast cancer
death was avoided in the 20 years after radiotherapy for every 1.5 recurrences of any type (i.e.,
either loco‐regional or distant) avoided during the first 10 years after radiotherapy for patients
with positive lymph node [46].

The meta‐analysis from EBCTCG involved 8135 patients and randomly assigned them to the
chest wall and regional lymph nodes radiotherapy after mastectomy and axillary surgery
versus the same surgery but no radiotherapy. For 1314 patients with 1–3 positive ALN after
ALND, postmastectomy radiotherapy could reduce loco‐regional recurrence (LRR), overall
recurrence (OR, rate ratio [RR] 0.68, 95% confidence interval [CI] 0.57–50.82), and breast cancer
mortality (BCM, RR 0.80, 95% CI 0.67–60.95, all P < 0.05). For patients with systemic therapy
(86.2%, 1133/1314), postmastectomy radiotherapy also could reduce LRR, OR (RR 0.67, 95%
CI 0.55–50.82), and BCM (RR 0.78, 95% CI 0.64–60·94, all P < 0.05). Furthermore, for 1772
patients with ≥4 positive ALN after ALND, radiotherapy also could reduce LRR, OR (RR 0.79,
95% CI 0.69–60.90), and BCM (RR 0.87, 95% CI 0.77–70.99, all P < 0.05). However, the benefit of
postmastectomy radiotherapy might be greater for patients irradiated today because of
radiotherapy planning changing substantially and patients receiving better coverage of target
areas. Today, with the rapid development of the radiotherapy techniques, the doses to normal
tissues would be lower, the risks of radiotherapy would be lower, and the benefits of post‐
mastectomy radiotherapy would be larger than in these trials. However, due to the improve‐
ment of detection and treatment in breast cancer, which makes the absolute risks lower in
breast cancer recurrence and mortality, the absolute benefit of postmastectomy radiotherapy
today would be smaller than in this study [47].
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radiotherapy group and 81.8% in the control group (hazard ratio [HR], 0.91; 95% [CI], 0.72
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0.80–81.00, P = 0.04), the distant metastasis‐free survival (DMFS) (78.0 vs. 75.0%, HR, 0.86, 95%
CI, 0.76–70.98, P = 0.02), and reduced the breast cancer mortality (12.5 vs. 14.4%, HR, 0.82, 95%
CI, 0.70–0.97, P = 0.02) [49].

In the French study, all patients received postoperative radiotherapy to the chest wall and
supraclavicular nodes and were randomly assigned to receive IMLN radiotherapy or not. A
total of 1334 patients were analyzed after a median follow‐up of 11.3 years among the survi‐
vors. No benefit of IMLN radiotherapy on OS could be demonstrated: the 10‐year OS was 59.3%
in the IMLN non‐irradiated group versus 62.6% in the IMLN irradiated group (P = 0.8). The
overestimation of the risk of IMLN involvement (25%) probably decreased the power of the
study [50].

Budach et al. did a meta‐analysis of the MA. 20, EORTC22922/10925, French trials and the
results showed that additional regional radiotherapy to IMLN statistically significantly
improves DFS, DMFS, and OS in stage I–III breast cancer. The absolute benefits in 5‐year OS
were 1.6% in the MA.20 trial, 10‐year OS were 1.6% in the EORTC trial, and 10‐year OS were
3.3% in the French trial (HR 0.88 [95% CI 0.80–0.97], P = 0.012). Regional nodal (the medial
supraclavicular lymph node and IMLN) irradiation (MA.20 and EORTC) was associated with
a significant improvement of DFS (HR 0.85 [95% CI 0.77–0.94]) and DMFS (HR 0.82 [95% CI
0.73–0.92]) [51].

The 2016 NCCN Breast Cancer Clinical Practice Guidelines recommend radiotherapy to IMLN
for patients with ≥4 positive ALN (category 1), and strongly consider radiotherapy to IMLN
for patients with 1–3 positive axillary nodes (category 2A), both after mastectomy and
lumpectomy [52].

The DBCG‐IMN Study initiated by Danish Breast Cancer Cooperative Group, a prospective
population‐based cohort study, found that IMLN radiotherapy increased OS in patients with
early‐stage node‐positive breast cancer. A total of 3089 patients were included in the study,
1492 of them received IMLN radiotherapy and others were no IMLN radiotherapy. With a
median of 8.9 years of follow‐up time, the 8‐year OS rates of IMLN radiotherapy group was
higher than that in the no radiotherapy group (75.9% [95% CI 73.6–78.0] vs. 72.2% [95% CI
69.9–74.4]; [HR] 0.82 [95% CI 0.72–70.94], P = 0.005). Breast cancer mortality in IMLN radio‐
therapy group was lower than that in the no radiotherapy group (20.9% [95% CI 18.8–23.0] vs.
23.4% [95% CI 21.3–25.5]; [HR] 0.85 [95% CI 0.73–70.98], P = 0.03) [53].

In sum, IMLN radiotherapy could reduce loco‐regional and distant recurrence and improve
survival in breast cancer.

7. Internal mammary lymph node radiotherapy guided by internal
mammary sentinel lymph node biopsy

Although the 2016 NCCN Breast Cancer Clinical Practice Guidelines recommend radiotherapy
to IMLN for patients with ≥4 positive ALN, and strongly consider radiotherapy to IMLN for
patients with 1–3 positive axillary nodes, but according to the status of ALN to estimate the
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metastasis risk in IMLN, low‐risk did not mean IMLN negative and high‐risk did not mean
IMLN metastases [54]. Studies of extended radical mastectomy reported that 38.3% (36.8–
46.2%) patients with ≥4 positive ALN, 19.6% (18.8–26.7%) patients with 1–3 positive ALN
identified IMLN metastases, and 9.2% (4.4–16.8%) with negative ALN identified IMLN
metastases. It is obvious that negative IMLN was found in about 60% patients with ≥4 positive
ALN and positive IMLN was found in about 9% patients with negative ALN [33, 42, 55]. Thus,
these inclusion criteria of NCCN Guidelines might induce over‐ and under‐treatment. We
should use a more accurate technique to evaluate the pathology status of IMLN and to guide
IMLN radiotherapy.

The study by Veronesi et al. found that radiotherapy to IMLN will improve the survival
obviously after identifying the metastases by IMLN biopsy. In this clinical study of 68 (10.3%,
68/663) patients receiving radiotherapy to IMLN for histologically proven metastases, radio‐
therapy was highly effective yielded a 5‐year OS of 95% [56].

Currently, IM‐SLNB via intercostal space could make it possible—tailored IMLN radiotherapy
and minimally invasive staging. Even though breast cancer staging has incorporated IM‐SLNB
concept since the 6th edition of AJCC, IM‐SLNB has not been performed routinely [57]. The
studies of IM‐SLNB showed that the success rate of IM‐SLNB has reached 60–100% with
minimal or no changes in operative time, but the visualization rate of IM‐SLN was low [12–
14, 58], which has been the restriction for both clinical study and daily practice of IM‐SLNB.

Now, the modified radiotracer injection technique could improve the IM‐SLN detection rate
from 15.5 to 71% (P < 0.001). Also, the visualization number of IM‐SLN was no difference
between the modified technique group and the traditional tracer injection technique (peritu‐
moral intraparenchymal injection) group in our pilot study (P = 0.692). Up to now, 219 patients
with breast cancer received IM‐SLNB guided by the modified radiotracer injection technique.
The clinically pathological characteristics of the 216 enrolled patients are presented in
Table 2. The detection rate of ASLN was 98.6% (213/216). The overall visualization rate of IM‐
SLN detected by preoperative lymphoscintigraphy and gamma probe was 71.8% (155/216).
96.1% (149/155) of them received IM‐SLNB. The success rate of IM‐SLNB was 97.3% (145/149).
The data on clinical outcome of the patients underwent IM‐SLNB show in Table 3. In 12 patients
underwent breast conserving surgery, 5 cases who were identified the location of primary
tumor could not reach IM‐SLNB had to be made an extra incision in the skin to reach IM‐SLNB.
In patients who performed IM‐SLNB successfully, a total of 279 lymph nodes were removed,
the median number of IM‐SLNs was 2 (range 1–4 nodes). The IM‐SLNs were located in the
first (5.4%, 15/279), second (46.2%, 129/279), third (40.5%, 113/279) and forth (7.9%, 22/279)
intercostal space. All positive IM‐SLNs were in the second (61.1%, 11/18) and the third (38.9%,
7/18) intercostal space. 54.1% (151/279) of IM‐SLN was found in the outside of the internal
mammary vessels and 45.9% (128/279) was in the inside. Details of IM‐SLN mapping and
biopsy are shown in Table 4. The IM‐SLN involvement rate was 8.1% (7/86) in patient with
clinically axillary node negative patients and 18.6% (11/59) in positive patients, respectively.
All patients with positive IM‐SLN received regional nodal radiotherapy to IMLN. The clinical,
pathological, and treatment details of these patients were shown in Table 5. In patients with
≥4 positive axillary lymph nodes, regional nodal radiotherapy to IMLN had been avoided in
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50.0% cases (9/18) with negative IM‐SLN. In patients with 1–3 positive axillary lymph nodes,
regional nodal radiotherapy to IMLN might be avoided in 91.2% cases (52/57) with negative
IM‐SLN.

Characteristic No. %

Age (years)

Median 50

Range 27–79

≤50 119 55.1

>50 97 44.9

BMI

Median 24.1

Range 17.2–33.5

Tumor size

Tis 16 7.4

T1 99 45.8

T2 79 36.6

T3 22 10.2

Tumor location

UOQ 92 42.6

LOQ 25 11.6

UIQ 48 22.2

LIQ 5 2.3

Central 46 21.3

Tumor type

Ductal 187 86.6

Lobular 8 3.7

Mixed 5 2.3

Other 16 7.4

Radiotracer intensity (MBq)

Median 36

Radiotracer volume (mL/point)

Median 0.5

Intervals from injection to SLNB (h)

2–5 89 41.2

16–22 127 58.8

Abbreviations: BMI, body mass index: UOQ, upper outer quadrant; LOQ, lower outer quadrant: UIQ, upper inner
quadrant; LIQ, lower inner quadrant.

Table 2. Descriptive characteristics of eligible patients (N = 216).
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Characteristic No. %

T stage

Tis 9 6.2

T1 70 48.3

T2 57 39.3

T3 9 6.2

N stage

N0 70 48.3

N1 57 39.3

N2 7 4.8

N3 11 7.6

ER

Positive 101 69.7

Negative 44 30.3

PR

Positive 98 67.6

Negative 47 32.4

HER‐2

Positive 44 30.3

Negative 101 69.7

Type of surgery

Lumpectomy + ASLNB 9 6.2

Lumpectomy + ALND 3 2.1

Mastectomy + ASLNB 93 64.1

Mastectomy + ALND 40 27.6

Radiotherapy

WBI 7 4.8

WBI + RNI 5 3.5

PMRT + RNI 79 54.5

No 54 37.2

Chemotherapy

Yes 121 83.4

No 24 16.6

Abbreviations: ER, estrogen receptor status; PR, progesterone receptor status; HER‐2, human epidermal growth factor
receptor‐2; WBI, whole breast irradiation; RNI, regional node irradiation; PMRT, postmastectomy radiotherapy.

Table 3. Clinical outcome of patients who underwent IM‐SLNB (N = 145).

Breast Cancer - From Biology to Medicine402



Characteristic No. %

T stage

Tis 9 6.2

T1 70 48.3

T2 57 39.3

T3 9 6.2

N stage

N0 70 48.3

N1 57 39.3

N2 7 4.8

N3 11 7.6

ER

Positive 101 69.7

Negative 44 30.3

PR

Positive 98 67.6

Negative 47 32.4

HER‐2

Positive 44 30.3

Negative 101 69.7

Type of surgery

Lumpectomy + ASLNB 9 6.2

Lumpectomy + ALND 3 2.1

Mastectomy + ASLNB 93 64.1

Mastectomy + ALND 40 27.6

Radiotherapy

WBI 7 4.8

WBI + RNI 5 3.5

PMRT + RNI 79 54.5

No 54 37.2

Chemotherapy

Yes 121 83.4

No 24 16.6

Abbreviations: ER, estrogen receptor status; PR, progesterone receptor status; HER‐2, human epidermal growth factor
receptor‐2; WBI, whole breast irradiation; RNI, regional node irradiation; PMRT, postmastectomy radiotherapy.

Table 3. Clinical outcome of patients who underwent IM‐SLNB (N = 145).

Breast Cancer - From Biology to Medicine402

Characteristic No. %
IM‐SLN map+ 155 71.8 (155/216)

Pt. performed IM‐SLNB 149 96.1 (149/155)

Success rate of IM‐SLNB 145 97.3 (145/149)

Total no. of IM‐SLN 279

Median 2

Range 1–4

IM‐SLN metastatic 18 12.4 (18/145)

IM‐SLNB time (min)

Median 10

Range 3–55

IM‐SLN size (mm)

Median 5

Range 3–12

Table 4. Details of IM‐SLN mapping and biopsy.

No. Tumor
location

T stage No. of
positive
ALN

N stage
without
IM-SLN

No. of
positive
IM-SLN

N stage
with
IM-SLN

Finally stage Chemo-
therapy 

Radio-
therapy

1 UOQ T2 0 pN0 2 pN1b IIA→IIB Yes No→Yes

2 UIQ T2 2 pN1a 1 pN1c IIB (no change)  Yes ? →Yes

3 Central T2 14 pN3a 1 pN3b IIIC (no change) Yes Yes

4 UOQ T2 9 pN2a 1 pN3b IIIA→IIIC Yes Yes

5 UIQ T1c 2 pN1a 1 pN1c IIA (no change)  Yes ? →Yes

6 UOQ T2 1 pN1a 1 pN1c IIB (no change)  Yes ? →Yes

7 UIQ T1a 0 pN0 1 pN1b IA→IIA No→Yes No→Yes

8 UOQ T2 9 pN2a 2 pN3b IIIA→IIIC Yes Yes

9 LIQ T2 5 pN2a 1 pN3b IIIA→IIIC Yes Yes

10 UOQ T1a 3 pN1a 1 pN1c IIA (no change)  Yes ? →Yes

11 UIQ T2 0 pN0 1 pN1b IIA→IIB Yes No→Yes

12 UOQ T3 13 pN3a 1 pN3b IIIC (no change) Yes Yes

13 Central T1c 1 pN1a 1 pN1c IIA (no change)  Yes ? →Yes

14 UOQ T2 13 pN3a 1 pN3b IIIC (no change) Yes Yes

15 Central T2 11 pN3a 1 pN3b IIIC (no change) Yes Yes

16 UOQ T2 20 pN3a 1 pN3b IIIC (no change) Yes Yes

17 UOQ T2 5 pN2a 1 pN3b IIIA→IIIC Yes Yes

18 UIQ T1c 0 pN0 1 pN1b IA→IIA No→Yes No→Yes

Abbreviations: UOQ, upper outer quadrant; UIQ, upper inner quadrant; LIQ, lower inner quadrant; ?, radiotherapy is
controversy.

Table 5. The clinical, pathological, and treatment details of patients with positive IM‐SLN.
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8. Conclusion

Modified injection technique (two‐quadrant, high volume, and ultrasound guidance) could
significantly improve the detection rate of IM‐SLN and would promote research on IM‐SLNB.
The hypothesis of IM‐SLN lymphatic drainage pattern was demonstrated. As IMLN metastasis
is mostly concomitant with ALN metastasis, IM‐SLNB should be encouraged in clinically
positive ALN patients. IM‐SLNB should be performed routinely, for it could lead to accurate
IMLN staging and provide IM‐SLNB guided IMLN‐RT.
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Abstract

Despite many technological breakthroughs, even the best breast cancer treatments avail-
able today are not 100% effective. Chemotherapy has improved, but many drugs still 
do not reach the tumor site at effective doses and are often associated with high sys-
temic toxicity and poor pharmacokinetics. Moreover, for many malignancies, diagnosis 
is obtainable only in metastatic stages of development, reducing the overall effectiveness 
of treatment. The choice of available treatments depends on tumor characteristics such 
as biomarkers, tumor size, metastatic disease, ligands, and antigen or endocrine recep-
tor expression. Combined with surgical resection, chemotherapy and radiation remain 
the first line of treatment for patients with cancer. Even with these treatments, however, 
cancer continues to have high fatality rates and current therapeutic modalities have yet 
to significantly improve the often dismal prognosis of this disease. Nanotechnology is 
a highly focused approach, which may provide more effective and less toxic treatment 
when compared to chemotherapy. This area of research has emerged as cancer treatment 
in the form of new drugs and has reached promising results in preclinical and clinical 
trials proving its value as a potential tumor therapy.

Keywords: breast cancer, therapy, nanomaterials, nano-oncology

1. Introduction

Nanobiotechnology is defined as the biomedical application of nano-sized systems [1]. 
Nanomaterials, which measure a few nanometers in length, allow for unique interaction 
with biological systems at the molecular level. They can also facilitate important advances in 
detection, diagnosis, and treatment of human cancers and this approach is known as nano-
oncology. Breast cancer is one of the most common cancers worldwide [2]. The choice of 
available treatments depends on tumor characteristics such as biomarkers, tumor size, meta-
static disease, ligands, and antigens or endocrine receptors expression. Combined with sur-
gical resection, chemotherapy and radiation remain the first line of treatment for patients 
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with cancer [3]. Improvements have been made to chemotherapies, because drugs are still 
not reaching the tumor site at effective doses, and are often associated with high systemic 
toxicities and poor pharmacokinetics. The nanotechnology is an approach which allows more 
effective and less toxic chemotherapy.

For many malignancies, diagnosis is obtainable only during metastatic stages of develop-
ment, reducing the overall effectiveness of treatment [4]. Multidrug resistance, the principal 
mechanism by which many cancers develop resistance to drugs, is also a key factor in the 
failure of many forms of chemotherapy. It affects patients with a variety of blood cancers and 
solid tumors, including breast cancers [5]. Triple-negative breast cancer (TNBC), with absent 
or minimal expression of estrogen and progesterone receptors, and human epidermal growth 
factor receptor 2 are most common in younger women. In later stages, the prognosis is more 
dire, when compared to that of other breast cancer subtypes, with a higher risk of relapse, 
often involving other organs [6]. Emerging nanotechnologies have exhibited the possibility of 
specifically treating or targeting breast cancer. Among nanoparticles, various lipid nanopar-
ticles, namely liposomes, solid lipid nanoparticles, nanostructured lipid carriers, and lipid 
polymer hybrid nanoparticles, have been developed over the past few years for breast cancer 
therapy and evidence of this is documented [2].

Nanoparticles are also being actively developed for tumor imaging in vivo, biomolecular 
profiling of cancer biomarkers, and targeted drug delivery. These nanotechnology-based 
techniques can be widely applied for management of varying malignant diseases [7].

2. Breast cancer

2.1. Incidence and epidemiology

Breast cancer is the most frequent carcinoma in females and the second most common cause 
of cancer-related mortality in women worldwide. Approximately 61,000 new cases of in situ 
and 246,000 cases of invasive breast carcinoma, respectively, are expected to be diagnosed 
in the United States in 2016. Within this same period in the United States, breast cancer will 
account for an estimated 40,500 deaths among women [8]. The decline in cancer-related 
death rates over the past two decades has been driven by continued decreases in fatalities 
from breast cancer. Death rates for female breast cancer are down 36% from peak rates, 
most likely, as a result of improvements in early detection and treatment [9, 10]. By con-
trast, incidence rates increased in men for cancer of the breast. Some suggestive correla-
tions about the increased cancer rate involve changes in environmental risk factors, such as 
obesity [8, 11].

2.2. Current breast cancer diagnosis and treatment

Breast cancer diagnosis, according to the European guidelines, is based on clinical exam-
ination in combination with imaging and confirmed by pathological assessment [3]. 
Clinical examination includes manual palpation of the breasts and locoregional lymph 
nodes, along with assessment for distant metastases (bones, liver, lungs, and  neurological 
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 examination in the case of symptoms). Other forms of assessment include complete per-
sonal and family medical history, including evaluation of menopausal status, physical 
examination, blood count analysis, liver and renal function tests, and alkaline phosphatase 
and calcium checks [12].

Pathological diagnosis should be based on core-needle biopsies obtained by manual or 
preferably by ultrasound or stereotactic guidance. The pathological report should include 
the histological type, grade, estrogen receptor (ER), and for invasive cancer, progesterone 
receptor (PgR) along with human growth factor receptor type 2 (HER2) [13]. Routine stag-
ing evaluations are directed at locoregional diseases, as asymptomatic distant metastases 
are very rare and patients do not profit from comprehensive laboratory and radiological 
staging. Bilateral mammography and ultrasound of the breast and regional lymph nodes are 
included in imaging [3].

Subsequent to diagnosis, the prognostic and treatment are based on histology and immu-
nohistochemistry (IHC) data. The selection of a treatment strategy is based upon the tumor 
extent/location (size and location of primary tumor, number of lesions, and number and 
extent of lymph node involvement) and other factors such as age, lifestyle, and general health 
status of the patient [14].

Women with a high risk of breast cancer (previous chest wall irradiation for lymphoma or car-
rying the BRCA1 or BRCA2 gene mutations) may be offered risk-reducing surgery including 
prophylactic bilateral mastectomy and reconstruction [15].

Ductal carcinoma in situ may be treated with breast conservation therapy (BCT), which has 
replaced radical mastectomy as the treatment of choice for early breast cancer, providing clear 
resection margins achieve, or with mastectomy, usually followed by radiotherapy and/or che-
motherapy [16]. Whole-breast radiotherapy (WBRT) after breast-conserving surgery (BCS) 
for diagnosis of ductal carcinoma in situ (DCIS) decreases the risk of local recurrence [17]. 
Mastectomy may still be carried out based upon tumor size (relative to breast size), tumor 
multicentricity, prior radiation of the chest wall or breast, or patient choice [18]. Sentinel 
lymph node biopsy (SLNB) is now the standard of care. All modalities of chemotherapy, 
endocrine therapies (ETs), and targeted therapies as adjuvant treatments may be used preop-
eratively for patients with isolated tumor cells [13].

In HER2-positive breast cancer, trastuzumab therapy should be started in the neoadjuvant 
setting in association with the taxane part of the chemotherapy regimen. The chemotherapy 
regimens to be used in the neoadjuvant setting are the same ones used in the adjuvant setting. 
Unfortunately, there are no validated predictive markers which allow for the tailoring of the 
regimen to the individual patient. It is therefore recommended that a sequential program of 
anthracyclines and taxanes is used. ER-positive, HER2-negative carcinomas, especially of the 
lobular subtype, are generally less responsive to primary chemotherapy than ER-negative and 
HER2-positive tumors and may benefit more from primary ET. ET is usually given 4–6 months 
before surgery and continued postoperatively; for post-menopausal patients, aromatase inhibi-
tors (AIs) are more effective than tamoxifen in decreasing tumor size and require less extensive 
surgery [3, 19].
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2.3. Limitations of the current breast cancer treatments

One major challenge to the treatment of cancer is the lack of selective toxicity, which results 
in a reduced therapeutic index and, as consequence, compromises clinical prognosis. In order 
to reduce damage to normal tissues, suboptimal doses of anticancer chemotherapeutics are 
often administered [20].

Furthermore, the high interstitial fluid pressure (IFP) of solid tumors forms a barrier to trans-
capillary transport and results in poor biodistribution and penetration of drugs [21]. Another 
determinant of drug distribution within tissues is the half-life of the drugs in circulation; a drug 
with longer half-life will establish a more uniform distribution in tissues, even if its extravasa-
tion and penetration of tissues are relatively slow, whereas a drug that has a short half-life will 
have nonuniform distribution [22]. Moreover, vessels in tumor sites are heterogenic and may 
have fenestrations that increase the extravasation of drugs [23].

It has been shown that the amount of drug accumulated in normal viscera is 10- to 20-fold 
higher than that in a similarly weighted tumor site [24] and that many anticancer drugs are 
not able to penetrate more than 40–50 mm (equivalent to the combined diameter of three 
to five cells) from the vasculature [20, 25, 26]. These defects often lead to incomplete tumor 
response, multiple drug resistance (MDR), and ultimately therapeutic failure [27–29]. MDR, 
when tumor cells are treated with one anticancer drug and become resistant to a whole spec-
trum of drugs, is usually based on overexpressed drug efflux proteins and therefore is an 
important challenge for breast cancer therapy [30–33].

3. Nanobiotechnology-based platforms for breast cancer therapy

3.1. Properties of nanocarriers

The most current anticancer agents do not have an adequate job of differentiating between 
cancerous and normal cells and can lead to systemic toxicity and severe side effects. To 
overcome limitations of conventional chemotherapeutics, nanotechnology offers a more tar-
geted approach and could therefore provide significant benefits to cancer patients. The size, 
shape, and charge are important parameters in nanoparticle systems that indicate the in vivo 
distribution, targeting ability, and biological destination of nanoparticles.

Nanoparticles have many advantages over free drugs. Some of them are listed below:

• Protect the drugs from early degradation.

• Enhance absorption of the drugs into a selected tissue.

• Control the drug tissue distribution and pharmacokinetic.

• Improve intracellular penetration.

• Prevent drugs from premature interaction with the biological environment.

• Reduce systemic toxicity.
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Particles with hydrodynamic diameters below 10 nm are subject to rapid kidney clearance. 
Most of injected nanoparticles end up in the liver and spleen. Resident macrophages will 
phagocytose nanoparticles, degrade a small part of them, and exocytose both the degraded 
and intact nanoparticles. To avoid mechanical filtration by the liver and spleen, particles 
require size limitations above 200 nm [34, 35].

The zeta potential (surface charge) of nanoparticles has been shown to influence the nanopar-
ticles direction within the tumor. It has been described that positively charged nanoparticles 
show increased cell uptake and binding due to the interaction between cationic nanoparticles 
and negatively charged cell membranes. Neutral particles have demonstrated lower interaction 
with the cell membrane than those nanoparticles with the same size and charge, resulting from 
the lower number of electrostatic interactions between charged cell membranes and nanopar-
ticles surface [36–38]. In addition, studies have shown that systemically administered nanopar-
ticles, with 30–40 nm [39] and 70 nm [40] in size and having a slightly negative surface charge, 
revealed internalization by tumor cells in mice and movement away from blood vessels [38].

Neutral polymers are used to minimize nanoparticle surface charge. The polymers are gen-
erally used to reduce aggregation caused by particle-particle interactions as well as limiting 
potential electrostatically induced interactions with other components of circulation, such as 
plasma membranes of cells (negative charge). Supposing the nanoparticle surface charge is 
increased, both positively and negatively, the probability that the particle will be removed from 
circulation by macrophage increases [36, 41]. When nanomaterials are administered into the 
blood, they are taken up within minutes or by the phagocytic cells of mononuclear phagocyte 
(MPS). The opsonization can be prevented by adding poly (ethylene) glycol (PEG) to the sur-
face of nanomaterials. This addition drastically increases the blood half-life of all nanomaterials 
regardless of surface charge, improving the circulation time and accumulation in the target tis-
sue. To create long-circulating nanoparticles, a diameter between 30 and 200 nm is desired [42].

The nanoparticle surface is the site that is modified to include targeting ligands. The reason 
for including a target ligand is that the cell surface of the cognate receptor is elevated in tar-
get cancer cells relative to other cells [43]. The advantages of surface coating are that it offers 
biocompatibilities, biodistribution of the nanoparticles, and modulating interaction between 
nanoparticles and cells, tissues, and biomolecules [44].

3.2. Nanoparticle drug delivery arsenal

To construct an appropriate nanocarrier for rapid and effective clinical translation, some impor-
tant characteristics need to be considered. The nanocarriers must be made from a material that 
is biocompatible and easily functionalized along with being well characterized, soluble, exhibit 
extended circulation ability, no aggregation, and high uptake efficiency by the target cells.

Nanocarriers can be classified into three categories based upon materials that they are made 
from: (1) lipid-based, (2) polymeric, and (3) inorganic (Figure 1). These nanocarriers have been 
used for a variety of applications such as drug delivery, imaging, apoptosis detection, radia-
tion sensitizers, and photothermic ablation of tumors [7, 45, 46]. Some of these nanocarriers 
are described below.
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3.2.1. Lipid-based nanocarriers

Lipid-based drug delivery systems have attractive properties, as well as biocompatibility, bio-
degradability, and the ability to entrap both hydrophobic and hydrophilic drugs. Lipid-based 
nanocarriers include liposomes, nanoemulsion, solid lipid nanoparticles, and phospholipid 
micelles.

Liposomes were the first nanocarriers, described in 1965 by Bangham [47], and the first that 
have been clinically approved by the FDA (Food and Drug Administration) to carry che-
motherapy drugs (DaunoXome™) (50–80 nm) in 1996 [48]. Liposomes are small vesicles 
consisting of a bilayer lipid membrane surrounding an aqueous interior compartment [49]. 
The membranes consist of amphiphilic compounds, such as phospholipids and glycolipids, 
which make them biodegradable. Hydrophobic molecules are intercalated within the bilayer 
membrane, and hydrophilic molecules can be entrapped in their aqueous core, making lipo-
somes a good therapeutic carrier [50]. To improve stability and circulation half-life, liposomes 
can be coated with targeting ligands and polymers such as PEG [51]. For example, a recent 
study showed that PEG-modified liposomes of ursolic acid enhanced in vitro cytotoxicity in 
gastric cancer cells when compared to standard ursolic acid [38]. Liposomal drug formula-
tion improves the biodistribution and pharmacokinetics of a drug. This means higher drug 

Figure 1. Schematic of different kinds of nanocarriers used for drug delivery. (A) Lipid-based nanocarriers, (B) polymeric 
nanoparticles, (C) inorganics particles.
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 concentration can be achieved within tumors while reducing drug concentration in normal 
tissue [51]. Some disadvantages have been identified in the use of liposomes. Studies have 
shown that 50–80% of liposomes are adsorbed by the reticuloendothelial system (RES) and 
mainly by liver cells (Kupffer cells) within the first 15–30 min following intravenous admin-
istration [52, 53]. Other problems are related to their stability, poor batch-to-batch reproduc-
ibility, and difficulty with sterilization [54].

3.2.2. Polymeric

Polymeric nanoparticles systems are engineered from biocompatible and biodegradable poly-
mers. Polymeric nanocarriers include micelles, dendrimers, and polymer-drug conjugates.

Many biodegradable polymers have been used to produce polymeric nanoparticles such as 
poly D L-lactic-co-glycolic acid (PLGA), poly D L-lactic acid (PLA), and poly ethylene gly-
col (PEG) [55]. Polysaccharides such as chitosan, alginate, and pectin have also been used 
to encapsulate these nanostructures [56, 57]. These nanoparticles are formulated through a 
self-assembly process using block copolymers with different hydrophilicity and consisting 
of two or more polymer chains [58]. Polymeric nanoparticles have been formulated to encap-
sulate either hydrophilic or hydrophobic drugs. This system facilitates surface modifications, 
and controlled pH- dependent controlled release [59]. A recent study revealed developed 
albumin-polymer conjugate nanoparticles of curcumin and demonstrated growth inhibition 
of three-dimensional LNCaP (epithelial cell line derived from a human prostate carcinoma) 
multicellular tumor spheroids when compared to native curcumin [60]. This result is an inter-
esting option for controlled and target-based delivery.

Dendrimers are polymeric macromolecules with numerous arms extending from a center, result-
ing in a well-defined topological structure [61]. They have three main components: (1) a central 
core with two or more groups and repeated units attached to a central core called generations; 
(2) peripheral functional groups on the surface which determine the physicochemical properties 
of a dendrimer; (3) peripheral groups that can be modified to obtain both a charged hydrophilic 
and lipophilic function [62]. Dendrimers are appealing since they can be synthesized at vari-
ous sizes, molecular weights, and chemical compositions [62]. With the modification of surface 
groups, interiors, and core, the properties of dendrimers can be optimized to obtain favorable 
physical characteristics, biodistribution, and receptor-mediated targeting. Dendrimers have 
shown promise for biomedical applications because they can be easily conjugated with targeting 
molecules, are biodegradable, biocompatible, and have high water solubility [63, 64]. A success-
ful study using dendrimers was demonstrated in 2005 when methotrexate conjugated to poly-
amidoamine (PAMAM) dendrimers resulted in a 10-fold reduction in tumor size compared with 
that achieved using free systemic methotrexate [60]. In spite of promising results, dendrimers 
are relatively expensive as compared to other nanoparticles and require many repetitive steps in 
order to be synthesized, presenting a challenge for large-scale production [65].

3.2.3. Inorganic

The iron oxide nanoparticles (IO) are classified based on their sizes as standard superpara-
magnetic iron oxide (SSPIOs) at 60–150 nm, superparamagnetic iron oxide (USPIO) 5–40 nm, 
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and ultra-small and monocrystalline iron oxide (MION) 10–30 nm. Magnetic nanosystem is 
attractive due to its ability to become magnetized after exposure to a magnetic field but does 
not retain permanent magnetization once the field is turned off. These nanoparticles need to 
be small so that they can be superparamagnetic in order to avoid agglomeration after stop-
page of the magnetic field and remain in circulation without being removed by the immune 
system [36]. The IO can be degraded to Fe+ ions in the body in the acidic compartments of 
cells, for example, lysosomes, reducing the potential toxicity of nanoparticles (Figure 2). The 
magnetic flux density and permeability of exterior magnetic fields should be optimized to 
be strong enough to mediate penetration of nanoparticles across the biological barriers, and 
provide for sufficient accumulation at target sites while reducing risk to normal tissue [66, 67].

Gold nanoparticles have received attention due to their unique properties. These nanopar-
ticles are easily synthesized and size can be readily controlled by turning the synthesis pro-
cedure [68]. These nanoparticle conjugates can exhibit increased targeting rapid transport 
kinetics, long circulatory half-life, size-enhanced tumor uptake, and biocompatibility. These 
nanoparticles represent one of the most stable and easily surface functionalized for molecular 
conjugation [69]. Gold is resistant to oxidation under ambient or physiological conditions, 
which permits interaction in the biological environment. The shape of gold nanoparticles 
has been demonstrated to penetrate the cell membrane. When functionalized, they can show 
increased binding affinity and targeting selectivity with multiple targeting groups as well as 
tumor selective uptake due to their size [69].

Figure 2. Intracellular occurrence of iron oxide nanoparticles in breast cancer cells analyzed through microscopy. (A) 
Representative confocal of Raman micrographs after digital contrast enhancement in MDA-MB-231 cells. (B) Ultra-
micrographs from transmission electronic microscopic (TEM) in MCF-7 are shown. The cells were treated with 200 µM 
iron oxide nanoparticles at 37°C for 24 and 6 h, respectively. The black arrow denotes accumulation of particles in the 
cytoplasm of tumor cells.
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Inorganic nanocarriers have been used due to their physiochemical properties, such as chemi-
cal composition, size, shape, good stability, ease of functionalization, and higher surface-to-
volume ratios. Inorganic nanoparticles include gold nanoparticles, magnetic nanomaterials, 
carbon nanotubes, silica nanoparticles, and quantum dots [49].

4. Tumor targeting and uptake

4.1. Types of targeting agents

Targeting agents can be broadly classified as proteins (mainly antibodies and their fragments), 
nucleic acids, peptides, aptamers, vitamins, and carbohydrates, and they may be conjugated 
to the carriers [70]. The surface marker should be overexpressed on target cells relative to nor-
mal cells. When targeting agents are used to deliver nanocarriers to cancer cells, it is essential 
that the agent binds with high selectivity to molecules that are uniquely expressed on the cell 
surface. Nanocarriers will recognize and bind to target cells through ligand-receptor inter-
actions. The carriers are then internalized and the drug is released inside the cell [71]. The 
vitamin folic acid (folate) has also been used because folate receptors (FRs) are overexpressed 
in many tumor cells including kidney, ovarian, and endometrial cancer. The folate receptor is 
used to deliver drug conjugates to selectively accumulating drugs into cancer cell-mediated 
endocytosis [72]. One of the more commonly used ligands for cancer cells is transferrin (Tf) 
protein. Transferrin interacts with Tf receptors (TfRs), which are overexpressed in a range 
of tumor cells including lung, colon, pancreatic, and bladder cancers to increased metabolic 
rates [73]. Tf receptors binding directly to nanoparticles such as liposomes have resulted in 
improved intracellular delivery and therapeutic outcomes in animal tumor models [65, 74, 
75]. Studies show that Tf is also used to facilitate small interfering RNAs (siRNA) delivery 
through transferrin receptors, allowing for antitumor activity [76]. Targeting receptors whose 
expression correlates with metabolic rate, such as folate and Tf, are also expressed in fast-
growing healthy cells such as endothelial, epithelial, and fibroblasts cells, and this could lead 
to non-specific targeting and may increase toxicity and decrease drug efficiency [77].

4.2. Passive nanoparticle target

Nanoparticles circulating in the bloodstream can reach the neoplastic tissue by passive drug 
targeting through the enhanced permeation and retention effect (EPR) (Figure 3) [45, 78]. 
When a solid tumor reaches a certain size, the normal vasculature present in its early stage is 
not sufficient enough to provide the oxygen required for proliferation [79]. Because of this, the 
cells start to die and they secrete growth factors, which trigger angiogenesis, where budding 
of new blood vessels from the surrounding capillaries occurs, increasing their permeability. 
Angiogenesis in tumors is the process of rapid development of new, irregular blood vessels 
that present a discontinuous epithelium and lack the basal membrane of normal vascular 
structures [80, 81]. Fenestrations in the capillaries, depending on the location and tumor type, 
can reach sizes from 200 to 2000 nm. The fenestrations between endothelial cells facilitate the 
extravasation of nanocarriers from the surrounding vessels into the tumor [82]. The extracel-
lular fluids are constantly drained into the lymphatic vessels, and this allows for the renewal 
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of interstitial fluid and the recycling of extravagated solutes and colloids back to the circula-
tion [83]. In tumors, the lymphatic function is defective and, consequently, the uptake of the 
interstitial fluid is minimal [84]. Free drugs may diffuse nonspecifically and a nanocarrier 
can extravasate into the leaky vessels of tumor tissues through the EPR effect. A study using 
liposomes of different sizes suggests that particles with a diameter of 200–300 nm are able to 
extravasate, whereas in another part of the same tumor, molecules only a few nanometers in 
size may have difficulty entering the interstitium [85]. The success of EPR effect depends on 
factors such as lymphatic drainage rate, blood flow that is different in various tumor types 
and degrees of capillary disorder.

4.3. Active nanoparticle target

Passive targeting is available only in certain types of tumors and does not, necessarily, 
insure internalization of nanocarriers by targeted cells. Nanocarriers can be engineered 
to attach targeting with selective agents to employ active targeting [86]. As previously 
described in topic 4.1, some of these agents include peptides [87], proteins [88], antibodies 
[89], and small organic molecules [90–92]. These agents are complementary to receptors 
that are overexpressed or present in tumor cells [93]. The objective of passive targeting is 
to increase interactions between nanoparticles and cells and to enhance internalization of 
drugs without altering biodistribution [94, 95]. Some physicochemical properties might also 
affect the efficacy of active targeting in vitro and in vivo. These properties, such as the size of 
nanoparticles [96], choice of the targeting ligand [97], and ligand density [98] may affect the 
efficacy of the active targeting of nanoparticles. The nonspecific biding of proteins during 

Figure 3. Schematic representation showing enhanced permeability and retention of nanoparticles in tumor.
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the nanoparticles dislocation through the blood stream and the administration route has 
been shown to affect the targeting ability of nanocarriers [99]. Active targeting can be used 
for controlled drug release applications, where the drug is released into the extracellular or 
intracellular environment. The targeting agents can be used to facilitate nanocarrier inter-
nalization into cells, primarily via endocytosis (Figure 4) [100].

5. Nanocarriers and multidrug resistance

Multidrug resistance (MDR) limits the potency of many chemotherapeutics can be classified 
into two types: acquired MDR that can be developed during traditional chemotherapy in 
common doses and intrinsic MDR that can be developed from preexisting resistance pres-
ent in tumor cells. MDR is the decreased cell uptake and increased efflux of a drug. MDR 
transporters carry a variety of anticancer drugs out of cancer cells reducing the intracellular 
drug doses and produce resistance to chemotherapy [101]. If there is tumor recurrence, che-
motherapy may fail because of residual drug-resistant cells dominating the tumor popula-
tion [5]. Chemotherapy will kill only drug-sensitive cells that do not, or only mildly, express 
MDR transporters, leaving behind drug-resistant cells that overexpress MDR transporters. 
The main drug efflux transporters include P-glycoprotein (MDR1 or ABCB1), multidrug 
resistance-associated proteins (MRP1 or ABCC1), and the breast cancer resistance protein 
(ABCG2) [102–104]. To combat MDR, stimuli-responsive multifunctional nanoparticle-based 
drug delivery systems, which can deliver drugs into cells, release the drug in a specific site or 

Figure 4. Cellular uptake mechanism. The ligand-coated nanoparticle binds to the membrane receptor, enters the cells 
by primary endosome, and then forms an acidified endosome. The enzymatic digestion of nanoparticles is done by 
fusion of lysosomes.
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at a specific time. To overcome MDR, an optimal drug delivery system has to release drugs 
into cytoplasm rapidly and completely, leading to sufficiently high intracellular drug con-
centration to exceed drug efflux and limit concentration, in order to inhibit the proliferation 
of drug-resistant cancer cells and kill them. A study done using non-ionic copolymer with 
a hydrophobic core containing doxorubicin, called SP1049C, has been shown to circumvent 
p-glycoprotein-mediated drug resistance. The study was done on a mouse model of leukemia 
and it is currently in clinical evaluation. This study demonstrated the possibility of using 
nanocarriers to bypass MDR transporters [102, 105–107].

6. Preclinical and clinical trials for nanoparticles breast cancer therapy

The nanomedicine industry perspective toward oncology-based nanomedicinal therapeutics 
is very promising. The aim of these compounds to improve the therapeutic index of antican-
cer drugs by modifying their pharmacokinetics and tissue distribution to improve delivery to 
the site of action is well known and has also been demonstrated clinically. The first anticancer 
nanomedicine approved by the FDA in 1995, Doxil™/Caelyx™ [108], achieves a differential 
distribution of doxorubicin versus the free drug and is now approved for several applications, 
including breast cancer, based upon improved safety with equivalent or superior efficacy 
versus standard therapies.

Nanomedicines for breast cancer therapy or diagnosis in clinical development can be broadly 
divided into five main types: liposomes, polymeric conjugates, polymeric nanoparticles, poly-
meric micelles, and others. Examples of marketed anti-breast cancer nanomedicines and those 
in clinical development are summarized in Table 1.

Nanomedicine type Drug Product name/company Indication Phase

Liposomes Doxorubicin Myocettm/Teva UK Metastatic Breast Cancer Approved

Paclitaxel LEP—ETU/Insys Breast cancer Phase II

EndoTAG-1/MediGene Breast cancer Phase II

Polymeric conjugates Irinotecan NKTR102 (PEG)/Nektar Metastatic breast cancer Phase III

Polymeric micelles Paclitaxel Genexol-PM™/Samyang 
Biopharmaceuticals

Breast cancer Approved

Docetaxel Genexol-PM™/Samyang 
Biopharmaceuticals

Breast cancer (NSCLC, 
prostate, ovarian, head and 
neck, gastric, and esophageal 
cancer)

Marketed in 
South Korea

Paclitaxel NK105/NanoCarrier™ Breast cancer Phase III

Other Paclitaxel Abraxane ™/Celgene Advanced breast cancer Approved

Phospholipid 
stabilized 
microbubble

SonoVue/Bracco Imaging Ultrasound enhancement for 
breast and other cancers

Approved

Table 1. Clinically and preclinical nanoparticle for breast cancer therapies and diagnostics, grouped by their trial phases.
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7. Conclusions

The choice of appropriate nanocarriers is a difficult one. It is important to understand the key 
nanoparticle features such as properties, size, targeting ligand, and charge to improve the 
design for oncology applications. Nanoparticle therapeutics has been used for many treat-
ments of most cancers. Although the field of nanomedicine is developing rapidly, there are 
still a limited number of nanocarriers approved by the FDA and limited available clinical 
data. More clinical trials are required to better understand the advantages and disadvantages 
of nanoparticle therapeutics. Well-designed studies are important for development of these 
drugs. Further research is needed to develop new nanotherapeutics incorporating a variety 
of characteristics along with good experimental design in order to achieve improvements in 
treatments and nanoparticle targeting to overcome current limitations.
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Abstract

The overall vision of the modern science needs to change to a revalorization of the natu-
ral compounds and their beneficial effects on human diseases, such as cancer. Medicinal 
mushrooms have been used since thousands of years due to its healing properties. 
Maitake (Grifola frondosa) is presented as one of the most interesting medicinal mushrooms 
that have been studied. Until now, Maitake D-Fraction may have anticarcinogenic activ-
ity, preventing oncogenesis and metastasis in certain tumor types. However, the exact 
molecular mechanism by which D-Fraction acts are yet unknown. The results shown in 
this chapter suggest that Maitake D-Fraction Pro4X, administered intraperitoneally, pre-
vents significantly the development of mammary tumorigenesis, increases survival, and 
reduces the process of angiogenesis in BALBc mice. Although yet to determine the active 
component of the extract and the molecular mechanism by which it operates in the breast 
carcinogenesis process. The socioeconomic impact of this research project could be impor-
tant, considering that in Argentina similar studies using natural compounds derived from 
medicinal mushrooms for cancer therapy have not yet been performed. The beneficial 
effects of Maitake, if proven, could be useful for the treatment of cancer patients who 
are undergoing chemotherapy or radiation or for breast cancer prevention in high-risk 
population.
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1. Introduction

Breast cancer now represents the second most common type of tumor pathology in the world 
and the highest incidence representing the leading cause of death in women in the world [1]. 
During cancer treatment, tumors often develop resistance mechanisms to  chemotherapeutics, 
which occur in about 30% of patients treated with antineoplastic agents. For this reason, and 
for the many adverse effects of chemotherapy, more effective and less invasive therapeutic 
alternatives are sought. In the past century, with the development experienced in the chem-
ical-pharmaceutical area, there was an increase in the production of synthetic and semisyn-
thetic chemical drugs. This led to an increase in adverse reactions and negative side effects, in 
addition to the high cost of acquisition of these compounds. Therefore, there is a widespread 
tendency to use products derived from natural sources such as plants and edible mushrooms, 
consumed as dietary supplements in an increasing number of countries in the recent decades 
[2, 3]. These substances, which exhibit pharmacological properties in a broad spectrum of 
diseases, have shown their safety compared to drugs with chemical synthetic origin [4, 5].

An approach to the “ideal” anticancer drug could be derived from selective natural agents 
with low toxicity, such as fungal and extracts of medicinal plants, which possess significant 
antitumor and anticarcinogenic activities and avoid toxic side effects. Today, there is great 
interest in the study of natural extracts that meet these characteristics [6]. Plants and medici-
nal mushrooms are a source of obtaining active ingredients of marked importance in current 
research. Nature is a rich source of drugs. It is believed, for example, that only about 10% 
of the estimated 140,000 species of fungi on Earth are known. It is also estimated that only 
5% of these species have been known to have pharmacological properties. The international 
scientific community has focused its efforts on the search for new sources of active ingredi-
ents from plants and fungi as potential anticancer drug [7, 8]. From natural products with 
anticancer activity, the best known are the vinca alkaloids (vincristine and vinblastine) iso-
lated from the Madagascar periwinkle, Catharanthus roseus, C. roseus [9]. Probably the most 
important discovery and development is Paclitaxel (taxol) obtained from Taxus brevifolia tree 
[10, 11]. The new era of anticancer drug has been led by products such as taxol and docetaxol, 
among others. The discovery of penicillin from Filamentous fungus, Penicillium notatum and 
its therapeutic use, in the 1940s, became a new era of medicine and the “Golden Age” of 
antibiotics and thus promoted intense research in the nature as a source of new bioactive 
agents. Plants have a long history in the treatment of cancer, although they have often been 
observed with some skepticism by the own characteristics of the disease; but now, many 
people with cancer want to undergo known therapies as alternative products mainly from 
traditional usage, for example homeopathy and diet, among others, are widely used in ori-
ental medicine. The traditional oriental medicine have been used for thousands of years as a 
medicinal mushrooms such as Grifola frondosa (Maitake) [12], Ganoderma lucidum (Reishi), 
Inonotus obliquus (Chaga), Lentinus edodes (Shiitake), among others. The production of bio-
logically active fungal metabolites is a very broad field and is a promising study, which until 
now has been poorly studied [13–15]. Modulation of the immune system through stimulation 
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or suppression of it can contribute to maintaining good health. Numerous immune system 
stimulating substances have been isolated from higher plants and fungi, and open doors for 
the development of novel drugs. They are looming, thus, as an effective alternative for the 
treatment of various health conditions that alter the normal balance of the body’s immune 
response. The use of mushrooms that activate host defense mechanisms ( immunostimulatory 
or  immunopotentiating) provides an additional  therapeutic tool to conventional chemother-
apy. Given the limitations of  conventional therapies to reduce cancer mortality rate, many 
efforts are focused on cancer prevention. Within this context, the use of immunopotentiating 
and inmunostimulating agents as well as biological response modifiers (BRM), capable of 
stimulating the immune cells that can identify tumor cells as foreign, eliminate, and prevent 
carcinogenesis, have gained prominence [16–18]. An immunomodulatory polysaccharide 
obtained from higher fungi is the grifolano (GRN), derived from Grifola frondosa. Several 
studies suggest that the mechanism of the antitumor activity of GRN is strongly related to 
immunomodulation [19]. It has been shown that the active grifolano in vitro macrophages 
to produce the tumor necrosis factor-alpha (TNF-α) [20]. The β-glucans are one of the most 
abundant forms of polysaccharides found in the cell wall of bacteria and fungi, which exert 
effects on the immune system by stimulating phagocytic activity, activating leukocytes, and 
inducing the production of various cytokines, which could give them their antitumor activity. 
It has been shown that oral administration of β-glucans extracts derived from Grifola frondosa 
medicinal mushroom (Maitake) could stimulate hematopoiesis and recovery post-treatment 
with Paclitaxel in cancer patients [21]. Particularly β-glucans act on a variety of receptors 
related to immune system, particularly acting on Dectin-1 and CR3 receptors, which trigger 
a broad spectrum of immune responses [22]. The β-glucans targeting immune cells are mac-
rophages, neutrophils, monocytes, NK cells, and dendrites cells. Immunomodulatory func-
tions induced by β-glucans involve an innate and adaptive immune response. Maitake is an 
edible and a medicinal mushroom, whose extracts possess β-glucans with different degrees 
of purification and have antitumor properties [23]. The β-glucans are BRM that, unlike con-
ventional chemotherapeutics, activate or reinforce the host immune system, helping to elimi-
nate or inhibit tumor growth. It has been shown that fractions obtained from Maitake can 
fight cancer by slowing or stopping tumor growth; and preventing tumor metastasis [23]. On 
the other hand, could decrease the side effects of chemotherapy such as hair loss, pain, and 
nausea, and enhance its positive effects [23]. The immunomodulatory functions induced by 
β-glucans involve an innate response and adaptive immune response. However, the exact 
mechanisms of immune system activation mediated by β-glucans are still unknown and 
must be defined.

In this chapter, we present a summary of some experiments done in biomodels of mammary 
carcinogenesis. So far, we have demonstrated that the treatment with Maitake D-Fraction 
Pro4X prevents the development of mammary tumorigenesis, blocks tumor invasiveness, 
reduce tumor angiogenesis, increases overall survival in animals, and exhibits selective cyto-
toxicity [24–26]. Moreover, we also demonstrated that the use of Maitake D-Fraction Pro4X is 
safe and nontoxic as well.
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2. Direct effect of Maitake D-Fraction compared with Chemotherapy on 
breast tumour death

2.1. Effect of Maitake vs. chemotherapy on breast tumor death

In order to demonstrate if Maitake D-Fraction is able to kill breast cancer cells in culture, 
we measured the number of murine breast tumor LM3 cells death after treatment. The effects 
of increasing concentrations of β-glucans contained in Maitake D-Fraction Pro4X (0.036, 0.091, 
0.183, 0.367, and 0.734uM) on cell death were evaluated at 24, 48, and 72 hours of treatment. In 
parallel, we treated LM3 cells during the same time with chemotherapy drugs using a combina-
tion of doxorubicin and cyclophosphamide at increased concentrations from 5 to 40 μM and 
from 0.5 to 2.5 μM for each drug, respectively. Cell death was determined at 24, 48 and 72 hours 
of treatment according to the trypan blue exclusion stained method. Figure 1 shows the cell 
death values depending on the concentration of the used chemotherapeutic drugs (doxorubicin 
and cyclophosphamide) for 24, 48, and 72 hours after treatment. In all treatments, cell death was 
significantly higher (Student’s t-test, p ≤ 0.05) relative to untreated controls. It is also observed 
that the highest percentage of cell death (96.70%) corresponded to the higher concentration of 
chemotherapy used drugs (40 mM doxorubicin + 2.5 mM cyclophosphamide). The optimal time 
of the maximal cytolysis was the longest treatment at 72 hours. Cell death values depending on 
the concentration of Maitake Pro4X Fraction D at 24, 48, and 72 hours of treatment, as shown in 
Figure 2. The percentage of cell death increased depending on both, concentration of Maitake 
Pro4X used and time of treatment. The highest percentage of cell death (61.52%) corresponded 
to treatment with the highest dose of Maitake (0.734 μM) for 72 hours, the longest treatment.

Figure 1. Cell death caused by different concentrations of doxorubicin + cyclophosphamide at 24, 48, and 72 hours of 
treatment. The values represented the mean ± correspond to SD(N = 2). *p < 0.05 vs. control.
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In this work, we observed that both treatments, Maitake or chemotherapy, increased tumor 
cell death depending on the concentration and time of treatment. These results suggest that 
Maitake D-Fraction may have a chemotherapeutic effect by inducing a dose-dependent 
cell death. Here, we observed that the treatment with chemotherapeutic drugs increased 
mouse tumor cell death in a higher level compared to treatment with Maitake D-Fraction.

2.1.1. In vitro effect of Maitake on human breast tumour MCF-7 death cells

By another side, we performed the same experiments measuring the death in tumor human 
mammary cells (MCF-7). Using the time lapse microscope that takes pictures of the treated 
MCF-7 cell culture every 10 minutes during 1, 5, 10, and 24 hours (Figure 3A), it was found 
that Maitake D-Fraction increase the number of cell deaths significantly in a dose-dependent 
form, reaching the maximum deaths at the concentration of 367 μg/ml (equivalent to 0.367 μM) 
(Figure 3B). The treatment of tumoral MCF-7 breast cells at 24 hours with D-Fraction signifi-
cantly increase (p < 0.05) the percentage of cell death in comparison with untreated controls.

Figure 2. Cell death caused by different concentrations of Maitakeat 24, 48, and 72 hours of 
treatment. The values represented the mean ± correspond to SD (n = 2). *p < 0.05 vs. control.
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2.1.2. Maitake D-fraction decreased MCF7 cell viability and increased apoptosis

These results made us to think about whether Maitake D-Fraction really exerted anticancer 
effects and induces cell death directly or is toxic for those cells and able to kill any kind of cell. 
To probe this, we measure the effect of this compound in MCF7 cells viability and examine if 
the cell death trigger mechanisms are related to apoptosis. The cell deaths were measured by 
examining using the MTS assay in MCF7 cell cultures incubated with five different concen-
trations of D-Fraction. A gradual decrease in the number of viable cells was observed with 

Figure 3. Analysis of cell death induced by Maitake in MCF-7 cells employing the time-lapse microscope. MCF-7 cells 
at 70% of confluence were treated with and without (control) increased concentrations of Maitake D-Fraction. The 
experiments were performed by triplicate. Cells were placed in the time-lapse microscope under CO2 atmosphere, at 
room temperature during 24 hours. The camera was set up to take pictures every 10 minutes, using the 20× objective. 
Images and videos were analyzed employing specific software. (A) The representative image corresponding to the cell 
culture at 1, 5, 10, and 24 hours after Maitake treatment in the conditions indicated in the figure. (B) Corresponding to 
the approximate percentage of dead cells observed in each movie after 24 hours of Maitake incubation.
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increasing concentrations of D-Fraction (Figure 4A). In fact, we observed that the highest con-
centration of D-Fraction resulted in a significant decrease in cell viability in comparison to 
control untreated (Figure 4A) (*p < 0.05 vs. control). To evaluate whether this decrease in cell 
viability was due to apoptosis, we employed the TUNEL assay. MCF7 (4 × 104) cells were incu-
bated with increased concentrations of Maitake D-Fraction during 24 hours and the percentage 
of apoptotic cells was quantified. We observed that the treatment with this fraction, at any con-
centration, led to a significant increase in the number of apoptotic cells, in a dose-dependent 
manner (Figure 4B). Interestingly, nearly 95% of the cells became apoptotic whenever treated 

Figure 4. MCF-7 cell viability was evaluated after incubation with five concentrations of Maitake D-Fraction. (A) Cell 
viability was assessed by MTS assay. The results are expressed in absorbance values at 540 nm and are fold-increase 
relative to control cell cultures. Three independent experiments were performed in triplicate with identical results. *p 
= 0.05 vs. control (n = 9). (B) Apoptosis was increased at every incubation as evaluated by TUNEL assay, reaching 
statistical significance for every concentration of D-Fraction (*p < 0.05 vs. controls; **p < 0.01 vs. control). Bars represent 
the percentage of apoptotic cells evaluated by the ratio between TUNEL-stained cells and DAPI-stained nuclei in every 
culture. Experiments were repeated three times with identical results (n = 9). (C) Immunofluorescence for apoptotic cells 
(green). Note the increased number of apoptotic cells in 367 μg/ml Maitake-treated cells (Maitake) in comparison to 
untreated cells (control). Representative images are shown. Magnification ×200.
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with the highest concentration of Maitake D-Fraction (0.367 μM or 367 μg/ml) (Figure 4B). A 
representative microscope image of these findings is illustrated in Figure 4C. As observed, 
treatment with Maitake D-Fraction led to an effective increase in the number of apoptotic cells 
(green) as compared to the untreated culture. These findings indicated that Maitake D-Fraction 
was able to effectively induce apoptosis in human MCF-7 breast cancer cells.

2.2. Effect of Maitake D-Fraction on death of normal human breast cells MCF-10F

To investigate if Maitake D-Fraction is selective to cell death and only induces death on tumor 
cells not in normal cells, we performed studies using normal human breast cells MCF-10F. 
We operate at different times and increase concentrations of Maitake D-Fraction using an 
in vitro MCF-10F cell culture and measure cell death after treatment. Cells were incubated 
by  triplicate with D-Fraction at 37°C in controlled atmosphere with 5% CO2 in a serum-free 
medium. At the end of the treatment, cell deaths were determined by the technique of try-
pan blue exclusion assay, counting the percentage of dead and the percentage of live cells in 
Neubauer chamber. The assay were tested at increased concentrations of Maitake D-Fraction 
at 91, 183, and 367 μg/ml of culture medium during 24, 48, and 72 hours. All the experiments 
were performed by triplicate. Surprisingly, treatment of cells, normal mammary MCF-10F 
cells, with increased concentrations of D-Fraction did not cause significant increases in the 
percentage of cell death compared to control at the highest dose of 367 μg/ml equivalent to 
0.367 μM at any time assayed (Figure 5). In conclusion from these experiments, we confirm 
that Maitake D-Fraction only induced in vitro cell death by apoptosis in breast tumor cells 
without affecting normal breast cells at any concentrations or time of treatment.

Figure 5. Cell death caused by different concentrations of Maitake D-Fraction on MCF-10F cells at 24, 48, and 72 hours of 
treatment. The values represented the mean ± correspond to SD (n = 3). *p < 0.05 vs. control.
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3. Breast cancer prevention studies

3.1. Studies of breast tumor prevention by Maitake Pro4X in BALBc mice

3.1.1. Effect of Maitake D-Fraction Pro4X on breast cancer prevention

In order to demonstrate whether the purified extract Maitake D-Fraction Pro4X (from 
Mushroom Wisdom Inc, NJ, USA) was related to breast cancer prevention or inhibited the 
mammary tumorigenesis process, three independent experiments were performed employ-
ing 20 female nulliparous BALBc mice. Two groups were separated with 10 animals each, 
control group and Maitake D-Fraction group (5 mg/Kg) that were treated daily during 
15 days by intraperitoneal injection. After that, mammary tumorigenesis was induced using 
implant of 2 × 105 LM3 cells intraperitoneally. All animals were checked weekly for breast 
tumor development. Figure 6 shows the picture of mice abdominal area (peritoneal mam-
mary glands) from each condition after 30 days of tumor challenge. From this experiment, we 
observed that 100% of breast tumorigenesis was developed (10 out 10 animals) in the control 
group. However, only 3 out 10 animals (30% of tumorigenesis) developed mammary tumors 
in the condition treated with Maitake D-Fraction Pro4X (Pro4X) (Figure 6). The average from 
all the three independent experiments performed for prevention against breast tumorigenesis 
development in animals from the control group was 3.333 ± 5.774 (Figure 7), which was sig-
nificantly different from the prevention generated by Maitake Pro4X (64.286 ± 23.862, p < 0.01).

3.1.2. Effect of Maitake D-Fraction Pro4X in the tumor grows that escape to treatment

After analyzing the percentage of prevention in each treatment, now is important to study how 
the tumor grows in the animals that did not respond to the Maitake treatment and escapes its 
control. From Figure 6, 3 of 10 animals escaped the Maitake Pro4X prevention and developed 
breast tumors. We observed that breast tumor in the control group grew linearly 10–24 days 

Figure 6. Effect of Maitake D-Fraction on breast cancer prevention in BALBc mice.
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after tumor challenge; however, in the Maitake group, the breast tumor grew slowly at the 
same time and at 24 days achieved a similar size to compare the untreated  control. At 46 days 
after Tumorigenesis (the end of experiment), the tumor area (cm2) did not achieve a significant 
difference between the groups. The microscopy study of tissue paraffin sections shows that 
the untreated tumors from the control group were solid and have irregular edges; however, 
we were surprised to observe that tumors from the Maitake Pro4X group were almost the 
same size than the controls but full of liquid, not solid, with net tumor round edges, similar 
to benign tumors.

3.1.3. Effect of Maitake Pro4X on tumor necrosis

From the same experiments, we were interested in analyzing the necrosis area in the breast 
tumors. Figure 8 shows the macroscopic aspect of a representative breast tumor at control 
and Maitake groups at the end of the experiment. After measuring the necrosis area (cm) from 
breast tumor in each animal group, it can be concluded that Maitake Pro4X reduce signifi-
cantly (*p < 0.01) the area of necrosis in the surface of the breast tumors that escape to its con-
trol compared to the untreated group. Maitake D-Fraction Pro4X practically did not develop 
necrosis in their tumors (Figure 8).

3.1.4. Effect of Maitake Pro4X on metastasis in liver and lung tissues

The next question that we made is can Maitake Pro4X avoid the metastasis event in those 
animals with breast tumors. In order to verify that, lung and liver tissues were isolated from 
each tumor-bearing mice treated with or without Maitake Pro4X. Weight, macroscopic aspect, 
and sizes of lung and liver from those mice with breast tumors were checked. The lung and 

Figure 7. Percentage of breast cancer prevention induced by Maitake D-Fraction Pro4X in BALBc mice.
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liver tissues’ average area (cm2) from each experimental group were analyzed. No significant 
differences in the size of the lung or the liver tissues from those animals in each experimen-
tal group were found. But nevertheless, macroscopically, liver tissues from the control group 
were completely different, colorless, and rigid, compared to those treated with Maitake Pro4X 
(Figure 9A). The histology of control’s liver tissue shows and confirms cell proliferation and 
hyperplasia. However, liver tissues from Maitake Pro4X treated were darker, similar to nor-

Figure 9. The liver tissues histology (left) of tumor-bearing mice from control (A) and Maitake Pro4X (B). Back arrows 
represent the cell proliferation area. Right pictures from each histology represent the liver tissue in each condition. Red 
arrows represent the metastasis area.

Figure 8. Maitake Pro4X treatment reduces tumor necrosis. The figure represents the pictures of breast tumors isolated 
(left) and in vivo (right) in both groups.
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mal, with normal texture and aspect (Figure 9B). The histology studies from control’s liver tis-
sues indicated the presence of bigger blood vessels, with liver structure different than normal 
and some mitotic changes. Those experiments suggest that the treatment with Maitake Pro4X 
prevent the liver metastasis development.

The macroscopic study of the lung tissues revealed no morphological differences between 
tumor-bearing and nontumor-bearing mice. However, surprisingly, were observed higher 
mitosis percentage in the lung histology sections from control animals (7.50 ± 0.7) compared 
to Maitake Pro4x treatment (0.1 ± 0.02, p < 0.001 in the Pro4X). The percentage of mitosis found 
in the lung tissues pretreated with Maitake pro4X revealed no differences compared to nor-
mal lung tissue.

3.2. Comparison in Breast Tumorigenesis preventive potential: Maitake D-Fraction vs. 
Tamoxifen in experimental biomodel

In order to study whether Maitake D-Fraction can be adjuvant in breast cancer prevention 
with tamoxifen, we employed 20 BALBc female mice, 6–8 weeks old, separated into differ-
ent groups: control group, D-Fraction group, tamoxifen group, and D-Fraction + tamoxifen 
group. The animals were inbred and kept in the Bioterio from BIOMED-UCA in compliance 
with National and International Standards of handling of laboratory animals with adminis-
tration of water and food ad libitum kept on a 12-hour light/12-hour dark at room tempera-
ture, 22°C. Before performing the experiments, we got the approval of the ethical committee 
CICUAE from our Institution BIOMED-UCA for the animal use and manipulation in this 
study. Tumor induction in female mice was performed by exogenous implant of 2 × 105 murine 
tumor LM3 cells. To study the preventive effects of D-Fraction in mammary  tumorigenesis, 
we have been working with 20 BALBc female mice divided in the following groups: control 
group treated orally with the dissolution vehicle; Maitake-treated group, with daily adminis-
tration of 5 mg of β-glucans/kg; tamoxifen-treated group, daily treated with 20 mg of tamoxi-
fen; and combined treatment of tamoxifen and D-Fraction at the indicated doses (tamoxifen 
+ D-Fraction group). The treatments continued for 50 days (equivalent to 5 years in human), 
after that, mammary tumorigenesis were induced. The animals were observed until day 27 
post tumorigenesis (sacrifice day). In this experiment, we observed that Maitake D-Fraction 
protects mammary tissue against tumor development in about 40% (*p < 0.05) (Figure 10 
shows D-Fraction induce tumorigenesis in about 60%); however, we observed that tamoxi-
fen treatment alone prevent only in about 25% (n.s., p-value not significant) against breast 
carcinogenesis. Surprisingly, the coadministration with tamoxifen + D-Fraction prevented 
mammary tumorigenesis in about 80% (**p < 0.01) (Figure 10 shows that combined treatment 
developed only 20% of tumorigenesis). To note, we observed that 100% of control animals 
developed breast tumor (Figure 10).

As for the post-tumorigenesis mortality, 20% of the animals treated with tamoxifen and 25% 
of control animals died after the tumor induction. Surprisingly, there was no mortality in 
Maitake and tamoxifen + Fraction D groups, 100% of the animals surviving at the end of the 
experiment. Figure 11 show the overall survival rate of the animal from each condition at the 
end of the treatment.
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Regarding adverse effects, tamoxifen-treated animals exhibit a remarkable intestinal jaundice, 
less evident in subjects treated with tamoxifen + Maitake, which was absent in the animals 
treated only with Maitake. All the treated groups showed significant increase in serum creati-
nine with p < 0.05 compared to control. These results suggest that D-Fraction has a higher pre-
ventive potential, compared with tamoxifen, in the development of mammary tumorigenesis. 

Figure 11. Overall survival rate after treatment with and without Maitake and tamoxifen alone or in combination.

Figure 10. Breast tumorigenesis induced by Maitake or tamoxifen alone or in combination. Maitake D-Fraction was used 
in a concentration of 5 mg/kg and tamoxifen in concentration of 20 mg/animal. Treatment was performed during 50 days 
in female BALBc mice.
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Moreover, Maitake induce less or no side effects and the maximum overall survival rate in the 
mice. However, we observed from these experiments that tamoxifen and Maitake D-Fraction 
are able to achieve the maximal potential in breast cancer prevention when administered in 
combination.

4. Angiogenesis reduction

We estimate the angiogenic index in the tumoral breast tissues in order to establish if Maitake 
D-Fraction extracts are able to reduce or avoid the tumoral angiogenesis. Figure 12A shows 
the average blood vessels density in each group. Figure 12B shows the microscopy images 
(25×) of those breast tumors from both groups. We observe that the number of blood ves-
sels/mm2 in control’s breast tumor tissues were significantly higher (0.637 ± 0.182, p < 0.05) 
than breast tumors treated with Maitake Pro4X (0.031 ± 0.028). We can also observe from the 
microscopy pictures that the area of control blood vessels are bigger compared to those in the 
breast tissue treated with Maitake Pro4x (Figure 12B).

Figure 12. (A) The graphics of average of blood vessels density/mm2 in each group. (B) The microscopy pictures (25×) of 
breast tumors analyzed. Black arrows indicated the size of blood vessels in each condition. **p<0.01.
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breast tumors analyzed. Black arrows indicated the size of blood vessels in each condition. **p<0.01.
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5. Survival increase

5.1. Effect of Maitake extract in the relative survival in BALBc mice

Another aspect in which we were interested was the overall survival of mice at the end of 
the experiment. Figure 13 shows the percentage of overall relative survival at 46 days after 
tumorigenesis initiation when the experiment was terminated and the animals were sacrificed 
to analyze the results. Higher number of animals treated with Maitake D-Fraction lived until 
the end of the experiment. The overall survival in animals from Maitake Pro4X group at the 
end was 50% compared to control that was reduced to 10% (Figure 13). Here, we also ana-
lyzed other Maitake D-Fraction product called Maitake Standard with similar composition 
of Maitake Pro4X, but less concentrated. Both the Maitake compounds did induce a higher 
overall survival in BALBc mice at 46 days after tumorigenesis.

6. Effect of maitake pro4x on specific gene expression related to tumoral 
phenotype inhibition

With the objective to determine if Maitake D-Fraction PRO4X modifies the genomic expres-
sion of tumoral phenotype we isolated total RNA from tumor of all the experimental groups 
and mammary gland of nontumor-bearing mice. We choose genes such as ABCG2, CUL3, 
IGFBP5, PTEN, and SPACR, whose expressions were modified after Maitake treatment in 
MCF-7 cells previously published [25]. For this purpose, total RNA were isolated and after 
purification RT-PCR were performed in each breast tumor tissue from control, Maitake 
Standard, and Maitake Pro4X groups. We also isolated total RNA from normal breast tissue 
treated with Maitake Pro4X resistant to tumorigenesis. In Figure 14A, we shown the gene 

Figure 13. Kaplan-Meier overall survival curves. The graphic represents of overall relative survival from 7 to 50 days 
after tumorigenesis initiation. A green line represents the control group, a blue line represents the Maitake Standard 
treatment, and a red line indicates the survival after Maitake Pro4X treatment. *p<0.05; **p<0.01.

Immunotherapeutic and Preventive Role of Purified Extract Rich in Beta-Glucans Derived...
http://dx.doi.org/10.5772/66890

447



expression in all the conditions assayed. We observed from this figure that SPARC gene is dif-
ferentially expressed in all the conditions. SPARC gene expression were upmodulated in the 
breast tumor tissues treated with Maitake Pro4X (mouse 2 and mouse 3). On the other hand, 
we observed a downmodulation in the SPACR gene expression corresponding to mouse 4 
treated with Maitake Pro4X. We did not observed PCR amplification of SPARC gene in the 
breast normal tissue without tumor corresponding to a mouse treated with Maitake Pro4X, 
who was resistant to carcinogenesis. We observed a similar pattern in mouse 2 treated with 
Maitake Standard. With respect to the gene expression of PTEN, in Figure 14B, we observed 
that are also differentially expressed in the assayed conditions. In the breast tissues of mouse 
1 and mouse 4 treated with Maitake Pro4X we observed a downmodulation of this gene; 
however, we did not observe expression band in the mouse 2 treated with Maitake Standard 
or in the breast normal tissue resistant to carcinogenesis treated with Maitake Pro4X. ABCGs 
gene are also expressed differentially in all the conditions. No bands were observed in the 
tumoral tissue from mouse 2 treated neither with Maitake Standard, nor in the breast normal 
tissue resistant to carcinogenesis treated with Maitake Pro4X (Figure 14). Moreover, CUL3 
and IGFBP5 genes were expressed in all conditions (Figure 14A). In order to see if there are 
differences in the level of expression we did quantify the PCR reaction with respect to β-actin 
amplifying all genes at 10, 20, 35, and 40 cycles. Figure 14B shows the quantification of each 
PCR reaction.

7. Toxicity studies

7.1.  Acute Toxicity Studies in BALBc mice as biomodel

To investigate if Maitake D-Fraction Pro4X did not generate acute toxicity, we worked with a 
really high concentration of Maitake (2000 mg/kg). For this purpose, we employed 10 female 

Figure 14. Gene expression analysis. (A) The gene expression at mRNA level in all the conditions. (B) Relative 
quantification of each RT-PCR reaction. *p<0.05 and **p<0.01.
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and male BALBc mice, 6–8 weeks old. Control group animals received a single oral dose of 
514 μl of BD (bi-distilled water) and the treat group animals received one oral dose of 514 
μl of D-Fraction (corresponding to 2000 mg/kg of D-Fraction, dose equivalent at approx. 
120 times highest compared with the therapeutic dose employed in previous experiments). 
The animals were observed daily until day 14 after treatment (day of sacrifice). The results 
show a significant increase in the body weight of the male mice from the control group (24.5 
± 1.49 gs) with respect to males treated with Maitake (22.57 ± 2.19 gs), p < 0.05 (Figure 15). 
No significant differences were observed in the body weight of female BALBc mice from 
both groups. We also observed that the Maitake acute treatment reduce significantly the 
value of hematocrite percentage from 33.00 ± 1.22 to 28.20 ± 4.44, with p < 0.05 in the control 
group. The percent of hemoglobin were also significantly reduced from 11.18 ± 0.41% to 9.52 
± 1.53%, with p < 0.05 in the control group. Toxicity tests revealed that the administration of 
a single dose of 2000 mg/kg D-Fraction does not cause mortality or any signs of toxicity in 
any subject. All the individuals survived treatment. Macroscopic examination and histologi-
cal studies confirmed that breast, liver, lung, and kidney tissues from animals treated with a 
single dose of 2000 mg/kg of D-Fraction did not reveal histological alterations or significant 
differences in any tissue compared to controls. We need to study if the slight anemia induced 
by acute dose of Maitake D-Fraction is due to the reduction of Fe-absorption in duodenum.

7.2. Sub-Acute Toxicity Studies in biomodels mice BALBc

To determine whether the subacute dose of Maitake D-Fraction induce toxicity in BALBc 
mice, we worked with 10 female and male mice, 6–8 weeks old, divided into two groups: 
control group that received a daily volume of BD water and treated group daily treated 
orally with 5 mg/kg of D-Fraction during 28 days, after that they were proceeded to sacrifice. 
Toxicity tests revealed that the treatment for 28 days with 5 mg/kg of D-Fraction does not 
cause mortality or any signs of toxicity in any animal. All the individuals survived treat-

Figure 15. Body weight (grams) of male BALBc mice after treatment in the acute dose of Maitake D-Fraction.
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ment. Macroscopic examination and histological studies confirmed that breast, liver, lung, 
and kidney tissues from animals treated for 28 days with 5 mg/kg of D-Fraction did not reveal 
histological alterations or significant differences in any tissue compared to controls.

8. Conclusions

Our results demonstrate that Maitake D-Fraction Pro4X prevents mammary tumorigenesis 
and also increased the overall survival and reduced tumor angiogenesis in BALBc mice. 
It also protects from the adverse effects of chemotherapy and reduces the toxicity of tamoxi-
fen. The LD50 value is above 2000 mg/kg of D-Fraction, proving to be a nontoxic and safe nat-
ural compound for the treatment of animals. It has selective cytotoxicity, causing significant 
cell deaths in tumor cells without affecting normal cells. Although still we needs to determine 
which is the active molecule from the Maitake Pro4X extract and which is the exact molecular 
mechanism utilized to acts as tumor preventive agent. Based upon these results we can pos-
tulate that Maitake D-Fraction Pro4X is a good candidate to be used as a preventive agent in 
breast carcinogenesis in a high-risk population.

All these results suggest that D-Fraction could be applied to the therapy of cancer patients 
under chemotherapy treatment or as preventive agent in individuals with family history and/
or carriers of mutations in BRCA 1 or BRCA2 genes. The beneficial effects of Grifola frondosa 
extract demonstrated in this work could be useful in the near future to reduce the side effects 
of conventional chemotherapy or to use as a preventive agent against mammary tumorigen-
esis in high-risk Argentine population.
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Abstract

Breast cancer is the most common malignancy in women worldwide. The risk of breast 
cancer in women increases with age, and this is partly attributable to the accumula-
tion of genetic lesions. Growing evidence demonstrates the role played by epigene-
tic modifiers and the tumor microenvironment in contributing to the increased risk 
of breast cancer. This chapter provides a comprehensive overview of the epigenetic 
regulatory signatures that impact the well-studied signaling pathways in breast tis-
sues. Additionally, we will also delve into the therapeutic and diagnostic potential of 
noncoding RNAs in breast cancer.

Keywords: epigenetic control, noncoding RNA, estrogen receptor α, DNA methylation

1. Introduction

Tumorigenesis is a multistep process that involves accumulation of genetic mutations which 
confer a selective growth advantage to the cancer cells. However, an emerging area of research 
suggests that epigenetic changes complement these genetic mutation events and direct the 
cancer cells towards a full blown malignancy [1–3]. Epigenetic changes refer to the modifi-
cations that do not occur on the primary nucleotide sequence of DNA (genetic mutations) 
but rather affect chromatin structure and function and are reversible in nature. Epigenetic 
changes involve histone modifications by enzymes that can “write” marks on histone tails 
such as acetyl and methyl transferases, enzymes that can “erase” these marks such as demeth-
ylases and deacetylases and a group of proteins that can “read” the chromatin marks and 
recruit other proteins to alter gene expression [4].

© 2017 The Author(s). Licensee InTech. 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.



A recent study in mammary epithelial cells that are on the road to tumorigenic transformation has 
revealed a coordinated series of events that alter DNA methylation and deregulation of histone 
marks across large regions of the chromatin [5], thus underlying the need to study these epigen-
etic modifications to address their diagnostic as well as therapeutic potential in the context of 
breast cancer. Breast cancer is the most common cause of cancer in women worldwide. It is a com-
plex, heterogeneous disease, thus posing a challenge in the diagnosis and treatment of patients. 
At the molecular level, based on the gene signature obtained from cDNA microarrays and global 
mRNA expression studies, breast cancer has been classified into four basic types, namely Luminal 
A, Luminal B, HER2-enriched, and triple negative/basal-like subtype [6–10]. This classification 
is based on the molecular characteristics displayed by the tumor, such as hormone receptor sta-
tus, additional marks such as cytokeratin 5 (CK5) and cell proliferation rate (Ki67 marker1 status; 
summarized in Table 1). These subtypes, along with displaying unique molecular signatures, 
also differ in their prognosis and response to treatments. Apart from the aforementioned mRNA 
markers, recent studies have highlighted the importance of miRNAs in subtyping breast tumors 
as well as providing directions for diagnosis, prognosis and therapy [11, 12].

However, despite several years of study, a broad-spectrum curative therapy for patients with 
malignant breast cancer remains elusive. This chapter will focus on key epigenetic regula-
tors including noncoding RNAs identified in breast cancer that affect the hormonal signaling 
pathways and provide a perspective on combinatorial drug treatments using drugs that tar-
get these epigenetic regulators along with tamoxifen, aromatase inhibitors and other conven-
tional therapeutics in specific sub-types of breast cancer.

1Ki67 marker: Ki67 is a nuclear protein which is used as a marker for proliferation. It is associated with ribosomal RNA 
synthesis and thus serves as a proliferation marker. It is present in all cycling cells (G1, S, G2 and M phase) but it is absent 
in G0 phase cells.

Breast cancer 
molecular subtype

Characteristics Prevalence Treatment response and clinical outcome

Luminal A ER positive and/or PR 
positive
HER-2-negative
Low Ki67

30–70% Hormone therapy, chemotherapy; good prognosis 
and patient survival

Luminal B ER positive and/or PR 
positive
HER-2 positive (or 
HER-2 negative with 
high Ki67)

10–20% Hormone therapy, chemotherapy; fairly high 
survival rates, though not as high as Luminal A

HER-2 ER negative
PR negative
HER-2 positive

10–15% Trastuzumab and anthracycline-based 
chemotherapy; generally poor prognosis

Triple negative/basal/
basal-like

ER negative
PR negative
HER-2 negative

5–15% Platinum-based chemotherapy and PARP 
inhibitors; generally poor prognosis

Table 1. Summary of the common molecular subtypes of breast cancer with their characteristics, disease prevalence and 
treatment response [6].
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2. Epigenetic alterations in breast cancer

Each cell in our body contains the genetic material in the form of DNA, which is the essential 
blueprint required for all cellular functions. DNA is packaged into chromatin by wrapping 
around basic histone proteins to form nucleosomes. These nucleosomes are further con-
densed into the nucleus to form the chromatin by enzymes that catalyze posttranslational 
modifications on the histone tails. The chromatin serves to not only condense the DNA within 
the cellular nucleus but also to control how information in the DNA is retrieved [13]. The 
histone components of the nucleosomes include a pair of H2A-H2B dimers and a tetramer 
of H3 and H4 to form the histone octamer around which the DNA is wound. These core his-
tone proteins undergo a wide variety of posttranslational modifications such as acetylation, 
methylation, ubiquitination, phosphorylation, sumoylation, deamination and ribosylation, to 
name a few [14]. Since histones regulate accessibility of the DNA to transcription factors and 
DNA-modifying enzymes, alterations in the structure and posttranslational modifications of 
histones affects cellular gene expression to a great extent. Enzymes that covalently modify 
histones, acetyltransferases, methyltransferases and kinases, thus regulate multiple cellular 
processes that require accessibility to the DNA such as transcription, DNA replication and 
repair, apoptosis and cell cycle progression [15] (Figure 1). It is thus unsurprising that aber-
rant expression of many epigenetic regulators is prevalent in cancer tissues and contributes 
to the tumorigenesis process. By altering their epigenetic circuitry, cancer cells overcome the 
barrier of replicative senescence, accumulate genomic instability and catapult into an orga-
nized chaos that is the cancer epigenome (Figure 2). This makes it imperative to study the role 
and activity of proteins involved in epigenetic regulation of gene expression in the context of 
tumorigenesis. An important attribute of the chromatin-modifying enzymes is that the reac-
tions catalyzed by these molecules such as histone acetylation are easily reversible and thus 
offer a therapeutic window of opportunity.

Emerging evidence indicates the role played by somatic mutations in the carcinogenesis pro-
cess. A study by Stephens et al. highlighted the significance of these somatic mutations in 
the context of breast cancer [16]. Their study which sequenced the genome of 100 tumors for 
changes in somatic copy numbers and mutations identified point mutations and deletions in 
known cancer-causing “driver” genes characterized in the context of mammary carcinomas 
such as PTEN, BRCA1, TP53, RB1 and AKT1. The highlight however was the identification 
of inactivating somatic mutations in epigenetic regulators such as ARID1B and SMARCD1, 
suggesting an altered epigenetic landscape in these tumors [16]. The reversible nature of epi-
genetic changes and their dynamic role in regulation of cellular gene expression in a tissue 
specific manner makes them potent tumor stimulating factors and reiterates the need to find 
suitable “druggable” epigenetic factors to serve both as a biomarker as well as a therapeutic 
target for the various molecular subtypes of breast cancer [17].

This section will discuss the epigenetic signature, histone posttranslational modifications as 
well as DNA methylation changes, characterized thus far in the various subtypes of breast 
cancer and will provide an overview of targeting these chromatin modifiers as a potential 
combination therapy.
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Figure 2. Altered epigenetic pathways in tumorigenic cells. Schematic depiction of the altered epigenetic landscape in cancer 
cells. Orange nucleosome represents a variant nucleosome which could be introduced as a result of aberrant expression 
and function of chromatin remodelers. Altered expression and function of HATs, HDACs, DNMTs, KMTs and KDMTs 
(represented as different sized icons the figure) results in a widespread disarray of the epigenetic marks in cancer cells.

Figure 1. Epigenetic regulatory circuits in cells. A schematic representation of the epigenetic changes which regulate 
gene expression in normal cells.
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2.1. Histone modifications and histone-modifying enzymes in breast cancer

2.1.1. Aberrant histone acetylation

Histone acetyltransferases (HATs) conventionally play an important role in the activation 
of gene expression by resulting in an open chromatin structure thus providing access for 
the transcription machinery to the DNA. There are different families of HATs identified thus 
far and their role in acetylating histones has been extensively studied. Histone acetylation is 
regulated by the activity of HATs as well as the histone deacetylases (HDACs), which remove 
the acetyl moieties from lysine residues. The acetylated lysines are read by reader proteins 
containing bromodomains (such as BRD2, BRD3 and BRD4) and depending on the complexes 
recruited by these “readers,” gene expression can be switched on or off [4].

In breast cancer, a study by Elsheikh et al. has identified low levels of the histone marks, 
H3K9Ac, H3K18Ac, H4K12Ac and H4K16Ac, to correlate with poorer prognosis and is asso-
ciated with basal and HER2-positive tumors. This study has also detailed the status of meth-
ylation on H3, which will be discussed in the following sections [18]. This altered epigenetic 
signature is hypothesized to be due to altered enzymatic activities of the HATs and HDACs, 
which could be attributed to their dysregulated expression. There are multiple lines of evi-
dence now to support this hypothesis. A ubiquitously expressed acetyltransferase p300/CBP, 
which is also known to function as transcriptional coactivator, was identified to be overex-
pressed in breast carcinoma as compared to adjacent normal mammary epithelia. Further, 
this study also showed that higher expression of p300 as studied by immunohistochemistry 
from a tissue microarray correlates with poorer prognosis-free survival and increased tumor 
recurrence [19]. However, it is unclear whether the role of p300 as a histone acetyltransferase 
or a lysine acetyltransferase (acetylating other non-histone proteins) is involved in this func-
tion and remains an interesting avenue for future studies.

Another acetyltransferase, TIP60, belonging to the MYST (MOZ, Ybf1, Sas2, TIP60) family of 
acetyltransferases is known to undergo mono-allelic losses in breast carcinomas as well as in 
head and neck tumors [20]. Low nuclear expression of TIP60 as evidenced by IHC correlates 
with higher tumor grade in breast cancer [20], suggestive of a tumor suppressive role played 
by this epigenetic regulator. One of the histone targets of TIP60 is the acetylation of Histone 
H4 at K16. A significant global reduction in histone H4 acetylation and lysine trimethylation 
has been observed across most cancer types including breast cancer [21]. This loss of mono-
acetylation was identified to be due to a reduction in the acetylation status of K16 and not the 
other putative mono-acetylated lysine on Histone H4 (K5, K8, K12 which are targets of p300/
CBP). Other acetyltransferases capable of acetylating K16 on H4 are MOZ (monocytic leuke-
mic zinc finger), MOF (male absent on the first) and MORF (MOZ-related factor). This study 
also identified the sequence specific loss of recruitment of MOZ, MOF, MORF in cancer cells 
as compared to the normal cells to the DNA repetitive elements associated with loss of H4K16 
acetylation (H4K16Ac) and H4K20 trimethylation (H4K20me3) [21]. In addition, independent 
studies have identified MOF mRNA and protein expression to be downregulated in breast 
carcinomas, and this was correlated with the reduced level of H4K16Ac acetylation in these 
tested primary breast carcinomas [22].

Breast Cancer: From Transcriptional Control to Clinical Outcome
http://dx.doi.org/10.5772/66888

457



The dysregulated histone acetylation in cancer can also be explained by changes in expres-
sion and function of histone deacetylases (HDACs). In breast cancer, HDAC1, HDAC2 and 
HDAC3 are identified to be differentially expressed as compared to the normal tissue and 
overexpression of HDAC2 and HDAC3 strongly correlates with a more aggressive tumor 
type, that is, negative hormone status [23]. This offers the opportunity of treating breast can-
cers with inhibitors of HDAC to restore acetylation level and suppress the tumorigenesis, and 
this approach will be detailed in the last part of this section which addresses the therapeutic 
implication of targeting the epigenetic regulators.

2.1.2. Aberrant histone methylation

Histones can be methylated (mono, di or tri) by enzymes that catalyze the transfer of methyl 
moiety to the lysine or arginine residues on the histone tails. The enzymes involved are known 
as histone methyltransferases (HMTs), while another class of enzymes, the histone demeth-
ylases (HDMs), is involved in erasing the methyl groups from the histone tails. The dynamic 
regulation between the HMTs and HDMs regulates the methylation status in the cells, thereby 
regulating cellular gene expression.

Studies have identified widespread changes in histone methylation in cancer cells as compared 
to the nontumorigenic counterparts. There is a global reduction in H4K20me3 in multiple 
cancer types including breast cancer [21]. Global reduction in H4K20me3 was also observed 
in human breast cancer cell lines compared to the nontumorigenic cells [24]. Further, in an 
established model of breast cancer in rats, there was a global decrease in H3K9 trimethylation 
(H3K9me3) and H4K20me3 indicating that these epigenetic dysregulations play an impor-
tant role in tumorigenesis [25]. In addition, another study has identified low levels of histone 
methyl marks, H3K4 dimethylation (H3K4me2), H4K20me3 and H4 Arginine dimethylation 
(H4R3me2) in human tumors, and these were found to correlate with poorer prognosis and 
more aggressive subtypes of breast cancer such as Luminal and HER2-positive tumors [18]. 
These global alterations in the level of methylation on histones are suggestive of an imbalance 
in the expression of methyltransferases as well as the demethylases.

In support of this notion, a variety of histone methyltransferases have been identified to be 
aberrantly expressed in breast tumors. Frequent overexpression and amplification of the his-
tone methyltransferase NSD3L have been observed in mammary carcinomas, and depletion 
of this enzyme decreased the invasiveness of breast cancer cells highlighting its potential as 
an oncogene. However, the targets of NSD3L-affecting tumorigenesis have not been eluci-
dated in detail [26, 27].

Enhancer of zeste 2 (EZH2) a methyltransferase that is a part of the Polycomb Repressive 
Complex 2 (PRC2) is found to be overexpressed in breast cancer, both at mRNA and protein 
level. The high expression of EZH2 is correlated with more aggressive cancer and a poor 
prognosis for patients. Overexpression of EZH2 in normal breast epithelia promotes anchor-
age independent growth, cell invasion, characteristics of a neoplastic phenotype in these cells, 
which is dependent on the suppressor of variegation 3-9 (Su(var)3-9), enhancer of zeste (E(z)), 
and trithorax (Trx) (SET) domain of EZH2 and HDAC activity [28]. This study paved the way 
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for many other groups to investigate the role of EZH2 enzymatic activity mediated by the SET 
domain, conventionally known to silence gene expression, in the context of breast carcinomas. 
H3K27 di and tri methylation are characteristic of Polycomb Group (PcG) target genes and 
are associated with transcriptional silencing. The PRC2 complex of which EZH2 is the cata-
lytic subunit with the other members being EED and Suz12 is involved in dimethylation and 
trimethylation of H3K27. The SET domain of EZH2 can function as an N methyltransferase, 
that is, EZH2 by utilizing S-adenosyl methionine (SAM) as a cofactor can add methyl groups 
to the lysine residues of substrate proteins. SET domain containing methyltransferases bind 
SAM and the substrate on opposite sides of the active site of the enzyme, thus SAM can dis-
sociate without interrupting substrate binding to enzyme, resulting in multiple methylations 
on the lysine residues [29, 30]. In breast cancer cell lines, increased EZH2 expression resulted 
in the down-regulation of a tumor suppressor, RUNX3. This was identified through chro-
matin immunoprecipitation to be due to the H3K27me3 at RUNX3 promoter and associated 
HDAC1, since depletion of EZH2 resulted in the loss of H3K27me3 and HDAC1 from this 
promoter and increased expression of RUNX3, which was associated with significantly lesser 
cell growth as compared to the siRNA control [31]. In addition, EZH2 also results in down-
regulation of another potential tumor suppressor, FOXC1, a transcription factor that has a 
role in differentiation and reduces cell migration and invasion. By trimethylating H3K27 at 
the FOXC1 promoter, EZH2 shuts down the expression of this transcription factor in a highly 
metastatic breast cancer cell line, MDA-MB-231 [32]. EZH2 is also known to repress RAD51, a 
protein involved in DNA repair and CDH1 (E-cadherin), a marker for epithelial cell type, loss 
of which results in increased invasiveness [33]. However, recent studies have also shown that 
increased EZH2 expression does not necessarily correlate with the H3K27me3 abundance. In 
particular, high expression of EZH2 was found in basal-like, HER2-positive and triple-nega-
tive tumors, while high H3K27me3 was found in normal-like (ER-negative), HER2-positive 
and Luminal A type tumors [34]. A possible explanation for this anomaly could be a non-
canonical catalytic activity independent function of EZH2. In triple-negative breast cancer 
(TNBC), it has been reported that EZH2 functions as an activator of NOTCH signaling. EZH2 
overexpression could increase NOTCH1 expression and accelerate mammary tumorigenesis 
in mice. It can bind to NOTCH1 promoter, a function that is independent of its ability to meth-
ylate histones [35]. This opens new doors to discover other functions of this epigenetic regula-
tor in mediating tumor progression by regulating nonhistone targets or affecting chromatin 
structure or in a manner independent of its catalytic function.

JARID1C, a histone demethylase, is also known to be upregulated and correlates with increased 
metastasis in breast cancer lesions compared to the normal counterparts. Mechanistically, 
JARID1C by modulating H3K4me3 at the promoter of breast cancer metastasis suppressor 
1 (BRMS1) represses the expression of BRMS1 and depletion of JARID1C results in reduced 
migration and invasion of breast cancer cells [36]. Enzymes belonging to the demethylase 
family of KDM4 are seen to be overexpressed in breast cancer and affect cell proliferation and 
growth of these cells [37]. KDM3A, a histone demethylase, which demethylates H3K9 mono 
and di-methyl moieties, works as a positive regulator of estrogen receptor (ER) activity. The 
catalytic activity of this enzyme is essential for ER target gene expression and growth of the 
cells, highlighting the significance of this methylation status in promoting tumorigenesis [38].
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2.1.3. Other histone modifications

Phosphorylation of histones is another posttranslational modification, which occurs on his-
tone tails and involves the kinase enzymatic activity. Serine, threonine and tyrosine residues 
on histone tails are known to be phosphorylated. H3S10 phosphorylation which marks the 
entry of the cell into mitosis is catalyzed by the enzyme Aurora B Kinase. Elevated expression 
of this kinase in several cancers is correlated with a poor prognosis for survival; however, it is 
not determined if this is due to the phosphorylation of H3S10 resulting in increased prolifera-
tive ability of cancer cells [39]. Ubiquitination is yet another posttranslational modification 
found on histones. Mono-ubiquitination of H2B (H2Bub1) is found to be globally reduced, 
and this is true in the context of breast cancer as well. Proteasome inhibition can reduce ERα-
mediated transcription, and this was due to reduction in H2Bub1 levels, which correlated 
with reduced transcription of ER target genes [40].

2.2. Chromatin remodelers in breast cancer

The chromatin compacts the DNA into the nucleus, and this regulates the accessibility of 
the wound DNA to transcription and repair machinery. One of the ways through which the 
chromatin is regulated has been discussed in the preceding section and involves extensive 
posttranslational modifications on histone tails. Apart from this, the locus-specific DNA 
methylation status can help in the recruitment of enzymes that alter chromatin structure, 
and this has also been discussed. Another way to regulate chromatin structure and function 
is by physically altering the nucleosome location or composition, and this process is known 
as chromatin remodeling. The groups of enzymes involved in restructuring the chromatin by 
this mechanism are referred to as chromatin remodelers and are further classified into dif-
ferent families depending on the associated cofactors. All chromatin remodelers utilize the 
energy of ATP hydrolysis to catalyze the reactions that affect histone-DNA interactions [41].

Remodelers are involved in mobilizing nucleosomes across the genome and regulate chro-
matin organization. They facilitate proper placement of nucleosomes whenever the DNA is 
accessed, for instance, before and after replication, repair and transcription. Remodelers also 
slide or evict nucleosomes and can replace them with a nucleosome that contains a histone 
variant. A common example is the histone variant H2AZ found flanking the transcription 
start site [41]. All these functions of remodelers suggest the important underlying role played 
by this group of epigenetic regulators in controlling basic cellular processes such as transcrip-
tion, chromatin assembly and DNA repair. Thus, it is not surprising that the altered expres-
sion or localization of these chromatin remodelers is correlated with tumorigenesis.

There are several families of chromatin remodelers such as SWI/SNF, INO80 and CHD com-
plexes, all of which are implicated in different cellular processes. Mutations in the SWI/SNF 
family of chromatin remodelers are found in about 20% of cancers, and some of these muta-
tions could have a gain-of-function phenotype while in the case of breast cancer as well as in 
leukemia, wild-type SWI/SNF complexes by their diverse protein interactions aid tumor pro-
gression [42]. The bipolar function of this important class of chromatin remodelers also impli-
cates the dynamic range of functions of remodelers and the myriad of their cellular interacting 
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partners, which assist their aberrant functions in cancer cells. In breast cancer, a member of the 
NuRD complex, a part of the CHD family of remodelers, is known to be aberrantly expressed. 
Metastasis-associated proteins (MTA-3) are associated with ER-positive breast cancer, and 
increased expression of these MTA-3 is correlated with increased ER expression as well as inva-
sive behavior. MTA-3 can directly repress SNAIL transcription in response to the ER stimulus; 
therefore, a decrease in either ER expression or MTA-3 expression results in increased metasta-
sis due to aberrant SNAIL expression [43].

ARID1A, a member of the human SWI/SNF complex, is known to undergo frequent muta-
tions across many cancer types. In breast cancer, ARID1A mRNA expression is seen to be 
downregulated in tumors as compared to adjacent normal tissues. This decreased expres-
sion was correlated with bigger tumor size and with the triple-negative breast cancers. 
Immunohistochemical staining also revealed a similar correlation between the protein level 
of ARID1A and tumor stage as well as the triple-negative tumor type [44].

Another member of the SWI/SNF complex, BAF155/SMARCC1 (BRG1-associated factor 155/ 
SWI/SNF related, matrix associated, actin dependent regulator of chromatin subfamily C 
member 1) has been identified to play a critical role in breast cancer tumorigenesis in concert 
with a protein arginine methyltransferase coactivator-associated arginine methyltransferase 
1 (CARM1). CARM1 is highly expressed in many cancers such as breast and prostate with 
the levels of CARM1 higher in metastatic breast tumors as compared to the primary lesions. 
CARM1 is also implicated in the growth and proliferation of breast cancers by functioning 
as a coactivator of the steroid hormone receptors [45]. The arginine methylation of BAF155 at 
R1064 by CARM1 recruits BAF155 to a unique set of target genes such as genes in the c-MYC 
pathway. Intriguingly, there was a higher expression of both total and methylated BAF155 as 
observed by IHC in metastatic tumors, which were also associated with increased expression 
of CARM1 in these tumor samples. Patients with higher methylated BAF155 had a higher risk 
of tumor recurrence and poorer prognosis with a hazard ratio2 very similar to the aggressive 
triple-negative breast tumors [46]. This and other studies show the significance of chromatin 
reorganization and altered recruitment/function of chromatin remodelers to be an important 
hallmark of cancer cells and the need to target these reversible epigenetic changes for devel-
opment of more specific therapeutics.

Other examples of SWI/SNF family implicated in breast carcinogenesis are the Brahma and 
Brahma-related gene 1 (BRM and BRG1) that are overexpressed in breast tumors. Knockdown 
of either BRG1 or BRM reduced the proliferation of breast cancer cells, whereas a combined 
knockdown resulted in additive effect, suggesting independent pathways regulated by these 
chromatin remodelers in breast cancer progression [47].

A genetic mutation in BRCA1 predisposes women to ovarian cancer and significantly increases 
the risk for development of breast cancer. BRCA1 is predominantly found in cells in a com-
plex with members of the SWI/SNF family that is involved in chromatin remodeling. BRCA1 

2Hazard ratio: it is the ratio of the hazard rates of two groups being compared, that is, ratio of how often an event 
happens in one group compared to the other. In clinical trials, hazard ratios represent survival in a group of patients 
treated with a drug at any point of time with the other group given a placebo/different treatment. A hazard ratio of 1 
indicates no difference in survival while a ratio greater or lesser than 1 indicates one of the groups has a better survival.
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directly interacts with BRG1, and this interaction is essential for BRCA1 transcriptional coacti-
vation function. A dominant negative mutation of BRG1 or the deletion of exon 11 of BRCA1 
(implicated in cancer) results in abrogation of p53 stimulated BRCA1 transcriptional activ-
ity. This underscores the importance of chromatin organization and remodeling by BRG1 
and BRCA1 to control BRCA1 transcriptional activity, loss of which results in increased risk 
for tumor development [48]. Additionally, interaction of mutant p53 with the SWI/SNF com-
plex leads to open chromatin structure at the Vascular Endothelial Growth Factor Receptor 2 
(VEGFR2) promoter in breast cancers that leads to the upregulation of VEGF2. This aids the 
growth of cancer cells in two and three dimensional cultures. Thus, mutant p53 by regulating 
a major family of chromatin remodelers promotes tumor progression [49].

2.3. Aberrant DNA methylation in breast cancer

DNA methylation is another form of epigenetic regulation that involves the addition of 
a methyl moiety to the 5′ cytosine of a CG dinucleotide, which are distributed across our 
genome and are enriched at the gene promoters to form the Cytosine preceding Guanine 
(CpG) islands. DNA methylation is conventionally associated with gene silencing due to 
the steric blocking of transcription factors by the methyl moieties, thereby preventing gene 
expression. In addition, methyl binding proteins such as MeCP2, MBD2 and MBD3 which can 
physically interact with both DNA methyltransferases as well as histone methyltransferases 
(Suv39h1 which adds H3K9me3), HDACs and Heterochromatin protein 1 (HP1), recruit this 
repressive complex to synergistically shut off gene expression of genes with methylated pro-
moters [50, 51]. The enzymes involved in DNA methylation are the de novo methyltransferases 
DNMT3a and DNMT3b which establish new silencing patterns in response to environmental 
cues and the maintenance methyltransferase DNMT1 which is responsible for maintaining 
the heritable silencing patterns [50].

Abnormal changes in DNA methylation patterns are widespread across all cancer types 
including the breast cancer genome. Paradoxically in cancer, there are two distinct aber-
rations—a global hypomethylation observed as a result of an increased expression of 
demethylases and gene-specific hypermethylation events possibly due to the inaccessi-
bility of the demethylases to the chromatin structure, both of which could contribute to 
tumorigenesis [52, 53].

In breast cancer too, a specific cohort of genes is known to be hypermethylated, and therefore, 
their expression is turned off. This happens at promoters of potential tumor suppressor genes 
involved in regulation of cellular proliferation, invasion, and metastasis. A few examples of 
such genes are CDH1 (E-cadherin), BRCA1, 14-3-3σ, ERα, ERβ, RARβ and TIMP3 [54].

The importance of methylation in regulating gene expression in a cell- and tissue-specific 
manner becomes evident on analysis of breast tumor samples for DNA methylation. Different 
studies by performing methylation specific PCRs have described the concept of methylation 
index,3 which is a ratio of genes hypermethylated to the total number of genes studied. It is 

3Methylation index (MI): It is a reflection of the fraction of genes methylated. It is a ratio of the total number of genes 
methylated to the total number of genes analyzed. MI can be used to predict the risk of cancer.
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bility of the demethylases to the chromatin structure, both of which could contribute to 
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index,3 which is a ratio of genes hypermethylated to the total number of genes studied. It is 

3Methylation index (MI): It is a reflection of the fraction of genes methylated. It is a ratio of the total number of genes 
methylated to the total number of genes analyzed. MI can be used to predict the risk of cancer.
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observed that a higher methylation index correlates with a poorer prognosis and increased 
risk of recurrence of breast cancer [55]. Of more clinical significance is the finding that pro-
moter hypermethylation events can be detected from patient serum samples. In a study by 
Wong et al., the authors, from peripheral blood samples determined that BRCA1 promoter 
methylation increases the risk for development of breast cancer by 3.5 fold [56]. Another 
study has identified genome-wide differential methylation of CpGs in breast tumors com-
pared to normal breast tissues. Interestingly, this study has also identified the differences in 
methylation between different molecular sub types of breast tumors, highlighting that the 
altered epigenetic circuitry could result in a different outcome for the disease. While Luminal 
B, Luminal A and HER2-positive tumors were extensively methylated in the CpGs, the basal-
like tumors showed a distinct methylation pattern compared to the other sub types. The DNA 
methylation in Luminal A and HER2 tumors was more heterogeneous reiterating that breast 
cancer as a disease is constantly evolving and dynamic. They identified a distinct signature 
of DNA methylation in Luminal B tumors which are principally associated with CpG meth-
ylation at promoters, while, in contrast, basal-like tumors are marked by hypomethylation 
events in the gene body. This has led to classifying tumors from Luminal A, HER2 subtypes 
which exhibit signatures of CpG methylation similar to either Luminal B or basal-like as Epi-
LumB or Epi-Basal respectively, highlighting the importance of these epigenetic changes in 
underlying tumor progression. Both Epi-LumB and Epi-Basal types of tumors were signifi-
cantly correlated with increased tumor size, and Epi-LumB type tumors were found to be 
associated with shorter patient survival times [57]. This indicates the potential for the use of 
DNA methylation events in a clinical context for diagnosis and personalized treatment as well 
as targeting these methylation marks for discovery of therapeutics.

As discussed earlier, hypomethylation events in cancer are also associated with a poorer 
prognosis. The demethylation of tumor supportive genes that aid proliferation and metas-
tasis such matrix metalloproteases-9 (MMP9) and urokinase plasminogen activator can in 
part explain this paradox about both hypomethylation and hypermethylation events in breast 
cancer increasing tumorigenic potential. Treatment of nonmetastatic breast cancer cells with 
demethylating agents increases their metastatic potential, while, in contrast, treatment with 
agents that reverse demethylation decreases the invasive capacity of breast cancer cells [58–60].

Apart from 5-methylcytosine, other methylation modifications on DNA include 5-hydroxy-
methylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), all of which 
are regulated by Ten-Eleven Translocation (TET) proteins. TET proteins, in an α-Ketoglutarate 
and Fe(II)-dependent manner, catalyze the oxidation of the methyl groups on DNA, and these 
modifications could also function as intermediates in the demethylation of DNA [61, 62]. 
There are three known TET members identified in mammals, which include TET1, TET2 and 
TET3. They vary in structure and thus catalyze the oxidation reactions with varying efficien-
cies [63]. Inactivating mutations in TET2 have been identified in about 15% of myeloid tumors 
and in patients with myelodysplastic syndromes [64, 65]. Studies by different groups have 
identified a significant reduction in 5hmC levels in solid tumors including breast, colon, lung, 
pancreatic, prostate, colon and gastric tumors [66, 67]. Interestingly, these reductions in 5hmC 
levels were accompanied by a significant decrease in expression of TET1, TET2 and TET3 in 
liver and breast carcinomas compared to the adjacent normal epithelia [66].
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In the context of breast cancer, 5hmC levels are known to be deregulated. An example is the 
lower level of 5hmC mark at the promoter of a prominent tumor suppressor, Leucine zipper, 
putative tumor suppressor 1 (LZTS1) in breast cancer patient samples compared to normal 
breast tissues from healthy individuals. This results in a lower expression of LZTS1, and this 
lower expression as well as reduced TET1 expression was correlated with 5hmC levels in the 
tumors. Further, lower levels of 5hmC were also associated with unfavorable prognosis and 
lymph node involvement [68]. High mobility group AT-hook2 (HMGA2), a chromatin remod-
eler, which is known to be overexpressed, regulates the expression of TET in breast cancers. 
Knockdown of HMGA2 in both cell lines and mouse breast tumors induces the expression of 
TET1. TET1 in turn demethylates its own promoter as well as Homeobox A (HOXA) genes 
such as HOXA7 and HOXA9. This induces the expression of TET1 as well as the HOXA genes 
which together suppress the breast cancer growth and metastasis in mouse xenograft models 
[69]. This study also uncovers the potential of using the novel HMGA2/TET1/HOXA9 axis as 
a prognostic tool for breast cancer patient survival [69]. Further, under hypoxic conditions, 
which are a characteristic of many solid tumors including breast tumors, studies have shown 
an increase in expression of TET1 and TET3. The expression of TET1 and TET3 correlated 
with tumor hypoxia in patient samples and poorer prognosis and survival. Under hypoxic 
conditions, TET1 and TET3 proteins demethylate promoter of TNF-α and thus activate the 
TNF-α-p38-MAPK signaling pathway and thereby contribute to tumor progression in vitro 
and in vivo [70].

The complexity of epigenetic regulation by DNA methylation is evident from these numer-
ous studies. All the studies indicate the possibility of using DNA methylation as well as DNA 
hydroxymethylation as predictive biomarker for breast cancer especially for early detection of 
these tumors. Evidence for this is provided by numerous studies which highlight that methyl-
ation signatures are more correlated with clinical patterns as compared to the gene expression 
and suggest a combination of these to expand the current classification and clinical prog-
nosis predictions. Specifically, methylation pattern of promoters of RASSF1A, MAL, SFRP1, 
BCAP31, and BRCA1 can be used in combination with other gene promoters to increase speci-
ficity and statistical power to predict clinical outcome [71, 72].

2.4. Targeting epigenetic regulators in breast cancer

Breast cancer, especially the triple negative subtype, is highly aggressive and needs an 
exhaustive list of treatment options to be made available for the patients. Understanding the 
dysregulated epigenetic circuitry has now made it possible to search for cures targeting the 
reversible marks put by the epigenetic regulators. Furthermore, methylation and acetylation 
marks as discussed earlier have shown immense potential to serve as candidate biomarkers, 
highlighting the need to monitor their levels for early diagnosis and treatment. The use of 
these biomarkers and screening of patients for potential biomarkers also facilitates in improv-
ing the individualized therapy and personal medicine, moving away from the conventional 
“one size fits all” to cater to the needs of the individual patients.

Current treatment strategies for breast cancer include surgery for removal of local tumors, 
adjuvant therapy in the form of chemotherapy, hormone therapy and targeted therapy. 
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Treatment of basal-like breast tumors involves treatment with EGFR inhibitors and PARP 
inhibitors [73]. However, they all suffer from drawbacks mainly due to unprecedented side 
effects of these drugs. The two most studied therapeutic agents, which regulate epigenetic fac-
tors, are DNA methylation inhibitors and histone deacetylase inhibitors and will be detailed 
in this section. The major challenge for “epi-drugs” is to recapitulate the efficient action from 
cell-based studies in the clinical context.

The two most used DNA methylation inhibitors are 5′ Azacytidine (5-Aza) and 5-aza-2-de-
oxycytidine (decitabine). Treatment of ER-negative breast cancer cells with 5-Aza reactivates 
the expression of ER at both mRNA and protein level. In addition, preclinical evidence sug-
gests a useful role for DNMT inhibitors (DNMTi) in breast cancer treatment. Nanomolar (nM) 
dose of DNMTi has resulted in reactivation of silenced tumor suppressors such as ER, BRCA1 
and PTEN in breast cancer cell lines [74]. However, there are no available clinical data for 
the efficacy of these drugs in breast cancer. These drugs though having improved survival of 
patients with myelodysplastic syndrome and low blast count AML (lower number of imma-
ture blood cells called myeloblasts or blasts for short which are not normally found in the 
blood) have disappointingly not shown much promise in solid tumors. Other nucleoside ana-
logs like zebularine and antisense oligo to specifically inhibit DNMT1 (MG98) are in clinical 
development. There have been clinical studies that used a combination of HDAC inhibitors 
(HDACi) and DNA demethylating agents and have shown promise. A phase I study used a 
combination of decitabine and vorinostat (HDACi) in cancer patients with advanced disease 
and showed stabilization of the disease in seven of the 22 evaluable patients of which 2 were 
patients with breast cancer [75].

HDAC inhibitors function by inhibiting the activity of the enzymes responsible for catalyz-
ing the removal of acetyl moieties from proteins, the HDACs. HDACs are divided into four 
classes, and current HDACi therapy focuses on inhibitors for Class I and Class II HDACs that 
include HDACs 1–10. The only HDAC inhibitor that has FDA approval is Vorinostat. HDAC 
inhibitors result in increased acetylation of histones which is associated with reactivation of 
tumor suppressor genes such as p21 and p27 which in turn have the potential to inhibit tumor 
cell growth [76]. Vorinostat can inhibit the proliferation of breast cancer cells irrespective of 
their ER status. Treatment of vorinostat concomitantly with another HDACi, LAQ824, sensi-
tizes ER positive cells to tamoxifen therapy by downregulating expression of phosphorylated 
and total Akt (also known as Protein Kinase B [PKB] and originally identified as an oncogene 
from the AKT-8 retrovirus). HDAC inhibitors such as Vorinostat used in combination can 
enhance the effect of tamoxifen in the hormonal strategies to treat breast cancer, whereas 
the mechanistic studies are still exploring the pathways involved in reversal of resistance to 
hormonal therapy. There are several ongoing phase II trials of combination of HDACs such as 
vorinostat, entinostat and valproic acid (VA) with tamoxifen, chemotherapeutic agents such 
as epirubicin and paclitaxel, which show promising results in treatment of the metastatic 
disease [75].

In a notable exception to the use of HDAC inhibitors, a study found that HDAC inhibitor 
valproic acid (VA) stimulates the self-renewal and expansion of normal hematopoietic stem 
cells [77]. In addition to this, VA enables cells to be reprogrammed to induced pluripotent 
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stem cells [81, 82]. VA was found to have a differential effect on breast cancer cells that were 
differentiated in vitro compared to breast cancer cells that had stem cell–like characteristic, 
in that it radiosensitized the already differentiated cells as compared to radioprotecting the 
cells that had stem cell–like characteristic [83, 84]. An HDAC inhibitor as such, therefore, 
can lead to cancer stem cells being formed by dedifferentiating the cells that have non–stem 
cell–like characteristic to the ones that have the phenotype of stem cells. Chen H. et al. treated 
the patient-derived breast cancer cells and highly metastatic cell lines with HDAC inhibi-
tors and found that the capacity to initiate tumor formation was high in cell lines that had 
non–stem cell–like characteristic, and the signaling pathway found to be involved was the 
WNT/β-catenin [83]. Therefore, in summary, it is extremely important that clinical studies 
using HDAC inhibitors should be done with extreme caution, and all possible effects should 
be taken into consideration before combinatorial use in trials.

Intriguingly, these epigenetic regulators and the key aberrantly regulated pathways in breast 
cancer including ERα signaling share a complex dynamic, which influences the treatment 
regime and also directs resistance to certain therapeutics. This interplay between epigenetic 
control and signaling from cell surface receptors has been detailed in the following section.

3. Epigenetic control of signaling pathways in breast cancer

A cell’s response to external stimuli requires the activation of a signaling cascade. These signal-
ing cascades can be either linear or multinodal where different signal transduction pathways 
converge resulting in the translocation and integration of these signals into the activation or 
repression of gene expression [78]. Signaling pathways crosstalk among each other to regu-
late the gene expression patterns by modulating downstream effectors such as transcription 
factors, cofactors and histone modifiers. This coordinated activation of signaling pathways 
impacts the epigenetic landscape and plays a major role in translating a signaling event into 
a long-lasting molecular and phenotypic change. Analyzing the relationship between cell sig-
naling and epigenetics is of utmost importance, as it will help us extend our vision on how a 
cell is able to integrate information from external and/or internal stimuli to gene expression 
regulation through chromatin modifications.

The combined action of a cell-type–specific transcription factor and signal effectors on regu-
latory elements of the genome is strongly influenced by the chromatin landscape of a given 
cell, resulting in the establishment of a dynamic interplay between signaling pathways and 
the epigenetic machinery leading to the development of different cancer types including 
breast cancer. Globally, most of the frequently mutated somatic genes are ER, HER2, AKT and 
MAPK, and these are regulated by epigenetic modifications suggesting the interplay of these 
regulatory networks in breast cancer tumorigenesis [79].

In this section, we will discuss the interplay between signaling pathways and epigenetic reg-
ulators with special emphasis on estrogen receptor signaling. We will highlight how chro-
matin modifications triggered by extrinsic signaling in breast cancer play a critical role in 
 pathological events leading to tumorigenesis.
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3.1. Epigenetics of estrogen receptor signaling

Epigenetic changes can be defined as stable molecular alterations of a cellular phenotype that 
are heritable during somatic cell divisions but do not involve changes in the DNA sequence. 
Epigenetic regulation is critical in normal growth and development and closely coordinates 
the transcriptional expression of genes. Estrogen refers to a family of hormones responsible 
for the development and regulation of the female reproductive system and secondary sexual 
characteristics. Estrogen is produced by the ovaries and in smaller amounts by the adrenal 
cortex, testes, and fetoplacental unit [80]. Although estrogen is considered to be a female hor-
mone, it is present in both sexes. Estrogen is found in three naturally occurring forms, such 
as estrone (E1), estradiol (E2) and estriol (E3). Another type of estrogen called estetrol (E4) is 
produced only during pregnancy. The steroid 17β-estradiol is the most potent and prevalent 
estrogen among the group. Estrogen is known to play an important role in a variety of bio-
logical processes. It is involved in growth, differentiation, development of brain and has an 
important role in reproduction [87]. Estrogen plays an important role in controlling hormonal 
effect; therefore, high levels of estrogen increase the risk of the development of breast cancer 
as high levels increase the transcription of genes known to be involved in the cell cycle regula-
tion and metabolism pathways [88, 89].

Estrogen diffuses across the cell membrane where it binds and activates its receptor, the estro-
gen receptor (ER) that plays an important role in the action of estrogen. The biological effects 
of estrogen are mediated by its binding to the structurally and functionally distinct estrogen 
receptors (ERα and ERβ) [81]. ERα is a member of the steroid/thyroid hormone and vitamin 
A/D nuclear receptor super family [82]. ERα plays a role in regulation of genes in a diverse 
set of target cells that are involved in the estrogen-activated pathway and is therefore also 
referred to as a nuclear receptor that is activated by ligand. In addition to playing a role in 
normal development, ERα and its ligand 17β-estradiol have been known to be involved and 
are implicated in the progression of breast cancer [91]. The function of ERβ has been detailed 
recently; however, studies to determine its role in breast cancer development and/or progno-
sis are still ongoing. The role of ERβ in breast cancer remains elusive, but the presence of ERα 
at the time of diagnosis is used as an indication for endocrine therapy. Pathological estrogens 
have been associated with a higher risk of breast cancer as estrogen stimulation induces modi-
fications of histones at the promoter region of ERα gene such as phosphorylation, methylation 
and acetylation by interacting with various enzymes of the epigenetic pathway that induces 
these histone modifications [88, 92]. These enzymes if deregulated lead to neoplastic transfor-
mation driven by ERα [88].

3.1.1. Mechanism of ERα-mediated histone modifications

The transcriptional outcome of ERα is regulated by a dynamic interaction of histone-mod-
ifying enzymes and associated coregulators. The multiprotein complexes containing ERα, 
its coactivators such as p300/CREB-binding protein (p300/CBP), p300/CBP-associated factor 
(PCAF) [83] and histone-modifying enzymes such as acetylases/deacetylases and methylases/
demethylases assemble in response to hormone binding, resulting in transcriptional regulation 
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[84]. ERα exerts a positive feedback loop on expression of CYP19A, which is involved in the 
synthesis of estrogens in human placenta, thereby promoting induction of its own gene at the 
transcription level and contributing to local estrogen synthesis by promoting increased acety-
lation in the CYP19A promoter [85]. ERα also enhances the recruitment of metastasis-associ-
ated 1 protein (MTA1), a component of the histone deacetylase and nucleosome remodeling 
complex (NuRD), in a ligand and growth factor signaling dependent manner, resulting in the 
attenuation of ERα signaling [86]. MTA1 interacts with histone deacetylases directly and hence 
behaves as a corepressor. Dysregulation of MTA1 leads to cell migration, formation of colonies 
in semisolid media [97], mammary carcinoma development in transgenic mice [98] and breast 
cancer cells growth in some experimental observations. In addition, inhibiting the expression 
of MTA1 protein also led to growth inhibition and reduced invasion of highly metastatic breast 
cancer cells MDA-MB-231, making it an important molecule in breast tumorigenesis [99].

ERα signaling pathway has traditionally been known to be involved in the activation of genes 
involved in transcription; however, recent observations using experimental techniques such 
as microarray and ChIP have found that in transcriptome of more than half of ERα target 
genes regulated by ERα are repressed [100]. Different chromatin modifications at the ERα 
target genes as well as recruitment of different regulators of transcription may account for 
differential regulation by ERα. One of the examples of this regulation is the repressor of estro-
gen receptor activity (REA) and its binding partner EZH2. EZH2 is an important corepressor 
that is upregulated during the progression of different cancers, a process accompanied by 
the silencing of various genes. Interestingly, EZH2-mediated repression of cellular genes was 
attenuated on inhibition of histone deacetylase activity, implying a dependence of EZH2 tar-
gets on acetylation status of histones as well as chromatin remodeling [87]. In another study 
by Jene-Sanz et al., it was found that EZH2 targets tumor suppressor genes, because EZH2 
overexpression not only repressed a significant number of genes but also resulted in increased 
metastasis [88]. Therefore, the combined interaction of EZH2 with the repressor of estrogen 
receptor is needed for ERα’s recruitment to specific target genes and repression of estrogen-
dependent transcription [89]. The inhibition of EZH2 by siRNA was found to be responsible 
for an increase in estrogen-dependent transcription.

ERα also modifies chromatin organization by affecting the acetylation and deacetylation of 
conserved lysine residues present in histone tails. Specifically, the coactivators of ERα possess 
histone acetyl transferase activity and are known to associate with and modulate functions 
of specific acetyl transferases. In addition, ERα-mediated deacetylation is accomplished by 
recruitment of histone deacetylases (HDACs), which are recruited indirectly to ERα target 
genes through multisubunit corepressor complexes. ERα also utilizes corepressor complexes 
such as nuclear receptor corepressor (NCOR) and silencing mediator of retinoid and thyroid 
hormone receptors (SMRT) that associate with histone deacetylases [90]. Studies employ-
ing siRNA targeting histone deacetylases and corepressors indicated that one such histone 
deacetylase, HDAC6 functions with a corepressor, ligand-dependent corepressor (LCOR) 
on some ERα target genes as part of a feedback loop to regulate estrogen-dependent gene 
regulation in breast cancer cells [91]. The expression levels of HDAC6 correlate with better 
prognosis and response to endocrine therapy in breast cancer patients. Thus, ERα is known 
to achieve several histone modifications at target gene promoters using several coregulators.
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Studies on ERα target gene regulation have introduced a new degree of complexity, wherein a 
combination of interactions between ERα and histone acetyltransferases, histone deacetylases, 
histone methyltransferases, coactivators, corepressors and transcription factors reveals a complex 
histone code that regulates promoters involved in breast cancer cells proliferation. A dynamic 
process of DNA methylation is also known to be involved in the control of the cyclic expression of 
ERα target genes. In a significant fraction of breast cancers, the absence or loss of ER at the time of 
diagnosis or treatment is due to aberrant methylation of CpG islands, cytosine-guanine-rich areas 
that are located in the 5′ regulatory regions of the ERα gene [92, 93]. Methylation/demethylation of 
CpG sites on promoters following estrogen stimulation revealed the importance of DNA methyl-
transferases control on estrogen-dependent gene expression. Interestingly, ERβ has been found 
to play a role in the establishment of new and stable methylation. All these results provide strong 
evidence that estrogen target gene expression is tightly regulated by multiple highly dynamic 
machinery affecting estrogen receptor in both a transcriptional and an epigenetic manner.

Current endocrine therapy for ERα-positive cancer involves modulating the ERα pathway 
using antiestrogens (AEs) or aromatase inhibitors (AIs). ERα’s ability to modulate epigen-
etic changes by regulating writers, erasers and readers of epigenetic modifications provides 
a unique therapeutic opportunity to design novel drugs and small molecular inhibitors for 
treating ERα-positive cancers [88] (Figure 3).

Figure 3. Regulation of epigenetic modifications by ERα. Estrogen signaling activates a set of kinases via its extra-
nuclear signaling that modifies histone tails or influences the recruitment and function of histone modifying enzymes. 
In addition, ERα-driven transcription also involves a coordinated interaction of ERα with acetylases/deacetylases and 
methylases/demethylases. ERα if deregulated affects tumor progression and its associated therapeutic resistance.
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3.2. Linking chromatin to the downstream signaling effectors

Eukaryotes utilize the chromatin landscape as its epigenetic template within the nucleus of 
living cells to promote gene transcription in response to environmental signals. Different 
classes of chromatin-associated enzymes or kinases that play important role in modulating 
chromatin structure within the human genome have been discovered recently. These signal 
transduction kinases play a pivotal role as chromatin-anchored proteins in eukaryotes, relay-
ing signals from the cytoplasm to the nucleus and direct the association of chromatin-bound 
transcription complexes at activated targets in the nucleus [94]. These interactions serve to 
integrate the hormonal signals into a network of coordinated programs, and it is the outcome 
of this integration that specifies the nature, intensity and duration of the cellular response.

Estrogen and progesterone, two of the hormones known to play a role in breast cancer progres-
sion influence a variety of functions via their respective signaling cascades. These steroid hor-
mone receptors (SHR) are known to interact with hormone-responsive elements (HREs) in the 
promoter/enhancer region of target genes, thereby affecting the epigenetic landscape of the cell 
[95]. SHRs can also activate genes lacking HREs by interacting with other sequence-specific tran-
scription factors bound to their target sequences [96]. In addition to nongenomic interactions that 
involve the activation of PI3K/Akt pathways by the interaction of the ERα with the regulatory 
subunit of PI3K, SHRs can also induce direct genomic affects by binding to different regulatory 
elements of the genome and inducing the downstream effector response. Not much has been 
reported or is known on how progesterone receptor integrates the signaling pathways at the epi-
genetic level. A study by Ballare et al.using a synthetic progesterone, progestin, found that some 
of the kinases activated by progestin in the cytoplasm phosphorylate the progesterone receptor 
(PR) and form a complex with the activated receptor. This complex is recruited to the target sites 
where the kinases modify the protruding core histone tails and the linker histones. These modi-
fications lead to the displacement of linker histones and a repressive complex, by recruiting spe-
cialized ATP-dependent remodelers such as switch/sucrose nonfermentable (SWI/SNF) [97]. In 
addition, other specialized ATP-dependent remodelers displace histone H2A/H2B dimers from 
the promoter nucleosome, enabling synergistic access of other transcription factors and additional 
receptor complexes to previously hidden binding sites on the surface of a histone H3/H4 tetramer 
particle [95]. It is only after completion of these initial chromatin remodeling steps that complexes 
containing mediator and RNA polymerase along with associated basal transcription factors are 
recruited, and further steps in transcription can take place. Thus, these signaling pathways of 
progestin action converge on the chromatin to enable gene regulation in the case of breast cancer.

3.2.1. Role of kinases in the epigenetic signaling network

Cross talk between signaling kinases and chromatin remodelers are critical for eliciting induc-
ible transcriptional programs that include differentiation of cells, their ability to invade and 
migrate and to form cancer stem cells. Epigenetic approach targeting breast cancer stem cells 
(CSCs) may prove to be a good therapeutic option since not much has been known about 
the cross talk between these signaling kinases and chromatin remodelers. In an exception, 
one study found the chromatin-associated role of an evolutionarily conserved protein kinase 
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C (PKC) family protein, PKC-θ. After nuclear translocation to the nucleus, PKC-θ plays a 
role in generating a T cell–induced immune response by influencing the transcription of 
genes involved in generating the response that also include some microRNAs [112]. Aberrant 
expression of this kinase may lead to uncontrolled cell growth leading to tumors, inflamma-
tory disorders or an aggressive form of breast cancer leading to cancer metastasis [113].

PKC-θ is present mainly in ER-negative basal-like breast cancer lines, localized in the 
nucleus, and an increased nuclear PKC-θ results in epithelial to mesenchymal transition 
(EMT). Experiments such as ChIP using pan-PKC-θ-specific antibody was performed, and it 
was found that PKC-θ occupies the proximal promoter region of CD44 gene in EMT models. 
Additionally, ChIP analysis demonstrated that RNA polymerase II and PKC-θ coexist on 
the promoter of CSC-inducible gene suggesting that PKC-θ exists as part of a transcription 
complex in the mesenchymal state [98]. Thus, active PKC in primary breast cancers teth-
ers the transcription complex to EMT and CSC-inducible genes, and the expression of this 
complex is found elevated in cancer stem cells leading to breast cancer. The PKC pathway 
also cooperates with the transforming growth factor β (TGF-β) pathway and collaborates 
with the NF-κB pathway to promote a distinct transcriptional program of inducible EMT 
and CSC signature genes [99]. Using the p50 and p65 heterodimer (the subunits of NF-κB 
pathway), the transcription complex of activated PKC-θ is bound to the chromatin of some 
inducible genes that are involved in the EMT process. The role of each of the subunit is 
such that p65 subunit recruits the PKC-θ transcriptional complex to the promoter region of 
CD44 and IL-6 and the p50 subunit is involved in the recruitment of PKC-θ transcriptional 
complex to only the promoter region of IL-6 but not to CD44. In a cellular system if PKC-θ 
is knocked out, it is observed that PKC-θ is not only important for maintaining a permis-
sive state for IL-6 and CD44 at the chromatin level but also for the enrichment of certain 
epigenetic marks such as H3K4me3 and H3K9ac [113]. Using genome-wide analysis, dis-
tinct cohorts of inducible PKC-θ sensitive genes in the mesenchymal state that are directly 
tethered to chromatinized PKC-θ were identified. Some of the genes were found to be EMT 
regulators and some involved in progression of cancer, suggesting that PKC-θ occupies a 
position upstream making it a novel regulator of the EMT process and in the progression of 
cancer. Thus, the chromatin bound PKC-θ engages with factors that play a role in establish-
ing a permissive chromatin state, thereby contributing a new dimension toward the under-
standing of EMT/CSC process in breast cancer. Targeting CSCs remains an underdeveloped 
area of cancer therapy; however, a novel epigenetic mechanism using specific inhibitors will 
pave the way for novel “epitherapeutic” strategies.

Some other examples of signaling pathways influencing the epigenetic circuitry include the 
NF-κB pathway. Tumor necrosis factor α (TNF-α), an important effector of the NF-κB path-
way, is known to induce expression of a lysine demethylase, KDM4D in macrophages and 
dendritic cells. Enzymes belonging to the demethylase family of KDM4 including KDM4D 
are overexpressed in breast cancer and affect cell proliferation and growth of these cells [98]. 
Another lysine demethylase of KDM4 family, KDM4A, has been known to be involved in 
transcriptional regulation, where it may either stimulate or repress gene transcription [100]. 
The latter function involves the association with nuclear receptor corepressor complex or 
association with histone deacetylases. KDM4A is also known to form complexes with ER 
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and to stimulate its activity. Accordingly, depletion of KDM4A in ER-positive breast cancer 
cells leads to a decrease in the expression of ER targets such as the c-JUN and Cyclin D1 
oncogenes and reduced cell growth [101]. Similarly, KDM4A knockdown inhibited prolifera-
tion of ER-negative MDA-MB-231 and ER-positive MCF7 breast cancer cells [102, 103], sug-
gesting that KDM4A is critical for growth of both ER positive and negative breast cancers. 
Another example is the progesterone-activated extracellular signal-regulated protein kinase 
1/2 (ERK1/2) pathway in breast cancer, which phosphorylates both the progesterone receptor 
and the downstream kinase, mitogen and stress-activated protein kinase 1(MSK1), forming 
an active ternary complex that mediates the phosphorylation of histone H3 at serine 10 in 
breast cancer cells [104]. This initial step triggers the recruitment of histone modifiers and 
chromatin remodeling complexes, which ultimately leads to displacement of histones H1 and 
H2A/H2B supporting the role of chromatin remodeling complexes for transcriptional activa-
tion of progesterone responsive genes.

In the case of ERα signaling, ER activates a number of kinases in the extranuclear com-
partment including protein kinase B (AKT) and extracellular signal-regulated protein 
kinase. In ER-positive breast cancers, mitogen-activated protein kinase (MAPK) pathway 
exerts an effect at the level of ER-induced transcription as well as at the level of the cell 
cycle regulation. Estrogen stimulates cell proliferation by activation of MAP kinase, either 
through rapid, nontranscription effects or by increasing growth factor production and con-
sequently MAP kinase expression. Hormonal stimulation also promotes alterations in the 
phosphorylation of specific residues in histone tails via modulation of these extra-nuclear 
kinases. Estrogen-ERα signaling activates MAP kinase cascades in breast cancer specifi-
cally the one involving ERK-1 and ERK-2 that transmit and amplify signals involved in 
cellular proliferation [105]. ERα activates ERK2, resulting in its chromatin binding and 
enabling ERK2 modulation of estrogen-dependent gene expression and proliferation in 
breast cancers. This convergence of ERK2 and ERα at the chromatin level is also known to 
activate an oncogenic kinase AuroraA/B to directly affect nuclear receptor activities [106]. 
The Src-AKTs, which are involved in phosphorylation of Histone H1 and Src-MAPK path-
ways, are also activated by ERα signaling. Downstream substrates of these kinases such as 
the ones that phosphorylate histone H1 and core histones are therefore influenced by ERα 
signaling at the chromatin level [122]. In addition, the expression of several phosphates 
such as PP1 and PP2A is also regulated by the ERα signaling. In one of the studies, these 
phosphates were identified as key negative regulators of steroid receptor coactivator 3 
(SRC-3). SRC-3 is a coactivator and an oncogene, whose phosphorylation transforms it 
into a powerful coregulator. It was shown that PDXP and PP2A dephosphorylate SRC-3 
and inhibit its ligand-dependent association with estrogen receptor, thus regulating the 
oncogenic cell proliferation and invasion functions of SRC-3 in breast cancer cells [107]. 
These observations therefore suggest that ERα-extranuclear signaling has the potential to 
modulate epigenetic modifications. The direct communication between the extracellular 
environment and the regulation of gene function may be even more widespread and war-
rants greater study. It could involve many kinases that are known to regulate gene expres-
sion indirectly via signaling cascades. In addition, the signaling to chromatin may change 
the role of these kinases and may rationalize the use of chromatin-modifying enzymes as 
important cellular targets.
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3.3. HDACs and signaling pathways

Sustained and increased hormone and growth factor receptor signaling in breast cancer cells 
contributes to resistance toward endocrine therapy. It has become important to modulate 
the signaling pathways so as to design an attractive strategy in overcoming potential resis-
tance to endocrine therapy. In the case of breast cancer, down regulation of ERα expression 
is one of the mechanisms behind the acquisition of endocrine resistance. Histone deacety-
lases (HDACs) are important epigenetic regulators and are overexpressed in multiple can-
cers, including breast cancer. Specifically, histone deacetylase 1 (HDAC1) is an important 
epigenetic regulator involved in transcriptional regulation through modification of chromatin 
organization [82]. Although, HDACs are primarily known to repress gene expression as part 
of corepressor complexes, recent findings by Smith et al. have established a link between 
HDACs inhibition and repression of gene expression, suggesting that they might also func-
tion as coactivators [108]. In some cases, as for the regulation of ERα, HDACs inhibitors 
(HDACi) can have both positive and negative impact on transcription, depending on the cell 
context. In breast cancer cells, trichostatin A (TSA), a potent and reversible HDACi, produced 
a strong decrease in ERα accumulation independent of the presence or absence of ER ligands. 
The effect was dose dependent and was not restricted to TSA since a similar regulation was 
obtained with different HDACi, suberoylanilide hydroxamic acid (SAHA), which is struc-
turally similar to TSA [109]. Regulation by TSA takes place at the transcriptional level and 
therefore the use of different HDACi decreases the expression of ERα in ER-positive breast 
cancer cells. In another study, it was found that the use of HDACi reactivates the expression 
of the receptor in ER-negative cells and the treatment resulted in dose-dependent and time-
dependent re-expression of ERα mRNA [110, 111]. This was speculated to be due to the loss 
of ERα expression or that TSA could potentiate the effect of DNA methyltransferase inhibitors 
such as 5-aza-2-deoxycytidine, treated together on the re-expression of the ERα protein [112]. 
Activation of the silenced ERα by HDAC1 inhibition and partial re-expression of ERα by TSA 
treatment may provide a possible therapeutic treatment for patients with advanced breast 
cancer, restoring estrogen-mediated signaling and growth. Thereby, inhibition of HDAC1 
expression or activity may provide a new strategy for breast cancer therapy.

The phosphoinositide 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) pathway plays 
a critical role in multiple cellular functions including metabolism, proliferation, growth, and 
survival [113]. Studies have found PI3K/mTOR pathway to be a promising target in breast can-
cer [114]. The p70 S6 kinase (S6K1) is one of the best-characterized downstream targets of mTOR 
and plays an important role in protein translation and cell proliferation [115]. The mTOR inhibi-
tor rapamycin, tested as an anticancer drug, rapidly dephosphorylates and inactivates S6K1. 
S6K1 is amplified in 10–30% of breast cancer cell lines, and its overexpression is associated with 
poor prognosis in breast cancer patients. PI3K inhibitors are able to regulate the expression of 
ERα through the activity of S6K1, as in cells that have S6K1 overexpression, rapamycin can 
increase both mRNA and protein levels of ERα, promoting the acetylation of its promoter [114].

In some cases, HDAC1 activity and its binding to the ERα promoter is required for the rapamy-
cin-dependent upregulation of ERα expression. Thus, when S6K1 is active and HDAC1 is 
hyper-phosphorylated, it results in decreased expression of ERα, whereas in the presence of 
rapamycin or cell starvation, S6K1 activation and mitogen dependent HDAC1 phosphorylation 
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is ablated, increasing the level of ERα in breast cancer cells. Thus, the mitogen-dependent phos-
phorylation of HDAC1 inhibits the positive transcriptional regulation of the deacetylase on ERα 
expression [116]. Since both HDACs and mTOR inhibitors are known to have anti-proliferative 
effect in breast cancer cells, their combinatorial treatment shows promise (Figure 4).

Figure 4. Mitogen-mediated HDAC1 phosphorylation and ERα transcriptional regulation. PI3K/mTOR pathway is 
activated by the RTK. Subsequently, S6K1 activation controls HDAC1 phosphorylation and thereby reduces acetylation 
of the ERα promoter and gene expression. In the case of cell starvation or when rapamycin is present, S6K1 is not active 
and is not able to phosphorylate HDAC1, promoting acetylation of ERα and its gene expression.
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3.3.1. The role of antiestrogens in epigenetic silencing

Corepressors are associated with deacetylase activity through the recruitment of HDACs, and 
these HDACs possess different functional domains responsible for deacetylase activity and 
interaction with other proteins. The amount of histone acetylation is therefore determined by 
an equilibrium between acetyltransferases and deacetylases, and that the ratio of corepressors 
to coactivators is the modulator of transcription in any given context [112]. The ligand-depen-
dant activation of steroid hormones receptor regulates a variety of gene expression. Binding 
of an agonist leads to the activation of transcription, whereas an antagonist does the opposite, 
leading to inhibition. ERα bound to an anti-estrogen is unable to activate transcription, and 
this may be due to the recruitment of a repressor complex with HDAC activity [117] making 
the use anti-estrogens a feasible treatment option. However, the use of anti-estrogens is limited 
due to the associated side effects or the development of resistance. Moreover, HDAC activity 
has also been associated with gene silencing in some eukaryotes [117]. This gene silencing asso-
ciated with HDAC binding at the ERα promoter could be due to the direct targeting of HDAC 
to estrogen-responsive elements (EREs), thereby mimicking or modulating the effects of the 
anti-estrogens [118]. The specific sites of the action of HDACs are therefore associated with 
the binding of corepressors and in-turn lead to the reversible silencing process, thus a poten-
tial therapeutic option. An example of this phenomenon was highlighted in one of the stud-
ies where treatment of MCF-7 cells with an antiestrogen hydroxytamoxifen (OHT), induced 
silencing of estrogen-responsive genes [118]. Similarly, the estrogen-dependent expression of 
the ERα was partially silenced after 3 months of OHT treatment and OHT-resistant cell growth 
appeared simultaneously. It was found that histone deacetylase activity was involved in the 
repressive effect by its binding to estrogen-responsive elements (ERE) and the antiestrogen 
effect might be very similar, if not identical to the ERE-targeted HDAC activity [118].

3.4. Promoter DNA methylation and signaling pathways

DNA methylation profiles of many genes have been linked with cancer initiation and pro-
gression [119]. As discussed earlier, in the case of DNA methylation, the most extensively 
studied mechanism of epigenetic control is global hypomethylation that leads to genome 
instability. At the same time, hypermethylation of promoter regions has been detected in a 
vast majority of tumor suppressor genes, which are strongly associated with tumor develop-
ment. Hypermethylation events can occur early in tumorigenesis, involving the disruption of 
pathways that may predispose cells to malignant transformation. Gene silencing by hyper-
methylation of promoter genes is an important mechanism of carcinogenesis and has great 
potential for cancer prevention and therapy [120].

In the case of breast cancer, the distribution of aberrantly methylated regions in the genome 
was found to be nonrandom and concentrated in relatively small genomic regions spanning 
up to several hundred kilobases. DNA hypermethylation also leads to aberrant regulation 
of the Wnt pathway in breast cancer, and an overstimulated Wnt signaling is a hallmark of 
different breast cancer tumor subtype [121]. Functional loss of negative Wnt regulators by 
epigenetic gene silencing, through DNA methylation of the tumor suppressor gene-associ-
ated promoters, has been found to contribute to the activation of aberrant WNT/β-catenin 
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signaling [122]. Recent studies have also found impaired regulation of Wnt-antagonists by 
promoter hypermethylation in breast cancer. The growing list of epigenetically silenced WNT 
antagonists involved in human cancers indicates an important role for epigenetic inactiva-
tion events in tumor initiation and progression [123]. For examples, some Wnt proteins like 
WNT1, WNT2 and WNT3A are overexpressed in breast cancer, acting as oncogenic activators 
for canonical Wnt signaling [124]. In contrast, WNT5A acts as a tumor suppressor inhibiting 
tumor cell proliferation, antagonizing the WNT/β-catenin signaling and is thereby silenced by 
tumor-specific methylation [125]. In parallel, epigenetic inactivation of Wnt gene family mem-
bers, WNT7A and WNT9A, through promoter methylation, has been reported as well [126]. As 
epigenetic dysregulation of WNT/β-catenin signaling frequently contributes to tumor patho-
genesis, identification of aberrant epigenetic events that activate WNT/β-catenin signaling 
may provide useful biomarkers for cancer detection and prognosis. Some Wnt proteins like 
Wnt1, Wnt2 and Wnt3A are overexpressed in breast cancer, acting as oncogenic activators 
for canonical Wnt signaling [124]. In addition, WNT5A acts as a tumor suppressor inhibiting 
tumor cell proliferation, antagonizing the WNT/β-catenin signaling and is thereby silenced by 
tumor-specific methylation [125]. In parallel, epigenetic inactivation of Wnt gene family mem-
bers, WNT7A and WNT9A, through promoter methylation, has recently been reported [126]. 
As epigenetic dysregulation of WNT/β-catenin signaling frequently contributes to tumor 
pathogenesis, identification of aberrant epigenetic events that activate WNT/β-catenin signal-
ing may provide useful biomarkers for cancer detection and prognosis.

In addition, hypermethylation of the gene promoters of Wnt repressors was observed in vari-
ous cell lines and tissues. The epithelial adhesion molecule E-cadherin (encoded by CDH1) 
also acts as a negative regulator of WNT/β-catenin signaling by affecting the intracellular 
localization of β-catenin. Epigenetic silencing of CDH1, by promoter methylation has been 
observed in breast cancer, leading to aberrant activation of WNT/β-catenin signaling. The 
APC promoter (adenomatous polyposis coli) of the WNT/β-catenin signaling pathway has 
also been found to be hypermethylated at the CpG island in ~35–50% of breast cancer tumors 
and cell lines [127]. The methylation of APC gene is a cancer-specific change and may disrupt 
the regulation in the APC/β-catenin pathway in breast cancers, making it a common mecha-
nism of the inactivation of tumor suppressor gene in primary breast cancer.

Histone methylation is also known to play a key role in ERα-mediated activation of target 
genes. Recent studies found that histone demethylase KDM1 and ERα coregulator proline-, 
glutamic acid- and leucine-rich protein-1 (PELP1) plays a role in regulating histone methyl 
marks at ERα target genes [128]. PELP1 deregulation alters histone methylation at ERα target 
genes, contributing to hormone-driven tumor progression and resistance to treatment.

3.4.1. The synergistic role of HDACs and DNA methylation in breast cancer

Patients who have ER-negative breast cancer seldom respond to endocrine therapy. One of 
the mechanisms to explain the loss of estrogen receptors expression is the methylation of cyto-
sine at the 5′ regulatory region of the gene at the CpG island [133]. CpG island in ERα genes 
is highly methylated in ER-negative breast cancer but remain unmethylated in normal breast 
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APC promoter (adenomatous polyposis coli) of the WNT/β-catenin signaling pathway has 
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and cell lines [127]. The methylation of APC gene is a cancer-specific change and may disrupt 
the regulation in the APC/β-catenin pathway in breast cancers, making it a common mecha-
nism of the inactivation of tumor suppressor gene in primary breast cancer.
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3.4.1. The synergistic role of HDACs and DNA methylation in breast cancer

Patients who have ER-negative breast cancer seldom respond to endocrine therapy. One of 
the mechanisms to explain the loss of estrogen receptors expression is the methylation of cyto-
sine at the 5′ regulatory region of the gene at the CpG island [133]. CpG island in ERα genes 
is highly methylated in ER-negative breast cancer but remain unmethylated in normal breast 
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tissue and many ER-positive tumors as well as ER-positive cancer cell lines. This abnormal 
methylation pattern could account for transcriptional inactivation of the ER gene and subse-
quent hormone resistance in some human breast carcinomas. The functional importance of 
this finding is demonstrated by the fact that treatment of ER-negative human breast cancer 
cells with the demethylating agent, 5-aza-2′-deoxycytidine (AZA), led to reactivation of ER 
mRNA and functional ER protein [129].

An abundant chromosomal methyl CpG-binding protein was the first protein identified to 
link methylated DNA and a HDAC-containing transcriptionally repressive complex for gene 
silencing. More recently, the well-known maintenance methyltransferase, DNMT1, was found 
to interact physically with HDAC through its N terminus, thereby leading to a transcription-
ally inactive complex that represses transcription [130]. Thus, the loss of ER expression in 
some breast cancers is associated with transcriptional repression through HDAC activity on 
the methylated ER gene, linking HDAC activity closely to DNA methylation of ERα promoter 
and thereby helping in understanding the associated resistance to endocrine therapy.

Recent studies also demonstrated that combination therapy involving HDAC inhibitors with 
DNA methyltransferase-1 (DNMT1) inhibition is synergistically effective in inducing apopto-
sis, differentiation and/or cell growth arrest in many cancer types including breast cancer. The 
combination was also synergistic in inducing re-expression of ERα in ERα-negative breast 
cancer cells. Expression of ERα is induced by 5-aza-2′-deoxycytidine (DNMT1 inhibitor) and 
trichostatin A (HDAC inhibitor) in ER-negative breast cancer. Studies at the preclinical level 
indicate that sensitivity of ER-negative breast cancer cells could be restored to endocrine 
therapy by the use of AZA and TSA both in vitro and in vivo. When HDAC inhibitors such 
as vorinostat were used in combination with decitabine, the capacity of breast cancer cells to 
proliferate and to form colonies was inhibited significantly as compared to when either drug 
was used alone [146]. Histone methylation could also be a druggable target as some therapeu-
tic benefits have been observed during the preclinical studies.

4. Coding and noncoding RNAs in breast cancer

4.1. Current techniques for detection of breast cancer

The genetic signature identified from gene expression arrays has been incorporated into five 
different breast cancer prognostic platforms. As an improvement over the classical ER/PR/
HER2 status, a panel of eight genes has been identified to classify the different breast cancer 
subtypes [131]. This panel includes the genes ER, PR, HER2, CK5, CK14, p53, MKI67 and 
EGFR. Cytokeratin 5 (CK5) and cytokeratin 14 (CK14) genes expressed by basal/myoepithelial 
cells are used to characterize basal-like TNBC [132]. EGFR is frequently upregulated in TNBC 
cases with a basal phenotype and can be targeted for therapy. Ki-67 is a marker for prolifer-
ating cells. Ki-67 and p53 expression can be used to distinguish Luminal A from Luminal B 
tumors. The different prognostic tests for breast cancer, namely, the 21-gene Oncotype DX® 
[133], 70-gene MammaPrint® [134], and 50-gene PAM50 [135] detect the presence of these vari-
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ous mRNA biomarkers in patient samples. The need for additional markers for breast cancer 
subtype classification and further treatment regime arises from the observation that while 
Oncotype Dx and MammaPrint are the only FDA-approved RNA-based assays, they only 
share one gene in common (MKI67), besides ER and HER2.

Less than 2% of the human genome is translated into proteins. However, around 97% of 
the genome is transcribed, indicating that most of transcripts are not translated. Initially 
described as “transcriptional noise,” increasing evidence in the past few years has helped 
identify the regulatory functions of these “noncoding RNAs.” Noncoding RNAs are clas-
sified as small noncoding RNAs and long noncoding RNAs (lncRNAs). Small noncoding 
RNAs include miRNAs, small-interfering RNAs (siRNAs) and piwi-interacting RNAs mea-
suring <200 nt in length. LncRNAs as the name suggests are “long,” ranging in length from 
200 nt to 200 kb. Noncoding RNAs, both small and long, have been shown to regulate criti-
cal cellular functions such as transcriptional and posttranscriptional regulation which in 
turn modulate cell growth and differentiation [136]. Thus, it is no surprise that the aberrant 
expression of several noncoding RNAs has been observed and attributed to various diseases, 
including cancer.

Given that noncoding RNAs comprise the vast majority of the human transcriptome and 
evidence of their essential role in gene regulation, it is important that this largely unex-
plored class of molecules be studied in the cancer context more closely. Some miRNAs 
and lncRNAs implicated in breast cancer initiation, progression and metastasis have been 
summarized in Figure 5.

4.2. MiRNAs in breast cancer

MiRNAs are 18–24 nt in length noncoding RNA molecules that regulate gene expression by 
mRNAs degradation or inhibition of protein synthesis. MiRNAs have been shown to regu-
late numerous physiological processes such as differentiation, development and cell death as 
well as pathophysiological processes such as cancer biology, progression and prognosis. The 
aberrant expression of miRNAs in cancers can lead to an abnormal expression of their target 
genes thereby contributing to cancer etiology. Mounting evidence suggests a significant role 
of miRNAs in breast cancer classification, prognosis, as potential biomarkers for disease pro-
gression as well as treatment [137].

4.2.1. MiRNAs and breast tumor initiation

Mammary gland epithelia comprise different cells including mammary stem cells (MaSCs)/
basal cells, luminal progenitors and mature luminal cells. Several subtypes have been described 
among breast cancers, including claudin-low, basal, luminal, normal-like and ERBB2-enriched 
subtypes. These distinct molecular subtypes derive from different “cells of origin,” that is, cells 
that acquire the first oncogenic events in the initiation of breast tumorigenesis [138, 139]. The 
close association between cell lineage targeting and the resulting cancer phenotype suggests that 
lineage-restricted mechanisms that normally operate during the mammary gland development 
and homeostasis may contribute to tumorigenesis. Some miRNAs have been recently identified 
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Figure 5. MiRNAs and lncRNAs implicated in breast cancer initiation, progression and metastasis. Several miRNAs 
and lncRNAs controlling key oncogenes such as HMGA2 among others are downregulated in the breast cancer stem 
cells (BCSCs) leading to proliferation and self-renewal of these cells and breast cancer progression. Downregulation of 
tumor suppressor miRNAs such as the miR-200 family leads to an upregulation of the EMT markers ZEB1 and ZEB2, 
thus aiding tumor proliferation and invasion. A number of mRNA markers are displayed by tumor cells at this stage 
aiding in their subtyping and prognosis. Additionally, several noncoding RNA biomarkers have also been identified 
including noninvasive circulating ncRNAs which closely correlate with patient prognosis. Further, several miRNAs and 
lncRNAs contribute to the hormonal resistance displayed by breast cancer cells via targeting tumor suppressors such as 
PTEN, cell cycle genes such as p27 or members of the hormone signaling pathways such as ERα, thereby leading to more 
aggressive and metastasized cancer. Currently, a number of novel and safe therapeutic options are being researched to 
aid the conventional treatment options to help ameliorate breast cancer.
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as potential “keepers” of this lineage-restricted identity. Thereby, aberrant expression of these 
miRNAs has been implicated in breast cancer molecular subtypes. Unique miRNA signatures 
characterize each step of the mammary differentiation hierarchy in the normal mammary gland 
(MaSCs/basal cells, luminal progenitors, mature luminal and stromal cells). MiRNA networks, 
also known as miRNome, are responsible for governing lineage commitment and cellular differ-
entiation in the mammary tissue. MiRNAs act by targeting lineage-specific mRNAs thus regu-
lating lineage-specific gene expression [140]. For example, the expression of miRNAs implied 
in MaSCs functions and pathways (WNT, NOTCH and Polycomb groups) such as miRNA-
10a, miRNA-200a/b, miRNA-203 and miRNA-148a is restricted to the luminal subpopulation. 
Conversely, miRNA-146a, miRNA-221/222 and miRNA-205, known to regulate genes expressed 
in the luminal lineages (BRCA1, GATA3, KIT and ELF5), are restricted to the MaSCs population. 
Integrating these miRNA signatures with both transcriptomics and histone marks analysis has 
revealed that key developmental miRNAs are epigenetically regulated by global changes in 
histone methylation during differentiation [140]. By comparing miRNA signatures of normal 
breast epithelial cells with breast tumors, many miRNA-mRNA networks deregulated in cancer 
cells have been identified. Therefore, these miRNAs may potentially represent new biomarkers 
and targets. Furthermore, the miRNome of breast tumors allows the classification of tumors into 
molecular subtypes and can predict the patient’s outcome [141–143].

4.2.2. Oncogenic and tumor suppressor-like miRNAs in breast cancer

Due to amplification of chromosomal regions of miRNAs, certain miRNAs may be overex-
pressed in cancer. If these miRNAs target TSGs, it would downregulate the TSGs leading 
to malignant growth. Hence, such potentially cancer-causing miRNAs are called oncomiRs. 
Conversely, oncosuppressor miRNA genes are frequently located in fragile loci, which are 
hotspots for deletions, mutations and promoter methylation. Genetic aberrations in such loci 
may result in downregulated miRNA expression and a concomitant increase in expression of 
oncogenes. These alternations of miRNA lead to tumor formation by inducing cell prolifera-
tion, invasion, loss of apoptosis, and angiogenesis. Thus, miRNAs can act both as oncogenes 
as well as TSGs [144, 145].

4.2.2.1. OncomiRs in breast cancer

MiR-21 is a prominent oncomiR which is upregulated in breast cancer. The targets of miRNA-
21 include BCL-2 (regulates apoptosis), PTEN (regulates cell survival) and PDCD4, TPM1 and 
MASPIN  (involved in tumor progression, invasion and metastasis). Thus, overexpression of 
miR-21 in breast cancer supports tumor growth [146, 147]. MiR-155 is an oncomiR, with an 
increase in expression in breast cancer, where it targets tumor suppressor gene SOCS1 [148].

4.2.2.2. Tumor suppressor-like miRNAs in breast cancer

Let-7 is an important tumor suppressor miRNA with a decrease in expression in breast 
cancer. It targets the Ras pathway and regulates cell proliferation, adhesion and migration 
[149]. Targets of let-7 include HMG2A (responsible for maintenance of stemness of stem 
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cells), lin-28 and PEBP1 (oncogenes involved in cancer progression and metastasis) [150, 
151]. Thus, a loss of let-7 leads to an upregulation of these oncogenes resulting in breast 
cancer stem cell renewal and cancer progression.

4.2.3. MetastamiRs in breast cancer

Metastasis is a complex multistep process, which includes the formation of tumors at sites dis-
tant from the primary site of the cancer. The term ‘metastamiR’ refers to as a metastasis-asso-
ciated miRNA [152]. Several miRNAs such as miR-10b, miR-21, miR-30a, miR-30e, miR-125b, 
miR-141, miR-200b, miR-200c and miR-205 have been implicated in controlling metastasis 
in breast cancer [152]. Different metastamiRs have been shown to both promote and inhibit 
metastasis and regulate key steps in the metastatic program. Key players of the miRNA bio-
genesis pathway are also targeted by miRNAs thereby controlling metastasis. For instance, 
in breast cancer patients, it was found that miR-103/107 family targets Dicer1 to decrease its 
expression, and as a consequence, several miRNAs were downregulated [153].

4.2.3.1. MetastamiRs (metastasis-promoting miRNAs)

MiR-21 is a metastamiR targeting several TSGs in breast cancer. MiR-21 downregulates TSGs 
PDCD4, TPM1 and MASPIN  to increase breast cancer invasiveness and metastasis [146, 147, 
154]. MiR-10b is an example of another oncomiR, which induces invasion and metastasis 
in breast cancer xenograft models when overexpressed in nonmetastatic breast tumors [33, 
155–157]. MiR-373 and miR-520c are able to initiate breast cancer cell migration and invasion 
in vitro and in vivo, which implicates these miRNAs as metastasis-promoting miRNAs [158]. 
It has been shown that miR-22 targets TIP60 (HIV-1 Tat interacting protein), a lysine acetyl 
transferase, in breast cancer and stimulates the expression of EMT genes. Furthermore, analy-
sis of gene expression and survival data from the TCGA dataset and gene expression omnibus 
(GEO) database revealed that patients with high TIP60 and low miR-22 expression were asso-
ciated with good survival, whereas patients with low TIP60 and high miR-22 levels showed 
poorer prognosis for survival. This suggests that TIP60 and miR-22 could act as prognostic 
marker in breast cancer disease progression and that targeting the TIP60–miR-22 axis could 
lead to an effective therapeutic strategy for metastatic breast cancer [159].

4.2.3.2. Metastasis-suppressing miRNAs

Tavazoie et al. [160] demonstrated that restoring the expression of those miRNAs whose 
expression is lost in malignant breast cancer cells suppresses lung and bone metastasis in 
metastatic breast cancer. Restoration of expression of miR-335 inhibited metastatic cell inva-
sion while miR-126 restoration reduced overall tumor growth and proliferation.  MiR-146a 
and b target IRAK1 and TRAF6 to down regulate NF-κB signaling and inhibit invasion and 
migration of breast cancer cells [161]. MiR-497, whose expression is downregulated in breast 
cancer samples, has been shown to induce apoptosis of breast cancer stem cells (BCSCs) by 
targeting Bcl-w. Additionally, its expression has been shown to be negatively correlated with 
tumor size, metastasis stage and HER2 status in breast cancer [162]. EMT is an important 
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property of malignant cancer cells wherein the epithelial cells lose cell-cell contact allowing 
them to be motile and thus metastasize to distant organs. The miR-200 family is known to 
regulate EMT by targeting the EMT markers, CDH1or E-Cadherin, a marker for epithelial 
phenotype, vimentin, ZEB1, which regulates EMT as seen in in vivo studies by promoting 
metastasis of tumor cells in mouse model [163, 164] and ZEB2, which are expressed in mes-
enchymal cells and thus mark the mesenchymal phenotype [165]. Furthermore, it has been 
shown that ZEB1 regulates EMT in human breast cancer by promoting metastasis of tumor 
cells in mouse model [163, 164]. The miR-200 family by targeting ZEB1 and ZEB2 down-
regulates their expression, thereby tipping the balance toward the epithelial phenotype [165, 
166]. Gregory et al. Demonstrated that the miR-200b family is downregulated in response 
to the cytokine, transforming growth factor-β (TGF-β), which induces EMT. The authors 
further demonstrated that ectopic expression of the miR-200 family is able to inhibit EMT, 
thereby affecting breast cancer progression [167].

4.2.4. Regulation of signaling pathways by miRNAs in breast cancer

4.2.4.1. ER signaling

Among the two classes of estrogen receptors, the estrogen receptor-α (ERα) is overexpressed 
in approximately 75% of breast cancer cases. Increased signaling through ERα in mammary 
stem cell induces continuous replication of these cells, thereby increasing the risk of tumori-
genesis. Tumor-suppressive miRNAs, such as miR-145 [168], miR-17/20 family, miR-193b, miR-
206 and mir-302c, inhibit the ER signaling activated proliferation of mammary epithelia, by 
targeting either the ER receptor α or its coactivator AIB1 [169, 170]. MiR-206 is upregulated in 
ER-negative breast cancer but downregulated in ER-positive breast cancer [171]. MiR-17-5p 
targets AIB1, a coactivator of ERα [172]. The let-7 family of miRNAs is known to regulate the 
expression of both ERα66 and ERα36 (a novel short form of the ERα protein) in breast can-
cer. In breast cancer, let-7 is known to be downregulated, resulting in an upregulation of its 
targets, ERα66 and ERα36. ERα66 is predominantly nuclear in expression, where it regulates 
the transcription of c-Myc, CCND1 and pS2, while ERα36 activates MAPK/ERK signaling path-
way. Overexpression of let-7 miRNAs can negatively regulate these pathways by inhibiting the 
phosphorylation of ERK and Akt. Further, ERα36 protein levels were found to be upregulated 
in a tamoxifen-resistant MCF-7 breast cancer cell line, indicating that ERα36 might play a role 
in mediating resistance to tamoxifen therapy in breast cancer. However, overexpression of the 
let-7 family members in tamoxifen-resistant MCF-7 cells significantly decreased ERα36 protein 
level further increasing tamoxifen sensitivity in these cells [173]. These studies demonstrate the 
regulation of the ER signaling pathway and development of tamoxifen resistance in breast can-
cer by let-7 miRNAs, hence hinting at the possibility of developing novel therapeutic strategies.

4.2.4.2. HER2 (ERBB) signaling

In breast cancer, ERBB2/HER2 is found to be amplified and/or overexpressed in up to 30% of 
patients, correlating with poor prognosis. Further, abnormal HER signaling induces cell pro-
liferation [174]. HER2 and HER3 are targeted by miR-125a/b thereby inhibiting breast cancer 
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growth [175]. HER3 receptor is also targeted by miR-205 inducing cell cycle arrest thereby 
inhibiting cell proliferation in breast cancer [176].

4.2.5. MiRNAs regulating breast cancer stem cells

Human breast cancer stem cells (BCSCs) were first isolated by Al-Hajj et al. [177] as cells dis-
playing a different set of cell surface markers CD44þ/CD24/low as compared to normal mam-
mary gland stem cells. Comparison of BCSCs with normal mammary stem cells revealed a 
differential expression of miRNAs. MiR-200c, let-7, miR-30 and miR-34 were observed to be 
downregulated, whereas miR-181 and miR-495 showed an increased expression in BCSCs. 
Let-7 inhibits the stem cell self-renewal in both normal and CSCs of breast and the down-
regulation of let-7 in breast cancer, thereby leading to the formation of BCSCs by unchecked 
self-renewal and undifferentiated status of mammary gland stem cells [60]. Moreover, let-7 
is also known to target many oncogenes such as HMGA2, k-Ras, p-RAS and ERK, which are 
highly expressed in BCSCs [149, 150, 178]. These oncogenes further support the formation 
and maintenance of BCSCs via self-renewal and maintenance of undifferentiated status of 
BCSCs [178]. In BCSCs, miR-30 is downregulated 30 fold, leading to increased expression of 
its targets: ubiquitin conjugating enzyme 9 (Ubc9) and integrin β 3 (ITBG3), and promoting 
the self-renewal ability of BCSCs. Specific knockdown of miR-30 induced differentiation of 
BCSCs, suggesting that miR-30 regulates self-renewal and tumorigenicity of breast cancer 
[179]. Furthermore, three families of miRNAs, namely, miR-200c-141, miR-200b-200a-429, 
and miR-183-96-182 are known to be downregulated in human BCSCs, normal human and 
murine mammary stem/progenitor cells, and embryonal carcinoma cells. MiR-200c affects 
breast cancer proliferation by modulating the expression of BMI1, which regulates the self-
renewal of stem cells. Furthermore, miR-200c has been shown to inhibit the development of 
normal mammary stem cells into mammary ducts as well as the ability of human BCSCs to 
form tumors in vivo [180].

4.2.6. MiRNAs resulting in breast cancer therapy resistance

Several miRNAs have been described as controlling genomic stability of breast cancer 
cells. DNA double-strand breaks are lesions induced by ionizing radiation (IR) and can 
be efficiently repaired by DNA homologous recombination, a system that requires RAD51 
recombinase. Overexpression of miR-155 in human breast cancer cells reduces the level 
of RAD51 and affects the cellular response to IR. Consequently, tumors overexpressing 
miR-155 are sensitive to radiation therapy. Furthermore, high miR-155 levels are associated 
with lower RAD51 expression and with better overall survival of patients in a large series 
of triple-negative breast cancers [181]. Other miRNAs have also been shown to sensitize 
breast cancer cells to chemo/radio sensitivity. The tumor suppressor p53 whose expression 
is affected by DNA damage and oncogenic stress, is the direct inducer of miR-34a [182]. It 
has been observed that elevated expression of miR-34a in a HER-2 positive breast cancer 
cell line (UACC-812) contributes to increased resistance to ionizing radiation as opposed to 
MDA-MB-231 expressing low levels of miR-34a. Thus, while the mechanism is unknown, in 
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miRNA-182 controls DNA repair of breast cancer cells by targeting BRCA1, and inhibition 
of miRNA-182 leads to resistance to PARP inhibitors (poly ADP ribose polymerase) [184]. 
Because the BRCA pathway controls mammary stem cell fate, it is possible that overexpres-
sion of miR-182 in breast cancer stem cells would sensitize this radio-resistant cell popula-
tion to radiation therapy. Anti-estrogen therapies are given to the patients with ER-positive 
breast tumors. Despite initial response, 25% of primary tumors and almost all metastatic 
tumors will develop resistance. MiRNA-221/222 are key regulators of hormonal resistance 
of breast cancer stem cells. MiRNA-221/222 act through diverse mechanisms by targeting 
ERα, by upregulating β-catenin and the TGF-β pathway [185] or by targeting the cell-cycle 
inhibitor p27 [186]. Finally, 15–20% of breast tumors display an overexpression of the ERBB2 
oncoprotein. ERBB2 overexpression promotes the expansion of the breast cancer stem cells 
through the activation of a PI3K/AKT/GSK3β/WNT signaling. ERBB2-positive tumors can 
be treated with several targeted therapeutics. MiRNA-21 plays a role in the resistance dis-
played by ERBB2-positive tumors to trastuzumab, by targeting the PTEN tumor suppres-
sor. The authors further show that knockdown of miR-21 could restore PTEN levels thus 
sensitizing the cells to anti-HER-2 therapy [187]. MiRNA-205 regulates the ERBB3 recep-
tor [188]. ERBB3 transactivates ERBB2, and both receptors trigger the PI3K/AKT signaling 
pathway. ERBB2/ERBB3 interaction could lead to anti-ERBB2 resistance of breast tumors. 
However, miR-205 is downregulated in breast cancer. Thus, restoration of miRNA-205 in 
breast tumors could help overcome resistance to anti-ERBB2 therapy.

4.2.7. Potential prognostic value of miRNAs

Several studies have evaluated the role of specific miRNAs in breast cancer spread and sur-
vival. A screen identified five upregulated miRNAs (miR-30b, miR-148a, miR-150, miR-450a 
and miR-155) and six downregulated miRNAs (miR-24, miR-99a, miR-99b, miR-125b, miR-
130b and miR-205) in primary breast cancer tumors versus corresponding lymph nodes [189]. 
Further, miR-373 was identified as being overexpressed in lymph-node metastases as com-
pared to primary tumors [158], indicating the prognostic value of these miRNAs. Other miR-
NAs such as miR-187 [190], miR-27b and miR-103/107 [191] have also been found to have 
a prognostic value in breast cancer. Moreover, in ER-positive lymph node-negative (LNN) 
breast cancer patients, 12 miRNAs have been identified with early relapse versus late relapse 
(miR-205, miR-22, miR-516-3p, miR-7, miR-34b, miR-151, miR-210, miR-193b, miR-489 miR-
449, miR-145 and miR-128a). Indeed, four of these 12 miRNAs (miR-7, miR-128a, miR-210 and 
miR-516-3p) have been positively linked to breast cancer aggressiveness while miR-210 has 
also been associated with metastatic ability of TNBC [192].

4.2.8. MiRNAs as breast cancer biomarkers

4.2.8.1. MiRNA expression from tissue biopsies

MiRNAs can serve as biomarkers for breast cancer based on their expression profile from 
RNA sequencing or tissue microarray assays. This can be achieved by mapping the global 
mRNA and miRNA expression from tumor tissues using high-throughput platforms, such as 
microarray chips and deep sequencing. Also, other techniques such as in-situ hybridization 
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(ISH) can be used to detect mRNAs and miRNAs from fresh frozen or archived paraffin-
embedded (FFPE) tumor tissue samples and protein expression can be evaluated using immu-
nohistochemistry (IHC) [193]. The use of miRNA biomarkers has several advantages over 
protein coding genes: (1) miRNAs are more stable than mRNA and thus enable easier and 
reliable detection in FFPE samples (2) the presence of mere 1000 miRNAs makes the human 
miRNome much easier to screen and evaluate with less demanding bioinformatic analysis 
than the mRNA transcriptome [194]. The expression of a number of miRNAs closely corre-
lates with the ER, PR and HER2 status in breast cancer, highlighting their use as biomarkers 
of disease progression and treatment response [141, 195]. MiR-210 has been validated as a 
prognostic biomarker in breast cancer since elevated miR-210 levels have been associated with 
poor outcome both in ER-positive and ER-negative cases [196]. Moreover, miR-210 has been 
developed to predict outcome in ER-positive cases that received adjuvant tamoxifen treatment 
for 5 years [197]. Other miRNA biomarkers include miR-205, which is used as a prognostic 
marker for the triple negative (TN) subtype since a positive correlation has been observed 
between miR-205 expression and favorable clinical outcome in TN cases [198].

4.2.8.2. Circulating miRNAs as breast cancer biomarkers

Circulating miRNAs are ideal for clinical use, since they are highly stable and can be detected 
by a noninvasive manner in a blood sample. Serum or plasma miRNAs have been shown to be 
resistant to RNases and DNases thus are more stable than their cellular counter parts as well as 
mRNAs. Serum and plasma miRNAs can be easily isolated and quantified by RT-qPCR analy-
sis. Moreover, specific miRNAs have also been demonstrated as being indicative of the breast 
cancer stage and/or ER/PR status. Numerous studies have documented the presence and quanti-
fied serum miRNAs from breast cancer patient samples. Asaga et al. assayed circulating miR-21 
of 102 breast cancer patients and 20 healthy controls and found higher concentrations in these 
patients, especially in metastatic cases [199]. A study that quantitatively profiled the expression 
of seven miRNAs by real-time PCR, in tissue and blood samples of patients with breast cancer 
at different clinical stages and age-matched healthy individuals found that, while the expression 
of two miRNAs, miR-195 and let-7a was significantly higher in blood samples of breast cancer 
patients in comparison to control subjects, their circulating levels remarkably decreased after 
surgical resection in a subset of 29 cases, reaching levels comparable with control subjects [200, 
201]. 26 circulating miRNAs with two-fold differential expression have been identified from the 
plasma of early stage breast cancer patients as compared to healthy controls [202].

This mounting evidence generates the hypothesis for a signature of circulating miRNAs that 
could be a reliable biomarker for disease progression.

4.2.9. MiRNA therapeutics in breast cancer

4.2.9.1. AntagomiRs and anti-miRNA oligonucleotides targeting oncomiRs and metastamiRs

The most common miRNA therapeutic approach to inhibit the functions of miRNAs involve, 
targeting by using antisense miRNAs (antagomiRs) capable of knocking down these miR-
NAs. AntagomiRs are synthetic RNA molecules with favorable stability, resistance to RNase 
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and pharmacologic properties that allow in vivo miRNA inhibition [203]. MiRNA knock-
down therapy can be used in conjunction with chemotherapy to facilitate knockdown of 
oncomiRs along with concomitant targeting of the proliferating cells using anticancer drugs. 
Knockdown of miR-10b using sequence-specific antagomiRs led to an upregulation of its tar-
get mRNA Hoxd10. However, the use of miR-10b antagomiRs did not reduce primary mam-
mary tumor growth in animal model but was successful in suppressing the formation of lung 
metastases. Furthermore, miR-10b antagomiR does not induce toxicity in healthy mice and 
thus can be a safe therapeutic option [204]. Moreover, knockdown of miRNAs by anti-sense 
approach also sensitizes cancer cells to chemotherapeutic drugs as in the case of miR-21, the 
knockdown of which sensitized MCF7 cells to the chemotherapeutic agent and topoisomer-
ase inhibitor, topotecan [205].

Another approach of ablating miRNAs function is by using anti-miRNA oligonucleotides 
(AMOs) with 2-O-methyl groups and AMOs based on locked nucleic acid (LNA). AMOs are 
stable synthetic antisense oligonucleotides that can rapidly, selectively and irreversibly bind 
endogenous miRNAs, sequester and make them functionally inactive [206, 207]. Targeting 
oncomirs via either antagomiRs or AMOs has been demonstrated to reduce cancer cell prolif-
eration and metastasis [79], sensitization to chemotherapeutic agents [80], hormone therapy 
[52] and anti-HER2 therapy [71] in breast cancer cell lines.

In addition to knocking down miRNAs, upregulating the expression and activity of tumor 
suppressor miRNAs has potential in ameliorating breast cancer. Tumor suppressor miRNAs 
can be upregulated using miRNA mimics, which are synthetic molecules with short dou-
ble-stranded synthetic oligonucleotides with sequence similarity to the particular miRNA 
under consideration. Overexpression of TS miRNAs using miRNA mimics has been shown 
to decrease cancer cell proliferation as well as induce chemosensitivity in breast cancer cell 
lines [208, 209].

4.2.9.2. Peptide nucleic acids (PNA)

Peptide nucleic acid (PNA) is an artificially synthesized oligonucleotide similar to DNA and 
RNA with a backbone consisting of repeats of 2-aminoethylglycine units [210]. The absence 
of phosphate groups renders a neutral charge to the PNA resulting in stronger and specific 
bonds between complementary PNA/DNA and PNA/RNA as compared to DNA/DNA or 
RNA/RNA. Owing to its synthetic nature, PNA is resistant to degradation by DNases and 
proteases leading to increased intracellular stability. Inactivation of miR-221 with PNA has 
been successful in aggressive breast cancer cell lines where miR-221 is overexpressed [211]. 
An anti-miR-221 PNA (R8-PNA-a221) conjugated with polyarginine-peptide (R8) could inac-
tivate miR-221 and upregulate its target mRNA, p27/Kip1. R8-PNA-a221 displayed efficient 
uptake within target cells without using transfection reagents. To assess the potential of PNA-
anti-miR-221 on inhibition of breast cancer in vivo, MCF-7 cells treated with PNA-anti-221 or 
control PNAs were injected in nude mice [212]. Tumor formation was observed only in 60% 
of mice treated with anti-miR-221 therapy as compared to control. These studies highlight the 
potential of PNAs as anti-tumor therapeutics.
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4.3. Long noncoding RNAs in breast cancer

Long noncoding RNAs are endogenous RNA molecules with a mature length of more than 
200 bases that do not code for functional proteins [213]. LncRNAs are epigenetic regulators, 
and they control gene expression at both the transcriptional and posttranscriptional levels. 
LncRNAs utilize a variety of mechanisms to regulate gene expression. They can recruit chro-
matin modifiers to impair access to targeted genes, they can act as scaffolds to assemble com-
plexes that do not have interacting domains, they can interact with transcription factors to 
directly regulate gene expression, and they can serve as ‘miRNA sponges’ to trap miRNAs 
and regulate translation. Moreover, lncRNAs can be involved in the regulation of the expres-
sion of either their neighboring genes in cis or more distant genes in trans. LncRNAs act as 
coactivators, binding to transcription factors and enhancing their transcriptional activity [214].

4.3.1. Oncogenic LncRNAs in breast cancer

H19 is among the first discovered lncRNAs and displays elevated expression in breast cancer 
[215]. This upregulation of expression is on account of increased binding of the transcription 
factor E2F1 factor to H19 promoter. H19, in turn, promotes cell proliferation in MDA-MB-231 
cells in vitro [216] and also accelerates tumor growth in vivo in animal model [217], possibly 
by repressing tumor suppressor genes such as caveolin-1 [218].

HOTAIR is remarkably overexpressed in metastatic breast cancer. Upregulated HOTAIR in 
breast cancer cells provides a scaffold for PRC2 and LSD1-CoREST (lysine-specific demethyl-
ase-1 with its corepressor protein CoREST (RE1 silencing transcription factor/neural-restric-
tive silencing factor)). PRC2 binds to the 5′ region of HOTAIR while LSD1-CoREST binds to its 
3’ region. This complex regulates the histone modifications H3K27me3 and H3K4me2 at the 
promoters of metastasis suppressing genes such as PCDH10, PCDHB5 and JAM2. As a result, 
these metastasis suppressor genes are silenced; thereby contributing to HOTAIR-induced 
breast cancer metastasis. Indeed, overexpression of HOTAIR in breast cancer cell lines has 
been observed to increase their invasiveness both in vitro and in vivo. Furthermore, knock-
down of HOTAIR has been shown to attenuate EZH2-induced invasion, in benign immortal-
ized breast cells overexpressing EZH2 [219]. Upregulated HOTAIR levels in primary breast 
tumor are an indicator of metastasis thus identifying HOTAIR as an important prognostic 
factor for breast cancer [220].

Urothelial cancer–associated 1 (UCA1) has been identified as an oncogene in breast cancer. 
Huang et al. demonstrated the oncogenic role of UCA1 in breast cancer, in part through sup-
pression of p27. UCA1 competes with p27 mRNA to form a ribonucleoprotein complex with 
hnRNP I (heterogeneous nuclear ribonucleoprotein I) thereby increasing UCA1 stability and 
decreasing p27 protein levels, hence leading to increased proliferation of breast cancer cells 
[221]. Further, UCA1 has been shown to bind to and sequester miR-143 thus decreasing its 
expression in invasive breast cancer cell lines. MiR-143 is known to target and regulate the 
expression of ERBB3. Hence, it is possible that UCA1 increases breast cancer cell proliferation 
by deregulating miR-143–based ERBB3 repression [222].
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MALAT1 (metastasis-associated lung adenocarcinoma transcript 1) or NEAT2 is a conserved 
nuclear noncoding RNA. The role of MALAT1 in breast cancer was controversial with reports 
indicating an oncogenic role by promoting cell proliferation, migration and invasion dur-
ing breast cancer development [223] while a loss of MALAT1 was shown to promote EMT 
via phosphatidylinositide-3 kinase-AKT pathways on MALAT1 [224]. Recently, Arun et al. 
demonstrated an oncogenic role of MALAT1 in breast cancer where knockdown of MALAT1 
using antisense oligonucleotides (ASOs) in a mouse model resulted in slower tumor growth 
and a reduction in metastasis. Thus, knockdown of MALAT1 using ASOs represents a viable 
therapeutic option in breast cancer [225].

SRA (steroid receptor RNA activator protein) gene generates both a coding as well as noncoding 
form of SRA RNA [226]. The noncoding (lnc) SRA RNA is significantly upregulated in breast 
cancer tumors [226], especially in PR-positive tumors [227] and in aggressive and invasive breast 
cancer cell lines (MDA-MB-231 and MDA-MB-468) [228]. LncSRA acts as a scaffold in assem-
bling coregulator complexes by interacting with and coactivating several nuclear receptors (ste-
roid and nonsteroid) and other transcription factors. This hints to a possibility of lncSRA aiding 
in the transcription of key oncogenes in breast cancer. Thus, it was no surprise that knockdown 
of SRA in MDA-MB-231 cells reduced cell invasion along with a downregulation of the genes 
associated with this phenotype. Moreover, depletion of lncSRA in MCF7 cells exhibited a similar 
response with a decrease in the genes responsible for invasion and metastasis [229].

Long stress-induced noncoding transcripts (LSINCTs) are a group of lncRNAs upregulated in 
breast cancer tumor tissues and cell lines. LSINCT5 has been shown to mediate cellular prolifera-
tion and is aided by lncNEAT-1 and PSPC1 (Paraspeckle Component 1) in breast cancer [230, 231].

4.3.2. Tumor suppressor LncRNAs in breast cancer

The lncRNAs that are downregulated in cancer and whose enforced expression is associ-
ated with the suppression of cell proliferation or cell death are termed as tumor suppressor 
lncRNAs.

Maternally expressed gene 3 (MEG3) is a tumor suppressor lncRNA with a decrease in expres-
sion in breast cancer, especially in the most aggressive TNBC subtype [232, 233]. MEG3 forms 
a RNA-DNA triplex structure to regulate the TGF-β pathway genes in breast cancer cells 
[234]. Since TGF-β is an inducer of EMT and invasiveness in breast cancer, inhibition of this 
pathway via MEG3 could present a therapeutic opportunity to control breast cancer. MEG3 is 
also known to reduce breast cancer proliferation and invasion by indirectly modulating p53 
activity. MEG3 regulates MDM2 (mouse double minute 2 homolog) leading to accumulation 
of p53 levels in breast cancer cell lines. This p53 could in turn bind to the promoters of its 
target genes and metastasis suppressors p21, MASPIN  and KAI1 inhibiting migration and 
invasion of MCF-7 breast cancer cells [232].

GAS5 (growth arrest specific 5), in breast cancer, the expression level of GAS5 has been 
shown to be significantly reduced in tumor samples as compared to surrounding normal 
breast epithelia [235]. This decrease in GAS5 expression was observed in grade I and II breast 
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cancer patients, indicating that the GAS5 downregulation is an early event in breast cancer 
progression. Further, this observation also indicates that GAS5 expression may be used as a 
biomarker to predict cancer stage. GAS5 has additional roles in drug resistance and will be 
discussed in the next part.

NKILA (NF-κB interacting lncRNA) binds to the NF-κB/IKB complex masking the phosphor-
ylation site on IKB. Thus, IKK is unable to phosphorylate IKB resulting in IKB remaining 
bound to NF-κB, rendering NF-κB inactive. Expression of NKILA was observed to increase 
apoptosis and reduce invasion in MDA-MB-231 cells. Moreover, ectopic expression of NKILA 
decreases invasion and metastasis in breast cancer mouse models. Also, low NKILA expres-
sion is associated with poor patient prognosis [236]. Thus, inhibiting NF-κB through NKILA 
may be a mechanism to suppress breast cancer metastasis.

4.3.3. LncRNAs and breast cancer stem cells

A number of lncRNAs have been implicated in maintaining stemness of breast cancer stem 
cells, thus promoting the spread of the cancer. The lncRNA HOTAIR has been shown to 
downregulate miRNA-7 associated with EMT and STAT3 activity [237]. The stemness factor 
SOX2 is upregulated by lncRNAs such as SOX2OT [238] and linc00617 [239]. Further, the 
self-renewal hedgehog (HH) pathway is activated by lncRNAs including lncRNA-Hh, which 
promotes CSCs maintenance through the activation of the HH-GLI1-SOX2 axis [240].

4.3.4. LncRNAs and drug resistance in breast cancer

The lncRNA BCAR4 (breast cancer antiestrogen resistance 4) was identified from a screen 
designed to find mechanisms of estrogen resistance in breast cancer. Ectopic expression of BCAR4 
in tamoxifen-sensitive ZR-75-1 breast cancer cells inhibited the cancer cell death mediated by 
tamoxifen, thereby making BCAR4 an important biomarker for tamoxifen resistant breast cancer. 
Since BCAR4 expression has only been detected in human placenta apart from breast cancer epi-
thelia, silencing of BCAR4 in breast cancer patients could be a potential anticancer therapy due to 
the limited number of side effects of diminishing BCAR4 expression in other healthy tissues [241].

Trastuzumab resistance is a major impediment in the clinical management of HER2-positive 
breast cancer. LncRNA GAS5 is downregulated in trastuzumab-treated breast cancer patient 
specimens, breast tumors in animal model in vivo and trastuzumab resistant breast cancer 
cell line, SKBR-3/Tr in vitro. GAS5 targets miR-21, resulting in a restoration of the levels 
of the miR-21 target, PTEN. Since PTEN is a tumor suppressor affecting cell proliferation, 
reactivation of this gene results in cell cycle arrest in breast cancer cells [242]. This identifies 
GAS5 as a novel prognostic marker and potential therapeutic target for HER-2 positive breast 
cancer. Also, GAS5 levels are significantly downregulated in TNBC cell line MDA-MB-231. 
Restoration of GAS5 levels in MDA-MB-231 sensitizes these cells to UV-C irradiation induced 
cell death. PI3K and mTOR inhibition could restore GAS5 levels [243]. Thus, reactivation of 
GAS5 using PI3K/mTOR inhibitors in TNBC may be a therapeutic option to sensitize this 
aggressive cancer to chemotherapy.
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4.3.5. LncRNAs for breast cancer prognosis, diagnosis and therapy

LncRNAs are being evaluated to have potential as breast cancer biomarkers, for breast cancer 
subtype classification and developing diagnostics and therapies, owing to their cell-type spe-
cific expression and correlation with patient response to chemotherapy. In a recent study, more 
than 1300 lncRNAs and 2800 mRNAs were found to be enriched in HER-2-enriched subtype 
breast cancer as compared to normal tissue. AFAP1-AS1 was identified as the most dysregu-
lated lncRNA, whereas lncRNA LOC100288637 displayed the highest positive correlation with 
HER-2 expression indicating the potential use of these lncRNAs as breast cancer biomarkers 
[244]. Furthermore, a transcriptomic analysis of triple negative (TN) breast cancer samples as 
compared to control identified a unique mRNA-lncRNA signature. The authors demonstrated 
that HIF1A-AS2 and AK124454 promoted cell proliferation and invasion in TNBC cells and 
contributed to paclitaxel resistance [245]. Such studies and many more in the future will help 
identify novel lncRNA biomarkers for breast cancer classification and disease progression.

Similar to miRNAs, circulating lncRNAs have been detected in plasma of cancer patients 
[246]. Recently, increased expression of lncRNA RP11-445H22.4 was detected in the plasma 
of breast cancer patients as compared to healthy individuals [247]. Further, HOTAIR DNA 
has been established as a potential biomarker for breast cancer as these patients displayed an 
upregulated expression of HOTAIR DNA as compared to healthy individuals. Moreover, the 
expression level of HOTAIR DNA correlated with the progress of the cancer [248].

In conclusion, noncoding RNAs including miRNAs and lncRNAs represent a significant 
resource of novel cancer biomarkers including noninvasive circulating noncoding RNAs, 
prognostic aids and potential therapeutic targets to be used in conjunction with chemo-
therapy and adjuvant therapy. However, significant research is required, especially in the 
lncRNA field, to take these RNA molecules from the bench to bedside.

5. Conclusion

In summary, due to the advances in sequencing techniques and novel methods to study chroma-
tin organization, the repertoire of information about the significant role played by the chromatin 
architecture, and its dysregulation in cancer cells is slowly being uncovered. The knowledge 
that the epigenetic landscape shapes the underlying genetic information is revolutionizing the 
field of cancer biology, the organized chaos in the genome of cancer cells now can be attributed 
at least in part to the aberrant regulation of chromatin modifiers and remodelers. The way in 
which cell-signaling pathways interact with epigenetic elements in the genome appears to be 
wide spread and complex. Integrating both networks is important not only for the comprehen-
sion of complex processes such as development, cell differentiation, cell regulation and cell plas-
ticity but also toward the study of the relationship between signal transduction pathways and 
its targeted effect over diverse epigenetic processes. The therapeutic implication of targeting 
the epigenetic regulators has been discussed in detail and is the focus of many ongoing clinical 
trials as well as research. An integrative research platform will help in curating the information 
and translating the current epigenetic discoveries into useful diagnostic and therapeutic tools.
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Appendix

Abbreviation used Full form

5caC 5-carboxylcytosine

5fC 5-formylcytosine

5hmC 5-hydroxymethylcytosine

AE Antiestrogens

AI Aromatase inhibitor

AIB1 Amplified in breast cancer 1

AKT1 AKT8 virus oncogene cellular homolog

AMO Anti-miRNA oligonucleotides

APC Adenomatous polyposis coli

ARID1A/ARID1B AT-rich interactive domain-containing protein 1 A/B

ASOs Antisense oligonucleotides

ATP Adenosine triphosphate

Aza 5-aza-2′-deoxycytidine

BAF155/SMARCC1 BRG1-associated Factor 155/SWI/SNF related, matrix associated, actin dependent 
regulator of chromatin subfamily C member 1

BCAP31 B-cell receptor-associated protein 31

BCAR4 Breast cancer antiestrogen resistance 4

Bcl-2 B-Cell CLL/Lymphoma 2

BMI1 B lymphoma Mo-MLV insertion region 1 homolog

BRCA1 Breast cancer gene 1

BRG1 Brahma-related gene 1

BRM Brahma

BRMS1 Breast cancer metastasis suppressor 1

CARM1 Coactivator associated arginine methyltransferase 1

CBP Cyclic amp response element binding protein

CD44 Cluster of differentiation 44

CDH1 E-cadherin

cDNA Complimentary deoxyribonucleic acid

CHD Chromodomain helicase DNA-binding

ChIP Chromatin Immunoprecipitation

CK5/CK14 Cytokeratin-5/14

CoREST RE1-silencing transcription factor corepressor complex

CpG Cytosine preceding Guanine

CSC Cancer stem cells

CYP19A1 Cytochrome P450 family 19 subfamily A member 1

DNA Deoxyribonucleic acid

DNMT DNA methyltransferase
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Abbreviation used Full form

E2F1 Transcription factor activating adenovirus E2 gene

EED Embryonic ectoderm development

EGFR Epidermal growth factor receptor

ELF5 E74-like ETS transcription factor 5

EMT Epithelial mesenchymal transition

ER Estrogen receptor

ERBB2 Erb-B2 receptor tyrosine kinase 2

ERE Estrogen-responsive elements

ERK1/2 Extracellular signal-regulated protein kinase 1/2

EZH2 Enhancer of zeste 2

FFPE Formalin-fixed paraffin-embedded

FOXC1 Forkhead Box C1

GAS5 Growth Arrest Specific 5

GATA Transcription factors that can bind to the DNA sequence  
(A/T)GATA(A/G).

GATA3 GATA binding protein 3

GLI1 Glioma-associated oncogene homolog 1 (Zinc Finger Protein)

GSK3B Glycogen synthase kinase 3 Beta

HAT Histone acetyltransferases

HDAC Histone deacetylases

HER2 Human epidermal growth factor receptor 2

HH Hedgehog

HMGA2 High mobility group AT-hook2

HMT Histone methyl transferase

hnRNP I Heterogeneous nuclear ribonucleoprotein I

HOXA Homeobox A

HP1 Heterochromatin Protein 1

HRE Hormone-responsive elements

IHC Immunohistochemistry

IL-6 Interleukin 6

IR Ionizing radiation

IRAK1 Interleukin 1 receptor-associated kinase 1

ISH In situ hybridization

ITBG3 Integrin β 3

JARID1C Jumonji, AT Rich Interactive Domain 1C

KDM/HDM Lysine/histone demethylase

KIT v-kit Hardy–Zuckerman 4 feline sarcoma viral oncogene homolog

LCOR Ligand-dependent corepressor

LNA Locked nucleic acid

lncRNAs Long noncoding RNAs
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Abbreviation used Full form

LNN Lymph node-negative

LSINCTs Long stress-induced noncoding transcripts

LZTS1 Leucine zipper, putative tumor suppressor 1

MAL MyD88-adapter-like

MALAT1 Metastasis associated lung adenocarcinoma transcript 1

MAPK Mitogen-activated protein kinases

MaSCs Mammary stem cells

MBD2/3 Methyl-CpG binding domain protein 2/3

MeCP2 Methyl-CpG binding protein 2

MEG3 Maternally expressed gene 3

miRNA microRNA

MMP Matrix metalloprotease

MOF Male absent on the first

MORF MOZ-related factor

MOZ Monocytic leukemic zinc finger

mRNA Messenger ribonucleic acid

MSK1 Mitogen and stress activated protein kinase 1

MTA Metastasis-associated proteins

mTOR Mammalian target of rapamycin

MYST Moz, Ybf1, Sas2, TIP60

NCOR Nuclear receptor corepressor

NEAT-1 Nuclear Paraspeckle Assembly Transcript 1

NFκB Nuclear factor κB

NKILA NF-κB interacting lncRNA

NOTCH1 Notch Homolog 1, translocation-associated

NSD3L Nuclear SET domain-containing protein 3 long isoform

NuRD Nucleosome remodeling and histone deacetylation

OHT Hydroxytamoxifen

ORM2 Orosomucoid 2

p27 Cyclin-dependent kinase inhibitor 1B (p27, KIP1)

PARP Poly (ADP-ribose) polymerase

PCAF p300/CBP-associated factor

PCDH10 Protocadherin 10

PCDHB5 Protocadherin Beta 5

PCR Polymerase chain reaction

PDCD4 Programmed cell death 4

PDXP Pyridoxal phosphate phosphatase
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Abbreviation used Full form

PEBP1 Phosphatidylethanolamine binding protein 1

PELP1 Proline, glutamate and leucine-rich protein 1

PI3K Phosphoinositide 3 kinase

piRNA piwi-interacting RNA

Piwi P-element induced WImpy testis in Drosophila

PKB Protein kinase B

PKC Protein kinase C

PNA Peptide Nucleic Acids

PP1 Phosphoprotein phosphatase 1

PP2A Phosphoprotein phosphatase 2A

PR Progesterone receptor

PRC2 Polycomb repressive complex 2

pS2 Gene which codes for Trefoil factor 1 (TFF1)

PSPC1 Paraspeckle component 1

PTEN Phosphatase and tensin homolog

RARβ Retinoic acid receptor beta

RASSF1A Ras association domain family member 1

RB1 Retinoblastoma 1

REA Repressor of estrogen receptor activity

RNA Ribonucleic acid

RUNX3 Runt related transcription factor 3

S6K1 Ribosomal protein S6 kinase beta-1

SAHA Suberoylanilide hydroxamic acid

SAM S-adenosyl methionine

SET domain Suppressor of variegation 3-9 (Su(var)3-9), enhancer of zeste (E(z)), and trithorax 
(Trx) domain

SFRP1 Secreted frizzled-related protein 1

SHR Steroid hormone receptors

siRNA Small interfering RNA

SMARCD1 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, 
subfamily D, member 1

SMRT Silencing mediator of retinoid and thyroid hormone receptors

SOX-2 SRY (sex determining region Y)-box 2

SRA Steroid receptor RNA activator protein

Src Rous sarcoma oncogene cellular homolog

SRC Steroid receptor coactivator

Suz12 Suppressor of zeste 12 protein homolog

SWI/SNF Switch/sucrose nonfermentable

TET Ten-eleven translocation

TGF-β Transforming growth factor β
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Abstract

There are significant alterations in the tumor surrounding stromal cells in addition to the 
cancer cells in tumor microenvironment. Tumor cells can metastasize by acquiring the 
ability to escape immune control and surveillance. A decline in the ability of the immune 
cells to recognize and kill the tumor leads to tumor relapse or metastasis after primary 
treatment. Comprehensive review in this chapter will be conducted to further investi-
gate into the mechanism of immune evasion in metastatic tumor microenvironment. The 
immune cells, stromal cells, extracellular matrix protein/component, and their interaction 
will be reviewed and summarized. Breast cancer has not been previously viewed as a 
particularly immunogenic type of tumor. Nevertheless, immune parameters have been 
increasingly studied in breast cancer, and accumulating data show that they are relevant 
for the development and progression of this tumor type. Consequently, immunothera-
pies of breast cancer are now tested in different clinical trials. The prospect of immuno-
therapy in metastatic breast cancer will be introduced. The importance of host‐targeted 
modulation/therapy will be increased in addition to cancer‐targeted strategies. We have 
to better define subpopulations of breast cancer patients to optimize the immunological 
way to overcome the cancer metastasis.

Keywords: oncology, breast cancer, immunotherapy, microenvironment, stroma

1. Introduction

The innate and adaptive immune responses are crucial for combating pathogen infection, 
repairing damaged tissue, and maintaining immune homeostasis. The immune system is 
composed mainly of macrophages and lymphocytes, including B‐cells, CD4+ T‐cells, CD8+ 
cells, and natural killer (NK) cells [1, 2]. The innate immune response is a nonspecific general 
response to infection used mainly by macrophages and natural killer cells, while the adaptive 
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immune system is a more developed system in which certain lymphocytes “recall” specific 
pathogen‐antigenic patterns and alert the immune system when activated. The macrophage 
plays an important role in the innate immune system to help the adaptive immune system. In 
the lung alveoli, these macrophages phagocytize apoptotic cells and debris and digest them 
in lysosomes [1]. Binding of antigens presented by major histocompatibility complex (MHC‐I/
II) to antigen‐presenting cells’ (APCs’) Toll‐like receptors can help to avoid an autoimmune 
response by having a system for recognizing cells that are native to the host body. The APCs 
then express the MHC/antigen complex and a co‐stimulatory molecule to the naïve T‐cells 
to suppress their activation against the normal tissue cells, preventing autoimmune dam-
age [3]. An essential factor in the adaptive immune system is the recognition of antigens. All 
microbes, cells, cancer cells, and other pathogens possess antigens. As explained earlier, MHC 
complexes present cell antigens for APCs to copy and express themselves. The APCs then 
present this MHC/antigen complex with a co‐stimulatory molecule to activate or suppress 
naïve T‐cells, depending on the nature of the antigens [3]. Although derived from normal 
cells, cancer cells have significant mutations to alter their antigenic peptide sequences and 
become immunogenic [4]. If the antigen can be recognized as pathogenic, the T‐cells release 
cytokines to allow themselves to differentiate into cytotoxic phenotypes and then secrete 
chemokines to recruit more immune cells from the circulation. B‐cells also produce comple-
mentary antibodies to help target the pathogen for destruction if its antigens are previously 
recognized from past infections [5]. Many of the antigen‐presenting functions are dysregu-
lated in cancer environment. Tumor cells secrete factors that induce immunological tolerance 
(e.g., lactic acid, indoleamine 2,3‐dioxygenase (IDO), and various cytokines), recruit immuno-
suppressive immune cells such as M2 macrophages, alter their cell attributes to avoid recogni-
tion (e.g., by suppressing antigen presentation or becoming elusive mesenchymal‐like cells), 
and skew immune cell function by triggering immunosuppressive pathways. Additionally, 
they constitutively proliferate by activating signaling pathways that promote growth (e.g., 
the estrogen‐induced growth pathway in breast cancer). Consequently, there are many inter-
acting factors that have to be considered in breast cancer therapy in order to better improve 
tumor treatment response and survival.

The tumor microenvironment consists of not only a stroma composed of fibroblasts, adi-
pocytes, endothelial, and resident immune cells but also an insoluble extracellular matrix 
(ECM). The ECM itself is composed by a complex mixture of components, including proteins, 
glycoproteins, proteoglycans, and polysaccharides [6, 7]. Breast cancer‐associated alterations 
in the amount and organization of extracellular components have been demonstrated in pre-
vious studies. These changes lead to tumor metastasis progression and treatment resistance 
through dysregulated biochemical and physical properties of tumor‐associated ECM and 
subsequently affecting peri‐tumoral stromal cells, including immune, endothelial, and other 
stromal cells in promoting oncogenesis (e.g., evolution of ductal carcinoma in situ to invasive 
disease). Although many ECM components have been identified as relevant factors in breast 
cancer progression, evaluation and targeting of a single molecule appears to have limited 
usefulness in predicting therapeutic response. This might attribute to the large number of 
ECM components, which, even if likely redundant, collectively contribute to distinctive phys-
ical, biochemical, and biomechanical properties of the tumor microenvironment [8]. In gene 
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expression, profiles of breast cancer‐associated fibroblasts identify distinct stromal patterns 
with prognostic implication, and the expression profiles of some extracellular matrix genes 
provide prognostic information of patients at risk of clinical progression and/or predictive 
significance for treatment efficacy. It needs to define function and composition of the distinct 
stromal components, and integrated by proteomic studies to compose and clarify the complex 
interactions between tumor cells and their surrounding microenvironment.

2. Tumor‐associated immune stroma and immunosuppressive cells in the 
tumor microenvironment

Immune cells can functionally suppress cancer or become dysregulated with immune sup-
pression in the tumor‐associated microenvironment. Dendritic cells, macrophages, natural 
killer cells, regulatory T cells (Tregs), and myeloid‐derived suppressor cells (MDSCs) all 
have been demonstrated to participate in the tumor‐promoting microenvironment because 
of their functional characteristics within the tumor niche. Especially, M2‐polarized macro-
phage populations in the tumor‐associated macrophages (TAMs) promote pro‐angiogenesis, 
immune suppression/evasion, and tumor cell migration and invasion [9]. TAMs‐targeted 
strategy may lead to reduced angiogenesis, tumor cell invasion, and metastasis, as well as 
enhance the antitumor activity of chemotherapeutics [10]. Upon tumor progression, MDSCs 
could differentiate into dendritic cells and TAMs and lead to tumor immune suppression/
evasion, extracellular matrix remodeling, and epithelial‐mesenchymal transition (EMT) [11]. 
Dysfunctional dendritic cell activity within cancer leads to lower number of mature den-
dritic cells. Inefficient maturation of dendritic cell may contribute to tolerogenic effect and 
immunosuppression [12]. Two specific NK subpopulations have been demonstrated in tumor 
microenvironment: tumor‐infiltrating natural killer cells (TINKs) and tumor‐associated natu-
ral killer cells (TANKs) [13]. These NK subpopulations represent distinct cytokine profiles 
leading to enhanced angiogenesis and tumor progression [14]. Additionally, Tregs have been 
shown to play a crucial role in tumor progression via infiltration of tumor tissue and miti-
gation of the antitumor immune response [15]. Furthermore, it is reported that Tregs may 
enhance angiogenesis in a mouse model of ovarian cancer [16]. Taken together, this evidence 
suggests that contextual responses of immune cells within the tumor stroma help to modulate 
tumor progression. Given the complicated crosstalk between tumor cells, local endogenous 
stroma, and tumor‐associated stroma, personalized multimodal therapeutic strategies should 
be developed that target not only the tumor bulk but also the tumor‐associated immunosup-
pressive stromal compartment and associated cell‐derived factors.

3. Overcoming the immunosuppression

Proper T‐cell activation will require two signals regulating T‐cell survival, proliferation, and/
or responsiveness to antigens. The first signal is initiated by the T‐cell receptor (TCR) through 
antigen recognition, while the second one is mediated by an interaction between receptors and 
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ligands of co‐stimulatory and/or co‐inhibitory signals, also known as immune checkpoints, in 
particular the B7 family [17, 18]. Under physiologic conditions, there exists a counterbalance 
between co‐inhibitory and co‐stimulatory signals, which is essential for the maintenance of 
self‐tolerance and immune homeostasis, thereby protecting the host from unnecessary dam-
age upon the clearance of the pathogen by the immune system [19]. In tumors following 
oncogenic transformation, immune inhibitory molecules are overexpressed resulting in the 
attenuation of adapted immune reactions and immune resistance. T‐cells are able to control 
diverse effector responses by integrating both adaptive and innate immune mechanisms. 
Therefore, agonists of co‐stimulatory receptors or antagonists of inhibitory receptors might 
enhance antigen‐specific T‐cell response [20]. The blockade of immune checkpoints mono-
clonal antibodies has been demonstrated to trigger effective antitumor responses not only in 
classical “immunogenic” tumor types, such as melanoma and renal cell carcinoma [21, 22], 
but also in many other solid cancers, such as lung [23], colorectal [24], ovarian [25], gastric [26], 
esophageal [27], bladder [28], and more recently breast cancer [29]. In addition to anti‐CTLA4, 
mAbs directed against PD1 and PD‐L1 are emerging as important therapeutic strategies in 
the treatment of cancer patients. These drugs are characterized by a better safety profile and 
more effective antitumor activity. PD1 is an immune inhibitory receptor mainly expressed 
on activated T‐cells, B‐cells, and monocytes, but also on Tregs. Following interaction with 
its ligands (i.e., PD‐L1 and/or PD‐L2), PD1 induces T‐cell anergy, leading to immune escape 
[30–32]. PD‐L1 is the best characterized of the two known PD1 ligands and can be expressed 
by tumor cells as well as by T‐ and B‐cells, macrophages, and dendritic cells [33, 34]. Food and 
Drug Administration (FDA) has approved the use of anti‐PD1 mAbs nivolumab and pem-
brolizumab in metastatic melanoma (in 2014) and non‐small cell lung cancer (in 2015), while 
anti‐PD‐L1 has demonstrated similar antitumor activities and is currently in a glowing stage 
of development [35, 36].

In breast cancer, PD‐L1 transcript expression positively correlates with that of interferon 
(IFN)‐γ and other inflammatory genes [37] and in 12 of 41 triple‐negative breast cancer 
(TNBC) found the same chromosomal amplification, which is associated with higher expres-
sion of PD1 ligands compared to estrogen receptor (ER)‐positive or human epidermal growth 
factor receptor 2 (HER2)‐positive breast cancer tissues [38]. The largest immunohistochemical 
evaluation evaluating almost 4000 breast cancer tissues detected PD‐L1 expression (cutoff 
at 1%) in 1.7% of all tumors and in 19% of the 302 TNBC samples [39]. However, among 
the tumor‐infiltrating lymphocytes (TILs), PD‐L1 expression was present in 6% overall and 
in 39% of TNBCs. Luminal A and luminal B subtypes are the major breast cancer tumors. 
However, PD‐L1 expression is rather less common in luminal subtypes given their high prev-
alence, they still represent a considerable proportion of PD‐L1‐positive tumors (i.e., 44% of 
all PD‐L1‐positive tumors in the study by Ali et al. [39]). This subgroup of luminal PD‐L1‐
expressed patients might benefit from immunotherapy [40]. A transcriptomic meta‐analy-
sis of 5454 breast cancer tissues demonstrated a highly variable frequency of PD‐L1 mRNA 
expression [39]. Expression was most prevalent in basal tumors, followed by HER2, and then 
luminal subtypes. High PD‐L1 expression levels were associated with poor clinical prognostic 
factor such as larger tumor size, higher grade, triple negative, and higher proliferative activity 
[39]. Recently, PD‐L1 expression was detected in circulating tumor cells (CTCs) in the blood 
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of hormone receptor‐positive, HER2‐negative breast cancer patients [41]. Thus, PD‐L1 expres-
sion of circulating tumors cells or soluble form detection can be plausible for stratification 
and monitoring of tumor patients undergoing immune checkpoint blockade. The influence of 
confounding variables is less strong in the therapeutic setting where the expression of PD‐L1, 
which is in turn associated with the expression of ICR genes, is correlated with responsive-
ness to neoadjuvant breast cancer chemotherapy [42, 43]. The predictive role of PD‐L1 in the 
metastatic setting is completely unknown.

4. Immunotherapy in breast cancer

Breast cancer has been considered as non‐immunogenic tumor, and therefore immunothera-
pies play a limited role in breast cancer patients. In the metastatic setting, vaccination thera-
pies have shown some signs of activity [44, 45], but results have been overall disappointing 
with lower objective response (OR) and clinical benefit. NeuVax, which is composed of the 
human epidermal growth factor receptor 2 (HER2)‐derived peptide E75 (nelipepimut‐S) 
combined with granulocyte‐macrophage colony‐stimulating factor (GM‐CSF) as an immu-
noadjuvant, appears to have clinical efficacy in early phase I/II trials [46, 47]. It is now the 
only breast cancer vaccine being evaluated in a phase III trial [48, 49]. Adoptive therapy with 
TILs is relatively active in melanoma patients [50]. However, this approach has not yet been 
applied in breast cancer due to the difficulty to generate sufficiently effective TIL cultures 
against the original tumor [51]. A phase I/IIa study in metastatic breast cancer by Domschke 
et al. [52] and Stefanovic et al. [53] demonstrated promising results in terms of immunological 
response, disease control, and survival by using bone marrow‐derived tumor‐reactive mem-
ory T‐cells. An intriguing median overall survival (OS) of 34 months was achieved with three 
(20%) patients alive at last follow‐up and more than 7 years after treatment. Interestingly, the 
survival rate correlates with the immunological response in the peripheral blood. They are 
now testing this approach in combination with cyclophosphamide to counteract the response 
to Tregs in a phase II study [54].

The first study employing checkpoint inhibitors tested the anti‐CTLA4 mAb tremelimumab 
in combination with endocrine therapy (examestane) in metastatic ER‐positive breast cancer 
patients. No significant clinical response was observed by treatment although 42% of patients 
achieved stable disease for more than 3 months [55]. The anti‐CTLA4 mAb ipilimumab is now 
being tested in patients with earlier stage or lower tumor burden. Based on the predictive 
and/or prognostic role of TILs [56, 57] and immune signatures [37] in breast cancers, and in 
view of the encouraging activity of PD1 blockade among multiple tumors, this strategy is now 
actively studied in breast cancer.

In general, TNBCs have a higher density of TILs, more active expression of inflammatory‐
related genes, and considering that the prognostic role of TILs is more prominent in TNBC 
than in other subtypes, the efficacy of PD1 inhibition has so far been evaluated in this setting 
[58, 59]. Results from two studies assessing the anti‐PD1 mAb pembrolizumab and the anti‐
PDL1 atezolizumab were recently presented. The pembrolizumab phase Ib KEYNOTE‐012 
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trial recruited 32 metastatic TNBC patients, most of whom had previously received at least 
three lines of chemotherapy for metastatic disease [60]. Only patients with PD‐L1 staining 
in the stroma or in ≥1% of tumor cells (evaluated by IHC) in archived samples were eligible. 
Satisfactory response rate of 19% was obtained with one complete and four partial respond-
ers. The atezolizumab phase Ia expansion trial enrolled 54 TNBC patients [61]. Even with 
previous chemotherapy heavily pretreated patients (85% had received four or more lines of 
chemotherapy), a similar overall response rate of 24% was reported with three partial and 
two complete responses in the 21 studied patients [62]. The efficacy of single‐agent immuno-
therapy soon led to combination strategies and showed better efficacies with the combination 
of anti‐PD1 mAb nivolumab and ipilimumab in melanoma [63]. Some combinatorial trials 
have been initiated to evaluate the activity of these and other anti‐PD1/PD‐L1 mAbs in mul-
tiple tumors, including breast cancer. These trials include combinations with co‐stimulatory 
molecules, different checkpoint inhibitors, p53 vaccine, HER2‐targeted monoclonal antibod-
ies, histone deacetylase inhibitors, less cytotoxic chemotherapy or tyrosine kinase inhibitor 
(nab‐paclitaxel, eribulin, PLX3397), poly I:C (a Toll‐like receptor agonist), bevacizumab (an 
anti‐angiogenic mAb), and radiotherapy [29].

5. Conclusions/perspectives

Over the last 20 years, we have learned more about the correlation of solid tumors and the 
immune system. By understanding the interactions has come a renaissance in cancer therapy, 
as immunotherapeutic interventions, which augment tumor‐specific responses and inhibit 
the suppressive pathways maintaining cancer cells’ immune privilege, have shown increasing 
efficacy in the clinical practice. However, despite the advancement we have made in under-
standing these mechanisms, we have just started to translate this knowledge into therapeutic 
implications.

Trastuzumab was the first antibody that could induce an antigen‐specific antitumor immune 
response [64]. It remains to be investigated whether the main effect of trastuzumab is related to 
immunological mechanisms or to synergistic activity with chemotherapy [65]. Meanwhile, many 
antibodies have been approved for treating solid tumors including breast cancer. However, 
tumor‐targeted antibodies represent only a small part of the immunotherapeutic strategies.

The treatment or prevention of metastatic breast cancer remains challenging. Targeting the 
immune checkpoint molecules in the tumor microenvironment, to modulate antitumor 
immune response with manageable toxicity, is an attractive and promising therapeutic strat-
egy for breast cancer. Nevertheless, only the minority of breast cancer patients with metastatic 
disease has responded to an anti‐PD‐1 therapy (18% with the antibody pembrolizumab). 
Future in‐depth research is urgently needed to identify the predictive biomarkers in those 
responders before starting the treatment. These therapies may represent the future standards 
of care but “one size doesn’t fit all” is a dictum reflecting the wide range of immune treatments. 
We need to define the susceptible subpopulations (with predictive biomarkers) and to apply 
those treatments as monotherapy, combined with standard therapies, in a more optimized 
sequence of therapy, or at the optimal timing of therapy (adjuvant vs. metastatic setting). 
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ers. The atezolizumab phase Ia expansion trial enrolled 54 TNBC patients [61]. Even with 
previous chemotherapy heavily pretreated patients (85% had received four or more lines of 
chemotherapy), a similar overall response rate of 24% was reported with three partial and 
two complete responses in the 21 studied patients [62]. The efficacy of single‐agent immuno-
therapy soon led to combination strategies and showed better efficacies with the combination 
of anti‐PD1 mAb nivolumab and ipilimumab in melanoma [63]. Some combinatorial trials 
have been initiated to evaluate the activity of these and other anti‐PD1/PD‐L1 mAbs in mul-
tiple tumors, including breast cancer. These trials include combinations with co‐stimulatory 
molecules, different checkpoint inhibitors, p53 vaccine, HER2‐targeted monoclonal antibod-
ies, histone deacetylase inhibitors, less cytotoxic chemotherapy or tyrosine kinase inhibitor 
(nab‐paclitaxel, eribulin, PLX3397), poly I:C (a Toll‐like receptor agonist), bevacizumab (an 
anti‐angiogenic mAb), and radiotherapy [29].

5. Conclusions/perspectives

Over the last 20 years, we have learned more about the correlation of solid tumors and the 
immune system. By understanding the interactions has come a renaissance in cancer therapy, 
as immunotherapeutic interventions, which augment tumor‐specific responses and inhibit 
the suppressive pathways maintaining cancer cells’ immune privilege, have shown increasing 
efficacy in the clinical practice. However, despite the advancement we have made in under-
standing these mechanisms, we have just started to translate this knowledge into therapeutic 
implications.

Trastuzumab was the first antibody that could induce an antigen‐specific antitumor immune 
response [64]. It remains to be investigated whether the main effect of trastuzumab is related to 
immunological mechanisms or to synergistic activity with chemotherapy [65]. Meanwhile, many 
antibodies have been approved for treating solid tumors including breast cancer. However, 
tumor‐targeted antibodies represent only a small part of the immunotherapeutic strategies.

The treatment or prevention of metastatic breast cancer remains challenging. Targeting the 
immune checkpoint molecules in the tumor microenvironment, to modulate antitumor 
immune response with manageable toxicity, is an attractive and promising therapeutic strat-
egy for breast cancer. Nevertheless, only the minority of breast cancer patients with metastatic 
disease has responded to an anti‐PD‐1 therapy (18% with the antibody pembrolizumab). 
Future in‐depth research is urgently needed to identify the predictive biomarkers in those 
responders before starting the treatment. These therapies may represent the future standards 
of care but “one size doesn’t fit all” is a dictum reflecting the wide range of immune treatments. 
We need to define the susceptible subpopulations (with predictive biomarkers) and to apply 
those treatments as monotherapy, combined with standard therapies, in a more optimized 
sequence of therapy, or at the optimal timing of therapy (adjuvant vs. metastatic setting). 
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Understanding the pathological mechanisms of different checkpoint molecules involved in 
cancer progression, immune‐related toxicities, and the mechanisms of immunologic resis-
tance to checkpoint modulation may further enhance the efficacy of cancer immunotherapies 
with its potential clinical applications.
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Abstract

Breast cancer (BC) is the most frequent type of malignancy among women worldwide
and the  most  common cause  of  mortality,  particularly  in  low and middle‐income
countries. As detection and treatment have improved, a larger number of surviving
women  need  adequate  rehabilitation  after  treatment.  However,  awareness  among
affected patients remains low. Thus, the aim of this study was to explore the needs
and  expectations  concerning  rehabilitation  among  Mexican  women  after  breast
surgery. An ethnographic approach was used. Eight focus groups were conducted in
the north‐central state of San Luis Potosí, Mexico, in 2014, in which women under
treatment and survivors participated.  Results  showed that women had insufficient
and misleading information concerning the need for rehabilitation from health care
authorities.  Women seemed to focus more on survival than on quality of life after
treatment  even  though  impairments  limiting  their  daily  life  activities  caused
frustration and feelings  of  uselessness.  In  conclusion,  many women perceived the
need for rehabilitation, but information was largely lacking. Public health services fail
to  provide  rehabilitation  services,  which  are  now  partially  covered  by  private
organizations. Treatment for breast cancer should be accompanied by rehabilitation.
Awareness, availability and access to physiotherapy services need to be put in place.

Keywords: breast cancer, physiotherapy, Mexico, postsurgery care, rehabilitation
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1. Introduction

Breast cancer (BC) is one of the most common malignancies in the world [1]. In Mexico, it is the
most frequent cancer among women, with incidence and mortality rates of 25 and 14 cases per
100,000 person‐years, respectively [2]. Between 2007 and 2014, the incidence of BC has been
increasing steadily reaching 29 cases per 100,000 women [3] with a large proportion being
diagnosed in stages III and IV, which are associated with a more complex treatment and a lower
survival probability [4].

The central‐northern state of San Luis Potosí (SLP), where this study was carried out, is one of
the most affected areas by this tumor [5]. During 2013, BC was the main cause of hospital
discharge among women aged 20 years or more and it accounted for 24.6% of all reported
malignancies, becoming the first cause of hospital morbidity with 55% of all registered cases
of women aged 40–59 years old [5].

Timely diagnosis remains a major concern, especially in poor and marginalized women, due
to the limited availability and access to preventive health services [6, 7]. Therefore, when
women are detected with BC, it is often at an advanced stage when surgery is the primary
treatment modality [8].

Mastectomy [9], but also chemo and radiotherapy [10, 11], often results in decreased motion
of the affected extremity and along with pain and edema impairs the mobility and reduces the
strength of the upper limb [10] affecting the women's quality of life (QoL) [10, 12]. The
occurrence of these conditions can vary depending on who is assessing them (e.g., physio‐
therapist or self‐reported), the treatment modality (e.g., surgery with or without chemo/
radiotherapy) and the time elapsed since the surgery [11, 13].

Some relatively common consequences derived from the operation are difficult to deal with,
especially if physiotherapy is lacking. For instance, lymphedema arising from the resection of
lymph nodes can develop in 15–25% of the women after 1–5 years of surgery [13]. In such cases,
physiotherapy can decrease edema by using manual lymph drainage or by compressing
garments. Pain, another complaint affecting up to 50% of women surviving cancer [14], can
also be relieved through physical means. Thus, postsurgical care should involve physical
rehabilitation to help women recover the motion of her upper limbs and to reduce the edema
and pain associated [15].

However, many women from low‐ and middle‐income countries, who undergo a mastectomy,
do not receive physiotherapy [16, 17]. This could be due to various reasons, including the fact
that women are not aware of the existence and relevance of physical therapy after surgery [17],
or because availability and access to rehabilitation services is constrained [18, 19].

In Mexico, health care services offered for BC patients include those provided by social security
institutions, those covered by the people's health insurance (PHI) run by the Ministry of Health
and the costly private medical care [20]. One of the free public programs prioritized by the
national health system is the “specific action program for BC,” which covers both diagnosis
and treatment, but pays little attention to rehabilitation care [21].
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As detection and treatment have improved during the last decades, a larger number of women
now survive who need adequate physiotherapy after treatment [22, 23]. However, awareness
among affected patients still remains low, especially among poor women [13, 24].

So far, there is limited knowledge and understanding of the importance and use of physio‐
therapy after BC treatment in Mexican women [25]. Thus, this study aims at filling this gap by
exploring the needs and expectations concerning rehabilitation after surgery. This information
could be of value to better design and implement rehabilitation programs that can translate
into a better QoL.

2. Methodology

The study presented here was part of a larger evaluation of the BC program in SLP, Mexico [26].
An ethnographic approach was used [27] with a purposive sample [28] of women diagnosed
with BC who were either receiving or had received treatment at a public facility, though few
family members were also included. Participants were contacted through the group RETO (i.e.,
total recovery in Spanish, but also means “challenge”), a nongovernmental organization
(NGO) that provides social assistance to women with BC at SLP public Central Hospital. Eight
focus groups (FGs) [29] comprising four to twelve participants were conducted (Table 1). FGs
took place at the Faculty of Nursing and Nutrition of SLP Autonomous University between
February and March 2014 by one of the coauthors trained and skilled in FG interviews (LMTT)
until saturation was reached [30, 31]. Sessions lasted between 29 and 110 min and followed an
interview guide that covered various themes dealing with experiences, limitations, strategies,
needs and expectations concerning rehabilitation. FGs were audio‐taped with the consent of
participants. In some cases, family members also participated (this was differentiated in the
transcriptions).

ID Participants (relative)1 Duration in min Age mean (min‐max)

FG1 11 (2F) 82 51 (33−69)

FG2 4 (1F) 57 58 (49−76)

FG3 7 110 48 (27−74)

FG4 4 (2F) 51 57 (48−62)

FG5 4 (2M) 46 51 (45−57)

FG6 5 (1F) 36 53 (29−75)

FG7 12 29 44 (34−60)

FG8 5 (1F) 47 41 (36−50)

1Number and sex of family member(s) who participated in the group.

Table 1. Description of the focus groups.

Prior to the FGs, women filled in a questionnaire to obtain socio‐demographic data. The
disability of arm shoulder hand (DASH) questionnaire, a self‐reported function validated and
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reliable instrument was used to determine the women's upper limb motion after surgery [32].
Thereafter, a clinical examination was carried out by one of the authors (VH), a professional
physiotherapist, to examine the functional status of the shoulder and arm to identify the
presence of limitations that hamper mobility among these women.

Women were examined in a sitting position where the active range of motion (ROM) of the
shoulder was measured using a goniometer [33]. The arm volume was determined using the
circumference of the arm to compute the volume of a cone [34]. Impaired ROM was defined
as an inter‐limb difference of more than 10° [35]. Observations made during the clinical
examinations were recorded as field notes [36] and used in order to understand the context
during the data analysis.

FG data was examined using content analysis, interpreting both manifest and latent content
in order to understand both the context and subjectivity in the material [37]. Systematic
codification and categorization were made using an inductive approach.

The full process included the following steps: (1) verbatim transcriptions of the FGs, (2)
translation from Spanish into English, (3) systematic codification, (4) grouping into categories,
(5) second codification of the segments to identify narrative consistency and variability and (6)
final discussion among authors to reach consensus about the findings. The software ATLAS.ti
5.2 was used for the analytical process.

Ethical principles were followed concerning self‐determination, anonymity and confidential‐
ity. All participants signed an informed consent form using standard practices.

3. Findings

Women included in the study were between the ages of 26 and 76 years with a mean age of 50.
Their overall socioeconomic status was low. Most were married, were housewives and had
one or more children. About half of them went to secondary school and one in four completed
college. Most women were affiliated to the PHI (the free public medical service for the lower‐
income segment of the population), but still reported having made personal payments for the
health care received. The average time elapsed from the surgery to the survey date was nearly
3 years, ranging from 1 month to 23 years.

More than half of the women had impaired flexion and abduction and almost one‐third of
women had impaired lateral rotation of the shoulder. One in four had lymphedema and nearly
all reported difficulties in performing tasks in daily life to a more or less severe extent.

The following sections present the findings using five relevant categories that arose from the
data analyses: (1) functional limitations in daily life, (2) reasons for limitations and discomfort,
(3) strategies to deal with impairments, (4) felt needs for information and (5) expectations of
rehabilitation from the health care services.
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3.1. Functional limitations in daily life

The limitations the women referred to after treatment included problems moving their arm
and the lack of strength on the affected side, which hindered them from lifting and carrying
heavy objects. This problem occurred in various degrees depending on the time elapsed since
the breast surgery, being more severe the shorter the time elapsed. For instance, from 3 to 4
weeks after surgery, the limitation was complete resulting in difficulties even to perform basic
personal hygiene actions, which made them rely on others. Yet, many household chores, such
as doing the laundry or squeezing the mop, which are commonly performed by hand by these
relatively poor women, were still constrained even after 6 months of treatment.

”For me it was very difficult. At first I couldn't do anything, like for half a year, I couldn't
for example squeeze the mop [by hand]. I couldn't, it hurt in this hand and it hurt in the
whole arm. It took me half a year until I had the strength to squeeze it, to be able to really
squeeze it.” (Woman FG 1)

The impact of the limitation depended upon the specific context of every woman; while some
received support from family members, others felt obliged to fulfill their household duties on
their own in whatever way possible. For instance, a mother with young children was forced
to move her arm to be able to care for her family.

”For me personally, I have my little girls, I need to move on, to continue doing things,
that's why you do it, for the girls really, for the girls and the husband, you have to move
on.” (Woman FG 6)

3.2. Reasons for limitations and discomfort

The women ascribed their limitations to both direct and indirect causes, which can be grouped
into medical, emotional and idiosyncratic. While some described the limitations in medical
terms, others referred them more simply as pain or weakness. Emotional reasons included the
fear of moving the arm or unawareness of impairment. The role of culture and the perception
of impairment in the Mexican context were also referred to by some women.

Sometimes the limitations were explained as a result of the extraction of lymph nodes and/or
muscles and nerves being cut off. The bottom line was that these provided a logical explanation
for the experienced sensations and difficulties. Women seemed to have obtained this infor‐
mation from their doctors, from members of the RETO group, or by reading educational
materials.

”…because they take out the lymph nodes the circulation is insufficient, unlike it was
before; they take out muscles, arteries and veins. For me it was a radical mastectomy, they
took all the breast out, so it makes sense what I feel because some muscles and nerves die…”
(Woman FG 4)

The main discomforts mentioned by the women included pain, numbness, weakness, swelling
of the arm and the feeling of having a heavy arm. Both women working at home and those
with professional careers emphasized the impact that these problems had on their ability to
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perform daily tasks. Activities such as lifting heavy objects or working in the computer for
various hours resulted in pain and exhaustion leading to feelings of incompetence.

”I felt incapable, I felt incapable of not being able to, like use a pen, an eraser…” (Woman
FG 5)

Some women reported being reluctant to move their arm out of fear that the wound would
open, potentially damaging the neighboring anatomic structures and others were worried
about the chance that the movement could increase the pain. Thus, the lack of information
regarding the motion possibilities of their upper extremities resulted in fear, making some
women overly cautious and over protective of their arms.

”…I was scared, mostly regarding the exercises. I thought that maybe they [the doctors]
told me not to move the arm, as I might hurt myself and the wound could open… I was
scared.” (Woman FG 5)

Another reason for the limitations faced was the acceptance of the impairment; a sense of
normality concerning the discomfort, which they assumed would not require any therapeutic
measure. Some women were not even aware of their inability to lift their arms until they were
about to receive radiotherapy, as this was a requirement to get such treatment. Until then, some
women had not even tried to improve their arms’ mobility.

”I have gone every week [to the doctor] since February 10, but the doctor didn't tell me
that I had to move my arm. I had the first radiation session yesterday, but I couldn't lift
the arm; now I have to go next Tuesday to see if I can lift it for the radiation, otherwise I
will have to wait week after week.” (Woman FG 7)

The local idiosyncrasy also seemed to play a role for preventing women from recognizing
impartments as disabilities at least until they are completely unable to perform conventional
tasks. Some discomfort and/or limitations were often seen as natural and justified as part of
the normal healing process by both patients and doctors themselves.

”My arm has been fine; it hasn't hurt at all. I can lift it perfectly, like I don't feel anything.
I only feel it when I’m carrying something. But if I forget and carry something heavy, then
later I feel it; it's normal.” (Woman FG 2)

Fear of recurrence and feelings of loss of femininity due to the removal of the breast were heavy
burdens to women. Consequently, many women expressed the need for psychological
assistance and ascribed psychological rehabilitation more value than to physiotherapy.

”…we need information, but also psychological care; we need it a lot, really, because we
women are very strong, but sometimes it knocks you down, really, it does.” (Woman FG 2)

3.3. Strategies to deal with impairments

Women used various strategies to decrease their impairment. While few used the available
medical services, for the majority, this was not a feasible option due to financial constraints
and geographic difficulties accessing rehabilitation services. For those unable to receive
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professional medical therapy, the alternative was to perform exercises at home and to adjust
their daily tasks to their condition. Women also discussed about the relevance of keeping a
good attitude toward recovery and the importance of being motivated to do so.

The use of medical services varied and ranged from the utilization of compression garments,
manual lymphatic drainage and physiotherapy to the use of prosthetic devices and medica‐
tions such as diuretics. Those using a prosthesis saw it more as an aesthetic device rather than
as a functional implement; thus, women tended to use just the cloth without weight or nothing
at all. Many women got in contact with the providers of these services through RETO or
received help directly from this organization.

”…at RETO they gave me advice and a lot of help; they told me how to do many exercises.
They sent me to lymphatic drainage because my arm had started to get swollen and heavy,
but this drainage helped me a lot. They [RETO] also teach you how to do the massage.”
(Woman FG 3)

In order to decrease the sense of impairment, many women made adjustments in their life. For
instance, they would modify the way in which they use to perform a task or would just remove
such activity from the agenda. Occasionally, women would receive help from their family or
from close acquaintances, but this was rather exceptional. As a rule, women were responsible
to take care of their children and other family members. Thus, to fulfill their chores they
mentioned that they tried to plan their activities according to what could be done considering
their limitations.

”… I have constant pain in my arm. This is because of the physical activities I do when I
work at home with all my chores. I have to plan according to what my arm allows. If it goes
well one day I sweep and I mop. But I always do the dishes and fix the food. I know that I
have to do the daily tasks, but I plan for doing the laundry and to sweep because these are
the things that cause most trouble; it's very heavy to mop.” (Woman FG 2)

Being able to manage household chores, work and to a smaller extent to perform recreational
activities were often reasons for moving or exercising. Some women emphasized that their
children and spouses provided motivation to continue fighting and to overcome their limita‐
tions.

”…I was 40 years old, so I still had a life, I had to fight for my kids, for my husband…”
(Woman FG 4)

Some women mentioned that feeling like a disabled person that has to cope with her reality
worked as a motivator to become more active. For many, there was no alternative but to help
themselves improve, as they have to support their families, which were already living on scarce
means. Therefore, recovery became a necessity.

“…my doctor told me that I was going to have like a disability, well, he didn’t say it like
that and then I thought ‘how will I make a living?’” (Woman FG 4)
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3.4. Felt needs for information

Women described functional limitations as a consequence of the lack of adequate information,
exercise, or movement. Limited knowledge was often a source of insecurity. However, they
also emphasized the value of the help received from RETO and highlighted the importance of
the assistance of such NGOs for women during the course of treatment and thereafter.

After surgery many women left the hospital with bandages attaching their affected arm to the
torso without knowing what they could or could not do. Some of them were actually told not
to move their arm, even after the bandages had been taken off to avoid the opening of the
wound, which resulted in fear and insecurity.

”… I liked to have the arm here [attached to the body]. I didn't move it and until today; I
still cannot lift it very high, because I liked to walk with the arm here. The doctor said:
‘leave it like that’ [laughs]; I was scared to lift it.” (Woman FG 1)

Some women mentioned that few doctors and nurses gave them good and adequate informa‐
tion and advice. Yet, for the most part, it was lacking, contradictory, or failed to sufficiently
clarify things for them and to provide full understanding of the issues involved. Consequently,
the fear and insecurity persisted.

”I get scared of getting close to the stove because, who knows what could happen to me? I
never got a clear explanation, not at any point after the operation. They never explained
to me at any stage what kind of things I could do or not.” (Woman FG 4)

The most frequent support for rehabilitation was the instructions provided by RETO, which
contained general information and guidelines for exercise and for the lymphatic drainage.
These instructions were generally given in the form of a brochure that was handed out when
leaving the hospital after the surgery. In fact, the support of RETO was often the only organi‐
zation providing some kind of rehabilitation information for women.

”I went looking for information; I had to know what was going to come after [the surgery].
I took the little brochure and then at RETO they explained everything to you: how to do
the exercises, how to start, how many days and all, everything. I got the information about
that from them.” (Woman FG 5)

However, the presence of RETO at the hospital somehow also prevented the public health
services to offer additional information and support concerning rehabilitation.

”…apart from the RETO group, I think that the doctors, well, here at the hospital it's like
they think, or I don't know, that if the RETO group is helping us to survive then they are
taking care of our needs.” (Woman FG 1)

3.5. Expectations of rehabilitation from the health care services

Women's views regarding the care that they believe BC patients should be given were also
explored along with suggestions on how to do this. The presence of family members in the
discussions shed additional light in topics such as the unequal access to care.
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While the medical and surgical treatment for BC was covered by the popular health insurance,
women mentioned financial and logistic obstacles to access adequate and comprehensive care
that included rehabilitation. For instance, one spouse commented on the possible effect of not
paying for services could have affected the coverage and quality of care of his wife.

”…well, I don't know, maybe it's because one doesn't pay, because it's given for free (…)
and I guess it's that, because for the most part I don't contribute with anything econom‐
ically that they leave you like that. You get your surgery and that's enough for you to be
satisfied and then the rest is up to God to help you (…) because if one could pay, I guess
they would say ‘come on, let's go’.”(Male relative, FG 5)

Conversely, posttreatment care, including physical therapy, lymphatic drainage and the
provision of assistive devices (e.g., prosthesis) are not covered by the PHI. Thus, since for most
women were unable to pay out of their pocket for rehabilitation care, then they just had to rely
on charitable assistance such as the one provided by RETO or simply receive no care whatso‐
ever.

”…I didn't have the possibility [to get rehabilitation]; in fact, they didn't say anything to
me about rehabilitating exercises, nothing, even though I wanted that. At that time, that
year, my husband was out of work and God knows, you have to eat, so for one, paying
rehabilitation, was impossible for one, we had to pay rent (…) it's impossible.” (Woman
FG 3)

The financial problems were paired with the logistic access to rehabilitation services. This was
particularly relevant for those women living in marginalized or rural areas where means of
transportations became the main concern.

”…the truth is that I didn't, I didn't have rehabilitation of my arm. Yes, the oncologist
sent me to rehabilitation, but it was very difficult for me because I lived two hours from
Tampico [a major city where the service was available]. I needed to go every day and so this
was one of the things that I couldn't do, thank you very much, but I couldn't do it.” (Woman
FG 2)

Most women suggested additional public clinics and doctors that can spend more time with
each patient. However, since women were not informed about the treatment procedures and
the consequences thereof, they did not have a clear picture of what kind of care they could ask
for. Some suggested seminars to inform and guide patients and their families about BC
treatment and posttreatment care.

”We have to become people who demand and ask for better care, like ‘you are going to take
care of me because it's your job and I pay you for it and you have to do it’.” (Woman FG 7)

4. Discussion

This study aimed to explore the needs and expectations concerning rehabilitation among
Mexican women after BC surgery. Due to insufficient and sometimes misleading information
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from the health care services, the actual need for posttreatment care is neither met nor
acknowledged. However, the positive attitude found among women toward rehabilitation is
an important resource for future interventions. How these women perceive their right to
comprehensive health care seems to be affected by the structure of the health care services and
the Mexican idiosyncrasy.

The study provides in‐depth information about the rehabilitation needs and expectations of
BC survivors from a middle‐size central Mexican city. Various themes emerged that underlie
factors associated with the lack of rehabilitation care for most women such as the absence of
free‐ or low‐cost public facilities that provide such services, as previously observed [18].

A relevant issue was the lack of knowledge concerning the various aspects of treatment and
posttreatment care. There was a general unawareness of the impairments as such or a belief
that the discomforts were part of the normal healing process. Contrary to previous findings
showing that the needs and complications reported by patients tend to be greater than those
reported by clinicians [38], the women in this study seemed to give less importance to the
functional limitations than to what their actual clinical assessment revealed (nearly all women
included in this study had significant functional motion restrictions as assessed by a physio‐
therapist; data not presented). Yet, most of those experiencing limitations after surgery did not
even try to seek rehabilitation care in agreement with others studies reporting that just few
women are aware of the importance of posttreatment rehabilitation, especially in poor settings
[17, 39, 40].

The findings of this study are also added to the evidence that there is a dissatisfaction regarding
the information and support given by physicians and health care personnel after BC surgery.
Fear, insecurity and confusion are generated by absent or misleading information [16, 39]
which makes women have an overtly protective attitude toward the movement of their affected
arms. Advice to keep the arm still and to avoid heavy lifting led to the belief that strenuous
activity can have a negative effect on movement and volume, when studies suggesting the
opposite [41, 42]. The motion restrictions advised by the health care personnel seemed to derive
from outdated information concerning the effects of arm movement after surgery [41] which
points to the need to update physicians and health professionals on the current physiotherapy
guidelines for BC patients.

Most women were not informed about the procedures or the consequences that the treatment
entailed. In particular, they were neither told nor they themselves requested for rehabilitation
care for the experienced discomfort. In accordance with previous studies [43, 44], many women
tried to handle their bothers either by changing the usual way in which they carried out an
activity, by modifying their work schedule, or by eliminating tasks considered too difficult to
perform. The relatively lack of assistance from spouse, family members, or friends to carry out
daily activities also needs to be considered, as it can affect the interaction of this women with
their family and social environment [43].

Cancer brings negative consequences associated with both the disease and the medical and
surgical treatment [45]. As women experience the cancer process, some of them develop a
fatalist attitude with a loss of hope that results in less energy and motivation to continue
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fighting the disease [46, 47]. This can in turn prevent women from trying to improve their
welfare while alive, which partially explains why they do not prioritize their rehabilitation.
However, the disease can also result in a positive proactive attitude [48], as it was observed
among many of the women interviewed here whereby they try to keep themselves alive in
optimal conditions for their children and husbands. A positive mindset and the will to fight
the disease with the hope to survive are also part of the survival strategies used by BC women
[49]. Unfortunately, these women still lack the information and support needed to face their
physical limitations and many end up prioritizing the needs of others at the expense of their
physical rehabilitation.

While taking care of the close family can grow in relevance among BC women [50] becoming
a key issue to face the disease, it seems that there can also have a negative effect when it comes
to paying attention to their physical rehabilitation.

One must also consider the importance of providing social support to these women during
this stage of the disease [51], including that of spouse, grown‐up children and other family
members, which is crucial to take appropriate decisions with respect to rehabilitation [52].

It is important that the public health services pay attention to the rehabilitation needs of BC
women after surgery by designing and implementing follow‐up programs that have been
proven successful [53] involving family members that provide support [54] and optimizing
the resources and offering benefits that translate into a better quality of life.

Since the survival rate for BC is increasing, so it is the importance of posttreatment care. As it
is the case in many other low‐ and middle‐income countries, there is no institutional public
program available in Mexico that provides free coverage for rehabilitation services to BC
women after surgery [55]. At present, the health system mainly focuses on survival, namely,
on primary and adjuvant treatment [56, 57] whereby posttreatment care is left to NGOs such
as the RETO group that provide information, exercise programs, lymphatic drainage and other
activities to support women during the rehabilitation period. Yet, this study and others [16,
17, 39, 40] illustrate the need of rehabilitation and psychological therapy in addition to surgical
treatment and radiotherapy for BC women.

During the discussions, economic and logistic issues were brought up as reasons limiting the
access to comprehensive care. Those few women referred for rehabilitation found significant
barriers to access those services either because of the high cost involved and/or due to distance
and transportation difficulties. Differential accessibility to health services has been acknowl‐
edged in Mexico by health authorities who have even called for strong patients’ advocacy
groups to improve cancer care [58]. Unfortunately, the notion that survival is the main and
almost only goal of treatment seems to prevail among both, patients and health personnel and
so far little attention is being paid to the provision of better care after BC surgery [57].

The structure and recent evolution of the Mexican health system has had an impact on how
the right to health care is looked upon by the population. The PHI, implemented in 2003 with
the aim of providing comprehensive health care to those uninsured, entitled nearly 50 million
Mexicans to a regulated and structured health care service. Thus, it is important to considered
that many of the women interviewed here would have received an even more limited health
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care service prior to the inclusion of BC treatment in the insurance policies of 2007 [8, 55, 56].
However, the inclusion of posttreatment rehabilitation is yet to be part of such insurance to
achieve a more humane comprehensive care for these women.

It is worth noting that while the public health services in SLP have insufficient human resources
and infrastructure to rehabilitate BC women after surgery, the health authorities fail to even
provide women with relevant information concerning the benefits of motility and physical
exercise after surgery and during chemo and radiotherapy; instead, women have to rely upon
the support and guidance of a NGO for that purpose [18]. Governmental authorities must be
aware of this and as a result take a more active role rehabilitating these women. The same logic
applies to the psycho‐emotional support, which is commonly overlooked, as both BC women
and health professionals are mostly focused on survival, but far less on the women's quality
of life.

Altogether the findings of this study stress the pain and difficulties of BC women have to go
through, which affect their quality of life significantly, including their social interaction with
those dearest and nearest to them. However, the positive attitude of most women in their will
to improve their functionality after surgery should be seen as an opportunity to design and
implement effective rehabilitation programs with high adherence to its guidelines.

5. Conclusion

Many women perceived the need for rehabilitation, but information is still largely lacking. At
present, public health services fail to provide rehabilitation services, which are now partially
covered by private organizations. Treatment for BC should be accompanied by adequate
rehabilitation. Therefore, awareness, availability and access to physiotherapy services need to
be put in place.

Abbreviation list

BC Breast cancer

DASH Disability of arm shoulder hand

FG Focus groups

NGO Nongovernmental organization

PHI People's health insurance

RETO Recuperación total (total recovery)

ROM Range of motion

SLP San Luis Potosí
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Abstract

The majority of breast cancers are estrogen receptor positive (ER+) and utilize estrogen
to promote cell proliferation. Thus, the ER has been the target of many therapies. While
this strategy has been successful, the long‐term use of antiestrogen therapies, such as
tamoxifen  (Tam),  frequently  results  in  Tam  resistance  (Tam‐R).  Tam‐R  cells  may
proliferate due to the activation of the phosphatidylinositol‐3 kinase (PI3K) and the
mitogen‐activated protein kinase (MAPK) pathways. Targeting these proliferation and
survival pathways after the development of resistance is critical for the treatment of
drug‐resistant  cancers.  We  have  identified  the  flavanone  Naringenin  (Nar)  as  an
inhibitor of both the PI3K and MAPK pathways. Here, we show that Nar impairs cell
proliferation  and  induces  apoptosis  of  Tam‐R MCF‐7  breast  cancer  cells.  We  also
demonstrate that Nar treatment reduced the levels of both ERK and AKT in Tam‐R cells.
Furthermore, Nar treatment localized ERα to a perinuclear region in Tam‐R cells. Nar
may function by inhibiting both the PI3K and MAPK pathways as well as localizing
ERα to the cytoplasm to impair cell proliferation of Tam‐R MCF‐7 cells. These studies
provide insight into the molecular mechanisms involved in cell proliferation of Tam‐R
breast cancer cells.

Keywords: naringenin, tamoxifen‐resistant, breast cancer, proliferation, MAPK

1. Introduction

The majority of breast cancers are estrogen receptor positive (ER+) and depend on estrogen for
cell proliferation [1]. The majority of ER+ breast cancers respond to antiestrogen therapies such
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as tamoxifen (Tam) [2]. Unfortunately, the long‐term use of Tam frequently results in Tam
resistance. Tam resistance is often accompanied by the activation of other proliferation promoting
pathways such as growth factor receptor pathways and their downstream signaling molecules
such as phosphatidylinositol 3‐kinase (PI3K) and mitogen‐activated protein kinase (MAPK) [3].
Endocrine resistance and activation of growth promoting signaling molecules are indicative of
a poor prognosis and increased mortality [4]. Thus, the identification of therapeutic compounds
that regulate proliferation in Tam‐resistant cancers could lead to more effective treatment
options.

In order to impair proliferation in ER+ breast cancer cells, antiestrogen therapies such as Tam
are utilized to target the ER [2]. Normally, estrogen binds the ER that results in dimerization,
translocation into the nucleus, and regulation of gene transcription [5–8]. The estrogen‐ER
complex regulates numerous genes that affect cell proliferation and survival [5–8]. Tam acts
as an agonist or antagonist to the ER depending on the cell type [9]. In breast tissue, Tam
functions mainly as an antagonist to the ER. It does so by binding the ER and preventing it
from transcribing estrogen‐responsive genes [2, 9–11]. Inhibiting transcription of these genes
impairs cell proliferation and survival. Previous studies have shown that overactivation of the
MAPK and PI3K pathways during Tam treatment may be involved in Tam resistance via
ligand‐independent activation of the ER, decreasing the overall rate of ER+ breast cancer
survival [6]. Both the MAPK and PI3K pathways regulate cellular growth and survival [12].
These pathways have also been shown to activate the ER via phosphorylation in a ligand‐
independent manner [13, 14]. Conversely, the ER can activate both the MAPK and PI3K
pathways by a nongenomic mechanism [13, 14]. Taken together, these findings suggest that
Tam resistance may be the result of complex interactions between the ER and components of
kinase signaling pathways. Therefore, identification of compounds that inhibit the activity of
the PI3K or MAPK pathways may restore growth arrest to Tam resistant cells. Chemical
inhibitors of MEK and PI3K are currently being investigated as promising new strategy for
breast cancer patients [15, 16].

Previous studies have identified the grapefruit flavanone, Naringenin (Nar) as an inhibitor of
both the MAPK and PI3K pathways [15, 17–20]. Flavanones have low toxicity compared to
other plant compounds and can function to impair cell proliferation, angiogenesis, and
signaling cascades [21–26]. Previous studies have shown that Nar hinders cell proliferation
and motility by interfering with the PI3K and MAPK pathways [26, 27]. Nar has also been
shown to bind directly to the estrogen receptor and function as an ER antagonist [26, 27]. The
ability of Nar to impair the MAPK and PI3K pathways as well as function as an antagonist to
the ER suggests that Nar has the potential to growth arrest Tamoxifen‐resistant cells (Tam‐R).
In this study, we show that Nar inhibits cell proliferation of Tam‐R MCF‐7 cells. Furthermore,
we demonstrate that Nar impairs both the MAPK and PI3K pathways by reducing the levels
of ERK and AKT. Nar treatment results in relocalization of ERα to a perinuclear location in
Tam‐R cells. Thus, Nar acts by impairing both the MAPK and PI3K pathways as well as
functioning as an antagonist to the ER.
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2. Materials and methods

2.1. Cell culture

MCF‐7 cells were maintained in Dulbecco's modified Eagle medium (DMEM)/10% fetal bovine
serum (FBS), supplemented with insulin, or phenol red‐free DMEM (PRF‐DMEM) supple‐
mented with 10% charcoal‐stripped fetal bovine serum (CS‐FBS). Cells were maintained at
37°C with 5% CO2. Media was changed every 2 days and cells were passaged at 80% confluency.

2.2. Generation of Tam‐R cells

Tam‐R cells were generated by culturing MCF‐7 cells in DMEM supplemented with 100 U/mL
penicillin/streptomycin, 0.01 mg/mL bovine insulin, 10% FBS, and 10‐6 M of 4‐OH‐tamoxifen
for 10 months [28–30].

2.3. Naringenin treatment

Naringenin was purchased from Sigma Aldrich. Cells were treated with Naringenin (2,3‐
Dihydro‐5,7‐dihydroxy‐2‐(4‐hydroxyphenyl)‐4H‐1‐benzopyran‐4‐one, 4′,5,7‐Trihydroxyfla‐
vanone) (Nar) or treated with a vehicle DMSO alone. Cells were treated with Nar (at the
indicated concentration) a few hours after plating. Cells were treated for the indicated times
and then assayed for a variety of parameters.

2.4. Cell density assays

Cells either treated with the vehicle DMSO alone or Nar (at the indicated concentrations and
the indicated time points) were washed twice with 1×PBS, trypsinized and then centrifuged at
5000 × g for 5 min. Pelleted cells were resuspended in 1×PBS. Cells (1:20 dilution) were
incubated in ViaCount Reagent for 5 min in the dark and analyzed by Guava easy‐CyteTM flow
cytometry (Millipore) using the ViaCount software. The ViaCount Reagent determines cells
density (a measure of all cells) as well as viable, apoptotic, and dead cells by using two dyes.
The nuclear dye stains only nucleated cells and the viability dye stains only dying cells. Levels
of the stains allows for accurate assessment of viable, apoptotic, and dead cells.

2.5. Immunoblot analysis

Cells either treated with the vehicle DMSO alone or Nar (250 μM) for 7 days were washed once
with 1×PBS and lysed. Cell lysates were rocked for 20 min and then centrifuged for 20 min at
4°C. Proteins (30 μg) were subjected to 10% SDS‐PAGE and Western blot analysis protein were
immunostained with the indicated antibody and detected using ECL and a Bio‐Rad ChemiDoc
XRS system. Protein bands were analyzed using Quantity One software.

2.6. Immunofluorescence

Cells were cultured on sterilized glass coverslips for 7 days. Cells were either treated with the
vehicle DMSO alone or Nar (250 μM) for 7 days. After treatment, cells were washed with 1×PBS,
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fixed with 3.7% paraformaldehyde for 15 min, and then permeabilized in 0.25% Triton. Cells
were incubated with an ERα antibody (1:100) for 1 h and then a secondary antibody for 45 min.
Cells were incubated with DAPI (1:1000) for 5 min and then washed with 1×PBS. Cells were
visualized using an Olympus iX81 Motorized Inverted Confocal Microscope equipped with
Fluoview FV500 software. To determine the effect of Nar on apoptosis, cells were stained with
DAPI and cells containing condensed and fragmented nuclei (presented as punctate DAPI
staining) were counted. Cells in 5–7 different fields/slides were counted and averaged. The
experiment was performed three times.

2.7. Quantification of ERα

ERα levels were quantified by fluorescence intensity in both the cytoplasm and nucleus. The
ratio of nuclear/cytoplasmic signal was measured for 5–7 fields under various conditions and
averaged. The experiment was performed three times.

2.8. Nuclear and cytoplasmic fractionation

Cells either treated with the vehicle DMSO alone or Nar (250 μM) for 7 days were washed with
1×PBS and centrifuged at 8000 rpm for 2 min. The supernatant was removed and cells were
resuspended in 1 mL of Hank's balanced salt solution. Cells were then centrifuged at 4000 rpm
for 2 min. The supernatant was removed and the cells were resuspended in 100 μL of CE buffer
(10 mM Hepes pH7.6, 60 mM KCl, 1 mM EDTA, 1 mM DTT, 0.7% NP‐40). They were placed
on ice for 5 min, and then centrifuged at 4000 rpm for 4 min. The supernatant was collected as
the cytoplasmic extract. The remaining pellet was resuspended in 500 μL of CE buffer without
NP‐40 and then centrifuged at 10,000 rpm for 4 min. The supernatant was removed and the
remaining pellet was the nuclear extract.

2.9. Statistical analysis

Results are the means ± SEM of three independent experiments (*p < 0.05). The significance
was assessed by two‐way analysis of Student's t‐test (StatPlus, AnalystSoft).

3. Results

3.1. Characterization of Tam‐R MCF‐7 cells

Previous studies have shown that growth factor pathways are upregulated in Tam‐R cells [3].
Since Nar targets the MAPK and PI3K pathways, we wanted to determine the effect of Nar on
Tam‐R cells. In order to do this, we first had to establish a Tam‐R cell line. Previous studies
have shown that MCF‐7 cells can become tamoxifen‐resistant through prolonged exposure to
4‐OH‐tamoxifen [28–30]. We cultured MCF‐7 cells in the presence of 4‐OH‐tamoxifen for 10
months as described in Section 2. After 10 months of 4‐OH‐tamoxifen treatment, cells were
assayed for proliferation and compared to Tamoxifen‐sensitive MCF‐7 cells (Tam‐S). Cells were
grown in either full medium (10% FBS) or medium containing charcoal‐stripped serum. Since
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MCF‐7 cell proliferation is primarily driven by estrogen, the untreated wild‐type Tam‐S cells
had a 462% increase in cell density when grown in full medium and a low rate of proliferation
in the charcoal‐stripped serum compared to cells grown in full medium. The cell density of
Tam‐S cells cultured in charcoal‐stripped serum only increased 37% over 7 days (Figure 1A).
Furthermore, Tam‐S cells treated with tamoxifen also had a low rate of proliferation. In
contrast, cell density of Tam‐R cells increased by 378% in full medium and 287% in the presence
of charcoal‐striped medium in 7 days. Additionally, tamoxifen treatment had no effect on cell
density. Thus, the level of cell proliferation observed in the presence of Tam indicated that the
cells were Tam‐resistant. In all treatments the vehicle control (EtOH) had no effect when
compared to untreated cells.

Figure 1. Characterization of Tam‐R MCF‐7 cells. Tam‐S (MCF‐7 wild‐type) and Tam‐R cells were cultured in phenol
red free media containing FBS (Full media) or charcoal‐stripped FBS and either left untreated or treated with the vehi‐
cle (ethanol) or 4‐OH‐tamoxifen (100 nM) for 7 days. (A) Cell densities (cells/ml) were determined and compared to
initial counts to calculate percent change. Results are the means ± SEM of three independent experiments. Differences
between Full media and Charcoal‐stripped media were tested for statistical significance (*p < 0.05). (B) Cell lysates
were collected and proteins were subjected to SDS‐PAGE. Proteins were immunoblotted using antibodies against p‐
ERK1/2, ERK1/2, p‐AKT, AKT, and actin. Results are representative of five independent experiments. (C) Cells were
fixed and stained for ERα and visualized using confocal microscopy. The results are representative of three independ‐
ent experiments.
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Previous studies have suggested that cell proliferation in Tam‐R cells may be due to the
activation of growth factor pathways [3]. In order to determine if the change in growth rate
was associated with a change in the protein levels and/or phosphorylation of ERK1/2 and/or
AKT, we assayed p‐ERK1/2, ERK1/2, p‐AKT, AKT, and actin. Tam‐S MCF‐7 cells express both
ERK1/2 and AKT and low levels of both p‐ERK1/2 and p‐AKT were detected. Tam‐R cells also
express both ERK1/2 and AKT at similar levels when normalized to actin levels. In agreement
with previous studies, we observed an increase in p‐ERK1/2 in the Tam‐R cells when compared
to Tam‐S (Figure 1B) [31]. Surprisingly, Tam resistance did not stimulate the phosphorylation
of AKT when normalized to actin levels in our cells (Figure 1B).

Another observed difference present in Tam‐R cells is the redistribution of ERα to the
cytoplasm upon tamoxifen resistance [31]. We wanted to determine whether our Tam‐R cells
exhibited any alteration in ERα localization when compared with Tam‐S cells. To investigate
the localization pattern of ERα, both Tam‐S and Tam‐R MCF‐7 cells were assayed for ERα
localization by confocal microscopy (Figure 1C). In Tam‐S cells, ERα was localized primarily
to the nucleus (72 ± 4 of total ERα) with lower levels present in the cytoplasm (28 ± 7 of total
ERα). In contrast, Tam‐R cells exhibited increased levels of ERα in the cytoplasm (47 ± 6 of
total ERα) compared to Tam‐S cells. This increased level of ERα was evenly distributed
throughout the cytoplasm. ERα was still present in the nucleus of Tam‐R cells although at
lower levels (53 ± 7 of total ERα) then that observed in Tam‐S cells.

3.2. Nar impairs cell density of Tam‐R MCF‐7 cells

Next we wanted to determine if Nar could inhibit cell proliferation in Tam‐R MCF‐7 cells.
Previous studies suggested that Tam‐R cells utilize PI3K and/or MAPK pathways for cell
proliferation. Since Nar inhibits both these pathways, it should result in impaired growth
of Tam‐R cells. We first wanted to determine the time‐ and concentration‐dependent effects
of naringenin on Tam‐R cells. As shown in Figure 2A, Nar treatment decreased cell density
within 2 days when compared to untreated cells and cell density further declined at 4 and
7 days. There was a significant difference in cell density at day 4 and 7, so we conducted
all of our studies on day 7. We then wanted to determine the effect of Nar concentration on
cell density (Figure 2B) and viability (Figure 2C) of Tam‐R cells. While Nar treatment (at
all concentrations) decreased both the cell density and viability of Tam‐R cells in 7 days
only a Nar concentration of 250 μM had a significant effect on both cell density and cell
viability when compared to untreated Tam‐R cells. In our studies, we determined that Nar
inhibited cell proliferation of both Tam‐S and Tam‐R cells with an IC50 value of 237 μM.
While previous studies have shown that lower concentrations of Nar impaired the prolifer‐
ation and viability of MCF‐7 cells, our studies here demonstrate that Tam‐R MCF‐7 cells
require higher concentrations of Nar to impair proliferation and viability [15, 17]. Higher
concentration of Nar in cell culture as well as in animal studies have been employed in
other studies and may reflect the specific sensitivities of the targets of Nar to elicit specific
physiological effects [32–35].
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Figure 2. Nar inhibits cell proliferation in a concentration‐ and time‐dependent manner. Tam‐R cells were cultured in
phenol red free media containing charcoal‐stripped FBS with 4‐OH‐tamoxifen (100 nM). (A) Cell densities (cells/ml)
were determined in the presence or absence of Nar (250 μM) for the indicated time points. (B) Cell density (cells/ml)
and (C) cell viability were determined at various Nar concentrations and compared to initial counts to calculate per‐
cent change. Results are the means ± SEM of three independent experiments. Differences between untreated and Nar
treated were tested for statistical significance (*p < 0.05).

3.3. Nar induces apoptosis in Tam‐R cells.

To determine whether the potential effect of Nar on cell proliferation were similar in Tam‐S
and Tam‐R cells, both cell types were grown in media containing Tam in the presence or
absence of Nar [34–37]. As shown previously, Tam impaired the proliferation of Tam‐S cells.
Nar treatment of Tam‐S cells not only further impaired cell proliferation it also decreased
viability (Figure 3A). As expected the Tam‐R cells exhibited increased proliferation in the
presence of Tam when compared to Tam‐S cells (Figure 3A). However, the increase in prolif‐
eration was completely reversed by the addition of Nar. Nar impaired viability of Tam‐R cells
to a similar extent as that seen in Tam‐S MCF‐7 cells (Figure 3A). Next, we assayed for apoptotic
and dead cells upon Nar treatment of Tam‐R cells (Figure 3B and C). There was an increase in
both apoptotic and dead cells in Nar treated cells over 7 days when compared to untreated
cells. In complementary studies, we assayed for condensed and fragmented nuclei by DAPI
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staining (Figure 3D and E). Nar treatment of Tam‐R cells resulted in a 16% increase in nuclear
apoptosis when compared to untreated cells.

Figure 3. Nar is cytotoxic to Tam‐R cells. (A) Tam‐S and Tam‐R cells were cultured in phenol red free media plus char‐
coal‐stripped FBS (PRF‐DMEM + CS‐FBS) containing 4‐OH‐tamoxifen (100 nM) in the presence or absence of Nar (250
μM). After 7 days, cells were collected, cell densities quantified, and growth rate calculated. Results are the means ±
SEM of five independent experiments. Tam‐R cells were cultured in the presence or absence of Nar for the indicated
time points and assayed for (B) apoptotic and (C) dead cells. Percent apoptosis and percent dead cells were determined
by flow cytometry. Results are the means ± SEM of three independent experiments. Differences between untreated and
Nar treated at the indicated time points were tested for statistical significance (*p < 0.05). (D) Tam‐R cells were cultured
in the presence or absence of Nar for 7 days and then stained with DAPI and visualized by confocal microscopy. Con‐
densed and fragmented nuclei are indicated by arrows. (E) Quantification staining is expressed as % apoptotic cells in
Nar treated cells compared to untreated cells. Results are the means ± SEM of three independent experiments. *p < 0.05.

3.4. Nar decreases the levels of ERK and AKT protein in Tam‐R cells

Previous studies have shown that short‐term exposure to Nar reduces both AKT and ERK1/2
phosphorylation in MCF‐7 cells. Our recent studies demonstrated that long‐term (days)
exposure to Nar decreased the protein levels of ERK1/2 and AKT in Tam‐S MCF‐7 cells [20].
We wanted to determine whether Nar had similar effects on ERK1/2, and AKT in Tam‐R MCF‐
7 cells. To determine if Nar altered the levels and/or the phosphorylation of ERK1/2 and AKT,
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we incubated Tam‐R cells with Tam alone, Nar alone, or a combination of Nar and Tam. While
Tam‐R MCF‐7 cells expressed both AKT and ERK1/2, as shown previously, the addition of Nar
in the presence or absence of Tam in Tam‐R cells resulted in significantly lower levels (30–40%)
of both ERK1/2 and AKT (Figure 4A and B). Next, we examined the effect of Nar on the
phosphorylation status of ERK1/2 and AKT in Tam‐R cells. Our findings show that Tam‐R cells
have increased levels of p‐ERK1/2 but unchanged levels of p‐AKT when compared to Tam‐S
cells as seen in Figure 1B. As shown in Figure 4A, Nar alone and in combination with Tam
resulted in undetectable levels of p‐ERK1/2 in Tam‐R cells. This may be due in part to the
reduced levels of total ERK1/2. Phosphorylated AKT was undetectable in all samples.

Figure 4. Nar impairs the expression of ERK1/2 and AKT. Tam‐R MCF‐7 cells were grown in phenol red free media
plus charcoal‐stripped FBS (PRF‐DMEM + CS‐FBS) in the presence of 4‐OH‐tamoxifen (100 nM), Nar (250 μM), or a
combination of the two. (A) Following 7 days of treatment, cells lysates were collected. Proteins were subjected to SDS‐
PAGE and immunoblotted using antibodies against p‐ERK1/2, ERK1/2, p‐AKT, AKT, and actin. (B) Protein levels were
quantified using densitometry. Results are the means ± SEM of three independent experiments. Differences between
Tam‐treated and Nar or Nar‐Tam treated were tested for statistical significance (*p < 0.05).

3.5. Nar alters ERα localization in Tam‐R MCF‐7 cells

Since ER localization changes upon tamoxifen resistance and Nar is known to bind ERα, we
wanted to determine whether Nar had an effect on ERα localization in Tam‐R cells [31]. To
investigate the localization pattern of ERα, Tam‐R MCF‐7 cells were cultured in the presence
or absence of Nar and ERα localization was determined by confocal microscopy. Cells were
also stained with DAPI. In untreated Tam‐R cells, ERα was uniformly distributed in the
cytoplasm (Figure 5A and B). ERα was also present although at lower levels in the nucleus
when compared to levels present in the cytoplasm. Surprisingly, Nar treatment resulted in a
redistribution of ERα to a perinuclear localization in Tam‐R MCF‐7 cells. Significantly, lower
levels of ERα were present in the nucleus (19%) as well as throughout the cytoplasm in Nar
treated cells when compared to untreated cells. In complimentary studies, we fractionated
Tam‐R cells incubated in the presence or absence of Nar into cytosolic and nuclear fractions
and assayed for ERα localization (Figure 5C). In untreated Tam‐R cells there was a relatively
even distribution of ERα and in contrast, Nar treatment reduced the levels of ERα in the
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nucleus. Since our fractionation studies do not distinguish region of the cytoplasm, the total
cytoplasmic ERα levels include the perinuclear ERα levels and thus higher total cytoplasmic
ERα levels.

Figure 5. Effect of Nar on ERα localization in Tam‐R cells. Tam‐R MCF‐7 cells were grown in phenol red free media
plus charcoal‐stripped FBS containing 4‐OH‐tamoxifen (100 nM) in the presence or absence of Nar (250 μM) for 7 days.
(A) Cells were fixed, stained for ERα and DAPI and visualized using confocal microscopy. The results are representa‐
tive of three independent experiments. (B) Quantification of ERα nuclear localization. Results are the means ± SEM of
three independent experiments. *p < 0.05. (C) Cells were fractionated into nuclear and cytosolic fractions and assayed
for ERα by Western blot analysis. ERα levels were quantified and expressed as % of total ERα. Results are the means ±
SEM of three independent experiments. *p < 0.05.

4. Discussion

Since ER+ breast cancers utilize estrogen to promote proliferation, pharmaceutical treatments
have targeted the ER. One of the most widely used and successful breast cancer treatments is
the antiestrogen, Tam. The optimal Tam treatment duration needed to decrease recurrence and
improve survival is 5 years. Unfortunately, prolonged Tam treatment leads to Tam resistance.
Resistance may in part be due to the activation of other proliferation promoting pathways.
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Tam‐R cells activate signal kinase pathways to promote cellular proliferation. Currently, the
use of Tam in conjunction with multiple kinase inhibitors is being investigated for the treatment
of breast cancers [38]. Since Nar also has been shown to have antiproliferative effects, we
investigated the ability of Nar to impair cell proliferation of Tam‐R breast cancer cells. Our
findings suggest that Nar targets both ERK1/2 and ERα to impair cell proliferation of Tam‐R
MCF‐7 cells.

While initially Tam binds to the ER and acts in an antagonist to prevent the ER from interacting
with coactivators on the promoters of estrogen responsive genes that regulate cell proliferation
and survival, eventually with prolonged treatment cells become Tam resistant [10, 11].
Previous studies have implicated the overactivation of the MAPK and PI3K pathways as
contributors of acquired Tam resistance [4]. The ER is able to activate both the MAPK and PI3K
pathways [3, 13, 31, 39–43]. In turn, the MAPK and PI3K pathways activate the ER in a ligand‐
independent manner [3, 13, 31, 39–43]. In order to determine the effects of Nar, we first
generated a Tam‐R MCF‐7 cell line by culturing MCF‐7 cells in the presence of 4‐OH‐tamoxifen
for 10 months [28–30]. We monitored the cells for changes in growth rate, ERK1/2 and AKT
and ERα localization. Following 10 months of treatment with Tam, the proliferation rate of the
treated cells began to increase. These cells were classified as Tam‐R. Since the cells were
cultured in charcoal‐stripped serum, the Tam‐R cells appear to be mediating their proliferation
through pathway(s) other than the estrogen requiring pathway. Previous studies have shown
the activation of both the MAPK and PI3K pathways in Tam‐R cells [44–47]. Since Nar impairs
both MAPK and PI3K pathways, we wanted to determine whether Nar could reduce Tam‐R
cell proliferation. Nar treatment caused a complete reversal of proliferation in our Tam‐R cell
line. Not only did Nar abolish cell proliferation, but it also resulted in a lower cell density then
was initially plated. We further show that Nar decreased viability and increased levels of
apoptotic and dead cells. In complementary studies, we show that Nar treatment resulted in
fragmented and condensed nuclei suggesting apoptotic cell death. Previous studies have
documented the ability of Nar to fragment and condense nuclei [32]. These results demonstrate
that Nar induces cell death in Tam‐R cells.

Since a possible mechanism promoting cell proliferation and survival in the Tam‐R cells is the
MAPK and PI3K pathways, we investigate the effect of Nar treatment on ERK1/2 and AKT.
Previous studies have shown that both the MAPK and PI3K pathways can facilitate prolifer‐
ation in MCF‐7 cells following estrogen deprivation [3, 48]. Furthermore, PI3K and MAPK
pathways are upregulated in Tam‐R cells [3]. While previous studies have shown that Nar
treatment reduced the phosphorylation of both AKT and ERK1/2, our studies show that Nar
significantly reduced the levels of both AKT and ERK1/2 in Tam‐R cells [15, 17]. Our studies
examined the effects of Nar over longer time periods and thus examined the longer term effects
of Nar. We have similar effects of Nar on ERK1/2 and AKT levels in MCF‐7 cells [20]. Reduced
levels of ERK1/2 and AKT activation have been shown to contribute to impaired proliferation
and survival of cells. These findings suggest that inhibition of the MAPK and PI3K pathways
by Nar may contribute to the impairment of cell proliferation and survival in Tam‐R cells.

In Tam‐R cells ERα is relocalized from the nucleus to the cytoplasm [31]. This relocalization
of ERα may allow for its interaction with kinase signaling pathways such as the PI3K and
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MAPK pathways [31]. Both the MAPK and PI3K pathways in these cells may be activated
by ERα and in turn ERK1/2 and AKT may activate ERα in the cytosol. This may support
the idea that the ERα is more active in the cytosol in the Tam‐R cells exhibiting nongenom‐
ic effects by interacting with the kinase signaling pathways. In addition, p‐ERK1/2 has been
shown to activate ERα by direct phosphorylation allowing ERα to resume transcription of
estrogen‐responsive genes [13, 39]. In this way, ERα would be active in both the cytoplasm
and the nucleus. These data suggest that Tam‐R cells increase cell proliferation not only
through effects on estrogen‐responsive genes, but also through activation of the MAPK
and/or the PI3K pathways. While the Tam‐R cells exhibited an even distribution of ERα
throughout the cytoplasm, the addition of Nar localized ERα to a perinuclear region of the
cell with significantly lower levels in the nucleus. One interpretation of the mechanism of
Nar action is that the Tam‐ERα complex that may have been activating components of the
MAPK and PI3K signaling pathways in the cytosol was now ineffective because Nar treat‐
ment results in reduced levels of ERK1/2 and AKT. Conversely, reduced levels of ERK1/2
and AKT decrease the levels of phosphorylated ERα and thus decrease the transcriptional
activity of ERα. Nar may also function by competing with Tam for the ER and unlike the
Tam‐ERα complex which can translocate into the nucleus the Nar‐ERα complex may be
unable to enter the nucleus as seen in the perinuclear localization of ER in Nar treated
Tam‐R cells.

5. Conclusion

In summary, our studies demonstrate that Nar inhibits cellular proliferation and induces
apoptosis in Tam‐R MCF‐7 cells. We show that Nar treatment reduced the levels of ERK1/2
and AKT and resulted in a perinuclear localization pattern of ERα in Tam‐R cells. Since
Nar can reduce the protein levels of ERK1/2 and AKT as well as reduce the levels of ERα in
the nucleus in Tam‐R cells, this may explain the reduced cell proliferation/survival. These
studies also suggest that Nar may be a potential candidate therapy for Tam‐R ER+ breast
cancers.
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