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Preface

Breast Cancer Biology systematically describes breast cancer from basic definitions, 
to cellular and molecular biology, to diagnosis and treatment. This book also has 
some added focus on preclinical and clinical results in diagnosis and treatment 
of breast cancer. The book starts with an introduction on genetics, survival, and 
pathophysiology of breast cancer in Section 1. In Section 2, the molecular and 
cellular biology of breast cancer is presented with definite signaling pathways, 
especially the existence of breast cancer hypoxia. In Section 3, some new diagnostic 
methods and updated therapies from surgery, chemotherapy, hormone therapy, 
immunotherapy, radiotherapy, and some complementary therapies are discussed. 
Section 4 is focused on diet, exercise and other lifestyle factors for breast cancer 
prevention. This book provides a brief 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.

This book is a splendid compilation of six subjects associated with cancer covering a 
whole range of areas including breast cancer, signaling, genetics, mutation, cancer 
surviving, PI3K, AKT, Micro-RNA, chemo-resistance, hypoxia, and angiogenesis. 
Historically, prognosis and treatment choice making for breast cancer patients 
have been dictated by the anatomic amount of tumor spread. However, recently, 
breast cancer has become an assemblage of distinctive phenotypes with diverse 
prognoses, outlines of failure, and treatment responses. This book shows how 
biologically based assays and targeted therapies planned to exploit these unique 
phenotypes have intensely altered systemic therapy practice patterns and treatment 
consequences. This book aims to summarize the present data and provide practical 
framework for the integration of breast tumor biology into clinical practice.

Studies regarding ethnic, cultural, and personal differences in health beliefs and 
health care seeking behavior will yield important information for those providing 
care and setting policies. Also necessary is accurate, reliable, unbiased information 
on direct and indirect costs associated with genetic testing, prevention strategies, 
screening and diagnostic techniques, or a given treatment; such information is a 
critical component of realistic health care planning and delivery. An area of urgent 
importance is the effect of managed care on breast cancer screening, detection, 
treatment, and follow-up. There is concern about the trade-off between quality and 
cost of health care.

This book is covering a comprehensive range of topics. It has been a delightful 
opportunity to edit this special edition along with team of co-editors. We greatly 
appreciate the work of all the contributors to this book and they have brought with 
them a remarkable diversity of perspectives and fields that is truly reflective of the 
complexity of the topic, and they have come together in this project to create a node 
of multidisciplinary collaboration in this field.

We acknowledge the thousands of cancer patients who have participated in the 
studies, and who have inspired us to gather information leading to significant 
progress in knowledge in the field in the recent years.
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Chapter 1

Cell Cycle and Factors Involved 
in Inhibition or Progression of 
Breast Cancer
Shazia Ali, Mohd Ishaq Dar, Rafiq A. Rather and Dil Afroze

Abstract

Cell cycle progression is driven by the sequential activation of a family of cyclin-
dependent kinases (CDKs), which phosphorylate and activate proteins that execute 
events critical to cell cycle progression. Cell cycle checkpoints are scrutiny points that 
display the order, integrity, and fidelity of the major proceedings of the cell cycle. 
These comprise development to the correct cell size, the replication, integrity of the 
chromosomes, and their precise separation at mitosis. Many of these mechanisms are 
prehistoric in origin and highly preserved and hence have been deeply well versed by 
studies in model organisms such as the yeasts as well as in higher organisms. These 
molecular mechanisms switch alternative cell fates with substantial impact on tumor 
suppression. In the present study, we have explained different checkpoint pathways 
and the consequences of their dysfunction on cell fate in cancer.

Keywords: cell cycle, breast cancer, drug resistance, tumor suppressor genes, 
oncogenes

1. Introduction

Deregulation in cell cycle is a remarkable feature of tumor cells [1, 2]. Cell cycle 
helps to maintain homeostasis of normal cell growth and viability in a compact 
process. Cell cycle occurs in four phases as follows:

• preparation for cell division in G1 phase;

• process of DNA synthesis in S phase;

• G2 phase for cell growth and enzyme production; and

• mitosis: M phase, which is regulated by several controlled events, directs the 
replication of DNA and cell division [3].

The transitions between G1 to S and G2 to M phase are governed by changes 
in the kinase activity of CDKs [4]: Cdk1, Cdk2, Cdk4, Cdk6, and cyclins. Cyclins 
are the regulatory units, and CDKs contain the catalytic subunit of an activated 
heterodimer. The cyclin binds to CDKs and gets activated by forming CDK/cyclin 
complex by phosphorylation leading the dividing cell into next phase of cell cycle. 
During G1 phase, the predominant cyclin-CDK complexes are cyclin D-Cdk4, 6, 
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cyclin E-Cdk2, cyclin A-Cdk2 during S phase, cyclin A-Cdk1, and cyclin B-Cdk1 
during G2/mitotic phases. The control of the G2/M transition is important in all 
cancers resulting in chromosomal aberrations, but the G1/S transition involves 
many of the important cell-cycle events that may be altered in breast cancer. G1/S 
transition involves functions of the oncogenes/tumor suppressors cyclin E, cyclin 
D1, and p27 [5]. The oncogenic processes do occur by targeting the regulators of G1 
phase progression [6]. During the G phase, cells respond to extracellular signals by 
either going into next division or withdraw from the cycle and thus are arrested in a 
state (Go). G1 progression is dependent on stimulation by mitogens or growth fac-
tors and can be blocked by anti-proliferative cytokines, but cancer cells do not obey 
these controls. Cancer cells remain in a continuous cycle of cell division by halting 
maturation and terminal differentiation. Once the cells pass a restriction point late 
in G1, they do not respond to extracellular growth regulatory signals and commit 
themselves to the independent program that causes cell division. The cells, which 
pass through the restriction point G1 and enter into S phase, which is controlled by 
cyclin-dependent protein kinases (CDKs) that are regulated by cyclins D, E, and A, 
are committed to divide.

Cyclin D acts as growth factor regulator in response to extracellular signals in 
the cell cycle. The activity of Cyclin D depends on mitogenic stimulation upon 
binding with CDK4 and CDK6. Once bound, the catalytic activity of this complex is 
maximum in G1-S phase transition, but withdrawal of mitogen causes stoppage of 
cyclin D synthesis, and thus, the D cyclins holoenzyme activities decay rapidly, and 
the cells exit the cycle [7]. So, if cyclin DI-dependent kinase activity is lost before 
the restriction point, it prevents cells from entering S phase [8]. To pass through first 
check point – G1 phase that occurs in normal cell cycle, cyclin D-dependent kinases 
should phosphorylate protein retinoblastoma tumor suppressor protein (RB) [9]. 
As the hyper-phosphorylated RB gets dissociated from E2f, DP1, RB complex will 
result in the activation of E2F genes and leads to transcription of several genes such 
as cyclin E, cyclin A, and DNA polymerase. RB and other RB-like proteins (pI30, 
P107), which regulate gene expression which in turn are regulated by a family of het-
erodimeric transcriptional regulator E2Fs [10], which can transactivate genes and are 
required for S phase entry [11]. INK4 proteins inhibit (inhibitors of CDK4 and CDK6 
INK4 proteins can directly block cyclin D-dependent kinase activity and cause G1 
phase arrest) cyclin D-dependent kinases that phosphorylate RB. RB pathway does 
not functioning normal, which is feature of cancer cells [12]. The RB is inactivated 
by phosphorylation or by DNA damage; RB gene causes shrinking of G1 phase, and 
cell size is decreased. The mitogens and other signals required for cell are still present 
[13]. As the RB negative cells have few requirements for growth factors, these factors 
in addition to RB phosphorylation work for restriction point control [14]. As the cell 
cycle proceeds, the cyclin A- and cyclin B-dependent kinases keep RB in its hyper-
phosphorylated state. RB is not dephosphorylated until mitosis is completed and 
again renters the GI phase or Go. The activity of cyclin A synthesis occurs later in GI 
and is important for the G1-S transition, as blockage of cyclin A function in cells can 
also block S phase entry. For cell cycle progression, the inactivation of cyclin E and 
E2F is important when the cell enters S phase [15]. Cyclin B, B-cdc2 complex leads to 
stimulation of nuclear envelope and initiation of prophase, but its deactivation leads 
the cell to exit mitosis [16].

2. Drug resistance

Hindrance in treating cancer patient mainly occurs by drug resistance [17]. 
Targeted therapies on breast cancer depend on the type of receptor being 
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implicated by the expression of estrogen receptor (ER), progesterone receptor 
(PR), and overexpression of Her2/neu [17]. The therapeutic agents given in such 
cases, which eventually develop resistance as an acquired drug resistance, are 
clinically bigger challenge to treat. Thus, patient’s resistant to chemotherapy has 
poor prognosis and overall poor survival [18].

2.1 Cell cycle regulation in tamoxifen-resistant breast cancers

The main drug given to patients expressing estrogen receptor is tamoxifen, which 
is the first therapeutic agent for the estrogen or progesterone receptor expressing 
breast cancers, mostly in premenopausal women with or without conventional 
chemotherapeutic agents [19]. The estrogen receptor (ER) induction occurs during 
G0/G1 phase in MCF-7 cells and breast cancer cells [19]. In the late S-phase, a rapid 
increase in ER has been reported [19]. A tamoxifen-resistant phenotype was devel-
oped by long-term exposure of MCF-7 xenografts to tamoxifen resulted in an altered 
expression of ER during the G0/G1 phase [19]. It has been shown that tamoxifen-
resistant MCF-7 cells express higher levels of cell cycle regulators cyclin E1 and 
CDK2 than parental cells [20]. It has been shown that cyclins E1 and E2 were over-
expressed in the tamoxifen-resistant cells when compared with parental MCF-7 cells 
[20]. TAMR cells may be dependent on cyclin E more than MCF-7C, which indicates 
that CDK2 is inhibited and is a potential therapeutic marker in endocrine-resistant 
breast cancer [20]. Cyclin E2 downregulation is required for anti-estrogen inhibition 
of cell proliferation; cyclin E2 overexpression is associated with endocrine resistance 
in breast cancer providing reason for deregulation of the cell cycle in endocrine 
resistance [21–24].

3. Genes associated with breast cancer development and its progression

There are various genes associated with breast cancer, and how these respond to 
different treatments are mentioned as follows:

3.1 EGFR

Epidermal growth factor receptor EGFR (ERBB1 or HER1) is from ERBB family 
of cell-surface receptor tyrosine kinases including HER2, also known as NEU or 
ERBB2 [25, 26]. The epidermal growth factor receptor family consists of four cell 
surface receptors; EGF receptor also called as HER1, HER2 or neu, HER3, and 
HER4. Epithelial growth factor binds to the receptor and stimulates homo/hetero 
dimerization of receptor with other ERBB member like HER2, receptor phos-
phorylation, which makes binding sites available for cytosolic proteins containing 
src homology 2 (SH2) domains [27]. EGFR growth factors cause activation of 
downstream effectors such as RAS-RAF-MEK-ERK-MAPK and PI3K-AKT-mTOR 
pathway. PI3K-AKT-mTOR sources irreversible entry of the cell in S phase of cell 
cycle resulting in cell proliferation [28]. There are various EGFR ligands such 
as transforming growth factor-α (TGF-α), amphiregulin, epigen, betacellulin, 
heparin-binding EGF, and epiregulin [29]. EGFR has an important involvement in 
cellular differentiation, motility, survival, and tissue development [30]. There are 
many copies of the EGFR gene in some of the breast cancer cells termed as EGFR 
amplification, which effects on behavior and response of cancer cell. There are 
other EGFR-positive cancers like colon cancer, which respond to medicines that 
target EGFR-positive cancers [31]. In a clinical study, there was an increase in EGFR 
gene copy number in about 6% of breast cancers and protein overexpression in 
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cyclin E-Cdk2, cyclin A-Cdk2 during S phase, cyclin A-Cdk1, and cyclin B-Cdk1 
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pass through the restriction point G1 and enter into S phase, which is controlled by 
cyclin-dependent protein kinases (CDKs) that are regulated by cyclins D, E, and A, 
are committed to divide.

Cyclin D acts as growth factor regulator in response to extracellular signals in 
the cell cycle. The activity of Cyclin D depends on mitogenic stimulation upon 
binding with CDK4 and CDK6. Once bound, the catalytic activity of this complex is 
maximum in G1-S phase transition, but withdrawal of mitogen causes stoppage of 
cyclin D synthesis, and thus, the D cyclins holoenzyme activities decay rapidly, and 
the cells exit the cycle [7]. So, if cyclin DI-dependent kinase activity is lost before 
the restriction point, it prevents cells from entering S phase [8]. To pass through first 
check point – G1 phase that occurs in normal cell cycle, cyclin D-dependent kinases 
should phosphorylate protein retinoblastoma tumor suppressor protein (RB) [9]. 
As the hyper-phosphorylated RB gets dissociated from E2f, DP1, RB complex will 
result in the activation of E2F genes and leads to transcription of several genes such 
as cyclin E, cyclin A, and DNA polymerase. RB and other RB-like proteins (pI30, 
P107), which regulate gene expression which in turn are regulated by a family of het-
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phosphorylated state. RB is not dephosphorylated until mitosis is completed and 
again renters the GI phase or Go. The activity of cyclin A synthesis occurs later in GI 
and is important for the G1-S transition, as blockage of cyclin A function in cells can 
also block S phase entry. For cell cycle progression, the inactivation of cyclin E and 
E2F is important when the cell enters S phase [15]. Cyclin B, B-cdc2 complex leads to 
stimulation of nuclear envelope and initiation of prophase, but its deactivation leads 
the cell to exit mitosis [16].

2. Drug resistance

Hindrance in treating cancer patient mainly occurs by drug resistance [17]. 
Targeted therapies on breast cancer depend on the type of receptor being 
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implicated by the expression of estrogen receptor (ER), progesterone receptor 
(PR), and overexpression of Her2/neu [17]. The therapeutic agents given in such 
cases, which eventually develop resistance as an acquired drug resistance, are 
clinically bigger challenge to treat. Thus, patient’s resistant to chemotherapy has 
poor prognosis and overall poor survival [18].

2.1 Cell cycle regulation in tamoxifen-resistant breast cancers

The main drug given to patients expressing estrogen receptor is tamoxifen, which 
is the first therapeutic agent for the estrogen or progesterone receptor expressing 
breast cancers, mostly in premenopausal women with or without conventional 
chemotherapeutic agents [19]. The estrogen receptor (ER) induction occurs during 
G0/G1 phase in MCF-7 cells and breast cancer cells [19]. In the late S-phase, a rapid 
increase in ER has been reported [19]. A tamoxifen-resistant phenotype was devel-
oped by long-term exposure of MCF-7 xenografts to tamoxifen resulted in an altered 
expression of ER during the G0/G1 phase [19]. It has been shown that tamoxifen-
resistant MCF-7 cells express higher levels of cell cycle regulators cyclin E1 and 
CDK2 than parental cells [20]. It has been shown that cyclins E1 and E2 were over-
expressed in the tamoxifen-resistant cells when compared with parental MCF-7 cells 
[20]. TAMR cells may be dependent on cyclin E more than MCF-7C, which indicates 
that CDK2 is inhibited and is a potential therapeutic marker in endocrine-resistant 
breast cancer [20]. Cyclin E2 downregulation is required for anti-estrogen inhibition 
of cell proliferation; cyclin E2 overexpression is associated with endocrine resistance 
in breast cancer providing reason for deregulation of the cell cycle in endocrine 
resistance [21–24].

3. Genes associated with breast cancer development and its progression

There are various genes associated with breast cancer, and how these respond to 
different treatments are mentioned as follows:

3.1 EGFR

Epidermal growth factor receptor EGFR (ERBB1 or HER1) is from ERBB family 
of cell-surface receptor tyrosine kinases including HER2, also known as NEU or 
ERBB2 [25, 26]. The epidermal growth factor receptor family consists of four cell 
surface receptors; EGF receptor also called as HER1, HER2 or neu, HER3, and 
HER4. Epithelial growth factor binds to the receptor and stimulates homo/hetero 
dimerization of receptor with other ERBB member like HER2, receptor phos-
phorylation, which makes binding sites available for cytosolic proteins containing 
src homology 2 (SH2) domains [27]. EGFR growth factors cause activation of 
downstream effectors such as RAS-RAF-MEK-ERK-MAPK and PI3K-AKT-mTOR 
pathway. PI3K-AKT-mTOR sources irreversible entry of the cell in S phase of cell 
cycle resulting in cell proliferation [28]. There are various EGFR ligands such 
as transforming growth factor-α (TGF-α), amphiregulin, epigen, betacellulin, 
heparin-binding EGF, and epiregulin [29]. EGFR has an important involvement in 
cellular differentiation, motility, survival, and tissue development [30]. There are 
many copies of the EGFR gene in some of the breast cancer cells termed as EGFR 
amplification, which effects on behavior and response of cancer cell. There are 
other EGFR-positive cancers like colon cancer, which respond to medicines that 
target EGFR-positive cancers [31]. In a clinical study, there was an increase in EGFR 
gene copy number in about 6% of breast cancers and protein overexpression in 
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7% of breast cancers [32]. The study also showed that increased EGFR gene copy 
number changes, and protein overexpression was seen mostly in ER negative, PR 
negative, and HER2 negative (triple negative) cases with three exceptions that are 
HER2-positive cases in total of 175 cases (reference). The study was similar to that 
of gene expression profiling studies, which have identified EGFR expression mainly 
in basal-like breast carcinomas (reference). There was another subtype of breast 
carcinoma that showed an increase in EGFR copy number, or EGFR protein expres-
sion is the heterogeneous category of metaplastic carcinoma. These tumors are 
subtypes called as basal-like breast carcinomas [33] and were seen in 47 metaplastic 
breast carcinomas in which EGFR protein overexpression was in 32 cases, but gene 
amplification (as >5 EGFR gene copy number) was seen only in 11 of these 32 
(34%) cases [33]. There are other studies that have shown that EGFR gene ampli-
fication and EGFR protein overexpression in various organ systems have found 
similarity in approximately 50% cases [34]. EGFR protein expression is the result of 
multiple genomic processes of which EGFR gene amplification is only one of them 
[34]. EGFR protein expression is seen in breast carcinoma, which is mostly triple 
negative, and there exists a relation between EGFR gene copy number and protein 
expression, but relation is not as strong as seen with HER2 [34]. The therapeutic 
use of EGFR as a responsive marker in breast carcinoma is being studied and needs 
to identify breast cancer patients that will respond to EGFR-related therapies. A 
new mechanism-based inhibitors and combination therapies are being worked to 
overcome therapeutic resistance in tumors [34–36].

3.2 HER2

HER2 gene is amplified in breast cancers by about 20% categorized as HER2-
positive breast cancers [37], the extra HER2 protein leads to increase in activa-
tion of signal pathway, which results in uncontrolled growth and occurrence of 
cancer. Breast tumors having HER2 overexpressed proteins are more aggressive 
than other breast tumors [37]. This results in poorer prognosis in patients and 
decreased survival rate compared with patients whose tumors do not overexpress 
HER2 [37]. The inhibition of HER2 signaling will provide a tool to reduce breast 
cancer. Monoclonal antibodies like lapatinib are used to inhibit the signaling [37]. 
Herceptin (trastuzumab) is also a monoclonal antibody binding to HER2 [37]. 
This stops receptor from activating the signaling pathways, which is responsible 
for proliferation and survival of breast cancer cells [37]. Herceptin also causes 
inhibition of cancer cell growth by activating an immune response, which will 
damage nearby cells [37]. It is used to treat breast cancer only in tumor overex-
pressing HER2 with at least one high risk like estrogen receptor or progesterone 
receptor negative, pathologic tumor size greater than 2 cm, Grades 2–3, age less 
than 35 years [37]. Herceptin is used in combination with paclitaxel for first-line 
treatment of HER2-overexpressing metastatic breast cancer [37].

And as a single agent for treatment of HER2-overexpressing breast cancer in 
patients who have received one or more chemotherapy regimens for metastatic 
disease [33, 37, 38].

3.3 HSP27

Heat shock protein 27 (HSP27) is the small molecular weight heat shock protein 
(HSP) family (12–43 kDa). HSP27 and different members of small HSP family pos-
sess a conserved c-terminal domain, the α-crystallin domain, which is similar to the 
vertebrate eye lens α-crystallin [39]. HSP27 was originally characterized in response to 
heat shock as a protein chaperone making proper refolding of damaged proteins [40]. 
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It has been seen that HSP27 protein also responds to cellular stress such as oxidative 
stress and chemical stress. HSP27 is a protein, which functions as a protein chaperone, 
as an antioxidant helps in inhibition of apoptosis and actin cytoskeletal remodeling, 
regulation of cell development, cell differentiation, and signal transduction [41]. 
The oligomerization state of HSP27 is due to chaperone activity as the aggregates 
of large oligomers have high chaperone activity, whereas dimers have no chaperone 
activity. Large aggregates are formed under heat shock [40]. Hsp27 occurs in all cell 
types, mostly of muscle cells. It is located mainly not only in the cytosol but also in the 
perinuclear region, endoplasmic reticulum, and nucleus. It is overexpressed during 
cell differentiation and development. It has an essential role in the differentiation of 
tissues [41].

HSP27 functions as an antioxidant during oxidative stress, which lowers the 
levels of reactive oxygen species (ROS) by increasing the levels of intracellular 
glutathione and lowering the levels of intracellular iron [40, 42]. During chemical 
stress, protein acts as an anti-apoptotic agent through mitochondrial-dependent 
and -independent pathways of apoptosis [43]. During Fas-FasL-mediated apopto-
sis, HSP27 binds DAXX and stops the binding of Ask1 by DAXX [43]. HSP27 also 
interplays with Bax and cytochrome c stopping mitochondrial-dependent apoptosis 
[43]. HSP27 is mostly useful in protection from programmed cell death by inhibi-
tion of caspase-dependent apoptosis [43]. The anti-apoptotic properties of HSP27, 
which occur due to chemical stress, have been useful in chemotherapies such as 
doxorubicin and gemcitabine [44, 45]. HSP27 regulates actin cytoskeletal dynamics 
during heat shock and stress conditions, promotes both actin polymerization, and 
concerts as an actin capping protein. The upregulation of HSP27 is a biomarker 
acting in some of the disease subsequently, a cell safeguards itself from death or 
reduces oxidative stress by the help of HSP27 [46].

In vitro studies have shown that HSP27 acts as an ATP-independent chaperone 
by inhibiting protein aggregation and stabilizing partially denatured proteins, 
which ensures refolding by the Hsp70-complex [46]. It also preserves the focal 
contacts fixed at the cell membrane [46]. The main function of Hsp27 is to provide 
thermo tolerance in vivo, cytoprotection, and support of cell survival under stress 
conditions [46]. Another function of Hsp27 is the activation of the proteasome. It 
speeds up the degradation of irreversibly denatured proteins and junk proteins by 
binding to ubiquitinated proteins and to the 26S proteasome [46]. Hsp27 enhances 
the activation of the NF-κB pathway that controls a lot of processes, such as cell 
growth and inflammatory and stress responses [47]. Various reports have con-
firmed that cytoprotective properties of Hsp27 have been attributed to its ability to 
modulate reactive oxygen species production and to raise glutathione levels [47]. 
Hsp27 is known to play a role in the process of cell differentiation [47].

Hsp27 expression is varied in several cells such as Ehrlich ascites cells, embry-
onic stem cells, normal B cells, B-lymphoma cells, osteoblasts, keratinocytes, and 
neurons [47]. The upregulation of Hsp27 relates with the rate of phosphorylation 
and with an increase in large oligomers [48]. It is possible that Hsp27 plays a crucial 
role in the termination of growth [40].

3.4 HSP27 in breast cancer

Tumor cells show an increase in transcription of heat shock proteins (HSPs) due 
to loss of p53 functions and increased expression of proto-oncogenes such as HER 
and c-Myc, which is important for tumorigenesis [49]. Cellular protection and pro-
tein folding being the entailed function of HSPs are operative during oncogenesis 
[49]. Since tumor cell growth and survival are enabled by the increased expression 
of HSPs. HSP27 is mostly the important heat shock protein involved in protection 
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tein folding being the entailed function of HSPs are operative during oncogenesis 
[49]. Since tumor cell growth and survival are enabled by the increased expression 
of HSPs. HSP27 is mostly the important heat shock protein involved in protection 
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from programmed cell death by inhibiting caspase-dependent apoptosis [45]. Since 
HSP27 has been associated with poor prognosis in many types of cancers such as 
gastric, liver, and prostate carcinoma, osteosarcoma, rectal, lung, and breast cancer 
[45]. HSP27 has been reported to play an important drug resistance in breast cancer, 
and some other cancers, HSPs, are involved in immune tolerance by cancer cells 
and are important targets for cancer therapy process [50]. A study done by Langer 
et al. in 2008 found that the protein expression profiles in patients with esophageal 
adenocarcinomas from two groups have shown as responsive and nonresponsive 
to neo-adjuvant platin and 5-fluorouracil based chemotherapy. The study showed 
that low HSP27 expression has a correlation with nonresponsiveness to the chemo-
therapy application [49]. It shows that low levels of HSP27 expression are associated 
with a negative outcome in cancer. HSP27 levels were studied in patients having 
colon or rectal cancer [49]. It showed that high HSP27 expression level results in 
incomplete resection margins in rectal cancer and poor survival.

HSP27 expression was not having any role in survival of colon cancer group but 
was related to poor survival in the rectal cancer group [49]. The metastatic breast 
cancer cell lines, which overexpress Her2 and are resistant to Herceptin (SK-BR3 
HR), also overexpress HSP27 [49]. The downregulation of HSP27 protein levels was 
shown by transfecting with siRNA, where Herceptin resistance was also reduced 
in SK-BR3-HR cells [49]. HSP27 could form a complex with Her2, resulting in a 
potential mechanism by which the protein potentiates [51]. Her2 overexpressing 
breast cancer tumors have showed increased expression of phosphorylated HSP27, 
particularly at serine 78 [51, 52].

3.5 H2AX (H2A histone family, member X)

Histone H2A is programmed by a gene H2AFX (H2A histone family, member 
X), as H2A is one of the four core histones of DNA in humans and eukaryotes [53]. 
H2AX helps in nucleosome formation and in the structure of DNA. DNA known as 
the most stable material present, whose damage occurs due to ionizing radiation, 
hypoxia, reactive oxygen species, chemicals, and replication or transcriptional errors, 
which causes activation of DNA repair pathway [53]. Different materials can cause 
different types of damage in DNA-like double stranded breaks (DSBs), where both 
DNA strands have been cleaved [53]. If the damage occurred is not repaired, DSBs 
are lethal for the cell. DNA damage leads to an activation of the DNA damage repair 
pathway, phosphorylation of histone H2AX on serine 139. Activation of downstream 
pathway is done by the kinases of the PI3 family (ataxia telangiectasia mutated, 
ATR, and DNA-PKcs), which are responsible for this phosphorylation, especially 
ATM. γ-H2AX enrolls other factors, for example, 53BP1, BRCA1, MDC1, and the 
MRE11-RAD50-NBS1 (MRN) complex to sites of damage [53]. The DSBs, which are 
not repaired due to irradiation induced γ-H2AX foci, have been used in tumors as a 
biomarker for sensitivity to radiotherapy [54]. Endogenous γ-H2AX foci are pres-
ent in normal primary human cells and tissues [54]. In tumor cells, phosphorylated 
H2AX exists in different levels in the absence of exogenously DSBs [54]. Instability 
of chromosomes occurs in cells having more endogenous foci [41]. The colocalization 
of these endogenous foci in association with other DNA repair factors, for example, 
53BP1, MRN complex shows that DNA repair occurs at these sites [54]. The endog-
enous expression of γ-H2AX is present not only in tumor cell lines but also in cancer 
tissues and in their precursor lesions, which gives an insight into activated DNA 
damage repair in tumorigenesis [55]. The endogenous expression of DNA damage 
response factors is also due to damaged, shortened telomeres and hypoxia [56, 57].

Constitutive γ-H2AX expression is higher in triple negative and in BRCA1 and 
p53-mutated breast cancer cell lines, which makes a relation between endogenous 
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γ-H2AX expression and 53BP1 expression in breast cancer tissue [55]. Other studies 
have also supported that triple negative breast cancers are having more endogenous 
γ-H2AX expression and have higher chances of carrying errors in components of 
the DNA damage repair pathway [55, 57]. Higher occurrence of γ-H2AX positive is 
present in basal like and triple negative tumors that are BRCA1 mutation carriers. 
So, the breast cancer patients having high endogenous γ-H2AX or 53BP1 expression 
showed a subset of triple negative tumors with poor prognosis. The expression of 
endogenous γ-H2AX in cancers is due to telomeres (protective structures that form 
the chromosome ends in eukaryotes) [57].

Cell having DNA damaged after duplication of DNA results in shortened telo-
meres after every cell cycle, so in precancerous event, there occurs shortening of 
telomeres and activation of telomerase, an enzyme necessary for telomere lengthen-
ing [58]. Telomere shortening in normal process is an action for replication arrest and 
replicative senescence, but in the absence of a telomeric structure, chromosome ends 
are not stable and are likely either to undergo degradation, combining with other 
chromosomes resulting in genomic instability or having DNA double-stranded breaks 
[58]. A good number of endogenous γ-H2AX foci present, which do not have actual 
double-stranded breaks, are in fact uncapped telomeres, but the DNA damage and 
phosphorylation of H2AX at these sites occur due to nonfunctioning of telomere [58]. 
Telomere-associated chromosomal rearrangements may lead to a tumor phenotype 
with the associated immortality and replicative potential without any barrier [58, 59].

4. PARP poly ADP ribose polymerase

4.1 PARP in normal cells

PARP1 (protein) repairs single-strand breaks of DNA in a normal cell when it 
is damaged or mutated, and the cell survives when its DNA repaired, but some-
times when the DNA repair mechanism fails, the cell undergoes suicidal apoptotic 
process, subsequently that the damaged DNA is not passed to progeny cells [60]. 
When DNA is damaged or requires repair, one of the proteins, which is involved 
in repairing damaged DNA, is poly (ADP ribose) polymerase 1, or PARP1 moves 
at the site of damage, gets activated, and enables various DNA repair proteins to 
repair the broken strand of DNA, but if the breaks in DNA are not repaired until 
DNA replication occurs, then the replication itself causes double-strand breaks to 
form [60]. Inhibition of PARP1 is done by number of drugs, which causes double-
strand breaks. Tumors having BRCA1, BRCA2, or PALB2 mutations where repair is 
not done, the double-strand breaks cannot be repaired causing death of cells [61]. 
In normal cells, DNA replication is not as frequent as in cancer cells, and they also 
do not have mutated BRCA1 or BRCA2 but have homologous repair mechanism, 
which makes them to survive the inhibition of PARP [61]. There are cancer cells 
that lack the tumor suppressor PTEN and maybe sensitive to PARP inhibitors 
because of downregulation of Rad51, a critical homologous recombination com-
ponent [33]. A study has shown that PARP inhibitors may also be effective against 
PTEN-defective tumors like prostate cancers. Most of the tumors are sensitive to 
PARP inhibitors [61].

4.2 PARP in breast cancer cells

DNA damage in dividing cells or tumor cells is caused mainly by the chemo-
therapeutic drugs and radiation therapy, but if PARP repairs the damage caused by 
these agents, the tumor cells survive and grow.
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γ-H2AX expression and 53BP1 expression in breast cancer tissue [55]. Other studies 
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4.3 Inhibiting PARP: mechanism of action

The preclinical studies have shown that standard therapies alone are not as 
effective as in combination with PARP inhibitors; they are used in cancer cells, which 
make protein unable to function during chemotherapy, which results in apoptosis of 
the cell where DNA is unrepaired [61]. In inherent DNA repair defects, such as breast 
tumors with mutations in the DNA repair proteins BRCA1 or BRCA2, PARP inhibitors 
are effective as single agents, and they undergo an arrest of the cell cycle and apopto-
sis on exposure to PARP inhibitors, whereas cells with normal BRCA proteins survive 
and continue to grow [61]. It has also been predicted that cancer cells with BRCA1 or 
BRCA mutations are more sensitive to PARP inhibitors to undergo growth arrest and 
apoptosis than cells with normal BRCA1 or BRCA2 [61]. This occurs due to combina-
tion of PARP and loss of BRCA1 or BRCA2 function causing inactivation of two major 
forms of DNA repair [61], and the damaged cells are not able to maintain the integrity 
of their genome and become more prone to apoptosis [37, 38, 62].

Function of PARP inhibitors is to block PARP enzyme activity, which stops the 
repair of DNA damage and causes the cell death [62]. In one of a clinical study that 
has shown the PARP inhibitors localize PARP proteins near the site of DNA damage, 
which suggests its role in antitumor activity [62]. The PARP inhibitors are able to 
trap PARP proteins on damaged DNA, and this function varies among inhibitors, 
for example, PARP family of proteins in humans includes PARP1 and PARP2, which 
are used in binding of DNA and protein repair action [63]. DNA damage causes 
activation of these proteins; they recruit other proteins that are actually involved 
in repairing DNA [63]. In normal condition, PARP1 and PARP2 are released from 
DNA when the repair mechanism is in process [64]. The study shows that when 
they are attached to PARP inhibitors, PARP1 and PARP2 become trapped on DNA 
[38]. The trapped PARP-DNA complexes are more harmful to cells than the single-
strand DNA breaks, which are not repaired that accumulate in the absence of PARP 
activity resulting in harmful action of PARP inhibitors [38, 62]. There may be two 
classes of PARP inhibitors, catalytic inhibitors that block PARP enzyme activity 
and do not trap PARP proteins on DNA and dual inhibitors that both inhibit PARP 
enzyme activity and act as PARP poison [38, 63, 64]. Various PARP inhibitors are 
used in clinical trials as shown in Table 1.

4.4 PARP in combination with chemotherapy

A number of studies have been done to see the toxicity with PARP inhibitors as 
monotherapy in tumors with homologous recombination defects and have been 
compared with chemotherapy [68]. Moreover, in some studies, combination of 

PARP inhibitors Cancer types References

BMN-673 BRCA mutated breast cancer [62]

Olaparib Breast, ovarian, and colorectal cancer [15]

Veliparib Melanoma and breast cancer [65]

CEP 9722 Non-small-cell lung cancer [66]

MK 4827 Inhibitor of PARP1 and PARP2 [67]

3-aminobenzamide PARP inhibitor [67]

Rucaparib Metastatic breast and ovarian cancer [15]

Table 1. 
PARP inhibitors used in various types of cancers.
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PARP inhibitors is used in combination with chemotherapy. PARP inhibitors as 
known can act as chemo sensitizing agents [68]. The resistance to chemotherapy 
drugs occurs when PARP repairs the DNA damage caused by these agents, for 
example, temozolomide is an alkylating agent, which causes DNA damage in which 
PARP inhibitors act as potential anticancer agents [68].

4.5 PARP in combination with radiotherapy

Radiotherapy causes DNA strand breaks leading to DNA damage and cell death; 
however, it kills all of the targeted cells, having side effects [68]. Combining radia-
tion therapy with PARP inhibitors has been used to overcome the side effects as 
these inhibitors form double-strand breaks from the single-strand breaks generated 
by the radiotherapy in tumor tissue with BRCA1 or BRCA2 mutations. In such cases, 
the combinatorial therapy leads to better and efficient response with less dose of 
radiation [68].

5. ROS

Reactive oxygen species (ROS) are reactive molecules containing oxygen [69]. 
These molecules are formed when a chemical reaction takes place, for example, 
between oxygen ions and peroxides [69]. ROS plays an important role in cell signal-
ing and homeostasis, due to environmental stress like UV or heat exposure, and 
ROS levels are increased, which damage cell structure and its function [69].

5.1 ROS in cancer

ROS being secondary messengers in cell signaling are required for various 
biological processes in normal cells; any dysfunction in redox balance results in 
human cancers [27]. ROS are increased mostly in cancer cells when oncogenes are 
activated, and there is lack of blood supply, which initiates progression and metas-
tasis of cancer [27]. ROS levels decide the difference between tumor and nontumor 
cells [27]. Generation and elimination of ROS at the same time in the system are the 
expenditure to operate regulatory pathways in a normal physiological condition of 
cell, and this process is balanced by scavenging system [27]. When oxidative stress 
occurs, ROS are generated more, which cause carboxylation of cellular proteins, 
peroxidation of lipids, and DNA damage leading to dysfunction of cell resulting in 
carcinogenesis, while in cancer cells, ROS stress causes increased metabolism and 
mitochondrial dysfunction [27]. Consequently, ROS have dual function, on one 
side, it helps in survival of cancer cell, as cell cycle progression, which is regulated 
by growth factors via receptor tyrosine kinase activation and chronic inflamma-
tion, is regulated by ROS [62]. On an altered side, an increase in ROS level sup-
presses tumor growth by activating cell cycle inhibitors, which induces cell death 
and senescence by damaging macromolecules [62]. This dual mechanism helps in 
chemotherapy and radiotherapy, where cancer cells are killed by ROS stress. The 
cancer cells are able to differentiate between ROS as survival or apoptotic signal 
because of the dosage, duration, type, and site of ROS production [66]. ROS is used 
for survival of cancer cells in moderate level and kills cancer cells in excessive level 
[66]. Effects of ROS are maintained by cell metabolism by producing antioxidant 
molecules such as reduced glutathione (GSH) and thioredoxin (TRX), which 
depend on the reducing power of NADPH to maintain their function (reference) 
[27]. Sometimes tumor cells overproduce ROS because the NADPH oxidase is 
regulated by the GTPase Rac1, which is a downstream of proto-oncogene Ras [27].  
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PARP inhibitors is used in combination with chemotherapy. PARP inhibitors as 
known can act as chemo sensitizing agents [68]. The resistance to chemotherapy 
drugs occurs when PARP repairs the DNA damage caused by these agents, for 
example, temozolomide is an alkylating agent, which causes DNA damage in which 
PARP inhibitors act as potential anticancer agents [68].

4.5 PARP in combination with radiotherapy

Radiotherapy causes DNA strand breaks leading to DNA damage and cell death; 
however, it kills all of the targeted cells, having side effects [68]. Combining radia-
tion therapy with PARP inhibitors has been used to overcome the side effects as 
these inhibitors form double-strand breaks from the single-strand breaks generated 
by the radiotherapy in tumor tissue with BRCA1 or BRCA2 mutations. In such cases, 
the combinatorial therapy leads to better and efficient response with less dose of 
radiation [68].

5. ROS

Reactive oxygen species (ROS) are reactive molecules containing oxygen [69]. 
These molecules are formed when a chemical reaction takes place, for example, 
between oxygen ions and peroxides [69]. ROS plays an important role in cell signal-
ing and homeostasis, due to environmental stress like UV or heat exposure, and 
ROS levels are increased, which damage cell structure and its function [69].

5.1 ROS in cancer

ROS being secondary messengers in cell signaling are required for various 
biological processes in normal cells; any dysfunction in redox balance results in 
human cancers [27]. ROS are increased mostly in cancer cells when oncogenes are 
activated, and there is lack of blood supply, which initiates progression and metas-
tasis of cancer [27]. ROS levels decide the difference between tumor and nontumor 
cells [27]. Generation and elimination of ROS at the same time in the system are the 
expenditure to operate regulatory pathways in a normal physiological condition of 
cell, and this process is balanced by scavenging system [27]. When oxidative stress 
occurs, ROS are generated more, which cause carboxylation of cellular proteins, 
peroxidation of lipids, and DNA damage leading to dysfunction of cell resulting in 
carcinogenesis, while in cancer cells, ROS stress causes increased metabolism and 
mitochondrial dysfunction [27]. Consequently, ROS have dual function, on one 
side, it helps in survival of cancer cell, as cell cycle progression, which is regulated 
by growth factors via receptor tyrosine kinase activation and chronic inflamma-
tion, is regulated by ROS [62]. On an altered side, an increase in ROS level sup-
presses tumor growth by activating cell cycle inhibitors, which induces cell death 
and senescence by damaging macromolecules [62]. This dual mechanism helps in 
chemotherapy and radiotherapy, where cancer cells are killed by ROS stress. The 
cancer cells are able to differentiate between ROS as survival or apoptotic signal 
because of the dosage, duration, type, and site of ROS production [66]. ROS is used 
for survival of cancer cells in moderate level and kills cancer cells in excessive level 
[66]. Effects of ROS are maintained by cell metabolism by producing antioxidant 
molecules such as reduced glutathione (GSH) and thioredoxin (TRX), which 
depend on the reducing power of NADPH to maintain their function (reference) 
[27]. Sometimes tumor cells overproduce ROS because the NADPH oxidase is 
regulated by the GTPase Rac1, which is a downstream of proto-oncogene Ras [27].  
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ROS when associated with cancer activate various transcription factors such as 
nuclear factor kappa-light-chain-enhancer of activated B cells—NF-κB, activator 
protein-1—AP-1, hypoxia-inducible factor-1α, and signal transducer and activator 
of transcription 3—STAT3, which cause protein expression for inflammation, cell 
transformation, tumor cell survival and proliferation and invasion, angiogenesis, 
and metastasis (reference). ROS also control the expression of different tumor sup-
pressor genes such as p53, retinoblastoma gene (Rb), and phosphatase and tensin 
homolog (PTEN) [70–73].

The several causes for oxidative stress in breast cancer cells are as follows:

• Thymidine phosphorylase induction in cancer cells is caused by oxidative 
stress, an enzyme that is overexpressed in breast cancer. Thymidine phosphor-
ylase catabolizes thymidine to thymine and 2-deoxy-D-ribose-1-phosphate, 
which is a very powerful reducing sugar that rapidly glycates proteins, generat-
ing oxygen radicals within the cancer cell [74].

• Glucose deprivation and hypoxia is caused by continuously usage of blood 
supply which causes increased cellular oxidative stress in MCF-7 breast cancer 
cell line but does not increase in nontransformed cell line, reason being 
glucose deprivation depletes intracellular pyruvate in breast cancer cell, which 
prevents the decomposition of endogenous oxygen radicals [75]. Study done 
[76] supports that breast tumor increases its blood supply, leading to glucose 
deprivation and hypoxia thus causing glucose deprivation, which rapidly 
induces cellular oxidative stress within the MCF-7 breast carcinoma cell line, 
although it does not cause oxidative stress in nontransformed cell lines [75]. 
Cancer cells like breast cancer cells cause increase in blood vessel development 
(angiogenesis process), where blood flow causes hypoxia followed by reperfu-
sion, which leads to myocardial infarction leading to generation of ROS which 
leads to oxidative stress in breast cancer [75].

• Breast tumors are accompanied by macrophage population [75]. Oxygen 
radicals are produced by macrophages; it causes oxidative stress in murine 
mammary tumor cells. Also, tumor necrosis factor is secreted by macrophages, 
which also cause cellular oxidative stress [67, 77].

5.2 Effects of ROS in breast cancer

Increase in mutation rate and tumor progression is caused mainly by ROS in 
which oxygen radicals cause DNA damage, which result in strand breaks, altera-
tions in guanine and thymine bases, and sister chromatid exchanges [78]. ROS lead 
to inactivation of tumor suppressor genes in tumor cells and increase expression 
of proto-oncogenes; thus, genetic instability due to persistent oxidative stress in 
cancer cell will increase malignancy of the tumor [79]. In vitro ROS cause initiation 
of growth sensing signaling pathways due to cell proliferation in response to hydro-
gen peroxide because of activation of mitogen-activated protein kinases (MAPKs), 
like HeLa cells when treated with hydrogen peroxide lead to activation of all three 
MAPK pathways, extracellular signal-related protein kinase, c-Jun amino-terminal 
kinase, and stress-activated protein kinase and p38 [79]. Hyper-phosphorylation of 
c-Jun by oxidative stress activates activator protein-1 in MCF-7 breast cancer cells, 
which stimulates proliferation [80]. Multidrug-resistant human breast carcinoma 
cells lead to activation of extracellular signal-related protein kinase-2 when 
stressed by glucose deprivation [76]. ROS may also cause stimulation of mitosis by 
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MAPK-independent mechanisms. Oncogenic Ras causes ROS production by activat-
ing Rac1 and NADPH-oxidase. It has been also seen that in Ras-transformed human 
fibroblasts, ROS control cell cycle progression without the activation of MAPK 
pathways [81, 82].

5.3 Resistance to therapy

Apoptosis is caused by oxidative stress, which is induced depending on p53 in 
both mouse and human cells [83]. Resistance to apoptosis is caused by persistent 
oxidative stress [84], whereas the resistant to cytolysis by hydrogen peroxide may 
be explained by an upregulation of anti-ROS mechanism in cancer cells. Hydrogen 
peroxide activates anti-apoptotic Akt (protein kinase B) leading response to 
chronic oxidative stress that can be used for anticancer therapy though in radio-
therapy, photodynamic therapy, and other chemotherapies generating oxygen 
radicals showing antitumor activity [85]. This is due to the induction of tumor cell 
apoptosis in response to oxidative stress and oxygen radical prompted DNA dam-
age [85]. This results in persistent oxidative stress within carcinoma cells causes 
resistance to therapy that is further increased by oxygen radicals leading to an 
increasing carcinoma cell expression of P-glycoprotein, the multidrug-resistance 
efflux pump [86].

Angiogenesis, which may be one of the reasons for oxidative stress, leads to 
tumor growth in blood borne metastasis of breast tumor, where oxygen radicals 
cause tumor migration causing increased risk of invasion and metastasis by activa-
tion of p38 MAPK and subsequent phosphorylation of heat shock protein-27 by p38 
MAPK causing changes in actin dynamics [46, 79]. Studies have shown that phos-
phorylated heat shock protein-27 promotes the migration of MDA-MB-231 breast 
cancer cells on laminin-5 in vitro [41]. Oxidative stress in breast tumors causes 
invasion and metastasis by activating MMPs as well as by inhibiting antiproteases. 
MMP-2 as gelatinase has a major role in breast cancer invasion and metastasis; 
once its levels are high, there is a poor prognosis in breast cancer patients [87]. 
Subsequently, MMP-2 is seen more in malignant than in benign breast tumors; 
therefore, it is ROS, which also activate MMP-2 due to reaction of oxygen radicals 
with thiol groups within MMP-2 [88]. Oxygen radicals inactivate protease inhibi-
tors, such as α1-proteinase inhibitor and plasminogen activator by oxidation of 
methionine residues at their active sites [65], leading to protease activation, which 
increase invasion and metastasis processes, for example, plasminogen activator 
causes metastasis [65].

Cancer cells synthesizing ROS at a higher level in vitro and tumors in vivo are 
under persistent oxidative stress, as oxygen radicals lead to a poorer prognosis, 
antioxidants can be used for therapeutic role in breast cancer [89]. Various research 
studies have shown that human melanoma cells were transfected with cDNA 
encoding the antioxidant enzyme manganese superoxide dismutase leading to sup-
pression of malignancy; cells not only lost their ability to form colonies on soft agar 
but also no longer formed tumors in nude mice [89]. Various anticancer therapies 
are there, which add to the oxidative stress within breast cancer such as chemo-
therapeutic agent’s doxorubicin, mitomycin C, etoposide, and cisplatin, which are 
superoxide generating agents [85], radiotherapy, and photodynamic therapy, which 
generate oxygen radicals within the carcinoma cell, and anti-estrogen tamoxifen 
used in breast cancer therapy also induces oxidative stress within cancer cells 
in vitro [90]. Conversion of breast tumors to a tamoxifen-resistant phenotype that 
has been seen is associated with a progressive shift toward a pro-oxidant environ-
ment of cells as a result of oxidative stress [90].
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ment of cells as a result of oxidative stress [90].
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6. P53

P53 protein, a tumor protein present in humans, which is encoded by the TP53 
gene (tumor suppressor gene), functions to inhibit proliferation of cells and regu-
lates cell cycle, thereby preventing cancer, also called as the guardian of the genome 
as it maintains the stability in a cellular process preventing genetic mutation, under 
normal cellular phenomenon the p53 signaling pathway is in static mode, whereas 
its activation occurs when there is a cellular stresses like DNA damage or oncogene 
activation [91, 92]. Post-translational modifications activate P53 protein for DNA 
binding, transactivating downstream effector genes whose activation depends on 
the nature of stress and its extent. After oxidative stress transcriptional coactiva-
tors, for example, apoptosis stimulating protein of p53 and BRCA1 promotes 
various cellular processes like apoptosis, other components of signaling pathway 
which are targeted for genetic and epigenetic changes in breast cancer, for example, 
activation of MDM2 which acts as a negative feedback regulator of the pathway by 
promoting the degradation of p53 [93].

6.1 P53 mutations in breast cancer

p53 being activator of apoptosis or cell cycle arrest is generated upon DNA dam-
age, or cellular stress has a major role in cancer as it stimulates genomic stability and 
anti-angiogenic effects, manages tumor inflammation and immune response, and 
represses metastases [94]. TP53 is mutated mostly in 50% of all human cancers and in 
20–30% of breast cancers with more than 15,000 different mutations, which makes 
P53 as a potential biomarker for breast cancer [94].

In one of a clinical study, it was studied that in premenopausal women, p53 
mutation is associated with ER and PR tumors, but in postmenopausal women 
having breast cancer, the presence of a p53 mutation is associated with higher body 
mass index (BMI), higher-grade, and poorly differentiated tumors, so women hav-
ing tumors as well as p53 mutations had a 2.4-fold increased risk of dying from their 
disease [53]. In an additional clinical study, it has been shown that TP53 mutated 
noninflammatory locally advanced breast carcinomas respond to doxorubicin-
cyclophosphamide chemotherapy unlike TP53 wild-type tumors, due to senescence 
in TP53 wild-type tumor cell and in MMTV-Wnt1 mammary tumors, growth arrest 
and senescent phenotype were stimulated in TP53 WT tumors following doxoru-
bicin treatment, and there was no apoptosis while the absence of arrest in mutant 
tumors caused aberrant mitosis, cell death, and a better clinical response [53, 95]. 
In ER-positive breast tumors, ER represses the p53-mediated apoptotic response 
induced by DNA damage, but in ER-negative TP53 mutated breast cancers, 
accumulation of genetic abnormalities may lead to mitotic catastrophe and better 
response [95].

6.2 P53 and chemotherapy

Previous clinical studies done on breast cancer patients [96] have seen that ER 
(+) tumors (mostly TP53 wild type) are mostly resistant to chemotherapy, while ER 
(−) tumors (mostly a TP53 mutated) are more chemo sensitive, but in another study, 
it was found that there was no association shown in sensitivity to classical doses of 
taxane-based therapy and mutated TP53 in breast tumor [97]. TP53 wild-type tumor 
cells in human breast xenograft models have the presence of senescence in breast 
cancers in response to the treatment [95] senescence induction and cell cycle arrest in 
TP53 wild type tumors showed tumor proliferation after the end of treatment while 
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genetic abnormalities and mitotic catastrophe would occur with further response to 
treatment in TP53 mutated tumors, which was also seen in MMTV-Wnt1 mammary 
tumors [95]. It has also been seen that growth arrest and senescent phenotype and 
no apoptosis were induced in TP53 wild-type tumors following doxorubicin treat-
ment, while lack of arrest in R-172-H mutant tumors resulted in aberrant mitoses, 
cell death, and a better clinical response; wild-type tumors or mutant tumors, which 
were having a wild-type TP53 allele, did not show apoptosis and did not lose any 
volume as did TP53 mutant tumors [98]. In ER (+) breast cancers, it was shown that 
there is a functional interplay between p53 and ER on a genome wide scale and that 
ER represses the p53-mediated apoptotic response induced by DNA damage, and 
distinct TP53 gene signatures are also needed to evaluate prognosis and response to 
chemotherapy in ER-positive and ER-negative breast cancers [74].

Thus, these clinical findings provide a way how to study p53-mediated response 
to dose-dense doxorubicin-cyclophosphamide chemotherapy in breast carcinomas 
in ER (+) TP53 wild-type breast tumors and that ER-induced inhibition of p53 
apoptotic response would result in tumor cell senescence and resistance to treat-
ment. However, in ER (−) TP53 mutated breast carcinomas, mostly in those having 
lost both TP53 alleles, there is an increase in genetic abnormalities that lead to 
mitotic catastrophe and better response [74].

6.3 P53 and ROS signaling

p53, a tumor suppressor protein being redox active transcription factor, orga-
nizes and directs cell function during various stresses that lead to genomic instabil-
ity, on the other hand, reactive oxygen species (ROS) are products or byproducts 
generated by cells, which function either as signaling molecules or as cell toxicants 
(reference). Cellular concentration and distribution of p53 have a different cellular 
function as ROS act as both up-stream signal that causes p53 activation and down-
stream factor that results in apoptosis [99], subsequently if ROS level is increased 
due to oxidative stress in cancer cell, then p53 level may be increased to maintain its 
stability in the environment [99]. A balance is maintained in cellular concentration 
between oxidant and antioxidant molecules in normal cells, but when the oxidant 
part increases or when a disruption of redox signaling occurs, oxidative stress is 
caused in a redox reaction in the system, which results in damage to DNA, proteins, 
and lipids through oxidative modification resulting in number of diseases and 
chemotherapeutic cytotoxicity [15].

The genomic stability is maintained by tumor suppressor protein p53, but when 
there is a cellular stress like disruption of redox signals, which leads to damage 
DNA, proteins, and lipids. This tumor suppressor gene maintains transcription of 
various genes and directs cell for cell cycle arrest, senescence or apoptosis through 
various activation of target genes, many effector molecules like proteins, noncoding 
RNAs, for example, myc, Hcas or CSE1L, Hzf and miR-34 which help in selecting 
transactivation of p53 target genes leading to various cellular responses comes into 
play [85]. Thus, this oxidative stress is associated with p53-dependent cell cycle 
arrest, DNA repair, and apoptosis, but a clear understanding of the mechanisms of 
the interactions between ROS and p53 is still elusive [100].

In unstressed cell or normal cell, P53 has a small half-life and is present in low 
levels by continuous ubiquitination by Mdm2 COP1 (constitutively photomorpho-
genic 1) and Pirh2 (p53-induced protein with a RING-H2 domain) and derogation 
by 26S proteasome, where the physiological levels of p53 have different effects on 
cellular redox potential either it regulates the pro-oxidant and antioxidant genes or 
it modulates the cellular metabolism [86, 101].
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6.4 Levels of p53 and ROS

Overexpression of p53 transactivates a series of p53-induced genes (PIGs) 
in which many of these PIGs encode redox active proteins including two 
ROS-generating enzymes, NQO1-quinone oxido-reductase, PIG3, and proline 
oxidase (POX, PIG6). The upregulation of these pro-oxidant enzymes will lead 
to oxidative stress and apoptosis [102, 103]. The pro-oxidant genes, which are 
upregulated, are BAX, PUMA, and p66shc in which BAX and PUMA stimulate 
uncoupling of mitochondria, which result in ROS generation from a less efficient 
electron transport chain, and P66shc is a downstream target of p53, which is 
present in cytoplasm and is translocated into mitochondria by prolyl isomerase 
1 (Pin1) and mitochondrial heat shock protein (mtHsp 70), and pro-apoptotic 
stimulation of p66shc oxidizes cytochrome c, which produces H2O2 and opens 
mitochondrial permeability transition pore initiating apoptosis, and upregula-
tion of these pro-oxidant enzymes leads to oxidative stress and consequently to 
apoptosis [102, 103]. More genes have been added to the list of p53-induced pro-
oxidant genes, which include BAX, PUMA, and p66Shc of which BAX and PUMA 
can induce uncoupling of mitochondria, resulting in ROS being generated from a 
less efficient electron transport chain (ETC) [74, 104]. P53 has a downstream tar-
get known as p66Shc, which predominantly exists in cytoplasm and is translocated 
into mitochondria with the help of prolyl isomerase 1 (Pin1) and mitochondrial 
heat shock protein 70 (mtHsp 70) [105, 106].

Oxidative stress is caused by suppression of antioxidant genes by p53, which 
increases cellular ROS, for example, MnSOD (manganese superoxide dismutase) is 
suppressed at the promoter level by p53 activation or overexpression [107].

6.5 Redox regulation of p53

The oxidative stress caused by ROS is related to various p53-mediated 
cell processes like cell cycle arrest, DNA repair, and apoptosis like increase 
in generation of ROS in mitochondria when treated with chemotherapeutic 
agent’s results in apoptosis, while oxidative stress in the nucleus causes cells to 
p53-dependent DNA repair [86, 92]. A number of pathways operating to induce 
redox and p53 signaling select various p53 target genes that decide the final fate 
of the cell have been found significant in studies going on cisplatin and ginkgo 
bilobalide resulted in chemotherapeutics-induced ROS increase C-myc [108]. 
As soon as C-myc levels increase, it causes suppression of p53 transactivation 
of p21Cip1 blocking cell cycle arrest but does not affect p53-transactivation of 
the pro-apoptosis gene PUMA leading to apoptosis [108]. The mechanism 
acts in a same manner as in pathogenic bacterium Pseudomonas aeruginosa 
induced cell death having azurin, a copper-containing redox protein excreted 
by Pseudomonas aeruginosa that binds to p53 and transactivates pro-apoptosis 
protein Bax resulting in apoptosis [108].

6.6 Redox modification

p53-mediated ROS generation is the most important cellular concentration and 
subcellular localization function as P53 is a redox sensitive protein, which under-
goes redox modification and decides the cell fate on the basis of p53 target genes, 
and the other factors such as cell type, stress, and intensity of stimuli give an insight 
into the interaction between ROS and p53 [92, 95].
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7. P38-MAP kinase

Response to extracellular stimuli is managed and regulated by intracellular 
signaling pathways by mitogen-activated protein (MAP) kinase pathways whose 
members are responsible for signaling cascades, mammalian p38s responses, 
inflammatory cytokines (TNF-& IL-1), growth factors (CSF-1), ultraviolet irradia-
tion, heat shock, osmotic shock, function in cell differentiation, apoptosis, and 
autophagy [109]. In general, there are four MAP kinase family subgroups, namely 
extracellular signal-regulated kinases (ERKs), c-jun N-terminal or stress-activated 
protein kinases (JNK/SAPK), ERK/big MAP kinase 1 (BMK1), and the p38 group 
of protein kinases [110]. p38 (p38), a 38-kDa protein when phosphorylated by 
tyrosine as a responsive protein to LPS stimulation (Han et al. 1993) and its kinases 
are divided by Thr-Gly-Tyr (TGY) dual phosphorylation motif residues in a TXY 
(where X is Glu, Pro and Gly in ERKs, JNKs and p38 MAPKs) activation motif by a 
dual specificity, activation of p38 is not only due to responsive nature on stimulus, 
but on cell type as well., Insulin signaling is reported to activate p38 in 3T3-L1 
adipocytes but downregulates p38 in chick forebrain neuron cells [110].

7.1 p38 in the cell cycle

p38 has been studied in G1, G2, and M phases of the cell cycle [30]. p38 MAPK 
controls both the G2/M and G1/S cell cycle checkpoint in retort to cellular stress 
corresponding to DNA damage [30]. It facilitates the cell survival processes and 
initiation/maintenance of cell cycle checkpoints in retort to particular stimuli [30].

7.2 p38 in senescence and tumor suppression

A number of studies have provided evidence of p38 role in tumorigenesis and 
senescence [28], when there is a loss of senescence in tumor cells, it has been found 
that its activation may be decreased in tumors and that its pathway units such as 
MKK3 and MKK6 are lost resulting in increased proliferation [111].

7.3 p38 role in breast cancer

p38 MAPK in survival of tumor cells functions independently of DNA damage 
and supplements to metastasis, but this effect is indirectly regulated by p38 MAPK 
through the mediation of factors responsible for survival or migration of cells, for 
example, basal stimulation of p38 MAPK in B-cell chronic lymphocytic leukemia 
(B-CLL) is required for the MMP-9 metalloprotease for survival of these cells 
grown in the presence of stroma cells [112]. However, in vivo studies found that 
the decreased basal as well as TGFβ1-induced MMP-9 activity in breast cancer cells 
cause inhibition of p38 MAPK pathway by genetic regulators and pharmacological 
compounds causing decreased bone metastases [113].

In cell division and cell survival, p38 is studied at checkpoint control [113]. Role 
of p38 in invasiveness in cultured cell has been seen, which shows that phospho-p38 
level is increased in cultured invasive breast cancer cells [95, 114]; increased expres-
sion of P38 MAPK in breast cancer has been found in relation to poor prognosis and in 
invasiveness and metastasis [115]. Overexpression of phosphorylated-P38 MAPK has 
been seen in ~20% of primary breast carcinomas or in relation to HER2 amplification 
and tamoxifen resistance and is a potential prognostic marker in breast cancer [116]. 
Therefore, the role of P38 MAPK in breast cancer cell proliferation remains a subject 
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of study as it has dual function in survival and proliferation depending on the expres-
sion of mutant TP53 being present in most ER-breast tumors to develop P38 MAPK 
inhibitors for the treatment of TP53-mutated, ER-breast cancers, it is expressed at 
a higher level in ER+ in comparison with ER tumors without post-transductional 
activation as there was no change in the phosphorylation rate of P38 MAPK [116].

8. Role of tamoxifen resistance in breast cancer

A number of studies have reported the role of P38 MAPK in the resistance of ER+ 
breast tumors to endocrine therapy [117] and its relation between activated P38 MAPK 
levels and tamoxifen resistance [114, 118]. It has been reported that P38 MAPK leads to 
increased ER agonist activity through increased phosphorylation of ER and increased 
ER signaling through coactivator regulation [76]. There is switch in estrogen receptor 
signaling from its classical pathway to the AP1-dependent nonclassical pathway upon 
activation of MAPK by anti-estrogens apart from ER being their main target; thus, the 
activation of P38 MAPK can reduce the cellular response to endocrine therapy, which 
has been reported as a biomarker for resistance to endocrine therapy, and its detailed 
study of expression and its activation in breast tumors may provide a new approach 
to the resistance of breast cancer to endocrine therapy; also it has been reported that 
increased phospho-p38 levels have been associated with high expression of EGFR and 
ErbB2 in tamoxifen-resistant xenografts, where it acts to support nuclear functions of 
ER [76]. In matched primary and recurrent tamoxifen-resistant tumors (and a parallel 
study of a mouse xenograft in tamoxifen resistance), a link between phospho-p38 and 
increased ErbB2 with tamoxifen resistance was found [64, 69, 119, 120]. The graphic 
illustration of the pathway is displayed in Figure 1.

Figure 1. 
Signalling pathway affecting estrogen receptor (ER) causing increase in EGFR level leading to cell proliferation 
during tamoxifen resistivity. P53 is increased during resistance and controls p21 function as well. ROS level is 
increased causing cell proliferation which in turn decreases Hsp27 and MAPK-P38 activity during stress lead by 
tamoxifen resistance.
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signaling from its classical pathway to the AP1-dependent nonclassical pathway upon 
activation of MAPK by anti-estrogens apart from ER being their main target; thus, the 
activation of P38 MAPK can reduce the cellular response to endocrine therapy, which 
has been reported as a biomarker for resistance to endocrine therapy, and its detailed 
study of expression and its activation in breast tumors may provide a new approach 
to the resistance of breast cancer to endocrine therapy; also it has been reported that 
increased phospho-p38 levels have been associated with high expression of EGFR and 
ErbB2 in tamoxifen-resistant xenografts, where it acts to support nuclear functions of 
ER [76]. In matched primary and recurrent tamoxifen-resistant tumors (and a parallel 
study of a mouse xenograft in tamoxifen resistance), a link between phospho-p38 and 
increased ErbB2 with tamoxifen resistance was found [64, 69, 119, 120]. The graphic 
illustration of the pathway is displayed in Figure 1.

Figure 1. 
Signalling pathway affecting estrogen receptor (ER) causing increase in EGFR level leading to cell proliferation 
during tamoxifen resistivity. P53 is increased during resistance and controls p21 function as well. ROS level is 
increased causing cell proliferation which in turn decreases Hsp27 and MAPK-P38 activity during stress lead by 
tamoxifen resistance.
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Abstract

Endocrine disruptors interfere with endocrine-mediated regulations of cell or organ 
functions. Estrogens are one of the main hormones altered by endocrine disruptors like 
bisphenol A (BPA). Stem cells are active from embryogenesis to late stages of adult life. 
Their unique properties, such as an extended lifespan and low cycling features, render 
these cell privileged targets of long-term exposure to numerous factors. Therefore, stem 
cells are likely to be affected following exposure to endocrine disruptors. One of the 
major signaling pathways involved in stem cell regulation is the bone morphogenetic  
protein (BMP) pathway. The BMP pathway is known for its involvement in numerous 
physiological and pathophysiological processes. Exposure of human mammary stem 
cells to pollutants such as BPA initiates fundamental changes in stem cells, in particular 
by altering major elements of BMP signaling, such as receptor expression and localiza-
tion. Lastly, BPA and its substitute bisphenol S (BPS) have similar impacts on BMP sig-
naling despite their different ER-binding properties, supporting the hypothesis that their 
biological effects cannot be extrapolated only from their interaction with ERα66. We 
review recent discoveries in this field and discuss their implications for cancer diagnosis, 
prevention, and treatment, as well as their relevance for studies on endocrine disruptors.

Keywords: BMP, bisphenol, stem cells, breast cancer, microenvironment,  
endocrine disruptors, estrogen

1. Introduction

Breast cancer is the most common cancer in women and exhibits important phe-
notypic and genetic diversities associated with different prognoses. Breast cancer 
subtypes are clinically classified based on histological appearance and expression of 
hormone receptors such as estrogen (ER) and progesterone (PR) receptors, as well 
as on the amplification of the HER2 gene coding for a member of the EGF receptor 
family [1]. Based on these criteria, four major breast cancer subtypes have been 
defined: luminal A and luminal B (all ER+), HER+ (that can be either ER− or ER+), 



29

Chapter 2

A Potential New Mechanism for 
Bisphenol Molecules to Initiate 
Breast Cancer through Alteration 
of Bone Morphogenetic Protein 
Signaling in Stem Cells and Their 
Microenvironment
Boris Guyot and Veronique Maguer-Satta

Abstract

Endocrine disruptors interfere with endocrine-mediated regulations of cell or organ 
functions. Estrogens are one of the main hormones altered by endocrine disruptors like 
bisphenol A (BPA). Stem cells are active from embryogenesis to late stages of adult life. 
Their unique properties, such as an extended lifespan and low cycling features, render 
these cell privileged targets of long-term exposure to numerous factors. Therefore, stem 
cells are likely to be affected following exposure to endocrine disruptors. One of the 
major signaling pathways involved in stem cell regulation is the bone morphogenetic  
protein (BMP) pathway. The BMP pathway is known for its involvement in numerous 
physiological and pathophysiological processes. Exposure of human mammary stem 
cells to pollutants such as BPA initiates fundamental changes in stem cells, in particular 
by altering major elements of BMP signaling, such as receptor expression and localiza-
tion. Lastly, BPA and its substitute bisphenol S (BPS) have similar impacts on BMP sig-
naling despite their different ER-binding properties, supporting the hypothesis that their 
biological effects cannot be extrapolated only from their interaction with ERα66. We 
review recent discoveries in this field and discuss their implications for cancer diagnosis, 
prevention, and treatment, as well as their relevance for studies on endocrine disruptors.

Keywords: BMP, bisphenol, stem cells, breast cancer, microenvironment,  
endocrine disruptors, estrogen

1. Introduction

Breast cancer is the most common cancer in women and exhibits important phe-
notypic and genetic diversities associated with different prognoses. Breast cancer 
subtypes are clinically classified based on histological appearance and expression of 
hormone receptors such as estrogen (ER) and progesterone (PR) receptors, as well 
as on the amplification of the HER2 gene coding for a member of the EGF receptor 
family [1]. Based on these criteria, four major breast cancer subtypes have been 
defined: luminal A and luminal B (all ER+), HER+ (that can be either ER− or ER+), 



Breast Cancer Biology

30

and basal-like (ER−) [2, 3]. The most frequent subtype encompasses ER-positive 
tumors that represent almost 80% of breast cancers. In these tumors, preventing 
ER activation via hormone therapy is efficient. This can be achieved either by using 
competitive antagonists of estrogens (e.g., tamoxifen), preventing its binding 
to and subsequent activation of ER, by using drugs blocking estrogen synthesis 
(antiaromatase) in postmenopausal women, or by luteinizing hormone-releasing 
hormone (LHRH) analogs, inhibiting release of female hormones by the ovaries [4].

Breast cancer is a multifactorial disease, and evidences of the involvement of 
extrinsic factors in the increase of breast cancer risk have been described, such as 
the environment or lifestyle. Indeed, lack of physical activity, elevated tobacco or 
alcohol consumption, and the use of contraceptive pills or hormone-replacement 
therapy (for postmenopausal women) have been shown to increase breast cancer 
risk [5]. Hormonal status has also been described to play a major role in breast 
cancer risk. It has been shown that a premature or extensive exposure to endog-
enous estrogens (due to an early menarche, nulliparity, late age for first full-term 
pregnancy, or late menopause) increases the risk of breast cancer development.

Several chemical pollutants have been classified as endocrine-disrupting 
chemicals (EDCs) based on the following definition: “an endocrine disruptor is an 
exogenous substance or mixture that alters any function(s) of hormone actions and 
consequently causes adverse health effects in an intact organism, or its progeny, or 
(sub)populations” [6–11]. Estrogens are one of the main hormones altered by EDCs. 
Perturbations in estrogen functions have been identified in a wide spectrum of 
pathologies, including metabolic, bone, and reproductive disorders, as well as breast, 
endometrial, or ovarian cancers. Therefore, it is important to consider that the mam-
mary gland is exposed throughout life not only to endogenous hormones but also to 
EDCs, molecules present in the environment and able to mimic these hormones.

Interest in EDCs is growing rapidly, owing notably to their extensive use in 
manufactured goods and their release in our environment. Among these environ-
mental pollutants, bisphenol molecules are being increasingly studied in breast 
cancer due to their estrogen-mimetic properties, enabling them to activate estrogen 
signaling through their binding to the ER, in particular, bisphenol A (BPA) [12, 13]. 
Despite rising concerns about its safety [14] and progressive restrictions on its use, 
several million tons of BPA are still produced worldwide.

2. The major effects of bisphenols on BMP signaling and stem cells

2.1 BPA and breast cancer

2.1.1 BPA and estrogen signaling

BPA is an aromatic organic compound used by the plastic industry as a monomer 
in the synthesis of polycarbonates and epoxy resins. Polycarbonates are found in 
consumer plastic-like water bottles, food packaging materials, sport equipment or 
toys, while epoxy resins are used to coat the inside of food or beverage containers. 
BPA can also be found in thermal paper. BPA monomers from these compounds 
can be released into the environment by hydrolysis. At the structural level, BPA is 
a diphenyl compound with two hydroxyl groups in a “para” position rendering it 
highly similar to synthetic estrogen (diethylstilbestrol). This thus allows BPA to 
interact with various physiological receptors similar to estrogen, including ERs.

The classical genomic estrogen signaling pathway is triggered by the binding of 
estrogen to its α or β receptors that act as transcription factors in the nucleus. In the 
absence of ligands, these receptors are complexed with inhibitory molecules either 
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in the cytoplasm or in the nucleus of the cell. Upon ligand binding, these complexes 
dissociate resulting in conformational changes that allow DNA binding and recruit-
ment of cofactors to regulate expression of target genes [15]. Both ERα and ERβ are 
also able to initiate a nongenomic signaling pathway outside of the nucleus depend-
ing on their subcellular localization [16]. Moreover, estrogen signaling can also be 
mediated by other receptors, such as GPR30, EGFR, to list only a few [15, 17].

In line with the current definition of EDCs, BPA was shown to exert its activity 
by disrupting the estrogen signaling pathway that uses ER as a transcription factor 
binding to estrogen response element (ERE) sites on DNA [15]. Consequently, 
estrogen-mimetics (e.g., BPA) were mechanistically thought to primarily act 
through their binding to ERα66, the main canonical (nuclear) estrogen recep-
tor. This nuclear receptor initiates signaling pathways at the cell membrane and 
transcriptional responses in the cell nucleus. BPA also upregulates the level of 
steroid receptor coactivators (SRC-1, SRC-3) and promotes the activity of EREs 
[18]. However, BPA has also been shown to bind to a number of distinct nuclear 
and membrane receptors, namely estrogen receptors ERα/β, androgen receptor 
(AR), G protein-coupled ER (GPER, GPR30), PPAR (especially PPARγ), insulin-
like growth factor-1 (IGF1-R) [17, 19, 20]. BPA stimulates the release of EGFR 
ligands by directly targeting other molecules than ER, like ADAM17 or ADAM10 
[21]. Furthermore, the impact of BPA on Ca2+ release or ERK signaling has been 
highlighted in the pancreas [15]. Altogether, these results indicate that BPA, in 
addition to its effects on the canonical estrogen pathway, is able to perturb numer-
ous physiological processes through estrogen genomic and nongenomic signaling, 
as well as nonestrogen-related pathways [19, 22]. Importantly, BPA is at the origin 
of toxic derivatives (chlorinated bisphenols) and is also processed by cellular and 
biochemical mechanisms to generate a number of different BPA metabolites. All 
these BPA derivatives have been reported to have similar or higher toxic effects than 
BPA [19, 20]. In the context of the mammary gland, it is thus of utmost importance 
to further elucidate how BPA, its derivatives or metabolites, modulate estrogen- or 
nonestrogen-related signaling. This should improve our understanding of the 
tumorigenic potential of BPA, firstly in the luminal breast cancer subtype, and 
subsequently in other tumor types.

2.1.2 BPA involvement in breast cancer

Evidence gathered from studies in experimental models and human populations 
has already confirmed that EDCs, including BPA, contribute to increased risk of 
disease [23, 24]. A positive relationship between exposure to BPA and cancer devel-
opment is reported in the literature [25]. However, whether BPA is actually harm-
ful for human health remains understudied, similar to our understanding of the 
molecular mechanisms underlying BPA-dependent effects in cancer development.

Given the significant involvement of estrogens in both normal and patho-
logical conditions, EDCs able to interfere with the homeostasis of the estrogen 
endocrine system are a potential source of several health disorders. In this con-
text, a human population-based study detected a significant increase in serum 
levels of BPA and established a correlation with breast tissue density measured in 
mammographies [26]. This finding was attributed to the ability of BPA to increase 
proliferation of mammary epithelial cells from either normal or breast cancer 
tissues [27, 28]. Epigenetic data from human tumors or cells exposed to BPA in 
vitro revealed the ability of this EDC to directly induce mammary epithelial cell 
transformation [29].

Moreover, BPA was correlated with breast cancer patients with high risk 
profiles and therefore with increased disease relapse [30]. This may be due to the 
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(AR), G protein-coupled ER (GPER, GPR30), PPAR (especially PPARγ), insulin-
like growth factor-1 (IGF1-R) [17, 19, 20]. BPA stimulates the release of EGFR 
ligands by directly targeting other molecules than ER, like ADAM17 or ADAM10 
[21]. Furthermore, the impact of BPA on Ca2+ release or ERK signaling has been 
highlighted in the pancreas [15]. Altogether, these results indicate that BPA, in 
addition to its effects on the canonical estrogen pathway, is able to perturb numer-
ous physiological processes through estrogen genomic and nongenomic signaling, 
as well as nonestrogen-related pathways [19, 22]. Importantly, BPA is at the origin 
of toxic derivatives (chlorinated bisphenols) and is also processed by cellular and 
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these BPA derivatives have been reported to have similar or higher toxic effects than 
BPA [19, 20]. In the context of the mammary gland, it is thus of utmost importance 
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nonestrogen-related signaling. This should improve our understanding of the 
tumorigenic potential of BPA, firstly in the luminal breast cancer subtype, and 
subsequently in other tumor types.
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has already confirmed that EDCs, including BPA, contribute to increased risk of 
disease [23, 24]. A positive relationship between exposure to BPA and cancer devel-
opment is reported in the literature [25]. However, whether BPA is actually harm-
ful for human health remains understudied, similar to our understanding of the 
molecular mechanisms underlying BPA-dependent effects in cancer development.

Given the significant involvement of estrogens in both normal and patho-
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vitro revealed the ability of this EDC to directly induce mammary epithelial cell 
transformation [29].

Moreover, BPA was correlated with breast cancer patients with high risk 
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Breast Cancer Biology

32

implication of BPA in breast cancer metastasis. This process has traditionally been 
associated with late stages of cancer development, though a new hypothesis on its 
origin has progressively emerged suggesting that it could be an inherent mark of 
tumor cell [31, 32]. Metastatic dissemination is a dynamic process that involves 
several steps: local invasion of cells from the primary tumor, intravasation leading 
to dissemination through the blood or lymph, extravasation to invade new tissues, 
implantation, and finally new tumor growth. Numerous signaling pathways and 
programs are activated during this process such as epithelial-to-mesenchymal 
transition (EMT), anoïkis, migration, and proliferation among others (for review: 
[33, 34]). It has been shown that ER-negative breast cancers are associated with an 
increased risk of developing metastases [35]. Indeed, these breast cancers express 
more mesenchymal markers such as vimentin and N-cadherin or EMT-transcription 
factors that are required for metastatic initiation. Conversely, ER-positive tumors 
are associated with a more differentiated luminal phenotype, expressing epithelial 
markers (E-cadherin, ER, FOXA1 for instance). Accordingly, a downregulation of 
the luminal-specific transcription factor FOXA1 is induced after BPA treatment 
in triple-negative tumor cell lines, leading to the induction of EMT and increasing 
cell motility [36]. In this study, BPA treatment was shown to activate the PI3K/AKT 
pathway, leading to a downregulation of epithelial genes alongside an upregulation 
of mesenchymal genes. Another study demonstrated that BPA promotes migration 
and invasion via GPER, which transduces FAK, Src, and ERK2 signaling pathway 
activation [37]. Promotion of GPER-induced migration by BPA or BPS occurs 
via different signaling pathways. Indeed, in contrast to BPA, which acts via the 
FAK/Scr/ERK2 pathway, it has been shown that BPS induces GPER/Hippo-YAP-
dependent migration [38]. Effects of BPA, BPS, and BPF on migration and EMT 
properties of ER-positive tumor cell lines were compared [39]. After treatment, 
cells lost cell/cell contacts and acquired a fibroblast-like morphology associated 
with an EMT phenotype. This was further confirmed after analysis of EMT-
associated protein expression showing a decrease in E-cadherin and an increase 
in N-cadherin. Moreover, BPA-, BPS-, and BPF-treated cells displayed a stronger 
migratory ability. All of these modifications were inhibited after administration of 
an ER antagonist, demonstrating the ER-dependent effects of these bisphenols [39].

At the mechanistic level, a large number of in vivo and in vitro studies have 
highlighted the ability of BPA to disrupt several key signaling pathways that are 
known to be involved in breast cancer [19, 40]. However, the direct involvement 
of BPA in breast cancer incidence is difficult to establish and remains controversial 
[26, 41], owing possibly to the fact that different mechanisms are depicted in 
either ER-positive or -negative tumors, reflecting the variety of biological effects 
arising from exposure to BPA [20, 28, 42]. In addition, the combinatorial effects 
of different pollutants encountered over a life time also complicate these studies. 
Hence, scientists are faced with a huge challenge in order to formally establish 
the transforming power of BPA, owing to the different contexts and mechanistic 
cascades of alterations occurring in the human breast tissue during such long-term 
exposure.

2.2 BPA target cells

2.2.1 Stem cells in mammary gland

Mammary gland development takes place during embryogenesis and is 
composed of a rudimentary ductal system blocked until puberty. Then, two 
master reproductive hormones are secreted, namely estrogens and progesterone. 
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Estrogens control the growth of ducts from their distal extremity called termi-
nal end buds (TEBs) [43–45], while progesterone is involved in lateral branch 
development [46, 47]. One of the major hormones involved in mammary gland 
development is estrogen, mostly produced by the ovaries (but also by other tis-
sues). Estrogens, in combination with other hormones, orchestrate the growth of 
the ductal system and adipose tissue accumulation during puberty and at further 
stages of development [43–45].

In adults, the mammary gland is formed of ducts and lobules of secreting 
luminal epithelial cells surrounded by contractile myoepithelial cells. These epi-
thelial cells are embedded in a stroma mainly formed of fibroblasts and adipocytes 
that secrete several soluble molecules regulating epithelial cell function and differ-
entiation. Epithelial cells of the mammary gland are generated by mammary stem 
cells (MaSCs) and the stromal compartment by mesenchymal stem cells (MSCs) 
[48–51]. During adulthood, the mammary gland undergoes functional and struc-
tural changes that alternate between phases of proliferation, differentiation, and 
apoptosis controlled by cyclic hormonal variations due to the estrous/menstrual 
cycle modulating the stem cell compartment [52]. However, this postpubertal mam-
mary tree remains immature and only achieves full maturation during pregnancy 
and lactation. These final steps involve alveogenesis and milk production, which 
take place mostly under the control of progesterone and prolactin [53, 54]. Studies 
indicate that estrogens do not directly stimulate proliferation of ER-positive luminal 
cells but act via a paracrine process [55, 56]. Indeed, estrogen acts on luminal ER/
PR-positive cells, leading to the cleavage and liberation of amphiregulin [57, 58], 
which then affects neighboring ER/PR-negative cells. These ER/PR-negative cells 
display characteristics of stem cells, in that, their asymmetric division is controlled 
by growth factors released by stromal cells [59–62]. Conversely, estrogen treatment 
induces a deficient asymmetric division of a human MaSC cell line (MCF10F) [63]. 
Ovariectomized mice (or letrozole treated to inhibit endogenous estrogen synthesis 
and provide a normal stromal and hormonal environment for all other hormones) 
show a decrease in the ability of MaSCs to repopulate a mammary fat pad and to 
generate ductal growth and expansion without impacting the size of the MaSCs-
enriched subpopulation [52]. Collectively, these studies highlight the importance of 
the estrogen pathway on MaSC regulation through direct and indirect effects and 
consequently suggest potential sensitivity of these cells to estrogen-mimetics like 
BPA. Furthermore, stem cells are a unique category of cells active from embryogen-
esis up to late stages of human adult life, and are thus more prone to be exposed to 
EDCs, likely altering their normal functions [64–68].

2.2.2 BPA, stem cells, and breast cancer

It has been shown that exposure to EDCs occurs throughout life and even during 
embryogenesis, at the stage of mammary gland establishment. For instance, BPA 
has been detected in urinary samples but also in maternal and fetal plasma, in colos-
trum, and in placental tissue at birth. Several studies demonstrated that a prenatal 
exposure to BPA induces changes in fetal mouse mammary gland, in the epithelial 
as well as stromal compartments, favoring fat pad maturation and increasing the 
mammary gland susceptibility to carcinogens [69–71]. This is accompanied by 
transcriptome modifications, in particular, an increase in the expression of genes 
belonging to the antiapoptotic family, myoepithelial differentiation, and adipo-
genesis, and a decrease in those involved in cell adhesion [71]. Exposure to BPA at 
puberty alters the function of MaSCs, leading to the appearance in the regener-
ated glands of early neoplastic lesions with molecular alterations similar to those 
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detected in early neoplastic breast cancer tissues [72]. In a physiological model in 
which mice were treated at puberty with BPA, estrogen-dependent transcriptional 
events were perturbed and the number of terminal end buds was altered in a dose-
dependent fashion [27]. In vitro exposure of normal human mammary epithelial 
cells to BPA was shown to induce their proliferation due to the secretion of autocrine 
growth factors and allow them to generate bigger mammospheres [73]. Treated 
cells displayed an increase in DNA hypermethylation of tumor suppressor genes, 
such as Brca1. These data support that BPA can promote early pretumoral stages 
corroborating findings in normal human breast epithelial cells (MCF-10F) [29, 64]. 
Indeed, BPA-treated human MaSC lines, such as MCF-10F, increase their expres-
sion of genes involved in DNA repair and decrease proapoptotic gene expression 
[74]. Chronic exposure of MCF10A cells to BPA at doses similar to those measured 
in contaminated water lead to major MaSC modifications affecting their stem cell 
properties and regulation [64]. Importantly, BPA treatment increases stem-like 
features by inducing the expression of ALDH1 and SOX2 genes, a human MaSCs 
marker and a master regulator of pluripotency in embryonic stem cells, respectively 
[75]. BPA also perturbs signals involved in human mammary stem cell (ERα66 
negative cells) regulation, like the bone morphogenetic protein (BMP) pathway, 
which has been identified in their transformation [76], partly by changing BMP 
membrane receptor availability and priming cells to BMP signaling [64]. These data 
raised the hypothesis that in ER-positive tumors, under tamoxifen treatment and 
in a BPA-containing environment, some cells could acquire resistance to treatment 
by a switch in signaling pathway favoring a stem-like phenotype characterized by 
a decrease in treatment cytotoxicity and a modification of the stoichiometry of the 
type of ER (e.g., an increase in ERRγ or ERα isoform expression).

Overall, these observations strongly support that MaSCs are directly sensitive 
to BPA, which could be involved in their transformation and/or treatment escape 
[27, 72, 74].

2.3 BMP, stem cells, and cancer

2.3.1 BMP and mammary epithelial stem cells

One of the major conserved signaling pathways involved in stem cell regulation 
from embryogenesis up to adult stages is BMP signaling. There are 21 different 
soluble BMP molecules that act through serine/threonine kinase BMP receptors 
(BMPRs). In the context of stem cell regulation, BMP2 and BMP4 are progressively 
emerging as the most important BMPs. The BMP pathway is involved in numerous 
physiological and pathological processes [77]. BMPs control MSC regulation, such 
as lineage specification of adipocytes which are one of the major elements of the 
mammary gland microenvironment [78–80]. Alterations in BMP signaling have 
been implicated in metabolic disorders such as obesity in women [81, 82].

During embryogenesis in mice, BMP4 was shown to participate in the early 
steps of mammary gland development by regulating the dorsoventral axis estab-
lishment [83]. The BMP pathway also plays a role in mammary bud formation and 
outgrowth, as well as in ductal branching morphogenesis initiation. Indeed, BMP4 
is expressed in both mesenchymal and epithelial cells of the mammary bud and the 
use of a BMP4 inhibitor leads to a decrease in bud outgrowth [84]. A link between 
BMPs and progesterone receptor type A involved in branching morphogenesis 
during postnatal mammary gland development has also been shown [85]. In addi-
tion, BMPs are also involved in the myoepithelial compartmentalization and lumen 
formation [85]. The knockout of a BMP extracellular antagonist, Twisted, abrogates 
lumen formation and disorganizes the myoepithelial layer through a decrease in 
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SMAD1-5-8 phosphorylation and the repression of BMP targets (Msx1, Msx2, and 
Gata-3) [86]. In human cells, BMP2 regulates luminal epithelial cells by modulating 
the expression of GATA-3 and FOXA1 [76]. Finally, an in vitro study using sorted 
mouse mammary epithelial undifferentiated cells demonstrated the role of BMP 
signaling in final maturation steps such as lactogenic differentiation [87].

In healthy tissues, epithelial cells, as well as cells within the mammary gland 
environment (fibroblasts, adipose tissue cells, hematopoietic cells), contribute 
to the production of soluble BMP2 and BMP4 molecules [76], while distinct sub-
populations of normal mammary epithelial cells sorted according to CD10 and 
EPCAM expression [88] express different elements of the BMP pathway. A role for 
BMP molecules in MaSC regulation was formally demonstrated by functional assay 
analyses following exposure of different human cell types to soluble BMP2 or BMP4 
[76], and further substantiated by the use of TGF/BMP inhibitors allowing the 
expansion of immature epithelial basal cells [89]. Interestingly, as in the hemato-
poietic system [90], BMP2 and BMP4 molecules have distinct functional effects on 
MaSC regulation despite their strong homology. Indeed, while BMP4 modulates the 
compartment of MaSC and myoepithelial progenitors, BMP2 allows the commit-
ment and proliferation of luminal progenitors [76]. However, the molecular mecha-
nism by which BMPs interact with estrogen signaling to regulate MaSCs remains to 
be further deciphered.

2.3.2 BMP and breast cancer

BMP signaling is also a well-known highly complex pathway that orchestrates 
the development and homeostasis of adult tissues such as the neural system [91]. 
The importance of BMP signaling alterations in cancer stem cell features has been 
revealed in glioblastoma, breast cancer, and leukemia [90, 92–95]. The role of 
BMPs, especially of BMP2 and BMP4, in breast cancer has been largely documented 
[96, 97]. Alterations of BMP ligand expression and signaling have been reported 
and shown to be clinically correlated with breast cancer progression [98, 99] and 
to play a major role in the development of bone metastases [99–101]. Despite the 
fact that BMP4 transcripts are expressed at various levels in tumor tissues or breast 
cancer cell lines [102], high levels of BMP4 are found in 25% of the breast cancer 
tumors displaying a low proliferation index but high recurrence rate [98]. BMP4 has 
crucial functions in promoting tumor growth arrest, migration and metastasis by 
mediating cell cycle arrest in G1 [102], chemokine regulation [103], and inhibition 
of lumen formation [104] for example. However, the biological effects of BMP4 
largely depend on cell context, as they were reported to be either proliferative or 
antiproliferative in mammary epithelial cells according to cellular density and coop-
erative factors [105, 106]. The microenvironment of human primary luminal breast 
tumors produces abnormally high amounts of soluble BMP2 compared to healthy 
tissue, while higher BMPR1B levels were detected in tumor cells [76, 107]. Chronic 
exposure to high BMP2 concentrations was demonstrated to initiate MaSC trans-
formation toward a luminal tumor phenotype dependent on a BMPR1B-initiated 
signaling cascade involved in luminal commitment of normal MaSC. This leads to 
a FOXA1/FOXC1 transcription factor balance switch in favor of FOXA1, simultane-
ously with an upregulation of GATA3 [76]. However, while an increase in soluble 
BMP2 in the tumor microenvironment has been shown in luminal ER-positive 
tumors where it is correlated with a high BMPR1B tumor expression [76], a strong 
decrease in BMP2 transcripts was found in ER-negative breast tumors [108]. Also, 
a downmodulation of the BMPR1B (Alk6) in a basal cell line (MDA-MB-231) 
increased cell growth in vitro [109], suggesting an antiproliferative function for 
BMPR1B in ER-negative tumors. Interestingly, downregulation of BMPR1A (ALK3) 
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in MDA-MB231D (a bone metastatic clone of MDA-MB231) basal ER-negative cells 
inhibited their migration and bone metastatic properties [110]. Therefore, it is very 
likely that the BMP2/BMPR1B signal is overactivated in the context of ER-positive 
tumors, while being repressed in ER-negative tumors.

Some of the first steps of carcinogenesis are an increase in proliferation, eva-
sion of apoptosis, and activation of survival signaling pathways. To achieve this, 
several tumor suppressor genes, like p53 or BRCA1 for instance, need to be inacti-
vated by different mechanisms including epigenetic changes. Modulation of BMP 
signaling by epigenetic mechanisms [111], such as methylation of BMP-receptor 
promoters, has been of particular clinical interest to further stratify glioblastoma 
patients and propose new therapeutic strategies [92]. While different genetic 
alterations progressively appear following different oncogenic signals, heredity 
likely accounts for only 10–30% of breast cancers. Based on epidemiological stud-
ies, different factors increasing the risk of breast cancer development have been 
highlighted. They can be intrinsic, like mutations in BRCA1 or 2, Tp53, ATM, or 
also PTEN, or extrinsic, like environmental factors or lifestyle [112, 113]. In breast 
cancers with a genetic origin, the most commonly mutated genes are BRCA1 and 
BRCA2, associated with an increase in cancer risk. BRCA1 and 2 are two major 
regulators of double-strand breaks (DSB) DNA repair through homologous recom-
bination (HR) and play a crucial role as tumor suppressor genes. In this context, it 
is interesting to note that a family member and negative regulator of P53, DNp63 
has been reported to mediate activation of BMP signaling in order to govern 
epithelial cell plasticity, EMT, and tumorigenicity during breast cancer initia-
tion and progression [114, 115]. DNp63 has also been identified as a repressor of 
BRCA1 expression exclusively in ER-positive breast cancer cells [116]. Moreover, 
a correlation between the BMP pathway and the P53-ATM signaling has been 
reported [117]. However, the importance of these different signaling crosstalks in 
the context of breast cancer, exposure to EDCs, and stem cell transformation need 
to be investigated.

2.4 BMP, estrogen, and bisphenols

2.4.1 BMP and ER crosstalk

The BMP signaling pathway is a dynamic and complex pathway, leading to the 
transduction of various signals depending on the nature of the BMP ligand and of 
the BMPR complex oligomerization induced (for review: [118, 119]). It has been 
shown that BMPs may interact with their receptors in two different ways [120, 121]: 
on the one hand, BMPs induce a BMPR complex formation called BISC (BMP-
induced signaling complex), and on the other hand, a preformed BMPR complex 
is present before BMP fixation, known as PFC (preformed complex). These two 
different modes of BMP signal initiation lead to two different signaling cascades, 
namely the canonical SMAD-dependent pathway and the noncanonical SMAD-
independent pathway [121]. SMAD-phosphorylated proteins then form a complex 
with SMAD4, leading to its translocation to the nucleus where it acts as a transcrip-
tion factor on target genes [118, 122]. The SMAD-independent pathway does not 
simply encompass one signaling pathway but a multitude of downstream cascades, 
involving p38, Ras/ERK, and PI3K/AKT [123–126]. Interestingly, SMAD1-5-8 phos-
phorylation is more abundant in undifferentiated murine progenitors and decreases 
with their differentiation until it is almost fully abrogated in the differentiated cells 
treated with prolactin [87]. Involvement of the BMPR1A/SMAD1-5-8 pathway 
in lactogenic differentiation was further confirmed by the lack of expression of a 
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lactogenic differentiation marker (beta-casein) at the RNA and protein levels in 
BMPR1A knockdown mammary cell lines [87]. These data demonstrate that the 
BMP pathway constitutes an important regulator of the mammary gland during 
embryogenesis but most likely also during adulthood. However, the molecular and 
functional crosstalk between the BMP and estrogen signaling pathways is poorly 
understood. A first set of experiments describes the repression of BMP signaling by 
ER inhibition of BMP production through a direct interaction between SMAD1  
and ER [127]. Reciprocally, a BMP2 signal was shown to upregulate the expres-
sion of ER receptors, including the induction of specific ER isoforms such as 
ERα36 [128, 129]. Interestingly, crosstalk between BMP4 and estrogen signaling 
seems to have opposite effects. Indeed, BMP4 inhibits ERα signaling by promot-
ing receptor degradation through the proteosomal pathway, while estrogens 
repress BMP4 expression [130]. Similarly, estrogen represses BMP4 expression in 
cardiomyocytes by preventing BMP4-mediated ERβ expression and JNK activity 
in this system [131]. In addition, in this context, estrogen inhibition of BMP4 is 
independent of Smad1/5/8 activity [131]. BMP4, upon activation of its canonical 
pathway, represses CYP17A1 and induces the transcription of CYP19A1, involved 
in androgen and estrogen synthesis, respectively [132]. In a rat model of pituitary 
cells, estrogen stimulates the transcriptional activity of BMP4-specific SMADs 
through an ER-SMAD1 complex shown to stimulate prolactin production, while 
having no effect on the TGFβ/SMAD pathway [133]. Similarly, the inhibitory effects 
of estrogen signaling on the BMP pathway appear to be mediated by a direct physi-
cal interaction between ER receptors and the SMAD1 BMP signaling element in a 
luminal breast cancer cell line model (MCF7). The physical interaction between ERα 
and SMAD1 requires the DNA binding domain of ERα and this complex formation 
is dependent on BMP2 and estrogen [127]. Moreover, BMP signaling has also been 
directly identified in thyroid-lineage specification [134, 135] as well as in thyroid 
carcinoma [136]. Interestingly, thyroid hormone status interferes with estrogen 
target gene expression in breast cancer samples in menopausal women [137]. These 
findings highlight the need to further investigate the importance of the BMP path-
way in both thyroid and estrogen signaling in a broader context of exposure to EDCs.

More recently, BMP2-mediated luminal transformation of MCF10A was shown 
to be accompanied by a strong activation of the estrogen signaling pathway despite 
the absence of ERα66 in those cells [76]. Our understanding of estrogen signaling is 
hindered by the existence of several isoforms generated by alternative splicing and 
different promoter usage [138]. Interaction of these isoforms with the BMP signaling 
elements has not yet being investigated but could be involved in epithelial stem cell 
response to BMP2. Indeed, the importance of these different ERα isoforms in mam-
mary epithelial SC features and in the context of breast cancer is only just starting to 
be identified [139, 140]. These isoforms can be expressed in both ERα66-positive and 
-negative cells and display different subcellular localizations [141, 142]. For example, 
unlike ERα66, ERα36 is expressed mainly at the plasma membrane and activates 
estrogen nongenomic signaling by activating the ERK pathway through an interplay 
with the MKP3 phosphatase [143]. Interestingly, in the context of EDC research, 
ERα36 displays altered ligand preference and causes distinct effects compared to 
ERα66. For instance, the tamoxifen drug used as an estrogen antagonist in ERα66 
breast cancers behaves as an estrogen agonist for ERα36 [140, 144]. Collectively, 
these different examples illustrate how BMP signaling through its interaction with 
estrogen signaling is at the crossroad of a number of fundamental physiological 
processes. The BMP pathway is therefore directly involved in mammary stem cell 
regulation and transformation, yet adverse effects of EDCs, like BPA, on the BMP 
pathway have not been thoroughly investigated (Figure 1).
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2.4.2 BMP and bisphenols

Works from our team and others suggest that bisphenols could act on multiple 
cell types of the mammary gland, and their effects may converge to provoke major 
dysregulations of the BMP pathway that could contribute to luminal breast cancer 
initiation. Indeed, we observed a major impact of BPA on the mammary microen-
vironment (niche) equilibrium. BPA greatly increases BMP2 production by stromal 
cells of the human mammary SC microenvironment reaching levels comparable 
to those measured in luminal breast cancer [76]. Moreover, BPA treatment leads 
to a decrease in estrogen and BMP15 production in oocytes delaying their matura-
tion [145]. A decrease in BMP2 production through a direct binding of BPA to 
ERγ was involved in bone loss through a suppression of osteoblast differentiation 
reverted by inhibition of ERγ [146]. This suggests that the effects and mechanisms 
of BPA-induced BMP ligand production depend on the estrogen receptor expres-
sion profile and are context dependent [147]. However, the molecular mechanism 
by which BPA induces BMP2 production by stromal cells of the mammary gland 
BMP2 is not yet known. On the other hand, we have demonstrated that long-term 
exposure (60 days) to BPA initiates fundamental changes in human mammary 
stem cells themselves, in particular, by altering major BMP signaling elements such 
as receptor expression and localization [64]. This results in the “priming” of stem 
cells to exogenous activating signals of the BMP pathway and sensitizes them to be 
more sensitive to exogenous soluble BMP ligands. We then demonstrated for the 
first time that nongenotoxic alterations of both the stem cells and their niche act 

Figure 1. 
Illustration of the main findings that show a crosstalk between BMP and estrogen signaling pathways.
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synergistically to initiate a transforming process mediated by the BMP signaling 
perturbation leading to the emergence of ER-positive tumors [76]. Interestingly, 
these previous studies showed that BPA impacts BMP signaling pathway members 
in both mammary epithelial and stromal cells that do not express ERα66. At the 
mechanistic level, the pathways used by BPA to induce these effects in cells remain 
to be deciphered, focusing notably on their reliance on other ERα isoforms or on 
ER-independent factors.

These questions are of great interest for understanding the effects of both BPA 
and estrogens since it has been reported that some cell lines respond to an estrogen 
signal despite their very low levels or complete absence of ER [148]. In response 
to accumulating evidence in favor of adverse health effects following exposure to 
BPA, likely mediated by its activation of ERα66, alternative bisphenols have been 
developed such as BPS and BPF that are considered safer due to their very low bind-
ing affinity to ERα [149–151]. However, an increasing number of studies show that 
these alternative bisphenol molecules are not as innocuous as anticipated, includ-
ing an impact on obesity, steatosis, and reproduction [20]. In a study previously 
conducted in our team, assessing the impact of bisphenol on BMP2 production by 
stromal cells of the mammary gland, we were surprised to observe that BPA and 
BPS displayed very similar effects [76]. Indeed, both BPA (high affinity binding to 
estrogen receptors) and its substitute BPS (very weak affinity binding to estrogen 
receptors) induce BMP2 synthesis in the healthy breast stroma, raising concerns 
as to whether these bisphenols mediate their transforming effects solely through 
a classical ER-dependent mechanism. Since then, other studies have shown that 
BPS, as well as BPF, induces similar if not more potent effects than BPA [20, 152, 
153]. Moreover, it was reported that BPA treatment increases aromatase expres-
sion and its activity in healthy breast fibroblasts, leading to an increase in estrogen 
biosynthesis and secretion. The same observations were made after treatment with 
BPS [154]. These results are of particular interest with regards to the important role 
of the microenvironment in the different steps of carcinogenesis and in the context 
of MaSC-driven transformation by BMP signaling. Our work thus indicates that 
the BMP pathway could be altered by several EDCs such as BPA and its proposed 
alternatives, both at the level of stem cells and their microenvironment. This sug-
gests that early detection of increased BMP2 levels in the mammary microenviron-
ment may constitute a reliable marker of early transformation process and could 
be a valuable indicator of exposure to EDCs such as bisphenols. In addition, the 
interplay between BMP and estrogen pathways both at the molecular and functional 
levels prompt us to further decipher the mechanisms underlying bisphenol- and 
BMP-induced transformation in mammary epithelial stem cells.

3. Conclusions

Different signaling pathways often engage in complex interactions synergisti-
cally mediating an appropriate cellular response. Estrogen signaling is no exception 
and it is likely involved in a crosstalk with the BMP pathway at multiple levels in the 
mammary gland. BMPs are secreted proteins active in a very large number of organs 
and tissues during development, adulthood, and pathogenesis [155]. Previous work 
suggested a close interaction between ER-mediated estrogen signaling and the BMP 
pathway in different cell types of the mammary gland. In a model of mammary epi-
thelial stem cells, E2 or known EDCs like BPA or BPS were able to potentiate SMAD 
activation by BMP2 [64]. This was possibly due to a physical interaction between ERα 
isoforms and SMAD factors, such as that reported for ERα or ERβ, and could be asso-
ciated with an increased risk of cell transformation by long-term exposure to BMP2. 
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ciated with an increased risk of cell transformation by long-term exposure to BMP2. 
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Deciphering the dysregulations of the BMP signaling pathway has been remarkably 
useful in identifying its importance in cancer stem cell phenotypes in the neural sys-
tem [92, 93]. The role of alterations of BMP signaling to sustain cancer stem cell fea-
tures has been extended by us and others in breast cancer and leukemia [90, 94, 95]. 
We showed that chronic exposure to high concentrations of BMP2 drives the trans-
formation of mammary stem cells toward the luminal tumor subtype [76] through 
binding to its BMPR1B receptor. However, downstream mechanisms and crosstalks 
with estrogen signaling in those mammary stem cells remained to be understood. 
This is especially important in the context of several studies that demonstrated the 
involvement of BPA in the proliferation of either ER-positive or -negative cancer cells. 
In addition, BPA can trigger proliferation via nonclassical estrogen receptors, includ-
ing the estrogen-related receptor gamma (ERRγ) [156, 157]. We also demonstrated 
that long-term exposure of human mammary stem cells (ER-negative in terms of 
ERα-66 expression) to pollutants such as BPA initiates fundamental changes in stem 
cells by altering major BMP signaling components [64], thus “priming” stem cells to 
exogenous BMP activation. Complementary to this effect on epithelial stem cells, we 
revealed an impact of BPA on the tumor microenvironment through the induction of 
the synthesis of high levels of BMP2 by normal fibroblasts and stromal cells reaching 
levels similar to those measured in breast tumors [76].

Resistance and relapse can be due to tumor adaptation or evolution. Indeed, 
therapies elicit a selective pressure on cells, which in turn develop resistance, 
notably by acquiring mutations. Resistance to tamoxifen of ER-positive tumors can 
be caused by a loss of ER [158], its mutation, or posttranslational modification [159] 
among others. It was shown that BPA is involved in chemoresistance [160] and 
notably in resistance to tamoxifen in ER-positive tumor cell lines [161] by decreas-
ing tamoxifen-induced apoptosis and increasing gene expression of ERRα, which 
contributes to resistance to tamoxifen [162] and cell proliferation [157]. Another 
study demonstrated that an ERα variant could be induced by BMP2 [128] and may 
be involved in resistance to tamoxifen [163]. The addiction of cancer cells toward 
BMP signaling and the crosstalk with estrogen signaling is currently under consid-
eration as a new therapeutic avenue for ER-positive breast cancer patients [164]. At 
the clinical level, targeting estrogen signaling has been decisive in improving the 
outcome of ER-positive breast cancer patients. At the era of immunotherapy, the 
analysis of the impact of bisphenols on the immune system and on tumor surveil-
lance is crucial. This will need to be pursued to improve our understanding and 
implementation of antiestrogen therapies in the context of their combination with 
new immune treatments [165]. Overall, these data indicate that disruption of BMP 
signaling affects both the stem cells and their niche at different stages of the disease, 
which could be instrumental in the management of breast cancer.

Several studies demonstrated that BPS promotes breast cancer cell proliferation, 
notably through an ER-cyclin D1-CDK4/6-pRb-dependent pathway, exclusively in 
ER-positive breast cancer cells [38, 39, 166]. Moreover, it has also been demonstrated 
that BPF has the same proliferative action as BPA, BPS, or estrogen treatments on 
transformed ER-positive cells. Similar to BPS, this proliferative effect relies on cyclin 
D and E expression through ER-dependent pathways [39]. BPS, as shown for BPA, 
can also induce epigenetic and transcriptional changes in breast cancer cells, resulting 
in an increase in the expression of genes implicated in proliferation, cellular attach-
ment as well as adhesion and migration [167]. Lastly, the bioavailability of BPS substi-
tutes might be higher than for BPA. A recent study conducted in pigs, an ideal model 
for mimicking the human digestive tract, demonstrated the lower plasma clearance 
of BPS (3.5 lower) compared to BPA and an increased oral systemic exposure exceed-
ing 250-fold [168]. These observations draw our attention and raise concerns about 
replacing BPA by BPS, as this may result in an increased internal exposure to EDCs.
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To conclude, BMP signaling plays a major role in the regulation of SCs and of their 
microenvironment (niche), in both normal and tumor contexts. Multiple abnormali-
ties of BMP signaling have been observed in cancer, but until recently studies had 
mostly focused on its role in advanced disease. However, due to the number of studies 
describing the importance of BMP signaling throughout breast cancer development 
(from initiation, progression, metastasis up to resistance), we suggest that early 
detection of BMP signaling alterations, such as increased levels of BMP2 and/or of 
BMP receptors, may constitute a reliable marker of exposure to BPA. This suggests 
that further investigations into alterations of the BMP pathway in the context of 
exposure to bisphenols should improve our understanding of associated side effects.
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A Novel SASH1-IQGAP1-E-
Cadherin Signal Cascade Mediates 
Breast Cancer Metastasis
Ding’an Zhou, Xing Zeng, Yadong Li, Zhixiong Wu  
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Abstract

SAM and SH3 domain-containing protein 1 (SASH1) was previously described 
as a candidate tumor suppressor gene in breast cancer and colon cancer to mediate 
tumor metastasis and tumor growth. However, the underlying mechanism that 
SASH1 implements breast cancer metastasis in most solid cancers remains unex-
plored. In this study, SASH1 was identified to bind to IQ motif-containing GTPase 
activating protein 1 (IQGAP1). In breast cancer tissues, there was a correlation 
between the expressions of SASH1 and IQGAP1 (P < 0.05), and the expressions 
of SASH1 and IQGAP1 proteins were, respectively, correlated with the expression 
of E-cadherin (P < 0.001). In addition, the expressions of SASH1 and IQGAP1 
proteins were correlated with tumor diameter and tumor grade (all P < 0.05) but 
without lymph node metastasis (P > 0.05). Therefore, it is suggested that SASH1 
may form a new signaling cascade with IQGAP1 and E-cadherin to regulate breast 
cancer metastasis.

Keywords: breast neoplasms, gene expression regulation, cadherins, SAM and 
SH3 domain-containing protein 1 (SASH1), IQ motif-containing GTPase activating 
protein 1 (IQGAP1)

1. Introduction

Breast neoplasm is the most common cancer in women, which is originated 
from mammary epithelial tissue. The age of breast cancer is about 40–60 years old 
or before and after menopause. The morbidity of breast cancer is showed to be an 
upward trend year by year [1]. There are many factors that trigger breast cancer; 
however, the genetic factors only account for 10 and 90% of inducing factors of 
breast cancer remain to be investigated. SASH1 is a novel tumor suppressor gene, 
which is located in chromosome 6q24.3 [2] and is expressed in most of human tis-
sues and cells except for lymphocytes and dendritic cells [3]. SASH1 was originally 
identified as a candidate tumor suppressor gene in breast cancer and colon cancer, 
regulating tumorigenesis of breast and other solid cancers and the adhesive and 
migratory behavior of cancer cells in tumor formation [4, 5]. Compared with that 
in normal breast epithelial tissues, SASH1 is downregulated in 74% of epithelial 
tissues of breast cancer-affected individuals [4, 6]. Some studies indicate that 
SASH1 downregulation is associated with tumor metastasis [3, 5]. Other studies 
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indicate downregulated SASH1 promotes metastasis of hepatoma carcinoma cells 
through Shh signal pathway [7].

IQGAP1 is a scaffolding protein with 189 kDa of molecule weight, which 
contains multiple protein-interacting domains, such as a calponin homology 
domain, a polyproline-binding domain, four calmodulin-binding motifs, and a Ras 
GAP-related domain [8, 9]. The binding players of IQGAP1 proteins are involved 
in actin, calmodulin, members of the Rho GTPase family (i.e., Rac1 and Cdc42), 
Rap1, E-cadherin, β-catenin, members of the mitogen-activated protein kinase 
(MAPK) pathway, and adenomatous polyposis coli [8, 10]. Various basic cellular 
activities such as cytoskeletal organization, cell-cell adhesion, cell migration, 
transcription, and signal transduction are mediated by the bindings of IQGAP1 to 
these proteins [11]. Cell-cell adhesion of epithelial cells is predominantly mediated 
by E-cadherin and the associated catenin complex [12], which includes α-catenin 
(102 kDa), β-catenin (92 kDa), and γ-catenin/plakoglobin (83 kDa). β-Catenin 
combines with E-cadherin, and α-catenin links this E-cadherin/β-catenin com-
plex to the actin cytoskeleton, which is essential for E-cadherin to express its full 
adhesive function. Remodeling of this adhesive sequence leads to cell detach-
ment or loosening of cell-cell contact, which promotes epithelial cells to move as 
clusters, and IQGAP1 is involved in the remodeling of the adhesive complexes of 
epithelial cells [11, 13–15]. Our previous studies suggest that SASH1 is associated 
with MAP2K2 to cross talk with ERK1/2-CREB cascade to trigger melanin syn-
thesis in the formation of hyperpigmentation plaques of a kind of dyschromatosis 
[16]. Importantly, our previous studies also indicate that SASH1 not only bind 
to G alpha S protein (Gαs) but IQGAP1 to form a novel Gαs-SASH1-IQGAP1-E-
cadherin cascade and mutated SASH1(s) which mediate E-cadherin expression 
through the Gαs-SASH1-IQGAP1-E-cadherin cascade to promote directional 
migration of melanocytes or melanoma cells [17]. So, it is speculated that this 
mechanism may also exist in breast cancer cells. Taken above, the associations 
between SASH1 and IQGAP1 in breast cancer cells and the expression of SASH1, 
IQGAP1, and E-cadherin were analyzed by immunohistochemistry analyses in 
80 cases of the affected individuals of breast cancer. Furthermore, the expression 
relationship among SASH1, IQGAP1, and E-cadherin and the associations between 
clinical index of breast cancer patients and the expression of SASH1 and IQGAP1, 
respectively, were assessed to find out novel interference targets for early preven-
tion of breast cancer metastasis.

2. Material and methods

2.1 Plasmid construction of HA-IQGAP1-pcDNA3.0 and pEGFP-C3-SASH1

The construction of pEGFP-C3-SASH1 recombined vectors was mainly 
referred to our previous description [17]. IQGAP1 cDNA was obtained from 
Han Jiahuai Lab, Xiamen University (Xiamen, Fujian, China), and cloned into 
pcDNA3.0-HA vector. PCR was performed with IQGAP1 cDNA as template 
using TransTaq® DNA Polymerase High Fidelity (TransGen Biotech, Ltd., 
Beijing, China) using the following cloning primers of IQGAP1: sense primer, 
5’-TAGTCTAGAAT GTCCG CCGCAACGAG-3’(Xba I inserted) and antisense 
primer, 5′-CCGCTCGAGTTACTTCCCGTAGAACTTTTTG-3′ (Xho I inserted). 
The amplification conditions were as follows: 95°C 2 min, 95°C 30 s, 58°C 30 s, and 
72°C 1 min for 30 cycles and 72°C 5 min and 4°C forever. The recombined vec-
tors were identified by enzyme digestion of endonuclease and CDS of SASH1 and 
IQGAP1 genes.
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2.2 Cell culture and transfection

Human breast cancer cell lines including SK-BR-3 cells were obtained from the 
Cell Bank of Chinese Academy of Sciences (Shanghai, China). After several times 
of passage, cells were used and cultured in Dulbecco’s Modified Eagle’s medium 
(DMEM) (Gibco, Logan, UT), containing 10% BI fetal bovine serum (Bioind, 
Israel) and 1% penicillin-streptomycin solution at 37°C with 5% CO2. SK-BR-3 
cells were subcultured for three times and cultured to logarithmic growth phase 
for plasmid transfection. The HA-IQGAP1-pcDNA3.0 and pEGFP-C3-SASH1 
were transfected into SK-BR-3 cells according to different combinations using PEI 
prepared by us. The transfected SK-BR-3 cells were divided into three groups, that 
is, two single-vector transfection groups and one double-vector transfection group. 
At 48 h after transfection, the transfected SK-BR-3 cells were lysed and collected for 
immunoprecipitation assays.

2.3 Immunoprecipitation and immunoblotting

Transfected SK-BR-3 cells were gently washed in PBS three times and then 
lysed for 25 min using IP-WB lysis buffer (Beyondtime Inc. Ltd., Jiangsu, China) 
with complete protease inhibitor cocktail per 10-cm dish for 20 min on ice. The cell 
lysates were transferred to 1.5 ml microcentrifuge tubes. The extracts were centri-
fuged for 15 min at 12,000 rpm at 4°C. The supernatants were immunoprecipitated 
using GFP mouse monoclonal antibody (T0005, Affinity Biosciences, Cincinnati, 
OH, USA) or HA mouse monoclonal antibody (mAb) (Abmart, Shanghai, China) as 
performed in our previous descriptions [17]. The immunoprecipitates were washed 
with PBS for three times and subjected to western blotting as previously described 
[16, 17]. Most of the western blots were mainly performed in our previous reports 
[17]. The associated HA-IQGAP1 or GFP-SASH1 was detected by western blot along 
with β-tubulin as loading control. The primary antibodies used in western blot were 
as follows: anti-GFP, anti-HA, and anti-β-tubulin (10B1) mouse mAb (EarthOx Life 
Science, Millbrae, CA, USA or Shanghai Genomics, Shanghai, China).

2.4 Clinical cases

All breast cancer patients who underwent surgery were followed by treatment 
in accordance with the National Comprehensive Cancer Network clinical practice 
guidelines. Fresh primary breast cancer tissues and some of the corresponding 
adjacent tissues were collected from 80 breast ductal carcinoma patients under-
going resection from May 2015 to June 2016 at the Chongqing Cancer Hospital. 
Histological diagnosis and tumor-node-metastasis staging of cancer were deter-
mined in accordance with the American Joint Committee on Cancer manual criteria 
for breast cancer. Written informed consent regarding tissue and data used for 
scientific purposes was obtained from all participating patients. The study was 
approved by the Research Ethics Committees of the affiliated Hospitals of Guizhou 
Medical University and Chongqing Cancer Hospital. All of the breast cancer cases 
were diagnosed by pathological examinations (HE staining and immunohisto-
chemistry analyses). In the clinical cases of breast cancer, 26 cases are with lymph 
node metastasis, 51 cases are without lymph node metastasis, and 3 cases could not 
acquire the information of lymph node metastasis. Breast tumor diameters of 16 
cases were <1 cm, those of 41 cases were 1.1–2 cm, those of 18 cases were 2.1–3 cm, 
and those of 5 cases were >3 cm. According to WHO histological classification of 
breast tumors (2003), 80 cases of breast invasive ductal carcinoma were graded his-
tologically in terms of duct formation, nuclear pleomorphism, and mitosis. Among 
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the 80 cases of breast invasive ductal carcinoma, 65 cases were graded into 3 grades: 
8 cases belonged to grade I, 47 cases to grade II, and 10 cases to grade III.

2.5 Immunohistochemical analyses of SASH1, IQGAP1, and E-cadherin

The breast cancer tissues obtained from surgical operation were fixed at 4°C in 10% 
formaldehyde solution for 24 h. The excess fat and other tissues of breast cancer tissues 
were removed and embedded with paraffin and made into 5 millimeter (mm) tissue 
sections. The tissue sections (5 mm) were baked at 56°C and dehydrated and subjected 
to peroxidase blocking. Tissues of human breast cancer and corresponding adjacent 
tissues were immunohistochemically stained with SASH1 rabbit polyclonal antibody 
(pAb) (A302-265A-1, Bethyl Laboratories, Inc., Texas, USA, or Novus Biologicals, 
USA), IQGAP1 rabbit polyclonal antibody (Bethyl Laboratories, Inc., Texas, USA), and 
E-Cadherin (24E10) Rabbit mAb (#3195, Cell Signaling Technology). Primary anti-
bodies were added and incubated at 37°C and then for overnight at 4°C. After washing 
three times for 10 min each with TBS, the sections were incubated with horseradish 
peroxidase-conjugated anti-rabbit and anti-mouse universal secondary antibodies 
for 30 min at 37°C. Subsequently, the sections were counterstained with hematoxylin 
mounted, observed, and photographed under the positive position microscope BX51 
at a 100× magnification or a 400× magnification. Finally, the stained slides were 
observed under a microscope, and images were acquired [17]. The experimental 
protocols were mainly referred to our previous description [17].

According to the staining intensity of tumor cells, the three proteins, SASH1, 
IQGAP1, and E-cadherin, were scored and divided into four grades: 0 score (−), 
1 score (+), 2 score (++), and 3 score (+++). The three proteins were also scored 
according to positive cells’ percentage of the three proteins and divided into six 
grades: 0 score (<1%), 1 score (1–20%), 2 score (21–40%), 3 score (41–60%), 4 
score (61–80%), 5 score (81–100%). Based on the staining intensity of SASH1, 
IQGAP1, and E-cadherin, the staining intensity and positive cells’ percentage of 
three proteins were calculated as in our previous description [16]. Total scores of 
each visual field were determined by the formula: staining intensity scores of posi-
tive cells × scores of positive cells’ percentage = total scores of each view fields.

2.6 Statistical analyses

All of experimental results were repeated for three times and statistically 
analyzed using SPSS 16.0 statistical software. Chi square test was performed to 
analyze the IHC results of breast cancer tissues and the relationship between 
expression of SASH1 and IQGAP1 and clinical indicators. Rank-sum test was used 
to assess the grading relationship between the SASH1 and E-cadherin and IQGAP1 
and E-cadherin, respectively. Spearman correlation coefficient method was used 
to assess the correlation between expressed scores of SASH1 and E-cadherin and 
IQGAP1 and E-cadherin, respectively. The data are indicated as mean ± standard 
error of the mean (SEM), and the difference was statistically significant with 
P < 0.05. Cartograms were plotted with GraphPad Prism 5.

3. Results

3.1 SASH1 is associated with IQGAP1

To identify the associations between SASH1 and IQGAP1, HA-IQGAP1-pcDNA3.0 
and pEGFP-C3-SASH1 were constructed and were singly or combinedly transfected 
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into SK-BR-3 cells and immunoprecipitation; western blot (IP-WB) was performed 
to identify the associations between exogenous SASH1 and exogenous IQGAP1. 
HA-IQGAP1 and GFP-SASH1 were singly or in pair transfected into SK-BR-3 cells at 
48 h posttransfection, the transfected cells were lysed, and HA-IQGAP1 was immu-
noprecipitated, and the associated GFP-SASH1 was detected by GFP antibody. The 
associated HA-IQGAP1 and GFP-SASH1 in the immunoprecipitates and cell lysates 
(input) were confirmed by western blot. Meanwhile, GFP-SASH1 and HA-IQGAP1 
were also either single or in pair transfected into SK-BR-3 cells and after 48 h of trans-
fection, the transfected cells were lysed and were GFP-SASH1 was immunoprecipi-
tated and the associated HA-IQGAP1 was detected by HA antibody. The associated 
GFP-SASH1 and HA-IQGAP1 in the immunoprecipitates and cell lysates (input) were 
identified by western blot. Finally, our IP-WB analyses confirmed that exogenous 
SASH1 was associated with exogenous IQGAP1 (Figure 1).

3.2  There was a positive correlation between SASH1 and IQGAP1 expression in 
breast cancer tissues

IHC analyses confirmed that the positive staining of SASH1 and IQGAP1 
protein was light brown in breast cancer tissues, the cell nucleus was purple, and 
the distribution of SASH1 and IQGAP1 was located in the same sites of breast 
cancer tissues. SASH1 and IQGAP1 show the same or similar expression tendency 
in breast cancer tissues, i.e., low level of SASH1 expression is followed by low 
level of IQGAP1 expression and high expression of SASH1 is accompanied by 
high expression of IQGAP1 (Figure 2A). A total of 80 breast cancer tissues were 
divided into four groups according to the median value of SASH1 and IQGAP1 
protein expression scores: SASH1 scores <1.23 were considered as low expression, 
SASH1 scores ≥1.23 were considered as high expression, IQGAP1 scores <0.78 
were maintained as low expression, and SASH1 scores ≥0.78 were maintained 
as high expression. Statistical analyses indicated that in the 80 cases of breast 
cancer tissues, cases with low SASH1 expression accounted for 56.3% (45/80) 
and the cases with low IQGAP1 expression were more than those of high IQGAP1 

Figure 1. 
SASH1 is associated with IQGAP1. (A) GFP-SASH1 and HA-IQGAP1 were singly or in pair transfected into 
SK-BR-3 cells, and at 36 h after transfection, the transfected cells were lysed and collected for IP-WB analyses. 
HA-IQGAP1 was immunoprecipitated, and the associated GFP-SASH1 was detected by western blot using 
GFP antibody. GFP-SASH1 and HA-IQGAP1 in the cell lysates (input) were detected by western blot along 
with β-tubulin with loading control. (B) HA-IQGAP1 and GFP-SASH1 were singly or in pair transfected into 
SK-BR-3 cells, and at 36 h after transfection, the transfected cells were lysed and collected for IP-WB analyses. 
GFP-SASH1 was immunoprecipitated, and the associated GFP-SASH1 was detected by western blot using GFP 
antibody. HA-IQGAP1 and GFP-SASH1 in the cell lysates (input) were analyzed by western blot along with 
β-tubulin with loading control.
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8 cases belonged to grade I, 47 cases to grade II, and 10 cases to grade III.

2.5 Immunohistochemical analyses of SASH1, IQGAP1, and E-cadherin

The breast cancer tissues obtained from surgical operation were fixed at 4°C in 10% 
formaldehyde solution for 24 h. The excess fat and other tissues of breast cancer tissues 
were removed and embedded with paraffin and made into 5 millimeter (mm) tissue 
sections. The tissue sections (5 mm) were baked at 56°C and dehydrated and subjected 
to peroxidase blocking. Tissues of human breast cancer and corresponding adjacent 
tissues were immunohistochemically stained with SASH1 rabbit polyclonal antibody 
(pAb) (A302-265A-1, Bethyl Laboratories, Inc., Texas, USA, or Novus Biologicals, 
USA), IQGAP1 rabbit polyclonal antibody (Bethyl Laboratories, Inc., Texas, USA), and 
E-Cadherin (24E10) Rabbit mAb (#3195, Cell Signaling Technology). Primary anti-
bodies were added and incubated at 37°C and then for overnight at 4°C. After washing 
three times for 10 min each with TBS, the sections were incubated with horseradish 
peroxidase-conjugated anti-rabbit and anti-mouse universal secondary antibodies 
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observed under a microscope, and images were acquired [17]. The experimental 
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According to the staining intensity of tumor cells, the three proteins, SASH1, 
IQGAP1, and E-cadherin, were scored and divided into four grades: 0 score (−), 
1 score (+), 2 score (++), and 3 score (+++). The three proteins were also scored 
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into SK-BR-3 cells and immunoprecipitation; western blot (IP-WB) was performed 
to identify the associations between exogenous SASH1 and exogenous IQGAP1. 
HA-IQGAP1 and GFP-SASH1 were singly or in pair transfected into SK-BR-3 cells at 
48 h posttransfection, the transfected cells were lysed, and HA-IQGAP1 was immu-
noprecipitated, and the associated GFP-SASH1 was detected by GFP antibody. The 
associated HA-IQGAP1 and GFP-SASH1 in the immunoprecipitates and cell lysates 
(input) were confirmed by western blot. Meanwhile, GFP-SASH1 and HA-IQGAP1 
were also either single or in pair transfected into SK-BR-3 cells and after 48 h of trans-
fection, the transfected cells were lysed and were GFP-SASH1 was immunoprecipi-
tated and the associated HA-IQGAP1 was detected by HA antibody. The associated 
GFP-SASH1 and HA-IQGAP1 in the immunoprecipitates and cell lysates (input) were 
identified by western blot. Finally, our IP-WB analyses confirmed that exogenous 
SASH1 was associated with exogenous IQGAP1 (Figure 1).

3.2  There was a positive correlation between SASH1 and IQGAP1 expression in 
breast cancer tissues

IHC analyses confirmed that the positive staining of SASH1 and IQGAP1 
protein was light brown in breast cancer tissues, the cell nucleus was purple, and 
the distribution of SASH1 and IQGAP1 was located in the same sites of breast 
cancer tissues. SASH1 and IQGAP1 show the same or similar expression tendency 
in breast cancer tissues, i.e., low level of SASH1 expression is followed by low 
level of IQGAP1 expression and high expression of SASH1 is accompanied by 
high expression of IQGAP1 (Figure 2A). A total of 80 breast cancer tissues were 
divided into four groups according to the median value of SASH1 and IQGAP1 
protein expression scores: SASH1 scores <1.23 were considered as low expression, 
SASH1 scores ≥1.23 were considered as high expression, IQGAP1 scores <0.78 
were maintained as low expression, and SASH1 scores ≥0.78 were maintained 
as high expression. Statistical analyses indicated that in the 80 cases of breast 
cancer tissues, cases with low SASH1 expression accounted for 56.3% (45/80) 
and the cases with low IQGAP1 expression were more than those of high IQGAP1 

Figure 1. 
SASH1 is associated with IQGAP1. (A) GFP-SASH1 and HA-IQGAP1 were singly or in pair transfected into 
SK-BR-3 cells, and at 36 h after transfection, the transfected cells were lysed and collected for IP-WB analyses. 
HA-IQGAP1 was immunoprecipitated, and the associated GFP-SASH1 was detected by western blot using 
GFP antibody. GFP-SASH1 and HA-IQGAP1 in the cell lysates (input) were detected by western blot along 
with β-tubulin with loading control. (B) HA-IQGAP1 and GFP-SASH1 were singly or in pair transfected into 
SK-BR-3 cells, and at 36 h after transfection, the transfected cells were lysed and collected for IP-WB analyses. 
GFP-SASH1 was immunoprecipitated, and the associated GFP-SASH1 was detected by western blot using GFP 
antibody. HA-IQGAP1 and GFP-SASH1 in the cell lysates (input) were analyzed by western blot along with 
β-tubulin with loading control.
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expression (>65%, P = 0.015) (Figure 2B). And statistical analyses also suggested 
that in the 80 cases of breast cancer tissues, cases with low IQGAP1 expression 
accounted for 58.8% (47/80) and the cases with low IQGAP1 expression were 
more than those of high IQGAP1 expression (>60%, P = 0.011) (Figure 2B). 
Meanwhile, the IHC detection results of SASH1 and IQGAP1 were scored and 
analyzed by Spearman correlation analyses, and the scores of SASH1 and IQGAP1 
were plotted by GraphPad Prism 5 software. In 80 cases of breast cancer tissues, 
except for 5 cases, SASH1 scores and IQGAP1 scores in most of cases closely 

Figure 2. 
SASH1 expression in 80 cases of breast cancer tissues which is positively correlated with IQGAP1. (A) The 
expressions of SASH1 and IQGAP1 in 80 cases of breast cancer tissues were detected by immunohistochemical 
staining method. The cell nucleus was dyed purple and SASH1 and IQGAP1 were dyed pale brown. The 
left panels were HE staining, and the middle panels and the right panels were IHC staining of SASH1 and 
IQGAP1. The figures in upper panels were 100× magnification, and one region in the 100× magnification 
figures was amplified for 400× and framed in black and showed in the bottom panels. (B) The expressions of 
SASH1 and IQGAP1 were scored, and the score results of SASH1 and IQGAP1 were plotted with GraphPad 
Prism 5 and analyzed by χ2 test. The analysis results of SASH1 and IQGAP1 expressions in the left panel 
indicated that when SASH1 expression was low, the positive percentage of low expressed IQGAP1 was much 
more than that of high expressed IQGAP1. The expression of SASH1 showed significantly positive correlation 
with that of IQGAP1 (P = 0.015). And the statistical analyses also suggested that when IQGAP1 expression was 
low, the positive percentage of low expressed SASH1 was much more than that of high expressed SASH1. The 
expression of IQGAP1 demonstrated significantly positive correlation with that of SASH1 (P = 0.011).  
(C) The expressions of SASH1 and IQGAP1 were scored, and the score results of SASH1 and IQGAP1 were 
plotted with GraphPad Prism 5 and analyzed by Spearman correlation coefficient analyses. Spearman 
correlation coefficient analyses indicated that except for two score values of SASH1, expression of SASH1 and 
IQGAP1 showed good similar or same tendency of changes (P = 0.004).
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intersected, which indicated that the SASH1 expression and IQGAP1 expression 
showed significantly positive correlation (r = 0.308, P = 0.004) (Figure 2C).

3.3  The expression of SASH1 and IQGAP1 protein in breast cancer was 
significantly correlated with tumor size and tumor grade

It has been known that the expression of SASH1 and IQGAP1 is associated with 
tumor metastasis. So, in this study, we further identify the relationship of expression 
of SASH1 and IQGAP1 with clinical data of breast cancer-affected individuals. Our 
analyses (Table 1) indicated that in 77 cases of breast cancer with lymph node dis-
section, the low expression rate of SASH1 protein in lymph node metastasis positive 
group was slightly higher than that in lymph node metastasis negative group. The low 

Clinical parameters Total SASH1 IQGAP1 P

Low High Low High

Lymph node metastasisa >0.05

Positive 26 17 9 15 11

Negative 51 28 23 30 21

Tumor diameter/cmb <0.05

≤1 16 8 8 10 6

1.1–2 41 24 17 23 18

2.1–3 18 9 9 10 8

>3 5 4 1 4 1

Histological gradec <0.01

I 8 4 4 6 2

II 47 26 21 24 23

III 10 7 3 7 3
aN = 77.
bN = 80.
cN = 65.

Table 1. 
Association of SASH1 and IQGAP1 expressions with the clinical parameters of breast cancer patients (n).

E-cadherin SASH1 IQGAP1

− + ++ ++ Totala − + ++ +++ Totalb

− 4 6 6 1 17 8 8 1 0 17

+ 6 20 2 0 28 12 12 4 0 28

++ 5 25 3 0 33 12 19 2 0 33

+++ 1 0 1 0 2 1 1 0 0 2

Total 16 51 12 1 80 33 40 7 0 80
ar = 0.461, P < 0.001.
br = 0.454, P < 0.001; by rank-sum test.

Table 2. 
Correlation of SASH1 and IQGAP1 expressions with E-cadherin expression rankin breast cancer tissues  
(n, N = 80).
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intersected, which indicated that the SASH1 expression and IQGAP1 expression 
showed significantly positive correlation (r = 0.308, P = 0.004) (Figure 2C).

3.3  The expression of SASH1 and IQGAP1 protein in breast cancer was 
significantly correlated with tumor size and tumor grade

It has been known that the expression of SASH1 and IQGAP1 is associated with 
tumor metastasis. So, in this study, we further identify the relationship of expression 
of SASH1 and IQGAP1 with clinical data of breast cancer-affected individuals. Our 
analyses (Table 1) indicated that in 77 cases of breast cancer with lymph node dis-
section, the low expression rate of SASH1 protein in lymph node metastasis positive 
group was slightly higher than that in lymph node metastasis negative group. The low 

Clinical parameters Total SASH1 IQGAP1 P
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Lymph node metastasisa >0.05
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Negative 51 28 23 30 21

Tumor diameter/cmb <0.05

≤1 16 8 8 10 6

1.1–2 41 24 17 23 18

2.1–3 18 9 9 10 8

>3 5 4 1 4 1

Histological gradec <0.01

I 8 4 4 6 2

II 47 26 21 24 23

III 10 7 3 7 3
aN = 77.
bN = 80.
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Table 1. 
Association of SASH1 and IQGAP1 expressions with the clinical parameters of breast cancer patients (n).
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− + ++ ++ Totala − + ++ +++ Totalb

− 4 6 6 1 17 8 8 1 0 17

+ 6 20 2 0 28 12 12 4 0 28

++ 5 25 3 0 33 12 19 2 0 33
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br = 0.454, P < 0.001; by rank-sum test.
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Correlation of SASH1 and IQGAP1 expressions with E-cadherin expression rankin breast cancer tissues  
(n, N = 80).
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expression rate of IQGAP1 protein was slightly lower than that of the negative lymph 
node metastasis group, but the difference was not statistically significant (65.4% 
vs. 54.9%, 57.7% vs. 58.8%, all P value > 0.05). In 80 cases of breast cancer, the low 
expression rate of SASH1 protein was 50.0, 58.5, 50.0, and 80.0%, respectively, in 
patients with tumor diameter <1.0 cm, 1.1–2.0 cm, 2.1–3.0 cm, and >3.0 cm. The low 
expression rates of IQGAP1 protein were 62.5, 56.1, 55.6, and 80.0%, respectively. 
There were significant differences between the two groups (P < 0.05). In 65 cases 
of breast cancer with histological grading data, the low expression rates of SASH1 
protein in histological grading I, II, and III were 50.0, 55.3, and 70.0%, respectively. 
The low expression rates of IQGAP1 protein were 75.0, 51.1, and 70.0%, respectively. 
There were significant differences between groups (P < 0.01).

3.4  The expression of SASH1 and IQGAP1 is positively related with E-cadherin, 
respectively, in breast cancer tissues

SASH1 and IQGAP1 have been identified to be involved in tumor metastasis. 
And immunohistochemistry (IHC) analyses were performed to detect the expres-
sion of E-cadherin in breast cancer tissues and the relevance of E-cadherin with 
SASH1 and IQGAP1, respectively. IHC analyses indicated that E-cadherin was 
mainly located in the cytoplasma membrane of breast cancer tissues. According 
to the positive intensity of E-cadherin staining, E-cadherin protein expression 
in breast cancer tissues was graded to four grades, and meanwhile the positive 
intensity of SASH1 protein staining was also graded to four grades. Statistical 
analyses suggested that expression of SASH1 protein was significantly positive 
related to that of E-cadherin (r = 0.461, P < 0.001 (Table 2 and Figure 3)).  

Figure 3. 
SASH1, IQGAP1, and E-cadherin proteins showed consistent changes in the breast cancer tissues.  
The cell nucleus was dyed purple and SASH1, IQGAP1, and E-cadherin were dyed pale brown, and the 
magnification is 200×. According to staining intensity of tumor cells and the numbers of positive cells, the 
immunohistochemical results of SASH1, IQGAP1, and E-cadherin proteins were divided into four grades: 
negative (−), weakly positive (+), moderately positive (++), and strongly positive (+++). The expression 
of SASH1 was positively correlated with that of E-cadherin and the expression of IQGAP1 show positive 
correlation with that of E-cadherin. The cell nucleus was dyed purple, and SASH1, IQGAP1, and, E-cadherin 
were dyed pale brown, and the magnification is 200×.
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SASH1 and E-cadherin staining intensity was moderately positive staining 
intensity, respectively, which was defined low expression. And further statisti-
cal analyses suggested SASH1 and E-cadherin were downregulated in 77 cases 
(77/80, 96.25%) of breast cancer tissues. All of these indicated that the low 
expression of SASH1 and the low expression of E-cadherin protein in breast 
cancer tissue are in good agreement.

According to the staining intensity of IQGAP1 protein and E-cadherin protein 
in 80 cases of breast cancer, the staining intensity of E-cadherin and IQGAP1 
was divided into four grades. Statistical analyses demonstrated that expression of 
IQGAP1 protein was significantly positive related to that of E-cadherin (r = 0.454, 
P < 0.001 (Table 2 and Figure 3)). Staining intensity of IQGAP1 and E-cadherin 
was moderately positive staining intensity, respectively, which was defined low 
expression. And further statistical analyses suggested IQGAP1 and E-cadherin were 
both downregulated in 78 cases (78/80, 97.5%) of breast cancer tissues. All of these 
indicated that the low expression of IQGAP1 and the low expression of E-cadherin 
showed better consistency in breast cancer tissue.

4. Conclusion

Clinical research indicates that occurrence of breast cancer is associated with 
many factors including genetic factors, environment, and lifestyle. SASH1, a 
tumor suppressor gene, is downregulated in most of neoplasms. Decrease or dele-
tion of SASH1 expression is closely related to tumor metastasis [4, 5, 18]. It has 
been reported that the expression of SASH1 protein in osteosarcoma tissues with 
lung metastasis is significantly lower than that in osteosarcoma tissues without 
lung metastasis [19]. Upregulated SASH1 can significantly suppress the migration 
of cervical carcinoma Hela cells, and, in contrast, knockdown of SASH1 signifi-
cantly results in reduced adhesion ability of human colon cancer SW480 cells 
and mouse rectal cancer CMT-93 cells and enhanced migration ability of these 
tumor cells [3]. Downregulation of SASH1 protein expression in thyroid tumor 
cells may play an important role in thyroid tumor metastasis [20]. SASH1 mRNA 
is downregulated in primary liver cancer and thyroid cancer [5]. Compared with 
corresponding normal tissues, SASH1 protein is downregulated in 37 cases among 
50 cases of breast cancer tissues and SASH1 expression loss is associated with 
breast cancer metastasis [4]. All of these studies suggest that expression loss of 
SASH1 medicates tumor metastasis. In this study, our IHC analyses identified that 
in 80 cases of breast cancer tissues, low expression of SASH1 protein in 45 cases 
(45/80 56.3%) was found, which indicated that SASH1 was downregulated in 
breast cancer.

IQGAP1 proteins are members of the evolutionarily conserved scaffolding 
protein family and are more widely expressed than other members of the fam-
ily [21, 22]. IQGAP1 interacts with specific proteins such as actin, calmodulin, 
Rho GTPase family members, E-cadherin, and β-catenin. The interactions of 
IQGAP1 with those specific proteins medicate multiple cell activities such as 
cell scaffold, intercellular adhesion, metastasis, invasion, transcription, and cell 
signal transduction. For example, the binding of IQGAP1 to β-catenin to form 
E-cadherin/β-catenin complex inhibits intercellular adhesion of epithelial cells 
and promotes β-catenin-mediated transcriptional activation [9]. IQGAP1 protein 
,which mediates E-cadherin-mediated-intercellular adhesion, is the key molecule 
in cell polarization and directed migration [23]. IQGAP1 expression is showed 
to be of prognostic significance in advanced colorectal carcinoma, and a shorter 
overall survival of colorectal carcinoma patients can be predicted by diffuse 
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SASH1 and E-cadherin staining intensity was moderately positive staining 
intensity, respectively, which was defined low expression. And further statisti-
cal analyses suggested SASH1 and E-cadherin were downregulated in 77 cases 
(77/80, 96.25%) of breast cancer tissues. All of these indicated that the low 
expression of SASH1 and the low expression of E-cadherin protein in breast 
cancer tissue are in good agreement.

According to the staining intensity of IQGAP1 protein and E-cadherin protein 
in 80 cases of breast cancer, the staining intensity of E-cadherin and IQGAP1 
was divided into four grades. Statistical analyses demonstrated that expression of 
IQGAP1 protein was significantly positive related to that of E-cadherin (r = 0.454, 
P < 0.001 (Table 2 and Figure 3)). Staining intensity of IQGAP1 and E-cadherin 
was moderately positive staining intensity, respectively, which was defined low 
expression. And further statistical analyses suggested IQGAP1 and E-cadherin were 
both downregulated in 78 cases (78/80, 97.5%) of breast cancer tissues. All of these 
indicated that the low expression of IQGAP1 and the low expression of E-cadherin 
showed better consistency in breast cancer tissue.

4. Conclusion

Clinical research indicates that occurrence of breast cancer is associated with 
many factors including genetic factors, environment, and lifestyle. SASH1, a 
tumor suppressor gene, is downregulated in most of neoplasms. Decrease or dele-
tion of SASH1 expression is closely related to tumor metastasis [4, 5, 18]. It has 
been reported that the expression of SASH1 protein in osteosarcoma tissues with 
lung metastasis is significantly lower than that in osteosarcoma tissues without 
lung metastasis [19]. Upregulated SASH1 can significantly suppress the migration 
of cervical carcinoma Hela cells, and, in contrast, knockdown of SASH1 signifi-
cantly results in reduced adhesion ability of human colon cancer SW480 cells 
and mouse rectal cancer CMT-93 cells and enhanced migration ability of these 
tumor cells [3]. Downregulation of SASH1 protein expression in thyroid tumor 
cells may play an important role in thyroid tumor metastasis [20]. SASH1 mRNA 
is downregulated in primary liver cancer and thyroid cancer [5]. Compared with 
corresponding normal tissues, SASH1 protein is downregulated in 37 cases among 
50 cases of breast cancer tissues and SASH1 expression loss is associated with 
breast cancer metastasis [4]. All of these studies suggest that expression loss of 
SASH1 medicates tumor metastasis. In this study, our IHC analyses identified that 
in 80 cases of breast cancer tissues, low expression of SASH1 protein in 45 cases 
(45/80 56.3%) was found, which indicated that SASH1 was downregulated in 
breast cancer.

IQGAP1 proteins are members of the evolutionarily conserved scaffolding 
protein family and are more widely expressed than other members of the fam-
ily [21, 22]. IQGAP1 interacts with specific proteins such as actin, calmodulin, 
Rho GTPase family members, E-cadherin, and β-catenin. The interactions of 
IQGAP1 with those specific proteins medicate multiple cell activities such as 
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signal transduction. For example, the binding of IQGAP1 to β-catenin to form 
E-cadherin/β-catenin complex inhibits intercellular adhesion of epithelial cells 
and promotes β-catenin-mediated transcriptional activation [9]. IQGAP1 protein 
,which mediates E-cadherin-mediated-intercellular adhesion, is the key molecule 
in cell polarization and directed migration [23]. IQGAP1 expression is showed 
to be of prognostic significance in advanced colorectal carcinoma, and a shorter 
overall survival of colorectal carcinoma patients can be predicted by diffuse 



Breast Cancer Biology

64

expression pattern of IQGAP1 [11]. In this study, IHC analyses indicated, in 80 
cases of breast cancer tissues, IQGAP1 protein level was significantly low in 47 
cases accounting for 58.8%, which suggested that IQGAP1 was downregulated in 
breast cancer.

Multiple endocrine neoplasia type 1 (MEN1) is a dominantly inherited tumor 
syndrome that results from the mutation of the MEN1 gene that encodes protein 
menin. MEN1 is revealed to bind to IQGAP1 and increases E-cadherin/β-catenin 
interaction with IQGAP1 and a novel menin-IQGAP1 pathway that controls cell 
migration and cell-cell adhesion found in endocrine cells [24]. Activated Rac1 and 
Cdc42 can bind to IQGAP1, and the bindings of IQGAP1 and Rac1 as well as Cdc42 
promote cell mobility and polarization [25, 26]. IQGAP1 is both a downstream 
effector and an upstream activator of Cdc42, where active Cdc42 antagonizes 
IQGAP1 dissociation of the cell-cell contacts [27, 28]. Cdc42 inhibits IQGAP1’s role 
in polarized secretion in β-cells or perhaps migration [29]. In this study, IP-WB 
analyses indicated the protein-protein interactions between SASH1 and IQGAP1. It 
has been reported that SASH1 expression suppresses cell proliferation and interacts 
with cytoskeletal proteins, which promotes cell matrix adhesion [3, 4]. Meanwhile, 
other studies have identified that SASH1 is associated with scaffold proteins and 
foster tumor migration [3]. Hence, we speculate that the bindings of SASH1 and 
IQGAP1 co-mediate breast cancer metastasis.

Recurrence or metastasis of breast cancer is the leading cause of breast 
cancer-related death. It has been identified that epithelial-mesenchymal transi-
tion (EMT) plays a pivotal role in tumor metastasis through generation and 
survival of induced circulating tumor cells [30]. One of the EMT functions is 
to downregulate and relocate the epithelial cell adhesion protein including the 
leading actor, E-cadherin [31]. The decreased expression of E-cadherin in breast 
cancer was associated with high pathological grade, tumor volume enlargement, 
lymph node metastasis, and distant metastasis and with disease rehabilitation 
and overall survival time, which indicates that reduced expression or func-
tion loss of E-cadherin promotes breast cancer invasion and migration [32]. A 
dynamic equilibrium of E-cadherin between the E-cadherin-β-catenin-α-catenin 
complex and the E-cadherin-β-catenin-IQGAP1 complex at sites of cell-cell 
contact is proposed. The ratio between these two complexes could determine 
the strength of adhesion [33]. Our previous study found that SASH1 muta-
tions enhanced mutated SASH1 expression, however induced downregulation 
of E-cadherin in epithelial cells of skin [17]. So it is speculated that there is a 
connection between SASH1 and E-cadherin. In this study, SASH1 protein level is 
positively correlated with E-cadherin, and IQGAP1 protein level is also positively 
correlated with E-cadherin, which also identifies the connection between SASH1 
and E-cadherin.

Taken above, we speculate that SASH1 may mediate breast cancer metastasis 
through a novel SASH1-IQGAP1-E-cadherin signal cascade. When SASH1 and 
IQGAP1 protein levels in breast cancer tissues and breast cancer cells were low, the 
protein levels of E-cadherin are also reduced, which causes the reduced cell adhe-
sion ability, the tumor cell ability which is easy to fall off, the enhanced invasion, 
and the tumor cell metastasis ability to distance. The novel findings about SASH1 
will become a novel target to treat breast cancer, which will be conducive to the 
precision and diversification of breast cancer treatment, effectively improving the 
prognosis of patients. In this study, we find that low protein levels of SASH1 and 
IQGAP1 are related to tumor size, and the reduced protein levels of SASH1 and 
IQGAP1 are associated with tumor grading, which provides a new reference for 
the rapid diagnosis of tumor grading and tumor size. And our findings on SASH1 
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and IQGAP1 provide a new and more intuitive basis for determining the operation 
plan and resection range, judging the curative effect of operation and early detec-
tion of tumor metastasis and recurrence. However, in this study we find that low 
expression levels of SASH1 and IQGAP1 are significantly not related to lymph node 
metastasis, which presumably can be related to a small sample size of breast cancer 
tissues. The relationship between SASH1 and IQGAP1 with lymph node metastasis 
needs to be further investigated.
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DMEM Dulbecco’s Modified Eagle’s medium
EMT epithelial-mesenchymal transition
Gαs guanine nucleotide-binding protein subunit-alpha isoforms short
HE staining hematoxylin and eosin staining
IHC immunohistochemical
IQGAP1 IQ motif-containing GTPase activating protein 1
IP-WB immunoprecipitation-western blot
PEI polyethylenimine
pAb polyclonal antibody
SASH1 SAM and SH3 domain-containing 1
SEMs standard error of the means
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Chapter 4

Evidence of BKCa  
Channelopathy-Driven Breast 
Cancer Metastasis to Brain
Divya Khaitan and Nagendra Ningaraj

Abstract

KCNMA1 encodes the a-subunit of the large conductance, voltage and Ca2+-
activated and Voltage-dependent potassium channel (BKCa) and was shown by 
others and us to be a potential drug target gene in several cancers, including breast 
cancer. In addition, we studied the role of alternative pre-mRNA splicing events of 
KCNMA1 in migration, invasion, proliferation and dispersal of breast cancer cells. 
It is conceivable that by targeting gene variants we can attenuate processes such as 
distant metastasis and angiogenesis. Here we reviewed literature on the alternative 
splicing events specific to breast cancer metastasis to brain, its microenvironment, 
the biological activity of most alternatively spliced isoforms. We conclude that 
based on our and others’ work KCNMA1 and other such gene variants contribute 
to breast cancer dispersion, invasion, growth, and progression in the tumor micro-
environment. Thus KCNMA1/BKCa channels and their variants are opportunistic 
diagnostic, prognostic and treatment targets in breast cancer.

Keywords: KCNMA1 pre-mRNA splicing, BKCa channelopathy,  
breast cancer-dispersion, invasion, growth, angiogenesis, progression,  
treatment target

1. Introduction

1.1 Metastatic breast cancer etiology

Breast cancer is the most common type of cancer affecting women. Despite 
great advances in primary breast cancer treatment a significant number of women 
develop metastases in different organs of the body, especially brain [1], possibly as 
a result of the emergence of targeted and aggressive systemic cancer therapy. The 
actual incidence of brain metastases is not precisely known; however, studies sug-
gest that 6–16% of patients with metastatic breast cancer develop brain metastases 
during their lifetime. Furthermore, autopsy studies have reported brain metastases 
in 18–30% of patients dying of breast cancer [2]. The majority of women who 
develop brain metastases have undergone aggressive treatment for stage IV disease 
[3–5]. Although brain metastasis is the leading cause of breast cancer death, its 
pathogenesis is poorly understood and the predictors of breast metastasis to brain 
are yet to be characterized. Albeit recent studies found genes that mediate breast 
cancer metastasis to brain [6, 7]. Targeting metastatic breast cancer cells in brain is 
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It is conceivable that by targeting gene variants we can attenuate processes such as 
distant metastasis and angiogenesis. Here we reviewed literature on the alternative 
splicing events specific to breast cancer metastasis to brain, its microenvironment, 
the biological activity of most alternatively spliced isoforms. We conclude that 
based on our and others’ work KCNMA1 and other such gene variants contribute 
to breast cancer dispersion, invasion, growth, and progression in the tumor micro-
environment. Thus KCNMA1/BKCa channels and their variants are opportunistic 
diagnostic, prognostic and treatment targets in breast cancer.
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1. Introduction

1.1 Metastatic breast cancer etiology

Breast cancer is the most common type of cancer affecting women. Despite 
great advances in primary breast cancer treatment a significant number of women 
develop metastases in different organs of the body, especially brain [1], possibly as 
a result of the emergence of targeted and aggressive systemic cancer therapy. The 
actual incidence of brain metastases is not precisely known; however, studies sug-
gest that 6–16% of patients with metastatic breast cancer develop brain metastases 
during their lifetime. Furthermore, autopsy studies have reported brain metastases 
in 18–30% of patients dying of breast cancer [2]. The majority of women who 
develop brain metastases have undergone aggressive treatment for stage IV disease 
[3–5]. Although brain metastasis is the leading cause of breast cancer death, its 
pathogenesis is poorly understood and the predictors of breast metastasis to brain 
are yet to be characterized. Albeit recent studies found genes that mediate breast 
cancer metastasis to brain [6, 7]. Targeting metastatic breast cancer cells in brain is 
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extremely difficult as brain provides a “safe haven” for cancer cells. Gene expression 
profiling has been used to predict metastatic gene-expression signature that is pres-
ent in a subset of primary breast tumors [8]. However, a reliable profile has not yet 
been identified that specifically predicts brain metastases. Therefore, it is extremely 
important to study the genetic changes in breast cancer cells that metastasize to 
brain and develop specific targeted therapeutic molecular agents.

2. Channelopathy promote breast cancer metastasis

Cancer research is not only focusing on understanding the possible role of 
transmembrane-BKCa channels in cancer development and progression but also on 
development of BKCa channel modulator drugs to attenuate cancer growth. Several 
researchers, including us have shown that brain tumor cells express BKCa and ATP-
sensitive potassium (KATP) channels that are highly responsive to minute changes 
in intracellular Ca2+ and ATP levels. This allows the brain tumor cells to develop 
pseudopodia for migration through constricted spaces in the brain parenchyma, as 
depicted in Figure 1. Several articles have described the efficacy of BKCa channel-
inhibiting drugs or molecules in reducing tumors in preclinical mouse tumor 
models. A recent study has shown the role of intracellular BKCa channels (mitoBKCa) 
in cancer cell biology [9, 10].

2.1 Ion channels in breast cancer metastasis

Even now the metastatic breast cancers are incurable. Extensive research has 
shown that breast cancer metastasis to other organs, including brain is a compli-
cated process. It is widely believed that breast cancer cells escape the primary site 

Figure 1. 
Anticipated role of BKCa and KATP channels in breast cancer cells that seek brain and colonize in brain 
parenchyma. The potassium ion channels expressed in breast cancer cells are extremely sensitive to minute surge 
of extracellular and intracellular Ca2+ and cause K+ efflux through BKCa channels. Similarly, slight imbalance 
in ADP-ATP levels in the cell causes K+ efflux through KATP channels. Then the ion imbalance triggers the Ca2+ 
entry, which promotes cancer cell migration though pseudopodia.
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and migrate by lymphatic route to lymph nodes and vascular route to colonize in 
other organs including brain [11, 12]. Gene-expression profiling studies of breast 
cancer cells indicate that specific molecular pathways are associated with dissemi-
nation of primary tumor cells through a vascular route and not by lymphatic dis-
semination [12]. There is much interest in studying how and when the cancer cells 
initiate the metastatic cascade so that a therapeutic intervention can be developed 
to stop or delay the metastasis. Some cancer researchers [13] believe that targeted 
treatment of breast cancer with ER/PR modulators (Aromatase inhibitors) and 
targeted biologics such as Herceptin (Her-2 neu inhibitor) [14] and bevacizumab 
[15] (anti-vascular). Others argue that the metastasis of cancer cells is triggered 
by a dysregulated cellular Ca2+ homeostasis and altered Ca2+ signaling caused 
by imbalanced fluxes through ion channels and transporters [10, 16]. The BKCa 
channels are more sensitive to Ca2+ ions in cancer cells. In this regard, we studied 
whether the increased sensitivity of potentially new BKCa channel variant protein 
encoded by splice variants (Figure 2) KCNMA1ΔE2 and KCNMA1vE22 to intra 
and extra cellular Ca2+ in breast cancer [17]. In fact, a recent evidence indicates that 
KCa-Ca2+ channel complexes were found in cancer cells and contribute to cancer-
associated functions such as cell proliferation, cell migration and the capacity to 
develop metastases [10]. The BKCa channels are unique since its activity is triggered 
by depolarization and enhanced by an increase in μM range of intracellular calcium 
[Ca2+

i]. In this regard, we recently showed that BKCa channel variant encoded by 
a new splice variant KCNMA1vE22 is highly sensitive to [Ca2+

i] and causes glioma 
progression to high grade glioblastoma multiforme (GBM) [18]. We also discovered 
a new splice variant KCNMA1vE22 in breast cancer cells that contributes to breast 
cancer metastasis to brain (to be published). Epigenetics play an important role in 
cancer initiation, growth and progression. Understanding the precise mechanism 
helps us in developing diagnosis, prognosis and treatment strategies for affected 
cancer patients. For example, overexpression of Ezh2 plays a role in many cancers, 

Figure 2. 
BKCa channel is a 7-transmembrane tetramer of four monomeric pore-forming alpha-subunits encoded by 
KCNMA1. The cytoplasmic C-terminal domain has RCK1 and RCK2 (with calcium bowl) segments. We 
identified KCNMA1ΔE2 and KCNMA1E22 in human brain-specific metastatic breast cancer cells. Using 
relevant siRNA designs, we showed that these splice variants are formed by the deletion of exon 2 (E2) and 108 
base pair deletion in exon 22 (E22), respectively.
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including breast cancer and brain tumors. H3K27M serves as an oncohistone and, if 
mutated it contributes to tumor development as Ezh2 is no longer able to methylate 
the histone and gene expression is aberrantly upregulated.

Furthermore, a recent computational analysis of human genomic sequence 
identified mutations that cause pathogenic splicing abnormalities in breast cancer 
susceptibility genes, BRCA1, BRCA2 and other genes [19]. Several investigations 
have reported that voltage gated ion channels are expressed in several cancers and 
contribute significantly to cell signaling, cell cycle progression and cell volume 
regulation, cancer cell proliferation, as well as metastasis. Hence, there is a great 
deal of interest in possible therapeutic potential of voltage gated ion channels as 
pharmacological targets [20, 21].

2.2 Metastatic breast cancer in brain microenvironment

Cancer cells have the innate ability to “exploit” the “chaotic” environmental chal-
lenges surrounding them and grow uninterrupted by manipulating transportome 
that regulate proliferation, apoptosis, metabolism, growth factor signaling, migra-
tion and invasion. Ion channels and transporters are some of the key modulators of 
cancer progression in hostile tumor microenvironment that includes hypoxia. It has 
been suggested that modulation of ion channels by the hypoxic environment may 
contribute to the aggressive phenotype observed in GBM cells residing in a hypoxic 
environment [22]. In hostile microenvironment such as hypoxia, BKCa channels 
are modulated to aid cancer cell invasion and neovascularization. Affymetrix 
Array analyses of brain tumor cell lines where KCNMA1 was either overexpressed 
or suppressed showed significant changes in genes involved in cell proliferation, 
angiogenesis, cell cycle, and invasion [18].

2.3 KCNMA1/BKCa channel splice variants in breast cancer

During the past decade, a number of genes associated with breast cancer have 
been cloned and identified. Gene expression levels alone cannot fully explain gene 
function as alternative splicing produce multiple mRNAs and protein isoforms. 
New molecular insights indicate that the metastatic capacity of breast tumors is 
an inherent feature, and not necessarily a late, acquired phenotype [23, 24]. Breast 
cancer cells show alternative mRNA splicing and have prognostic and therapeutic 
value [21]. Although there are many reports of alternative splicing events specific 
to breast cancer [25, 26], the biological activity of majority of alternatively spliced 
isoforms, and specifically their contribution to metastatic breast cancer biology, 
remains to be investigated. As many researchers are focusing on “Understanding 
and Preventing Brain Tumor Dispersal”, we recently reported on a novel KCNMA1 
mRNA splice variant with a deletion of 108 base pairs (KCNMA1v) mostly overex-
pressed in high-grade gliomas [18]. In order to understand the role of alternative 
pre-mRNA splicing events of KCNMA1/ BKCa channels, we employed specific 
inhibitors. We showed that the modulation of KCNMA1/BKCa channels in brain spe-
cific metastatic breast cancer cells (MDA-MB361) resulted in attenuation of migra-
tion, invasion [11, 17]. Further, we identified a hitherto unknown KCNMA1 variant 
KCNMA1vE22 (to be published) with a deletion of 108 base pairs of nucleotides and 
deletion of the entire exon-2 (KCNMA1ΔE2) expressed only in metastatic breast 
tumor cells seeking brain (Figure 2). However, biological function of KCNMA1ΔE2 
under different tumor microenvironment is yet to be elucidated. The KCNMA1 
splicing effects and the potential role of KCNMA1ΔE2 as a critical posttranscrip-
tional regulator of BKCa channel isoform resulting in diversified channel functions 
merit further investigation.
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Identifying the most optimal and novel biomarker(s) for breast cancer metastasis 
to brain is ideal [27, 28] yet challenging because of the multi-factorial nature of the 
disease. The roles of roles of different ion channels in the development of cancer 
have been reported [29]. The identification of a potential new biomarker has relied 
heavily on an increase or decrease in gene expression, but these changes may not 
always result in altered protein expression. Growing evidence indicates that alter-
native or aberrant pre-mRNA splicing resulting in protein isoforms with diverse 
functions occurs during the development, progression, and metastasis of breast 
cancer [29]. Earlier, we have reported that the BKCa channels play a role in human 
breast tumor progression, cell proliferation, invasion, and micro-metastases [11, 17]. 
Nevertheless, the precise role of KCNMA1 and its splice variants in modification of 
BKCa channel functions in promoting breast cancer metastasis to brain is still unclear. 
Therefore, to understand the role of BKCa channels in breast cancer metastasis to 
brain the we showed that the relative messenger RNA levels in MDA-MB-361 cells 
derived from human metastatic breast tumor in brain were higher than metastatic 
breast cancer cells (MDA-MB-231) that prefer other organs and primary breast can-
cer (MCF-7) cells. In addition, using GeneChip Exon array (Affymetrix) we probed 
the presence of alternative splicing of KCNMA1 in MDA-MB-361, MDA-MB-231 and 
MCF-7. The array data showed that KCNMA1 splicing pattern is different among cell 
lines with three different phenotypes (to be published).

The PCR results validated the findings of Exon array study. Two distinct splice 
variants expressed in breast cell line (MDA-MB-361) metastatic to brain were 
identified (i) deletion of exon 2 (KCNMA1ΔE2) between S0-S1 protein subunit 
(Figure 2) corresponding to the cytoplasmic potential domain of BKCa channel 
α-subunit and (ii) deletion of 108 bp in exon 22 (KCNMA1vE22) between the 
S9 and S10 protein subunit (C-terminus). However, the biological function of 
these alternative splice variants in breast cancer remains to be investigated. To our 
knowledge we believe that our laboratory is the first to report the presence of these 
variants in metastatic breast cancers. We established that KCNMA1vE22 plays a 
key role in several biological functions of MDA-MB-231BR cell line as represented 
in Table 1.

3. BKCa channels and neovascularization

Altered ion channels could play a pivotal role in physiological angiogenesis 
in including cancer [30, 31]. BKCa channel inhibitor modulated the tumorigenic 
ability of hormone-independent breast cancer cells via the Wnt pathway [32]. 

Cell line Proliferation 
(at 72 h)

Invasion Trans-
endothelial 
migration

Functional 
activity

Tumor 
volume 

at the 5th 
week

Untransfected 1 ± 0.09 1 ± 0.10 1 ± 0.17 1 ± 0.11 1 ± 0.21

Vector-transfected 0.98 ± 0.04 1.01 ± 0.12 0.95 ± 0.13 1.2 ± 0.15 1 ± 0.27

KCNMA1vE22-
transfected

1.4 ± 0.12 1.9 ± 0.15 1.5 ± 0.19 1.6 ± 0.21 3.8 ± 0.42

Data shown are in SEM of n = 3 in triplicates. Biological function assays [11] and functional activity of BKCa 
channels were measured by membrane potential assay using FlexStation and in vivo mouse brain tumor models as 
described by us earlier.

Table 1. 
Effect of KCNMA1vE22 expression on biological functions of MDA-MB-231BR cell line.
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Our work shows an association between the BKCa channel isoform expression and 
VEGF secretion by breast tumor cells, which might be exacerbated under hypoxia 
that has implications for vascular permeability and anticancer drug delivery (to 
be published). Understanding the underlying mechanism and splicing patterns of 
KCNMA1 and expression of the splice variant KCNMA1ΔE2 under normoxia and 
hypoxia alone and in coculture with brain endothelial cells will shed light on the 
role of KCNMA1 alternative splicing in metastatic breast tumor biology. Perhaps the 
discovery and validation of brain specific metastasis-associated KCNMA1 alternate 
splice variants will serve as new tools for the diagnosis and classification of breast 
tumor patients with high risk of brain metastasis. In fact, splice variations in a num-
ber of genes have already been shown to correlate with malignancy and their occur-
rence could precede clinical cancer diagnosis [33]. To date, however brain-specific 
alternate KCNMA1 splice variants in breast cancer have not been reported. The 
variant KCNMA1ΔE2 that we have discovered potentially may fill the gap to serve as 
a biomarker of breast cancer metastasis to brain. Undoubtedly, the research on the 
putative association between KCNMA1 splice variants and breast cancer metastases 
to brain will prove to be an extremely productive exercise for the identification of 
a new generation of biomarkers. KCNAM1/BKCa channels are hypothesized to be 
involved in VEGF secretion and neovascularization in brain tumors. We tested this 
hypothesis by activation and suppression of KCNMA1 in brain tumor cells and 
constructed a potential VEGF signaling pathway adapted from KEGG VEGF signal-
ing pathway (Figure 3).

We rationalize that KCNMA1ΔE2 is expressed specifically in metastatic breast 
tumors in brain, and this requires validation to confirm its role as a potential 
transformation biomarker of breast cancer metastasis to brain. In metastatic breast 
tumor cells seeking brain there is an upregulation and constitutive activation 
of KCNMA1, which correlates with increased malignancy [11]. In this context, 

Figure 3. 
Adapted from KEGG-VEGF signaling pathway: we activated and suppressed KCNMA1 in brain tumor cells 
and constructed a probable VEGF signaling pathway affected by modified KCNAMA1 expression. The genes in 
rectangular boxes—red represents genes overexpressed by KCNMA1 overexpression and black represents genes 
downregulated by KCNMA1 inhibition in U-87 (glioma cells).
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we showed (Figure 4) that the KCNMA1 is overexpressed in breast cancer cells 
metastatic to brain (MDA-MB-361) and exhibit differences in expression levels in 
other non-metastatic (MCF-7) and metastatic to other organs (MDA-MB-231). 
MDA-MB-231 BR was established from the triple negative MDA-MB-231 cells, 
which are highly metastatic but have no organ specificity. The MDA-MB 231-BR cell 
line was derived from MDA-MB-231 cells following sequential rounds of implanta-
tion, resection from the brain, and re-injection into mice. Eventually a subline 
with selectivity for the brain was isolated [34], and exhibit higher KCNMA1 level 
than parental MDA-MB-231 cells, however the expression was far lower than the 
naturally-selected MDA-MB-361 cells (Figure 4).

In addition, alternate splicing of KCNMA1 [17] including KCNMA1ΔE2 
may provide a mechanism to generate a physiologically diverse complement of 
functionally and structurally diverse BKCa channel isoform that might affect cell 
proliferation, cell cycle, migration and micrometastases in brain. Future studies will 
validate the role of KCNMA1ΔE2 in brain-specific metastatic process. Inhibiting 
KCNMA1ΔE2 in in vitro and in vivo models with shRNA or the variant BKCa chan-
nel using specific inhibitor like Iberiotoxin to attenuate breast tumor metastasis to 
brain using human metastatic breast tumor xenograft mouse models will be very 
stimulating.

4. Discussion

4.1 Splicing in health and disease

Many human diseases are implicated to errors in mRNA splicing. These aber-
rant splicing also provides an opportunity to develop targeted treatment to correct 
the faulty gene in some genetic disorders, or target aberrant protein encoded by 
these gene variants in human cancers. Breast cancer-specific biomarkers might 
generate specific epitopes that offer targets for developing diagnostic, prognostic 
and immunotherapy [35]. Articles on alternative pre-mRNA splicing regulation 
in cancer [36] and misregulation of mRNA splicing in cancer [29] highlights the 
important roles in promoting aberrant splicing, which in turn contributes to all 
aspects of tumor biology.

Figure 4. 
BKCa channels in breast cancer biology-expression of KCNMA1 by qPCR (A) and alternate splice variants 
(B) using Affymetrix Genechip Exon Array in MCF-7 (non Mets), MDA-MB-231 (Mets) and MDA-MB-361 
(brain Mets) cell lines.
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variant KCNMA1ΔE2 that we have discovered potentially may fill the gap to serve as 
a biomarker of breast cancer metastasis to brain. Undoubtedly, the research on the 
putative association between KCNMA1 splice variants and breast cancer metastases 
to brain will prove to be an extremely productive exercise for the identification of 
a new generation of biomarkers. KCNAM1/BKCa channels are hypothesized to be 
involved in VEGF secretion and neovascularization in brain tumors. We tested this 
hypothesis by activation and suppression of KCNMA1 in brain tumor cells and 
constructed a potential VEGF signaling pathway adapted from KEGG VEGF signal-
ing pathway (Figure 3).

We rationalize that KCNMA1ΔE2 is expressed specifically in metastatic breast 
tumors in brain, and this requires validation to confirm its role as a potential 
transformation biomarker of breast cancer metastasis to brain. In metastatic breast 
tumor cells seeking brain there is an upregulation and constitutive activation 
of KCNMA1, which correlates with increased malignancy [11]. In this context, 

Figure 3. 
Adapted from KEGG-VEGF signaling pathway: we activated and suppressed KCNMA1 in brain tumor cells 
and constructed a probable VEGF signaling pathway affected by modified KCNAMA1 expression. The genes in 
rectangular boxes—red represents genes overexpressed by KCNMA1 overexpression and black represents genes 
downregulated by KCNMA1 inhibition in U-87 (glioma cells).
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we showed (Figure 4) that the KCNMA1 is overexpressed in breast cancer cells 
metastatic to brain (MDA-MB-361) and exhibit differences in expression levels in 
other non-metastatic (MCF-7) and metastatic to other organs (MDA-MB-231). 
MDA-MB-231 BR was established from the triple negative MDA-MB-231 cells, 
which are highly metastatic but have no organ specificity. The MDA-MB 231-BR cell 
line was derived from MDA-MB-231 cells following sequential rounds of implanta-
tion, resection from the brain, and re-injection into mice. Eventually a subline 
with selectivity for the brain was isolated [34], and exhibit higher KCNMA1 level 
than parental MDA-MB-231 cells, however the expression was far lower than the 
naturally-selected MDA-MB-361 cells (Figure 4).

In addition, alternate splicing of KCNMA1 [17] including KCNMA1ΔE2 
may provide a mechanism to generate a physiologically diverse complement of 
functionally and structurally diverse BKCa channel isoform that might affect cell 
proliferation, cell cycle, migration and micrometastases in brain. Future studies will 
validate the role of KCNMA1ΔE2 in brain-specific metastatic process. Inhibiting 
KCNMA1ΔE2 in in vitro and in vivo models with shRNA or the variant BKCa chan-
nel using specific inhibitor like Iberiotoxin to attenuate breast tumor metastasis to 
brain using human metastatic breast tumor xenograft mouse models will be very 
stimulating.

4. Discussion

4.1 Splicing in health and disease

Many human diseases are implicated to errors in mRNA splicing. These aber-
rant splicing also provides an opportunity to develop targeted treatment to correct 
the faulty gene in some genetic disorders, or target aberrant protein encoded by 
these gene variants in human cancers. Breast cancer-specific biomarkers might 
generate specific epitopes that offer targets for developing diagnostic, prognostic 
and immunotherapy [35]. Articles on alternative pre-mRNA splicing regulation 
in cancer [36] and misregulation of mRNA splicing in cancer [29] highlights the 
important roles in promoting aberrant splicing, which in turn contributes to all 
aspects of tumor biology.

Figure 4. 
BKCa channels in breast cancer biology-expression of KCNMA1 by qPCR (A) and alternate splice variants 
(B) using Affymetrix Genechip Exon Array in MCF-7 (non Mets), MDA-MB-231 (Mets) and MDA-MB-361 
(brain Mets) cell lines.
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4.2 BKCa channels as target to attenuate breast cancer metastasis

The BKCa channels are known to function as oncogenes in certain cancers. These 
channels besides being sensitive to [Ca2+

i] are highly dependent on amounts of 
outward K+ currents, which modulate the transmembrane potential of a cell. The 
BKCa channels are overexpressed in many types of cancers via gene amplification, 
alternative splicing or increased protein half-life. A recent study showed that by 
inhibiting BKCa channels with Iberiotoxin in breast cancer cells, tumorigenicity was 
reduced by downregulation of β-catenin and (phospho)Akt and HER-2/neu protein 
levels [37]. Evidence presented above clearly show that over expression of wild type 
BKCa channels or the presence of BKCa channel variant support breast cancer metas-
tasis to brain. Understanding the mechanism of its action in brain metastasis will 
provide a unique opportunity to identify and differentiate between low grade breast 
cancers that are at high risk for metastasis from those at low risk for metastasis. 
This distinction would in turn allow for the appropriate and efficient application 
of effective diagnosis, prognosis and treatments while sparing patients with low 
risk for metastasis from the toxic side effects of chemotherapy. Activation of BKCa 
channels was shown to be a novel molecular pathway involved in zoledronic acid-
induced apoptosis of MDA-MB-231 cells in vitro [32]. Du et al. [8] showed that BKCa 
promotes growth and metastasis of prostate cancer through facilitating the coupling 
between αvβ3 integrin and FAK. BKCa channels are shown to support cancer cell 
migration, invasion and tumorigenesis [11, 17, 18]. Hence it is extremely interesting 
to explore BKCa channels as putative targets for anti-breast cancer therapies.

4.3 Alternate splicing of BKCa channels in diagnosis and prognosis

Several articles have highlighted the use of alternative splicing as a promising 
source for new diagnostic, prognostic, predictive, and therapeutic tools [38–40]. 
The diversity of RNA species detected through RNA-seq holds the potential of 
extracellular RNAs as non-invasive diagnostic indicators of disease [41–44]. We 
recently reported that targeting the KCNMA1 variants may be a clinically beneficial 
strategy to prevent or at least slow down glioma transformation to GBM [18]. In 
both human and mouse lymphoma models, researchers have shown that MYC 
directly induced the transcription of genes encoding core splicing machinery 
components. They also showed that PRMT5 is involved in MYC-driven tumorigen-
esis in mice with lymphoma and discovered that tumor development was delayed 
[44]. Now due to high-throughput New Generation Sequencing (NGS) technologies 
the splicing diagnostic methodologies have improved. Hence NGS can be utilized 
in clinical diagnostics of splice variants in diagnosis, prognosis and treatment of 
breast cancers.

4.4 Perspective of KCNMA1 splice variants

We believe that future therapies for metastatic breast cancer depend on further 
investigation into the mechanisms and cellular events caused by oncogene splicing 
such as KCNMA1. Such studies should lead to the development of future therapies 
for this deadly type of cancer. KCNMA1 splice variants that are identified in breast 
tumor patients with brain metastasis will pave for accurate diagnosis and prognos-
tication. Furthermore, they provide potential targets for anticancer drug develop-
ment. Clinical outcome of KCNMA1vE22 expression in breast metastasis is expected 
to reveal the variants’ clinical importance. Quantifying the levels of KCNMA1vE22 
could be useful to identify biological process that increases the malignancy and 
affect prognosis of patients with breast cancer metastasis in the brain.
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5. Conclusions

Perhaps the discovery and validation of brain specific metastasis-associated 
KCNMA1 alternate splice variants will serve as new tools for the diagnosis and 
classification of breast tumor patients with high risk of brain metastasis. In fact, 
splice variations in a number of genes have already been shown to correlate with 
malignancy and their occurrence could precede clinical cancer diagnosis. To date, 
however brain-specific alternate KCNMA1 splice variants in breast cancer have not 
been reported. The variant KCNMA1ΔE2 and KCNMA1E22 that we have recently 
discovered potentially may fill the gap to serve as a biomarker of breast cancer 
metastasis to brain. Undoubtedly, the research on the putative association between 
KCNMA1 splice variants and breast cancer metastases to brain will prove to be an 
extremely productive research to identify new generation of biomarkers for early 
detection and therapeutic intervention in breast cancer patients with high risk for 
brain metastases.
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Chapter 5

Targeted Breast Cancer Treatment 
Using New Photochemotherapeutic 
Compounds
Ivan Sosthene Mfouo Tynga and Heidi Abrahamse

Abstract

The deregulation of cell growth in milk-producing glands, milk-carrying 
tubes, or connective tissues is known as breast cancer. It originates from genetic 
mutations and has the ability to metastasize. Primary tumor cells repetitively 
divide and lead to inappropriate mechanisms, tumorigenesis, and carcinogenesis, 
characterized by improper cell type, function, lifetime, and self-destruction. The 
tumor-specific activation is considered to be an effective strategy for selective can-
cer destruction, which remains an issue with conventional therapeutic approaches. 
The tumor microenvironment can be regulated and adapted through an interac-
tion between pH, proteins, and other factors. Principally, human breast cancer 
genes, BRCA1 and BRCA2, produce tumor suppressors that prevent changes in 
genetic materials, as well as ensure their stability. Photodynamic therapy is a 
targeted cancer modality that depends on the photochemotherapeutic agent and 
light characteristics used to activate the compound. The possibility of eradicat-
ing breast cancer depends on continuous development of therapeutic approaches 
using third-generation photochemotherapeutic compounds to improve targeting 
this cancer and its stem cells.

Keywords: breast cancer, cell cycle regulation, genetic mutation,  
tumor microenvironment, cancer therapies, new photosensitizers

1. Introduction

Both males and females have breasts, which are composed of adipose (fat) 
tissues, supplied by nerves, blood vessels, lymph nodes and vessels, connec-
tive tissues, and ligaments. The breasts superimpose the pectoral muscles and 
are predominantly pronounced in females after puberty. Breasts consist of 
mammary glands that contain at least a dozen of lobes, further subdivided into 
lobules, and stimulated lobules are able to initiate and produce milk. The lobules 
are specially structured and connected to a system of ductal channels to deliver 
milk to the nipple. The glandular and ductal structures are surrounded by dense 
fat and connective tissues, which determine the size of a breast (Figure 1) [1, 2].  
This anatomy is completed by a network of connective tissues, ligaments, 
nerves, and both lymph and blood vessels for proper structural and functional 
processing [3].



83

Chapter 5

Targeted Breast Cancer Treatment 
Using New Photochemotherapeutic 
Compounds
Ivan Sosthene Mfouo Tynga and Heidi Abrahamse

Abstract

The deregulation of cell growth in milk-producing glands, milk-carrying 
tubes, or connective tissues is known as breast cancer. It originates from genetic 
mutations and has the ability to metastasize. Primary tumor cells repetitively 
divide and lead to inappropriate mechanisms, tumorigenesis, and carcinogenesis, 
characterized by improper cell type, function, lifetime, and self-destruction. The 
tumor-specific activation is considered to be an effective strategy for selective can-
cer destruction, which remains an issue with conventional therapeutic approaches. 
The tumor microenvironment can be regulated and adapted through an interac-
tion between pH, proteins, and other factors. Principally, human breast cancer 
genes, BRCA1 and BRCA2, produce tumor suppressors that prevent changes in 
genetic materials, as well as ensure their stability. Photodynamic therapy is a 
targeted cancer modality that depends on the photochemotherapeutic agent and 
light characteristics used to activate the compound. The possibility of eradicat-
ing breast cancer depends on continuous development of therapeutic approaches 
using third-generation photochemotherapeutic compounds to improve targeting 
this cancer and its stem cells.

Keywords: breast cancer, cell cycle regulation, genetic mutation,  
tumor microenvironment, cancer therapies, new photosensitizers

1. Introduction

Both males and females have breasts, which are composed of adipose (fat) 
tissues, supplied by nerves, blood vessels, lymph nodes and vessels, connec-
tive tissues, and ligaments. The breasts superimpose the pectoral muscles and 
are predominantly pronounced in females after puberty. Breasts consist of 
mammary glands that contain at least a dozen of lobes, further subdivided into 
lobules, and stimulated lobules are able to initiate and produce milk. The lobules 
are specially structured and connected to a system of ductal channels to deliver 
milk to the nipple. The glandular and ductal structures are surrounded by dense 
fat and connective tissues, which determine the size of a breast (Figure 1) [1, 2].  
This anatomy is completed by a network of connective tissues, ligaments, 
nerves, and both lymph and blood vessels for proper structural and functional 
processing [3].



Breast Cancer Biology

84

Like any other cell cycle, the breast cell cycle endures proper cell proliferation 
and functioning by duplicating cell genetic materials and giving off two daughter 
cells during each cycle. It consists of four distinctive phases and in the first or 
quiescence phase (G0), the cell remains in a resting state, where cell division is 
stationary. The second is known as the intermitotic phase and is further subdi-
vided into a gap 1 phase (a prior-DNA synthesis stage) in which cell size increase 
and control mechanisms ensure readiness for DNA replication (genetic synthesis) 
and post-DNA synthesis (gap 2) to ensure readiness for actual cell division. The 
mitotic phase or sequential cell division consists of prophase, metaphase, ana-
phase, and telophase. The fourth and final is the cytokinesis phase in which the 
cytoplasm of eukaryotic cells is divided into two identical cells [4, 5]. To guar-
antee the integrity of this outcome, a special group of cyclin-dependent kinases 
(CDKs) play crucial roles in regulating cell cycle progression and are also involved 
in other processes including regulation of transcription, mRNA processing, and 
differentiation [6, 7]. When combined with cyclins in dividing cells, stimulated 
CDKs regulate the sequential events of cell cycle and ensure proper cell division 
[6]. Cyclins belong to a family of proteins without catalytic ability, expressed 
at specific subcellular locations, but are able to bind to CDKs and activate the 
regulatory and catalytic activities [8]. The regulation of downstream proteins 
and specific cell cycle checkpoints at different phases of cell cycle is dictated by 
the cyclin-CDK interactions and combinations of those. For instance, during 
the G1 phase, the combination of cyclin D-CDK4 and cyclin E-CDK2 induces 
phosphorylation of Rb protein, subsequent activation of E2F proteins, and further 
expression of E2F reactive genes. These genes encode for cell cycle regulators 
responsible for G1/S transition. Similarly, during G2 phase, the combination of 
cyclin A-CDK2 and cyclin B-CDK1 prompts phosphorylation and activation of 
FoxM1 and recruitment of a histone deacetylase p300/Creb-binding protein that 
further leads to the expression of FoxM1 target genes. These genes encode for cell 
cycle regulators that are essential for the mitosis and effectors of the chromosomal 
segregation (Figure 2) [9].

Figure 1. 
Schematic representation of the breast. Milk passages from the alveoli through the milk ducts to the nipple 
during breast feeding.
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2. Genetic mutation and types of breast cancer

Abnormal expression or change occurring in the activity of cyclin-CDK com-
binations leads to the loss of cell cycle control, where cells no longer follow the 
distinctive progression and go into a malignant formation [6]. Breast cancer is a 
heterogeneous disease characterized by change in morphology, invasive behavior, 
metastatic ability, and hormone receptor expression, leading to malignant cells 
multiplication in breasts with ability to spread to other parts of the body, if the 
condition is not treated [10, 11]. Breast cancer is the most commonly diagnosed 
invasive cancer in women, and second main reason of cancer-related death, after 
lung cancer. Common symptoms include and are not limited to thickness of breast 
tissues, lumps in the armpits, persistent pain through monthly cycle, pigmenta-
tion change or peeling or scaling of the skin of the breast, altered breast size and 
shape, inverted nipples and rash around the nipple area with a likely discharge [11]. 
Mutations in some genes controlling checkpoints like the cell cycle inhibitors, Rb 
and p53 may induce dysregulated cell cycle and so encourage tumor formation [12]. 
These strategic checkpoints prevent cell cycle progression till the verification of 
essential phase processes and nuclear repair have been completed. Other genes like 
BRCA, which is an abbreviation for breast cancer gene, have been found influenc-
ing the development of breast cancer. In fact, there are two types of BRCA genes, 
BRCA 1 and BRCA 2, and they do not cause but prevent breast cancer by repairing 
DNA breaks, which could encourage uncontrolled growth of tumors and cancer. 
Thus, BRCA genes are tumor suppressor genes. However, in some people (around 
1 in 400), these tumor suppressor genes do not function properly, leading to gene 

Figure 2. 
Cyclin-dependent kinase (CDK) combinations control Rb/E2F- and FoxM1-induced transcription. During the 
G1 phase, cyclin D-CDK4 and cyclin E-CDK2 combinations disassemble Rb-E2F dimer and phosphorylate Rb, 
causing the activation of E2F proteins and the expression of E2F-responsive genes. The genes encode for cell cycle 
regulators required for G1/S transition (cyclin E, cyclin A, CDK1, TK, CDC6, and Orc1). During the G2 phase, 
cyclin A-CDK2 and cyclin B-CDK1 combinations phosphorylate and activate FoxM1, causing the recruitment of 
a histone deacetylase p300/CBP that further activates the expression of FoxM1 target genes. These genes encode 
for mitotic regulators (cyclin B) and chromosomal segregation effectors (Cenpf). Rb = retinoblastoma protein 
CDK = cyclin-dependent kinase, TK = thymidine kinase, CDC6 = components of the DNA replication machinery, 
Orc1 = origin recognition complex subunit 1, CBP = CREB binding protein, Cenpf = centromere protein factor.
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mutation. When mutated, BRCA genes can no longer carry out their function of 
repairing broken DNA and preventing breast cancer. Due to this genetic malfunc-
tion, mutated BRCA gene carriers are more prone to develop breast cancer even at a 
younger age and can equally pass this mutation down to offspring. This seems to be 
rare with less than 10% of diagnosed women having BRCA mutation. Individuals 
with the BRCA1 mutation have 55–65% chance of developing cancer before age 70, 
compared to a lesser portion, 45%, for individuals with the BRCA2 mutation. The 
BRCA1 mutation is the worse of the two and BRCA1 mutated individuals are more 
likely to develop a triple negative breast cancer, a hormone dependent form, more 
aggressive and lesser curable, with higher risk of developing second cancer after 
successful treatment, known as breast cancer recurrence. However, the majority of 
breast cancer cases can be successfully cured when detected early, even those with a 
BRCA1 or BRCA2 mutation [13].

There are several types of breast cancers, and ductal carcinoma in situ (DCIS) is 
a non-metastatic and non-invasive type that occurs in the ductal cells and this type 
might be highly curable. Lobular carcinoma (LCIS) is another in situ non-metastatic 
and non-invasive type, which occurs in cells of the milk-manufacturing lobules, but 
has the potential to evolve into an invasive type of breast cancer. The most common 
type is certainly the invasive ductal carcinoma that occurs in the ductal cells and 
then invades other breast areas with metastatic abilities. Similarly, the invasive lobu-
lar carcinoma starts in the lobules and has metastatic abilities; however, it is a very 
uncommon type of breast cancer. The breast cyst is a noncancerous (benign) type 
with fluid-filled sac that may be drained. This type is usually diagnosed in females 
who are in their 30s or 40s. Another early and noncancerous solid type is breast 
fibroadenoma, commonly affecting vicenarian and tricenarian women in their 
20s and 30s and is characterized by the presence of a pain-free and mobile lump in 
the breast. Fibrocystic breast is a common noncancerous condition with a breast 
lump that may be altered throughout the menstrual cycle. The breast hyperplasia 
is characterized by the abnormal proliferation of noncancerous cells in ductal areas 
and may increase the risk of developing breast cancer. An atypical breast hyperpla-
sia may develop either in ductal or lobular areas and might significantly increase 
the rsik of breast cancer by four to five times when compared to a healthy woman. 
The intraductal papilloma is a noncancerous wart-like growth within the ducts 
that may cause bloody fluid leakage from the nipple. Another noncancerous condi-
tion is breast adenosis that is caused by lobular expansion and has to be diligently 
diagnosed, as it may resemble breast cancer in some occurrences. Another difficult 
to diagnose type of breast cancer (as it might bear a resemblance to fibroadenoma) is 
phyllodes tumor, a rare and immense breast tumor that may be benign or malignant 
and develop around age 40. Fat necrosis may seem like breast cancer but is a lump 
scar tissue as a result of repairs occurring in the fat tissues of the breast. Commonly 
occurring in nursing mothers, mastitis is an inflammation of the breast as a result of 
infection accompanied by redness, pain, warmth, and swelling. Breast calcification 
refers to the calcium deposits in the breast and has to be diagnosed accordingly, as 
it may suggest something else. More and more seen is the overdevelopment of male 
breasts, known as gynecomastia, and it may affect men of all ages [14, 15].

3. Chemistry, pathophysiology, and staging of breast cancer

The characteristics of the environments where breast cancer develops are similar 
to those of any other cancer. In order to survive, cancer cells must maintain a suit-
able acid-base balance. As a result of extensive carbon dioxide and lactic acid pro-
duction, cancer cells are constantly experiencing acid–base fluxes, which severely 
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affect the pH, especially intracellular pH. To maintain a suitable intracellular pH 
level, specialized pH-dependent transporters regulate the exchange of H+ or HCO3

− 
ions [16]. These specialized proteins are able to induce pH changes by facilitating 
new interactions or eliminating others [17]. Cancer cells need substantial input of 
energy for their ever-increasing metabolic demand. Human tumors tend to grow 
around blood vessels, causing extracellular acidity in tumors and outermost cells 
to become necrotic. The low microenvironmental oxygen tension and pH are the 
hallmarks of cancer [18–20]. Swiftly, tumors become poorly perfused and require 
extra diffusion mechanisms, and carbonic anhydrase plays essential functions in 
controlling extracellular pH and giving cancer cells alternatives to adjust to micro-
environmental acidity and drive disease progression [16].

Although individuals with family history of breast and ovarian cancers have 
higher risk, both myoepithelial and epithelial cells found in the stratified epithelium 
of breast are understood to be able to initiate breast carcinogenesis or stem cells that 
give rise to them [21, 22]. Immune mechanisms aim to identify and destroy cancer 
cells and DNA-damaged cells. Moreover, RAS/MEK/ERK and PI3K/AKT pathways 
control the mechanisms of cell suicidal events. Breast cancer commonly arises due to 
genetic mutations and environmental factors that alter these mechanisms. Exposure 
of epithelial and/or stromal cells to a certain level of estrogen or adipose-derived 
hormones or signaling factors can promote cell proliferation and carcinogenesis in 
breast [23, 24]. Telomerases cease to perform chromosomal shortening roles, exten-
sive cell replication occurs, cancer cells continue to proliferate beyond boundaries 
through blood and lymph systems, and form secondary tumors [25, 26].

The deepness, size, and type determine the stage of breast cancer from non-
invasive to metastatic tumor [27]. Starting in confined localization, tumor initiates 
without evidence in neighboring cells and a well-known instance of stage 0 breast 
cancer is DCIS [28]. The next is the invasive stage and is characterized by two 
categories: stage 1A is a tumor with a diameter lesser than 2 cm and absent in lymph 
nodes, while stage 1B describes a tumor greater than 2 cm in diameter and present 
in lymph nodes [29]. Then, there are two other sub-categories where 2A designates 
tumor localization in axillary lymph nodes with a diameter lesser than 5 cm and 2B 
tumor has a diameter greater than 5 centimeters and is not in axillary lymph nodes 
[30]. The third stage is characterized by three sub-categories: 3A describes tumor 
in 4–9 axillary lymph nodes, while 3B tumor can be inflammatory or not with up to 
9 axillary lymph nodal sites and is able to cause ulcer and various skin alterations 
including red, warm, and swollen breast skin. Stage 3C describes a tumor affecting 
at least 10 axillary lymph nodal sites and area below the clavicle [31]. The final and 
advanced stage 4 defines a metastatic tumor that has spread to other organs like 
lungs, bones, liver, brain, and others [32].

4. Some of the current breast cancer therapies and limitations

Breast feeding women have a lesser risk of developing breast cancer and the 
defensive mechanisms have not yet been identified [33]. Breast cancer treatments 
differ and depend on the stage, mass, site, metastatic ability or not of the condition, 
and the health status of the patient. Currently, the main forms of treatment for 
breast cancer employ surgery, radiation therapy, hormone therapy, and chemother-
apeutic agents [15]. Surgery is the foremost utilized strategy for non-metastasized 
breast cancer and varies according to the affected tissues [34]. Lumpectomy is 
known as a breast-conserving surgery, where a partial mastectomy procedure is 
performed at initial stages of the condition and aims to save the major part of the 
breast by removing the affected breast part, together with limited healthy tissues 
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it may suggest something else. More and more seen is the overdevelopment of male 
breasts, known as gynecomastia, and it may affect men of all ages [14, 15].
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The characteristics of the environments where breast cancer develops are similar 
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and the health status of the patient. Currently, the main forms of treatment for 
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apeutic agents [15]. Surgery is the foremost utilized strategy for non-metastasized 
breast cancer and varies according to the affected tissues [34]. Lumpectomy is 
known as a breast-conserving surgery, where a partial mastectomy procedure is 
performed at initial stages of the condition and aims to save the major part of the 
breast by removing the affected breast part, together with limited healthy tissues 
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and surrounding lymph nodes. It is often complemented with other forms of treat-
ment in order to prevent mastectomies [35]. However, some of the adverse effects 
are removal of healthy tissues along with the cancer, soreness, short-term inflam-
mation, altered breast appearance, and sclerosis [36]. When not the first choice, 
mastectomy is often recommended whenever the disease persist after lumpectomy 
was not sufficient. Nevertheless, the loss of breast is usually accompanied with a 
profound sense of loss of a woman’s self-esteem and further depression in most 
women [37]. Radiation therapy utilizes high-energy rays to eradicate cancer cells 
and highly proliferating cells, like those in nails, skin hairs, and others as well. 
Brachytherapy is a faster partial breast irradiation that directs radiation mostly 
to and around the affected cancer area, which is better than to irradiate the entire 
breast [38].

Estrogen and progesterone receptors play important roles in the management of 
breast cancer as they are used to enhance the selectivity of the treatment. Hormone-
dependent treatments using estrogen receptors yield better responses than those 
with progesterone [39]. The anti-estrogen drugs are commonly used for breast 
cancer treatments. Tamoxifen had been one of the foremost of these drugs and 
highly recommended for women with positive estrogen receptor breast carcinoma. 
Tamoxifen prevents estrogen from entering into breast cancer cells and further 
development of the condition [40]. Although its therapeutic efficacy for breast 
cancer has relatively low adverse effects when compared to other anti-estrogen 
counterparts, this anti-estrogen drug tends to compete with estrogen for binding 
to estrogen receptors in breast and other organs including uterus, liver, and bones 
[41]. Both raloxifene and tamoxifen are recognized as selective estrogen receptor 
regulators and able to prevent or stimulate estrogen-like activity in different tissues 
by disturbing the estrogen receptors [42]. Additionally, various side effects are asso-
ciated with the use of anti-estrogen agents, and tamoxifen affects venous throm-
bosis, cataract, endometrial cancer, menstrual disorders, and hot flushes, while 
raloxifen brought about lesser damages in some cases and minor danger of cataract 
and thromboembolism than tamoxifen [43, 44]. Chemotherapy can be used prior 
to surgery or postsurgery depending on the condition of the patient; it refers to the 
usage of medicines to eradicate rapidly proliferating and metastatic cancer cells 
or to minimize their development [45]. The most commonly used chemothera-
peutic medicines are Docetaxel, Paclitaxel, Cisplatin, Carboplatin, Vinorelbine, 
Capecitabine, Liposomal doxorubicin, Cyclophosphamide, and Carboplatin, and 
they are associated with numerous side effects [46, 47].

5. Targeted breast cancer therapy

Sometimes, the success of treatment is hindered by drug resistance, which has 
emerged as a main concern for the fight against cancer. Targeted therapy uses drugs 
to target specific genes or proteins to manage some types of breast cancer from devel-
oping and spreading. The human epidermal growth factor receptor 2 (HER2) is a 
gene involved in the development of breast cancer and Herceptin is a commonly used 
drug to target HER2-positive breast cancer [48]. Gene therapy utilizes virus to deliver 
and replicate new genes into patients’ cells to replace damaged genes. This approach is 
a very selective targeted approach for precise molecular abnormalities associated with 
development of breast cancer, like mutated BRCA1 and p53 genes [49, 50].

Cancer stem cells (CSCs) are potential effectors of self-renewal, proliferation, 
and differentiation and play crucial roles in cancer survival and recurrence [51]. 
The necessity for cancer stem-cell therapy for breast cancer is justified by the rec-
ognition of stem cells in normal as well as in malignant tissues of the breast. CSCs 
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have been identified as the source of molecular complexity of breast carcinoma in 
human. Thus, anti-CSC therapeutic approach would assist with prevention and 
management of various forms of cancer cells, including therapeutically resistant 
breast cancer cells by efficient targeting of breast CSC surface markers such as 
ESAþ, CD44þ, CD24−/low, Lineage- and ALDH1high [52, 53]. Owing to unpredict-
able physico-chemical properties of certain therapeutic agents in physiological 
environments, the exploitation of such targeted approaches, like the anti-CSC 
therapy, rests on the usage of suitable delivery systems. Nanomedicine offers the 
option of using specially designed drug-nanocarriers to integrally deliver thera-
peutic agents into cancer sites and CSCs niches [52]. Additionally, this option offers 
additional advantages including the designing of therapeutic systems directed 
towards pump-mediated drug resistant (ATP-driven) while having limited side 
effects on healthy cells and normal stem cells [52].

6. Photodynamic therapy for breast cancer

Photodynamic therapy (PDT) is a minimally invasive and clinically approved 
procedure for eradicating designated malignant cells with precise light activation of 
a non-toxic photochemotherapeutic agent, known as photosensitizer (PS). PDT is a 

Figure 3. 
Photodynamic cancer therapy actions: (1) administration and uptake of a photosensitizer (PS) and ligand-
conjugated PS (LPS), which accumulate into either tumor cells/surrounding. The lower extracellular pH 
improves PS uptake by tumor cells. Conjugation of PS with specific ligands helps to target the vasculature 
surrounding breast tumor cells. (2) light irradiation at a wavelength matching the absorption properties of PS 
and (3) light activation of PS/LPS and induction of cell death. Immuno-activation stimulates phagocytosis of 
PDT-damaged tumor cells and cell removal. PDT may mediate an immune response causing tumor cell death 
at distant sites.
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improves PS uptake by tumor cells. Conjugation of PS with specific ligands helps to target the vasculature 
surrounding breast tumor cells. (2) light irradiation at a wavelength matching the absorption properties of PS 
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sequential procedure involving three main steps: (1) administration of a PS, which 
is internalized into either tumor cells or immediate vasculature; (2) local irradiation 
at a wavelength matching the absorbance peak of the PS; and (3) light activation of 
the PS, which mediates energy transfer cascades, generation of cytotoxic reactive 
oxygen species, and subsequent cell death [54, 55]. PDT is a selective approach and 
capable of using the specific traits of the tumor microenvironment of breast cancer. 
The low pH in tumor microenvironment enhances PS uptake into cells and this 
uptake can be further improved by conjugating PS to endothelial cell (EC)-specific 
ligands and target vasculature surrounding tumor (Figure 3). The effect of PDT 
is derived from three mechanisms: direct cytotoxic effects on tumor cells, indirect 
damage to tumor vasculature, and induction of immune responses [56]. Both 
parenchymal (tumor) and stromal (non-tumor) populations coexist in the tumor 
microenvironment, making it different from those of normal cells. There is a strong 
interrelation between these two populations within the tumor microenvironment 
as the ECs (which are stromal) are essential in providing the required hormones, 
oxygen, and other essential nutrients to both populations, while tumor cells develop 
and maintain the endothelial angiogenesis [57, 58]. PDT dosimetry depends on the 
complexity of the parenchymal cells and should take into consideration the stromal 
cells, so as to only attain complete tumor eradication [57]. Hence, the effective 
use of ligands for targeted PDT for breast cancer by conjugating factor VII (fVII) 
(ligand) with verteporfin or chlorin e6 (PSs) to exclusively prompt cell death mech-
anisms in the breast cancer cell population [59, 60]. Such approaches were efficient 
to target neovasculature and drug-resistant breast tumors, but paved the way for 
the improvement of future targeted PDT complexes [59–61]. The high recurrence 
and poor prognosis of breast cancer are directly related to the overexpression of 
certain receptors in breast cancer cells, such as estradiol receptors, the human epi-
dermal growth factor receptor 2, gonadotropin-releasing hormone receptors, and 
tisular factor VII receptors [62]. They are appropriate sites for receptor-targeting 
approaches and beneficial for development of better PDT agents.

7. New photosensitizer-mediated PDT for breast cancer

The uptake and retention of PS by neoplastic cells is a decisive event in the 
progression and success of PDT. In its ground state, the singlet PS possesses two 
electrons with opposed spins. When irradiated at appropriate quantum energy 
(wavelength), the PS absorbs a photon and one of its electrons is excited into a 
higher energy level, which lasts for a few nanoseconds. The excited and unstable 
PS may lose the excess energy by fluorescing (light emission), internal conversion 
(heat emission), or undergoing intersystem crossing to reach a stable and excited 
triplet state with parallel spins and longer lifespan (microseconds). Due to the 
quantum selection rules, the triplet excited PS can interact and transfer its energy 
to molecular oxygen to form singlet oxygen (type II reaction, more common) or 
undergo electron transfer reactions to form reactive oxygen species (type I reaction) 
before returning to its ground state. The most common PSs are porphyrins, chlo-
rins, bacteriochlorins, and phthalocyanines, they all possess tetrapyrrolic structures 
and many are clinically used. Phenothiazine, squaraine, and boron-dipyrromethene 
are major synthetic dyes, while hypericin, riboflavin, and curcumin are natural 
PSs. More and more PSs are being conjugated to antibodies, peptides, proteins, and 
other ligands for targeted PDT. Nanoparticles are multifunctional materials with 
various medical applications and they are mostly used in PDT to deliver PSs to the 
tumor-targeted sites, and recently to increase light penetration into tissue [63]. 
The increased use of nanoparticles as drug carriers significantly reduces the risk 
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of non-specific accumulation and adverse effects in normal cells, while increases 
neoplastic targeting and therapeutic efficiency. Micelles, dendrimers, liposomes, 
and nanotubes are among the commonly used carrier systems in PDT. They do so by 
utilizing the enhanced permeability and retention effect and the acidic conditions 
created around the tumor microenvironment due to the high metabolic activities, 
developing porous endothelial junction and neovascularization [64, 65].

For the last two decades, extensive effort has been directed to the development 
of new PSs from first to third, and from simple to more complex PS entities for 
enhancing PDT outcomes in neoplastic-bearing animals and patients. Currently, 
third-generation PSs are under development in order to improve the PDT outcomes 
with two main research focuses, namely gene engineering-induced PDT and nano-
medicine in PDT [66]. These PSs are synthesized based on specific cancerous char-
acteristics like the Warburg effects, a recognized phenomenon arising due to the 
fact that cancer cells consume higher levels of glucose than normal cells. So, sugar-
conjugated chlorin (glucose-chlorin) PSs which were synthesized showed improved 
cancer cell selective accumulation, induced immunogenic cell damage, and stronger 
antitumor effects than second-generation PSs. Such sugar-conjugated PSs induce 
very robust antitumor effects by targeting sugar receptors on the surface of cancer 
cells and tumor-associated macrophages in stromal cancer cells [67]. Other third-
generation nanomaterial-mediated PSs like Chlorin E6 have shown strong ROS 
generation through formation of ion complexes. They are able to be encapsulated 
in gold nanoparticles as vesicles to achieve better penetration and are used for both 
diagnosis and treatment of cancer due to their strong absorption properties in the 
near-infrared range of 650–800 nm [68]. The cancer cell specificity and selectivity 
of PDT were inadequate with first- and second-generation PSs. With the develop-
ment of third-generation PSs, PDT has become significantly beneficial for enhanc-
ing tumor targeting, tissue penetration depth, and therapeutic efficacy.

8. Conclusions

Breasts are well-developed organs in females for the production of milk during 
lactation. A special group of CDKs are required for proper breast cell cycle and 
functioning at all times. When the cell cycle is no longer under control, breast 
cancer begins to develop and is characterized by several breast morphological 
alternations, as well as chemical and pathophysiological changes. Various means 
of breast treatments are available and the targeted options seem to provide better 
therapeutic value than conventional therapies. PDT has emerged as an effective and 
potent breast cancer treatment; however, it is highly dependent on the develop-
ment of more effective PSs. Thus, the development of new PSs is encouraged and 
PS complexes containing nanoparticles are one of the most recent developments to 
enhance delivery into tumor sites and treatment efficiency and decrease the adverse 
effects, which characterize the nontargeted therapies.
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electrons with opposed spins. When irradiated at appropriate quantum energy 
(wavelength), the PS absorbs a photon and one of its electrons is excited into a 
higher energy level, which lasts for a few nanoseconds. The excited and unstable 
PS may lose the excess energy by fluorescing (light emission), internal conversion 
(heat emission), or undergoing intersystem crossing to reach a stable and excited 
triplet state with parallel spins and longer lifespan (microseconds). Due to the 
quantum selection rules, the triplet excited PS can interact and transfer its energy 
to molecular oxygen to form singlet oxygen (type II reaction, more common) or 
undergo electron transfer reactions to form reactive oxygen species (type I reaction) 
before returning to its ground state. The most common PSs are porphyrins, chlo-
rins, bacteriochlorins, and phthalocyanines, they all possess tetrapyrrolic structures 
and many are clinically used. Phenothiazine, squaraine, and boron-dipyrromethene 
are major synthetic dyes, while hypericin, riboflavin, and curcumin are natural 
PSs. More and more PSs are being conjugated to antibodies, peptides, proteins, and 
other ligands for targeted PDT. Nanoparticles are multifunctional materials with 
various medical applications and they are mostly used in PDT to deliver PSs to the 
tumor-targeted sites, and recently to increase light penetration into tissue [63]. 
The increased use of nanoparticles as drug carriers significantly reduces the risk 
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of non-specific accumulation and adverse effects in normal cells, while increases 
neoplastic targeting and therapeutic efficiency. Micelles, dendrimers, liposomes, 
and nanotubes are among the commonly used carrier systems in PDT. They do so by 
utilizing the enhanced permeability and retention effect and the acidic conditions 
created around the tumor microenvironment due to the high metabolic activities, 
developing porous endothelial junction and neovascularization [64, 65].

For the last two decades, extensive effort has been directed to the development 
of new PSs from first to third, and from simple to more complex PS entities for 
enhancing PDT outcomes in neoplastic-bearing animals and patients. Currently, 
third-generation PSs are under development in order to improve the PDT outcomes 
with two main research focuses, namely gene engineering-induced PDT and nano-
medicine in PDT [66]. These PSs are synthesized based on specific cancerous char-
acteristics like the Warburg effects, a recognized phenomenon arising due to the 
fact that cancer cells consume higher levels of glucose than normal cells. So, sugar-
conjugated chlorin (glucose-chlorin) PSs which were synthesized showed improved 
cancer cell selective accumulation, induced immunogenic cell damage, and stronger 
antitumor effects than second-generation PSs. Such sugar-conjugated PSs induce 
very robust antitumor effects by targeting sugar receptors on the surface of cancer 
cells and tumor-associated macrophages in stromal cancer cells [67]. Other third-
generation nanomaterial-mediated PSs like Chlorin E6 have shown strong ROS 
generation through formation of ion complexes. They are able to be encapsulated 
in gold nanoparticles as vesicles to achieve better penetration and are used for both 
diagnosis and treatment of cancer due to their strong absorption properties in the 
near-infrared range of 650–800 nm [68]. The cancer cell specificity and selectivity 
of PDT were inadequate with first- and second-generation PSs. With the develop-
ment of third-generation PSs, PDT has become significantly beneficial for enhanc-
ing tumor targeting, tissue penetration depth, and therapeutic efficacy.

8. Conclusions

Breasts are well-developed organs in females for the production of milk during 
lactation. A special group of CDKs are required for proper breast cell cycle and 
functioning at all times. When the cell cycle is no longer under control, breast 
cancer begins to develop and is characterized by several breast morphological 
alternations, as well as chemical and pathophysiological changes. Various means 
of breast treatments are available and the targeted options seem to provide better 
therapeutic value than conventional therapies. PDT has emerged as an effective and 
potent breast cancer treatment; however, it is highly dependent on the develop-
ment of more effective PSs. Thus, the development of new PSs is encouraged and 
PS complexes containing nanoparticles are one of the most recent developments to 
enhance delivery into tumor sites and treatment efficiency and decrease the adverse 
effects, which characterize the nontargeted therapies.
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Chapter 6

Breast Cancer and Exercise
Deniz Kocamaz and Tülin Düger

Abstract

Breast cancer is the most common type of cancer and the leading cause of death 
in women. Chemotherapy drugs, which are used to suppress growth and prolifera-
tion of cancer cells, prevent or minimize treatment-related symptoms, and improve 
the quality of life, lead to the destruction of normal cells with therapeutic effects 
as well as toxic effects. In response, symptoms such as pain, nausea, vomiting, 
fatigue, anorexia, anxiety, and depression occur in patients. Chemotherapy and 
its side effects adversely affect the physical and functional capacity of patients 
with cancer. In particular, the decrease in aerobic capacity affects muscle strength, 
endurance body awareness, and the quality of life. The practice of aerobic exercise 
programs during the treatment of breast cancer is important for reducing the side 
effects, improving physiological health, improving physical functions, preventing 
weight gain, and maintaining muscle strength. When the rehabilitation programs 
for breast cancer are individualized, become specific, and realistic goals are set, the 
positive effects of exercise can be seen.

Keywords: breast cancer, exercise, aerobic exercise, physiotherapy, rehabilitation

1. Introduction

Breast cancer is the most common type of cancer in women. The incidence of 
breast cancer is increasing all over the world. The mortality rate of breast cancer 
decreases in developed countries in parallel with the methods used for diagnosis 
and treatment, but the rate of breast cancer mortality increases in developing 
countries [1].

Different treatment methods can be used in breast cancer treatment. Treatment 
protocols, which are suitable for surgical, radiotherapy, and systematic, can be 
practiced individually or after one another. While the treatment programs are being 
developed, the importance of improving the survivability and the quality of life as 
well as the control of cancer-related symptoms are increasing [2, 3].

Chemotherapy drugs are used in cancer cells to suppress growth and prolifera-
tion, to prevent or minimize treatment-related symptoms, and to improve quality 
of life. However, these drugs, along with their therapeutic and toxic effects, destroy 
normal cells. Fatigue, loss of appetite, nausea, vomiting, pain, weakness, hair loss, 
bone marrow suppression, insomnia, mucosal and skin problems, pain, neurologi-
cal problems, and sexual problems may occur depending on the medication taken 
after chemotherapy and the tolerance of the individual [4].

During chemotherapy and rehabilitation process of patients, systemic problems, 
laboratory values, and high fever should be evaluated before and after each treat-
ment session. The patient can continue the exercise program, if the fever is below 
38°C, the platelet count is 50, 000 and above, the leukocyte count is 5000-10,000, 
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and the hemoglobin is 8 or above. Besides, symptoms such as nausea, vomiting, and 
diarrhea should be taken into consideration regarding the quality of the exercise 
program. The minimal changes in these values lead to differences in the type, sever-
ity, and duration of the exercise program [3].

Radiotherapy is one of the preferred methods for the treatment of breast cancer. 
In the radiotherapy process, skin damage, sensory problems, loss of joint mobil-
ity, and bone fracture risk should be taken into consideration, while planning 
rehabilitation programs. In addition, changes in normal tissue exposed to radiation 
cause some side effects. Some of these side effects are as follows: fatigue, bone 
marrow depression, erythema in the skin, pigmentation, burns, hair loss, central 
nervous system effects, bone growth retardation, radiation pneumonia, pain, and 
ulcers. When planning rehabilitation programs in patients receiving radiotherapy, 
it should be aimed to minimize the possible side effects of the treatment and to 
increase the functionality level of individuals [5].

Patients admitted to oncology outpatient clinics, hormone therapy, chemo-
therapy, and radiotherapy can experience problems depending on the side effects of 
drugs. Increasing the quality of life of individuals and minimizing the side effects  
of treatment is one of the priorities of the health care members working in the field 
of oncology.

2. Breast cancer and quality of life

Cancer is a chronic disease that has physical, psychological, and cognitive 
recovery and aggravation periods. About 33% of cancer survivors reported that the 
obvious cause of deterioration in the quality of life is fatigue. The primary goal of 
women with breast cancer and survivors of breast cancer is the improvement of 
functions affected by cancer-related treatments [6].

The period after diagnosis and treatment means the important adaptations con-
cerning physical, social, cognitive, emotional, and economic aspects for the patients 
with breast cancer and their immediate circle. The activity participation levels, 
interests, and quality of life of individuals are reshaped, especially for the survivors. 
The goals of rehabilitation vary in cancer patients at different stages of the disease. 
The primary goal is to continue and maintain the quality of life and functionality 
in the diagnosis phase. It is in the forefront to support improvement in the treat-
ment stage and to prevent the quality of life to be adversely affected. The inclusion 
of individual submaximal aerobic exercise programs to maintain and enhance the 
quality of life is the first step in oncologic rehabilitation.

Various scales have been developed to determine the quality of life in breast 
cancer. Nowadays, there is growing evidence that quality of life in breast cancer 
should be evaluated in detail. Besides being affected by many factors, the quality of 
life is subjective and difficult to evaluate. There are few specific questionnaire for 
cancer: European Organization for Research and Treatment of Cancer (EORTC) 
Quality of Life Questionnaire and Breast Cancer Supplement (EORTC QLQ—C 30 
and QLQ—BR 23), The Functional Assessment of Chronic İllness Therapy General 
Questionnaire and its Breast Cancer Supplement (FACIT-G and FACIT-B), and The 
Breast Cancer Chemotherapy Questionnaire (BCQ ) [7, 8].

3. Breast cancer and functional capacity

The long process and the side effects of cancer treatment may lead to a 
decrease in functional capacity. It might lead particularly to the reduction of 
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aerobic capacity, muscle strength reduction, flexibility, changes in body com-
position, and affecting patients’ health-related quality of life. In recent years, 
breast cancer mortality is decreasing. However, the need for rehabilitation in 
the recovery of the reduction in functional capacity due to the side effects of the 
treatment is increasing [9].

Aerobic exercises, stretching, relaxation exercises, strengthening exercises, 
combined exercise programs, body awareness training, energy conservation tech-
niques, dance therapy, and yoga are aimed to increase functional capacity in breast 
cancer patients [10].

Individualized rehabilitation programs should be planned to determine exercise 
capacity and increase functional capacity in cancer patients. A 6-minute walk test, 
bicycle ergometer, and walking band can be used under the supervision of phys-
iotherapist with cardiologist recommendation during the evaluation and exercise 
training.

4. Breast cancer and rehabilitation

Cancer rehabilitation in the literature is one of the special rehabilitation 
approaches in physiotherapy and rehabilitation since 1940. In a study conducted in 
1978, the areas where rehabilitation was needed were investigated, and problems 
were identified in the areas of psychological stress, pain, muscle weakness, daily life 
activities, ambulation, and family support. Thus, the studies aimed to support the 
quality of life of cancer patients have gained importance [3].

Currently, studies conducted with cancer patients indicated the impact of exer-
cise on fatigue, pain, muscle strength, functional capacity, and quality of life. Due 
to cancer treatments and its side effects, changes in physical, functional, cognitive, 
and emotional well-being may be observed in patients. This situation affects the 
daily activities and role functions of the cancer patients and clearly emphasizes the 
need for rehabilitation programs [10].

Fatigue is the most common symptom in cancer patients. The National 
Comprehensive Cancer Network has expressed the relationship between fatigue 
and cancer as a result of the psychosocial interaction of physical, systematic, 
cognitive, and emotional changes due to long-term treatment. The main purpose 
of oncologic rehabilitation is to remove the chemicals taken by systemic treatments 
and radiotherapy, increase the amount of tissues oxygenation, and maintain muscle 
strength and endurance. Aerobic exercises have an important role in accelerating 
the excretion of toxic substances accumulated in the body due to the side effects of 
radiotherapy and chemotherapy and increasing the oxygenation of tissues in order 
to minimize fatigue complaints [11, 12].

4.1 Breast cancer and oncologic rehabilitation

Oncologic rehabilitation is a medical process that aims to reduce the cancer 
patients’ complaints during the illness, to increase the level of independence, and 
to increase the quality of life. Studies on conservation, recovery, and development 
of the physical, environmental, social, cognitive, psychological, and professional 
functions require experience and multidisciplinary team in the field of oncologi-
cal rehabilitation. The oncologic rehabilitation team consists of patients, doctors, 
nurses, physiotherapists, psychologists, nutritionists, dieticians, social workers, 
speech therapists, and relatives of the patient. Physiotherapists aim to improve the 
quality of life of cancer patients using individualized exercise programs in the treat-
ment and survival periods starting from the diagnosis stage [12, 13].
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While planning individual exercise training in oncologic rehabilitation, the 
type and stage of cancer, as well as the patient’s complaints, should be considered. 
Progressive weighing down should be performed to increase muscle performance. 
This weigh principle means increasing the frequency, intensity, severity, and exercise 
type gradually and individually. It aims to maximize the cardiopulmonary potential 
with pretreatment term exercises in cancer. In the treatment term, the aim is to 
improve the quality of life, the functional capacity of the individual, and to develop 
their limited skills. In the posttreatment term, the aim of exercise training is to adapt 
the individual to the physical and environmental changes that may occur in daily life.

The survival duration of breast cancer patients increased due to the develop-
ments in cancer treatments. It is important to decrease the treatment-related 
complications and improve the quality of life during the survival period. Upper 
extremity limitations, pain, fatigue, sensory problems, the decrease in functional 
capacity, and loss of muscle strength are common complications in breast cancer 
patients. In the studies conducted in the field of oncologic rehabilitation with breast 
cancer patients, it was stated that aerobic exercise programs had an important role 
in increasing the quality of life and functionality. Furthermore, in the literature, 
the effects of various physiotherapy applications such as pilates and yoga exer-
cises, complex decongestive physiotherapy applications, strengthening exercises, 
relaxation exercises, and banding techniques have been shown within the scope of 
oncologic rehabilitation programs for individuals with breast cancer [14].

4.2 Stretching and relaxation exercises in breast cancer

Stretching exercises are frequently preferred in physiotherapy and rehabilita-
tion programs, and they are a simple but effective component of treatment when 
applied correctly. Although the literature on stretching exercises is constantly 
being updated, physiotherapists are used to improve normal joint movement and 
physical fitness to reduce muscular fatigue and to improve proprioception and body 
perception.

Exercises consisting of active stretching and relaxation techniques such as 
pilates, yoga, and dance therapy can be used in rehabilitation programs in breast 
cancer patients. These exercises are preferred to support the body image of the indi-
vidual during the treatment and posttreatment periods, to increase awareness, and 
to improve the physical fitness of the patient. It is aimed to accelerate the excretion 
of toxic substances and reduce fatigue complaints by increasing the circulation and 
muscle feeding with stretching and relaxation exercises [10, 15].

4.3 Aerobic exercise in breast cancer

Aerobic capacity refers to the measurement of the functional capacity of the 
cardiopulmonary system. It is associated with the ability to perform dynamic, 
medium/high-intensity exercise, which includes the use of long-term, large muscle 
groups. Aerobic exercises contribute to increase the quality of life by decreasing 
the fatigue level due to cancer treatment and insulin resistance due to the metabolic 
structure of the individual with breast cancer [16].

Aerobic exercise training means increasing the energy capacity of the muscle 
with exercise. Exercise programs are usually prepared considering the frequency, 
duration, density, and type parameters. The intensity of aerobic exercise progresses 
from low to medium in breast cancer patients. The heart rate should be 65–80%, 
and the exercise program should continue for at least 20–30 minutes for the mini-
mum effect [10, 16].
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Increasing the level of physical activity in cancer contributes to increase survival 
rates and quality of life. It has been shown that the mortality rate decreases with 
regular exercise programs in individuals with breast cancer. Increasing physical 
activity during breast cancer treatment has an important role in minimizing the side 
effects of chemotherapy and radiotherapy, providing body awareness, and increas-
ing muscle strength [17, 18].

Physiological responses following aerobic exercise training result in changes in 
the cardiovascular system and peripheral muscles. With regular aerobic exercise, 
the capacity to use oxygen in peripheral muscles increases. In addition to endurance 
exercises, change in oxidative enzyme capacity, fiber type, and capillary density 
is observed. Lactate accumulation in muscle is reduced, and less carbon dioxide 
production is achieved during the exercise process. Maximal oxygen consumption, 
one of the side effects of cancer treatments, decreased, and accumulation of toxic 
substances causing fatigue complaints increased.

In studies on the effectiveness of aerobic exercise in breast cancer patients and 
survivors, it was stated that myoglobin levels increased, immune system functions 
improved, fat destruction was accelerated, functional capacity and quality of 
life improved, and body composition improved, besides the reduction of fatigue 
complaints and acceleration of the excretion of toxic substances. In addition, 
red blood cell counts may decrease in cancer patients as one of the side effects of 
treatment. This leads to a reduction in physical performance and fatigue, as oxygen 
requirements cannot be fully met in activities requiring low effort. For this reason, 
the exercise programs must be personal. The severity of the exercise must adjusted 
according to personeal needs and the physiological responses. These details are 
important for cancer rehabilitation [18, 19].

Aerobic exercises in breast cancer patients have been proven to support body 
image and self-esteem, increase physical performance, weight control, and muscle 
strength. It is known that the aerobic exercises performed during the chemotherapy 
period contribute to the reduction of complaints due to side effects and to increase 
the functional capacity and quality of life. Nowadays, in the field of oncologic 
rehabilitation, the need for studies involving exercise programs during different 
treatments in breast cancer patients is increasing.

4.4 Calisthenic exercise in breast cancer

The word kalistenik is of Greek origin and derived from the word sthenos, which 
means kallos, and force, which means beauty. It is defined as the art of using your 
body to improve human physics. Calisthenic exercise is a useful form of exercise 
because the major muscle groups can be used in paced, rhythmic, different time, 
number, and intensity, which can be modified and can meet different physical 
fitness parameters. It can be applied without equipment. These aerobic exercises, 
which can be used for durability and flexibility, have been shaped by the modifica-
tion of the Carlson Fatigue Curve test [20].

Calisthenic exercises are preferred because of objective evaluation of physical 
performance, compliance with home exercise programs, and safe application to 
individuals with chronic disease. The advantage of these exercises is that they can be 
modified according to the individual and contributes to balance, strength, agility, 
coordination, and endurance.

Calisthenic exercise practice principles

• It is recommended that these exercises be performed in a noise-free environ-
ment and accompanied by music.
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• It is suitable to be rhythmic and counted in order to contribute to the aerobic 
capacity.

• For the 30-minute program, 1–3 exercises should be selected for each  
category for prone, prone and side-lying, sitting, standing categories, and 
60 minutes for each category.

• The exercise program should be performed at the same time throughout the 
treatment, preferably in the morning.

• Calisthenic exercises can be performed individually or in groups.

Calisthenic exercises in breast cancer patients can be preferred safely in diagno-
sis, treatment, and survival stages. Exercise examples that can be applied in breast 
cancer patients are as follows. These exercises should be applied gradually with the 
principle of individual weighing and under the supervision of a physiotherapist.

1. Reciprocal hip flexion and extension in the supine position.

2. Lifting reciprocal flat leg in the supine lying position.

3. Setting up a bridge in the supine position.

4. Hip abduction in the lateral lying position.

5. Beck extension in the prone position.

6. Shoulder elevation in sitting position.

7. The circular movement of the shoulders from the front to the back in sitting 
position.

8. Scapula adduction in sitting position (hands on back).

9. Shoulder flexion in standing position.

10. Shoulder abduction in standing position.

11. Reciprocal lateral flexion of the trunk in standing position.

12. Upward movement on toes with arm up.

13. Reciprocal hip and knee flexion in standing position.

14. Half-squat in standing position [16].

4.5 Strengthening exercises in breast cancer

Muscle strength is the force that a muscle or muscle group spends against 
resistance with maximum effort. Strengthening exercises preferred in women 
with breast cancer to protect and improve the muscular force of the vertebrae and 
extremities, to improve endurance, increase function and develop the quality of life. 
Progressive resistant exercise is a method that strengthens the muscle according to 
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the principles of adaptation and weighing down. DeLorme and Oxford techniques 
are commonly used methods in progressive resistant exercise.

Reduction in bone density, fatigue, decreasing of physical activity as a result of 
the loss of energy, decrease in the participation of Type I muscle fibers in contrac-
tion and loss of strength, anxiety, and depression may be observed depending on 
the side effects of breast cancer treatments. Strengthening exercises are required 
to increase muscle function and exercise capacity. In the literature, the most 
commonly used strengthening exercises in breast cancer patients are progressive 
resistant exercises. Schmitz et al. reported that there was a 30–50% increase in 
muscle strength in breast cancer patients who participated in progressive resistance 
exercise programs for 2 days and 12 months [21, 22].

In oncologic rehabilitation, exercise is recommended for 12 weeks, 3 times a 
week, 65–80% of the maximum heart rate, and 4–6 severity on the Borg scale. It is 
important to not to increase the fatigue complaints and maintain the physical perfor-
mance of breast cancer patients during the strengthening exercises. It is important to 
not to exercise more than 3 days a week and to plan 1-day exercise and 1-day rest (can 
be 2 day rest interval according to patient tolerance) for breast cancer patients.

5. Disease process and exercise

The World Health Organization mandates that exercise repairs physical, physi-
ological, and mental wellbeing in general and that consistent moderate-intensity 
exercise decreases the risk of cardiovascular disease, diabetes, and cancer [23]. 
Exercise programs for breast cancer have been reported to contribute to positive 
outcomes with developed treatment methods [24].

When creating rehabilitation programs, the type and stage of cancer, the needs 
and expectations of the individual, the progression of the disease, the status of the 
metastasis, the treatment protocols, and the side effects of the treatment should be 
considered. Physiotherapists who have an important role in the team of rehabilita-
tion should take a holistic approach to pre/post (remission) treatment periods, 
active care, protection, and palliative periods.

Determining the duration and frequency of rest intervals in planning the 
exercise programs that include individual loading principles increases the success 
of physiotherapy and rehabilitation in parallel with the process of the disease in 
reducing the fatigue complaints [25].

5.1 Pretreatment period in breast cancer

The pretreatment period is the process in which the disease is recognized by 
the breast cancer patient. The patient is admitted to the hospital, the diagnosis is 
made, but the treatments are not started yet. It is a sensitive and anxious period for 
the patients, and the physiotherapist’s approach to the patient is important for the 
effectiveness of the treatment. All body systems should be evaluated. The func-
tional status should be determined prior to the treatments, and the effects of the 
treatments should be demonstrated. Patients and their relatives should be informed 
about the importance of the starting physiotherapy programs during treatments, 
survival period, and in the palliative period [3, 26]. The exercises recommended 
during this period are given in Figure 1.

Studies in recent years have shown that exercise, especially moderate-intensity 
aerobic exercise, has been noted to be advantageous in some studies regarding the 
breast cancer outcomes, decreasing the mortality rate by >30%, and decreasing 
recurrence rates for females following a breast cancer diagnosis [27].
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5.2 Treatment period in breast cancer (active term)

It is the period when the treatments started, continued in the breast cancer 
patient, and the side effects started to be observed. All systems in patients receiving 
chemotherapy and radiotherapy should be evaluated in detail at frequent inter-
vals. Evaluating and recording the fatigue and pain are important in this period. 
Functional disability and endurance loss should be considered in planning treat-
ment programs.

Focusing on physiotherapy and rehabilitation programs during the treatment 
period will enable the patients to adapt to the new period of cancer. Starting the 
exercise programs at the submaximal level will improve the quality of life of indi-
viduals and facilitate their adaptation to treatment by taking into account the side 
effects that may occur following the first dose of treatment. In the literature, it was 
stated that it would be effective to give aerobic exercises beginning from the active 
period in breast cancer patients receiving chemotherapy and radiotherapy [5, 28, 29].  
The exercises recommended during this period are presented in Figure 2.

In the recent studies, it has been shown that respirator and functional capacity 
are increased, and sleeping disturbance, mood disturbance, and anxiety decreased 
following a 12-week aerobic exercise program in women undergoing adjuvant 
chemotherapy [30].

5.3 Maintenance/protection period in breast cancer

The exercise of maintenance and protection period consists of long-term 
exercises to keep the disease in remission. All systems and circumstances, caused by 
side effects, should be evaluated in detail at frequent intervals. Findings of different 
treatments should be noted. Complications such as muscle weakness and posture 
problems should be considered when planning physiotherapy and rehabilitation 
programs.

Ongoing physiotherapy rehabilitation studies are needed for women with breast 
cancer, especially during chemotherapy. Individualized exercise programs are the 

Figure 1. 
Exercise recommendation in pretreatment period.

Figure 2. 
Exercise recommendation in treatment period.
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important parts of the breast cancer treatment in order to reduce the side effects of 
treatment, to support individuals from physical, functional, and cognitive aspects, 
and to improve the quality of life [25]. The exercises recommended for this period 
are presented in Figure 3.

5.4 Posttreatment period/remission period in breast cancer

Remission period refers to the survival period in which cancer treatments are 
completed. All systems should be evaluated in detail. Musculoskeletal problems, 
sensory, motor, and cognitive problems should be examined in detail. When 
creating physiotherapy and rehabilitation programs, the individual’s specific needs 
and complaints should be taken into consideration. Loss of muscle strength, poor 
posture, loss of endurance, and decrease in quality of life are the most common 
complaints.

Most of the studies related to the breast cancer patients are concerned with the 
survival period. The effects of aerobic exercises especially on body image, sexual 
functions, quality of life, functional capacity, and cognitive functions have been 
confirmed [6, 10, 11]. The exercises recommended during this period are given in 
Figure 4.

In a cohort-longitudinal study, it was observed that fast walking (3 h/week) 
prior to and following a breast cancer diagnosis in postmenopausal women reduced 
the mortality rate by 40% [31]. Most importantly, reports in previous systematic 
reviews suggested that aerobic exercise with moderate-high intensity (50–85% of 
maximal heart rate), 3 times/week ranging between 8 and 24 weeks, to be the most 
frequent mode for breast cancer patients and survivors. Similarly, this program 
may also have a positive effect on the cardiovascular, muscular, and neurological 
systems. As a consequence, this can lead to improvements in quality of life, such as 
the ability to deal with daily tasks [32].

Figure 3. 
Exercise recommendation in maintenance/protection period.

Figure 4. 
Exercise recommendation in posttreatment period.



Breast Cancer Biology

108

5.2 Treatment period in breast cancer (active term)

It is the period when the treatments started, continued in the breast cancer 
patient, and the side effects started to be observed. All systems in patients receiving 
chemotherapy and radiotherapy should be evaluated in detail at frequent inter-
vals. Evaluating and recording the fatigue and pain are important in this period. 
Functional disability and endurance loss should be considered in planning treat-
ment programs.

Focusing on physiotherapy and rehabilitation programs during the treatment 
period will enable the patients to adapt to the new period of cancer. Starting the 
exercise programs at the submaximal level will improve the quality of life of indi-
viduals and facilitate their adaptation to treatment by taking into account the side 
effects that may occur following the first dose of treatment. In the literature, it was 
stated that it would be effective to give aerobic exercises beginning from the active 
period in breast cancer patients receiving chemotherapy and radiotherapy [5, 28, 29].  
The exercises recommended during this period are presented in Figure 2.

In the recent studies, it has been shown that respirator and functional capacity 
are increased, and sleeping disturbance, mood disturbance, and anxiety decreased 
following a 12-week aerobic exercise program in women undergoing adjuvant 
chemotherapy [30].

5.3 Maintenance/protection period in breast cancer

The exercise of maintenance and protection period consists of long-term 
exercises to keep the disease in remission. All systems and circumstances, caused by 
side effects, should be evaluated in detail at frequent intervals. Findings of different 
treatments should be noted. Complications such as muscle weakness and posture 
problems should be considered when planning physiotherapy and rehabilitation 
programs.

Ongoing physiotherapy rehabilitation studies are needed for women with breast 
cancer, especially during chemotherapy. Individualized exercise programs are the 

Figure 1. 
Exercise recommendation in pretreatment period.

Figure 2. 
Exercise recommendation in treatment period.

109

Breast Cancer and Exercise
DOI: http://dx.doi.org/10.5772/intechopen.85077

important parts of the breast cancer treatment in order to reduce the side effects of 
treatment, to support individuals from physical, functional, and cognitive aspects, 
and to improve the quality of life [25]. The exercises recommended for this period 
are presented in Figure 3.

5.4 Posttreatment period/remission period in breast cancer

Remission period refers to the survival period in which cancer treatments are 
completed. All systems should be evaluated in detail. Musculoskeletal problems, 
sensory, motor, and cognitive problems should be examined in detail. When 
creating physiotherapy and rehabilitation programs, the individual’s specific needs 
and complaints should be taken into consideration. Loss of muscle strength, poor 
posture, loss of endurance, and decrease in quality of life are the most common 
complaints.

Most of the studies related to the breast cancer patients are concerned with the 
survival period. The effects of aerobic exercises especially on body image, sexual 
functions, quality of life, functional capacity, and cognitive functions have been 
confirmed [6, 10, 11]. The exercises recommended during this period are given in 
Figure 4.

In a cohort-longitudinal study, it was observed that fast walking (3 h/week) 
prior to and following a breast cancer diagnosis in postmenopausal women reduced 
the mortality rate by 40% [31]. Most importantly, reports in previous systematic 
reviews suggested that aerobic exercise with moderate-high intensity (50–85% of 
maximal heart rate), 3 times/week ranging between 8 and 24 weeks, to be the most 
frequent mode for breast cancer patients and survivors. Similarly, this program 
may also have a positive effect on the cardiovascular, muscular, and neurological 
systems. As a consequence, this can lead to improvements in quality of life, such as 
the ability to deal with daily tasks [32].

Figure 3. 
Exercise recommendation in maintenance/protection period.

Figure 4. 
Exercise recommendation in posttreatment period.



Breast Cancer Biology

110

5.5 Palliative period in breast cancer

According to the definition of the World Health Organization, palliative care is 
the time when someone is facing a life-threatening illness. It is an approach used to 
improve the quality of life of patients and their relatives. In this period, rehabilita-
tion programs should be planned considering physical, psychosocial, and mental 
problems, especially pain. The disability and activity limitations of the body struc-
ture and function of individuals should be focused. Improvable/curable functions 
and the specific needs of the patient are important. Increased muscle strength and 
locomotor skills should be maintained. Physiotherapy and rehabilitation programs 
should include daily living activities and the use of ancillary equipment during this 
period. For this purpose, physiotherapists should determine the need for support 
equipment and be involved in the adaptation process of the individual and provide 
the necessary training [3, 33]. The exercise recommendation for this period is given 
in Figure 5.

6. Conclusion/summary

Breast cancer is the most common type of cancer among women in the world. 
The increase in the average lifetime, the change in lifestyle, the spread of screening 
studies, and the increase in the notification of cancer cases can be considered as the 
main reasons for the increase in the incidence of breast cancer. Long-term treat-
ment and side effects in breast cancer cause decreasing in the functional capacity of 
the individual with cancer. Particularly, the decrease in aerobic capacity negatively 
affects muscle strength, endurance, and body perception, leading to a decrease in 
quality of life. Besides, symptoms such as systemic problems, blood values results, 
and high fever during chemotherapy may cause change in the type, duration, 
severity, and mobilization status of the exercise programs. The practice of aerobic 
exercise programs during the treatment of breast cancer is important in reducing 
the side effects, improving physiological health, improving physical functions, and 
preventing weight gain and maintaining muscle strength. Rehabilitation in breast 
cancer contributes to the restoration of the problems caused by the disease and its 
treatment, keeping physical, psychosocial, and occupational functions at the high-
est level. In women with breast cancer, rehabilitation programs including aerobic 
exercises are in parallel with the stage of the disease and the treatment process. 
Also, increasing physical activity level and functional capacity is an important 
approach in coping with the disease process.

As a result, although there are very important developments in cancer preven-
tion and early diagnosis and treatment methods, a breast cancer diagnosis is rapidly 
increasing in the world. Cancer patients at the stage of diagnosis continue their 

Figure 5. 
Exercise recommendation in palliative period.
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daily life routine; they have a high functional level, and they have no side effects. 
For this reason, many cancer patients state that the quality of life decreases with 
the onset of treatments, fatigue, long-term hospitalizations, repeated scans, and 
the effect of drug treatment. Satisfactory and effective applications are needed 
to maintain the functional status and quality of life of breast cancer patients. 
Oncologic rehabilitation approaches should be planned and implemented as 
individual programs adapted to the patients following a comprehensive evaluation 
of breast cancer patients. Individual rehabilitation programs can be planned as 
aerobic exercises, pulmonary rehabilitation, body awareness training, and cognitive 
rehabilitation. It is aimed to maximize the quality of life, minimize complaints, 
and increase functional capacity with exercise programs in breast cancer patients. 
More specifically, studies on the appropriate exercise program for breast cancer are 
needed with a clearer and more comprehensive analysis of the functional capacity 
and quality of life that are anticipated for positive health outcomes.
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As a result, although there are very important developments in cancer preven-
tion and early diagnosis and treatment methods, a breast cancer diagnosis is rapidly 
increasing in the world. Cancer patients at the stage of diagnosis continue their 
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